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Introduction
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8  •  Introduction

Sugar sensing and signaling in plants

Sugars play pivotal roles in the life cycle of plants. Sugars provide energy for metabolic 
processess and serve as building blocks for the necessary structural carbohydrates for 
plant growth. A second important function of sugars is as signaling compounds 
that can modulate gene expression. Over the past decade it has become apparent 
that sugars are involved as signaling molecules in many processess important for 
different stages of the life cycle of the plant. The sugar-induced feedback inhibition 
of photosynthesis is one example of a sugar-regulated process. When carbohydrates 
accumulate in mature source leaves, repression of genes involved in photosynthesis 
is observed and as a consequence photosynthesis is reduced. This affects source/sink 
relationships on the whole plant level since sugar abundance induces storage and 
utilization programs and sugar depletion results in upregulation of mobilization 
and export processess (Koch, 1996). Moreover, sugars are important for regulation 
of genes involved in pathogen defense, storage protein accumulation, secondary 
metabolism, cell-cycle and germination. The type of sugar, mono- or disaccharide, 
can have its own specific effects which can be exerted at different levels. Next to 
transcription, also effects on mRNA stability and post-translational modifications 
have been described (Koch, 1996; Smeekens, 2000). Over the past few years it has 
become clear that sugar signals interact with many other signaling pathways, such 
as, light perception and signaling, N-assimilation and plant hormone signaling 
cascades (Dijkwel et al., 1997; Gazzarrini and McCourt, 2001; Coruzzi and Zhou, 
2001). This illustrates the versatile and important roles sugars play in plants and the 
complexity of the underlying signaling cascades. 

The fact that sugars as such are able to modulate gene expression indicates the 
existance of specific sugar sensing mechanisms in plants. Already from the 1980s it 
is known that the baker’s yeast Saccharomyces cerevisiae is able to sense glucose and 
repress genes involved in metabolism of other carbon sources, a system known 
as catabolite repression (Gancedo, 1998). During later years, it became apparent 
that yeast possesses multiple glucose sensing systems each responsible for initiating 
specific signaling cascades. The two glucose transporter-like proteins, RGT2 
and SNF3, sense extracellular glucose concentrations and are responsible for the 
subsequent induction of hexose transporter (HXT) proteins in yeast . Low amounts 
of glucose are sensed by SNF3 and lead to induction of high-affinity HXT whereas 
RGT2 senses high glucose levels and initiates signaling leading to induction of low-
affinity HXTs. Furthermore, a G-protein coupled receptor responsible for sensing 
high glucose levels was identified that operates in the cAMP pathway. Both types of 
sensors bind glucose extracellularly and, via a conformational change, transduce the 
signal over the plasma membrane. In contrast, hexokinase (HXK) functions as an 
enzymatic and signaling factor in the carbon catabolite-repression pathway. Evidence 
for this dual-function of hexokinase has mounted; feeding experiments with glucose 
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analogs that are substrates for HXK and not further metabolized are able to induce 
the carbon catabolite repressed state (Rolland et al., 2001). Furthermore, hxk2 alleles 
have been identified that showed uncoupling of enzymatic and signaling functions 
(Rolland et al., 2001). The molecular details remain to be resolved as to how HXK 
is involved in glucose repression. 

Glucose sensing and signaling
Plants possess at least three separate glucose signaling systems each responsible for 
regulating a specific set of genes (Sheen et al., 1999). Two HXK-dependent systems 
and a HXK-independent system is present. The HXK-dependent systems include 
one for which glucose phosphorylation by itself is sufficient for its activation and 
another system that relies on further glucose metabolism. The evidence for the 
involvement of HXK in plants as sugar sensors stems from experiments with 
transgenic plants with altered HXK levels and non-metabolizable glucose analogs. 
Overexpression of AtHXK1 leads to a glucose hypersensitivity phenotype, whereas 
lower levels of the main signaling hexose kinase leads to hyposensitivity (Jang et al., 
1997). Similarly, glucose analogs that are substrates for HXK can mimic the glucose 
repression of photosynthesis (Jang and Sheen, 1994) and glyoxylate cycle genes 
(Graham et al., 1994). These results indicate the possible role HXK could fulfil as a 
glucose sensor. Conclusive evidence for this function of HXK was provided when 
hxk1 mutant alleles were identified in Arabidopsis with uncoupled sensing and 
catalytic functions (Moore et al., 2003). Introduction of a specific noncatalytic hxk1 
version into the glucose-insensitive hxk1 mutant restored the wild-type phenotype 
of such plants. The second, HXK-dependent system is involved in regulation of 
pathogenesis-related PR1 and PR5 genes that require further glucose metabolism 
for induction (Xiao et al., 2000). Furthermore, a HXK-independent glucose 
sensing/signaling pathway is present that regulated transcription of a number of 
genes involved in a variety of processes such as carbon an nitrogen metabolism and 
UV-protection (Xiao et al., 2000). 

Work from yeast on the metabolism of trehalose, a disaccharide consisting of 
two glucose moieties, has revealed that trehalose-6-phosphate (T6P) is a negative 
regulator of HXK activity and thereby interacts with glucose signaling. In plants, 
trehalose metabolizing enzymes trehalose phosphate synthase (TPS) and trehalose 
phosphate phosphatase (TPP) have been expressed and shown to enhance and 
decrease photosynthesis, respectively (Paul et al., 2001). This led to the hypothesis 
that also in plants T6P inhibits HXK activity. However, evidence for such a 
regulation lacks experimental substantiation. Nevertheless, in plants the trehalose 
system has a signaling function.

Sucrose sensing and signaling
Specific sucrose sensors have not been identified either from yeast, plants or any 
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other organism. Recent experimental data, however, indicate that plants possess 
such sensors. Expression of the basic leucine-zipper type transcription factor ATB2 
is controlled by SIRT (sucrose-induced repression of translation) (Rook et al., 
1998a). Repression operates post-transcriptionally and occurs when seedlings are 
exposed to elevated, but, physiologically relevant sucrose concentrations. Deletion 
of the 5’UTR resulted in loss of the sucrose response indicating the involvement 
of cis-acting elements in transducing the signal. Recently, the importance of an 
intact sucrose-controlled uORF (sc-uORF) for SIRT was shown (Wiese et al., 
submitted). Sucrose feeding to detached sugar beet leaves also revealed the potential 
of sucrose to negatively regulate sucrose symporter activity by decreasing messenger 
levels (Chiou and Bush, 1998; Vaughn et al., 2002). Addition of glucose or the HXK 
inhibitor mannoheptulose did not result in decreased transport activity indicating 
that HXK-dependent signaling pathways are not involved. The fact that glucose 
could not substitute for sucrose indicates sensing of sucrose occurs before it is 
hydrolyzed. This conclusion was confirmed by results from a study on the repressive 
effects of (non-metabolizable) disaccharides on GA-induced α-amylase expression 
in barley. Repression by sucrose and glucose was shown to be mediated through 
destabilizing the transcript (Loreti et al., 2000), whereas non-metabolizable sucrose 
analogs affected α-amylase expression via repression of transcriptional induction. 
These results indicate the existance of different systems to sense and signal the 
presence of glucose and sucrose in plants. 

It was noted that certain members of the sucrose transporter family in 
Arabidopsis contain an extra cytoplasmic loop (Lalonde et al., 1999). The AtSUT2 
sucrose transporter contains such an extra cytoplasmic loop and was found not to 
be functional in a heterologous system, feeding the idea that AtSUT2 is involved 
in sugar sensing and relay of sugar signals to modulate expression of other sucrose 
transporters (Barker et al., 2000). However, it was later shown that this sucrose 
transporter is fully functional (Meyer et al., 2000; Schulze et al., 2000) which led to 
adaptation of the initial hypothesis that such transporters might function as flux-
sensors (Schulze et al., 2000). The possibility that sucrose transporters have dual 
functions is tantalizing but remains unresolved. 

Sugar-signaling intermediates
The SNF1 kinase complex is an important component of sugar-signaling cascades in 
yeast. Activation of this protein kinase occurs under low glucose conditions and leads 
to derepression of glucose repressed genes enabling yeast to grow in the presence 
of carbon sources other than glucose. SNF1 kinase homologs from a large number 
of plant species (SnRKs) have been isolated and shown to complement the yeast 
SNF1 mutation. This indicates that the complex has been evolutionarily conserved 
and could function in sugar sensing/signaling in plants as well. The yeast SNF1 
kinase complex and plant SnRKs are related to the mammalian AMP-activated 
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protein kinase (AMPK) suggesting they could be activated as a consequence of 
intracellular changes in AMP levels. Plant SnRKs have been shown to regulate 
expression and activity of  key enzymes in carbon and nitrogen metabolism, such 
as sucrose phosphate synthase (SPS), sucrose synthase and nitrate reductase (NR), 
respectively (Halford and Hardie, 1998). Interestingly, activities of phosphorylated 
SPS and NR are inhibited only by binding of 14-3-3 proteins adding another layer 
of regulation. The activity of the SnRK complex itself is also regulated. Mutations 
in PRL1, a SnRK interacting protein, results in derepression of glucose repressed 
genes and hypersensitivity to glucose and sucrose (Nemeth et al., 1998). In the prl 
background, activity of SnRK1 is approximately 50% higher indicating PRL1 is a 
negative regulator of the SnRK complex in plants (Bhalerao et al., 1999). The prl1 
phenotype is highly pleiotropic, showing augmentation of sensitivity to cytokinin, 
ethylene, ABA and auxin. Furthermore, prl1 accumulates sugars and starch in 
leaves and shows inhibition of cell-elongation and root growth. The pleiotropic 
phenotype of prl1 and variety of SnRK targets indicate this complex could function 
as an important cross-point between hormone, nitrogen and sugar signaling. 

Interaction of sugar with hormone signals
Over the past few years, extensive cross-talk between sugar and phytohormone 
signaling cascades has been discovered, as described for the PRL1 locus. But also 
more specific interaction between sugar and hormone signaling cascades have 
become clear (Rook et al., 2001; Gibson et al., 2001; Yanagisawa et al., 2003). 
Especially interaction of abscisic acid (ABA) and ethylene with sugar signaling has 
been characterized in some detail. ABA and ethylene are both involved in a plethora 
of physiological processess in plants. ABA is best known as a stress-hormone and 
its biosynthesis is induced or sensitivity to ABA is enhanced under adverse growth 
conditions (Himmelbach et al., 2003). The ‘classical’ ethylene-regulated processes 
include fruit-ripening and the ‘triple-response’ (Bleecker and Kende, 2000). The 
three-way interactions of ABA, ethylene and sugar signaling pathways was revealed 
in mutational and epistatic analyses (Gazzarrini and McCourt, 2001). The abi4 locus 
was originally identified as an ABA signaling mutant, but in recent years it was also 
isolated from various sugar-related mutant screens. In one such screen for mutants 
lacking the ability to repress PC expression by sucrose, sun6 (sucrose uncoupled) was 
isolated and shown to be allelic to abi4 (Huijser et al., 2000). From another sucrose-
response screen, abi4 was isolated as the isi3 (impaired sucrose induction) mutant 
and shown to lack the ability to induce the ApL3 gene by sucrose (Rook et al., 
2001). ABA itself is not able to induce ApL3 but enhances the sensitivity of tissues 
to sugars. Furthermore, the isi4 mutant was shown to be allelic to the ABA-deficient 
mutant aba2, confirming the ABA-sugar interaction (Rook et al., 2001). Ethylene 
signaling also interacts with sugar responses as indicated by the fact that ethylene 
overproduction or constitutive signaling (eto and ctr1) causes insensitivity to glucose 
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and that ethylene signaling mutants (etr1 and ein2) are glucose hypersensitive 
(Gazzarrini and McCourt, 2001). Application of ethylene to wildtype seedlings 
phenocopies the glucose insensitive phenotype and together with the behaviour 
of the ethylene mutants these results show that ethylene desensitizes seedlings for 
sugars. Recently, it was shown that glucose destabilizes EIN3, a transcription factor 
important for ethylene signaling (Yanagisawa et al., 2003). Also the reciprocal effect 
was found that ethylene stabilizes EIN3. It has thus become clear that extensive 
cross-talk between ABA, ethylene and sugar signaling can occur. The question 
remains on the physiological relevance of these interactions and to what extent 
stress-signaling is involved under the high sugar conditions used.

Plant sugar allocation and carbohydrate 
partitioning

Sugars are important for growth and development of all tissues and organs. The 
controlled distribution of carbohydrates in plants is essential for optimizing 
growth and development of all organs in response to environmental and internal 
conditions. Carbohydrate partitioning describes the effects of this sugar allocation 
process on plant growth and development. Allocation of photosynthates involves 
the close collaboration of many cell-types, tissues and organs along the entire 
translocation pathway from source to sinks. The most prominent cell-types are 
the conduits that function in the physical long-distance transport of carbohydrates 
from the autotrophic source tissues to supply the heterotrophic sink tissues. Source 
tissues, from which carbohydrates are mobilized include mature leaves that are net 
carbohydrate producers and temporary storage tissues, such as seeds, taproots, tubers 
et cetera. Transport of carbohydrates occurs through the phloem which is made up 
of metabolically highly active companion cells (CC) and specialized, enucleate 
sieve elements (SE) through which the sugars are transported over long distances 
(Sauer, 1997). The SE-CC complex (SE-CCC) is the functional entity responsible 
for long-distance translocation of photo-assimilates. The phloem also translocates a 
vast variety of other molecules such as RNA, proteins, virusses and phytohormones 
and has therefore been termed an ‘information superhighway’ (Oparka and Santa 
Cruz, 2000).

Flow of carbohydrates from source to sink is a highly regulated mosaic 
of different processess that involves a variety of cells and molecules. The plant 
phloem vasculature is the most prominent constituent of the pathway and can 
be divided into three functionally and anatomically specialized zones: collection-, 
transport- and release phloem (van Bel, 1993b; van Bel, 1996; van Bel, 2003). The 
collection phloem is located in the minor veins of mature source leaves and this is 
the proposed site of photo-assimilate loading into the phloem cells (Haritatos et al., 
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2000a; Ayre et al., 2003a) and is discussed in Lalonde (2003). The pressure for bulk 
flow of solutes, initially postulated by Münch as the mode of sugar flow through 
the phloem (Münch 1930), originates in the collection phloem in most plant 
species. Phloem loading can result in concentrations of phloem sugars that exceed 
1.5 M (Ward et al., 1998) and movement of solutes at rates of 3 m/h (Kühn, 2003). 
Unloading of sugars occurs in the release phloem which is located at the vascular 
termini in sink tissues. These include the root tip, sink leaves, seeds or any other 
sink tissue. Transport phloem is located between both longitudinal phloem termini. 
All three phloem types are of great importance for carbohydrate transport and 
eventually plant sugar partitioning. Classification of phloem types is not merely a 
consequence of tissue distribution but reflects the different functions of the phloem. 
Anatomically, the different phloem types are characterized by a specific ratio of CC 
versus SE sizes and number. In the collection phloem, the CC to SE ratio is about 
two which becomes lower further down the vasculature in the other phloem types 
(McGauley and Evert, 1989; Oparka and Santa Cruz, 2000; Haritatos et al., 2000b; 
van Bel, 2003). The presence of more CCs in close proximity to the SEs in the 
minor veins is likely to be a consequence of the high metabolic demand of sugar 
loading in the SE-CCC. 

Mechanisms and pathways of phloem loading
Photosynthates can in principle follow two distinct routes from the mesophylic 
tissues to the collection phloem: an entirely symplasmic route or one which 
includes an apoplasmic step (van Bel et al., 1992; van Bel, 1993a). Sugars can 
move from mesophyll to SE-CCC entirely by cell-to-cell movement through 
plasmodesmata (symplasmic route) or can be exported out of the cytosol over 
the cellular membrane at some point (apoplasmic route) and taken up by the 
SE-CCC. The degree of plasmodesmal connectivity between the SE-CCC with 
the surrounding cells varies by three orders of a magnitude and correlates largely 
to apoplasmic and symplasmic loading strategies (Gamalei, 1989; Gamalei, 1991; 
Turgeon, 1996; Turgeon and Medville, 1998; Haritatos et al., 2000b; Goggin et al., 
2001; van Bel, 2003). Plants with open minor veins have many plasmodesmata at the 
SE-CCC interface with the surrounding cells. Plants with closed minor veins only 
few. There are several physiologically relevant findings suggesting that the degree 
of SE-CCC isolation from the mesophyll indeed reflects separate phloem loading 
strategies. Important characteristics that confirm these separate strategies include 
the anatomy of the minor vein phloem cells, the distinct phloem sap sugar profiles, 
sensitivity to chemical substances that block apoplasmic phloem loading. Morever, 
use of transgenic plants with altered phloem loading properties has provided a 
wealth of information. 

Plants with the open minor vein configuration (or type 1) fall in two different 
groups with respect to their phloem loading strategies. Phloem loading in plants of 
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the first group, such as Coleus blumei and the Cucurbitaceae, occurs against a sugar 
gradient (Turgeon and Gowan, 1990) in spite of the vast amounts of plasmodesmatal 
connections between the SE-CCC and surrounding cells. Apparently, these 
plasmodesmata allow unidirectional flow of sugars without dissipation of sugars 
back to the mesophyll. To explain these findings, the polymer-trap mode of phloem 
loading was put forward (Turgeon, 1996). This model assumes that smaller sugars 
are used as building blocks to create the larger raffinose series of oligomers (RFO) 
and stachyose, a tetrasaccharide, which do not move back to the mesophyll as a 
result of the size exclusion limit of plasmodesmata. Phloem exudates of these plants 
contain mainly RFOs and stachyose besides sucrose (Zimmermann and Ziegler, 
1975; Flora and Madore, 1993; Turgeon, 1996; Haritatos et al., 2000b; Knop et 
al., 2001). Plants from this class are insensitive to PCMBS, a chemical compound 
that modifies sulphydryl groups of proteins in the apoplasm and blocks sucrose 
transporter activity in the apoplasmic space (Giaquinta, 1976; Turgeon and Gowan, 
1990; van Bel et al., 1992; Flora and Madore, 1993; Hoffman-Thoma et al., 2001). 
Phloem loading in these plants occurs exclusively symplasmic. 

Phloem loading in species of the second type 1 subgroup with symplasmic 
continuity between SE-CCC and surrounding tissues occurs in a distinct manner 
compared to the Cucurbits. This group inludes species such as willow (Salix 
babylonica) and poplar (Populus deltoides). The CCs of these species are not of the 
intermediary type in contrast to the CCs of Cucurbits (Russin and Evert, 1985) and 
sucrose is the main transported sugar in these species besides small amounts of RFO 
and stachyose (Turgeon and Medville, 1998). Sugar concentrations in the mesophyll 
exceed phloem levels in such plants (Russin and Evert, 1985; Turgeon and Medville, 
1998) which led to the conclusion that sugar allocation from mesophyll to phloem 
occurs along a sugar gradient and that the pressure for bulk flow of solutes is 
generated in the mesophyll. This is in contrast to any other known phloem loading 
strategy. 

Phloem loading in plants with closed minor veins (or type 1-2a, 2a and 2b 
species (Gamalei, 1989; Gamalei, 1991)) occurs mainly in an apoplasmic manner 
but a symplasmic component may also be involved (Komor et al., 1996; Orlich 
et al., 1998; Goggin et al., 2001). Plants with minute plasmodesmatal connectivity 
exclusively load sugars from the apoplasmic space in the SE-CCC (Bourquin et 
al., 1990; Wimmers and Turgeon, 1991; van Bel, 1993a; Flora and Madore, 1996). 
Sucrose is the most prevalent and prominent form of sugar in the phloem bundles. 
(Zimmermann and Ziegler, 1975; Turgeon, 1996; Haritatos et al., 2000b). Use of a 
construct that directed a yeast invertase to the apoplasm causes a drastic slow-growth 
phenotype in the type 2a species N. tabacum but has less severe effects on the type 1-
2a species Arabidopsis (von Schaewen et al., 1990). This may mean that in tobacco the 
apoplasmic component in phloem loading is more important than in Arabidopsis 
and confirms the anatomical and physiological basis for Gamalei’s classification. In 
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conclusion, higher plants have adopted specialized strategies to load sugars in the 
phloem bundles. It was hypothesized that these different phloem loading strategies 
are adaptations to different climates and ecological niches (Gamalei, 1991).

Transport phloem
Transport phloem is located in the entire plant between collection and release 
phloem. In Solanaceous species, such as tobacco, the 6th and 7th veins are classified 
as minor veins whereas the higher order veins have predominant transport phloem 
characteristics (McCauley and Evert, 1988a; McCauley and Evert, 1988b; McCauley 
and Evert, 1989). The situation in Arabidopsis may be different where also the higher 
order leaf veins have collection phloem characteristics (Haritatos et al., 2000b). The 
transition from collection to transport phloem is thus rather arbitrary as several 
leaf vein classes have intermediate characteristics. In general, mature source leaves 
contain considerable transport phloem stretches adding to the total length of the 
transport phloem in plants. 

Transport phloem does not merely connect the phloem termini in 
source and sink. The function and importance of the transport phloem for 
carbohydrate partitioning was illuminated by measuring release and uptake rates of 
photoassimilates. Sucrose leaches out of the phloem at appreciable rates of 6% per 
cm in Phaseolus vulgaris of which half is retrieved in the phloem again (Minchin 
and Thorpe, 1987; Thorpe and Minchin, 1996). Both cell-wall invertases and 
sucrose transporters have been suggested to control long-distance sucrose transport 
via either sucrose metabolism to supply axial tissues or re-entry of sucrose in the 
phloem, respectively (Riesmeier et al., 1993; Truernit and Sauer, 1995; Kühn et al., 
1997; Patrick, 1997; Kingston-Smith et al., 1999; Meyer et al., 2000). Recently, a 
model was presented which showed a division of function for sugars present in the 
phloem symplasm and selectivity of the phloem to transport sucrose and the RFOs 
(Ayre et al., 2003b). Whereas sucrose and galactinol both dissipate from the phloem, 
only sucrose was retreived by the transport phloem. Galactinol appears to serve a 
function as precursor for RFO synthesis only and is selectively excluded from the 
transport phloem. In contrast, stachyose did not leave the phloem symplasm and was 
efficiently transported along the phloem. Thus sugar translocation is a continuous 
process of controlled release and retrieval of specific transport sugars. The transport 
vasculature is thus not merely a rigid tube but is important for selective distribution 
of carbohydrates. 

Phloem unloading and the post-phloem transport path
Once photoassimilates reach the distal termini of the phloem strands there are two 
possible routes that lead to the growing or developing tissues: entirely symplasmic 
or with inclusion an apoplasmic step. The symplasmic route is preferred in most 
tissues, such as sink leaves, roots and maternal tissues of seeds (Patrick, 1997; Oparka 
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and Santa Cruz, 2000; Lalonde et al., 2003). The apoplasmic route is taken in cases 
where a maternal-filial or host-parasite border is crossed, or in cases where sinks 
accumulate osmotically active solutes (Patrick, 1997; Lalonde et al., 2003). In potato 
in was noted that phloem unloading involves a switch from the apoplasmic to 
symplasmic path during tuber development (Viola et al., 2001). In tomato fruits 
an opposite switch from symplasmic to apoplasmic unloading is observed (Patrick, 
1997). It was suggested that this difference is the result of the osmotically active 
nature of the hexoses that accumulate in tomato fruits which is contrasting to 
potato tubers that store starch (Lalonde et al., 2003). 

Sucrose may move from the vascular terminus to the growing sink cells 
over quite long distances. Post-phloem sucrose transport in citrus fruits can 
occur over more than 3 cm through non-vascular tissues with minimal sucrose 
cleavage activity (Koch, 1990; Goldschmidt and Koch, 1996). Usually, post-phloem 
transport processes include only several cell layers that are involved in transfer of 
photoassimilates (Patrick and Offler, 2001). Sink strenght, which is defined by the 
ability of an organ to attract photoassimilates (Ho, 1988), has been postulated to 
control sucrose influx in developing seeds and may be facilitated by high phloem 
pressure (Patrick and Offler, 2001). In many plant species, transfer of sucrose to 
developing embryos includes hydrolysis by high cell-wall invertases activity in 
either the maternal or filial tissues predicting an important function in determining 
sink demand and phloem unloading for these enzymes. 

Regulation and molecular mechanisms of long-distance sugar allocation by 
cell-wall invertases and sucrose transporters
The molecular mechanism of phloem transport involves activity of many different 
protein families. In this section the involvement of sucrose transporters and cell-wall 
invertases on sugar allocation will be discussed. Genes coding for sucrose transporters 
(SUT) have been characterized from many apoplasmic loading species (see Kühn 
for an extensive recent listing (2003)). Also a limited number of sucrose transporters 
from symplasmic loaders were isolated (Knop et al., 2001). SUTs and cell-wall 
invertases (cwINV) are present in genomes of plants in families of intermediate 
size. Arabidopsis and rice both express at least five SUTs (Kühn, 2003; Aoki et al., 
2003). Furthermore, the Arabidopsis genome contains four other, putative SUTs on 
which no genetic, molecular or physiological data has been published (Arabidopsis 
Genome Initiative, 2000; Kühn, 2003). The number of cwINVs has been determined 
at six in Arabidopsis, based on sequence homologies (Sherson et al., 2003). 

Phloem loading and long-distance transport of sugars has been well 
investigated at the molecular level in apoplasmic loading species. Phloem loading 
involves active uptake of sucrose from the apoplasm into the SE-CCC via a proton-
motive-force. How sucrose is first transported to the apoplasm remains elusive but it 
has been proposed that SUTs can operate as efflux carriers or allow passive diffusion 
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(Lemoine, 2000). AtSUC3 is expressed in source tissues surrounding the phloem 
and could play a role in moving sucrose from the mesophyll to the phloem (Meyer 
et al., 2000). SUTs have prefered affinity for sucrose as substate but translocate also 
other disaccharides (Ward et al., 1998; Meyer et al., 2000). SUTs operate via proton-
coupled symport in a 1:1 stoichiometry (Bush, 1990; Boorer et al., 1996; Zhou et 
al., 1997). The energy needed for uptake of sucrose in the SE-CCC is generated 
by H+-ATPases that acidify the apoplasm and are located on the cell membrane 
of CC (Bouché-Pillon et al., 1994; DeWitt and Sussman, 1995). Many SUTs have 
been shown to be exclusively expressed in SE or CC (Stadler et al., 1995; Stadler 
and Sauer, 1996; Kühn et al., 1997; Barth et al., 2003) providing evidence for 
the proposed role of SUTs in phloem loading and/or retrieval of sucrose in the 
transport phloem. 

