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Introduction

Aim
Plants are sessile organisms that need to adjust to their environment in order
to survive. Abiotic stresses such as drought, cold and high salinity are big
problems for crop production. It is therefore an important research field to
understand the molecular mechanisms of plant adaptation and stress tolerance. The focus of this thesis is on two families of transcription factor genes
that are involved in the stress response and regulation of signalling molecules.
Manuscript I characterises two DREB/ERF genes, AtERF38 and -39, to
understand how they are regulated by stress, and if they have a function in
ABA response and stress tolerance. Manuscript II deals with the evolutionary
history of the HD-Zip family I genes in Arabidopsis and rice, and characterises the expression pattern divergence between these the rice genes. In manuscript III and IV the aim was to understand the ATHB5, -6, -7 and -12 HD-Zip
I gene function and involvement in regulating ABA signalling genes.

Two plant model organisms, Arabidopsis thaliana and
Oryza sativa
Rice (Oryza sativa) is an important crop with immense economic value and
a relatively small genome size of 430Mb. It belongs to the family of monocotyledonous crops that includes wheat, maize and barley. Arabidopsis
(Arabidopsis thaliana) is a widely used model organism within plant science. It is a dicotyledonous annual weed with no agricultural use. Arabidopsis grows in the wild in most parts of Europe, Asia, North America and
North Africa. It belongs to the crucifer family (Brassicaceae), and is closely
related to agricultural plants like rapeseed, broccoli and radish.
Arabidopsis has several characteristics that make it a good model research
plant. It is small, and can easily be grown in vitro or on soil in laboratory
conditions, a self-pollinator that can also be cross-pollinated, has a short
generation time, produces a large number of offspring, and has a small genome of 125Mb (www.arabidopsis.org).
Both Arabidopsis and rice are easily transformed [1-3] by the use of the
plant pathogenic bacteria Agrobacterium tumefaciens. This has for example
been used to generate transgenic reporter lines, or in reverse genetic studies.
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Large collections of transgenic T-DNA (Transfer-DNA) insertion mutants in
most Arabidopsis genes are available from stock centres. Another approach
to study gene function is by constitutive over-expression using the cauliflower mosaic virus (CaMV) 35S promoter. The many bioinformatics tools
developed for Arabidopsis are also a great aid in research. Numerous microarray experiments of gene expression data from different conditions or
developmental stages are publically available, and can be accessed and visualised in for example the Arabidopsis eFP Browser [4].

The Arabidopsis and rice genomes
Arabidopsis was the first plant to be completely sequenced in 2000, followed
by rice in 2002. Arabidopsis has five chromosomes that are estimated to contain 33518 genes [5]. From four sequencing efforts, two public and two private
draft sequences are available for two subspecies of rice, Oryza sativa ssp. japonica and ssp. indica. The rice genome has 12 chromosomes and is predicted
to contain 56797 genes [6]. Genome annotations and sequences are available
from The Arabidopsis Information Resource (www.arabidopsis.org) and The
Rice Genome Annotation Project (http://rice.plantbiology.msu.edu).
Genome duplications (polyploidy) are common in plants. The rice genome has undergone an ancient whole-genome duplication that occurred 5394 million years ago (mya). This was before the maize–rice split but after the
divergence of monocots and dicots (170–235 mya). There is also evidence
for a more recent segmental duplication on Chromosomes 11 and 12, just 21
mya. Many smaller segmental duplications are also present in the genome
[7]. At least three major duplication events can be traced in Arabidopsis after
the split between monocots and dicots. The oldest duplication can have occurred before the mono/dicot split. The second duplication event was before
the Arabidopsis/cotton lineages split more than 100 mya. The most recent
duplication was a single polyploidisation event that occurred sometime between 20 and 60 mya encompassing the whole genome, and is specific to the
crucifer family [8]. Other species of Arabidopsis and Arabis closely related
to A. thaliana have 8 chromosomes, and it is believed that A. thaliana suffered a recent loss to 5 chromosomes a few mya, after the split between A.
thaliana and A. halleri [9]. This could account for the findings that only 70%
of the Arabidopsis genome comprises duplicated segments [8].
After a duplication event, a polyploidisation or duplication of segments of
the genome, the duplicated genes have redundant function. In most cases one
of the duplicated genes are lost, but both can be kept if a higher dosage effect is a selective advantage, or when the function diverges between the copies. The divergence in function can happen when the duplicated genes retain
different subsets of the functionalities from the original gene (subfunctionalisation), or one of the genes could develop a novel function (neofunctionalisation) [10]. Genes arisen from duplication are called paralogous genes,
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duplications and particularly a polyploidisation event is considered the primary way of novel gene formation.
In the Arabidopsis genome, not all duplicated genes were retained to the
same degree. Genes involved in the basic cellular machinery and signal
transduction genes, like phosphatases, kinases and transcription factors are
preferentially retained after the recent duplication event [11].

Environmental stress
In the environment plants are exposed to many different conditions, many of
them are less than optimal for growth and, to survive, the plant will have to
make adaptations. Stress is a condition that inhibits the normal functioning
of the plant and can be divided into biotic and abiotic stresses. This work
will focus on the abiotic stresses induced by cold, high salinity and drought.

Cold
In low temperatures, ice can form in the apoplastic spaces leading to dehydration as water migrates out of the cell. The lower temperature is also a
problem for the membranes as unsaturated fatty acids become more rigid,
leading to membrane damages and a disruption of the function of membrane
bound proteins. To protect the membrane, the composition is changed with
higher levels of saturated fatty acids, which retain fluidity at lower temperatures. Ca2+ is an important signalling messenger during cold and is required
for full induction of cold regulated genes (reviewed in [12-14]).

Salt
Most of the economically important crops, like rice, are very sensitive to
high levels of salt in the soil. Soil salinity inhibits water uptake and, with
that, also nutrient uptake. Cytosolic Ca2+ levels rise as a response to salt, and
are an important signal for salt adaptation. Salt exerts two kinds of stresses,
an osmotic/dehydration stress and the high level toxic effect of Na+. To cope
with the salt stress, Na+ uptake is reduced in combination with an increased
export of Na+ out of the cells or in to the vacuoles (reviewed in [14, 15]).

Water deficit
Drought, cold and salt all lead to dehydration or water deficit in the cells.
This dehydration has similar negative effects on the cell with ionic imbalances, metabolic disruption, denaturation and degradation of proteins, reduction in photosynthesis, and production of reactive oxygen species (ROS).
Water deficit also leads to a reduction of growth, cell division and cell ex11

pansion. To prevent water loss during dehydration, plants accumulate many
metabolites with osmolyte function, like sugars (mainly fructose, sucrose),
sugar alcohols, trehalose, fructans, glycine- betaine, proline and ectoine [14].
These osmolytes lower the water potential inside the cell preventing water
from moving out of the cell.
During stress, the gene responses can be divided into two groups, an early
response within minutes, and a later response within hours. The early gene
response does not need transcription of regulatory factor genes, and is likely
dependent on already existing transcription factors that are activated by the
stress. Many transcription factors regulated by stress and involved in stress
signalling are early responsive genes. They in turn regulate the expression of
the late response genes. Late response genes are involved in the protection of
the cells against the damages imposed by the stress. These include the
known stress induced LEA, dehydrin, COR and RD genes. The expression
of the early responsive genes is usually transient, whereas the late responsive
genes are continuous [14, 16].
In the water deficit stress response, the plant hormone abscisic acid
(ABA) plays an important part. The stress signalling elicited by drought and
salt is transmitted mainly through two pathways, one ABA-dependent and
the other ABA-independent. The cold stress signal on the other hand is
largely transmitted through the ABA-independent pathway. As mentioned
above, Ca2+ is an important messenger for the stress signal and is a part of
the ABA-independent signalling pathway. There is extensive crosstalk between the two pathways. Ca2+ is involved in this crosstalk and ABA levels
are induced by elevated Ca2+ levels [14, 17].

The stress hormone abscisic acid (ABA)
Plant hormones play an important role in development and stress signalling;
the known plant hormones include auxin, ABA, cytokinin, giberellin, ethylene, brassinosteroids, jasmonate, salicylic acid, nitric oxide and strigolactones. ABA is commonly known as the stress hormone, but other hormones
are also involved in stress signalling. Biosynthesis of ABA is induced by
various stresses and the hormone is essential for the plant to acquire dehydration and freezing tolerance. When a plant senses a rise in ABA concentration in response to water deficit, it will limit further water loss by closing the
stomata. A secondary response is a change in gene regulation to adapt to the
stress and regulate growth according to the environmental conditions. Classical responses in Arabidopsis to ABA include developmental changes as
promotion of seed dormancy, negative regulation of root elongation and
stomatal regulation. These responses are largely part of the ABA-dependent
regulation of a set of downstream target genes [18, 19].
12

The ABA regulation of genes is dependent on cell type and developmental
stage, there is no universal set of ABA regulated genes, but they are generally
thought to contribute to tolerance to water deficit. In Arabidopsis and rice,
ABA and abiotic stresses change the expression of about 10% of the genes in
the genome and more than half of the genes are common to ABA, drought
and salt stress. Of the ABA regulated genes in Arabidopsis, about half are upregulated and half down-regulated [20, 21]. ABA regulates six time as many
genes as any other plant hormone [22]. This illustrates the important role of
ABA and environmental adaption in plant survival and evolution. There exists crosstalk between ABA and other signalling pathways. Many of the genes
involved in ABA signalling act to connect signals from other hormones, developmental cues, nutrient levels as well as light signals.
For a long time, some components of the ABA biosynthesis and signalling
have been known through mutant analysis. A class of serine/threonine phosphatases called PP2Cs (Protein Phosphatases type 2C), include four strong
negative regulators of ABA signalling, ABI1 (Abscisic Acid Insensitive 1),
ABI2, HAB1 (Homology to ABI1) and HAB2. Different kinases have been
proposed as positive regulators of ABA signalling. Among them is a kinase
family of SnRK2s (ABA Activated Sucrose Non-Fermenting 1-Related Protein Kinases 2). A family of START proteins named PYR/PYL or RCAR
(Pyrobactin Resistance/Pyrobactin Resistance Like or Regulatory Component of ABA Receptor) has recently been shown to function as ABA receptors [23-25]. These different components of ABA signalling will be described in more detail below.

