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Laat het maar rotten, vegeteren in het slijk,
Doortrek me van de kou, frigide, ijzig en verstild,

Smelt niet voor laffe stralen, 
Enkel schaduwen langs de afgrond van mijn ziel.

Opgekruld, verpoppend, ontluikend onder kristal,
Stort mijn tranen ter aarde, 

Veranker me in je diepte,
Jouw mest is mijn voedingsbodem,

Hoor het zoemen, verwachtingsvolle fibratie,
Gevleugelde majesteit, volk van werkers,

Laaf je aan mijn bron, 
Proef mijn zoete sappen, nectar, ambrozijn,

Godendrank voor gulzige monden,
Jullie dorst is mijn genot,

Mijn vurig verlangen,
Branding onder bronzen gloed,

Zomer, verzengende hitte, fata morgana,
Opnieuw sterven deert me niet..

Mart Roskam, 10 februari 2012
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Chapter 1

Introduction

Julia J. Wind1, Johannes Hanson1 and Sjef C. M. Smeekens1

1 Department of Molecular Plant Physiology, Utrecht University, 3584 CH Utrecht, 
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Sugars are signals for plant adaptation to changed carbon status
All life on earth depends on photosynthesis, the process in which energy is cap-
tured from sunlight and used to convert carbon dioxide and water into sugars and 
oxygen. Sugars are the most common form in which energy is stored, transported 
and used for metabolism. Sugars are a major source used for the biosynthesis of 
structural components and for biochemical reactions to synthesize cell components 
such as DNA and amino acids. In fact, all organic molecules are derived from sugars. 
The major product of photosynthesis is sucrose. The disaccharide sucrose consists 
of two monosaccharides, fructose and glucose. For plants, it is most important to 
balance the availablity of sugar with the usage of sugars. Therefore, sugars are im-
portant signaling molecules adjusting many processes involving sugar production 
and sugar metabolism. Sugar signals cause changes in phosphorylation of plasma 
membranes proteins (Niittyla et al., 2007), transcriptional changes (Osuna et al., 
2007; Price et al., 2004), epigenetic modifications (Falcone et al., 2007) and changes 
at many other regulatory levels in the cell to adjust the growth and development of 
the plant. Several, different and partly overlapping, sugar signaling pathways exist 
and distinct sensors are involved. These sensors usually have specificity to a particu-
lar sugar. In Arabidopsis, the model organism of plant biologists, two of such sen-
sors have been described for glucose, but for other sugars the sensors still need to 
be identified. In the following paragraphs these (putative) sensors will be discussed 
along with their presumed or described role in the regulation of sugar signaling. 
Next to sugar specific responses, this introduction will be focused on the signaling 
pathways that lead to transcriptional changes, and conclude with the effect that 
sugars have on altered plant growth and development. 

Glucose signaling
Glucose is the second most abundant sugar in Arabidopsis. How glucose is signaled 
to adjust plant growth and development is unclear, but two glucose sensors have 
been identified. The first sugar sensor identified that is able to transmit a glucose 
specific signal is the HEXOKINASE 1 (HXK1) protein. Seedlings overexpressing this 
gene are supersensitive to high glucose containing medium. Seedlings with the 
HXK1 antisense construct are less glucose sensitive (Jang et al., 1997). The hexo-
kinase1 mutant, named gin2-1, has a missense mutation rendering it inactive. In 
gin2-1 plants glucose phosphorylation activity is half of that of the wild type and 
gin2-1 shows a similar phenotype as the antisense construct (Moore et al., 2003). 
Two mutagenized HEXOKINASE1 proteins, S177A and G104D, lack metabolic func-
tion but can partly complement the gin2-1 phenotype, and they retain some of the 
glucose signaling function. These transgenic lines respond like wild type to high light 
irradiation, while gin2-1 displays impaired growth of rosette leaves (Moore et al., 
2003). This indicates that the signaling and the metabolic function of the HEXOKI-
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NASE1 protein can be separated. Based on the evidence of the binding of sucrose 
and glucose to the yeast GPCR-type receptor Gpr1 (Lemaire et al., 2004), it was pro-
posed that the homologous Arabidopsis protein AtRGS1 is able to mediate glucose 
signals. This is supported by the reduced glucose sensitivity of the rgs1-2 mutant 
(Chen et al., 2003; Johnston et al., 2007; Chen and Jones, 2004). 

Fructose signaling
Fructose is produced from sucrose by invertases and by sucrose synthases. Most 
likely, cellular fructose is directly phosphorylated by fructokinases, which are en-
coded by a gene family in Arabidopsis. The putative function in fructose signaling 
of fructokinases was investigated in tomato and although suppression of tomato 
LeFRK2 has a dramatic effect on vascular tissue development, its role in fructose 
signaling could not be established (Damari-Weissler et al., 2009). In Aspen wood, 
suppression of fructokinase 2 led to thinner fibers in the cell walls and an overal 
more flexible stem, which resembles the tomato phenotype and establishes a role 
for fructokinases in cellulose synthesis  (Roach et al., 2012). Two plastid-localized 
fructokinase-like proteins were essential for growth and chloroplast development 
(Gilkerson et al., 2012) but whether fructose can control the activity of these pro-
teins needs yet to be investigated. The fructose insensitive1 (fins1) mutant in Ara-
bidopsis displays reduced sensitivity to fructose specifically and is a knockout of 
a putative fructose-1,6-bisphosphatase (FBP) (Cho and Yoo, 2011). At least three 
different genes encode for this enzyme, which converts fructose-1,6-bisphos-
phate to fructose 6-phosphate, and is important for gluconeogenesis. Manipulation 
of the activity of this enzyme changes carbohydrate partitioning leading to growth 
phenotypes (Cho et al., 2012b; Serrato et al., 2009; Lee et al., 2008; Sahrawy et 
al., 2004) and decreasing the activity lowers photosynthetic capacity (Strand et al., 
2000) and chlorophyll content (Lee et al., 2008; Sahrawy et al., 2004). The same 
cytosolic FBP FINS1 that represses photosynthetic capacity (Strand et al., 2000), 
represses the CAB2 promoter when expressed in protoplasts. The mutated en-
zyme lacking catalytic activity also showed this repression, indicating a signaling 
role for this enzyme that operates independent from its enzymatic activity. Knock-
out mutants of this gene grown on high fructose medium have reduced fructose 
sensitivity, but these mutants do not show reduced glucose sensitivity. Since this 
enzyme binds di-phosphorylated fructose, a possible role as a fructose sensor was 
proposed (Cho and Yoo, 2011). Other potential candidates are fructose transport-
ers. Transporters generally have specificity for the transported molecule. Possibly, 
organisms use fructose transporters as fructose sensors as suggested for the gray 
mold fungus Botrytis cinerea, Drosophila melanogaster, Saccharomyces cerevisiae 
and Arabidopsis thaliana. Botrytis cinerea conidia germination is best induced by 
fructose compared to other tested molecules. This observation led to the search 
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for the fructose signaling component that is responsible for this selectivity. The B. 
cinerea fructose transporter frt1 mutant has decreased fructose uptake and causes 
decreased germination specifically on fructose, 12 hours after conidia germination 
(Doehlemann et al., 2005). However, this transporter is not the major reason why 
conidia germination is induced so strongly by fructose, and Gα-proteins might be in-
volved (Döhlemann, 2006). Drosophila senses most sugars with gustatory receptors 
that are coexpressed as a polycistronic mRNA of 6 different Gr64 genes (Slone et 
al., 2007). However, these proteins do not sense fructose. For this, Drosophila pos-
sibly uses the sugar-regulated cation channel DmGr43a that is activated specifically 
by fructose (Sato et al., 2011). So in Drosophila, it appears that fructose is sensed 
separately via a fructose transporter. Snf3 is a transporter-like sensor for a variety 
of sugars in yeast, but changing the amino acid phenylalanine-462 into a tyrosine 
abolishes the sensing of fructose specifically (Dietvorst et al., 2010). Arabidopsis 
AtPMT1 and AtPMT2 are more efficient in transporting fructose and xylitol, than 
other monosaccharides/polyols (Klepek et al., 2010). Mutants for these transport-
ers have not yet been investigated for decreased fructose sensitivity but judged 
from the information in other species such proteins might serve as fructose sensors 
in Arabidopsis.