SUTs can be divided in two groups based on their transport kinetics. The first 
group of low affinity/high capacity (LAHC) type transporters are predominantly 
expressed in minor veins and were therefore proposed to fulfil important functions 
in phloem loading (Weise et al., 2000). The high affinity/low capacity (HALC) 
from Solanaceous and other plant species do not show such a dedicated expression 
pattern but are more generally expressed in several phloem types (Truernit and 
Sauer, 1995; Stadler and Sauer, 1996; Kühn et al., 1997; Stadler et al., 1999). The 
HALC-transporters were therefore proposed to function mainly in re-entry of 
sucrose in the transport phloem. Such a division of labour makes sense based on the 
kinetic properties of both groups in light of the functions of the collection phloem 
and transport phloem. However, the in planta situation is different as LAHC-type 
SUTs are known without special minor vein phloem preference or are even absent 
from minor veins (Barker et al., 2000; Barth et al., 2003). Also, a LAHC mutant 
showed no discernable phenotype which would exclude and essential function for 
this SUT in phloem loading (Barth et al., 2003). So far no conclusive evidence exists 
that the different classes of sucrose transporters have separate in vivo physiological 
functions. The existence of a third class of SUTs, the putative sucrose sensors, has 
been proposed but no empirical evidence was provided so far (Kühn, 2003). These 
SUTs are of the LAHC-type (Meyer et al., 2000; Barth et al., 2003). The proposed 
function of these SUTs in sugar-sensing (Barker et al., 2000) later changed to ‘flux-
sensors’ (Schulze et al., 2000) is interesting but still debated. 

The most compelling evidence for a role for SUTs in sugar allocation and 
likely also phloem loading comes from analysis of transgenic plants and insertion 
mutants. Antisense repression of SUT1 from tobacco and potato resulted in impaired 
leaf sugar export leading to accumulation of leaf sugars, reduced photosynthesis 
rates and a slow-growth phenotype (Riesmeier et al., 1994; Lemoine et al., 1996; 
Bürkle et al., 1998; Kühn et al., 2003). Similar results were reported for potato 
in which antisense repression was achieved via a CC-specific promoter active in 
many phloem types (Kühn et al., 1996). The Arabidopsis AtSUC2 is only expressed 
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in SE (Truernit and Sauer, 1995; Stadler and Sauer, 1996) and T-DNA insertion 
mutants displayed severe growth impairment caused by reduced leaf carbon export 
(Gottwald et al., 2000). Also overexpression studies have shown the importance 
of sucrose transporters for plant growth and development (Rosche et al., 2002; 
Leggewie et al., 2003). So far, claims that SUTs are involved in the actual loading 
of sucrose in the collection phloem are not conclusively supported as impaired 
transport of sugars through higher order veins may contribute to impaired growth 
and development. The importance of proper SUT function for phloem loading and 
leaf sugar transport is, however, widely accepted. 

Several sink-specific SUTs have been charactecterized, such as from pollen 
or developing seeds (Weber et al., 1997a; Stadler et al., 1999; Lemoine et al., 1999; 
Weschke et al., 2000). The importance of SUTs for sink carbohydrate partitioning 
was demonstrated by sink-specific modulation of unloading in pea seed coats and 
potato tubers. Potato with reduced tuber-specific StSUT1 levels accumulated 
less fresh weight at the early stages of development (Kühn et al., 2003). This is in 
agreement with the initial apoplasmic phloem unloading strategy in tubers which 
would involve sucrose transfer to the apoplasmic space (as discussed above). An 
opposite effect was observed in pea where seed-specific SUT overexpression 
enhanced seed coat sucrose uptake rates with 23% (Rosche et al., 2002). Although 
phloem loading pathways and sink development is very distinct in these two cases, 
they do show that sucrose transporter expression correlates to and can influence 
sink strength. 

Cell-wall invertases
Cell-wall invertases (cwINV) catalyze the irreverible hydrolysis of sucrose in 
glucose and fructose in the plant apoplasmic space (Sturm and Tang, 1999). The 
involvement of cwINVs in carbohydrate partitioning is well investigated in several 
plant species both in source and sink tissues. CwINVs are expressed in tissues 
surrounding the phloem strands along the entire vasculature allowing a function in 
sugar allocation (Patrick, 1997; Tymowska-Lalanne and Kreis, 1998; Kingston-Smith 
et al., 1999; Kim et al., 2000). CwINV activity surrounding the SE-CCC has been 
postulated to be a control point in balancing sucrose entry in the SE-CCC and 
sucrose metabolism to sustain growth of axial tissues (Kingston-Smith et al., 1999). 
The importance of proper cwINV activity on plant development and carbohydrate 
partitioning has become clear from work on Solanaceous species with enhanced 
cwINV activity (von Schaewen et al., 1990; Dickinson et al., 1991; Heineke et 
al., 1994; Sonnewald et al., 1997; Büssis et al., 1997; Hajirezaei et al., 2000). Such 
plants are characterized by reduced leaf sugar export rates, high hexose-to-sucrose 
ratios, impaired photosynthetic capacity and severe growth impairment. Impaired 
sucrose phloem loading as a result of enhanced apoplasmic sucrose cleavage is likely 
responsible for the observed phenotypical and developmental aberrations. Also 
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reduced levels of cwINV activity strongly affects plant growth, development and 
carbohydrate partitioning (Tang et al., 1999; Sturm and Tang, 1999). 

High cwINV activity imposes a sucrose-gradient between the phloem ending 
and metabolically active sink tissues which has been proposed to regulate phloem 
unloading and sink-strength (Eschrich and Eschrich, 1992; Tymowska-Lalanne and 
Kreis, 1998). In different plants, activity of cwINVs is confined to cell-layers that 
serve to supply sucrose to growing sinks (Weber, 1995; Godt and Roitsch, 1997; 
Weber et al., 1997b; Cheng and Chourey, 1999; Kim et al., 2000; Andersen et al., 
2002; Hirose et al., 2002; Weschke et al., 2003). Specific manipulation of cwINV 
activity at these sites is detrimental for sink development. Especially seed growth 
and development is sensitive to improper cwINV expression due to the apoplasmic 
incontinuity in the post-phloem sucrose path from maternal to filial tissues. 
Detailed analyses of the miniature1 maize mutant has provided evidence for the 
crucial role of cwINV activity in sugar unloading in developing maize kernels. A 
mutation in cwinv2 is responsible for 80% kernel weight reduction as a result of the 
small endosperm size (Miller and Chourey, 1992; Carlson et al., 2000). The cwINV2 
protein is specifically present in the basal part of the endosperm, juxtaposed to the 
phloem ending in the pedicel, the site of sucrose transfer from phloem into the 
endospermal cavity (Cheng et al., 1996). 

Studying development of beans from the Faboideae has provided an integrated 
view of seed development in relation to carbohydrate state and the involvement of 
cwINVs (Borisjuk et al., 1998; Weber et al., 1998b; Borisjuk et al., 2002; Borisjuk 
et al., 2003). CwINV expression and activity correlates specifically to the hexose-
associated mitotic state during early embryo development and is much reduced in 
the second, sucrose-associated seed-filling state (Weber, 1995; Weber et al., 1996; 
Wobus and Weber, 1999). Similar correlations have also been uncovered during 
development of maize kernels, seeds of oilseed rape, rice grains and several fruits 
(Cheng et al., 1996; Hirose et al., 2002; Hill et al., 2003). Carbohydrate partitioning 
can be modified by metabolic engineering of other sink types such as pollen and 
potato tubers (Sonnewald et al., 1997; Hajirezaei et al., 2000; Goetz et al., 2001). This 
further demonstrates the importance and general impact that cwINVs can have on 
sink growth and development.

Scope of this thesis
In this thesis the function of the ATB2 transcription factor in relation to carbohydrate 
partitioning was investigated. Transcription factors are targets of signal transduction 
cascades that serve to adapt transcriptional rates of specific downstream genes. 
Transcription factors do so by binding DNA in a sequence-specific manner. Such 
DNA elements are present in promoters of target genes which allows transcription 
factors to enhance or repress the activity of the general transcriptional apparatus. 

Plants express a plethora of different types of transcription factors which 
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can be classified on the basis of overall sequence homology that likely reflects 
similar operational mechanisms. Completion of the Arabidopsis genome in 2000 
allowed genome-wide comparison with other organisms. The Arabidopsis genome 
has a relatively high transcription factor content compared to organisms of other 
Kingdoms (Riechmann, 2000; Arabidopsis Genome Initiative, 2000). ATB2 belongs 
to the group of bZIP transcription factors that is represented by 75 members which 
are involved in a broad variety of processes. Several aspects concerning the function 
of ATB2 and its signaling pathway have previously been presented (Rook et al., 
1998a; Rook et al., 1998b). ATB2 expression is associated with the vasculature of 
sink tissues and is especially prominent in funiculi of fertilized ovules (Rook et 
al., 1998b). Furthermore, ATB2 functions in a sucrose-signaling pathway. ATB2 
expression is modulated by physiologically relevant concentrations of sucrose in a 
5’UTR-dependent manner (Rook et al., 1998a). Recently it was shown that ATB2 
translation depends on the highly conserved sucrose-controlled upstream open 
reading frame (sc-uORF) (Wiese et al., submitted). 

The studies described in this thesis show that ATB2 serves a function in 
carbohydrate partitioning, the process of prolonged and directed allocation of sugars 
that results in a specific distribution of carbohydrates over all plant organs. In Chapter 
2 an overexpression study of ATB2 in tobacco shows its detrimental effects on plant 
growth and development. Carbohydrate partitioning was severely affected presumably 
via a combinatorial effect of cwINV and sucrose transporter misexpression and 
altered activity. In Chapter 3 it is described that ATB2 overexpression causes similar 
growth impairments in Arabidopsis. ATB2 was shown to regulate a specific subset 
of Arabidopsis cwINV genes which could be partially responsible for the observed 
growth impairment. A model was presented that explains the function of ATB2 in 
regulating sucrose supply to competing sinks in accordance to local sink demand. 
Furthermore, ATB2 was shown to regulate transcription of two close homologs, 
bZIP2 and bZIP44. The sucrose-specific translational regulation and expression 
pattern of bZIP2 and bZIP44 using transgenic promoter-GUS plants are described 
in Chapter 4. The expression patterns of both bZIP2 and bZIP44 are associated 
with the vasculature and with metabolically demanding tissues. Expression of both 
bZIP2 and bZIP44 can be repressed by sucrose in a 5’UTR-dependent manner. 
The overlapping expression patterns and sucrose-repression strengthen the idea of 
in vivo concerted action. 
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Summary

Sucrose inhibits the expression of the Arabidopsis thaliana ATB2 bZIP transcription 
factor gene by repressing translation of its mRNA. A function in the control of 
translocation processes was proposed for ATB2 based on its vascular bundle-
associated expression pattern and the regulated expression of the gene. The function 
of ATB2 was investigated by constitutive expression of ATB2 in tobacco using the 
CaMV 35S promoter. Transgenic tobacco plants are characterized by severe growth 
retardation which is accompanied by wrinkling and curling of source leaves. These 
plants show reduced photosynthetic capacity and retention of sugars in mature 
leaves at the end of the dark-period. In the light ATB2 overexpressors show 
elevated hexose-to-sucrose ratios. Increased levels of the NtβFRUCT1 cell-wall 
invertase mRNA and invertase enzymatic activity were found, whereas NtSUT1 
sucrose transporter mRNA levels are reduced. Furthermore, down-regulation of 
the phloem-specific NtSUT1 sucrose transporter mRNA and enhanced mesophyll-
specific plasma-membrane sucrose transport capacity was observed. These findings 
suggest a function for ATB2 in the control of carbohydrate partitioning via a 
mechanism that includes regulation of apoplasmic invertase and sucrose transporter 
gene expression and activity.

Introduction

Soluble sugars as signaling molecules control the expression of many genes. Sugar-
mediated regulation of gene expression directly affects metabolic and developmental 
processes during the plant life-cycle (Koch, 1996; Smeekens, 2000; Rolland et al., 
2002). The underlying sugar sensing mechanisms and signal transduction pathways 
are studied in many laboratories. Recently, AtHXK1 was shown to be an important 
factor in the hexose signaling network of Arabidopsis thaliana (Moore et al., 2003). 
Furthermore, a glucose signaling pathway that is independent of hexokinase 
has been suggested to exist in plants as well as a pathway that requires further 
metabolism through glycolysis (Sheen et al., 1999). Only few trans-acting factors 
from these sugar sensing and signaling networks have been characterized and 
these include SPF1, SUSIBA2, HvMSA and STK (Ishiguro and Nakamura, 1994; 
Zourelidou et al., 2002; Cakir et al., 2003; Sun et al., 2003a). These proteins have 
been implicated in binding the SP8 sequences in the promoters of β-amylase, the 
sucrose response element (SURE) in the promoter of isoamylase1, two sugar boxes 
in the hexose transporter gene HvHT1 and the B-box of patatin class I genes, 
respectively. Moreover, genetic interactions between sugar signals and ABA-and 
ethylene-signaling cascades are known (Gazzarrini and McCourt, 2001; Rolland 
et al., 2002). More direct physical evidence of ABA and sugar interplay has been 



provided by Niu et al. (2002) which proposed that the Zea mays ortholog ABI4 
binds the CE1 cis-element present in the promoters of specific ABA- and sugar-
responsive genes.

Separate sucrose-specific sensing and signaling systems have been discovered 
(Chiou and Bush, 1998; Rook et al., 1998a; Loreti et al., 2000). The ATB2 bZIP 
transcription factor is regulated by such a sucrose-specific signaling pathway. ATB2 
mRNA levels are controlled by light in a DET1- and COP1-dependent manner 
(Rook et al., 1998b). Importantly, physiological levels of exogenously supplied 
sucrose repress expression of ATB2 post-transcriptionally (Rook et al., 1998a). Other 
sugars and combinations of glucose and fructose are much less effective. Deletion of 
the 547 nucleotide long 5’ UTR abolishes translational repression by sucrose. This 
region contains a complex uORF (upstream open reading frame) signature and 
two conserved uORFs. Expression of ATB2 is associated with the vascular bundle 
especially in sink tissues such as the young leaves, infloresence stem, funiculi of 
fertilized ovules and the root tip (Rook et al., 1998a). This sucrose-specific regulation 
and vascular-associated expression pattern led to the suggestion that ATB2 may be 
involved in resource allocation (Rook et al., 1998a). This hypothesis was tested by 
overexpression of ATB2 in Nicotiana tabacum and in Arabidopsis thaliana. In tobacco 
ATB2 overexpression leads to impaired carbohydrate partitioning as illustrated 
by the dramatic phenotype of tobacco overexpressor lines. Physiological changes 
include reduced photosynthetic capacity, altered soluble carbohydrate profiles and 
impaired sugar export from leaves. Furthermore, molecular analysis revealed altered 
expression of genes important for proper plant sugar distribution. These results 
suggest a function for ATB2 in carbohydrate allocation. 

Results

Overexpression of ATB2 severely impairs growth
Overexpression of the ATB2 gene in Arabidopsis under control of the CaMV 35S 
promoter was highly inefficient and produced transformants with severe phenotypes 
which included lethality and sterility of T1 plants. The 35S::ATB2 construct was 
transformed to Arabidopsis by root transformation (Valvekens et al., 1988), vacuum 
infiltration (Bechtold and Pelletier, 1998) and floral dip method (Clough and 
Bent, 1998) which all showed to be highly inefficient indicating that the problems 
encountered are not caused by the transformation procedures per se. Twenty-five 
transgenic tobacco lines were obtained by leaf disks transformation (Horsch et al., 
1985). Five independent ATB2 overexpressor lines (oeATB2) were selected that 
showed a consistent phenotype of varying severity that correlated to the amount of 
ATB2 overexpression (data not shown). 

Two oeATB2 lines (E1 and E2) were selected for further analysis that showed 
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representative intermediate and severe phenotypes, respectively (Figure 1), that 
corresponded to the ATB2 expression levels (shown below). E1 and E2 plants are 
characterized by their stunted growth, as a result of the short internodes and petioles. 
Leaves of all developmental stages are small, thick, wrinkled and have yellowish, 
chlorotic patches. Furthermore, they show mild but pronounced bulging out of 
mesophylic tissues between the second order veins. As leaves of E1 plants mature the 
horizontal curvature becomes more obvious, leaves start curving downwards and 
develop more and randomly dispersed chlorotic regions. E2 plants show a similar 
phenotype as E1, but all features are more pronounced and become obvious already 
in the youngest sink leaves. The phenotype becomes more pronounced during 
development and mature source leaves have vast white-yellowish necrotic regions, 
severe down- and side-ward curvature and wrinkling of intervenal regions. Apical 
dominance was reduced in both transgenic lines and flowering time was much 
prolonged. E2 plants often took more than one year to flower. The short internodes 
of the E1 line showed a significant lower percentage stem dry mass per stem fresh 
mass ratio compared to wildtype (8.3% ± 0.9% stem DM/stem FM vs 5.3% ± 0.3% 
for wildtype and E1 stems, respectively  (p<0.01)) (Table 1). The stem dry mass 
fraction (SMF) of total plant dry mass was significantly higher for wildtype than E1 
(0.32 ± 0.03 and 0.24 ± 0.02 g stem DM/g plant DM for wildtype and E1 plants, 
respectively (p<0.01)). Leaf mass fraction (LMF) on the basis of dry mass was lower 
for wildtype than E1 plants (0.59 ± 0.04 vs 0.68 ± 0.01, respectively (p<0.05)). A 
detailed physiological and morphological characterization is presented in Table 1. 
The stunted growth phenotype of ATB2 overexpressor plants, as indicated by the 
short internodes and short petioles, could be a result of GA deficiency or lowered 
GA-responsiveness. E1, E2 and wildtype plants were sprayed with biologically 
active GA1 and GA4 and all responded by stem and petiole elongation. Although 
less severe wrinkling of E1 leaves was observed overall plant size remained reduced 
as well as the presence of leaf patches. Thus, the phenotype of the overexpressor 
lines could not be complemented by the addition of GA.

a b c

Figure 1. Phenotype of 35S::ATB2 plants. (a) Wild-type tobacco (Samsun NN), (b) mild overexpressor line E1 

and (c) severe overexpressor line E2. Clearly visible is the progressive phenotype as leaves mature in both lines. 

Furthermore, the light green-yellow patches and severe crinkling of the source leaves are two distinctive features. 

Bar indicates 3 cm.



Table 1. ATB2 overexpression results in plants with reduced stem and leaf mass ratios. The ATB2-induced 

phenotype of ten week-old green house-grown wildtype and E1 plants was quantified. Values represent organ-

specific percentage dry mass of fresh mass (DM/FM), dry mass ratios of various organs (DM ratios) and fresh mass 

ratios of various organs (FM ratios). LMF, leaf mass fraction. SMF, shoot mass fraction. RMF, root mass fraction. 

SLA, specific leaf area. LAR, leaf area ratio. Only significant deviations between wildtype and transgenic plants are 

indicated by the probability scores. 

WT E1

 avg std avg std

DM/FM

Leaf   (% DM/FM) 7.22 0.79 6.23 0.25

Stem  (% DM/FM) 8.28 0.90 5.31 0.32 P < 0.05

Root  (% DM/FM) 6.27 0.63 5.21 0.79

DM ratios

Shoot/root 11.0 2.0 11.6 1.7

LMF kg leaf / kg plant 0.59 0.04 0.68 0.01 P < 0.05

SMF kg stem / kg plant 0.32 0.03 0.24 0.02 P < 0.01

RMF kg root / kg plant 0.085 0.014 0.080 0.011

SLA m2 / kg leaf 45.1 5.8 43.5 6.0

LAR m2 / kg plant 26.6 2.3 29.5 3.7

FM ratios

shoot/root 9.08 1.28 10.25 2.51

LMF kg leaf / kg plant 0.610 0.014 0.639 0.012

SMF kg stem / kg plant 0.290 0.004 0.269 0.027

RMF kg root / kg plant 0.100 0.013 0.092 0.020

SLA m2 / kg leaf 3.23 0.07 2.71 0.31

LAR m2 / kg plant 1.97 0.01 1.73 0.21

Photosynthesis is reduced in ATB2 overexpressor lines
The ATB2 overexpressors have a severely altered mature leaf morphology and 
chlorotic appearance. Therefore, photosynthesis and respiration rates of individual 
leaves of wildtype and E1 lines were determined. Mature leaves of E2 plants could 
not be placed in the experimental set-up without causing damage as a result of the 
aberrant morphology. For E1 plants no significant differences in photosynthesis 
rates between leaves of wildtype plants were detected under ambient and high light 
intensities (Table 2). In contrast, chlorophyll a content was significantly higher in 
wildtype leaves compared to E1 leaves (326.7 ± 9.9 mg/m2 vs 271.4 ± 32.1 mg/
m2 for wildtype and E1 plants, respectively (p<0.05)) (Table 2). Light-enhanced 
dark respiration was determined by measuring respiration rates directly after the 
light was turned off and again 45 minutes later to determine steady-state dark-
respiration. For both types of respiration no difference could be detected between 
wildtype and E1 plants. Respiration rates of leaf disks and cut-off roots measured in 
closed containers with an O2 electrode were also not altered in mild overexpressor 
plants (Table 2).
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Table 2. Photosynthesis, respiration rates and chlorophyll content of wildtype and ATB2 overexpressors. 

Photosynthesis measurements were conducted on single mature leaves under normal and high light conditions 

and are expressed in μmol CO2 release in hour/m2. Respiration rates were determined for leaf discs and detached 

roots and are expressed in nmol O2/g FM/s. Only significant deviations between wildtype and transgenic plants are 

indicated by probability scores. 

WT E1

 avg std avg std

Photosynthesis

250 PPFD 10.8 0.2 10.0 0.5

1100 PPFD 16.3 0.4 15.1 0.9

Chlorophyll a mg/m2 326.7 9.9 271.4 32.1 P < 0.05

Chlorophyll b mg/m2 81.4 3.7 69.5 9.6

Chlorophyll a+b mg/m2 408.0 13.6 340.9 41.6 P < 0.05

Respiration leaf

light enhanced dark respiration -1.26 0.18 -1.51 0.41

dark respiration CO2 -0.73 0.28 -0.77 0.21

respiration 1.76 0.37 1.48 0.17

% Resp. 5 mM Glucose 102.1 16.3 106.2 13.7

% Resp. 5 mM KCN 70.4 16.6 71.5 14.3

% Resp. 3 mM SHAM 52.0 17.2 40.5 11.2

Respiration root

respiration nmol 2.6 0.3 2.5 1.0

% Resp. 5 mM Glucose 93.6 5.7 91.9 13.2

% Resp. 5 mM KCN 79.1 8.1 80.6 18.4

% Resp. 3 mM SHAM 18.8 7.6 16.6 9.0

Net assimilation rates of entire shoots were determined for E2 plants and 
compared to wildtype. CO2 and H2O levels of in- and out-going airstreams were 
measured by infra-red gas analysis. E2 plants were placed in a closed chamber in 
which photosynthesis rates were measured during two consecutive days. E2 plants 
were found to fix 29 percent less CO2 per leaf area (p<0.01) than wildtype 
(Figure 2). This difference is also significant when photosynthesis rates are expressed 
as a function of fresh mass. Dark respiration rates were similar for all plants (data 
not shown). In summary, respiration rates were not affected in low and high ATB2 
overexpressing plants, whereas photosynthetic capacity was severely reduced in E2 
plants resulting in lower net assimilation rates. 

Carbohydrate partitioning is affected in transgenic ATB2 overexpressors
The slow-growth phenotype of the ATB2 overexpressor lines could be due to 
low net assimilation rates resulting in reduced availability of sugars for the actively 
growing sinks. However, the observed strong source leaf phenotype suggested that 
these plants were also not allocating sugars properly. Carbohydrate partitioning was 



therefore analysed in a pulse-and-chase experiment with radiolabeled CO2. Mature 
source leaves of three to four week-old transgenic and wildtype plants were pulsed for 
10 minutes with 14CO2 under controlled conditions. The total fixed 14C measured 
in the leaf disk of the pulsed leaves at t=0 was set to 100% and radioactivity in all 
other assayed tissues was expressed as a percentage of initial incorporation (Table 3). 
To assess the partitioning of the radioactive label most plant organs were sampled 
individually after 24 hours. Mature leaves, roots and the hydroponic medium were 
sampled but contained only trace amounts (<0.1%) of radioactivity in all lines 
(data not shown). Young sink leaves contained a high percentage of radiolabel in 
wildtype plants (20.1 ± 2.3 % of the total fixed 14C (Table 3). In contrast E1 and 
E2 contained 2-fold and 20-fold less radiolabel in sink leaves (11.5 ± 4.2 % and  
0.8 ± 0.8 %), respectively. Similar differences were also found for other actively 
growing sink tissues, such as the stem including the shoot apex. This indicates a 
general block of carbon flow to sink tissues. The effect of ATB2 overexpression on 
carbohydrate partitioning is further illustrated by comparing the ratios of residual 
14C in the pulsed-leaf after 24 hours to the radioactivity recovered in the rest of the 
plant. In the 14C-pulsed leaf of wildtype and E1 approximately two and three times 
more radiolabel was retained, respectively, compared to radiolabel recovered from 
the rest of the plant (Table 3). In the pulsed leaf of E2 plants almost 16 times more 
14C is retained. These results point to a severe impairment of normal carbohydrate 
allocation patterns in ATB2 overexpressing plants. 

Chapter  2  •  2 7

Net assimilation whole shoot

light exposure (hours)

C
O

2
co

n
su

m
p

ti
o

n
(μ

m
o

l/
h

r/
m

2 )

0

10

20

30

40

50

60

1 2 3 4 5 6

Wt

E2

Figure 2. ATB2 overexpression leads to reduced photosynthetic capacity. Net assimilation rates of entire shoots 

of wild-type and E2 plants were determined during 6 hours under normal light intensity (250 µE) and ambient 

atmospheric conditions. Net assimilation rates are expressed as a function of CO2 consumption. 
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Table 3. Carbohydrate partitioning is severely affected by overexpression of ATB2. Distribution of assimilated 14C 

radiolabel in wildtype and E1 and E2 plants reveals impaired translocation to growing sink tissues and retainment 

of radiolabel in mature source leaves of ATB2 overexpressors. Mature leaves of 4-5 week-old plants were clamped 

in a closed cuvet and exposed to a 10 minute 14CO2  pulse. Values represent percentages of the amount of 14C 

radiolabel recovered in various tissues after a 24-hour chase compared to the total amount of fixed 14C at t=0 in 

the mature leave which was set to 100%. *Ratio of radioactivity in pulsed leaf after 24 hours vs total radioactivity 

of all other plant organs after 24 hours. 