The ABA receptors
ABA has been suggested to have both intracellular and extracellular sites of
perception. A number of ABA receptors have been suggested, but there is
also controversy as to whether they actually bind ABA with significant affinity [26].
To date, the GTG1 and GTG2 are good candidates as ABA receptors at
the plasma membrane and they have specific binding to the active form of
ABA. Double mutant lines of gtg1/gtg2 have reduced ABA sensitivity in
seed germination, root growth, stomatal response, and expression of ABA
responsive genes. They are suggested to be functionally redundant as single
gtg mutants show no altered phenotypes. How the ABA signal is transmitted
is not entirely clear but it could involve the G-alpha subunit (GPA1) and
PLDα1 proteins. Mutant analysis of gpa1 have altered sensitivity in a subset
of ABA responses, hypersensitivity in germination and reduced sensitivity in
stomatal opening (reviewed in [26]).
The PYR/PYL or RCAR proteins are considered to be the intracellular
ABA receptors. They belong to the subfamily of PR-10/Bet v1/START lipid
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binding proteins, containing 14 members in Arabidopsis named PYR1,
PYL1-13 or RCAR1-14, grouped in to several clades [23, 24]. The
PYR/PYLs bind ABA with the START domain that forms a ligand-binding
pocket. They act as positive regulators of ABA signalling, but are themselves negatively regulated by ABA and different stresses [24-27]. Transgenic plants over-expressing PYL5 in transgenic lines were more sensitive to
ABA during germination and root growth and had enhanced up-regulation of
two ABA responsive genes [25]. In a triple or quadruple mutant of
pyr1/pyl1/pyl2/pyl4 the plant displays the opposite effect compared to the
PYL5 over-expressor and becomes less sensitive to ABA during germination, root growth and ABA induced stomatal closing [24, 28].
The PYR/PYLs have been found to interact with clade A Protein Phosphatases type 2 C (PP2C), and when bound to ABA function as negative
regulators of these phosphatases. A gate/latch domain changes conformation
upon ABA binding and this enables a physical interaction with the catalytic
site of the phosphatase, blocking the phosphatase activity. The interaction
with the PP2Cs helps stabilise the ABA binding, a conserved tryptophan
residue of the PP2Cs contact the ABA via a bound water molecule [23, 25,
28-31]. Differences exist between PYR/PYLs in how they interact with
PP2Cs, and this is conserved within the clades. One clade including PYR1,
PYL1, -2, -3 and -4 only interacts with PP2Cs in the presence of ABA. Another clade including PYL5, -8 and -9 seems to constantly interact with the
PP2Cs [26]. The functional significance of this difference in interaction
properties is yet unknown.

Protein Phosphatases involved in ABA signalling
Protein phosphatases are divided into two major groups depending on their
substrate specificity, which is either tyrosine or serine/threonine. Serine/threonine protein phosphatases based on enzymatic criteria, are classified
mainly into two subcategories, PP1 or PP2. The PP2 proteins have different
metal ion requirements, PP2A need no ions to function, PP2B is dependent
on Ca2+, and PP2C is dependent on Mg2+ or Mn2+. Both PP2A and PP2C
phosphatases have been implicated in ABA signalling [32, 33]. There are 80
PP2Cs in Arabidopsis divided into 13 subfamilies, or clades, named A-H. 16
PP2Cs are up-regulated by ABA, including all of the 9 subfamily A genes.
Subfamily A are also up-regulated by many other stresses, such as salt, osmotic, cold and light, but not all genes are regulated by all stresses. The
members of subfamily A will here be referred to as PP2Cs. PP2Cs regulate
many processes in the plant, including development and ABA signalling. Six
members of the subfamily A are considered to be negative regulators of
ABA signalling: ABI1, ABI2, HAB1, HAB2, PP2CA/AHG3 (Arabidopsis
thaliana Protein Phosphatase 2C A/ABA Hypersensitive Germination 3) and
AHG1 [34-44]. These constitute two different branches that negatively regu14

late the ABA response, ABI/HABs and the PP2CA/AGH branch.
PP2CA/AHG3 has also recently been shown to interact with the ABAperception [45].
In Arabidopsis, the mutants of the PP2C class genes display a changed response to the hormone ABA. For example the gain-of-function mutations in
abi1-1 and abi2-1 are insensitive to ABA. The amino acid mutations in abi11 and abi2-1 are close to the docking site of the PYR/PYLs, and disrupt the
interaction with the receptors. This leads to the ABA insensitivity seen in
these mutant plants as the receptors cannot inhibit the phosphatase function
as a response to stress [29-31]. Triple mutation lines with the loss of function
mutations in abi1, abi2, hab1 and pp2ca are hypersensitive to ABA and have
partial constitutive response to endogenous ABA, leading to impaired
growth and up- or down-regulation of some ABA-responsive genes in the
absence of stress [45]. Single mutants have only weak phenotypic alterations
reflecting the redundant functions of the PP2Cs.
Part of the negative influence of PP2Cs on ABA signalling comes from interactions with protein kinases. PP2Cs inhibit the activity by dephosphorylating a serine in the activation loop of SnRK2s [46-48]. Interactions between PP2Cs and several different kinases have been reported; SnRK2.2, 2.6, PKS3/CIPK15 and SOS2 [24, 46, 47, 49-51].

Protein Kinases involved in ABA signalling
The kinases that have been implicated in ABA signalling are Ca2+independent (SnRK2s) or Ca2+-regulated (SnRK3/CIPK/PKSs and
CDPK/CPKs). The SnRK3 subfamily interacts with calcium binding proteins and several of these kinases play a negative role in ABA signalling.
Another class of calcium-regulated kinases functions as positive regulators
of ABA signalling, the CDPK/CPKs. These kinases also have a Ca2+ sensing
domain and can be directly activated by Ca2+ (reviewed by [26]).
The Arabidopsis genome contains 10 genes of the SnRK2 family [52]. All
(with the exception of SnRK2.9) are functionally activated by osmotic or salt
stress. ABA strongly activates SnRK2.2, -2.3 and -2.6 [53].The major role
that these kinases play in ABA signalling is shown in double and triple mutants of snrk2.2, -2.3 and -2.6. Double mutants of snrk2.2 and -2.3 have an
ABA insensitive phenotype in germination and root growth, the line also has
reduced expression of ABA induced genes [54]. The triple mutant has severe
phenotypes and is insensitive to extremely high levels of ABA [55, 56].
SnRK2.8 is also involved in ABA signalling as over-expressors have increased drought tolerance [57]. The extreme triple mutant phenotype of the
snrk2.2, -2.3 and -2.6 which almost completely fails to respond to ABA,
argues that these three SnRK2 kinases are the major components of the ABA
signalling mechanism.
15

Many studies show that the transcription factors ABF/AREB bZips are targets of the SnRK2s. The protein ABF2/AREB1 is not functionally active
without this phosphorylation and over-expression of ABF2/AREB1 under
normal growth conditions does not activate target gene expression. A mutation in a conserved serine/threonine residue of ABF2/AREB1 leads to autoactivation and induction of ABA inducible genes without ABA treatment
[58]. Both SnRK2.2 and -2.3 phosphorylate ABF1, ABF2/AREB1 and
ABI5, SnRK2.6 phosphorylates ABF2/AREB1 [27, 54].

A model for ABA signalling
An intriguing model for ABA perception and signalling has been proposed
after the identification of the PYR/PYL as ABA receptors (see Figure 1).
The ABA signal transduction is facilitated by SnRK2s protein kinases. In the
absence of ABA, these SnRK2s are bound and inactivated by the inhibitory
phosphatases PP2Cs. When the plant senses stress and produces ABA, the
ABA receptors PYR/PYL binds the hormone, and this leads to conformational changes that enable them to also bind the PP2Cs. This binding between the PYR/PYL and the PP2Cs blocks the activity of the phosphatases,
and they can no longer inactivate the SnRK2s. The SnRK2s activate
ABF2/AREB1 transcription factors by phosphorylation which leads to a
change in expression of the target genes of those transcription factors (reviewed by [26, 59]).