Sucrose signaling
Sucrose affects many processes more effectively than equimolar amounts of other 
sugars such as glucose. This indicates that sucrose is specifically sensed in plants, as 
summarized (Wind et al., 2010).  Sucrose specific responses include the elongation 
of plant organs, such as hypocotyls (Liu et al., 2011; Stewart et al., 2011), radicles 
(Yang et al., 2004) and stems (Harada et al., 2005). Also anthocyanin accumulation 
is induced specifically by sucrose (Solfanelli et al., 2006; Teng et al., 2005). A vari-
ety of genes is regulated by sucrose specifically. The specificity of sucrose induced 
responses suggests that sucrose can be perceived separately and transmit signals 
independently. A sucrose sensor has not been discovered yet. In Arabidopsis, mem-
brane proteins that are phosphorylated upon sucrose induction were characterized 
and among these proteins might be candidates for sucrose sensors (Niittyla et al., 
2007). The work on BvSUT1 suggests that possibly, this sucrose transporter is a sen-
sor for sucrose, as the transcription of BvSUT1 is specifically repressed by sucrose 
(Vaughn et al., 2002), but the mechanism remains unexplained.

T6P signaling 
The role of trehalose-6-phosphate (T6P) in sugar signaling is based on the observa-
tion that root growth is inhibited in young Arabidopsis seedlings exposed to treha-
lose containing media due to the accumulation of T6P (Schluepmann et al., 2004). 
Trehalose-6-phospate is a signaling molecule present in much lower concentrations 
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compared to the above described molecules (about thousand fold less than that 
of sucrose). T6P levels respond strongly to sucrose treatment (Lunn et al., 2006), 
which led to the hypothesis that T6P is an intermediate in sucrose signaling. How-
ever many responses are differentially affected by trehalose and sucrose treatment, 
which indicates two separate but possibly partly overlapping pathways. Also for T6P 
the sensor is unknown but T6P was shown to repress SnRK1 kinase activity, which 
was assayed directly by the reduction of kinase activity in cell extracts and indirectly 
by changed SnRK1 kinase target genes in mutants with altered T6P levels (Zhang et 
al., 2009). T6P is not directly interacting with SnRK1 and therefore this kinase can-
not be considered as the T6P sensor. 

Sugar regulated transcription factors
Sugar sensing induces a cascade of events leading to physiological changes. The 
changes are often mediated by changed transcription patterns and sugar signal-
ing causes massive changes in transcription. These transcriptional changes are 
controlled by the altered activity of transcriptional regulators and these have been 
studied in some detail. This involves both epigenetic modifications and transcrip-
tion factors. The elo-1 mutant is mutated in a component of a highly conserved 
histone acetyl transferase complex. Sucrose enhances germination and inhibits leaf 
growth in elo-1, which shows that sucrose can affect epigenetic modifications lead-
ing to altered transcription (Falcone et al., 2007). Sugars affect the function of many 
transcription factors, of which ABI4 and NAC089 are most extensively discussed in 
this thesis. 

ABI4 is a sugar signaling master regulator
ABI4 was first identified as an abscisic acid (ABA) insensitive (abi) mutant. Subse-
quently, abi4 mutants were identified in screens for reduced sucrose sensitivity as 
the sucrose uncoupled-6 (sun6) mutant (Huijser et al., 2000), for sucrose insensitiv-
ity as the sis5 mutant (Laby et al., 2000), and for glucose insensitivity as the gin6 
mutant (Arenas-Huertero et al., 2000). The abi4-1 mutant is insensitive to other 
sugars including fructose (Li et al., 2011b) and sucrose (Rook et al., 2001). Acces-
sions harboring particular natural variants of DELAY OF GERMINATION1 (DOG1) 
have elevated ABI4 mRNA levels and these plants are oversensitive to 6% glucose 
(Teng et al., 2008). Similarly, in the SCARECROW mutant, ABI4 mRNA levels are el-
evated leading to glucose oversensitivity (Cui et al., 2012). Glucose stabilizes the 
ABI4 protein in young seedlings and possibly this is the mechanism by which sugars 
promote sugar directed growth arrest (Finkelstein et al., 2011). ABI4 activates tran-
scription of genes encoding seed maturation proteins. The transcription factor also 
activates signaling molecules and transcription factors that are presumed to play a 
role in ABA signal transmission (Reeves et al., 2011). Data from abi4 rossette leaves 
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(Kerchev et al., 2011) suggests that ABI4 activates genes encoding proteins that 
are involved in a wide range of enzymatic processes and represses genes encoding 
proteins involved in carbohydrate metabolism related processes.

Fructose signaling can be suppressed by a truncated NAC transcription factor
A role of NAC transcription factors in sugar signaling is based on the observation that 
the activity of a truncated NAC transcription factor suppressed fructose sensitivity 
(Li et al., 2011b). NACs are named after NAM, ATAF, and CUC, which are transcrip-
tion factors regulating leaf development (Aida et al., 1999) and the whole Arabidop-
sis NAC family consists of 105 members (Ooka 2003). Eighteen of the NAC factors 
have a hydrophobic C- terminal domain that mediates binding to membranes. They 
rapidly respond to environmental changes by specific cleavage of the membrane 
bound domain, which makes nuclear activity possible (Kim et al., 2007). The ubiqui-
tination-proteasome pathway and membrane-associated proteases have both been 
proposed as possible regulatory mechanisms for NAC relocation and activation (Seo 
et al., 2008) The Arabidopsis ecotype Cape Verde Islands expresses a C-terminal 
truncated NAC089 transcription factor (NAC089CVI) lacking the membrane binding 
domain and this protein causes reduced fructose sensitivity (Li et al., 2011b). The 
mode of action of this protein is not known, but several interacting proteins have 
been identified with yeast two-hybrid screening, including three ubiquitin E3 ligases 
(Arabidopsis Interactome Mapping Consortium, 2011). These ubiquitin E3 ligases 
might activate NAC089. NAC089CVI is a dominant mutation causing suppressed fruc-
tose and sucrose sensitivity, while glucose sensitivity is unchanged. Transcripts of 
the transcription factor ABI4 are unchanged in NAC089CVI as are ABA sensitivity and 
ABA levels, so the perturbed sugar signaling seems unlinked to ABA signaling (Chap-
ter 5 of this thesis). Recent data show that NAC089CVI activates targets of plastid-
to-nucleus signaling in seedlings grown on high fructose. This led to the hypothesis 
that NAC089CVI suppresses plastid-to-nucleus signaling leading to reduced fructose 
sensitivity (Chapter 5 of this thesis).