Wt E1 E2

 avg avg avg

Stem and shoot apex 4.6   ± 1.3 3.5   ± 0.7 0.6  ± 0.2

Five youngest sink leaves 20.1 ± 2.3 11.5 ± 4.2 0.8  ± 0.8

Leaves, stem, shoot apex 25.3 ± 3.4 14.9 ± 4.6 1.45 ± 0.6

Ratio retained vs exported label* 2.0   ± 0.7 3.2   ± 1.0 15.8 ± 2.9

    

Plasma membrane vesicles of mesophylic tissues display enhanced rates of 
sucrose transport
Photosynthates are transported from mesophylic tissues to the phloem through 
various different cell-types, subcellular structures and compartments (Lalonde et 
al., 2003). The effect of ATB2 overexpression on sucrose transporter activity in the 
mesophyll was examined by measuring the 14C-labelled sucrose uptake capacity 
of plasma membrane vesicles from mesophylic tissues. Mesophyll cells contribute 
>90% to the total surface area of plasma-membrane vesicles isolated from mature 
source leaves (Morrod, 1974; Fondy and Geiger, 1977; Doman and Geiger, 1979). 
Sucrose/H+ symport into vesicles by sucrose transporters is mediated by a proton 
gradient (ΔpH) and an electrochemical gradient (Δψ) across the membrane. Vesicles 
were exposed for 10 minutes to an initial sucrose gradient of 0.57 μM. Uptake rates 
for vesicles of all lines appeared rather variable between independent experiments. 
Wildtype sucrose uptake rates ranged from about 2.5 (Figure 3, pH 5) to 7.0 pmol 
sucrose/mg protein/min (data not shown). Uptake rates for E1 and E2 plants were 
also variable between independent isolates but in each of four separate experiments 
were significantly higher than the corresponding wildtype rates. Influx of sucrose 
was reduced to the control level when no ΔpH and Δψ was imposed (Figure 3, 
pH 7). PCMBS inhibits transporter activity by reducing sulfur-bridges and 
pretreatment of vesicles with PCMBS prevented active sucrose uptake (data not 
shown). Glucose uptake rates were also determined in vesicles derived from ATB2 
overexpressors and wildtype plants, but no differences were observed (data not 
shown). H+-ATPase activities were determined in these vesicles to investigate 
whether ATB2 overexpression had an effect on proton-pump activity. Similar 
ATPase activities were found for E1, E2 and wildtype lines (data not shown). Thus, 
ATB2 overexpression causes an enhanced proton-motive-force-dependent uptake 
capacity for sucrose in plasma membrane derived from mainly mesophyll cells.



Figure 3. Overexpression of ATB2 causes enhanced sucrose transport activity in mesophylic tissues. Plasma 

membrane vesicles obtained from mesophylic tissues of mature source leaves were isolated from 8-week old green-

house grown non-flowering tobacco plants. Sucrose uptake was measured with (pH5) or without (pH7) a proton 

and electrochemical gradient which allows H+/sucrose symport into membrane vesicles by sucrose transporter 

activity. 

Overexpression of ATB2 affects sucrose-to-hexose ratios
Overexpression of ATB2 affects photosynthetic capacity and sugar allocation patterns. 
Therefore plant soluble sugar and starch contents were investigated. Different organs 
of green-house-grown plants were harvested at the end of the dark-period and after 
4 hours in the light-period. Leaves, stems and roots were collected separately and 
levels of soluble sugars and starch were determined enzymatically. Mature leaves 
of wildtype plants illuminated for four hours accumulated high levels of sugars 
(Figure 4a) with sucrose being most abundant at 16.9 mg/g FM. Hexose content was 
2.5 mg/g FM leading to a sucrose to hexose ratio of 6.8 (Figure 4b). At the end of 
the dark-period sucrose and hexose content in source leaves was low with 0.2 mg/g 
and 1.2 mg/g, respectively (Figure 4a). For the E2 organs tested a rather different 
sugar profile was observed. The leaf sucrose content after four hours illumination 
was markedly lower (3.9 mg/g) than observed for wildtype (16.9 mg/g). Hexoses 
on the other hand were more abundant than in wildtype (10.7 mg/g for E2 vs 
2.5 mg/g for wildtype) leading to a low sucrose-to-hexose ratio of 0.4 compared 
to 6.8 for wildtype (Figure 4b). Also at the end of the dark-period notable changes 
between wildtype and E2 source leaves were observed. In wildtype leaves soluble 
sugar levels decreased sharply during the dark-period whereas sugars in E2 leaves 
remained relatively high (1.4 mg/g total sucrose and hexose in wildtype vs 
6.0 mg/g in E2). Furthermore it is of interest to note that under dark conditions, the 
sucrose-to-hexose ratios are higher in E2 organs than wildtype, while in the light 
the opposite is observed (Figure 4b and c). In general for stem and root tissues the 
same observations were made (Figure 4a-c). Starch levels were similar in E2 plants 
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compared to wildtype under both light and dark conditions (data not shown). 
ATB2 overexpression affects sucrose transport from source leaves to sink 

tissues as indicated by the high levels of radiolabel in source leaves and the aberrant 
sugar profile of mature leaves of E2 plants. Therefore, it was tested whether supply 
of sugars via the root system could restore normal growth. Three to four week old 
plantlets were grown in vitro on MS medium without sugars until the aberrant 
phenotype was established. Plants were transferred to medium supplemented with 
1% (v/v) sucrose and grown for two weeks. The phenotype of the sugar-treated E2 
plants did not differ significantly from untreated plants (results not shown). 

Figure 4. Wildtype and ATB2 overexpressing plants have different carbohydrate profiles. Plant organs were 

collected at the end of the 8 hours dark-period and after 4 hours in the light-period. Depicted in (a) are hexose 

(glucose and fructose) and sucrose levels for mature leaves, stems and roots of wildtype and E2 plants. The derived 

sucrose:hexose ratios of all plant organs are presented in (b) and (c), respectively. Bars represent the result of one 

experiment which is representative for an independent duplicate measurement.

ATB2 overexpression affects genes involved in sucrose metabolism
The mRNA levels of ATB2 were determined in wildtype, E1 and E2 

source leaves by Northern analysis (Figure 5). In control plants ATB2 mRNA 
was undetectable whereas E1 plants showed low ATB2 transcript levels. E2 leaves 
contained roughly 20-fold higher ATB2 transcript levels compared to E1 as 
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determined by densitometry. Thus the ATB2 transcript levels correlates with the 
severity of the phenotype. Then, the mRNA levels of genes important for sucrose 
production, metabolism and transport were determined. RNA was extracted 
from mature source leaves that were illuminated for 6 hours. Nothern blots were 
hybridized with probes encoding the Rubisco small subunit (RbcS), cell-wall 
invertase and sucrose transporter. As photosynthetic rates, internal sugar levels and 
sucrose to hexose ratios in the ATB2 overexpressors were different from wildtype, 
mRNA levels for RbcS were determined. Transcript levels of RbcS showed an inverse 
correlation to the ATB2 transcript levels, possibly as a result of the sugar-mediated 
inhibition of gene expression (Figure 5). Inhibition of photosynthesis by sugar 
feedback regulation is a well documented phenomenon (Jang and Sheen, 1994) and 
RbcS down regulation likely stems from the aberrant internal sugar status. 

Figure 5. Northern analysis of ATB2 overexpressing lines. RNA was iolated 

from mature leaves of 6 hour illuminated non-flowering green-house grown 

plants. Probes used are as indicated. Lane 1 wildtype, lane 2 E1, lane 3 E2. 

Independent duplicate experiments showed similar results. 

The expression of the NtβFRUCT1 cell wall invertase gene was determined 
and quantified by densitometry. In wildtype leaves the NtβFRUCT1 levels were 
barely detectable. An about 2-fold increase in E1 and 14-fold increase in E2 lines 
was observed, respectively (Figure 5). These levels of NtβFRUCT1 correlated with 
the ATB2 messenger levels and the severity of the ATB2-induced phenotype. This 
is in agreement with results obtained from overexpression of a yeast invertase in 
the apoplasmic space which caused phenotypic changes resembling but clearly 
distinct from the ATB2 overexpressors (von Schaewen et al., 1990). Acid invertase 
enzymatic activity showed an about 3-fold increase in activity in E1 leaves and a 
5-fold increase in E2 leaves compared to control lines (Figure 6). Again, the acid 
invertase activities in these lines correlated with the ATB2 transcript levels and the 
severity of the phenotype. 

Several sucrose transporters from Solanaceous species have been reported 
to be essential for proper leaf sucrose export (Riesmeier et al., 1994; Lemoine et 
al., 1996; Kühn et al., 1996a; Bürkle et al., 1998). Expression of NtSUT1, the only 
characterized sucrose transporter from source leaves of tobacco, was about two-fold 
lower in E1 plants (Figure 5) and was further reduced to low levels in E2 plants. The 
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phenotype of antisense NtSUT1 (asNtSUT1) expressing tobacco plants shows some 
resemblance to the phenotype observed for oeATB2 plants. 

Figure 6. Enhanced acid invertase activity in mature leaves of transgenic ATB2 overexpressor plants. Acid invertase 

activity was measured from green-house-grown plants. Invertase activity is expressed as a function of glucose 

release and expressed in μmol glu/g FM/h. 

Discussion

ATB2 belongs to the s-class type of bZIP transcription factors which are 
characterized by their small size, extended leucine zipper of up to 9 heptad repeats 
and lack of defined functional domains besides the bZIP domain (Jakoby et al., 
2002). Transcription of the ATB2 gene is induced by light via DET1 and COP1 
and by soluble sugars. Promoter-GUS expression analysis showed association with 
the vascular bundles mainly in sink tissues but also in cotyledons (Chiou and 
Bush, 1998; Rook et al., 1998a; Loreti et al., 2000). ATB2 expression is abundant 
in funiculi and ovules after fertilization. Furthermore, expression is associated with 
veins in the infloresence stem and in the root tip. ATB2 thus may function in 
regulating transport processes and in this way affect whole plant resource allocation. 
To investigate this hypothesis we analyzed the functional properties of ATB2 by in 
planta overexpression studies. Initial experiments with Arabidopsis yielded no useful 
ATB2 overexpression lines, but tobacco could be readily transformed with the 
35S::ATB2 construct. Numerous studies have shown that regulatory proteins, 
especially transcription factors, retain their functionality and specificity when 
transformed to other plant species (Kang et al., 1995; Aoyama et al., 1995; Chan et 
al., 1998). Moreover, the functionality of promoters is conserved between different 
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plant species (Haritatos et al., 2000a; Wright et al., 2003; Kühn et al., 2003). Such 
studies show the strong functional conservation of transcription factors and their 
target promoters. The tobacco genome contains at least five ATB2 homologs 
(Strathmann et al., 2001; Yang et al., 2001) of which NtbZIP2 appears to be the 
putative ATB2 orthologue. NtbZIP2 shows high sequence homology to ATB2 and 
has a similar expression pattern. Moreover, NtbZIP2 is also induced by both light 
and soluble sugars (A. Strathmann and W. Dröge-Laser, pers. comm.). Probably 
ATB2 expression in tobacco affects the same target genes and processes as it does 
in Arabidopsis. 

ATB2 is a regulator of carbohydrate partitioning
Overexpression of ATB2 leads to a phenotype that is characteristic of plants with 
impaired carbohydrate partitioning. Transgenic plants were dwarfed as a result of 
short internodes and petioles and showed leaf curling and chlorotic lesions in mature 
source leaves. Physiological analyses revealed decreased photosynthetic capacity 
and impaired export of assimilates from mature leaves. These plants contained 
increased hexose levels, high hexose-to-sucrose ratios and elevated acid invertase 
activity. Molecular analyses showed deregulated expression of NtβFRUCT1 and 
NtSUT1, two important genes in carbohydrate partitioning (von Schaewen et 
al., 1990; Lemoine et al., 1996; Kühn et al., 1996; Bürkle et al., 1998). A positive 
correlation was found between ATB2 overexpression, the severity of the phenotype 
and the increased levels of cell-wall invertase messenger levels and invertase activity. 
The involvement of apoplasmic invertases in phloem loading and carbohydrate 
partitioning has been investigated in several plant species using a transgenic approach. 
Tobacco, potato and tomato plants affected by the expression of a yeast invertase 
in the apoplasm (y-cwINV plants) displayed impaired photosynthate export from 
mature leaves and consequently retarded growth phenotypes (Dickinson et al., 1991; 
Sonnewald et al., 1991; Büssis et al., 1997). This may be related to the companion 
cell-mesophyll interface in Solanaceous species which show many structural 
features that are indicative of phloem loading via an apoplasmic step (McGauley 
and Evert, 1989; Gamalei, 1989). Overexpression of ATB2 results in somewhat 
similar phenotypical and physiological aberrations as found in the y-cwINV plants. 
These observations suggest the involvement of enhanced cell-wall invertase activity 
in establishment of the growth phenotype of ATB2 overexpressor plants and for 
a role for ATB2 in controlling apoplasmic invertase transcript levels and activity. 
However, detailed inspection shows physiological and phenotypical differences 
between ATB2 overexpressors and y-cwINV tobacco plants (von Schaewen et al., 
1990; Sonnewald et al., 1991). Also the increased levels of acid invertase activity in 
severely affected oeATB2 plants were relatively low (5-fold) compared to transgenic 
tobacco lines expressing the apoplasmic-directed yeast invertase construct. Tobacco 
y-cwINV plants showed a 20- to 130-fold increase in invertase activity in plants 
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having mild and severe phenotypes, respectively (von Schaewen et al., 1990). In 
this study it was also reported that Arabidopsis was rather unaffected by enhanced 
apoplasmic invertase activity directed by the y-cwINV construct. These results imply 
that sensitivity of tobacco and Arabidopsis to ATB2 overexpression cannot be 
explained merely by enhanced apoplasmic invertase activity and suggests that ATB2 
affects additional target processes that are important for carbohydrate partitioning 
and that might play a more critical role in Arabidopsis than in tobacco. The lethality 
problems that were encountered by constitutive overexpression of ATB2 in 
Arabidopsis were circumvented by use of the glucocorticoid inducible system and 
confirmed the function of ATB2 in controlling invertase gene expression (Wobbes 
et al., in preparation).

Even though mRNA of the sieve element-specific NtSUT1 is reduced, sucrose 
transport capacity of mesophylic tissues is enhanced by ATB2 overexpression. Most 
likely the elevated sucrose transport capacity of plasma membranes of mesophylic 
tissues does not contribute to the phenotype of the ATB2 overexpressor plants. 
Namely, overexpression of the SoSUT1 in potato resulted in a 4-fold increase in 
sucrose uptake in membrane vesicles derived from the mesophyll of mature leaves of 
plants that showed no aberrant phenotype of any shoot organ (Leggewie et al., 2003). 
It is unknown which sucrose transporter is responsible for the elevated transport 
activity as no sucrose transporter has been isolated from tobacco mesophylic tissues. 
To date, only the NtSUT1 and NtSUT3 sucrose transporter genes have been isolated 
from tobacco sieve elements and pollen, respectively (Bürkle et al., 1998; Lemoine et 
al., 1999) It is expected that the tobacco genome contains several other functional 
sucrose transporter genes. The Arabidopsis genome contains nine different sucrose 
transporter genes (Arabidopsis Genome Initiative, 2000) of which seven have been 
assigned to the SUT1 group of HALC transporters (Kühn, 2003). One or several 
of these could be upregulated in the ATB2 overexpressor lines and be responsible 
for the enhanced sucrose transport activity in the mesophyll. In this respect it is of 
interest to note that the AtSUC3 sucrose transporter from Arabidopsis is expressed 
specifically in mesophyll and cells surrounding the phloem, but not in the phloem 
itself (Meyer et al., 2000).

The possibility that ATB2 controls gene expression of several genes via both 
induction and repression is in line with the capacity of bZIP transcription factors to 
act as repressors or activators depending on the dimerization partner. For example, 
the family of small MAF (musculoaponeurotic fibrosarcoma) bZIP proteins can 
activate or repress transciption of target genes depending on the dimerization 
partner (Igarashi et al., 1994; Blank and Andrews, 1997). It is also possible that 
misexpression of the sucrose transporter genes is due to the aberrant in planta sugar 
status. Sucrose transporters are subject to complex regulation by sugars and both 
induction and repression of sucrose transporter transcript levels and activity are 
known  (Weber et al., 1997a; Aoki et al., 1999; Matsukura et al., 2000; Yao Li et al., 



2003). Detailed analysis of the glucocorticoid inducible ATB2 overexpressors will 
reveal whether ATB2 also controls sucrose transporter gene expression. 

The involvement of gibberellins in the establishment of the aberrant phenotype 
of the oeATB2 plants was investigated. A study on the bZIP protein RSG showed 
the potential of bZIP factors to cause a growth-impaired phenotype mediated by 
gibberellins (Fukazawa et al., 2000). ATB2 overexpressor lines were responsive to 
GA but the phenotype could not be rescued. Thus it is improbable that ATB2 is 
involved in GA signaling, even though the dwarfed phenotype caused by ATB2 
overexpression is reminisent of a GA effect.

In light-grown plants total soluble sugar content decreased in oeATB2 plants 
compared to wildtype but hexose levels increased sharply. The accumulation of 
hexoses in mature leaves is likely responsible for feed-back inhibition of RbcS and 
photosynthesis observed in ATB2 overexpressors (Sheen, 1990; Krapp et al., 1993). 
Potato plants overexpressing a yeast-derived apoplasmic invertase showed increased 
hexoses levels and inhibition of photosynthesis (Büssis et al., 1997). Furthermore, 
glucose or fructose were more potent repressors of RbcS2 transcripts in Phaseolus 
vulgaris protoplasts compared to sucrose (Urwin and Jenkins, 1997). Probably the 
hexose-dependent repression of RbcS is due to elevated invertase activity and not a 
direct cause of ATB2 overexpression. 

To our knowledge ATB2 is the first gene identified that encodes a trans-acting 
factor involved in regulating invertase gene expression. Cell-wall invertases are 
important for a variety of processes, such as primairy metabolism, osmotic tolerance, 
pathogen attack, photosynthesis, carbon partitioning and seed development (Stitt et 
al., 1990; Weber, 1995; Cheng et al., 1996; Herbers et al., 1996; Tymowska-Lalanne 
and Kreis, 1998; Fukushima et al., 2001; Fotopoulos et al., 2003; Roitsch et al., 2003). 
Coordination of expression of these invertases is paramount and must be adjusted to 
prevailing environmental conditions. The Arabidopsis genome contains six cell-wall 
invertases (Sherson et al., 2003). It will be of great interest to investigate the function 
of ATB2 in Arabidopsis in transcriptional control of cell-wall invertase genes. 

Materials  and Methods

Constructs used for transformation
Primers BZ2F: 5’-CGGGATCCCATGGAATCGTCGTCGTCGG-3’ and BZ2G: 5’-CGGAA
TTCGATTAATACATTAAAGCATCAG-3’ were used to amplify the coding region by PCR, 
introducing a BamHI site in front of the ATG initiation codon and an EcoRI site after the stop 
codon. The PCR fragment was cloned in pBluescript SK- and sequenced to check integrity. A 
proper clone was digested with BamHI-EcoRI and this fragment was BamHI-EcoRI cloned in 
the pWP90 plasmid containing the double 35S CaMV promoter and terminator sequence. The 
entire construct was then KpnI/XhoI cloned in the KpnI/SalI sites of the binary vector pBIN19 
(Bevan, 1984). The resulting plasmid was transformed into Agrobacterium tumefaciens strain 
LBA4404 by electroporation. For DEX-induced expression binary vector pTA7002::ATB2 was 

Chapter  2  •  3 5



3 6  •  ATB2 affects carbohydrate partitioning in tobacco

constructed by cloning the proper PCR-derived ATB2 coding sequence (primers ATB2-F 5’-
XhoI-gaatactcgagatggaatcgtcgtcgtcg-3’ and ATB2-R 5’-SpeI-gaataactagtttaatacattaaagcatcagaag-
3’) in the XhoI and SpeI sites of pTA7002 (Aoyama and Chua, 1997). The resulting pTA7002::
ATB2 vector was transformed into Agrobacterium tumefaciens strain C58-1 by electroporation. 

Plant material and growth conditions
Tobacco (Nicotiana tabacum var. Samsun NN) leaf disks were transformed according to Horsch 
et al. (1985). Regenerating shoots were selected on MS medium (Murashige and Skoog, 
1962) containing 300 μg/ml kanamycin and 2% (w/v) sucrose. After induced-root formation, 
transgenic plants were grown in the greenhouse for seed production. GA1 and GA4 (0.1 μM 
each) were applied daily to two week old green house-grown plants for a three week period. For 
sugar-complementation, plants were grown in vitro for 3-4 weeks on sterile rock-wool blocks 
in liquid MS medium without sugars until plants showed a clear phenotypical deviation from 
wildtype. Plantlets were then transferred to new pots containing identical MS medium supplied 
with sucrose (1% w/v). The 35S::ATB2 binary vector was transformed in Arabidopsis ecotype 
C24 by root transformation (Valvekens et al., 1988), or in ecotype col-0 by vacuum infiltration 
(Bechtold and Pelletier, 1998) and dipping floral organs in A. tumefaciens solution (Clough 
and Bent, 1998). pTA7002::ATB2 was transformed into Arabidopsis by the floral dip method 
(Clough and Bent, 1998). Arabidopsis was grown in a climate chamber with a light intensity of 
150 μmol m-2 s-1, 80% relative humidity and 22°C in a light /dark cycle of 16/8 hours under 
ambient atmospheric conditions.

Photosynthesis rates and respiration
For photosynthesis measurements the plants were grown in a climate chamber under controlled 
conditions (350 ppm CO2, light intensity of 250 μmol m-2 s-1, 80% relative humidity and 26°C 
in a light /dark cycle of 14/10 hours). Whole plants were placed in a closed cuvette in which 
CO2 level, temperature, light intensity and relative humidity were identical to the growth 
conditions. The in-, and outgoing airstream concentrations of CO2 and H2O were measured by 
an infra-red gas analyser (IRGA) according to (Poot et al., 1996). Furthermore, photosynthesis 
rates of leaves was measured in a leaf gas exchange measurement system (Atkin et al., 1997). The 
youngest mature source leaf was measured in triplicate in 250 μmol m-2 s-1 light (ambient growth 
chamber condition) and under high-light intensities (1100 μmol m-2 s-1). Light-enhanced dark 
respiration was measured immediately after the light was switched off and dark respiration was 
measured after 45 minutes when plants were adapted to the dark. Respiration of leaf disks and 
cut-off roots were performed using an oxygen electrode (Millenaar et al., 2002). Chlorophyll 
content was determined as described (Porra et al., 1989).

Pulse and chase experiments
Seeds of Samsun NN, E1 and E2 plants were germinated on silver sand. Seedlings were 
transferred to hydroponic growth medium (0.25MS, 0.5 g/l MES, adjusted to pH 5.7 with 
KOH) and plantlets were subsequently grown under continuous aeration. Four to five week old 
plants, about 50 cm in height, were placed in erlenmeyers with 100 ml 0.25 MS medium in a 
pulse-chase set-up, illuminated with 250 μmol m-2 s-1. The first mature leaf was clamped in the 
incubation chamber (15cm x 30cm x 2cm) through which water vapor-satured air was flowing 
for fifteen minutes for acclimatization. Meanwhile, 10 μl (5 μCi) NaH(14CO3)2 (NEN Life 
Science Products, Boston, MA, USA) was injected vigorously through a latex plug in a closed 
chamber containing 2 ml 1M H2SO4. The released 14CO2 was led through the leaf-containing 
cuvet for 10 minutes in a closed circuit. The circuit was cleared by passing the airflow through 
three CO2 traps (ethanolamine:ethyleneglycolmonomethylether 1:2 (v/v)) for 5 minutes. Two 
leaf disks of 1 cm2 were immediately taken from the pulsed leaf (t=0). Plants were placed back 
in the growth chamber (Microclima 1000, Snijders  Scientific, Tilburg, The Netherlands) and leaf 
disks of intervenal regions of mature leaves, samples of roots and the hydroponic MS medium 
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were taken at t=24 hours.  The distal shoot ending consisting of the shoot apex and stem above 
the fifth youngest sink leaf and young sink leaves were assayed individually. All tissue samples 
were incubated in destruction fluid (25 % (v/v) perchloric acid, 15 % (v/v) hydrogen peroxide) 
at 60°C until the tissue was completely dissolved. Ten ml Emulsifier Scintillation Plus fluid 
(Packard, USA) was added and radioactivity was measured in two-fold in a Tri-Carb 2200CA 
liquid scintillation counter. Hydroponic medium (100 μL) was added to 10 mL Emulsifier 
Scintillation Plus fluid and measured as above.

Sucrose uptake capacity of plasma membrane vesicles
Approximately 100 gram of mature source leaf material was harvested from 8-10 week old 
green-house grown Samsun NN, E1 and E2 plants after 2-3 hours in the light period (between 
8 and 9 am).  Leaves were washed with distilled water, dried shortly after which the midrib was 
removed. Plasma membrane vesicles were isolated by aqueous biphasic polymer partitioning 
(Larsson et al., 1988; de Jong and Borstlap, 2000). Vesicle protein content was determined using 
bicinchoninic acid reagent (Pierce, Rockford, IL, USA). Bovine serum albumin was used as 
a standard. H+-ATPase activity and sugar uptake experiments were determined according to 
De Jong and Borstlap (2000). Briefly: vesicles were incubated in 2.0 ml resuspension medium 
with sorbitol (330 mM), 10 μl 14C-sucrose (126424 μCi, NEN Life Science Products, Boston, 
MA, USA), valinomycin (5 μM) and PCMBS (1 mM). Uptake of 14C-sucrose was measured 
in medium of pH 5 with 8 mM Na+ and of pH 7 with 22 mM K+ to distinguish between 
active and passive uptake. PCMBS was added to assess the protein-dependent sucrose transport 
component. Samples of 200 μl incubated vesicles were taken at indicated time points, pipetted 
on filter membranes (ME25, pore size 0.45 μm, Schleicher and Schluell, Dassel, Germany) 
under continuous suction and washed four times with distilled water. Membranes were 
dissolved in 10 ml Emulsifier Scintillation Plus fluid (Packard, USA) in scinillation vials and 
radioactivity was measured in duplicate in a Tri-Carb 2200CA liquid scintillation counter. 