Figure 1. A model of ABA signaling (adopted from Cutler et al. 2010).

Transcription factors
As discussed earlier, gene regulation is an important part of how plants respond to stimuli. Transcription factors bind DNA and interact directly or
indirectly with the RNA-Polymerase complex and transcription apparatus. A
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transcription factor binds DNA in a sequence specific manner, and can activate or repress transcription. They bind to cis-regulatory regions of non coding DNA usually upstream of the transcription start; this region is called a
promoter [60]. Transcription factors can be regulated on a protein level to
fine tune their function, like the bZip ABF/AREBs. These posttranscriptional
changes include protein degradation, or addition of molecules to the protein
that change its functionality. Phosphorylation and dephosphorylation is used
to activate, inactivate, or change the potential for dimerisation with other
proteins. About 6% of the Arabidopsis genes are transcription factors, which
is more than 1500 genes belonging to about 45 different families [61, 62].
Some cis-regulatory elements are known from the studies of stress regulated genes. The most common in ABA regulated genes is the ABA Responsive Element (ABRE's), recognized by a subfamily of basic leucine zippers
(bZip). In Arabidopsis 13 genes constitute this subfamily called ABF/AREB.
Loss of function mutant lines of ABF/AREBs show only weak ABA phenotypes. They are proposed to have partially redundant function and heterodimer formation and cross regulation occur within the family [63-65].
There are several different cis-regulatory ABRE-like elements, all with an
ACGT palindrome core [66], adding to the complexities of bZip heterodimer
gene regulation.
The cis-regulatory element CRT/DRE (C-repeat/Dehydration Responsive
Element) is present in cold, drought and ethylene regulated genes, recognized by the DREB/ERF family (described in more detail below). ABA
regulated genes can also contain binding sites for MYB and MYC family
proteins and B3 domain proteins such as ABI3 (ABA Insensitive 3) (reviewed by [26]). HD-Zip family (described in more detain below) recognises
the pseudopalindromic sequence CAATNATTG. The HD-Zip proteins can
only bind DNA as dimers and have been shown to act as both homo and
heterodimers [67]. As mentioned above, several of the transcription factors
can form homo and heterodimers within their families. There are also interactions between families, like bZip and B3 [64], bZip and DREB/ERF [68],
HD-Zip and DREB/ERF [69].

The role of DREB/ERFs in stress responses
The AP2/ERF transcription factors superfamily in Arabidopsis has 144
members [62]. The family is defined by the presence of a conserved DNA
binding AP2/ERF domain of about 60 amino acids. There is evidence to
suggest that the AP2/ERF domain originated from a bacterium or a virus. A
similar conserved domain has been found in viruses, ciliates and cyanobacteria as part of an HNH endonuclease [70, 71]. The AP2/ERF domain was first
identified as a repeated motif within the Arabidopsis APETALA2 (AP2)
protein, which is involved in flower development [72] and as a single motif
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in the tobacco (Nicotina tabacum) genes ERF1 to 4 (ethylene-responsive
element-binding protein) [73]. The superfamily is divided in to three families
based on the number of AP2/ERF domains, and the presence of other conserved domains. The AP2 family contains two repeated AP2/ERF domains,
where one is considerably different from the conserved domain present in
the rest of the superfamily. The RAV family has an additional DNA-binding
domain called the B3 domain, also present in other plant transcription factors. The DREB/ERF family has one AP2/ERF domain [74]. This family has
been divided into 12 and 15 groups in Arabidopsis and rice based on phylogeny, most of these groups were established before the mono/dicot split.
Many of the groups were further divided into subgroups in regard to sequence similarities and additional conserved domains [75].
The DREB/ERF family has received considerable attention over the years
due to their participation in plant responses to abiotic and biotic stresses. The
DREB binds to the C-repeat/dehydration-responsive element (CRT/DRE)
(A/GCCAC) and are involved in abiotic stresses and the ERF bind the ethylene responsive element (ERE) (AGCCGCC) involved in biotic stress. There
are no strict phylogenetic distinctions between DREB and ERF genes, as
some DREB can bind to the ERE elements as well as the DRE element [76].
Many of the cold and drought regulated genes contain the CRT/DRE element in their promoters. The group III CBF/DREB1s can act as activators or
repressors of transcription depending on additional conserved protein domains, and are divided into five subgroups IIIa to IIIe. CBF1/DREB1B can
activate transcription [77, 78] through a C-terminal domain [79] conserved
in almost all group IIIb and IIIc proteins, but are not present in the other
proteins of group III [75]. The maize protein DBF2 has common conserved
domains, characteristic of all group IIId proteins [75]. DBF2 binds the DRE
element in the promoter of Rab17 and represses transcription [80]. The only
characterized Arabidopsis group IIId gene AtERF38 has a proposed function
as a regulator of secondary cell wall metabolism of suberin-like polyesters
[81].
As part of the regulation of stress responsive genes the DREB/ERFs are
also transcriptionally regulated by abiotic stresses. This has been extensively
studied in the group III CBF/DREB1 genes. The stress regulation differs
between the genes in this group and is not conserved within the subgroups.
The CBF1-3/DREB1A-C genes (subgroup IIIc) were isolated as cold responsive genes and are regulated by stress independently of ABA [78, 82-85].
Others like CBF4/DREB1D are regulated by drought through the ABAdependent pathway and ABI1 [86].
CBF/DREB1s function as negative regulators of growth, and are part of
the plant’s adaptation to stress. Plants with strong over-expression of
CBF/DREB1s have dwarfed phenotypes and have enhanced tolerance to a
number of stresses [77, 83, 86-89]. Over-expression lines of CBF1/DREB1B
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and CBF3/DREB1A has elevated expression levels of the stress regulated
genes rd29A, COR6.6, COR15a, COR47 and COR78 [77, 83]. Overexpressor lines of CBF1-3/DREB1A-C also produce more proline and soluble sugars in the leaves, approximately to the levels found after coldacclimation [87]. In a genome wide study of cold regulated genes, a large
portion was not regulated by CFB1-3 /DREB1A-C suggesting multiple cold
regulation pathways [90, 91].

The HD-Zip family of transcription factors
The homeobox (HB) is a conserved DNA motif, which was first identified in
Drosophila. This Homeodomain (HD) is a 60 amino acid conserved domain
that binds with sequence specificity to DNA. The HD is found in transcription factors from all eukaryotes. The high degree of conservation among
HDs within the eukaryotic kingdoms indicates that the structure of the protein is crucial for its function. In plants, the HD superfamily consists of six
families defined by the HD sequence and association with other conserved
domains [61, 92]. These families are the Homeodomain-leucine zipper (HDZip), PHD, Bell, ZF-HD, WOX and KNOX [92, 93]. There are 89 HD proteins in the Arabidopsis genome and among them 48 belong to the superfamily of HD-Zip proteins [94, 95]. HD-Zips have a leucine zipper motif
(Zip) directly after the HD. The leucine zipper forms an alpha-helix with
leucine or methionine residues at every seventh position. These amino acids
mediate protein-protein dimerisation with another leucine zipper trough hydrophobic interaction. The leucine zipper domain is also present in other
transcription factors, like the bZips, but the association with the HD is
unique to plants. The zipper motif is responsible for dimerisation between
HD-Zips that can act as homo- and/or heterodimers [96-103], and HD-Zips
can only bind DNA as dimers [101].
Based on the sequence of the HD and leucine zipper, intron/exon pattern,
DNA binding sequence specificity and additional conserved domains, the
HD-Zip superfamily is further divided in to four families, I-IV [104]. This
work has been focused on members of the HD-Zip family I proteins. A short
description of the other families follows, to illustrate the functional differences between the families.
HD-Zip II regulates plant development and responses to light conditions.
For example ATHB2 is involved in the shade response. The homeodomains
of the HD-Zip I and II are similar [92]. Apart from the HD and Zip domains,
family II proteins also have two more domains. One of these domains, the
CPSCE, is believed to be involved in sensing of the redox state of the cell.
Subfamily III and IV share conserved domains not present in family I or
II, the START and SAD domains. The START domain is involved in lipid
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binding in other proteins, but the function in HD-Zip III and IV proteins is
still unclear. Family III is involved in developmental regulation of apical
meristem, vascular bundles, auxin transport and adaxial domains of lateral
organs. A mutation in the revoluta gene has defects in shoot, leaves and vascular development as well as auxin transport. All family IV are expressed in
the outer cell layers, in specific organs where they regulate the cell fate of
the epidermal layer. The glabra2 mutant lacks trichomes but have increased
number of root hairs (reviewed by [67]).