Sugar signaling and bZIP transcription factors
The translation of the S1 group bZIP transcripts in Arabidopsis is sucrose regulated 
(Rook et al., 1998; Weltmeier et al., 2009). The 5’leaders of bZIP11 and other S1 class 
bZIPs mRNA encode the evolutionary conserved peptide that in a sucrose concentra-
tion dependent way inhibits bZIP11 translation (Wiese et al., 2004; Hummel et al., 
2009). The bZIP11 protein affects the expression of genes including ASPARAGINE SYN-
THETASE1 and PROLINE DEHYDROGENASE2 leading to altered amino acid metabolism 
(Hanson et al., 2008) but has a broader role in metabolism (Ma et al., 2011). In Ara-
bidopis, bZIP1 plays a role in glucose signaling as it is repressed on the transcriptional 
level by glucose and on the translational level by sucrose (Weltmeier et al., 2009). 
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Many genes that respond to bZIP1 were also responsive to 2% glucose. Other sugar 
dependent bZIP transcription factor regulated processes have been discovered. High 
sucrose levels repress the elongation of carrot embryo radicles (Yang et al., 2004). 
Screening for sucrose upregulated proteins resulted in the discovery of the ABA and 
sucrose responsive carrot bZIP factor CAREB1, which is homologous with Arabidop-
sis GBF1 (AT4G36730). Overexpression of CAREB1 factor represses carrot embryo 
radicle elongation (Guan et al., 2009), suggesting that this bZIP factor responds to 
sucrose signaling. In the absence of sugar (upon sugar starvation) the SnRK1 complex 
is activated. The enzymatically active SnRK1 component KIN10 can activate various 
bZIP transcription factors (Baena-Gonzalez et al., 2007). A regulatory system emerges 
in which starvation stress dependent signaling is activated through bZIP transcrip-
tion factors phosphorylated by the SnRK1 complex. In the presence of sucrose this 
pathway is repressed due to translational repression of the bZip transcription factors 
(Rook et al., 1998; Weltmeier et al., 2009; Baena-Gonzalez et al., 2007).

Transcription factor HY5 is involved in sugar signaling
Mutant hy5 seedlings have reduced glucose sensitivity as shown by reduced glu-
cose inhibited germination (Chen et al., 2008) as well as by reduced sugar directed 
growth arrest (unpublished observations). Sucrose signaling controls anthocyanin 
biosynthesis and Arabidopsis seedlings grown on sucrose containing medium accu-
mulate anthocyanin in the upper part of the hypocotyl. HY5 binds to the promoters 
of various anthocyanin biosynthesis genes and this has functional importance, as 
anthocyanin levels are lower in hy5 seedlings on normal medium (Shin et al., 2007) 
and are lower on high sugar medium, as well (unpublished observations). HY5 has 
been shown to establish functional heterodimers with many important transcrip-
tional regulators including CAA1 (Andronis et al., 2008), HYH (Holm et al., 2002) and 
GBF1 (Singh et al., 2012), and thereby HY5 takes part in the regulation of circadian 
oscillation (Li et al., 2011a) Circadian oscillation was previously linked to sugar sig-
naling (Bläsing et al., 2005). HY5 was shown to bind promoters of genes involved 
in anthocyanin biosynthesis, photomorphogenesis under blue light, transcription 
factors responding to hormone signaling, blue light signaling and lateral root de-
velopment (Lee et al., 2007). The HY5 protein is an example of a plant transcription 
factor that is involved in multiple processes, a characteristic shared with several 
other transcription factors involved in sugar signaling. This is reflecting that sugar 
signaling is central in multiple physiological and developmental processes in plants.

Physiological and developmental responses
Following transcriptional changes, sugar signaling affects a plethora of responses, 
physiological changes such as changed photosynthetic activity or developmental 
processes such as the speed of germination. 
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Sugar directed growth arrest
Sugar directed growth arrest is a response triggered in seeds germinated on high 
sugar containing medium. This response results in delayed seed germination 
(Dekkers et al., 2004) followed by slow growth of the seedling, impairment of chlo-
roplast development (To et al., 2003), and absence of cotyledon greening (To et 
al., 2003). Mutagenized seeds have been sown on high levels of various sugars and 
many mutants were selected. The affected genes have been cloned and are sum-
marized in several reviews (Gibson, 2005; Rook and Bevan, 2003). The different 
mutants with reduced sugar sensitivity can be assigned to several functional cat-
egories, hormonal imbalance, local metabolite level changes by altered transport, 
altered phosphorylation, changes in photosynthesis and sugar signaling (Table 1). 
Although sugar signaling components have been identified in this way, sugar sens-
ing proteins were not demonstrated yet in this manner, although independent evi-
dence of the already identified sugar sensor HXK1 was obtained by identification 
of the gin2 mutant (Moore et al., 2003). This might be explained by sugar sensor 
redundancy, as in the case of the ABA receptors. If sugar transporters are able to 

Photo-
synthe-
sis

ABA 
synthe-
sis

hormonal 
signal 
transduc-
tion

Trans-
port

Protein 
phosphory-
lation

Sugar 
sensor

References

ABI2 ABI2 ABI2 (Dekkers et al., 2008)

ABI3 ABI3 ABI3 (Dekkers et al., 2004)

ABI4 ABI4 ABI4 (Arenas-Huertero et al., 2000; 
Huijser et al., 2000; Laby et 
al., 2000)

ABI5 ABI5 ABI5 (Arenas-Huertero et al., 2000)

ABA2 ABA2 (Cheng et al., 2002)

ABA3 ABA3 (Arenas-Huertero et al., 2000)

ISI1 ISI1 (Rook et al., 2001)

HY5 HY5 HY5 (Chen and Xiong, 2008)

HXK1 HXK1 HXK1 HXK1 (Moore et al., 2003)

FINS1 FINS1 FINS1 (Cho and Yoo, 2011)

PAA1 PAA1 (Lee et al., 2012)

AtAIP1 AtAIP1 AtAIP1 (Lim et al., 2012)

NCED3 NCED3 (Huang et al., 2008)

ATRGS1 (Chen et al., 2006)

SIS1 SIS1 (Gibson et al., 2001)