Determination of soluble sugars, starch and invertase activity
Plant material was frozen and ground in liquid nitrogen. Sugars were extracted from 30-75 mg 
samples with 80% ethanol for 10 minutes at 80°C in eppendorf tubes. The tubes were spun for 
5 minutes at 13.000 rpm and the supernatant was transferred to a clean tube. The remaining 
pellet was extracted again with 100 μl of milliQ for 10 minutes at 80°C and the supernatants 
were pooled, dried and dissolved in 100 μl of milliQ. 5-25 μl was used to determine the sucrose, 
D-glucose and D-fructose content by an enzymatic UV method (Boehringer Mannheim, 
Darmstadt, Germany) as described by the manufacturer. Acid invertase activity was determined 
as described by Sonnewald (1991). 

Tobacco RNA analysis
RNA was extracted (Brusslan and Tobin, 1992) from tobacco plants which were used for 
photosynthesis measurements. Northern blots were prepared with 10 μg of total RNA from 
leaves according to (Sambrook et al., 1989). Blots were hybridised with α32P-dCTP labelled 
probes of the 786 bp SspI fragment of ATB2 (X99747), the 1332 bp PvuII NtSUT1a (X82276), 
the entire AtRbcS coding sequence (X13611), the 1174 bp BspHI NtβFRUCT1 (X81834) and 
18S rRNA (Pruitt and Meyerowitz, 1986).
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Summary

Sucrose inhibits the expression of the Arabidopsis thaliana ATB2 bZIP transcription 
factor gene by repressing translation of its mRNA. A function in the control of 
resource translocation processes was proposed for ATB2 based on its vascular 
bundle-associated expression pattern and the regulated expression of the gene. 
Overexpression of ATB2 in tobacco leads to impaired carbohydrate partitioning 
likely as a result of misexpression of cell-wall invertase (cwINV) and sucrose 
transporter genes. In this study the function of ATB2 was further investigated by 
overexpression in Arabidopsis and analysis of atb2 mutants. Transgenic Arabidopsis 
plants are characterized by severe growth retardation, small rosette and inflorescence 
size and low fertility. Constitutive ATB2 overexpressors produce wrinkled seeds 
of low weight and viability. Increased mRNA levels of three cwINVs (AtcwINV1, 
AtcwINV3 and AtcwINV6) were found in constitutive ATB2 overexpressors. 
Moreover, in these lines mRNA levels of two ATB2 homologs, bZIP2 and bZIP44, 
were decreased and increased, respectively. Transposon insertion mutants of atb2 
showed no discernable phenotype, possibly as a result of either residual ATB2 
messenger levels or redundancy of ATB2 homologs. Dexamethasone controlled 
ATB2 overexpressing Arabidopsis lines were produced to investigate the immediate 
effects of ATB2 expression. Short-term ATB2 induction in such lines leads to rapid 
induction of AtcwINV1, AtcwINV3 and bZIP44 messenger levels and repression 
of bZIP2. These findings point to the existance of a network in which ATB2, 
bZIP2 and bZIP44 operate. Importantly, ATB2 controls carbohydrate partitioning 
via a mechanism that might include direct regulation of cell-wall invertase gene 
expression in Arabidopsis. 

Introduction

The Arabidopsis genome contains a relatively high number of transcription 
factors compared to genomes from species in other kingdoms (Riechmann, 2000; 
Arabidopsis Genome Initiative, 2000). High transcription factor content has been 
suggested to reflect complex transcriptional control mechanisms (Adams et al., 
2000). The plant transcriptional regulators identified so far comprise 29 different 
classes, of which 16 are unique to plants. Some of these are highly abundant in the 
Arabidopsis genome. The bZIP-type transcription factor is unique to eukaryotes 
and is represented in Arabidopsis by a large family of 81 (Riechmann, 2000), 75 
(Jakoby et al., 2002) or 67 (Deppmann et al., submitted) members depending on the 
definition used. In addition to the preferential binding to specific target sequences 
of these transcription factors several other regulatory mechanisms can affect bZIP 
activity. Translation of plant bZIPs is influenced by upstream open reading frames 



(uORF) in the 5’UTR of Opaque2 and the ATB2-type bZIP transcription factors 
(Lohmer et al., 1993; Rook et al., 1998a; Wiese et al., submitted). Furthermore, the 
bZIP factors are capable of forming heterodimers via its leucine zipper adding to 
the potential of these transcription factors to regulate vast numbers of target genes 
(Landschultz et al., 1988; Vinson et al., 1989; Martínez-García et al., 1998). Other 
mechanisms to regulate the activity of bZIP transcription factors have been reported 
such as 14-3-3 protein binding (Igarashi et al., 2001), nucleocytoplasmic partitioning 
via phosphorylation (Wellmer et al., 1999), control of DNA binding capacity via 
phosphorylation (Klimczak et al., 1995; Dröge-Laser et al., 1997; Ciceri et al., 1997) 
or protein-protein interaction via additional domains (Pepper and Chory, 1997). 
Regulation of the bZIP-type transcription factor activity, i.e. binding to cis-acting 
promoter elements, is thus complex and highly regulated at several levels. 

The ATB2 transcription factor gene family is highly conserved over many plant 
species and consists of a small family of five members in Arabidopsis. Interestingly, 
the 5’ untranslated regions of all ATB2 homologs show a conserved uORF 
signature and contain the highly conserved sucrose controlled uORF (sc-uORF) 
(Chapter 4) which is involved in translational control of ATB2 in response to 
physiological relevant sucrose concentrations (Wiese et al., submitted). The expression 
patterns of all five ATB2 homologs from Arabidopsis show remarkable similarities 
among themselves and also with ATB2 homologs from other plant species. Many 
ATB2 homologs are expressed in tissues that are characterized by high metabolite 
fluxes and/or metabolite demand such as the vasculature of various organs, floral 
tissues and dividing and differentiating cells (Singh et al., 1990; Martínez-García et 
al., 1998; Strathmann et al., 2001; Yang et al., 2001; Lee et al., 2002; Yang et al., 2002). 
These results suggests that the function of the ATB2 homologs may be conserved 
over all plant species. 

ATB2 controls cell-wall invertase (cwINV) and sucrose transporter (SUT) 
gene expression and activity and it has been suggested that the function of the 
ATB2-family is conserved in controlling genes important for carbohydrate 
partitioning (Chapter 2). Overexpression of ATB2 in tobacco results in a severe 
growth impairment caused by misexpression of the SUT NtSUT1 and the cwINV 
NtβFRUCT1. In Arabidopsis the cwINVs and SUTs are encoded by gene families 
of six (Sherson et al., 2003) and nine (Kühn, 2003) members, respectively. In this 
study, Arabidopsis was used to investigate the potential of ATB2 in controlling 
several members of both gene families. For this purpose, atb2 knock-outs and 
constitutive and inducible ATB2 overexpressor lines were obtained (oeATB2 and 
ioeATB2, respectively). Results show that ATB2 overexpression affects growth 
and development at all stages of the plant life cycle. Moreover, ATB2 controls 
transcription of several cwINVs. 

Chapter  3  •  4 1
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Results

Isolation of two atb2 En-1 insertion mutants
To determine the function of the ATB2 transcription factor several Arabidopsis 
transposon insertion collections were screened for mutants, including the AMAZE 
collection of En-1 transposon mutagenized lines. This collection was screened by 
a reverse-genetics PCR-based approach according to the authors (Baumann et al., 
1998). Southern analysis of PCR products from the 3D DNA pools revealed the 
presence of two putative atb2 insertion mutants (Figure 1a and b). Lines 77-1 and
1-S were obtained from the Max Planck Institute (Cologne, Germany). Back-crosses 
were performed to the parental accession to obtain single-insert homozygous lines 
(Figure 1c and d). Two additional back-crosses were conducted to reduce possible 
footprints stemming from reverting En-1 elements. Sequencing (not shown) of 
right and left border fl anking regions revealed that the En-1 element inserted in 
atb2-1 in the ATB2 coding sequence at 152 bp downstream from the main ORF 
initiation codon and in atb2-2 in the 5’UTR at –198 bp upstream from the main 
ORF initiation codon (Figure 1e). 

127128129130 1 2 3 4 5 6 A B C D E F G H I

91

M1 2 3456 7 8 91011 121314 151617 18192021 222324M

92 93 1 2 3 4 5 6 A B C D E F G H I

Figure 1. Identifi cation and characterization of atb2-1 and atb2-2 from the AMAZE collection of En-1 transposon 

insertion mutants. Southern analysis of PCR-derived fl anking sequences from (a) atb2-1 and (b) atb2-2 obtained 

from pooled DNA from three-tray (high numbers), row (1-6) and column (A-I) pools, respectively. PCR products were 

hybridized with the ATB2 coding sequence to detect the En-1 insertion which is present in all three DNA pools. (c,d) 

Southern analysis to confi rm the mutant genotype of atb2-1. (c) Genomic DNA of 24 atb2-1 lines hybridized with 

an ATB2 CDS probe showing mutant (5.3 kb, solid arrowhead) and wildtype (1.0 kb, open arrowhead) bands. (d) 

Reprobing the same blot with the En-1 right border shows the single-insert genotype of several Atb2-1 siblings. 

(e) Graphical presentation of En-1 insertions in atb2-1 and atb2-2. The 5’ and 3’ untranslated regions (UTR, thin 

boxes) fl ank the main coding sequence (CDS, big box). Triangles indicate En-1 insertion sites. (f) Relative ATB2 

transcript levels in 7 day-old Col-0, atb2-1 and atb2-2 seedlings. Col-0 and atb2-2 mRNA levels are shown on the left 

Y-axis and atb2-1 levels on the right Y-axis (notice the different y-axes scales). Each bar represents biological and 

technical triplicate mRNA measurements determined by Q-PCR. Quantifi ed relative mRNA levels were obtained by 

comparison of mRNA levels in Col-0 which was set to 1. Values are in arbitrary units. 
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ATB2 transcript levels were determined in atb2-1, atb2-2 and Col-0 seedlings 
which were grown for fi ve days in continuous light. mRNA levels were determined 
via quantitative PCR (Q-PCR) with primers and fl uorogenic probes to quantify 
relative ATB2 transcript levels. In the atb2-1 background no signifi cant ATB2 levels 
were detected, whereas the atb2-2 insertion caused only mild reduction of ATB2 
mRNA levels (Figure 1f). This unexpected difference in transcript levels between 
atb2-1 and atb2-2 was observed in several independent experiments. The high ATB2 
levels in the atb2-2 background is remarkable and the most plausible explanation 
is the assumption that in atb2-2 a signifi cant number of reversions occur of the 
autonomous En-1 element. Both atb2-1 and atb2-2 showed no phenotypes under 
the growth conditions tested. Also no aberrant germination or growth behaviour 
was noticed on mannose (7 mM), sucrose (12%), glucose (7%) or ABA (6 μM). 

Constitutive ATB2 overexpression
The atb2-1 and atb2-2 mutant lines showed no phenotype, necessitating the use of 
ATB2 overexpressor lines. For this purpose, a double 35S promoter was fused to the 
ATB2 coding sequence and transformed to Arabidopsis (oeATB2). This construct 
had already been succesfully used to produce transgenic tobacco overexpressing 
the ATB2 gene (Chapter 2). The construct was initially used in several unsuccesful 
attempts to transform Arabidopsis by root transformation (Valvekens et al., 1988) 
and vacuum infi ltration (Bechtold and Pelletier, 1998). Using vacuum infi ltration 
a few kanamycin resistant plants could be obtained but only the NPTII gene was 
present while the 35S::ATB2 fusion was absent (F. Rook, pers. comm.). Two 
separate transformations by fl oral dip (Clough and Bent, 1998) of more than 10 
plants each eventually yielded 75 kanamycin resistant T1 seedlings which implies a 
low transformation effi ciency of >0.1%. Only 12 T1 plants produced viable seeds 
of which four were false-positives and six showed no signifi cant changes in ATB2 
RNA levels. Two lines were recovered, AX8.1 and BX4.1 that showed intermediate 
and strongly increased ATB2 messenger levels, respectively as determined by Q-
PCR (Figure 2a). Similar Q-PCR results were obtained in several independent 
experiments. Subsequent analyses of oeATB2 plants were carried out on 
homozygous T3 (or higher) lines. 

Inducible ATB2 overexpression
To circumvent the lethality and sterility problems encountered by constitutive 
overexpression of ATB2, the gene was placed under control of the dexamethasone 
inducible system (Aoyama and Chua, 1997). Initially, fi fteen homozygous 
hygromycin resistant ioeATB2 T3 lines were grown on solid ½ MS medium 
supplemented with DEX to assess the level of ATB2 induction. Lines ioeATB2 9.1, 
ioeATB2 10.5, ioeATB2 15.1 were grown on increasing concentrations of DEX 
(0.1/1.0/10 μg/ml). IoeATB2 11.3 was included as it showed no phenotype on 
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10 μg/ml DEX. Increasing concentrations of DEX led to higher ATB2 messenger 
levels, as determined by Q-PCR (Figure 2b). To exclude any ethanol effect identical 
concentrations of this solvent (0.02%) were added to the medium (Figure 2b). 
Lines ioeATB2 9.1, ioeATB2 10.5 and ioeATB2 15.1 show a DEX-concentration 
dependent increase in steady state mRNA levels (Figure 2b). 

Figure 2. ATB2 transcript levels in transgenic ATB2 overexpressor lines. RNA levels were determined in (a) two 

constitutive ATB2 overexpressor lines and (b) four inducible ATB2 overexpressor lines in response to increasing 

amounts of DEX as indicated in the legend in μg/ml. In both cases total RNA was isolated from 7 day-old seedlings. 

Each bar represents biological duplicates and technical triplicate measurements of mRNA levels determined by Q-

PCR. Quantified relative mRNA levels were obtained by comparison of mRNA levels in untreated Col-0 which was set 

to 1. Values are in arbitrary units.

Overexpression of ATB2 leads to growth impairment, infertility and low 
seed weight
Constitutive ATB2 overexpression resulted in heritable growth retardation at all 
stages of the plant life-cycle. Line BX4.1 was severely affected while AX8.1 showed 
only mild growth retardation. Germination (stage 0.5 (Boyes et al., 2001)) of both 
AX8.1 and BX4.1 seeds was delayed and subsequent seedling development through 
stages 0.7 and 1.0 was retarded (Figure 3a). Development of BX4.1 seedlings 
often ceased before developing true leaves (stage 1.02) while development of 
AX8.1 was retarded at the seedling stages but further development was relatively 
unaffected. BX4.1 growth and development was also severely affected at stages 
5 and 6 as is obvious from the reduced rosette size (Figure 3b) and delayed flowering 
times. Inflorescences were small with limited number of small flowers (Figure 3b 
and c) and low amounts of viable seeds. Flowers were less fertile closer to the distal 
inflorescence end than the more basally located ones. In the siliques a gradient 
of seed development was observed, with the largest seeds developing at the basal 
end. Often BX4.1 flowers curled resulting in opened carpels with exposed ovules 
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(Figure 3d). This phenotype was occasionally observed in AX8.1 fl owers (not 
shown). Seeds from BX4.1 plants were wrinkled and weighted about 40% less than 
wild-type (Figure 3e). Seeds often did not develop past the bent-cotyledon stage 
and were less viable. Seeds from AX8.1 showed no decreased weight (Figure 3e). 
The seedling phenotype of BX4.1 could not be restored by growth on medium 
containing low levels (1%) of either sucrose or glucose. Normal development of 
AX8.1 seedlings could be induced by inclusion of both sucrose or glucose in the 
medium although these seedlings were remarkably light green (data not shown). 

Figure 3. Phenotypes of the ATB2 overexpressor lines. (a) Seedlings of Col-0 (top panel), AX8.1 (middle panel) and 

BX4.1 (bottom panel). Seedling growth and germination rates are inversely correlated to ATB2 transcript levels in 

AX8.1 and BX4.1. (b) Rosette and infl orescence size of BX4.1 (right) are severely reduced compared to wild-type 

Col-0 (left). (c) Flower size is reduced in BX4.1 (right) and unaffected in AX8.1 (middle) compared to wild-type (left). 

(d) Opened carpels with exposed ovules of the BX4.1 severe overexpressor line. (e) Seed weights of Col-0, oeATB2 

lines and both atb2 mutants were determined.

The continuous presence of high ATB2 levels caused growth retardation 
and lethality at both the vegetative and reproductive stages of plant development. 
Possibly, the small infl orescence size and reduced fertility could be a result of growth 
retardations encountered at the initial stages of plant development and the impaired 
source strength of small rosettes. To test this, inducible overexpressor plants were 
grown on soil without DEX for three weeks follwed by watering with DEX from 
stage 3.30 onwards, 4-5 days prior to bolting. Untreated ioeATB2 9.1 plants showed 
no phenotype, while DEX treatment of ioeATB2 9.1 resulted in many instances 
in a developmental blockade at stage 5.10 in which the fl oral buds become visible 
but have not commenced elongation (Figure 4a). Infl orescences of some plants
did elongate to maximally 5-10 cm and fl owered but produced very few seeds 
(Figure 4b). Mature source leaves of DEX-treated ioeATB2 9.1 plants developed 
yellow and red, necrotic patches and curled downwards and sidewards. Similar 
results were obtained for line ioeATB2 10.5 (data not shown). From this it can be 
concluded that ATB2 overexpression leads to severe growth impairment at several 
important stages of the plant life-cycle. 
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Figure 4. Effect of DEX addition to ioeATB2 9.1 inducible overexpressor plants at the rosette stage. Plants were 

grown under standard conditions in the growth chamber and after 3 weeks watered with or without 10 μg/ml DEX. 

After 2 weeks, uninduced plants flowered as wildtype ((a) left) while DEX treatment ((a) right) caused crinkled, 

curled roset leaves and inhibition of inflorescence elongation. (b) Enlargement of DEX-treated ioeATB2 9.1 plant. 

ATB2 induces cell-wall invertase genes 
Overexpression of ATB2 in tobacco leads to growth impairment and misexpression 
of cwINVs and SUTs (Chapter 2). The observed growth retardation of the ATB2 
overexpressor lines suggests that ATB2 may have a similar function in Arabidopsis. 
Therefore, the expression of several genes important for sugar transport and 
partitioning was determined in ATB2 overexpressor lines. Also the transcript levels 
of bZIP2 and bZIP44 were measured to gain insight in the functional relationship 
between these three transcription factors. The atb2-1 mutant was included but 
showed no significantly altered transcript levels of all genes under investigation 
(data not shown).

The effects of ATB2 overexpression on cwINV gene expression were investigated 
to confirm results obtained from transgenic tobacco ATB2 overexpressor lines 
which showed enhanced NtβFRUCT1 gene expression (Chapter 2). Col-0 and 
AX8.1 seedlings were grown on solid medium for 7 days in continuous light and 
RNA was extracted from 30-50 seedlings in duplicate and expression of possible 
target genes was measured via Q-PCR in duplicate. BX4.1 was omitted from this 
experiment as a result of insufficient amounts of seeds. Steady-state transcript levels 
of AtcwINV1, AtcwINV3, AtcwINV6 were all elevated in the AX8.1 overexpressor 
(Figure 5). Transcript levels of other cwINVs genes were not detectable at the 
seedling stage (not shown) which largely confirms previous results (Sherson et al., 
2003). Endogenous ATB2 transcript levels were determined by means of a Q-PCR 
primer and probe set designed on the 5’UTR and ATB2 CDS. The endogenous 
ATB2 levels in AX8.1 were not changed compared to the ATB2 levels in Col-0 
indicating that ATB2 is not autoregulated (data not shown). 

In an initial, exploratory experiment it was noted that transcript levels of 
bZIP2 and bZIP44 were down- and upregulated, respectively in seedlings of AX8.1 
and BX4.1, which correlated to the enhanced amounts of ATB2 (data not shown).

ba
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Figure 5. Constitutive ATB2 overexpression leads to increased 

expression of three Arabidopsis cwINV genes. RNA was 

isolated from Col-0, atb2-1 and AX8.1 seedlings grown for 

7 days in continuous light. mRNA levels are shown of AtcwINV1, 

AtcwINV3 and AtcwINV6. Each bar represents biological and 

technical duplicate mRNA measurements determined by 

Q-PCR. Quantified relative mRNA levels were obtained by 

comparison of mRNA levels in Col-0 after 7 days which were set 

to 1. Values are in arbitrary units. * p< 0,01. **p< 0,05.

To substantiate these results, transcript levels of both genes were determined in 
rosettes of four week-old AX8.1 and BX4.1 plants. Transcript levels of bZIP2 and 
bZIP44 were decreased and increased in AX8.1 and BX4.1 rosettes, respectively 
(Figure 6). 

Figure 6. Constitutive ATB2 overexpression leads to 

misexpression of ATB2 homologs. RNA was isolated from 

3 week-old non-flowering plants. Gene expression of bZIP2 

and bZIP44 is down- and upregulated in AX8.1 and BX4.1 

plants, respectively. Each bar represents biological and 

technical duplicate mRNA measurements determined by 

Q-PCR. Quantified relative mRNA levels were obtained by 

comparison of mRNA levels in Col-0 which were set to 1. Values 

are in arbitrary units. 

Constitutive ATB2 overexpression leads to misexpression of several cwINVs 
and ATB2 homologs. The DEX-inducible system was used to analyse the short-
term effects of ATB2 induction on these putative target genes. DEX-inducible 
overexpressor lines were grown in liquid ½ MS medium without sucrose for 7 
days under continuous illumination and shaking with or without 10 μg/ml DEX 
for four hours to allow ATB2 protein synthesis and induction of putative targets. 
In a parallel experiment, 10 μM cycloheximide (CHX) was added 30 minutes 
prior to DEX addition. This concentration and time-frame is sufficient for effective 
inhibition of de novo protein synthesis (Weigel and Glazebrook 2002). 

ATB2 was strongly induced within four hours by DEX treatment in lines 
ioeATB2 9.1 and ioeATB2 15.1 (Figure 7a). The high ATB2 levels in ioeATB2 
9.1 and ioeATB2 15.1 in Figure 7a are not contrasting to the lower ATB2 levels 
presented in Figure 2b. Both values indicate differences in ATB2 transcript levels 
between Col-0 and the transgenic lines. In the former experiment, sucrose was 
included in the medium which induces endogenous ATB2 transcript levels 
and reduces the differences between endogenous and transgene levels. The Q-
PCR method allows quantification of such differences. Induction of AtcwINV3 
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was rapid, significant and correlated to ATB2 messenger levels (Figure 7b). The 
expression of AtcwINV1 also increased significantly and repeatedly in ioeATB2 9.1 
(Figure 7c). Induction of AtcwINV1 was not consistently found in ioeATB2 15.1. 
Possibly ATB2 induction was not sufficient in this line to cause AtcwINV1 induction. 
CHX addition to DEX-treated samples did not lead to AtcwINV1 induction in 
ioeATB2 9.1. Therefore, AtcwINV1 induction was not an unspecific effect of DEX 
treatment. Furthermore, AtcwINV1 was induced 60-fold after a 12h DEX treatment 
(data not shown). High ATB2 levels correlated to sharply decreased bZIP2 and 
mildly increased bZIP44 levels (Figure 7d,e). AtcwINV6 transcript levels remained 
similar in all lines under the conditions tested (data not shown). Similar induction 
responses were also noted in line ioeATB2 10.5 (data not shown). Transcript levels 
of all assayed genes did not show significant deviation between CHX- and CHX/
DEX treated samples indicating the observed changes are specifically related to 
ATB2 induction.

Figure 7. Short-term ATB2 induction leads to misexpression 

of cell-wall invertase genes and ATB2 homologs. Seedlings 

were grown in liquid culture for 7 days and treated with 

10 μg/ml DEX for 4 hours after which RNA was isolated. 

Transcript levels are shown of (a) ATB2, (b) AtcwINV3, (c) 

AtcwINV1, (d) bZIP2 and (e) bZIP44. Each bar represents 

biological and technical duplicate mRNA measurements 

determined by Q-PCR. Quantified relative mRNA levels 

were obtained by comparison of mRNA levels in Col-0 

which were set to 1. Values are in arbitrary units. 
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Discussion

Constitutive overexpression of ATB2 influences carbohydrate partitioning through 
control of cwINV and SUT expression in tobacco (Chapter 2). The aberrant 
phenotypical appearance of tobacco ATB2 overexpressor plants is reminiscent 
of plants expressing a yeast invertase in the apoplast (von Schaewen et al., 1990; 
Dickinson et al., 1991; Sonnewald et al., 1991; Büssis et al., 1997) and antisense 
SUT genes (Riesmeier et al., 1994; Bürkle et al., 1998). However, detailed analysis 
of transgenic tobacco plants revealed marked morphological and physiological 
differences between ATB2 overexpressor and both y-cwINV and asSUT1 plants. 
The combination of misexpression of SUT and cwINV genes was postulated 
to be responsible for the differences between the respective transgenic plants 
(Chapter 2). In this study, ATB2 was ectopically expressed in Arabidopsis by means 
of two different approaches to investigate its physiological function and regulation 
of putative target genes. 

ATB2 controls carbohydrate partitioning 
An inducible ATB2 construct was employed to obtain insight in the short-term 
effects of ATB2 overexpression (Aoyama and Chua, 1997). DEX addition to the 
ioeATB2 lines leads to rapid induction of AtcwINV1 and AtcwINV3. Furthermore, 
the absence of an induction response of putative target gene expression by blocking 
de novo protein synthesis indicates that the observed induction responses are 
specifically related to enhanced ATB2 levels. Thus the induction of AtcwINV3 
and AtcwINV1 are likely a result from a direct interaction of ATB2 with the 
respective promoters although this remains to be shown. The additional enhanced 
AtcwINV6 transcript levels are thus likely a secondary effect of constitutive ATB2 
overexpression. Transcription of several cwINVs are sugar-responsive (Tymowska-
Lalanne and Kreis, 1998a) which means that changes in the sugar status in ATB2 
overexpressor lines could be responsible for enhanced AtcwINV6 levels. Interestingly, 
the promoter of AtcwINV1 contains a G-box identical to the one shown to be 
recognized by the AmbZIP1 and AmbZIP2 Antirrhinum majus ATB2 homologs 
(Martínez-García et al., 1998). Promoters of other putative ATB2 target genes do 
not contain clear or published ACGT elements. To our knowledge ATB2 is the first 
trans-acting factor that has been shown to regulate cwINV gene expression. 