Functions of HD-Zip family I genes in Arabidopsis and rice
Arabidopsis has 17 members and rice has 14 members in family I. HD-Zip I
genes have evolved through a series of gene duplication events.
The paralogous genes share exon/intron distribution, amino acid sequences
and in some cases expression patterns. Based on sequence similarities and
exon/intron patterning as well as duplication history, the HD-Zip I family
has been divided into clades (paper II and [95]). Henriksson et al. [95] suggested six clades in Arabidopsis, named α-φ, which will be briefly introduced. Clade α (alpha) includes two paralogous gene pairs, ATHB3, -20 and
ATHB13, -23 referred to as POC (pointed cotyledon) genes, with a suggested
function in sugar sensing and response [105]. Clade β (beta) includes
ATHB1, -5, -6 and -16, with diverse suggested functions. ATHB1 and
ATHB16 have roles in leaf development; ATHB16 also has a role in blue
light signalling [106, 107]. ATHB5 and ATHB6 are suggested as negative
regulators of growth during ABA mediated stress [108, 109]. The two
paralogous genes in clade γ (gamma), ATHB7 and -12 are also involved in
negative growth regulation during ABA mediated stress [110, 111]. Clade δ
(delta) contains three genes, ATHB21, -40 and -53 where ATHB53 has a
suggested regulatory role in auxin/cytokinin signalling during root development [112]. A barley clade δ gene, VRS1/HvHox1 is thought to suppress the
development of the lateral spikelets [113]. Little is known about the clade ε
(epsilon) and φ (phi) genes, ATHB22, -51 and ATHB52, -54 apart from their
expression patterns [95]. Three rice HD-Zip I genes have previously been
described, Oshox4, -5 and -6 [99]. Oshox4 and -5 are most closely related to
the β clade genes ATHB1, -5, -6 and -16 in Arabidopsis and Oshox6 is a
homolog of ATHB7 and -12 (paper II). Oshox4 is up-regulated by GA, and
plays a role in regulating GA biosynthesis and response [114].
As briefly mentioned above, HD-Zip proteins have been found to bind to a
psuedopalindromic sequence CAAT(N)ATTG, called the core HD-Zip binding sequence. There exists different preferences for the middle nucleotide
among the family I proteins. ATHB1 only binds with a (A/T) centre, which
is also preferred by ATHB3 and -13, that can bind a (C/G) centre but with
lower affinity. ATHB5, -6 and -16 bind both (A/T) and (C/G) with equal
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affinity. In the in vitro studies ATHB7 and -12 did not bind the HD-Zip core
sequence [98, 101]. ATHB6 and CpHB7 (Craterostigma plantagineum) can
also bind mixed HD-Zip core-like sequences CAATTATTA and GAATTATTA, respectively, where the first and last nucleotide is not matched
[108, 115].
All rice HD-Zip I proteins Oshox4, -5, -6 and Arabidopsis ATHB1, -5
form homodimers, but can also form heterodimers. ATHB5 shows selectivity in its interaction partners, it forms heterodimers with ATHB6, -7, - 12
and -16, but not with ATHB1. No such selectivity have yet been found
among the rice proteins Oshox4, -5, -6 which all form heterodimers [98, 99].
Heterodimerisation occurs within the families but have not been found between the families [99, 116]. Some HD-Zip II proteins can act as repressors
[99, 106], but among the family I HD-Zip factors in Arabidopsis ATHB1, -5,
-6, -7, -12 and -16, Oshox4 and -5 from rice, all activate transcription of
reporter genes in planta [95, 99, 117].
ATHB7 and -12 was not found to bind the core HD-Zip binding sequence
in vitro, but has been shown to function as activators in planta when bound
to the same sequence. It is possible that both proteins depend on posttranslational modifications, such as phosphorylation to form dimers (paper
III) or bind DNA. Serine/threonine phosphorylation sites are present in the
homeodomain of both proteins [98, 118].

HD-ZIP clade β and γ regulation
ATHB5 is normally expressed early during seedling development and the
expression in 2 days old seedlings is dependent on ABI3 (B3), ABI5
(ABF/AREB), but not on ABI1 or ABI2 [109]. ATHB5 expression levels are
initially up-regulated and later down-regulated by ABA [95, 109, 119].
ATHB6, -7 and -12 are also differentially expressed during development, and
are strongly induced by water deficit stresses, such as drought and salts
stress and the exogenous application of ABA. This induction of ATHB7 and
-12 is also reflected in an expanded expression pattern in promoter::GUS
lines [95, 110, 111, 117, 118, 120-122]. These genes are also regulated in
response to low temperature and light, but not as dramatically as by waterdeficit conditions [95]. The transcription factors responsible for the stress
regulation of ATHB6, -7 and 12 are not known, but ATHB7 has both ABRE
and DRE elements in the promoter [110], suggesting regulation by
ABF/AREB and CBF/DREB factors. A mutant of AtbZIP17, a salt stress
activated membrane bound bZip protein, completely lacks ATHB7 induction
by salt stress [123, 124]. It is well documented that the water deficit stress
induction of ATHB6, -7 and -12 is dependent on the correct function of the
PP2Cs, but not on ABI3, ABI4 (DREB/ERF) or ABI5 (paper III and [111,
118, 122]). In addition to being transcriptionally dependent on the PP2Cs,
ATHB6 interacts on the protein level with ABI1 in yeast [108].
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The resurrection plant Craterostigma plantagineum, an extremely
drought-resistant species from the Namib Desert in Africa, has at least seven
HD-Zip genes. CpHB4, -5, -6 and -7 belong to HD-Zip I and CpHB1, -2 and
-3 to HD-Zip II. All respond to drought stress, either by up or down regulation [96, 116]. There are only a few known target genes of the HD-Zip I
transcription factors. CpHB7, a homolog of ATHB6 (paper II), binds the
HD-Zip binding motif present in the LEA/dehydrin gene CdeT9-19. Overexpression of CpHB7 in Arabidopsis leads to reduced sensitivity to ABA in
seed germination and stomatal closure. It was shown that CpHB-7 modifies
the expression of a number of known ABA-responsive target genes as a
negative regulator [115]. The sunflower HD-Zip I gene Hahb-4, a homolog
of ATHB7 and -12, is up regulated by ABA, ethylene, drought, salt and
darkness. Over-expressing Hahb-4 in Arabidopsis leads to repression of
genes involved in ethylene synthesis, signalling, photosynthesis related
genes, as well as regulation of genes involved in osmotic stress protection
[125-128]. The first known direct target genes of ATHB7 and -12 are presented in the results section (paper III and IV).
During normal growth conditions, over-expression of ATHB7 and -12 reduced the elongation of the inflorescence stem [110, 111]. Plants overexpressing ATHB5, -7 and -12 have an increased sensitivity to the ABA inhibition of root growth, and seed germination in the case of ATHB5 [109,
111]. In contrast, plants over-expressing ATHB6 are less sensitive to the
effect of ABA during germination, but not in the inhibition of root growth
[108]. In ATHB12 mutant lines the seedlings have shown a complementary
phenotype to the over-expressing lines, being somewhat insensitive to the
negative effect of ABA on root growth [111].
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Results and Discussion

AtERF38 and AtERF39, members of the CBF/DREB
family (I)
AP2/ERF proteins have important functions in the transcriptional regulation
of a number of biological processes related to growth, development, and
various responses to environmental stimuli. The DREB/ERF family is involved in the responses to abiotic and biotic stresses. The Arabidopsis genome contains 23 group III DREB/ERF genes, divided into subgroups a-e,
based on sequence similarities and conserved domains. Members of group
III are CBF1/DREB1B, CBF2/DREB1C, CBF3/DREB1A, CBF4/DREB1D,
DDF1/DREB1E, DDF2/DREB1F (subgroup IIIc); AtERF38 (subgroup IIId);
TINY and TINY2 (subgroup IIIe); as well as fourteen uncharacterized genes
(subgroup IIIa, b, d and e) [75]. The first IIId gene described in Arabidopsis
was AtERF38. Based on expression patterns of promoter::GUS fusion lines
and co-regulation with other genes, it is suggested to be involved in secondary cell wall thickening [81]. AtERF39 is the paralogue of AtERF38, and
has not been characterised before (paper I).
The DREB/ERF proteins bind to two cis-regulatory elements, CRT/DRE
or ERE in cold/drought or ethylene regulated genes [73, 78, 83, 84, 129,
130]. The binding specificity to the DRE and ERE differs and is determined
by three amino acids within the AP2/ERF domain [76, 131, 132]. Both
AtERF38 and -39 can be predicted to bind both the DRE and ERF elements
based on these conserved amino acids in their AP2/ERF domain, as do almost all proteins in group III. The exception is the group IIIc proteins,
CBF2/DREB1C, CBF3/DREB1A, CBF4/DREB1D, DDF1/DREB1E and
DDF2/DREB1F that all have another residue in the position necessary for
ERE binding (paper I). CBF1/DREB1B has a C-terminal domain conserved
in most group IIIb and IIIc proteins, which can activate transcription [79].
This domain is not present in proteins of the other subgroups. The subgroup
IIId proteins share domains that is only seen in this subgroup [75]. One of
these domains could function as a repressor domain, as the maize subgroup
IIId protein DBF2 represses the ABA induction of rab17 [80]. Whether
AtERF38 and AtERF39 can bind DRE or ERE motifs is yet not known but
the conservation of these amino acids suggest so. It also needs to be determined if they function as activators or repressors, but the conserved domains
shared with DBF2 suggests a function as transcriptional repressors.
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Regulation of AtERF38 and AtERF39 during development and
stress (I)
The expression patterns of AtERF38 and -39 were determined using transgenic promoter::GUS fusion lines for both genes. The promoters of AtERF38
and -39 are active in different organs and tissues during the plants life.
AtERF39 is expressed from germination to seed, whereas the promoter of
AtERF38 becomes active later in seedling development, but is then active
the rest of the life cycle. A divergence in tissue specific expression can be
seen between the two genes, as in the roots and flowers where both genes are
expressed but in different tissues. There are a few overlaps in expression, in
trichomes, seeds, and in the vasculature of the crown and mature roots.
Compared to CBF1-3/DREB1A-C [133], AtERF39 has an overlapping expression domain in young seedlings, but not later during development.
The DREB/ERF group III genes are regulated by different water deficit
related stresses. The regulation of the group or subgroups by stress is not
conserved. Some are only induced by cold, others by cold and/or ABA mediated stresses [78, 82-86, 89, 134-136]. Like the CBF1-3/DREB1A-C genes,
AtERF38 is not induced by ABA treatment, the expression is elevated by
cold as well as salt (paper I). It is therefore likely that AtERF38 is regulated
by stress through an ABA independent pathway. AtERF39 is induced by
ABA as well as cold and salt. There is also a difference in the tissue specific
response of the two genes, the expression pattern of AtERF38 remains unchanged by stress, whereas the expression of AtERF39 expands when induced by stress. This expansion is not seen in the whole seedling, only in the
root (paper I). This could be compared to CBF1-3/DREB1A-C expression
that expands in the leaves when exposed to cold [133]. There are examples
from the HD-Zip I family, where stress induced genes like ATHB6 and
ATHB7 behave differently in their tissue specific expression. ATHB6 do not
change its expression domain when induced, whereas ATHB7 expression
encompasses most of the plant [110, 111, 122]. The differences in regulation
seen between AtERF38 and -39 suggest a functional divergence in their cisregulatory regions. The small change in expression pattern for AtERF39, or
none for AtERF38, during stress suggests that they function in the tissues
they are normally expressed in when induced by stress. Stress induction
seems to be conserved within the group III genes, even if the stresses differ.