Table 1. Functional categorization of proteins that display reduced sugar sensitivity when mutated: 
hormonal inbalance, local metabolite level changes by altered transport, protein phosphorylation, 
changes in photosynthesis and the perception of sugar.
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act as sugar receptors, redundancy might explain why screens so far did not not 
identify those receptors (Buttner, 2010; Chen et al., 2012; Yamada et al., 2011). 
Wild type seeds that are growth arrested on high sugar containing medium develop 
green cotyledons when transferred to normal medium (Gibson et al., 2001). Seeds 
transferred within 30 hrs from the start of germination from normal medium to 
high sucrose containing medium develop sugar directed growth arrest but when 
they are transferred after 30hrs to high sucrose containing medium, seedlings pro-
gressively develop green cotyledons, and if transferred at different time points later 
than 30 hrs, the percentage of green seedlings increases (Gibson et al., 2001). Both 
experiments point out that seedlings will only develop sugar directed growth arrest 
when they are continuously exposed to high sugar during seed germination as well 
as during seedling establishment. The rate of seed rupture on sucrose coincides 
with the rate of greening (personal communication with Dr. S. Gibson), which indi-
cates that the onset of the sugar directed growth arrest response depends on the 
period before seed rupture. In conclusion, screens of mutated seeds germinated on 
high sugar containing medium has allowed to study the process of a non-redundant 
subset of signaling components that regulate sugar directed growth arrest. This 
has been valuable but the challenge remains to characterize the redundant com-
ponents of sugar signaling processes leading to sugar directed growth arrest. Vari-
ous sugar concentrations affect the speed of germination. Hormones signaling is 
important for seed germination on high sugar containing media, as various mutants 
that were affected in hormone signaling germinated faster or slower on high glu-
cose containing medium, including abi2-1, spy5, ctr1-1, aba2-1, aba3-1, ein3-1 and 
abi3-1 (Dekkers et al., 2004; Dekkers et al., 2008). Surprisingly, the sugar signaling 
mutant ABI4 germinates faster only at low glucose levels ( at 0,5% and 1% glucose) 
(Price et al., 2003).

Sugar sensitivity and  ABA metabolism
Seedlings affected in abscisic acid (ABA) biosynthesis or degradation, including 
the mutants defective in biosynthesis aba2 (Cheng et al., 2002) and aba3 (Arenas-
Huertero et al., 2000), and the overexpressor of the ABA degradation enzyme 
CYP707A2 (Zhu et al., 2011) show reduced sensitivity to glucose similar to the gin2-
1 mutation. Since each of these three genotypes have low endogenous ABA lev-
els, low ABA levels seem correlated with reduced sugar sensitivity. The cyp707a1, 
cyp707a2, and cyp707a3 and the double mutants accumulate high levels of ABA, 
causing sugar hypersensitivity in these mutants (Okamoto et al., 2006). It appears 
that altering the endogenous ABA levels affects sugar sensitivity on high sugar me-
dium. ABA levels are decreasing during germination of Arabidopsis seeds, regardless 
of growth on control medium or medium with elevated sugar levels. The amount 
of ABA is crucial for the response of seeds to these high sugar levels. NCED6 and 
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NCED9, encoding two key ABA biosynthesis enzymes, are predominantly expressed 
during seed maturation (Lefebvre et al., 2006) as is ABA2 (Cheng et al., 2002). aba2-
2 x wild type crosses showed that ABA synthesis occurs in maternal plant tissue as 
the homozygous aba2-2 offspring of this cross have normal ABA levels, so the ABA 
synthesis does depend solely on the mother plant and is transported into the seed 
(Lee et al., 2010; Koornneef et al., 1989) to prevent germination. However, ABA 
breakdown does occur during seed germination, and is necessary for the speed of 
germination (Okamoto et al., 2006). The degradation of ABA requires the action of 
ABA hydroxylases (Kushiro et al., 2004). ABA hydroxylases catalyse the hydroxylation 
at the C- 8’ position of the ABA molecule, which is an irreversible reaction. Four 
known functional ABA hydroxylases exist that have temporally and spatially sepa-
rated expression patterns (Okamoto et al., 2006; Umezawa et al., 2006; Preston et 
al., 2009; Brockmann et al., 2001). The increased degradation of ABA by overexpres-
sion of CYP707A2 was shown to reduce glucose sensitivity (Zhu et al., 2011). ABA 
degradation can also occur by glucose-conjugation, which is reversible (Nambara 
and Marion-Poll, 2005). So even though mutants affected in ABA biosynthesis and 
degradation are both differently sugar sensitive, only the phenotype of mutants af-
fected in ABA degradation enzymes can be linked to sugar sensitivity because the 
ABA levels of ABA biosynthesis enzymes are determined in the maternal plant.

Sucrose promotes  hypocotyl elongation
Sucrose has a promoting effect on hypocotyl elongation in the dark. The quadruple 
pifq mutant (pif1 pif3 pif4 pif5), but also several pif single and double mutants, 
have a reduced hypocotyl elongation compared to Col-0 when grown on 3% sucrose 
medium in the dark (Liu et al., 2011; Zhang et al., 2010; Stewart et al., 2011). Phy-
tochrome-interacting factors (PIFs) are transcription factors of the bHLH type that 
can act both as gene activators and repressors (Leivar et al., 2009). Amongst the 
target genes of the PIFs are many cell wall modifying enzymes. XTR7, a gene encod-
ing a cell wall modifying enzyme,  is down-regulated in the pif4pif5 mutant (Lorrain 
et al., 2009), while a variety of cell wall modifying enzymes are PIF1 regulated on 
the transcriptional level (Oh et al., 2009). It is hypothesized that these enzymes are 
responsible for the growth promoting effect of the PIF transcription factors and that 
this is how PIFs control sucrose induced hypocotyl elongation. PIFs repress expres-
sion of photosynthesis genes but it is unknown whether PIFs play a role in sugar 
directed growth arrest. 