ATB2 induction also caused rapid modulation of bZIP2 and bZIP44 
transcription which corresponds to the amount of ATB2 induction levels and 
depends on ATB2 protein synthesis. ATB2 thus operates in a network of bZIP 
transcription factors that may work in concert in tissues that show overlapping 
expression. Previously, three ATB2 homologs from tobacco were shown to interact 
with the C-class NbZIP1 of which one, NtbZIP4, was proposed to functionally 
interact with NtbZIP1 (Strathmann et al., 2001). Such interactions between ATB2 
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homologs and C-class bZIPs were also uncovered in Capsicum chinense (Rügner et 
al., 2001). Also interactions between ATB2, bZIP2, bZIP44 and C-class bZIPs from 
Arabidopsis are predicted based on affinity of the leucine zipper regions (Deppmann 
et al., in preparation). Most interestingly, it was shown that overexpression of a 
tobacco ATB2 homolog, NtbZIP4, resulted in down-regulation of the cwINV 
Nin88 and reduced pollen viability (A. Strathmann and W. Dröge-Laser, unpubl. 
result). The combined results point towards the existance of a conserved network of 
interacting ATB2 homologs that may control cwINV gene expression.

Constitutive ATB2 overexpression in Arabidopsis leads to severe retardation 
of plant growth, development and reproduction. Transcript levels of three cwINV 
genes were found to be upregulated in these lines which corresponded to ATB2 
overexpression levels. Interestingly, the three cwINVs that are enhanced as a result 
of constitutive ATB2 overexpression, AtcwINV1, AtcwINV3 and AtcwINV6 seem 
ubiquitously and highly expressed throughout plant development (Tymowska-
Lalanne and Kreis, 1998a; Sherson et al., 2003). Phenotypes of other plant species 
that misexpress cwINVs are also characterized by severe growth- and development-
related impairment due to an aberrant carbohydrate status (von Schaewen et al., 
1990; Dickinson et al., 1991; Sonnewald et al., 1991; Heineke et al., 1994; Sonnewald 
et al., 1997; Büssis et al., 1997; Tang et al., 1999; Hajirezaei et al., 2000; Goetz et 
al., 2001). However, due to the plethora of observed effects of changed cwINV 
expression on plant growth and development, no satisfactory comparison could 
be made. This could be due to the fact that also bZIP2 and bZIP44 expression is 
affected by ATB2 overexpression. Most recently, it was found that short-term DEX 
induced ATB2 expression resulted in strong responses of SUT genes (J. Hanson, 
B.Wobbes, S.Smeekens, unpublished result)

However, the seed phenotype of ATB2 overexpressor plants is reminiscent 
of impaired seed development due to misexpression of cwINVs. CwINVs are 
expressed in a temporally and spatially characteristic fashion in specific cell layers 
that transfer sucrose to developing embryos. This is true for a diversity of plants with 
different seed morphology, such as rice, barley, maize and Vicia narbonensis beans 
(Weber, 1995; Cheng et al., 1996; Weber et al., 1996; Hirose et al., 2002; Weschke et 
al., 2003). Dessicated seeds of ATB2 overexpressors show a phenotype comparable 
to transgenic Vicia narbonensis beans and maize kernels with alterted invertase 
expression (Miller and Chourey, 1992; Weber et al., 1998a). In these cases severe 
reduction of seed weigth, wrinkled appearances and impaired seed viability and 
germination rates were noted which indicates the importance of balanced cwINV 
levels in developing seeds. Whether enhanced cwINV levels in ATB2 overexpressors 
are involved in the establishment of the observed ATB2-induced seed phenotype is 
unknown but likely in light of the enhanced levels of several cwINV genes. 

The atb2-1 mutant did not reveal any deviations from wildtype development or 
physiology. This could be due to the subtle or conditional nature of the phenotype 



Chapter 3 •  5 1

caused by the atb2-1 mutation. Another explaination for the absence of a phenotype 
in atb2-1 could be residual ATB2 levels or functional redundancy among family 
members (Bouché and Bouchez, 2001; Kamath et al., 2003; Zhang, 2003). Whether 
the ATB2-family acts redundantly could not as of yet be established. 

Possible physiological functions of ATB2
In planta sucrose levels change spatially and temporally in many tissues and organs 
(Farrar et al., 2000; Borisjuk et al., 2002; Pollock et al., 2003; Hill et al., 2003; 
Borisjuk et al., 2003). The SIRT mechanism that regulates ATB2, bZIP2 and 
bZIP44 expression is operational in the entire plant (Chapter 4) and renders these 
bZIP factors sensitive to such sucrose gradients. Sucrose influx in developing seeds 
is thought to be controlled by cwINV activity which maintains a sucrose gradient 
between phloem ending and the growing embryo (Eschrich and Eschrich, 1992; 
Patrick, 1997). Sucrose-controlled ATB2 expression in developing seeds could 
induce invertases under low-sucrose conditions to restore sucrose influx. In times 
of low sink demand, high sucrose levels repress ATB2 translation and subsequently 
also invertase activity. This mode of action could explain distribution of photo-
assimilates among competing sinks. 

Both ATB2 and bZIP2 are expressed along the transport phloem, a tissue that 
has been shown to leak substantial amounts of sucrose (Thorpe and Minchin, 1996) 
and has therefore been proposed to be of importance for nourishment of axial and 
terminal sinks (van Bel (2003) and references therein). Both cwINVs and several 
SUTs have been proposed to function in balancing metabolism and re-entry of 
sucrose in the phloem, respectively (Riesmeier et al., 1993; Truernit and Sauer, 1995; 
Kühn et al., 1997; Patrick, 1997; Kingston-Smith et al., 1999; Meyer et al., 2000). 
ATB2 could play a role in balancing this process by controlling these opposingly 
acting classes of proteins. 

A model is presented that shows the proposed signal transduction cascade 
in which ATB2 is active (Figure 8). Light, via DET1/COP1, and sugars induce 
ATB2 transcription whereas sucrose levels modulate ATB2 translation. Under 
low sucrose conditions ATB2 translation is non-resticted and induces cwINVs. 
The fact that ATB2 links sucrose-signaling routes to cwINV gene expression can 
have important implications for plant growth, reproduction and development. 
The proposed functions for the ATB2 family should be investigated in detail to 
assess whether they bear physiological relevance. Furthermore, it is of interest to 
investigate the emerging network of ATB2 homologs and what its consequences 
are for carbohydrate partitioning. 
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Figure 8. The ATB2 signal transduction cascade. Data from several studies are integrated in this scheme. 

Transcriptional induction of ATB2 is by light and sugars, whereas translation of ATB2 is modulated according to 

the local sucrose conditions: high and low sucrose levels exert opposite effects on ATB2 translation. ATB2 induces 

transcription of AtcwINV1, AtcwINV1 and bZIP44 and represses bZIP2. The effects of ATB2 expression on sucrose 

transporter genes represent results from tobacco (Chapter 2) and Arabidopsis (preliminary data). Arrows indicate 

induction, blocked lines indicate repression.

Materials and Methods
 
Isolation of atb2-1 and atb2-2 from the AMAZE En-1 insertion collection
The AMAZE DNA pools were screened for atb2 insertion mutants with primers EN8130 (5’-
gagcgtcggtccccacacttctatac-3’) and ATB2-2086R (5’-cactttgtactcatgcggcaacagag-3’) according to 
Baumann et al. (1998). The exact insertion sites were ascertained by PCR and sequencing of the 
resulting fragments was done on the ABI-Prism 310 cycle sequencer using the ABI-Prism Big-
Dye Terminator KitTM  (Perkin Elmer, USA) with primers EN8130 and ATB2-2086R. Line 77-
1 (atb2-1) and line 1-S (atb2-2) were obtained from the Max Planck Institute, Cologne, Germany. 
Both lines were crossed three times to wildtype Col-0 to obtain single-insert homozygous lines. 
DNA was isolated (Liu et al., 1995) from in-house plant leaf material for confirmation of the 
insertion sites by sequencing PCR fragments as described above and for mutant genotyping 
by Southern analysis. Electrophoretically separated PCR fragments were transferred by alkaline 
transfer (Ausubel et al., 2001) using nylon charged membranes (Hybond N+, Amersham). 
Genomic DNA was digested with DraI (atb2-1) or XbaI (atb2-2) prior to the alkaline transfer. 
Hybridization was done overnight in 5x Denhardt’s solution at 65 ˚C using random primed 
α[32P]-dCTP probes obtained (Ausubel et al., 2001). Membranes were washed under stringent 
conditions (65˚C, 2 times in 2x SSC and 0.1% SDS for 20 min and 2 times in 0.5x SSC and 0.1% 
SDS for 20 min) and subsequently autoradiographed. Membranes were stripped by three 2 min 
washes in 0.5% SDS of 90˚C. Probes used for isolation of atb2-1 and atb2-2 from the AMAZE 
collection were obtained by PCR with primers ATB2-860F (5’-ctcgaagatatcgcctttaattcc-3’) and 
ATB2-2086R. Subsequent genotyping of atb2-1 and atb2-2 was performed with the En-1 right 
border (primers EN7710 (5’-ccaatgacccaccaacagaatga-3’) and EN8155R (5’-gtatagaagtgtgggga
ccgacgctc-3’) and the ATB2 locus (primers ATB2-1389F (5’-gaacaacttcgtcgacgattcaaac-3’) and 
ATB2-2086R). 

Binary constructs and plant transformations
Constructs for constitutive and inducible ATB2 overexpressors were made as described (Chapter 
2). The 35S::ATB2 binary vector was transformed in Arabidopsis thaliana ecotype C24 by root 
transformation (Valvekens et al., 1988), or in ecotype Col-0 by vacuum infiltration (Bechtold 
and Pelletier, 1998) and dipping floral organs in Agrobacterium tumefaciens suspension (Clough 
and Bent, 1998). pTA7002::ATB2 was transformed into Arabidopsis by the floral dip method 
(Clough and Bent, 1998). 

ATB2 signal transduction

mRNA

light

DET1/COP1
sucrose
glucose

ATB2

low sucrose ATB2

bZIP2

bZIP44

AtcwINV3

AtcwINV1

high sucrose

SUC/SUT?
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Growth conditions for transgenic and mutant lines
All plants were grown in a climate chamber (Sneijders Scientific, Tilburg, the Netherlands) with a 
light intensity of 150 μmol m-2 s-1, 80% relative humidity and 22˚C in a light-dark-cycle of 16-8 
hours under ambient atmospheric conditions. Soil-grown plants were watered with 10 μg/ml 
DEX or 0.02% ethanol as control to investigate effects of DEX addition on rosette-stage plants. 
For determination of steady-state transcript levels of putative ATB2 target genes in seedlings, 
seeds of Col-0, atb2-1 and AX8.1 were surface sterilized for 5 minutes in 96% ethanol, 10 minutes 
in 20% commercial bleach and washed 4 times with sterile milliQ water. After sterilization seeds 
were taken up in 0.1% agarose, stratified in darkness for 2 days at 4˚C and pipetted on solid ½ MS 
medium with vitamins and 0.5 mg/ml MES buffer at pH5.7 adjusted with KOH (Murashige and 
Skoog, 1962). Plates with seedlings were placed horizontally a growth chamber at 22˚C at 150 
μmol m-2 s-1, 80% relative humidity in continuous light. After 7 days duplicate samples of 30-50 
seedlings were used for RNA isolation. For determination of transcipt levels at the rosette stage, 
plants were grown for 3 weeks in the growth chamber. Whole rosettes were harvested, ground 
to a fine powder and divided over several ice-cold eppendorf tubes to prevent samples from 
thawing. To select proper ATB2 induction lines seedlings were grown on solid half-strength MS 
medium with MES buffer, adjusted to pH5.7 with KOH and 1% sucrose supplemented with 0.1, 
1.0 or 10 μg/ml DEX or 0.02% ethanol as control. RNA was isolated from 7 day-old seedlings 
as described below. To confirm putative target genes of ATB2, lines ioeATB2 9.1 and ioeATB2 
15.1 were grown in 50 mL liquid ½ MS medium without sucrose for 7 days at 22˚C at pH5.7. At 
t=-0.5 50 μl 10 mM CHX was added to block de novo protein synthesis. At t=0 50 μl 1 mg/ml 
DEX was added. After 4h incubation, samples were frozen in liquid nitrogen. 

RNA isolation
Plant material was immediately frozen in liquid nitrogen, ground to a powder and total RNA 
was isolated with the Gentra RNA Isolation kit according to the manufacturer’s instructions 
(Gentra Systems Inc., Minneapolis, USA) with the following changes. An additional LiCl 
precipitation step was included to remove residual genomic DNA and short RNA molecules. In 
short, approximately 25 mg plant tissue was disrupted in an eppendorf tube with two 3 mm glass-
beads in a dismembrator (Braun, Melsungen, Germany) for 1 minute at 2800 RPM. After RNA 
lyophilization, RNA was dissolved for 30 minutes on ice in 150 μl RNA rehydration solution, 
centrifugated for 15 minutes at 4ºC, 14000 RPM and transferred to a new tube with 50 μl 8 M 
LiCl. RNA was precipitated overnight at 4ºC and spun down for 10 minutes at 14000 RPM. 
The pellet was washed twice with 70% ethanol, dried and dissolved in 50 μl DEPC-treated 
water. RNA concentration and purity were determined by measuring absorption at 260 nm, 280 
nm and 320 nm. 2 μg RNA was treated with with 2 U DNAse for 90 minutes (Ambion Inc., 
Austin, USA). From each DNA-free RNA sample 1 μl was used for PCR analysis with tubulin-
4F (5’-gcttacgaatccgagggtgcc-3’) and tubulin-4R primers (5’-gtccagtgtctgtgatattgcacc-3’) to 
confirm that RNA samples were free of genomic DNA. Subsequently, 1.5 μg RNA was used 
for cDNA synthesis (SuperScriptIII, Invitrogen Corporation, Carlsbad, USA) with 1 μg oligo-
d(T)12-18 (MBI, Vilnius, Lithuania) and RNAse inhibitor (MBI, Vilnius, Lithuania) according to 
the manufacturer’s instructions. 

Q-PCR analysis
cDNA levels were quantified on the ABI 7700 Real-Time light-cycler using 2x TaqmanTM 
Q-PCR mix (AppliedBiosystems, Foster City, USA) with gene-specific primers and 5’ labelled 
FAM and 3’ labelled TAMRA probes using actin as an internal reference (Table 1). Primer were 
used at concentrations of 900 μM and probes at 250 μM. Primers and probes were designed 
using the Primer ExpressTM v1.0 software of Applied Biosystems. All primer and probe sets used 
to detect cell-wall invertase genes were aligned with the respective regions of all six cell-wall 
invertase genes to confirm sufficient sequence differences of the recognized regions. Primers and 
probes were purchased from Isogen, the Netherlands except AtcwINV3 and AtcwINV6 which 
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were purchased from SigmaAldrich, USA. Raw Q-PCR data were analysed with SDS 1.7 
software from Applied Biosystems. Results for bZIP2 and AtcwINV3 were calculated using 
the relative quantification method with actin as a reference signal according to equation 
R=(Etarget)

ΔCt
target

 (control-sample)/ (Eref)
ΔCt

ref
 (control-sample) as described by (Pfaffl, 2001). Results for 

all other primer-probe sets were obtained using the comparative ΔΔCt-method (Users Bulletin 
#2, ABI, 2001). Using both calculation methods gave identical results on a representative data 
set. Primer-probe efficiencies for all primer-probe sets were determined according to equation 
E=10(-1/slope) as described by (Rasmussen, 2001).
 
Table 1. Real-time Q-PCR primer-probe combinations used in this study. Fluorogenic probes were labelled with 

FAM and TAMRA at 5’ and 3’ termini, respectively. Efficiencies were determined according to the equation 

E=10-1/slope were the slope is calculated from the Ct value as a function of the log of the amount of cDNA 

(Rasmussen, 2001). 

Gene Locus Forward primer Probe (5’-FAM, 3’-TAMRA) Reverse primer Eff.

ATB2 At4g34590 tcgtcaggatcggaggagagt aacgtaaacggatgctctcaaaccgtgaa gatcgtctaggagcttttgtttcttc 1.97

ATB2endo At4g34590 tttttgtttgtgtgttactaaatggaatc cgtcgtcgggaacaacttcgtcg catgagactctcctccgatcct 1.98

bZIP2 At2g18160 cgtgcagattctctgttcgataa cgtcggactccgtcgtcaccg gctcttccgacggtggtaataa 1.72

bZIP44 At1g75390 ggtgactcatctagcgtaaagaaaacg tcagatcgtcgccggaatcgc tccgcctcgatagtgacgtagt 1.98

AtcwINV1 At3g13790 cttacccaaagcactaacaccaaa agccctaccggaccggtttccat tcataggcccattaggatcgtt 1.99

AtcwINV3 At1g55120 tcggttatgtcgggtttagga catttggtttgatggttttggcatccaa cggacgtgtactcttccatgtc 1.42

AtcwINV6 At5g11920 tgggctggccttatgactct acttgtgtccatccaaatttccctggg gaaagaagctgatgcaatggc 1.98

Actin2 At2g18280 gctgagagattcagatgccca aagtcttgttccagccctcgtttgtgg gtggattccagcagcttccat 1.96
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Summary

The bZIP transcription factor ATB2 is important for relaying sucrose signals 
to cell-wall invertase gene expression. Such signals are important for control 
of carbohydrate partitioning in plants. Expression of ATB2 is prominent in the 
vasculature of sink tissues which renders ATB2 a potentially important regulator of 
photoassimilate transport. In this report the expression patterns of the two closest 
homologs of ATB2 in Arabidopsis, bZIP2 and bZIP44, were analysed. bZIP2 
expression is associated with the vascular bundles of source leaves, petioles, stem 
and various floral organs. bZIP44 is expressed in the roottip at the seedling stage 
and as development progresses in the veins of the root system. In the reproductive 
tissues bZIP44 expression displays a distinctive spatial and temporal pattern from 
fertilization through seed maturation. Both bZIP2 and bZIP44 show sucrose-
induced repression of translation (SIRT) as does ATB2. The SIRT translational 
control mechanism was shown to operate in many plant organs. The 5’UTRs of 
bZIP2 and bZIP44 are essential for SIRT as was previously shown for ATB2. Thus 
the 5’UTRs of ATB2, bZIP2 and bZIP44 have similar functions in sugar-signaling. 
Moreover, the partly overlapping expression patterns point to a concerted action in 
such tissues. 

Introduction

Many genes are controlled by sugar signals but only limited experimental data is 
available on components of plant sugar-sensing and signaling pathways. Hexokinase- 
and glycolysis-dependent glucose signaling pathways are known to exist in plants 
(Smeekens, 2000; Rolland et al., 2002; Moore et al., 2003). Also distinct sucrose-
responsive signaling cascades are operational in plants but these remain largely 
uncharacterized. Various genes are regulated by disaccharides such as α-amylase 
(Loreti et al., 2000), the AtSUT2 and BvSUT1 sucrose transporters (Chiou and 
Bush, 1998; Barker et al., 2000; Vaughn et al., 2002) and the bZIP transcription factor 
ATB2 (Rook et al., 1998a; Wiese et al., submitted). Transcription factors are the 
end-point of the canonical signal transduction cascade consisting of signal sensing, 
relay and modulation of transcriptional activity of target genes. To date, four plant 
transcription factors have been shown to directly interact with cis-acting promoter 
elements of sugar-responsive genes: SPF1 which binds to the SP8 element in the 
sweet potato β-amylase and sporamin promoters (Ishiguro and Nakamura, 1994), 
STK binds the potato patatin B-box (Zourelidou et al., 2002), SUSIBA2 from wheat 
binds both the W-box and sucrose response element (SURE) of the isoamylase1 
promoter (Cakir et al., 2003) and VvMSA from vine also binds two sucrose binding 
elements in the promoter of the VvHT1 monosaccharide transporter gene (Sun et 



al., 2003b). 
The bZIP-type of transcription factors are an evolutionary ancient class 

of proteins which is specific to eukaryotes. bZIP transcription factors are all 
characterized by the presence of a basic domain and an α-helical leucine zipper, 
which function as DNA and protein binding interfaces, respectively (Vinson et 
al., 1989). The preferred DNA sequence bound by the basic region consists of 
an ACGT core which is responsible for binding of the bZIP transcription factor 
while flanking sequences determine the binding specificity. Jakoby et al. (2002) 
classified all 75 Arabidopsis bZIP transcription factors into ten groups according 
to evolutionary conservation of the basic domain and the presence of additional 
domains in order to present a functionally relevant classification of all bZIPs. The S-
class bZIP transcription factors (S-bZIP) are smallest in size, but represent the largest 
group of 17 members in the Arabidopsis genome. The S-bZIPs are distinguished 
by the extended leucine zipper (8-9 heptad repeats), absence of introns and lack 
of other defined domains. ATB2 is the only S-bZIP from Arabidopsis which was 
functionally analysed so far. ATB2 expression is associated with vascular bundles 
mainly in sink tissues (Rook et al., 1998a). Remarkably, the translation of the 
ATB2 mRNA is controlled by sucrose (Rook et al., 1998a). Wiese et al. (submitted) 
showed that a highly conserved uORF in the 5’UTR of ATB2 is necessary for 
proper translational control by sucrose. This sc-uORF (sucrose-controlled uORF) 
is also present in the 5’UTR of other members of the ATB2 family in Arabidopsis 
(bZIP1, bZIP2, ATB2/bZIP11, bZIP44 and bZIP53) and other plant species (Singh 
et al., 1990; Martínez-García et al., 1998; Strathmann et al., 2001; Yang et al., 2001; 
Lee et al., 2002; Yang et al., 2002) indicating these might be controlled as well by 
SIRT. 

ATB2 controls carbohydrate partitioning by regulating gene expression of 
cell-wall invertase genes in Arabidopsis and tobacco (Wobbes et al., in preparation). 
SIRT control of ATB2 and subsequent transcriptional control of apoplasmic 
invertases suggests that ATB2 fullfils a role in regulating carbohydrate supply and 
demand. It would allow carbohydrate partitioning to competing sinks via the local 
sucrose status. The strong bZIP coding sequence preservation and the presence 
of the sc-uORF in the 5’UTR of bZIP2 and bZIP44 led us to analyse their 
translational sugar regulation and expression pattern. Both genes are controlled by 
SIRT and show overlapping expression patterns in certain tissues suggesting the 
bZIP factors act in concert in such tissues. 

Results

The sc-uORF of the ATB2 5’UTR is only found in higher plants and is specifically 
associated with ATB2 homologs. The sc-uORF present in the 5’UTR of ATB2 was 
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used for an extensive database search to investigate the presence and preservation 
of this uORF among Kingdoms and organisms (Altschul et al., 1990). The sc-
uORF is specifically and highly conserved in plants. It is found in the 5’UTR of 
ATB2 homologs of Arabidopsis as well as various other dicots and monocots.  Two 
configurations of the sc-uORF are present in plants (Figure 1, 2a). The long version, 
to which the ATB2 sc-uORF belongs and a truncated short version which only 
consists of the C-terminal part. Furthermore, this uORF is highly hydrophobic and 
has a bias for rare codons. 

Figure 1. Alignment and conservation of sc-uORF among the plant kingdom. sc-uORF is present in plants in either 

a long version or an N-terminally truncated short version. Sequences are identified by gene name, protein name 

or by accession number. 