Functions of AtERF38 and -39 (I)
To analyse the functions of AtERF38 and -39, transgenic over-expression
lines were generated with the use of the CaMV 35S promoter. Overexpression of AtERF38 or -39 results in a dwarfed phenotype, with smaller
leaves, shorter root, and a delay in bolting (paper I). This is in accordance
with the phenotypes seen for all studied group III DREB/ERF genes [83, 86,
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88, 135]. AtERF38 and -39 over-expression results in a reduction in cell
elongation seen in the hypocotyl (paper I), which is similar to what have
been observed for plants with elevated levels of TINY [135]. This suggests
that AtEFR38 and -39 act as negative regulators of growth and cell elongation, as has also been the suggested function of several other group III
DREB/ERF genes.
Salt and freezing tolerance was enhanced in plants with elevated levels of
either of AtEFR38 and -39 (paper I). Over-expression of CBF1-4/DREB1AD and DDF1 has a similar effect with enhanced tolerance to freezing, salt
and drought [77, 83, 86-89]. ABA has a negative effect on several aspects of
seedling development, such as germination, root elongation and the expansion of the cotyledons. AtERF38 and -39 over-expression lines have enhanced sensitivity to ABA in germination, root elongation and cotyledon
development. These results are similar to what have been seen for ABI4, a
group IV DREB/ERF gene, which is involved in the ABA response. Mutant
lines of abi4 are insensitive in germination to ABA, and over-expressor lines
are hypersensitive to the effects of ABA on root growth [137, 138]. Overexpression of AtERF38 can confer an ABA response during seedling development even if it is not regulated by ABA itself, suggesting that the protein
has a conserved function in regulating genes involved in the ABA response.
The freezing and salt tolerance conferred by AtERF38 and -39 also suggests
a conserved function shared with other group III genes. There are connections between stress tolerance and growth regulation. Exposure to drought,
salt and cold commonly represses genes involved in cell wall metabolism,
and thus a decrease in expression of genes that promote cell expansion [139].
In a recent study, AtERF38 was suggested to be involved in cell wall thickening based on expression pattern and co-regulation data [81]. This suggests
that AtERF38 and AtERF39 function as negative regulators of cell expansion, and could have a role in the regulation of stress tolerance genes in the
specific tissues where they are normally expressed.

HD-Zip I in Arabidopsis and rice (II)
Seven rice HD-Zip I (Oshox4, -5 and -6) and II (Oshox1, -2, -3 and -7)
members have previously been described [99, 100]. A search was made in
the whole-genome sequence databases of Oryza sative ssp japonica and ssp
indica, and a total of 33 HD-Zip genes were found. The new genes where
named Oshox8-33. A sequence alignment of the HD-Zip domains showed
that the new genes Oshox8, -12, -13, -14, -16, -20, -21, -22, -23, -24 and -25
belong to family I (14); Oshox11, -15, -17, -18, -19, -26, -27, -28, -30 and 31 belong to family II (14); and Oshox9, -10, -29, -32 and -33 belong to family III (5).
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Figure 2. A model of the evolutionary history of HD-Zip family I.
The top lines indicate divergence between different plant lines. The dashed vertical
lines indicate the approximated time of the split between angiosperms and ferns,
mono and dicots and duplication events. The traceable duplications are represented
by black, the timing of duplications in dark grey are unknown, and light grey lines
are only predictions with no strong support. The clades are indicated at the base of
the branches. The numbers next to a line is the bootstrap support for that branch.
Intron/exon patterns for each branch or in some cases individual genes are shown
above the lines, and a summary of all patterns within the family is shown below the
tree.
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In a previous study by Henriksson et al. [95], Arabidopsis HD-Zip I proteins
were grouped into six clades with bootstrap support over 50%, named α (alpha), β (beta), γ (gamma), δ (delta), ε (epsilon) and φ (phi). The division into
clades was also supported in a phylogeny with Arabidopsis, sunflower and
tomato HD-Zip I proteins [140]. The previous phylogenetic analysis in
Arabidopsis, linked paralogous gene pairs with the recent and ancient genome duplication events. Both events occurred after the mono/dicot split.
The clades α, γ, δ and ε were well supported, but the statistical support of the
association of ATHB52 and ATHB54 in clade φ was weak. The association
of ATHB1 to clade β had a low support, as the position of ATHB1 was not
stable within the tree. Older duplications indicate that ATHB1 and ATHB5
could be duplicates, giving support for a common origin for the β clade [95].
In paper II a phylogenetic analysis of HD-Zip proteins from Arabidopsis,
rice and Craterostigma plantagineum were made using the deduced amino
acid sequence (Figure 2). No paralogous gene pairs were found between the
rice and Arabidopsis HD-Zip genes in family I (or II). Instead there were
several sister groups within the clades of dicot/monocot genes (paper II,
[94]). Genes that were previously placed in the β and φ clades located separately and are therefore referred to as β1/ β2 and φ1/φ2. Clades β2, ε, φ1 and
φ2 lack orthologues in rice, implying a loss of these gene lineages in monocots. An additional clade ζ (zeta) was only present in rice, containing two
gene pairs. Conversely, the ζ lineage appears to have been lost in dicots (paper II). The general presence of the same clades in both mono and dicots
suggests that the ancestral gene in each clade was established before the
mono/dicot split, but after the moss and ferns diverged from angiosperms, as
HD-Zip genes in Physcomitrella patens and Ceratopteris richardii do not
cluster in these clades [141, 142].
The rice genome contains duplications from a recent polyploidisation
event sometime before the maize and rice split 94-53 mya [7]. Comparing
the chromosomal positions of the HD-Zip I Oshox genes with the duplication
history revealed that five of the eight branches in the phylogenetic tree were
supported by the genome duplication history. These are the α clade
Oshox21/23; β2 clade Oshox25/5; γ clade Oshox22/24; and the two ζ clade
pairs Oshox8/13 and Oshox4/20 (paper II). The homologous pair Oshox5/16
has most likely been duplicated in a smaller segmental duplication after this
whole-genome duplication event. When the homologous pair Oshox12/14
arose is not known, it can be either after this whole-genome duplication
event or before, in which case the copies must have been lost. The duplication that gave rise to Oshox6 as the ancestor of Oshox22/24 most likely happened before the whole-genome duplication event.
The HD-Zip I genes in rice and Arabidopsis display a large variation in
intron/exon organisation with seven distinct patterns, named IA-IG. From
the phylogeny of the genes, the pattern IC can be assumed to be ancestral to
all HD-Zip I genes. The loss of the intron before the homeobox (HB), result27

ing in pattern IB, seems to have happened several times in a non monophyletic way in the α, β1 and γ clades. One explanation could be that this
intron is not as strongly selected for, as the intron within the leucine zipper
motif. The intron/exon pattern within the β1 clade genes are the ancestral IC
type pattern, whereas in the β2 clade genes there exists IC, IB and ID intron/exon patterning. The ID pattern with one extra intron in the HB can
have arrived in the ancestral β2 gene after the split between β1and β2 clades.
This extra intron has subsequently been lost again in the rice genes Oshox5
and -25 after the divergence with Oshox16. Oshox25 has also lost the intron
upstream of the HB. The intron/exon patterns IE and IF have an alternate
position of the intron in the zipper, between the leucine 4 and 5, whereas the
other patterns have the intron between leucine 5 and 6. This L4-L5 intron is
present in all δ and ε clade genes suggesting a common origin of these two
clades (paper II).