Plastid-to-nucleus signaling and seedling greening  
Following germination, seedlings that are exposed to light will undergo photomor-
phogenesis, including cotyledon opening, seedling growth with suppression of hy-
pocotyl elongation and the development from etioplasts to chloroplasts. The just 
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germinated seedlings contain plastids in which the chloroplast precursor protochlo-
rophyllide accumulates. Activated by light, the enzyme protochlorophyllide oxido-
reductase  (POR) will convert the protochlorophyllide to chlorophyllide, which will 
subsequently be converted to chlorophyll (Cheminant et al., 2011; Philippar et al., 
2007). The production of chlorophyll changes the cotyledon from pale yellow to 
bright green, and concomitantly, the developmental processes that are required to 
make a functional chloroplast, are activated. During this change, Photosynthesis-
Associated Nuclear Genes (PhANGs) are being expressed, in a balanced way that is 
coordinated by plastid-to-nucleus signaling. Plastid-to-nucleus signaling is needed 
to induce, and then balance PhANG expression and can be repressed by norflura-
zon, an inhibitor of carotenoid biosynthesis that causes photo-oxidative damage in 
the light and accumulation of Mg-protoPIX, or by lincomycin, an inhibitor of plastid 
protein synthesis. Sugar signaling and plastid-to-nucleus signaling likely are con-
nected processes, as was demonstrated by absence of sucrose signaling induced 
anthocyanin accumulation in genome uncoupled 1 (gun1) (Cottage et al., 2010), 
and by ABI4 being a gun mutant (Koussevitzky et al., 2007) as well as a sugar signal-
ing mutant. Sugars repress photosynthesis including the genes that are required 
for this process such as CAB2 and PC. The genes encoding photosynthesis compo-
nents must be coordinately expressed for optimal functioning of photosynthesis. 
Most proteins involved in photosynthesis are encoded by the nuclear genome and 
must be imported into the chloroplast. In the gun mutants, PhANG repression in 
the dark is abrogated and the PhANG CAB2 is not repressed. Several gun mutants 
were identified that have a perturbed nuclear feedback and express the PhANG 
gene CAB2 (Susek et al., 1993). The genes of several such gun mutants were cloned 
and shown to be involved mainly in plastidic biosynthetic processes. The nature 
of the signal that is transported from the plastid to nucleus to balance PhANG ex-
pression, is still unclear (Pfannschmidt, 2010; Kakizaki et al., 2009) but repeatedly, 
Mg- protoporphyrin IX levels have been correlated to PhANG expression (Susek et 
al., 1993; Zhang et al., 2011b). Heme has a positive effect on the signal (Woodson et 
al., 2011). Recently, it was proposed that upon stress treatment a chloroplast bound 
PHD type transcription factor with transmembrane domains (PTM) is cleaved from 
the chloroplast outer membrane and is transported to the nucleus where it pro-
motes ABI4 expression (Sun et al., 2011). ABI4 is a repressor of the PhANG gene 
CAB2 in young seedlings and a role for ABI4 was proposed in plastid-to-nucleus 
signaling as a negative regulator of PhANG expression acting downstream of GUN1 
(Koussevitzky et al., 2007). Lincomycin and norflurazon represses CAB2  and this 
repression is reduced in abi4 seedlings, which supports the role of ABI4 in plastid-
to-nucleus signaling (Kerchev et al., 2011). ABI4 was shown to regulate the plastidial 
copper transporter PAA1. The paa1 seedlings show reduced glucose sensitivity and 
reduced ABI4 expression, making also PAA1 a candidate for directing plastid-to-nu-
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cleus signaling (Lee et al., 2012). The promoters of the PLASTOCYANIN1 (PC) and 
other PhANG genes are repressed by the sugar analog 2-deoxy-D-glucose (2DG). 
The repression is lost in the sucrose uncoupled6 (sun6) mutant which is an abi4 al-
lele (Van Oosten et al., 1997). Possibly, the lack of sugar repressed photosynthesis 
in abi4 explains the slightly increased growth rate (Kerchev et al., 2011). These find-
ings clearly show the importance of ABI4 in regulating PhANG expression. The bZIP 
transcription factors HY5 and HYH are PhANG activators. These transcription factors 
form a functional dimer that acts in the cotyledon greening. The hy5 null mutant 
has reduced chlorophyll levels, and 35S:HY5 has increased chlorophyll levels in the 
light (Zhang et al., 2011a). The hy5 is reduced sensitive to high glucose medium and 
to ABA (Chen et al., 2008) and HY5 was shown to be involved in plastid-to-nucleus 
signaling in the GUN5 pathway (Kindgren et al., 2012). Another transcription factor, 
Golden2-like 1 (AtGLK1) is capable of activating PhANGs (Kakizaki et al., 2009). PIF3 
regulates PhANGs as well, as it represses the expression of the PhANGs HEMA1, 
GUN4 and GUN5, and represses chloroplast development (Stephenson et al., 2009), 
therefore PIF3 might be another regulator of  plastid-to-nucleus signaling. So the 
transcription factors AtGLK1, ABI4, PIF3 and HY5 are capable of affecting PhANG ex-
pression and for ABI4 and HY5 a role in GUN dependent plastid-to-nucleus signaling 
was established. For ABI4 and HY5 a role in sugar signaling on high sugar medium 
was demonstrated as well. These results altogether suggest that sugar signaling and 
plastid-to-nucleus signaling are connected but the nature of the connection still 
needs to be uncovered.

Sugars and nutrient transport and signaling
The importance for balancing photosynthates and mineral nutrient levels is evident, 
but the regulation of this balance is poorly understood. Sugars regulate many sugar 
transporters at the mRNA level (Price et al., 2004), some of which are regulated 
by sucrose specifically (Chiou and Buch, 1998). Sugars affect nitrate transporter 
mRNA levels and activity (Lejay et al., 1999), and nitrate reductase activity (Li et 
al., 2009). Sucrose is affecting nitrate sensing, as sucrose inhibition of lateral root 
development is released in lin1, a mutant for the nitrate transporter NRT2.1, which 
is involved in nitrate signaling (Little et al., 2005). Sucrose also affects phosphate 
signaling. Sucrose addition and phosphate depletion results in a similar transcrip-
tional response (Muller et al., 2005). The connection between sucrose signaling and 
phosphate signaling was demonstrated at the physiological level and at the global 
transcript level with a mutant hps1 overexpressing the sucrose transporter gene 
SUC2 and showing an enhanced phosphate starvation response (Lei et al., 2011). 
Sucrose affects phosphate transporter mRNA levels (Karthikeyan et al., 2007) and 
this might explain the similar response upon changes in phosphate and sucrose lev-
els. Sucrose also affects copper accumulation. Sucrose up-regulates SPL7, leading 
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to increased levels of MiR398 and MiR408 and these miRNAs repress copper accu-
mulation, possibly by repressing the transcription of CSD2 (encoding a protein that 
requires copper in its structure and that can act as a storage molecule). The SPL7 
transcription factor represses a set of copper transporters (Ren et al., 2012). The 
copper transporter PAA1 has recently been proposed to play a direct role in sugar 
signaling as well (Lee et al., 2012).

Conclusion
Sugars affect many physiological and developmental processes including the regula-
tion of seed germination, cotyledon greening, hypocotyl elongation, light signaling 
and anthocyanin accumulation. These sugar regulated processes are often inter-
linked. Sugars repress seed germination (Price et al., 2003; Dekkers et al., 2004). In 
the absence of light seeds germinate slower than in the presence of light (Cho et al., 
2012a). ABA is a well-known repressor of seed germination and the transcription 
factor HY5 connects the speed of germination with the response to sugar, light and 
ABA (Chen et al., 2008). In chapter 5 we describe how NAC089CVI transgenic lines re-
presses sugar signaling and appears to represses plastid-to-nucleus signaling. How-
ever, plastid-to-nucleus signaling is linked to many other developmental processes 
including light signaling (Ruckle et al., 2007) and ABA signaling (Tsuzuki et al., 2011). 
Anthocyanin is also linked to plastid-to-nucleus signaling, by the transcription fac-
tor HY5. Sucrose induction of anthocyanin involves the HY5 transcription factor as 
hy5 seedlings contain much lower anthocyanin levels. HY5 however, was recently 
linked to GUN5 dependent plastid-to-nucleus signaling, and hy5 cotyledons contain 
less chlorophyll as well, clearly linking anthocyanin accumulation with plastid-to-
nucleus signaling. Sucrose represses the red-light inhibition of hypocotyl elongation 
(Dijkwel et al., 1997), so sugar signaling can affect light-induced effects. Sucrose 
signaling also directly represses hypocotyl elongation in the dark, and this phenom-
enon is reduced in various pif mutants (components of light signaling pathways) 
(Liu et al., 2011; Stewart et al., 2011). Marker genes can be helpful in studying these 
connections. CAB2, PC and PAP1 are affected by most of the above described pro-
cesses and by quantifying the levels of the transcripts of these genes, it is possible 
to determine to which extent sugar signaling and the other above mentioned pro-
cesses control CAB2, PC and PAP1. In conclusion, these interconnections demon-
strate the central nature of sugar signaling in controlling growth and development.
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Introduction to the chapters