Most interestingly, a perfect correlation was found between the 
presence of the uORF and the ATB2-family of bZIP transcription factors. 
In Arabidopsis the uORF is present in the transcripts of ATB2 homologs: 
bZIP1, bZIP2, bZIP44 and bZIP53. Sequence alignments reveal that two 

SbBG606003 ----MS-PVISEILLSG-FMINSTLRRR-THLVQSFSVVFLYWFYVFS------------ 41
HvBI779257 ----MS-PGISEILLSG-FMINSTLRRR-THLVQSFSGVFLYWVYVFS------------ 41
LeBI207937 ----MT-PVISEVLLSG-FTINSTLRRG-THLVQSFSVVFLYWFYVFS------------ 41
PpBI129132 ----MT-PVLSEILLSG-FTINSTLRRG-THLVQSFSVVFLYWFYVFS------------ 41
OsBE041056 --------------M-----INSTLRRR-THLVQSFSVVFLYWFYVFS------------ 28
MtAW776394 ----MT-PVICEISM-----INSTLRRR-THLVQSFSGVFLYWFYIFS------------ 37
GmAW704705 ----MSSPVISEILLSG-FTINSSLRRR-THLVQSFSVVFLHWFYVFS------------ 42
LjAV417793 ----MSSAVICEILLSG-LTINSTLRRR-THLVQSFSVVFLHWFYVFS------------ 42
LhBE449276 ----MS-PVLSEILRSG-YIISSSLRRR-THLVQSFSVSFLYWFYTFSEY---------- 43
LpAW398214 ----MS-PVLSEILRSG-YIISSSLRRR-THLVQSFSVSFLYWFYTFSEY---------- 43
StBI179184 ----MS-PVLSEILRSG-YIISSSLRRR-THLVQSFSVSFLYWFYTFSE----------- 42
GaAI055400 ----MS-PVVSEILRSG-FIINSSVRRR-THLVQSFSVVFLYWFYVFS------------ 41
GaBG446720 ----MS-PVVSEILRSG-FMINSSLRRR-THLVQSFSVVFLYWFYVIS------------ 41
GaBF277230 ----MS-PVVREILRSG-FMINPSLIRR-THLVQSFSVVFLYWLYVIS------------ 41
McBE576849 ----MS-PVLSEILRSG-FMINSSLRRR-THLVQSFSVVFLYWLYVLS------------ 41

AtbZIP44 ----MS-PVISEILRSG-LTIDSSLRRR-THLVQSFSVVFLYWFYVFS------------ 41
PcCPRF7 --------------------INSLLRRR-SHLVQSFSVSFLYWFYVYD -------- 31

McBE577271 ----MS-PIISEVLLSG-FTINSALRRR-THLVQSFSVSFLYWFYVFS------------ 41
GmAW780777 ----MYP-ILSEIFFSG-CMINSTVRRR-THLVQSFSVAFLYWLYYVS------------ 41
MtBE998793 ----MYP-ILSEIFFSGGCMINSTVRRR-THLVQSFSVAFLYWLYYVS------------ 42
GmBE021577 ----MYP-ILSEIFFSG-CMINSTVRRRRTHLVQSFSVAFLYWLYYVS------------ 42
GmAF532621 ----MYP-ILSEIFFSG-CMINSTARRR-THLVQSFSVAFLYWLYYVS------------ 41
LjAV414641 ----MYQ-ILSEIFFSG-CMINSTVRRR-THLVQSFSVVFLYWLYYVS------------ 41
MtAA660286 ----MYQ-ILSEIFFSG-CMINSTVRRR-THLVQSFSVVFLYWLYYVS------------ 41
GmAW279533 -------------------MINSTVRRRRTHLVQSFSVAFLYWLYYVS------------ 29
LjAV417065 ----MSP-ILSEIFLSG-CMINSTVRRRRTHLVQSFSVAFLYWLYYVS------------ 42
GaBG440654 ----MFP-ILSEIFFSG-FMINSTFIRR-THLVQSFSVVFLYWLYYVS------------ 41
LhAW186846 ----MSP-ILSEIFFSG-FMINSTFIRR-TQLVQSFSVVFLYWLYYVS------------ 41

ATB2 ----MSPIILSEIFLSG-FMLNSTIRRR-THLVQSFSVVFLYWLYYVS------------ 42
CcPPI1 ----MSA-ILSELFLSG-FMINSTYRRR-THLVQSFSVVFLYWFYFIS------------ 41

StBI179572 ----MSA-ILSELFLSG-FMINSTYRRR-THLVQSFSVVFLYWFYFIS------------ 41
LeAW928672 ----MSA-ILSELFLSG-FMINSTYRRR-THLVQSFSVAFLYWFYFIS------------ 41

NtbZIP2 ----MSA-ILSELFLSG-FMINSTYRRR-AHLVQSFSVVFLYWFYYIS------------ 41
McBM301390 -MRFMSP-ILSELFLSG-FMINSTYRRR-THLVQSFSVVFLYWFYYIS------------ 44
LeAI483868 ----MSA-ILNELFLCG-FMINSTYRRR-THLVQSFSVVFLYWFYCIS------------ 41
SbBG559396 ----MLLLVLSEHLLSQ-FMVGSAITR----LVQSFSVVFLYWFYVFSVSCQ-------- 43
ZmBG517577 ----MLLLVLSEHLLSR-FMVGSALTR----LVQSFSVVFLYWFYVFLVSRQ-------- 43

AtbZIP2 ----MTP-VLCEILLSG-LTVKSALCRR-THLVQSFSVVFLYWFYN--VS---------- 41
AtbZIP1 -------------------MIN--LNQF--LVYHSISVVILHWFYVIS------------ 25

ScBF145298 ----MK--------------IATHLRRC--CFLQSFSVVFLYYFYVIS------------ 28
TaBE429493 ----MK--------------IATHLRRC--CFLQSFSVVFLYYFYVIS------------ 28
AsBG274840 ----MK--------------IATHLRRC--CFLQSFSVVFLYYFYVTS------------ 28

ZmOBF1 ----MK--------------IATHLRRS--CFLHSFSVVFLYWFYVIS------------ 28
NtbZIP4 ----MIS------------VISTTLLGI--CLLQSFSVMFLYHFYVFS------------ 30

McBE577230 ----MK--------------YITLLRRV--RLAQSFSVVFLYWFYVFS------------ 28
BvBF011085 ------------------MSLQIQMRR--IRILHSFSVVFLYWFYVFS------------ 28

PcCPRF6 ---------------------MIFMRR--IRILHSFSVVYLYWFYVFS------------ 25
NtTBF17 ------------------MTYAIQMRR--IRILHSFSVVFLYWFYVIS------------ 28
AtbZIP53 ------------------MSYSILFRR--IRILHSFSVVYLYYTYVFS------------ 28

LeAW429050 ------------------MSFSIRVRR--VRILHSFSVVFLYWFYVLS------------ 28
NtbZIP3 ------------------MT---LMRR--IRIMHSFSVVFLYWFYVFS------------ 25

AmbZIP910 ---------------------MMLMRR--VRVVHSFSVVFLYWFYVFS------------ 25
AmbZIP911 ------------------------MNRI--ILLHSFSVVFLYWFYVFS -- 32

OsLIP19 ------------------MKLNVLRRR----RSHSFSVAFLYWFYVFS------------ 26
OsAU067967 ------------------MKLNVLRRR----RSHSFSVAFLYWFYVFS------------ 26

ZmLIP15 ------------------MKLSVLRIR----RSHSFSVAFLYWFYVFS------------ 26

----

----------
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GmAF532621 MYP-ILSEIFFSG-CMINSTARRRTHLVQSFSVAFLYWLYYVS 41
MtBE998793 MYP-ILSEIFFSGGCMINSTVRRRTHLVQSFSVAFLYWLYYVS 42

ATB2 MSPIILSEIFLSG-FMLNSTIRRRTHLVQSFSVVFLYWLYYVS 42
NtbZIP2 MSA-ILSELFLSG-FMINSTYRRRAHLVQSFSVVFLYWFYYIS 41
CcPPI1 MSA-ILSELFLSG-FMINSTYRRRTHLVQSFSVVFLYWFYFIS 41

GaBG446720 MSP-VVSEILRSG-FMINSSLRRRTHLVQSFSVVFLYWFYVIS 41
AtbZIP44 MSP-VISEILRSG-LTIDSSLRRRTHLVQSFSVVFLYWFYVFS 41

LeBI207937 MTP-VISEVLLSG-FTINSTLRRGTHLVQSFSVVFLYWFYVFS 41
AtbZIP2 MTP-VLCEILLSG-LTVKSALCRRTHLVQSFSVVFLYWFYNVS 41

ZmLIP15 ---------------MKLSVLRIR--RSHSFSVAFLYWFYVFS 26
OsLIP19 ---------------MKLNVLRRR--RSHSFSVAFLYWFYVFS 26
PcCPRF6 ------------------MIFMRRIRILHSFSVVYLYWFYVFS 25
AtbZIP53 ---------------MSYSILFRRIRILHSFSVVYLYYTYVFS 28
NtTBF17 ---------------MTYAIQMRRIRILHSFSVVFLYWFYVIS 28
NtbZIP3 ------------------MTLMRRIRIMHSFSVVFLYWFYVFS 25

AmbZIP910 ------------------MMLMRRVRVVHSFSVVFLYWFYVFS 25
ZmOBF1 ---------------MKIATHLRRSCFLHSFSVVFLYWFYVIS 28
AtbZIP1 ------------------MINLNQFLVYHSISVVILHWFYVIS 25

NtbZIP4 MISVISTTLLGICLLQSFSVMFLYHFYVFS 30
AmbZIP911 ---------------------MNRIILLHSFSVVFLYWFYVFS 22

-------------
PcCPRF7 ----------------INSLLRRRSHLVQSFSVSFLYWFYVY- 26

*** *
ZmLIP15 MSS-SRRS------------SSPDSNDT-----TDERKR-KRMLSNRESARRSRARKQQRLEELVAEVARLQAENAATQARTAALERDLGRVDGDN 77
OsLIP19 MSSPSRRS------------SSPESNTSGGGGGADERKR-KRMLSNRESARRSRARKQQRLEELIAEAARLQAENARVEAQIGAYAGELSKVDGEN 83
ZmOBF1 MSSSSLSP------------TAGRTSGSDGDSAADTHRREKRRLSNRESARRSRLRKQQHLDELVQEVARLQADNARVAARARDIASQYTRVEQEN 84

PcCPRF6 MASVQNQN----------QVSSGSDGDLRYATF-DEKKR-KRMISNRESARRSRMKKQQHVDKLIAEMSQLQSQNKVVTQKINEATDMFFGVVSEN 84
AtbZIP53 MGSLQMQT------------SPESDNDPRYATVTDERKR-KRMISNRESARRSRMRKQKQLGDLINEVTLLKNDNAKITEQVDEASKKYIEMESKN 83
AmbZIP911 MAPEQQSP------------NSGSNSNI------DERKR-KRKQSNRESARRSRMRKQQRLDELMAQESQIQEENKKLQKIIDDSKQLYLNFASEN 77
AmbZIP910 MASQQRST------------SPGIDD--------DERKR-KRKLSNRESARRSRMRKQQRLDELIAQESQMQEDNKKLRDTINGATQLYLNFASDN 75
NtTBF17 MASTQQAV------------SSASDADQQYAKF-DERKR-KRMESNRESARRSRMRKQQRLGELMGETTQLHKQNSICRERIDSVERNYRAMDAEN 82
NtbZIP3 MALTQQPA------------SSGSDG-QRYATN-DDRKR-KRMESNRESARRSRMRKQQHLEELMSQMTQLQNQNVLWREKIDAVGRNYLTLDAEN 81
NtbZIP4 MSALRQSA----------S-SSASEDDQRYAGM-DEKKR-KRMISNRESARRSRMKKQKLLQDLTGEVSRLQVANKNILAKIEETTERYTVCTAQN 83

ATB2 MESSSSG--TTSSTIQT---SSGSEES-----LME-QRKRKRMLSNRESARRSRMKKQKLLDDLTAQVNHLKKENTEIVTSVSITTQHYLTVEAEN 85
aBG446720 MASSSGN--SMSN--------SVSEED-----LHN-QRKRKRMESNRESARRSRMRKQKHLDELMAQVTQLVKDNNQILTTINFTTQHYINIEAEN 80
eBI207937 MASPSGN--SSSG--------SEDLQQ-----LMD-QRKRKRMISNRESARRSRMKKQTHLNELMAQVNQLKEQNNQIVSNINMVSQVYLNVEAEN 80

PcCPRF7 MASSGGN--SSGSTQKLQ--NSGSEGD-----LMD-QRKRKRMQSNRESARRSRQRKQNHLDELMAQAAQLRKENNQIITTTNLTTQQFVKVEAEN 86
NtbZIP2 MASSSGT--SSGSSLFLQ--NSGSEEDLQQ--LVD-QRKRKRMISNRESARRSRMRKQKHLDDLMAQVATLRKENNQILTSMNVTTQHYLNVEAEN 89
CcPPI1 MASSSGT--SSGSS-FLQ--NSGSEEDLQL--LMD-QRKRKRMISNRESARRSRMRKQKHLDDLMAQVSTLRKENDQILTSMNVTTQHYLNVEAEN 88

mAF532621 MACSSGT--SSGSLSLLQ--NSGSEEDLQA--MMEDQRKRKRMISNRESARRSRMRKQKHLDDLVSQVAQLRKENQQILTSVNITTQQYLSVEAEN 90
tBE998793 MASSSGT--SSGS-SLLQ--NSGSEEDLQA--LMD-QRKRKRMISNRESARRSRMRKQKHLDDLVSQVSKLRKENQEILTSVNITTQKYLSVEAEN 88
AtbZIP44 MGSSTSGNCSSVSTTGLA--NSGSESDLRQRDLID-ERKRKRKQSNRESARRSRMRKQKHLDDLTAQVTHLRKENAQIVAGIAVTTQHYVTIEAEN 93
AtbZIP2 MASSSSTYRSSSSSDGGN--NNPSDSVVT----VD-ERKRKRMLSNRESARRSRMRKQKHVDDLTAQINQLSNDNRQILNSLTVTSQLYMKIQAEN 89
AtbZIP1 MANAEKTS-------------SGSDID---------EKKRKRKLSNRESARRSRLKKQKLMEDTIHEISSLERRIKENSERCRAVKQRLDSVETEN 74

*
ZmLIP15 AVVRARHAELAGRLQSLGGVLEVLQ-MAGAAVDIP-------------------------EMVTDDPMLRPWQPSFPPMQPIG--------F---- 135
OsLIP19 AVLRARHGELAGRLQALGSVLEILQ-VAGAPVDIP-------------------------EIP-DDPLLRPWQPPFAAQPIVATA--MADAFQF-- 148
ZmOBF1 TVLRARAAELGDRLRSVNEVLRLVEEFSGVAMDIQE------------------------EMPADDPLLRPWQLPYPAAAMPMG---APHMLHY-- 151

PcCPRF6 NVLRAQLSELTDRLYSLNSVLHIVEEVSGLAMDIP---------------------------QVPDTLMEPWQLPCPAQPITTS----ANMFKF-- 147
AtbZIP53 NVLRAQASELTDRLRSLNSVLEMVEEISGQALDIP---------------------------EIPESMQNPWQMPCPMQPIRAS----ADMFDC-- 146

AmbZIP911 NVLRAQLGELTDRLRSLNSVLEIASEVSGMAFDIP---------------------------AIPDALLEPWLLPCPIQPIAAS----ADMFRH-- 140
AmbZIP910 NVLRAQLAELTDRLHSLNSVLQIASEVSGLVLDIP---------------------------DIPDALLEPWQLPCPIQ---------ADIFQC-- 133

NtTBF17 NVLRAQIAELTERLNSLNSLTQFWADANGFPVELS---------------------------EIPDALLEPWQLPCPIQPIDAS----SDMLLF-- 145
NtbZIP3 NVLRAQMAELTERLDSLNSLTRFWADANGLAVDIP---------------------------EIPDTLLEPWQLPCPIQPITAS----ADMFKF-- 144
NtbZIP4 NVLKAHAMELNDRLRYLNDVIN----DTGLAVDA------------------------------ADPLLKPLQIPRPMQPI-AS----SGLFKF-- 138

ATB2 SVLRAQLDELNHRLQSLNDIIEFLDSSNNNNNNNMGMCSNPLVGLECDDFF----------VNQMNMSY------IMNQPLMASS----DALMY-- 159
aBG446720 SVLRAQMMELSQRLESLNEILHYLNSGTNSNNSNDGFETSEGFETTSDENFT------TIIINHNNNPFV-----IMNQPIMASS----DLMMFQY 161
eBI207937 SVLRAQMAELSNRLQSLNEIINCINSANSTIDET---------EINCEDDF----------LNPWNLLH-------VNQPIMASA----DALMY-- 144

PcCPRF7 SVLRAQMDELTQRLQSLNDILHYINTTTTAAAAATAAATTGIDGVFEMDNLFGLDDHQSSYMNNNNNNNNSWNMMYPNQPIMA------DMFMY-- 174
NtbZIP2 SILRAQLAELNHRLESLNEIIAFLDANNNCNGLAN---MDHNQEEPYSFNFA----QNEPMVDGFNMTNS-WNYLCANQPIMT-A----DVLQY-- 170
CcPPI1 SILRAQLSELSHRLESLNEIIAYMDANNNNNSCSNGLAMDHN--EPYSFNFA----QSDTVVDGFNMTNS-WNYFCSNQPIMT-A----HVLQY-- 170

mAF532621 SVLRAQVGELSHRLESLNEIVDVLNATTTVAGFGA--AASSTFVEPMNN-------NNNSFFN-FNPLN--MGYLN--QPIMASA----DILQY-- 166
tBE998793 SVLRAQMGELSNRLESLNEIVGALNSSNGVFG------ASNAFVE-----------QNNGFF--FNSLNN-MSYMN--QPIMASA----DILQY-- 156
AtbZIP44 DILRAQVLELNHRLQSLNEIVDFVESSSSGFGMETG------QGLFDGGLFDG-------VMNPMNLGFY-------NQPIMASASTAGDVFNC-- 167
AtbZIP2 SVLTAQMEELSTRLQSLNEIVDLVQSNGAGFGVDQIDGCGFDDRTVGIDGYY-------DDMNMMSNVNHWGGSVYTNQPIMAN-----DINMY-- 171
AtbZIP1 AGLRSEKIWLSSYVSDLENMIATTSLTLTQSGGGD-------------------------CVDDQNANAGIAVGDCRRTPWKLSCGSLQPMASFKT 145

* * * *

*

ATB2

GmAF532621

MtBE998793

NtbZIP2

CcPPI1

AtbZIP44

GaBG446720

PcCPRF7

LeBI207937

AtbZIP2

AtbZIP53

PcCPRF6

NtTBF17

NtbZIP3

NtbZIP4

ZmLIP15

OsLIP19

AmbZIP911

AmbZIP910

ZmOBF1

AtbZIP1

Long type Ser BD LZ Asp

Short type

uORF CDS

a

b

dc

Figure 2. The conserved sc-uORF is only found in the 5’UTR 

of the ATB2 family of bZIP transcription factors. (a) Alignment 

of the sc-uORF protein sequences from full-length transcripts 

only. (b) Alignment of the ATB2 family protein sequences 

from full-length transcripts only. The basic domain and the 

leucine zipper residues are indicated by the line and asterisks, 

respectively. (c) Rooted cladogram of the sc-uORF protein 

sequences. (d) Schematic presentation of the correlation of 

the long and short sc-uORF with long and short bZIP coding 

sequences within the ATB2 family, respectively. Ser, serine-rich 

region. BD, basic domain. LZ, leucine zipper. Asn, asparagine-

rich region. Bar size equals 25 amino acids.
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bZIP protein classes can be distinguished (Figure 2b). A cladogram of the 
sc-uORF protein sequences show that the long and short sc-uORFs cluster 
in two separate groups (Figure 2c). A similar clustering was found for the two 
bZIP protein classes (data not shown). Remarkably, the two bZIP protein 
classes correlate precisely with the long and short sc-uORFs (Figure 2d). 
Long sc-uORFs are associated with S-bZIP factors, like ATB2, bZIP2 and 
bZIP44 which have slightly extended N- and C-terminal regions that are 
rich in serines and asparagines, respectively. Close examination of all 5’UTRs 
that contain the long sc-uORF reveals that also the presence, position and 
sequence of another uORF (uORF1 in ATB2) is conserved (Figure 3). 
Noteworthy is the correlation between the presence of conserved uORF1 
and a second AUG codon in sc-uORF. In the 5’UTRs of the short version 
S-bZIPs besides sc-uORF no other uORFs were found to be conserved. 

Figure 3. Conservation of the uORF signature in the 5’UTR of the ATB2 family of bZIP trancription factors. uORF1 

is depicted in dark grey and the sc-uORF in light grey. The asterisks indicate the internal uAUG of sc-uORF which 

correlates with the presence of uORF1. 

bZIP2 and bZIP44 are expressed in tissues characterized by high 
metabolic demand The expression patterns of bZIP2 and bZIP44 were 
analysed by translational promoter::GUS fusions. The pGbZIP2 construct 
consisted of the 2.2 kb bZIP2 promoter fragment fused to the 420 bp 
5’UTR, 79 bp bZIP2 coding sequence, the entire GUS coding region and 
487 bp bZIP2 3’UTR region (Figure 4). The pGbZIP44 construct was made  
of a 2.2 kb bZIP44 promoter fragment fused to the 461 bp 5’UTR, 76 bp 
bZIP44 coding sequence, the entire GUS coding region and 481 bp bZIP44 
3’UTR (Figure 4). Thirteen independent transgenic PGbZIP2 lines showed 
similar GUS expression patterns at several stages of the plant life-cycle. Two 
representative bZIP2-GUS expressing lines (PGbZIP2 AA and AF) were 
selected for further analyses. The same rationale was followed to select two 
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transgenic PGbZIP44 lines (PGbZIP44 AD and AF) out of 29 independent 
transformants. Furthermore, for both bZIP2 and bZIP44 a second construct 
was made in which the 5’UTR was deleted to investigate whether the 
5’UTR of both genes is involved in SIRT (see below). Deletion of the 
5’UTR did not have an effect on the expression pattern for both bZIP2 
and bZIP44 (data not shown). The ATB2-GUS staining pattern in siliques 
has been described before (Rook et al., 1998a), and was compared with the 
bZIP2 and bZIP44 patterns.

Figure 4. Schematic presentation of the promoter-GUS constructs used in this study. The 5’UTRs of bZIP2 and 

bZIP44 including 27 and 26 amino acids of either bZIP coding sequence, respectively were translationally fused 

to the GUS marker gene. 5’UTR, 5’untranslated region. GUS, Glucuronidase reporter gene. 3’UTR, 3’ untranslated 

region. The sc-uORF is indicated by the grey box in the 5’UTR and the interruption in the pGbZIP2Δ and pGbZIP44Δ 

constructs indicates the partial deletion of the 5’UTR including all uORFs. Drawing not to scale.

At the seedling stage, bZIP2-directed GUS staining was observed 
throughout the entire seedling. As seedlings matured expression became more 
confined to the cotyledon vasculature (Figure 5a). Staining was most intense 
in the major veins and root tip of seedlings. GUS staining in the PGbZIP44 
lines was confined to the root tip at this stage of development (data not 
shown). When PGbZIP2 plantlets developed true leaves, staining was high 
in the vegetative shoot meristem, petiole, hydathodes, minor and major leaf 
veins (Figure 5b,c). Staining could also be observed in the trichomes after 
prolonged incubation in GUS buffer (Figure 5c). GUS staining in PGbZIP44 
was high in the stipulae and root vasculature (data not shown). 

GUS staining in the floral organs followed a rather indistinct pattern in 
PGbZIP2. GUS staining was found in various floral organs and tissues and 
strongest staining was present in the inflorescence stem, receptacle, silique 
valves and septum vascular bundles. GUS staining in the pistil was diffusely 
present at various stages of development (Figure 5d and 7). Throughout 
silique development GUS staining was observed in the funiculi of developing 
seeds but disappeared upon seed maturation (Figure 7b). Occasionally GUS 
expression was absent from these tissues or present in other tissues such as 
anthers and stamen filament vasculature.  

pGbZIP2

pGbZIP2Δ

pGbZIP44Δ

pGbZIP44

3'UTR5'UTR GUSpromoter
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In contrast to the rather undefi ned bZIP2-directed GUS staining, GUS 
expression in PGbZIP44 is sharply delineated and shows a strict spatial 
and temporal staining program in ovules and funiculi. GUS expression was 
absent in non-fertilized ovules and its fi rst appearance coincided with the 
time of fertilization. Figure 6a and b show GUS staining in fl owers pre- and 
post-fertilization. During subsequent embryo development GUS staining 
retreated from the ovule and became more confi ned to the pylar region and 
funiculi (Figure 7c). In maturing siliques GUS staining disappeared from the 
funiculi and ovules and was last observed in the seed abscission zone (data 
not shown). Furthermore, GUS staining was observed in the anther-fi lament 
connectivum at pre- and post-dehiscence stages (Figure 6c). Transgenic 
Arabidopsis containing an empty pGreen-GUS control vector (pGII229G) 
showed no detectable GUS staining after prolonged staining in highly 
concentrated GUS buffer in any tissue (data not shown).

Interestingly, the developmental program controlling bZIP2-directed 
GUS staining was occasionally overridden by unknown factors. Various 
organs and tissues, such as cotyledons, leaves and anthers, were shown to 
stain positive for GUS in a seemingly stochastic manner in many instances 
and independent lines indicating this regulation has biological signifi cance. 
Tissues or organs of individual plants of identical age and exposed to the same 
conditions showed considerable differences in GUS staining. One striking 
example is the staining of only three anthers out of six within a single fl ower 
(Figure 5). No other anther showed GUS staining in fl owers at different 
developmental stages of the same infl orescence. Only GUS staining from 
the bZIP2 construct that included the 5’-UTR appeared to be regulated 
in this apparently stochastic manner. Also ATB2-driven GUS expression in 
cotyledons of imbibed seeds showed stochastic GUS expression patterns 
(Rook and Smeekens, unpublished). 

Sucrose is a potent repressor of bZIP2 translation
The effect of addition of sugars on translation of bZIP2 mRNA was 
determined by measuring GUS activity from transgenic lines containing 
the pGbZIP2 construct. The suspected role of the sc-uORF in SIRT was 
investigated by creating constructs that lacked the 5’UTR (pGbZIP2Δ). 
PGbZIP2 (lines AA and AF) and PGbZIP2Δ (lines AF and AG) seedlings 
were grown in liquid half strength MS medium for 5 days in continuous 
light supplemented with sucrose. Addition of sucrose caused bZIP2 and 
GUS transcriptional induction in both PGbZIP2 and PGbZIP2Δ (See bars 
in Figures 8a,c) but only repression of GUS activity in PGbZIP2 (See lines 
in Figures 8a,c). Histological staining of PGbZIP2-AA seedlings confi rmed 
the decline in GUS activity in shoot and root tissues (Figure 8e). The decline 
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a b

c d

a b c

Figure 5. Expression pattern of bZIP2 in (a) 7 day-old seedling, (b) rosettes, (c) mature source leaf, (d) fl oral 

organs.

Figure 6. Expression pattern of bZIP44 in (a) an unfertilized fl ower, (b) a fertilized fl ower and (c) anthers.

Figure 7. Promoter-GUS-directed staining of (a) ATB2, (b) bZIP2 and (c) bZIP44 in siliques with seeds at early (top), 

intermediate (middle) and late stages of development (bottom). 

a b c
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in GUS activity is a translational effect as the ratio of GUS activity over 
bZIP2 and GUS mRNA levels is decreased sharply (Figure 8b) Translation 
of bZIP2 is already repressed at low sucrose concentrations showing 80% 
and 95% translational repression at 10 and 30 mM sucrose, respectively 
(Figure 8b). Low sucrose levels increased GUS activity of ATB2::GUS lines 
and repression is only achieved by relatively high levels of sucrose (Rook et 
al., 1998a) suggesting a different translational sensitivity for sucrose in both 
genes. 
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Figure 8. Sucrose repression in transgenic PGbZIP2 and PGbZIP2Δ seedlings in response to increasing amounts of 

sucrose. (a) GUS activity (line) and mRNA levels (bars) measured from PGbZIP2 representative line AA. GUS activity 

is expressed on the left y-axis and relative RNA levels of bZIP2 and GUS as determined by Q-PCR on the right y-

axis in arbitrary units. Values represent results from duplicate Q-PCR and GUS activity measurements. (b) Sucrose 

repression of PGbZIP2 presented as a percentage of the ratio of GUS activity over GUS and bZIP2 mRNA levels, 

respectively. Values represent the average sucrose repression of two independent lines AA and AF. (c) and (d) are 

as in (a) and (b) but represent average results obtained from transgenic PGbZIP2Δ lines AF and AG. Histological 

staining of (e) PGbZIP2 and (f) PGbZIP2Δ seedlings, respectively grown in (from left to right) MS medium with 0, 

20 and 100 mM sucrose. 

e f



Chapter 4 •  6 5

Deletion of the 5’UTR results in loss of bZIP2-GUS translation by 
SIRT (Figure 8c,d) as was previously shown for translation of ATB2 (Rook 
et al., 1998a). GUS activity in PGbZIP2Δ lines increased significantly upon 
addition of sucrose (Figure 8c). Histological staining of PGbZIP2Δ-AF 
seedlings confirmed the absence of repression in GUS activity at 100 mM 
(Figure 8f). Also the ratio of GUS activity to GUS and bZIP2 mRNA did 
not decrease as was observed for PGbZIP2 (compare Figure 8b to 8d). GUS 
activity from both pGbZIP2Δ lines roughly followed the bZIP2 and GUS 
transcript levels which indicates that deletion of the 5’UTR abolishes SIRT-
control. In these deletion constructs GUS activity seems a direct measure 
of transcriptional activity of the bZIP2 promoter. The bZIP2 and GUS 
messenger responded similarly which suggests that the 2.2kb promoter of 
the pGbZIP2 constructs contains all elements for proper transcriptional 
response to sugars.