Divergence in regulation of HD-Zip I genes (II)
Genes originating from a duplication event would initially have the same
expression pattern and function. All the Oshox HD-Zip I genes were expressed in several of the different organs tested, thus none can be considered
a pseudogene. All samples had expression of at least one gene from every
clade. The possible exception was in seedlings where the expression of
Oshox12 was very weak. The expression pattern is not conserved within the
different clades. For example the ζ and γ genes Oshox4 and -6 have a constant expression level throughout all the samples tested, but their homologous genes in the respective clade do not share this expression pattern (paper
II). It seems that the cis-regulatory regions of the rice HD-Zip I clade genes
have diversified after the genome duplication that gave rise to the homologous genes. This is in accordance with the expression divergence seen within
the clades in Arabidopsis HD-Zip I genes [95] and the DREB/ERF group III
genes (I and [133]).

Stress regulation of HD-Zip I genes (II)
In Arabidopsis several of the HD-Zip I genes are regulated by water deficit
stress. The expression of the rice γ and ζ clade genes was tested during
drought. Oshox6, -20 and -24 (γ) are all up-regulated by drought, whereas
Oshox4 and -20 (ζ) are down-regulated (paper II). The γ clade genes ATHB7
and -12 in Arabidopsis are also induced by water deficit [95, 118, 121]. The
ζ clade is specific to rice, but there are examples in Arabidopsis of genes
down-regulated by water deficit, like the β1 clade gene ATHB5 [95, 109].
The drought regulation in rice seems to be conserved within the two clades.
Among the Arabidopsis HD-Zip I genes some clades have conserved water
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deficit regulation, and in other clades, like the β clade, the regulation has
diversified [95].

Cross regulation within HD-Zip class I (IV)
A ChIP (Chromatin Immunoprecipitation) experiment was made with
ATHB7 and -12 fusion proteins with YFP (yellow fluorescent protein) under
the native ATHB7 and -12 promoters. Specific binding to promoters was
only considered with the 3 fold enrichment. ATHB7 was found to bind its
own promoter and those of ATHB5, -6 and -12 both under normal growth
conditions and after 4 hours of ABA treatment. ATHB12 does not have the
same target gene among the HD-Zips as ATHB7 and only binds the promoter of ATHB7, and perhaps its own, when the plant is exposed to ABA
(paper IV). To check the effects of this binding, mutants of athb7 and athb12
were used. The T-DNA insertion in athb7-3 is situated in the promoter and
results in a severe reduction of the ABA induction of ATHB7. The athb12-6
T-DNA insertion is in the UTR, it reduces the expression of ATHB12 in control conditions and abolishes the ABA induction. We also checked the regulation of these HD-Zip genes in two other mutants, for the β genes athb5 and
athb6. Both these T-DNA insertions are in the coding region of the respective gene, and results in a loss of expression. ATHB5 has previously been
reported to be negatively regulated by ABA, with expression pattern downregulated in some tissues but up-regulated in others [109]. We show a slight
up-regulation by ABA of ATHB5 (paper IV). Supporting this data are microarray studies of stress treated seedlings, showing a low initial upregulation of ATHB5 transcript, and after some hours a down-regulation
[119].
A small change in ATHB6 expression was seen under normal growth conditions in athb5 and -12 mutant lines, suggesting that both could act as negative regulators of ATHB6 expression. In the mutant line of athb7, the ABA
induction of ATHB6 was reduced, suggesting that ATHB7 functions as a
positive regulator of ATHB6 expression. Neither ATHB5, -7 or -12 was affected in regulation by mutations in the other HD-Zip genes (paper IV). This
is in accordance with previous results where over-expression of ATHB5, -7
or -12 did not affect the expression of ATHB7 or -12 [98, 111]. Himmelbach
et al. [108] suggested that ATHB6 can bind its own promoter, but did not see
any significant change in expression of the endogenous ATHB6 when overexpressing an ATHB6 fusion protein.
The differences in expression pattern seen among these HD-Zips suggest
that these interactions are limited to tissues or developmental stages where
both genes are expressed. Even if ATHB7 binds the promoter of ATHB5 and
-12, the loss of one gene in the mutant lines was not enough to change the
ABA induction, suggesting functional redundancies between HD-Zip genes.
This could be the reason for minor phenotypic alterations seen in mutants for
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these HD-Zip genes [111] described below. The function or extent of this
cross regulation among the HD-zips is not yet known. There are possibilities
for a complex network of transcriptional regulation among HD-Zips. Taken
together with the protein heterodimerisation within the family, the function
of individual HD-Zips in this system could be hard to elucidate.

Dependence of HD-Zip genes on PP2Cs (III, IV)
The ABA mediated stress induction of ATHB6, -7 and -12 has previously
been shown to be reduced or abolished in the gain of function mutants abi11 and abi2-1 (described in the introduction) [111, 118, 122]. These mutants
have lower phosphatase activity as well as reduced interaction capabilities
with the ABA receptors PYR/PYL [143]. These changes could give rise to
effects that are not part of ABI1 or ABI2s normal functions. To confirm the
dependence of ATHB7 and -12 on the PP2Cs for stress induction, single,
double and triple null mutants of abi1-2, abi2-2 and hab1-1 were used.
Single mutants did not show any changes in ABA induction of ATHB7 or
-12 compared to wild type. In the triple mutant lines, both ATHB7 and -12
was induced at higher levels after an ABA treatment. This was also true for
the double mutants that had an intermediary effect in the enhanced induction
(paper III). This data suggests that the PP2Cs act redundantly in ATHB7 and
-12 regulation. As described in the introduction, PP2Cs all interact with the
ABA receptors and SnRK2 kinases and it seems ATHB7 and -12 are upregulated through this pathway. ATHB7 and -12 inductions is also not dependent on a single PP2C-PYR/PYL interaction, as the triple mutant shows
an additive effect compared to the double mutants. PP2Cs have also been
shown to act redundantly in phenotypic studies of single, double and triple
mutants [45]. It is of course possible that different PP2C and PYR/PYLs
function in different tissues during stress; we have only studied the whole
seedling.

HD-Zip I genes regulate PP2C expression (III, IV)
In our ChIP experiments, it was shown that ATHB7 binds to the promoters
of HAB1, HAB2 and PP2CA/AHG3 in the absence of stress as well as after 1
hour of ABA treatment. There is a difference in the conditions necessary for
binding to the PP2Cs between ATHB7 and -12. ATHB7 binds in the absence
of ABA treatment whereas both ATHB7 and -12 bind to the promoters of
PP2Cs after a 4 hour treatment with ABA. Neither ATHB7 nor -12 bind
promoters of other unrelated phosphatases, showing selectivity in the binding capabilities of these HD-Zips (paper III).
The functionality of the binding was tested by qPCR (quantitative realtime PCR). Expression of the PP2C genes was investigated in single and
double mutants for ATHB7 and -12. ABI1, ABI2, HAB1, HAB2 are all up30

regulated by ABA, but this increase in expression was reduced in the single
mutants. The double athb7 athb12 mutant had a greater effect on PP2C expression compared to the single mutants, but the expression of the PP2Cs
was still induced by ABA in these lines, just to a lower degree (paper III).
This lead us to test if other ABA regulated HD-Zip genes were also involved
in the regulation of the PP2Cs. Single mutants of the two β1 clade genes
ATHB5 and ATHB6 were tested, and the effect was similar to those of the γ
genes (paper IV). This suggests that the HD-Zip genes act partly redundantly
in regulating PP2C expression. The different HD-Zip genes could act in
different tissues and act as both homo and heterodimers, depending on which
cells they are present in. The single mutants of athb7 and -12 showed an
intermediate effect compared to a double mutant, suggesting an additive
effect of ATHB7 and -12 on PP2C expression. It is likely that double mutants
with athb5, -6, -7 and -12 would show similar results. Triple or quadruple
mutants would most likely reduce the ABA induction of the PP2Cs even
more. The promoters of PP2Cs also have a high frequency of ABRE elements [144], implying that they are probably regulated by the AREB/ABF
transcription factors as well as HD-Zips.
The positive regulation of the PP2Cs by HD-Zip genes constitutes a negative feedback loop, as elevated PP2C levels in turn restricts ATHB6, -7 and 12 ABA induced expression. This can be seen in the transient induction of
ATHB7 by ABA and stress [118], with a fast up-regulation that peaks after
2-6h and that slowly declines. In microarray experiments by Kilian et al.
[119] different stress conditions under a 24 hour time period showed similar
decline in ATHB6, -7 and -12 expression.