A convincing example of sugar signaling was originally discovered in the sun6 mu-
tant, which contains a mutated ABI4, a gene encoding for a transcription factor that 
is involved in a wide variety of processes. The role of ABI4 in sugar signaling, but also 
in other processes is discussed in Chapter 2: ABI4: versatile activator and repres-
sor. Previous work has shown that different sugars can initiate sugar specific signals. 
Therefore we have studied the transcriptional response to fructose and glucose in 
young seedlings and investigated if known sugar insensitive mutants display an al-
tered response to these sugars under these physiological conditions. The results of 
this study are described in Chapter 3: Glucose and fructose induce similar tran-
script level changes with glucose causing a stronger effect. The hexose fructose, 
which is present in large quantities in plants, can induce signaling as is described in 
Chapter 3. We describe a mutant that suppresses specific fructose sensitivity lead-
ing to greening on high fructose containing medium in Chapter 4: Fructose sensitiv-
ity is suppressed in Arabidopsis by the transcription factor ANAC089 lacking the 
membrane bound domain. The phenotype of the truncated NAC089 and the link of 
sugar signaling to ABA signaling was further investigated in Chapter 5: Arabidopsis 
plants expressing NAC089CVI release the repression of photosynthesis associated 
nuclear genes on fructose medium independent of ABA signaling. The role and 
differences of the sugars glucose and fructose as signaling molecules is described in 
Chapter 6: Discussion.
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Summary
The ABSCISIC ACID INSENSITIVE4 (ABI4) gene was discovered as a transcription fac-
tor essential for ABA signaling. Many recent reports describe how ABI4 activates 
or represses metabolic and developmental processes during the life cycle of the 
plant, thereby demonstrating that ABI4 contributes to overall plant fitness in the 
natural environment. In developing seeds ABI4 mediates ABA and sugar signaling, 
lipid biosynthesis and plastid-to-nucleus signaling. Later in plant life ABI4 acts on 
a variety of other processes, including lateral root development and growth, lipid 
breakdown and the response to changing nitrate levels. Here we review the physi-
ological function and the molecular mode of action of the ABI4 protein as well as its 
evolutionary history.

Novel insights in the function of ABI4 
The ABI4 gene was first discovered as the abi4-1 mutation in a genetic screen for 
ABA insensitive mutants. This discovery pinpointed important features of ABI4 as 
a non-redundant gene that is essential for the response of seedlings to ABA. How-
ever, evidence is accumulating how ABI4 has numerous functions outside the ger-
mination and seedling stage. Recently, available genome information of plant spe-
cies was used to study the origin of ABI4 during plant evolution. Moreover, target 
genes of ABI4 became available, and the promoters of the target genes were used 
to define the common regulatory sequence bound by ABI4 to activate or repress 
these genes. Based on this information, a model of how ABI4 binds DNA has been 
established. 

The transcription factor ABI4 is evolutionary conserved
Green algae already contain and respond to ABA (Bajguz, 2009). In land plants most 
ABA signaling components are conserved (Hanada et al., 2011). ABI4 function ap-
pears to be conserved as well, as ABI4 from the monocot maize can complement 
the dicot Arabidopsis abi4-1 mutation (Niu et al., 2002). Studying the phylogenetic 
history of ABI4 helps to understand when it became essential during the evolu-
tion of land plants. The analysis of ABI4 homologs from published proteomes and 
genomes shows that most plants possess a single ABI4 (Figure 1.A), supporting the 
non-redundancy of the transcription factor observed in Arabidopsis; the few ex-
ceptions seem mainly a consequence of recent whole genome duplications. The 
sequence alignment between species shows the conservation of the characteris-
tic AP2/ERF domain, together with its flanking N-terminal region (Supplementary 
Figure 1.A). In this N-terminal region the protein contains the CMIV-1 motif, that 
is shared between all group IV members of the dehydration responsive element 
binding (DREB) subfamily of AP2/ERF transcription factors (Nakano et al., 2006). 
Interestingly, the alignment allows the identification of a second highly conserved 
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motif only present within the ABI4 group. This “ABI4 signature” consists of an eight-
residues core motif LRPLLPRP, typically preceded by a low complexity region en-
riched in serine (Figure 1.B; Supplementary Figure 1.B). The exact ABI4 signature 
conservation within Angiosperms suggests an important selective pressure on this 
short amino acidic stretch but its contribution to the function of ABI4 is unknown. 
The absence of the ABI4 signature motif in the protein sequence of Physcomitrella (a 
moss) and Selaginella (a lycophyte) argues against the inclusion of representatives 
from non-vascular plants (Bryophytes) in the ABI4 group. Originally, the presence 
of putative ABI4 proteins in mosses and lycophytes was suggested in a phylogenetic 
analysis of the AP2/ERF family in three ancient species (Chlamydomonas reinhardtii, 
Physcomitrella patens, Selaginella moellendorffii) (Mizoi et al., 2012). Similarly, a 
phylogenetic reconstruction based on a wider selection of species suggested close 
ABI4 homologs in the AP2/ERF family (Supplementary Figure 2). However, the clus-
tering of Physcomitrella and Selaginella sequences with the ABI4 group should be 
interpreted cautiously since these proteins might be ancestral to the entire group 
IV of DREB transcription factors and their sorting could represents an artifact of the 
phylogenetic reconstruction. Additional sequence information from primitive land 
plants is needed to resolve this issue on the order of duplications within the DREB 
subfamily. The low bootstrap values in support of the tree topology leave space for 
this alternative interpretation on the proposed absence of ABI4 homologs in lower 
plants. Thus, the question whether ABI4 originated before the Bryophytes, or after-
wards in the ancestor of the Angiosperms, remains unresolved at this time. 

The AP2 domain of ABI4 interacts with a specific DNA sequence 
ABI4 is a unique protein but its AP2 domain represents a well conserved domain 
present in all 145 proteins in the DREB/ERF-related family (Sakuma et al., 2002). The 
AP2 domain consists of one α-helix and three β-sheets and the first two β-sheets 
interact with DNA (Allen et al., 1998; Lindner et al., 2010). In Arabidopsis, ABI4 
binds (Giraud et al., 2009)the CE1 element (CACC(G)) in the promoter of its target 
genes  (Bossi et al., 2009; Giraud et al., 2009; Yang et al., 2011; Niu et al., 2002; Niu 
et al., 2002) These target genes have been identified using microarray experiments 
(Table 1). Of the 95 ABI4 target genes identified 99% of the promoters contain the 
CACC sequence, and 80% contain the CACCG sequence (Reeves et al., 2011). In the 
ABI4 target gene promoters a longer, less conserved region of eleven nucleotides 
overlaps with the CE1 elements (Figure 2A, Supplementary file 3). In the 11 nucleo-
tides conserved region a higher occurrence of CACA(G) than CACC(G) was found 
in the motif analysis. This CACA(G) is named here CE1*. ABI4 has repeatedly been 
shown to bind the CE1 element CACC(G), but the binding to CE1* has not been 
demonstrated. A docking analysis was performed to understand how ABI4 interacts 
with DNA (Figure 2B). This analysis uses all known information on ABI4 DNA binding 
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Figure 1. The ABI4 sequence is strongly conserved among land plants. A. ABI4 homologs were downloaded from 
Phytozome v8.0 (http://www.phytozome.net) and Plaza v2.5 (http://bioinformatics.psb.ugent.be/plaza/) data-
bases for a total of 33 species; sequences indicated with * represent ABI4 members predicted from the genomic 
sequence. The full-length ABI4 sequences were initially aligned using MAFFT v6.864b and then manually corrected 
before the tree construction, performed with MEGA5 software using the Neighbor-Joining method (1000 bootstrap 
replications). Support values above 50 are reported on the branches; leaves are annotated with the original protein 
identifiers from Phytozome and Plaza. ABI4 is typically unique within species, with the exception of Linum, Populus, 
Medicago, Glycine, Malus and Brassica; two ABI4-related sequences were also found in Selaginella and Physcom-
itrella. A schematic representation of the ABI4 protein domains is reported on the right. Colored boxes show the 