Next, the effect of glucose, fructose, maltose and sorbitol on the 
translation of bZIP2 was analysed. PGbZIP2 seedlings of line AF were grown 
in liquid culture as described above and sugars and sorbitol were added at 
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Figure 9. Addition of various soluble sugars affects bZIP2 translation in transgenic PGbZIP2 and PGbZIP2Δ 

seedlings. Effects of different treatments is presented as the ratio of GUS activity over GUS and bZIP2 mRNA levels. 

(a) PGbZIP2 and (b) PGbZIP2Δ seedlings grown in ½ strength MS medium with 0, 20 or 100 mM glucose (g), fructose 

(f), maltose (m) and sorbitol (s) as osmotic control.
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20 and 100 mM concentrations. The disaccharide maltose caused repression 
of GUS activity at both 20 and 100 mM, however addition of maltose was less 
effective than sucrose. Addition of either glucose or fructose at 20 mM did 
not cause repression but led to a 2-fold and 4-fold increase in GUS activity 
for glucose and fructose, respectively (Figure 9a). Addition of both hexoses 
to the medium at 100 mM led to similar translational rates without addition 
of sugars (Figure 9a). Sorbitol treatment did not lead to significant changes 
in GUS activity in PGbZIP2 seedlings. Transgenic PGbZIP2Δ seedlings (line 
AG) were also subjected to the sugar treatment as described above. Addition 
of hexoses to transgenic PGbZIP2Δ seedlings caused a similar response as 
measured for PGbZIP2 lines (Figure 9b). In contrast, addition of maltose 
showed a clear loss of bZIP2-GUS repression when comparing the responses 
between 20 and 100 mM for both constructs. Again, sorbitol treatment did 
not result in significant changes in GUS activity.  

bZIP44 expression in floral organs is sucrose-responsive
Conservation of the bZIP44 sc-uORF and 5’UTR uORF signature 
suggested this region conferred sugar-responsiveness to bZIP44 translation 
as found for ATB2 and bZIP2. SIRT control of bZIP44 expression was 
analysed in the transgenic PGbZIP44 lines (AD and AF). Furthermore, 
the role of the 5’UTR in SIRT was investigated in transgenic plants that 
harboured a bZIP44 promoter::GUS construct lacking the 5’UTR and all 
uORFs (pGbZIP44Δ, Figure 4). Of seventeen independent PGbZIP44Δ 
transformants two representative lines (AC and AF) were selected for SIRT 
analyses. 

Since bZIP44 expression is only present in the root tip at the seedling 
stage, the effects of sugars on translation of bZIP44 was determined in the 
floral organs where bZIP44 expression is most pronounced. This approach 
also provided insight into the presence of the SIRT mechanism in these 
plant tissues. Stems of detached inflorescences of approximately four week-
old flowering plants were placed in half strength MS medium supplemented 
with sucrose for 48 hours under continuous light. Addition of 100 mM 
sucrose to inflorescences from transgenic PGbZIP44 (line AD and AF) plants 
led to a 60% reduction in GUS activity compared to tissues incubated in half 
strength MS or 20 mM sucrose (Figure 10). This reduction in GUS activity 
by sucrose is not observed in floral tissues from transgenic PGbZIP44Δ 
plants (Figure 10, lines AC and AF). As a control an ATB2 promoter::GUS 
expressing line (PGA 2-12) and the PGbZIP2 and PGbZIP2Δ lines (AA and 
AF, respectively) were examined which showed similar repression levels (data 
not shown). This indicates that the sugar-responsive translational control 
mechanism is fully functional in all tissues examined. 
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Figure 10. Sucrose repression of bZIP44-directed GUS activity in floral tissues depends on the 5’UTR. Values 

represent average percentages of GUS activity measured from floral tissues of detached inflorescences of (a) 

PGbZIP44 (lines AD and AF) and (b) PGbZIP44Δ (lines AC and AF) placed in MS medium with 0, 20 and 100 mM 

sucrose, respectively. 

Discussion

Translation of the ATB2 bZIP family is under sugar-specific control
The 5’UTR of the ATB2 family of bZIP transcription factors is conserved 
throughout higher plants from monocotyledons to dicotyledons. This region 
contains cis-acting elements involved in SIRT-control of ATB2 expression 
(Rook et al., 1998a). Translation of ATB2 is repressed by physiologically 
relevant sucrose levels in a characteristic manner: low sucrose amounts 
(20 mM) lead to slight translational induction whereas high sucrose levels 
(100 mM) repress ATB2 translation significantly. Deletion of the 5’UTR 
completely abolishes SIRT control of ATB2 translation. In a more detailed 
study it was shown that the highly conserved sc-uORF is responsible for 
SIRT (Wiese et al., submitted). Translation of both bZIP2 and bZIP44 is also 
sugar-responsive via the 5’UTR showing that the SIRT mechanism controls 
expression of the ATB2-family. Interestingly, the bZIP2 5’UTR confers 
different sensitivity to sucrose than the ATB2 5’UTR. Addition of 30 mM 
sucrose results in 80% reduction in bZIP2-directed GUS levels whereas 
ATB2-directed GUS levels are induced under similar conditions (Rook et 
al., 1998a). The different effects exerted by the 5’UTR of bZIP2 and ATB2 
allows comparison of both regions to identify elements that are responsible 
for the differential sucrose responsiveness. The absence of uORF1 from the 
bZIP2 messenger might result in higher sensitivity of bZIP2 translation to 
low levels of sucrose. However, closer examination of the involvement of 
uORF1 in the SIRT-response is required to establish whether the presence or 
absence of uORF1 can explain the observed differential sucrose sensitivity. 

Experimental evidence shows that the sc-uORF acts as a negative 
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translational control element regulating ATB2 translation (Wiese et al., 
submitted). The sequence conservation of the sc-uORF suggests that 
translational control exerted by this uORF is mediated by a peptide 
sequence-dependent mechanism. Such mechanisms have been uncovered in 
other eukaryotes, but so far not in plants. Initiation codon mutagenization 
or introduction of a premature stop codon in ‘small uORF’ in the 5’UTR 
of the plant S-adenosyl-L-methionine decarboxylase (AdoMetDC) gene resulted 
in loss of translational repression (Hanfrey et al., 2002). Here, a peptide 
sequence-dependent translational control mechanism by small uORF 
could be involved but translation termination-associated mechanisms can 
equally well be envisioned. A striking resemblance between AdoMetDC 
and ATB2 is the nutrient-induced repression of translation (Franceschetti 
et al., 2001; Wiese et al., submitted). Interestingly, translation of the human 
cytomegalovirus UL4 gene and the Saccharomyces cereviseae CPA1 and closely 
related Neurospora crassa ARG2 genes is also down-regulated in response to 
enhanced nutrient levels in a uORF peptide sequence-dependent manner 
(Janzen et al., 2002; Vilela and McCarthy, 2003). These examples show that 
nutrient-induced translational repression mechanisms exist in a variety of 
organisms. Such examples may aid in unravelling the molecular details 
of the SIRT mechanism that controls translation of the ATB2 family of 
transcription factors. 

Possible functions of the ATB2 family in carbohydrate partitioning
The expression of of ATB2, bZIP2 and bZIP44 is mainly associated with 
the vasculature. Interestingly, the combined expression patterns of all three 
genes cover major parts of the sucrose translocation pathway. Expression 
was observed in the fourth order minor veins (bZIP2) to the major leaf 
and petiole veins in source leaves (bZIP2/ATB2), sink leaves (ATB2), the 
inflorescence stem (bZIP2/ATB2), the floral organs (ATB2/bZIP2/bZIP44) 
and the root vasculature (bZIP44). It is thus conceivable that in certain 
tissues with overlapping expression patterns the respective ATB2 homologs 
act in concert. It was furthermore shown that transcript levels of ATB2 are 
closely correlated with bZIP2 and bZIP44 gene expression (See chapter 3). 
Moreover, in an Arabidopsis genome-wide study, ATB2, bZIP2 and bZIP44 
were predicted to form stable dimers based on leucine zipper binding 
affinity (Deppmann et al., submitted). In previous work these predictions 
were applied to Homo sapiens and Drosophila melanogaster bZIP transcription 
factors (Vinson et al., 2002; Fassler et al., 2002). A recent global analysis of 
Homo sapiens B-ZIP leucine zipper interactions has confirmed the value of 
dimerization predictions (Newman and Keating, 2003). This strengthens the 
idea that these bZIP transcription factors may operate in concert to regulate 
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transcription of target genes. 
The expression patterns of ATB2 homologs of other plant species are 

also quite similar. Many ATB2 homologs are expressed in tissues that are 
characterized by high metabolite transport or demand such as the vasculature 
of various organs, floral tissues and dividing and differentiating cells (Singh et 
al., 1990; Martínez-García et al., 1998; Strathmann et al., 2001; Yang et al., 2001; 
Lee et al., 2002; Yang et al., 2002). Overexpression of ATB2 severely distrupts 
whole-plant carbohydrate partitioning by regulating cell-wall invertase and 
sucrose transporter gene expression (Chapter 2 and 3). Overexpression of the 
tobacco ATB2 homolog, NtbZIP4, resulted in reduced male-fertility caused 
by down-regulation of the pollen-specific apoplasmic invertase Nin88 
(A. Strathmann and W. Dröge-Laser, pers. comm.). Antisense repression of 
Nin88 similarly resulted in reduced male-fertility (Goetz et al., 2001). Thus 
also functional evidence may point towards a correlation between the ATB2-
family with cell-wall invertases and perhaps sucrose transporters to regulate 
carbon supply to various sink tissues.

bZIP44 is mainly expressed in ovules and during seed development. 
Embryo and seed development is a well-examined, though complex process 
of differentiating events (Weber et al., 1997b). Seed development in many 
species is characterized by an initial mitotic phase during which the embryo 
body-plan is established and a second maturation/storage phase. In the 
hexose-associated mitotic phase invertase activity is high but disappears in 
the sucrose-associated storage phase (Cheng et al., 1996; Weber et al., 1998b; 
Hirose et al., 2002; Hill et al., 2003). The expression pattern of bZIP44 
correlates temporally and spatially with the cell-wall invertase-associated 
mitotic phase of seed development. bZIP44 expression covers the entire 
ovule during the mitotic phase after which it becomes concentrated to the 
chalazal vein/pylar region. However, caution is required as a more detailed 
study is needed to pinpoint the exact timing and cellular localization of 
bZIP44 expression. The possibility that bZIP44 is involved in control of cell-
wall invertase gene expression is interesting as invertase activity is important 
for proper seed development (Miller and Chourey, 1992; Weber et al., 
1998a; Wobus and Weber, 1999; Neubohn et al., 2000; Carlson et al., 2000). 
Furthermore, sucrose levels vary spatially and temporally in cotyledons of 
developing seeds (Borisjuk et al., 2002). The SIRT mechanism could enable 
tissue-specific control over cell-wall invertase gene expression via bZIP44. 
Knockout or overexpression studies with bZIP44 are required to reveal the 
target genes of bZIP44 and whether it functions in control of carbohydrate 
partitioning in seeds. 

Expression of bZIP2 and ATB2 is highly associated with the transport 
phloem in a wide variety of plant tissues throughout plant development. 
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Transport phloem is potentially important for carbohydrate partitioning 
as leakage of sucrose from the phloem occurs at considerable rates of 6 % 
per cm phloem in Phaseolus vulgaris stems of which about half is retrieved 
(Thorpe and Minchin, 1996). The expression pattern of both cell-wall 
invertases and sucrose transporters have been shown to surround the entire 
plant vasculature (Riesmeier et al., 1993; Truernit and Sauer, 1995; Kühn et 
al., 1997; Patrick, 1997; Kingston-Smith et al., 1999; Meyer et al., 2000; Kim 
et al., 2000). For both proteins, roles in phloem loading, long-term sucrose 
transport and/or re-entry of leaked sucrose in the transport phloem have 
been raised (Riesmeier et al., 1993; Truernit and Sauer, 1995; Kühn et al., 
1997; Patrick, 1997; Kingston-Smith et al., 1999; Meyer et al., 2000; Kim et 
al., 2000). Activity of both types of proteins in close proximity of the veinal 
tissues could thus be important for balancing sucrose metabolism or re-
entry in the phloem. The fact that ATB2 regulates both cell-wall invertase 
and sucrose transporter activity and the vascular-associated expression of 
both ATB2 and bZIP2 makes it tentative to speculate that ATB2, perhaps 
in concert with bZIP2, has a role in balancing sucrose metabolism and 
retrieval along the phloem. Whether bZIP2 regulates transcription of cell-
wall invertases or sucrose transporters remains to be shown. Clearly, more 
research needs to be conducted on the ATB2 family of transcription factors. 
The overlapping expression patterns, similar sugar translational control and 
finding that ATB2 controls carbohydrate partitioning via invertase and 
sucrose transporter activity is exciting and might implicate that the entire 
ATB2 family has similar physiologically important roles. 

Materials and Methods

Plant transformations and growth conditions
All constructs were transformed to Agrobacterium tumefaciens C58-1 by electroporation and 
transformed to Arabidopsis thaliana ecotype Columbia-0 by dipping floral organs in an Agrobacterium 
tumefaciens C58-1 solution according to Clough and Bent (1998). Inflorescenses were trimmed 
a week before dipping to promote lateral shoot outgrowth to increase transformation yield. All 
plants were grown in a growth chamber at 22°C under a 16h-light 8h-dark cycle with 150 μE 
light intensity with a relative humidity of 80%.

For in-vitro studies, seeds were surface-sterilized by soaking seeds for 5 minutes in 96% 
ethanol followed by 10 minutes in 20% commercial bleach and washed 4 times in sterile milliQ 
water. Seeds were taken up in 0.1% agarose  for pipetting on solid media. Independent primairy 
transformants were grown on soil and selected by spraying 2-3 times with 48h intervals of 75 
μg/ml basta, 0.05% silwett starting 4 days after germination. Subsequent T2 and T3 generations 
were selected on on ½ MS medium (Murashige and Skoog, 1962) with 0.25 mg/ml MES-KOH 
at pH5.7, 0.8% plant agar (Duchefa, Haarlem, the Netherlands) supplemented with Basta at 20 
μg/ml and 1% sucrose to select homozygous single-insert transgenic lines.
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bZIP2 promoter::GUS constructs
Molecular DNA cloning techniques were performed as described (Sambrook et al., 1989). bZIP2 
and bZIP44 promoters were isolated from BAC F8D23 and F1B16 resp. The 5’- and 3’-UTRs 
of bZIP2 and bZIP44 were amplified by PCR on genomic DNA isolated from col-0. These 
PCR fragments were subcloned in pGemT-easy (Promega, Madison, USA) and sequenced with 
the ABI PRISM BigDye Terminator Cycle Sequencing Reaction Kit on an ABI310 cycle 
sequencer (AppliedBiosystems, Foster City, USA). Restriction endonucleases and other DNA 
modifying enzymes were purchased from MBI Fermentas (Vilnius, Lithuania).

The bZIP2 locus was analysed for putative TATA boxes (see below) and used for BLAST 
searches against  the Arabidopsis EST database to approximate the bZIP2 transcription start site 
for a proper cloning strategy. The bZIP2 3’UTR region of 487 bp was obtained by PCR with 
primers bZIP2-3’UTRF (5’-gctagctgattaataaaattaattaaaataattagatg-3’) with NheI tag and bZIP2-
3’UTRR with NheI/ApaI tags (5’-gctagcgggcccggtgaaatttgacttggtagatttga-3’). The fragment 
was digested with NheI from pGemT-easy and inserted in pCambia1301 (CAMBIA, Canbarra, 
Australia) replacing a 3.4 kb NheI fragment. Primers bZIP2-5’UTRF (5’-aagcttgttaacctcttccttatc
tccttaaaa-3’) with HindIII and HpaI tags and bZIP2-5’UTRR with NcoI tag: (5’ccatggtgacgacgg
agtccgacg-3’) were used to amplify a 5’UTR fragment of 420 bp and the first 79 bp bZIP2 CDS 
to ensure proper translational fusion and correct aug context. The 5’UTR was digested with 
HindIII/NcoI from a proper pGemT-easy subclone and exchanged for the HindIII/NcoI fragment 
of pCambia1301 resulting in proper 5’UTR-bZIP2 CDS-GUS-3’UTR translational fusions. 

BAC F8D23 was digested with BalI and a 4.4 kb fragment was subcloned in the SmaI site 
of CIP-treated pBluescriptII SK+, subsequently digested with Eco72I and EarI which resulted in 
a 2273 kb bZIP2 promoter fragment. pCambia1301 containing the bZIP2 5’UTR-CDS-GUS-
3’UTR fragment was digested with HpaI and partially digested with EarI and ligated to the 2.2 
kb Eco72I/EarI bZIP2 promoter fragment. Finally, the bZIP2 promoter-5’UTR-GUS-3’UTR 
was digested from pCambia1301 with ApaI/BamHI and ligated in the ApaI/BamHI digested 
pGreenII0229 (JIC, Norwich, UK) resulting in vector pGbZIP2. 

Primer bZIP2-5’UTRR was used in combination with primer bZIP2Δ-5’UTRF (5’-
aagcttcagacagatcataaaaaaaaaccaaac-3’) with a HindIII site to amplify a fragment consisting of 
86 bp 5’UTR and 81 bp CDS to ensure proper translational fusion and correct aug context. 
The bZIP2Δ 5’UTR was digested with HindIII/NcoI from a proper pGemT-easy subclone and 
exchanged for the HindIII/NcoI fragment of pCambia1301 resulting in the bZIP2-5’UTR-Δ-
CDS-GUS-3’UTR translational fusions. pCambia1301 bZIP2- 5’UTR-Δ-CDS-GUS-3’UTR 
was digested with HindIII, polished with T4, CIP-treated and ligated to the 2.2 kb Eco72I/EarI, 
T4-polished bZIP2 promoter fragment. Finally, the bZIP44 promoter-5’UTR-Δ-CDS-GUS-
3’UTR was digested from pCambia1301 with ApaI/BamHI and ligated in the ApaI/BamHI 
digested pGreenII0229 (JIC, Norwich, UK) resulting in vector pGbZIP2Δ. 

bZIP44 promoter::GUS constructs
The bZIP44 locus was analysed for putative TATA boxes (see below) and used for BLAST 
searches against  the Arabidopsis EST database to approximate the bZIP44 transcription start site 
for a proper cloning strategy. The bZIP44 3’UTR region of 481 bp was obtained by PCR using 
primers bZIP44-3UTRF (5’-gctagctagaaaacttcacatcattatcatcgt-3’)  containing an NheI site and 
bZIP44-3UTRR with both NheI and ApaI sites (5’-gctagcgggcccaaaatgcataattattttatcacatcg-3’). 
The fragment was digested with NheI from a proper pGemT-easy subclone and inserted in 
pCambia1301 replacing a 3.4 kb NheI fragment. Primers bZIP44-5UTRF (5’-aagcttcacgtgctcttc
cccttcgctctcgaat-3’) with HindIII and Eco72I tags and bZIP44-5’UTRR (5’-ccatggagttagctaaacc
agtggttgaaac-3’) with an NcoI site were used to amplify a fragment consisting of 461 bp bZIP44 
5’UTR and the first 76 bp CDS to ensure proper translational fusion and correct aug context. 
The bZIP44 5’UTR was digested with HindIII/NcoI from a correct pGemT-easy subclone and 
exchanged for the HindIII/NcoI fragment of pCambia1301 resulting in proper bZIP44 5’UTR-
CDS-GUS-3’UTR translational fusions. 
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BAC F1B16 was digested with ApaI and a 4.4 kb fragment was subcloned in the ApaI 
site of CIP-treated pBluescriptII SK+, subsequently digested with SpeI, polished with T4 and 
digested with EarI which resulted in a 2207 kb bZIP44 promoter fragment. pCambia1301 
bZIP44 5’UTR-CDS-GUS-3’UTR was digested with Eco72I and EarI partially and ligated to 
the 2.2 kb SpeI/EarI bZIP44 promoter fragment. Finally, the entire bZIP44 promoter-5’UTR-
CDS-GUS-3’UTR was digested from pCambia1301 with ApaI/BamHI and ligated in the ApaI/
BamHI digested pGreenII0229 (JIC, Norwich, UK) resulting in vector pGbZIP44. 

Primer bZIP44 5’UTR-R (described above) was used in combination with bZIP44Δ 
5’UTR-F (5’-agtacttaattttctctgtgtg-3’ with a ScaI tag to amplify a fragment consisting of 29 bp 
5’UTR and 78 bp CDS to ensure proper translational fusion and correct AUG context. The 
5’UTR-Δ was digested with ScaI/NcoI from a correct pGemT-easy subclone and exchanged 
for the ScaI/NcoI fragment of pCambia1301 resulting in bZIP44 5’UTR-Δ-CDS-GUS-3’UTR 
translational fusions. pCambia1301 bZIP44 5’UTR-Δ-CDS-GUS-3’UTR was linearized with 
ScaI, CIP-treated and ligated to the 2.2 kb SpeI/EarI, T4-polished bZIP44 promoter fragment. 
Finally, the bZIP44 promoter-5’UTR-Δ-CDS-GUS-3’UTR was digested from pCambia1301 
with ApaI/BamHI and ligated in the ApaI/BamHI digested pGreenII0229 (JIC, Norwich, UK) 
resulting in vector pGbZIP44Δ. 

pGII229G negative control
The GUS coding sequence and NOS terminator sequence was digested from pB101 (Clontech, 
USA) with EcoRI and XbaI and ligated in pGreenII-0229 which was opened with Ecl136I and 
XbaI resulting in the promoterless pGII229G.

GUS histology and quantification 
Plant material was stained using GUS-buffer consisting of 0.1 M NaH2PO4, 0.1 M Na2HPO4, 0.5 
mM ferricyanide, 0.5 mM ferrocyanide, 10 mM EDTA, 0.1% (v/v) Triton X-100 and 1 mg/ml 
5-bromo-indolyl-β-D-galactopyranoside. GUS quantification was performed on homozygous 
transgenic seedlings grown for 5 days in liquid half-strength MS medium (Murashige and Skoog, 
1962) with vitamins and 0.25 mg/ml MES-KOH buffer (Duchefa, Haarlem, the Netherlands) 
adjusted to pH 5.7. Seedlings were ground using a drill with a metal pistil in an eppendorf tube 
and the glucuronidase activity was quantified using the fluorometric MUG assay (Jefferson et al., 
1987). Protein content was determined using the Bradford assay (Bradford, 1976) to compare 
activity in protein units. Sugars were added to liquid medium as indicated. 

Q-PCR measurements
cDNA levels were quantified on the ABI 7700 Taqman Quantitive Real-Time light-cycler using 
2x Taqman Q-PCR mix (AppliedBiosystems, Foster City, USA) with gene-specific primers and 
5’ labelled FAM and 3’ labelled TAMRA probes (Table 1). Primer were used at concentrations 
of 900 μM and probes at 250 μM. Primers and probes were designed using Primer ExpressTM 
v1.0 (AppliedBiosystems, Foster City, USA). Primers and probes were purchased from Isogen 
(Maarssen, the Netherlands). Primer-probe set efficiencies were determined using the formula 
E=10-1/slope were the slope is calculated from the Ct value as a function of the log of the amount 
of cDNA according to Rasmussen (2001). Raw Q-PCR data were analysed with SDS v1.7 
(AppliedBiosystems, Foster City, USA) and results for bZIP2 were calculated using the  relative 
quantification method with Actin2 as a reference signal according to equation R=(Etarget)

ΔCt
target

 

(control-sample)/(Eref)
ΔCt

ref
 (control-sample) as described by Pfaffl (2001). Relative quantification for 

GUS, bZIP44 and ATB2 were calculated with the comparable ΔΔCt method (AppliedBiosystems, 
2001). Both calculation methods yielded identical results from representative set of datapoints 
(data not shown). 
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Table 1. Q-PCR primer and probe sets used in this study. Fluorogenic probes were labelled with FAM and TAMRA at 

5’ and 3’ termini, respectively. Primer-probe set efficiencies were determined using the formula E=10-1/slope where the 

slope is calculated from the Ct value as a function of the log of the amount of cDNA according to Rasmussen (2001). 

Gene Locus Forward primer Fluorogenic probe Reverse primer Eff.

ATB2 At4g34590 tcgtcaggatcggaggagagt aacgtaaacggatgctctcaaaccgtgaa gatcgtctaggagcttttgtttcttc 1.97

bZIP2 At2g18160 cgtgcagattctctgttcgataa cgtcggactccgtcgtcaccg gctcttccgacggtggtaataa 1.71

bZIP44 At1g75390 ggtgactcatctagcgtaaagaaaacg tcagatcgtcgccggaatcgc tccgcctcgatagtgacgtagt 1.98

GUS N.A. aaccccaacccgtgaaatc actcgacggcctgtgggcattc cacagttttcgcgatccagac 2.08

Actin2 At2g18280 gctgagagattcagatgccca aagtcttgttccagccctcgtttgtgg gtggattccagcagcttccat 1.96

Web-based analysis
Protein and nucleotide sequences of the ATB2 sc-uORF were used to query all available 
sequences in Genbank database to investigate its conservation (12-01-2002) (Altschul et al., 
1990). Protein sequences in FASTA format were submitted to the French Pasteur institute 
website (http://bioweb.pasteur.fr/seqanal/interfaces/clustalw.html) for ClustalW analysis using 
the PAM350 series (Felsenstein, 1989; Thompson et al., 1994). DNA uORF sequences were 
submitted to the Kasuza codon usage database for calculating codon usage (www.kazusa.or.jp/
codon/). Promoter sequences of bZIP2 and bZIP44 were submitted to the plantCARE (http:
//intra.psb.ugent.be:8080/PlantCARE), PLACE (http://www.dna.affrc.go.jp/htdocs/PLACE) 
and Webgene (http://www.itba.mi.cnr.it/webgene) webservers to analyse the presence of 
potential TATA-boxes. 
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                               Chapter          5
Summary

Life on our planet depends on the process of photosynthesis. Plants produce sugars 
from light, water and carbon dioxide in mature leaves mainly and distrubute these 
photosynthates over their organs and tissues. Sugar allocation in plants occurs via 
specialized conduits that connect the mature leaves to all other plant organs. Plants 
need to make descisions how to distribute their available photoassimilates in order 
to successfully complete the entire life cycle and produce abundant offspring, 
also under harsh conditions. Impairment of normal carbohydrate partitioning is 
detrimental for plant growth and development, and reduces seed production and 
crop yield. 