Predicted protein modifications of HD-Zip proteins (IV)
Over-expression of ATHB7 or -12 does not alter PP2C expression under nonstressed conditions. The response of ABI1, HAB1 and HAB2 but not ABI2
was higher in over-expressor lines of ATHB7 and -12 early in the ABA response (30min-1h), later the expression levels were similar to those in wild
type (paper III). Only elevated levels of ATHB7 and -12 are not sufficient for
activating PP2C transcription. Some ABA related component or modification must be required for ATHB7 and -12 to act as positive regulators of
PP2C transcription. One such modification could be phosphorylation of the
transcription factors. There are several serine and threonines within the Arabidopsis, rice and Craterostigma HD and zipper domains of all HD-Zip family I (Figure 3). Several of these residues are predicted to be targets of phosphatases using a trained artificial neural network [145].
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Figure 3. Alignment of the deduced amino acid sequence of the HD and
leucine zipper domain of HD-Zip family I proteins from Arabidopsis thaliana (ATHB), Oryza sativa (Oshox) and Craterostigma plantagineum
(CpHB).
The clades are indicated to the left of the sequences. The conserved leucine in the
zippers is highlighted in grey. Predicted Ser/Thr phosphorylation sites are highlighted in dark red, and these residues conserved other HD-Zips are highlighted in
light red.

32

A conserved proposed serine/threonine phosphorylation site is present just
upstream of the start of the HD [108]. This site is present in all HD-Zip II
and most of the HD-Zip I proteins in Arabidopsis, rice and Craterostigma.
The exceptions among the HD-Zip I are Oshox8, -13, -21, ATHB5, -16, -3, 20, -13, and -23 that lack these conserved amino acids. No other predicted
phosphorylation site is conserved between or within all clades. Several of the
sites are in the leucine zipper.
ABI1 interacts on a protein level with ATHB6 and it is believed to be a
enzyme-substrate interaction. An amino acid substitution of the conserved
serine adjacent to the HD in ATHB6 reduces the interaction capability with
ABI1. It was suggested that ABI1 acted on several such sites when interacting with ATHB6 [108]. We have shown that both ATHB5 and -12 can interact with ABI2 in tobacco leaves (paper III and IV). The function of these
interactions is not known. As ATHB5 lacks the conserved serine/threonine
phosphorylation site upstream of the HD, the ABI2 interaction could be with
other serine/threonines. Homodimerisation of ATHB12 is directly or indirectly dependent on the presence of PP2Cs. In a triple mutant background of
abi1-2 abi2-2 hab1-1, no dimerisation of ATHB12 was detected in a BiFC
(Bimolecular fluorescence complementation) experiment (paper III). The
predicted serine/threonine phosphorylation sites in the leucine zipper could
directly influence the leucine zipper dimerisation properties. It was proposed
that the incorrect phosphorylation of ATHB7 and -12 could be the reason for
their inability to bind the HD-Zip binding motif in vitro [98]. When transiently expressed in Arabidopsis leaves they can activate transcription by the
same motif [95].

HD-Zip I genes regulate the expression of two PYR/PYL genes
(III, IV)
ATHB7 and -12 were found to bind to the promoters of PYR/PYL and
SnRK2 genes. The binding was more selective than for the PP2C family, as
not all PYR/PYLs or SnRK2s are bound by these HD-Zip proteins. Among
the PYR/PYLs only two of six tested promoters interacted with ATHB7 and
-12, these being PYL5 and PYL8. As was the case for the PP2Cs, ATHB7
bound both PYL5 and PYL8 promoters with and without ABA treatment,
whereas ATHB12 only bound after a 4 hours of treatment with ABA. ABA
down-regulates many of the PYR/PYLs. In the ATHB7 and -12 mutants both
PYL5 and PYL8 were not down-regulated to the same degree as in wild-type
(paper III). ATHB6 also affects the expression of both PYR/PYLs in the same
way. ATHB5 differs from the other HD-Zip genes tested. It also affects
PYL5, but is not required for down-regulation of PYL8. Under control conditions though, ATHB5 positively affects the expression levels of PYL8, which
are lower in the athb5 mutant than in wild-type (paper IV). ATHB7 and -12
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can act as both activators (PP2Cs) and repressors (PYR/PYLs) of transcription on the direct target genes (paper III). ATHB5 and 6 also affect transcription positively and negatively, but it is not known whether ATHB5 and -6
directly regulates the expression of either the PP2Cs or the PYR/PYLs (paper IV).
There are two PP2C clade A genes, four PYR/PYLs and seven HD-Zip I
genes in the Physcomitrella genome. Phylogenetic analysis reviled that both
the PYR/PYLs and HD-Zip I in moss, cluster in separate clades within their
respective family [142, 146, 147], suggesting single ancestral genes in these
families at the time the different plant lineages diverged. In the moss, ABA
functions as a stress hormone with a conserved signalling pathway dependent on PP2Cs [148]. Whether HD-Zip I genes have a conserved function
between Arabidopsis and moss in regulation of these ABA components is
not known. The fact that genes from two distantly related clades in Arabidopsis, β and γ, regulate the same components in ABA signalling, suggests a
shared ancestral function as regulators of ABA sensitivity in at least angiosperms, and perhaps in all plants.

ATHB7 and -12 bind the promoters of two SnRK2 genes (III)
The promoters of two SnRK2 kinase genes, SnRK2.3 and SnRK2.8, are
bound by ATHB7. ATHB12 also interacts with the promoter of SnRK2.3
after 4 hours of ABA treatment, but not with SnRK2.8. No interactions were
found with the closely related SnRK2.2 or -2.6 from the same clade of
kinases. As was previously described for PP2Cs and PYR/PYLs, ATHB7
can bind the promoters of SnRK2 genes without prior ABA treatment.
ATHB12 on the other hand does not bind in non stressed conditions and
require a longer ABA treatment to interact with the promoters, as one hour
did not result in any interactions (paper III). How ATHB7 and -12 regulate
these SnRK2 genes in not yet fully established, but initial studies suggest
that they are negatively regulated by these HD-Zips.
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Table 1. Predicted HD-Zip binding sites in ATHB7 and -12 target genes.
The presence and number of the 10 different combinations of half-sites within the
promoter regions (up to 1.5kb) are indicated below each gene. These are the HDZips; ATHB5, -6, 7 and -12, the PP2Cs; ABI1, -2, HAB1, -2, PP2CA, the PYR/PYLs;
PYL5 and, -8, and the SnRK2s; SnRK2.3 and -2.8.
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Suggested binding sequences of HD-Zip I proteins (IV)
The consensus binding sequence for HD-Zips I transcription factors is
CAAT(N)ATTG, a pseudopalindromic sequence consisting of two half-sites
with a shared core. In Arabidopsis leaves, transient over-expression of β and
γ genes activates transcription mediated by this site [95]. There are some
indications that ATHB1 and ATHB5 are not dependent on the first nucleotide in the half-site to be a C [98, 101]. The two β2 clade proteins ATHB6
and CpHB7 can bind mixed half-sites such as CAATTATTA [108], and
GAATTATTA [115], respectively. With all combinations of half-sites there
are ten different possible binding sites for HD-Zips if the central nucleotide
is not considered. Different HD-Zip I proteins prefer either A/T or C/G as
central nucleotides [98].
From the data described above, some of the direct target genes of ATHB7
and -12 are now known. A sequence analysis was made with the promoters
of these direct targets: ATHB5 -6, -7, -12, ABI1, -2, HAB1, -2, PP2CA,
PYL5, -8, SnRK2.3 and -2.8 (Table 1). All of the possible binding sites were
present in at least one promoter, and all target genes had at least two different binding sites present. Only ATHB5, PYL8 and SnRK2.3 had the
CAAT(N)ATTG consensus core site in the promoter. Some of the target
genes, ABI1, HAB1, -2, PYL5 and SnRK2.8 only had mixed half-site binding
motifs, suggesting that ATHB7 and -12, like ATHB6 and CpHB7, also can
bind to such sites. It is possible that different HD-Zip proteins have different
preferences in regard to the first nucleotide. Mixed half-sites and the selective heterodimerisations between HD-Zip I could give a complex network of
regulation, depending on tissue, stress or other stimuli.

Phenotypes of mutants for athb5, -6, -7 and -12 (III, IV)
Single mutant plants for athb5, -6, -7 and -12 have only minor phenotypic
differences from wild type, with roots being shorter under non stressed conditions (paper IV). A similar but more severe phenotype is seen in triple
mutants of PP2Cs, which were suggested to have a partial constitutive response to endogenous ABA, as they were also hypersensitive in the responses to exogenously applied ABA [45]. In our expression analysis of the
PP2Cs in HD-Zip mutants, we have sometimes seen a reduced level of expression under non stressed conditions (paper III). The reduced root growth
in the HD-Zip mutants could be due to a reduced level of PP2Cs, resulting in
an enhanced sensitivity to endogenous levels of ABA.
The knowledge we have is only of the short-term expression regulation
within hours of PYR/PYLs and PP2Cs by the HD-Zips, and not the longterm effect. A long-term effect of ABA is the reduction of root growth.
Plants over-expressing PYL5 are hypersensitive to ABA in root growth. The
double mutant abi1-2/hab1-1 is also hypersensitive to ABA, whereas over36

expression of HAB1 results in insensitivity [45]. Several different mutants of
ATHB12 are less sensitive to the negative effect of ABAs on root growth
[111]. Over-expression of ATHB5, -7 and -12 have a complementary response as they are more sensitive to ABA inhibition of root growth [109,
111], whereas over-expression of ATHB6 did not affect this ABA response
[108]. In response to ABA, all the ATHB5, -6, -7 and -12 mutants show a
phenotype similar to that described for other athb12 mutants, with a reduced
sensitivity to ABA (paper IV). If we assume that the net effect in the mutant
in regard to the levels of PP2Cs and PYR/PYLs are the same after long-term
exposure to ABA as they are after some hours, this should lead to a more,
not less sensitive root phenotype, but this is not the case.
Our working hypothesis is that these roots have an increased sensitivity to
endogenous ABA, resulting in a shorter root, but have a reduced capacity to
perceive changes in ABA levels. The total root length in the mutants after 4
days on ABA is comparable to wild-type subjected to the same treatment
(paper IV). Seen from this perspective, the roots of HD-Zip mutants are not
less sensitive to ABA as initially suggested, but more sensitive, but do not
fully perceive the elevated levels from the ABA treatment as well as wildtype does. If, and how this is related to the regulation of PP2Cs or
PYR/PYLs is not known. Another possible explanation is that the ABA root
response seen in the mutants are an effect of other target genes yet unknown.