Genotype Conditions Upregu-
lated

Downregu-
lated References 

abi4-11 Dry seed 49* 11* (Nakabayashi et al., 2005)

abi4-11 Imbibed seeds 405* 291* (Nakabayashi et al., 2005)

abi4-102 5 day old seedlings 43 71 (Koussevitzky et al., 2007)

35S:ABI4 line 
114A

11 day old seedlings 
treated with cycloheximide 
and ABA, or cycloheximide 
alone

95 n.d. (Reeves et al., 2011)

abi4-102 Rosette, 42 days old 277 269 (Kerchev et al., 2011)

Table 1. Published transcriptome analyses of ABI4 overexpressing and abi4 mutant lines compared to wild type. 
Genes were considered different expressed when the change exceeded two-fold and was associated with an ad-
justed p-value of less than 0.05. Numbers with an asterix were re-analyzed to fit these requirements.
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Figure 2. Modeling the ABI4 AP2 domain-DNA interaction 
A) Sequence conservation in the 500 nucleotides upstream region of 95 ABI4 target genes using the program 
Meme http://meme.sdsc.edu/meme/cgi-bin/meme.cgi. B) Docking based model that demonstrates how the AP2 
domain interacts with two adjacent CE1* elements. The docking input is described in the Figure S3 and File S3. The 
clustered model with the lowest haddock score, demonstrating most probable interactions, was visualized with 
PyMOL. Color code bases: red: A; Blue: C; Yellow: G; Green: T (colors are the same as in 2A).C) Examples of palin-
dromic conserved sequences with CE1*/CE1 combinations on both strands of the DNA based on the 11 conserved 
nucleotide region identified by Meme (colors are the same as in 2A).

position of the AP2 domain and conserved motifs, as indicated in the legend. Alignments of the conserved regions 
are shown in Figure S2. B. The figure shows the eight-residues core of the ABI4 signature motif (LRPLLPRP) found 
in ABI4 sequences from Angiosperms. The consensus for the flanking regions is shown as well, as analyzed with 
MEME (http://meme.sdsc.edu/meme); the gapped alignment is shown in Figure S2.

(summarized in the supplementary data and supplementary file 1). The resulting 
model (Figure 2B) closely resembles the determined 3D structure of the AtERF1 AP2 
domain-DNA complex (Allen et al., 1998) and both transcription factors appear to 
bind the conserved GCC motif (The CE1 element CACCG includes the GCC sequence 
in the inverse direction), although the flanking sequences differ. This model predicts 
a potentially remarkable feature of ABI4 as the longer conserved element contains 
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two CE1 and/or CE1* elements in a palindromic manner (Figure 2B, 2C, and supple-
mentary file 2). This model suggests that ABI4 binds both sequences, one side of 
the AP2 domain binding to one strand, and the other the adjacent strand (Figure 2B 
and 2C). Alternatively, ABI4 binds DNA as a homodimer but such ABI4 dimerization 
seems not to occur (Nakamura et al., 2001). 

ABI4 acts as an activator and repressor of gene expression
ABI4 is an activator of gene expression (Bossi et al., 2009; Reeves et al., 2011; Sö-
derman et al., 2000)  as well as a repressor (Nakabayashi et al., 2005; Reeves et 
al., 2011; Giraud et al., 2009; Koussevitzky et al., 2007). The ratio of up- and down 
regulated genes in microarray experiments using genotypes with altered ABI4 activ-
ity is approximately 1:1, independent of spatio/temporal differences (Table 1). The 
CE1 element is often found in close association with the bZIP bound G-box element 
(CACGTG) (Koussevitzky et al., 2007; Koussevitzky et al., 2007; Acevedo-Hernandez 
et al., 2005), Figure 2C. A role of ABI4 in repressing genes activated by G-box binding 
transcription factors has been proposed. In this model, binding of ABI4 to the CE1 
element blocks the binding of other transcription factors to the G-Box (Acevedo-
Hernandez et al., 2005; Koussevitzky et al., 2007; Rook et al., 2006). This hypothesis 
is based on repression of the CAB2 promoter by ABI4 binding the CE1 element as 
observed in yeast-one hybrid assays (Koussevitzky et al., 2007). Other transcrip-
tion factors were shown to bind and induce this same promoter, like CCA1 and HY5 
(Andronis et al., 2008) and CCA1 and LHY (Xu et al., 2007). ABI4 can also act as an 
inducer of gene expression and ABI5 is induced both by ABI4 (Bossi et al., 2009) and 
HY5 (Chen et al., 2008). 

ABI4 is an activator and repressor in developmental signaling

ABA signaling
ABI4 was first discovered as an ABA insensitive mutant. Five abi mutants were iden-
tified (abi1-abi5) that encode components of ABA signaling, abi1-abi3 (Koornneef 
et al., 1984); abi4 and abi5 (Finkelstein, 1994; Finkelstein et al., 1998). ABI1 and 
ABI2 are protein phosphatase 2C proteins and ABI3, ABI4 and ABI5 are transcription 
factors. The ABI1 and 2 protein phosphatase 2C proteins are indispensable for ABA 
dependent gene transcription. ABI3, 4 and 5 are central in the regulation of ABA 
responsive genes and ABI4 acts as a regulator of ABI3 and ABI5 genes. During seed 
germination ABI3, 4 and 5 either repress or enhance promoters that contain ABRE 
motifs (Reeves et al., 2011; Nakashima et al., 2006). ABI3 is a B3 domain containing 
transcription factor that is involved in ABA signaling during seed maturation (Ooms 
et al., 1993), seed germination (Koornneef et al., 1989), and in the control of chlo-
rophyll accumulation (Clerkx et al., 2003). ABI5 is a bZIP transcription factor that is 
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expressed during seed germination and is a confirmed target of ABI4 (Bossi et al., 
2009). The ABI5 protein is phosphorylated by SnRK2 kinases that are indispens-
able for ABA signaling.  Nakashima et al (2009) report that the triple SnRK2 mutant 
srk2d srk2e srk2i is insensitive to ABA as is abi5 (Nakashima et al., 2009). The ABI3, 
4 and 5 genes show extensive crossregulation (Söderman et al., 2000; Arroyo et al., 
2003; Söderman et al., 2000) and are coexpressed while regulating downstream 
processes (Figure 3). In yeast two-hybrid assays with ABI3, 4 and 5 only ABI3 and 
ABI5 were shown to interact (Nakamura et al., 2001). abi3, 4 and 5 mutant embryos 
each have green cotyledons in the seed coat while germinating (Finkelstein, 1994). 
Most ABI4 requiring developmental processes described below are ABA dependent 
and in these processes abi4 mutants are discernible from wild type following ABA 
addition. However, some phenotypes of abi4 mutants are observed independent of 
ABA addition. 