The ATB2 transcription factor from Arabidopsis thaliana has several 
characteristics suggestive of a function in carbohydrate partitioning. Expression 
of ATB2 is associated with vascular bundles in sink tissues and is prominent in 
funiculi of fertilized ovules (Rook et al., 1998a). Transcript levels of the bZIP 
transcription factor ATB2 are elevated by both light and sugar signals (Rook et al., 
1998b). Importantly, translation of ATB2 is modulated by physiologically relevant 
sucrose concentrations, in a mechanism named SIRT (sucrose induced-repression 
of translation). SIRT requires an intact sucrose-controlled uORF which is highly 
conserved among ATB2 homologs. The combination of the expression pattern and 
SIRT control of ATB2 led to the proposal that ATB2 operates in a sugar sensing 
and signaling cascade as a ‘sugar-thermostat’ involved in carbohydrate partitioning. 
The functional aspects of the ATB2 bZIP transcription factor were analysed and are 
described in this thesis in relation to carbohydrate partitioning in plants.

The ATB2 transcription factor is involved in carbohydrate partitioning.
ATB2 was overexpressed in tobacco to obtain insight into its relevance and 
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functioning in plants (Chapter 2). Overexpression of ATB2 led to various distinctive 
phenotypical aberrations some of which were also reported from overexpression 
studies involving enhanced apoplasmic invertase activity (von Schaewen et al., 1990; 
Dickinson et al., 1991; Sonnewald et al., 1991). Also similarities were observed with 
plants having reduced sucrose transporter activity (Kühn et al., 1996; Bürkle et al., 
1998). These similarities include accumulation of sugars in source leaves, repression 
of photosynthesis, impaired sugar leaf export rates and growth retardation. However, 
detailed comparison of these transgenic lines revealed marked differences indicating 
additional physiological perturbations. Interestingly, overexpression of ATB2 
reduces minor vein-specific sucrose transporter gene expression but enhances 
sucrose transporter activity in the mesophyll. Also enhanced cell-wall invertase 
gene expression and activity were measured in mature leaves. The combined data 
indicates that sucrose may move readily from mesophyll to minor veins but is not 
sufficiently loaded or transported through the phloem. Therefore, it was concluded 
that ATB2 affects carbohydrate partitioning by a mechanism that involves regulation 
of cell-wall invertases and, likely sucrose transporters. 

The cell-wall invertases AtcwINV1 and AtcwINV3 are targets of ATB2 in 
Arabidopsis.
The function of ATB2 was also investigated in Arabidopsis thaliana (Chapter 3). The 
use of Arabidopsis to investigate the function of ATB2 is preferred over tobacco 
for several reasons. Importantly, the Arabidopsis genome has been sequenced 
(Arabidopsis Genome Initiative, 2000), thus allowing detailed investigations of all 
putative ATB2 target genes. The function of ATB2 was investigated in atb2 mutants 
and two separate overexpressing systems. Mutant analysis can provide important 
information on the function of genes. Several transposon-based mutant collections 
were screened for atb2 knockouts. Notwithstanding the high number of mutants 
in the individual collections and the saturation of the genome with insertional 
elements, only two atb2 alleles were isolated. These showed no morphological 
aberrations nor transcriptional changes of any putative ATB2 target gene compared 
to wild-type plants. It was concluded that either the reduction in transcript levels 
may not be severe enough to show such deviations or that functional redundancy 
among the ATB2-homologs is resposible for lack of such changes. The constitutive 
Arabidopsis ATB2 overexpressors were more informative. The phenotype of such 
plants was similar to that observed in ATB2 overexpressing tobacco lines. 

The glucocorticoid-inducible system (Aoyama and Chua, 1997) was deployed 
to analyse all putative cell-wall invertase targets and other candidate target genes. 
Analysis of inducible ATB2 overexpressor lines confirmed that two cell-wall 
invertase genes are likely targets. AtcwINV1 and AtcwINV3 induction was rapid and 
specific. Interestingly, the promoter of the AtcwINV1 gene contains an extended 
G-box (TGACGTGT) which is identical to the G-box bound by two ATB2 
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homologs, AmbZIP1 and AmbZIP2, from Antirrhinum majus (Martínez-García et 
al., 1998). Moreover, ATB2 functions in an intricate network of bZIP transcription 
factors since ATB2 induction leads to repression of bZIP2 and induction of bZIP44. 
Currently it is unclear which genes are targeted by these transcription factors and 
whether this contributes to the phenotype of ATB2 overexpressor plants. The fact 
that these changes occur with such kinetics complicates studies on the function of 
ATB2 and suggests that these bZIPs operate in concert. An interesting observation 
was made when NtbZIP4, a close tobacco ATB2 homolog, was overexpressed in 
tobacco. Such plants are characterized by reduced male-fertility and down-regulation 
of Nin88 (A. Strathmann and W. Dröge-Laser, unpublished), a pollen-specific 
apoplasmic invertase. Down-regulation of Nin88 also caused specific reduction of 
male-fertility (Goetz et al., 2001). The function of ATB2-type bZIP transcription 
factors could thus be conserved among the ATB2 family in Arabidopsis and in other 
plant species. No evidence was found that ATB2 regulates sucrose transporter gene 
expression during the experimental time that is the basis for this study. However, 
preliminary results show that this is also the case in Arabidopsis (unpublished, 
J.Hanson, B.Wobbes and S.Smeekens).

The ATB2 homologs bZIP2 and bZIP44 are translationally regulated by 
sucrose-specific  signals in a 5’UTR-dependent manner
The ATB2-like bZIP transcription factors are characterized by an extended leucine 
zipper of 8 heptad repeats, the absence of introns and other described functional 
domains. Furthermore, these genes have a long and complex 5’UTR that contains 
several uORFs of which the sc-uORF is strongly conserved. The sc-uORF is 
present in the 5’UTRs of these ATB2-like bZIP transcription factors and involved 
in SIRT control of ATB2 expression (Wiese et al., submitted). The tight correlation 
between the sc-uORF and ATB2 family suggests an evolutionary conserved and 
biologically important function. It was investigated whether translation of the two 
closest ATB2 homologs, bZIP2 and bZIP44, could be modulated by sucrose and 
whether this regulation depends on the 5’UTR (Chapter 4). Translation of bZIP2 
and most likely also bZIP44 is repressed by sucrose in a 5’UTR-dependent manner. 
Translation of bZIP2 was highly sensitive to addition of sucrose whereas hexoses 
were ineffective. Deletion of the 5’UTRs of bZIP2 and bZIP44 abolished SIRT. 
The translational regulation of bZIP2 and bZIP44 is likely exerted by the sc-uORF 
and may be a conserved characteristic of the entire ATB2-family. 

The expression patterns of ATB2, bZIP2 and bZIP44 show association 
with tissues having a high metabolic demand. ATB2 homologs from other plant 
species are also expressed in tissues with high metabolic demand, such as vascular 
bundles, root tip, floral organs and dividing cells (Singh et al., 1990; Martínez-
García et al., 1998; Strathmann et al., 2001; Yang et al., 2001; Lee et al., 2002; Yang 
et al., 2002). The association with such tissues suggests that their function may be 
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linked to carbohydrate partitioning. In two specific cases a function for members 
of the ATB2 family was hypothesized. It was speculated that ATB2 and bZIP2 are 
involved in balancing metabolism and re-entry of leached sucrose from the transport 
phloem (Chapter 3 and 4). Furthermore, bZIP44 may link sucrose signals to cell-
wall invertase gene expression in developing seeds (Chapter 4). The overlapping 
expression patterns also suggest that ATB2 family members may operate in concert. 
There are several lines of evidence that provide clues for the concerted action of 
ATB2, bZIP2 and bZIP44. Next to the observed transcriptional control of ATB2 
over bZIP2 and bZIP44, these factors have been predicted to form highly stable 
homo- and heterodimers (Deppmann et al., submitted). 

The available evidence suggests a model (Chapter 3) which integrates the 
sucrose-signaling mechanism and the control of carbohydrate partitioning via 
ATB2 downstream target genes in plants. The strong sequence homology of the 
ATB2-family of bZIP transcription factors and the perfect correlation with the sc-
uORF are suggestive as is the 5’UTR-dependent sucrose-controlled expression of 
ATB2, bZIP2 and bZIP44. ATB2 homologs show overlapping expression patterns in 
tissues that are characterized by high metabolic demand. The leucine zipper region 
was predicted to promote homo- and/or heterodimerization between members of 
the ATB2 family. Finally, the finding that a tobacco ATB2 homolog may control a 
cell-wall invertase is compelling and suggests functional conservation in the ATB2 
family. Research on the functioning of the ATB2 family is still in its beginning. The 
establishment of a link between a sugar-signaling pathway and genes involved in 
sugar allocation via ATB2 may proof an important step forward in understanding 
the regulation of carbon partitioning. Whether these conclusions bear significance 
will become apparent over the coming years when the ATB2 family of transcription 
factors is investigated in detail.
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De organen van de mens kunnen opgedeeld worden in twee klassen met betrekking tot 
de voedsel- of energiehuishouding: organen met een netto voedselproductie (bronorganen: 
primair de darmen) en organen met een netto voedselconsumptie (doelorganen: de rest van 
het lichaam). Afhankelijk van de situatie kunnen ook andere organen of weefsels tijdelijke 
voedselproducenten worden zoals vet- en spierweefsels. Het voedsel wordt o.a. in de vorm 
van suikers aan de bloedbaan afgegeven en getransporteerd via de bloedvaten van de 
producerende naar consumerende organen. Het resultaat is een uitgebalanceerd en flexibel 
systeem waarin een optimale voedseldistributie wordt nagestreefd. 

Planten transporteren suikers door vaatbundels
In planten worden voedingsstoffen ook voornamelijk in de vorm van suikers getransporteerd 
van de producerende naar de consumerende organen. In de bladeren (bronorganen) 
worden suikers geproduceerd die naar de overige planten weefsels (doelorganen) worden 
getransporteerd zoals wortels, bloemen, vruchten, knollen, nieuwe bladeren en stengels. 
Analoog aan de bloedstroom in mens en dier bezitten planten hiervoor vaatbundels die 
o.a. zichtbaar zijn als nerven in bladeren. Binnen de nerven liggen gespecialiseerde buizen, 
het floeem (fonetisch: flo-eem), waarbinnen suikers getransporteerd worden van bron- naar 
doelorganen. De druk die benodigd is voor dit suikertransport over lange afstand ontstaat 
in de bladeren door actief suikers in het floeem te laden. De hoge suikerconcentratie heeft 
tot gevolg dat water in de floeembundels wordt gezogen. Net als een suikerklontje dat 
thee omhoog zuigt. Omdat de suikers in een zeer rigide buis terecht komen en niet terug 
kunnen naar de bladweefsels worden deze omhoog gedrukt in de floeembundels en komen 
zo terecht in de doelweefels. Door dit mechanisme worden suikers unidirectioneel (alleen 
van bron naar doel) over zeer grote afstand getransporteerd. 

De rol van ATB2 bij suikertransport in planten
De complete genetische informatie (het DNA) van de Zandraket (Arabidopsis thaliana) is in 
2000 bekend geworden. In het DNA (of de chromosomen) ligt de informatie opgeslagen in 
eenheden, de genen. Arabidopsis bevat zo’n 25.000 genen welke op gecoördineerde wijze 
gereguleerd (aan- en uitgezet) dienen te worden. Deze regulatie gebeurt op het DNA niveau 
(transcriptie). Bij deze vorm van regulatie spelen transcriptie factoren een belangrijke rol. 
Transcriptie factoren kunnen genen ‘aan’ en ‘uit’ zetten zodat deze wel of niet geproduceerd 
worden, ofwel tot expressie komen. Bij het onderzoeken van de functie van een transcriptie 



9 4  •  Nederlandse Samenvatting

factor, zoals ATB2, is het dus zaak de ‘target genen’ te identificeren. 
Het onderzoek dat beschreven staat in dit proefschrift gaat over de rol van ATB2 

in het aansturen van genen die betrokken zijn bij beladen van het floeem en transport 
van suikers door de floeembundels van de plant. In hoofdstuk 2 staat beschreven wat de 
effecten zijn van constant verhoogde niveau’s van ATB2 in transgene tabaksplanten. Deze 
planten groeien slecht als gevolg van verminderde export van suikers uit de bladeren naar de 
doelorganen. Dit effect is waarschijnlijk het gevolg van twee processen: de suikers worden 
in verhoogde mate afgebroken in de bladeren in een vorm die ongeschikt is voor transport 
door de floeembundels. Dit komt door de verhoogde expressie (aanwezigheid) van een 
invertase gen. Invertases zijn enzymen die transportsuikers afbreken tot suikers die niet 
getransporteerd worden. Verder komen suikertransporters (eiwitten die suikers in het floeem 
laden) in mindere mate voor in het floeem hetgeen waarschijnlijk een additioneel negatief 
effect heeft op suiker belading in het floeem.

In hoofdstuk 3 staat beschreven dat continue verhoging van ATB2 in een andere 
plant, de Zandraket (Arabidopsis thaliana), vergelijkbare negatieve effecten heeft op de groei 
en ontwikkeling van Arabidopsis. Vooral de ontwikkeling van zaden blijkt verminderd te 
verlopen bij verhoogde ATB2 niveau’s. Verder werd Arabidopsis genetisch gemodificeerd 
zodat ATB2 niveau’s gecontroleerd verhoogd kunnen worden door middel van het 
toedienen van een chemische stof. Door ATB2 te verhogen worden binnen vier uur twee 
invertase genen verhoogd. Dit wordt gezien als een sterke aanwijzing dat ATB2 een directe 
regulator is van invertase activiteit via het aanzetten van invertase genen.

Van eerder onderzoek is bekend dat ATB2 in staat is om de suikerconcentratie in 
planten te meten, vergelijkbaar met een thermostaat die de temperatuur in een huiskamer 
meet. Als de temperatuur te laag is wordt de kachel opgestookt, bij te hoge temperatuur gaat 
de kachel uit. Analoog hieraan heeft ATB2 de potentie om als ‘suikerthermostaat’ te werken 
om zo de invertase activiteit te reguleren in respons op de suikerconcentratie. In de plant zou 
ATB2 betrokken kunnen zijn bij het balanceren van terugbrengen en afbraak van suikers 
die uit het floeem zijn gelekt. Ook is het mogelijk dat invertase activiteit in zaden op deze 
wijze gecorreleerd wordt aan suiker toevoer naar deze zaden. Bij hoge suikerconcentraties 
in zaden zou ATB2 invertases uit kunnen schakelen wat tot gevolg heeft dat de toevoer van 
suikers naar zaden tijdelijk kan verminderen. Bij te lage hoeveelheden suikers in de zaden 
schakelt ATB2 juist invertases aan om het suikermetabolisme te versterken om zo de suiker 
toevoer naar deze zaden te verhogen. ATB2 speelt een belangrijke rol bij transport van 
suikers door het floeem en wellicht via de geschetste manieren.

Arabidopsis bevat nog twee ATB2 homologen; genen die sterk op ATB2 lijken. In 
hoofdstuk 4 staat de karakterisatie beschreven van deze homologen, bZIP2 en bZIP44. Er 
zijn verscheidene aanwijzingen gevonden die het idee voeden dat bZIP2 en bZIP44 dezelfde 
functie hebben als ATB2. Deze genen komen in hetzelfde type weefsels voor en ook in 
een aantal dezelfde weefsels tot expressie als ATB2. Ook werken deze transcriptie factoren 
als ‘suikerthermostaat’. Het is mogelijk dat deze drie transcriptie factoren in samenspraak 
werken in de weefsels waar deze genen tegelijkertijd tot expressie komen. Hiervoor is ook 
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enige evidentie aanwezig. ATB2, bZIP2 en bZIP44 behoren tot het type bZIP transcriptie 
factoren welke werken als paren (dimeren). Het idee dat de ATB2 homologen samenwerken 
in de plant wordt versterkt door het feit dat ATB2, bZIP2 en bZIP44 voorspeld zijn om 
stabiele dimeren te vormen. Verder wordt bZIP2 expressie verlaagd en bZIP44 expressie 
verhoogd door ATB2. Deze drie transcriptie factoren werken dus mogelijk in combinatie. 
Van de 25.000 genen van Arabidopsis behoren er zes tot de invertases. Het nut van nog meer 
‘suikerthermostaten’ zou kunnen zijn dat op deze wijze alle zes de invertases op de juiste 
plaats en tijd aan- en uitgezet kunnen worden. 

Het onderzoek aan ATB2 heeft een belangrijke stap voorwaarts gezet met de 
identificatie van invertases als targets. Ook het feit dat meerdere ATB2 homologen operatief 
zijn in planten is zeer interessant en verdient verder onderzoek. De toekomst zal uitwijzen 
welke precieze rol ATB2 en de homologen vervullen in de groei en ontwikkeling van 
planten in het algemeen en zaadontwikkeling in het bijzonder. 
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Dankwoord

Sjef, allereerst wil ik jou bedanken voor de alles wat je voor me hebt gedaan in de 
afgelopen periode. Natuurlijk omdat je mij de mogelijkheid en het vertrouwen 
hebt gegeven om een onderdeel van je onderzoeksgroep te worden. Daarnaast om 
je ervaren kijk op de wetenschap waar ik veel van heb geleerd. Ik hoop trouwens 
dat de personele bezetting op het ATB2 project zich net zo exponentieel voortzet 
als vanaf het begin! Ik ben blij dat ik daaraan mijn steen heb bij kunnen dragen. 

‘I think you should rewrite the entire thing!’ 
Marcel, Bas R., Bas D., ik hoop dat we nog vele malen die vermaledijde Hoogstraat, 
Ruiterberg en Amersfoortse Berg zullen opstormen als dolle stieren! Nico, 
partner-in-crime, keep the moonshine flowing! Anika: ATB2 forever. Verder heb 
ik goeie tijden beleefd in Lunteren en Wageningen met de hele club! ‘s Nachts 
shoarma eten, pogoën op kisten bij Veritas. Ook zal het optreden van sommigen 
op promotiefeesten en Kerstdiners mij zeer lang bijblijven. En natuurlijk ‘Het 
Labweekend’! Indrinken en afpilsen. Ik heb zo’n vermoeden dat sommige anderen 
dit evenement lang bij zal blijven. Ik kan alleen maar zeggen dat ik onschuldig ben 
tot het tegendeel is bewezen! 

‘I do like it a lot but I still think you should rewrite most of it!’ 
Het zijn inmiddels zoveel mensen die ik heb meegemaakt op de vierde. Speciale 
vermelding is op zijn plaats voor alle suikers waar ik vele gezellige uren koffie, bier 
en lunch met ketchup mee heb genuttigd. Ook wil ik Peter en Ben en de mensen 
uit jullie groepen uit het heden en verleden bedanken. Het was altijd gezellig en 
goed toeven met z’n allen. Marjolein: Gerard Cox en pizza!

‘I think you should rewrite the whole chapter!’ 
Johannes, when I disclose you as being responsible for all those encouraging out-of-
context quotes, one might get the wrong idea of you and one will definitely start to 
reconsider when planning to handing in manuscripts for you to review. But I would 
recommend anyone to go through the same experience as I did after every chapter I 
submitted. After a while I even got used to those words and discovered your policy. 
First you describe the worst-case-scenario in not more than ten words or within 2 
seconds, then you explain the new strategy (preferably in dreadful warfare slang) and 
start building on the smoking remains of my manuscripts. And I must say, it worked. 
The quality of the entire thesis is a lot better than it would have been without your 
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vivid input and spirited critisism. Thanks for your time and effort!
Natuurlijk wil ik de mensen van fotografie (Wil, Piet, Frits en Ronald) 

bedanken voor jullie kundigheid en interesse. Het was altijd leuk om nieuwe 
opzetten te maken met balgen, onder-water-fotografie (het resultaat is te zien 
in Figuur 5b en c van hoofdstuk 4), miniscule zaden te fotograferen en jullie op 
allerlei andere wijzen op de proef te stellen! Maarten, bedankt voor het feit dat ik 
vaak zonder afspraak langs kon komen met kleinigheden die toch weer een flinke 
hap namen uit je pauze of andere geplande werkzaamheden. Ook wil ik de mensen 
van vormgeving bedanken voor hun geweldige hulp bij het maken van posters, 
dia’s en de omslag van dit boekje. En Ingrid van Rooijen voor de lay-out van dit 
proefschrift. 

Tevens wil ik mijn paranimfen (alvast) bedanken voor alle steun, niet alleen 
in die hoedanigheid. Plas, na eerst afdingen welke tijd te gaan stappen kwamen we 
vroeg in de kroeg met in het achterhoofd mijn vaderlijke taken van de volgende 
ochtend. Toch draaide het er altijd op uit dat ik na 4-en lam op m’n nest lag! Erwin, 
dat skiën bevalt prima elk jaar. Toch slaap ik liever op een plek waar de kans op een 
bekeuring wat minder is en waar we niet op allerlei vreemde tijdstippen geld in een 
meter hoeven te doen. Verder wil ik iedereen bedanken waar ik zo veel en graag 
mee heb gefietst de afgelopen tijden. Zonder dat soort activiteiten was ik allang 
doorgedraaid. Ook familie en vrienden voor alle belangstelling en steun. Robbert, 
ik ben je taxi-activiteiten niet vergeten: ik kwam vaak goed uitgerust aan op het 
werk en thuis! 
‘Papa, gaan we die van die plantje lezen?’ 
‘Wat is dat? Dat kan ik niet goed zien. Dat is heel donker’ 
‘Kijk daar staan allemaal letters in!’ 
‘De S van Sanne. Dat is de U. Die is een beetje moeilijk. Dat is de R van Rolanda. Dat is 
de O. Hé, twee ss-en! En dat is de E van Ellis’. 
‘Nu is ie uit’.
Als je dit leest ben je al een hele vent! Ik leg je dan nog wel’s goed uit wat voor 
uitwerking je op me hebt gehad. Maar laat ik dit nog zeggen: Ik vind het heel lief 
van je dat als ik drie wordt dat ik dan ook een kadootje mag hebben! 
El lieve, El. Hoewel je je menigmaal hardop af hebt gevraagd hoe en of je wel 
in het dankwoord zou komen heb ik je zelfs op de speciaalste plek neergezet. 
Lest best! Je hebt geen idee wat je voor me hebt betekend de afgelopen tijd. Alle 
bovenstaande boodschappen vallen in het niets vergeleken met jouw steun terwijl 
mijn zware en moeilijke periode voorbij is. Op alle mogelijke manieren heb je me 
onvoorwaardelijk gesteund en ontzien.
Bedankt!

Barry Wobbes, Harderwijk, 2003

Dankwoord
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Abbreviations

ABA abscisic acid
AsSUT antisense sucrose transporter plants 
bZIP  basic domain leucine zipper
CC companion cell
CHX  cycloheximide
CwINV cell-wall invertase
DEX  dexamethasone
DM dry mass
FM fresh mass
GUS glucuronidase marker gene
HALC high affinity low capacity sucrose transporter
HXK hexokinase
HXT hexose transporter
ioeATB2 inducible ATB2 overexpressor plants
LAHC low affinity high capacity sucrose transporter
LAR leaf area ratio
LMF leaf dry mass fraction
oeATB2 constitutive ATB2 overexpressor plants
ORF open reading frame
PCMBS para-chloromercuribenzenesulphonate
Q-PCR quantitative PCR
RFO raffinose series of oligosaccharides
RMF root dry mass fraction
Sc-uORF sucrose-controlled uORF
SE sieve element
SE-CCC sieve element-companion cell complex
SIRT sucrose-induced repression of translation
SLA specific leaf area
SMF  stem dry mass fraction
uORF  upstream open reading frame
UTR  untranslated region
y-cwINV  yeast-derived cell-wall-directed invertase expressing plants
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De auteur van dit proefschrift werd geboren op 10 augustus 1973 in Nunspeet. Na 
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in Harderwijk startte hij in hetzelfde jaar met het Hoger Laboratorium Onderzoek 
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Plantenfysiologie van de disciplinegroep Plantenwetenschappen aan de Universiteit 
Utrecht. Tijdens deze periode werd het in dit proefschrift beschreven onderzoek 
verricht. 
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b �

� a Chapter 3, Figure 3.

Phenotypes of the ATB2 overexpressor lines. 

(a) Seedlings of Col-0 (top panel), AX8.1 

(middle panel) and BX4.1 (bottom panel). 

Seedling growth and germination rates 

are inversely correlated to ATB2 transcript 

levels in AX8.1 and BX4.1. (b) Rosette 

and infl orescence size of BX4.1 (right) are 

severely reduced compared to wild-type 

Col-0 (left). (c) Flower size is reduced in 

BX4.1 (right) and unaffected in AX8.1 

(middle) compared to wild-type (left).

(d) Opened carpels with exposed ovules of 

the BX4.1 severe overexpressor line.

Chapter 3, Figure 4.

Effect of DEX addition to 

ioeATB2 9.1 inducible over  –

expressor plants at the rosette 

stage. Plants were grown 

for 3 weeks under standard 

conditions and then watered 

with or without 10 μg/ml DEX. 

After 2 weeks, uninduced plants 

fl owered as wildtype ((a) left) 

while DEX treatment caused 

crinkled, curled roset leaves 

and inhibition of infl orescence 

elongation (a (right) and b).

b �

� a

a b c

Chapter 2, Figure 1. Phenotype of 35S::ATB2 plants. (a) Wild-type tobacco (Samsun NN), (b) mild overexpressor 

line E1 and (c) severe overexpressor line E2. Clearly visible is the progressive phenotype as leaves mature in both 

lines. Furthermore, the light green-yellow patches and severe crinkling of the source leaves are two distinctive 

features. Bar indicates 3 cm.

c d

Colour supplement
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Chapter 4, Figure 8.

Sucrose repression in transgenic PGbZIP2 

and PGbZIP2Δ seedlings in response 

to increasing amounts of sucrose. 

Histological staining of (e) PGbZIP2 

and (f) PGbZIP2Δ seedlings, respectively 

grown in (from left to right) ½ strength 

MS medium with 0, 20 and 100 mM 

sucrose. 

e f

a b c

Chapter 4, Figure 6.

Expression pattern of bZIP44 

in (a) an unfertilized fl ower, 

(b) a fertilized fl ower and (c) 

anthers.

Chapter 4, Figure 7.

Promoter-GUS-directed 

staining of (a) ATB2, 

(b) bZIP2 and (c) 

bZIP44 in siliques with 

seeds at early (top), 

intermediate (middle) 

and late stages of 

development (bottom). 

Colour supplement
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d

Chapter 4, Figure 5.

Expression pattern of bZIP2 in

(a) 7 day-old seedling, (b) rosette, 

(c) mature source leaf, (d) fl oral 

organs.

a

c
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