Roles of ATHB5, -6, -7 and -12 in ABA signalling (III, IV)
After treatment with ABA the expression levels of several PYR/PYLs are
down-regulated, and the PP2Cs are all up-regulated [45]. After an initial
stress, the changes in levels of PP2Cs and PYR/PYLs would result in a
change in the balance between positive and negative factors in ABA signalling. This would result in an ABA desensitisation of the plants, providing a
mechanism for sensing increases in ABA levels, but not constant levels during stress. The net effect of the HD-Zip genes on these components could
cause such an effect. HD-Zip genes are partly responsible for the induction
of the PP2Cs, and the reduction in the receptor and act redundantly in their
regulation (paper III, IV).
Several of the HD-Zips I genes are regulated by other stimuli such as
light. In a microarray study by Michael et al. [149] of different light series,
the β1 and γ genes seem to be affected by the day and night cycles. Blue
light has also been show to regulate ATHB6, -7 and -12 [150, 151]. There
also exists a connection between the DREB/ERF and HD-Zip genes. A subgroup IIIc protein from Capsicum annuum (red pepper), CaCBF1B, a sister
gene of the CBF1-4/DREB1A-D subgroup, interacts with a CaHD-Zip protein [69]. In a phylogenetic analysis, CaHD-Zip was found to belong to the
family I γ clade and is therefore a homologue of ATHB7 and -12 (our unpublished observation). Such protein interactions could be a cross-talk connec37

tion between different signalling pathways. It is a possible function of these
HD-Zips to mediate these different signals into the regulation of the ABA
signalling mechanism. As the HD-Zip genes regulate PP2Cs and PYR/PYLs
and the other stimuli regulating the HD-Zip genes this would in turn affect
PP2C and PYR/PYL expression leading to a change in the balance between
the components, and a change in how the plant perceives ABA levels. Plants
have to carefully regulate their growth according to the ever changing environmental conditions in which they live. A possible role for HD-Zips could
be in combining the stimulus from the environment, like light and stress into
the ABA signal, to modulate the stress responsiveness of the plant.
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Summary

There are 14 HD-Zip I genes in rice compared to 17 genes in Arabidopsis.
These genes are derived from seven or eight ancestral clades established
early in plant evolution some time after the split between fern and angiosperm lineages 430mya. These genes seem to be kept after genome duplications, the absence of pseudogenes suggesting a selective advantage in retaining them. The variation in organ expression pattern observed among the rice
HD-Zip I genes point to a functional divergence in the cis-regulatory regions
controlling expression. Similar expression divergence was also seen for two
homologue DREB/ERF genes in Arabidopsis, AtERF38 and AtERF39. The
stress regulation of genes of both families is more conserved than the organ
expression pattern, but can differ in which stresses induce or repress the
expression. This suggests a common evolutionary mechanism in the divergence in function of homologous genes in both these families of transcription factors. The amino acid sequences are highly conserved, but the promoter regions regulating transcription are more divergent.
Both the HD-Zip I and DREB/ERF are involved in the stress response of
the plant. Over-expression of the AtERF38 and -39 genes show similar phenotypes with negative effects on growth and enhanced stress tolerance, suggesting a function in negatively regulating growth under stress. The enhanced tolerance suggests shared target genes with other DREB/ERF family
proteins.
Four HD-Zip genes from Arabidopsis, ATHB5, -6, -7 and -12, also
showed a conserved function, both in regulation of root growth, and regulation of ABA signalling. The function is not completely redundant between
the HD-Zips, as exemplified by the difference in timing of binding to promoters, seen between ATHB7 and -12. We also found regulator interactions
between the HD-Zip genes. These HD-Zip genes function as negative regulators of ABA signalling, by changing the expression levels of ABA signalling components. This suggests a mechanism to repress the ABA response in
plants exposed to continuous stress, enabling the sensing of increases in
ABA levels.
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Summary in Swedish

Karakterisering av medlemmar i HD-Zip I och
DREB/ERF transkriptionsfaktorfamiljerna och deras
funktion i växtens svar på stress.
Växter lever i miljöer som inte alltid är fördelaktiga, och det leder till en
begränsning i tillväxt. Sådana negativa miljöfaktorer är t.ex. torka, kyla och
jordar med höga salthalter. Växten har ett avancerat system för att anpassa
sig till den stressande miljön och reglerar sin tillväxt utifrån miljöbetingelserna för att överleva. Vid vattenbrist ökar produktionen av stresshormonet
abskissinsyra, ABA. Detta hormon tillsammans med andra stresssignaler
leder till en massiv ändring i regleringen av växtens gener. I växten Arabidopsis thaliana (backtrav) ändras uttrycket av ca 10 % av växtens alla gener
som ett svar på stress. Funktionen hos alla dessa gener är inte känd, men
effekten är att växten begränsar sin tillväxt i väntan på mer gynnsamma förhållanden. Jag har använt två växtarter i min forskning, Oryza sativa (ris)
och Arabidopsis. Arabidopsis används ofta i forskningssammanhang, med
många egenskaper som gör den lämplig som modellorganism för växter. Den
är släkt med raps, broccoli och blomkål, men har inget eget kommersiellt
värde.
Den här avhandlingen studerar funktionen av gener i två familjer av transkriptionsfaktorer, som är med i att reglera växtens svar på stress. Den generella funktionen hos en transkriptionsfaktor är att reglera uttrycket av andra
gener. AtERF38 och AtERF39 tillhör familjen DREB/ERF, andra gener i
denna familj fungerar som dämpare av tillväxt, och reglerar mängden av
komponenter som ökar växtens tålighet mot olika typer av stress. AtERF38
och AtERF39 uttrycks normalt i specifika vävnader i växten och uttrycksnivåerna av generna ökar efter en stressbehandling. Jag har sett att ett högt
uttryck av både AtERF38 och AtERF39 ger små växter med högre tålighet
till både salt och kyla. Slutsatsen är att dessa gener delar funktion med de
andra generna i sin familj, som negativa regulatorer av tillväxt när växten
känner av stress.
Homeodomän leucine zipper (HD-Zip) transkriptionsfaktorer är också
med och reglerar växtens stressvar. Vi visade att ris har 14 HD-Zip klass I
gener och en fylogenetisk (släktträds) analys med både ris och Arabidopsis
gener visade på en indelning i subgrupper. Dessa härstammar från 7-8 ur40

sprungliga gener som fanns innan enhjärt och flerhjärtbladiga växter skildes
åt. Uttrycksmönster av HD-Zip generna i ris visade att alla var uttryckta men
att närbesläktade gener inte alltid hade samma uttrycksmönster bland de
vävnader som testats, ett tecken på att de regioner som styr deras uttryck har
förändrats efter att de duplicerades för många miljoner år sen.
Gener i två subklasser av HD-Zip I, ATHB5, ATHB6, ATHB7 och
ATHB12, i Arabidopsis, har studerats mer ingående i deras funktion i signaleringen när växten känner av stress. Tidigare studier har visat att dessa geners uttryck regleras av stress och att ett förhöjt uttryck leder till en ändrad
känslighet för hormonet ABA. Våra studier visar att i växter med mutationer
i HD-Zip generna påverkas rotens tillväxt, och rotens känslighet för ABA.
Vi har också visat att ATHB7 och ATHB12 binder den regulatoriska regionen av kända ABA signaleringsgener, och är med i regleringen av uttrycket
av dessa gener. ATHB5 och ATHB6 har en liknande funktion i denna reglering, men vi vet ännu inte om de binder till dessa gener. Effekten av HDZip genernas reglering blir en ökning av negativa och en minskning av positiva signaleringsfaktorer. Som följd ändrar detta hur växten känner av stress,
genom att göra växten mindre känslig till konstant stress, en mekanism som
kan vara fördelaktig för att reagera på ökande nivåer av ABA och stress.
Resultaten presenterade i denna avhandling är ett steg i att ökar vår förståelse av de mekanismer som är inblandade i hur växter hanterar svåra växtförhållanden.
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