Seed germination
ABI4 expression is detectable already in the early embryo (Penfield et al., 2006). 
In germinating seeds ABI4 levels decrease accompanying seedling establishment 
(Söderman et al., 2000; Shkolnik-Inbar and Bar-Zvi, 2011; Söderman et al., 2000). 
During germination and seedling establishment ABI4 protein levels go down as well 
by proteasomal degradation (Finkelstein et al., 2011). ABI4 overexpression does 
not affect the speed of germination. However, overexpression of ABI4 does repress 
germination when exogenous ABA is added to geminating seeds (Finkelstein et al., 
2011) by inducing negative regulators of ABA signaling (Reeves et al., 2011).

Sugar directed growth arrest
ABI4 was first identified as an abi mutant. Subsequently, abi4 mutants were identi-
fied in screens for reduced sucrose sensitivity as the sucrose uncoupled-6 (sun6) 
mutant (Huijser et al., 2000), for sucrose insensitivity as the sis5 mutant (Laby et 
al., 2000), and for glucose insensitivity as the gin6 mutant (Arenas-Huertero et al., 
2000). sis and gin screens were performed in conditions that cause sugar directed 
growth arrest in wild type plants, which is a response of seeds to very high sugar 
levels during germination. This response is characterized by delayed seed germina-
tion (Dekkers et al., 2004) followed by slow growth of the seedling, impairment 
of chloroplast development and absence of cotyledon greening (To et al., 2003). 
abi4 mutants are insensitive to 6% glucose and lack all the inhibitory characteristics 
mentioned (Huijser et al., 2000; Arenas-Huertero et al., 2000), except for sugar in-
duced delay of germination (Price et al., 2003). abi4-1 is fructose insensitive as well 
(Li et al., 2011) showing that ABI4 mediates the response to a variety of sugars. Ac-
cessions harboring particular natural variants of DELAY OF GERMINATION1 (DOG1) 
have elevated ABI4 mRNA levels, and these plants are oversensitive to 6% glucose 
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(Teng et al., 2008). Similarly, in the SCARECROW mutant, ABI4 mRNA levels are el-
evated leading to glucose oversensitivity (Cui et al., 2012). Glucose stabilizes ABI4 
protein levels in young seedlings and this possibly is the mechanism by which sug-
ars promote sugar directed growth arrest (Finkelstein et al., 2011). Sucrose might 
act through ABI4 as well. Diglyceride acyltransferase1 (DGAT1) is a direct target of 
ABI4. High levels of sucrose increase DGAT1, implying increased activity of ABI4 
in wildtype seedlings. Consistently, seedlings display sugar directed growth arrest 
on medium with high sucrose levels (Yang et al., 2011), similar to glucose directed 
growth arrest. 

Plastid-to-nucleus signaling
The genes encoding photosynthesis components must be coordinately expressed 
for optimal functioning of photosynthesis. Most proteins involved in photosynthe-
sis are encoded in the nucleus and must be imported into the chloroplast. Plastid-
to-nucleus signaling is needed to firstly induce, and then balance Photosynthesis-
Associated Nuclear Gene (PhANG) expression. Several mutants were identified that 
have a perturbed nuclear feedback and misexpress the PhANG gene CAB2 (Susek et 
al., 1993). The genes of several such genome uncoupled (gun) mutants were cloned 
and shown to be involved mainly in plastidic processes. The nature of the signal that 
is transported from the plastid to nucleus to balance PhANG expression, is still un-
clear (Pfannschmidt, 2010; Kakizaki et al., 2009). Heme has a positive effect on the 
signal (Woodson et al., 2011). Recently it was proposed that upon stress treatment 
a chloroplast bound PHD type transcription factor with transmembrane domains 
(PTM) is cleaved from the chloroplast outer membrane and is transported to the 
nucleus where it promotes ABI4 expression (Sun et al., 2011). ABI4 is a repressor of 
the PhANG gene CAB2 in young seedlings and a role for ABI4 was proposed in plas-
tid-to-nucleus signaling as a negative regulator of PhANGs acting downstream of 
GUN1 (Koussevitzky et al., 2007). Another transcription factor, the positive PhANG 
gene regulator Golden2-like 1 (AtGLK1), was proposed to respond to retrograde 
signals (Kakizaki et al., 2009). The promoters of the PLASTOCYANIN1 (PC) and other 
PhANG genes are repressed by the sugar analog 2-deoxy-D-glucose (2DG). This re-
pression is lost in the sucrose uncoupled6 (sun6) mutant that is an abi4 allele (No 
Reference Selected). PC is no longer repressed by sucrose in the sun6 mutant, as 
well (Oswald et al., 2001), showing that ABI4 is essential for the repressing effect of 
sugars on PC gene expression. 2DG represses photosynthetic activity in mature ro-
sette plants and this repression is lost in the sun6 mutant (No Reference Selected). 
Possibly, the lack of sugar repressed photosynthesis in abi4 explains the slightly in-
creased growth rate, despite increased ABA levels in the abi4-1 mutant (Kerchev et 
al., 2011). These findings clearly show the importance of ABI4 in regulating PhANG 
expression at the physiological level. ALTERNATIVE OXIDASE1A (AOX1A) is an ABA 
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induced gene. ABI4 binds the CE1 motif in the promoter of AOX1A. In the abi4-1 
mutant, AOX1A is derepressed, showing that ABI4 is crucial for repression of this 
gene (Giraud et al., 2009). AOX1A is involved in mitochondrial to nucleus signaling 
and this finding indicates that ABI4 might have a broader role in orchestrating intra-
cellular signaling events. 

Lipid biosynthesis and breakdown
ABI4 promotes seed maturation by inducing LEA, oleosin and dehydrin encoding 
genes (Reeves et al., 2011). In maturating Arabidopsis seeds, reserves in the em-
bryo are mainly synthesized and stored as triacylglycerol (TAG). During germina-
tion, TAG is mobilized and used in the gluconeogenesis pathway. This provides the 
embryo with energy before the initiation of photosynthesis. ABI4 both induces TAG 
biosynthesis and inhibits TAG breakdown. During seed maturation, DGAT1 is the 
rate limiting enzyme in TAG biosynthesis. ABI4 binds to the promoter of DGAT1 and 
induces this gene in the presence of ABA (Yang et al., 2011). During germination, 
TAG is converted to eicosenoic acids and in abi4-1 mutants reduced eicosenoic acid 

Figure 3. ABI4 is mainly active during seed germination and seed maturation
Genevestigator expression data (Hruz et al., 2008) the log2 fold expression levels during the plant life cycle shows 
that ABI3, ABI4, ABI5 are tightly coexpressed. The roles of ABI4 during the different developmental stages are 
indicated.
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levels were found when germinating on exogenously supplied ABA. Thus, ABI4 in-
hibits TAG breakdown in an ABA dependent way (Penfield et al., 2006).

Lateral root development 
ABI4 is predominantly expressed in the seed and mRNA and protein levels rapidly 
go down during germination. However, a basic level of expression remains pres-
ent during later developmental stages of the plant. The involvement of ABI4 in a 
growing number of developmental and metabolic processes has been established. 
ABI4 is involved in lateral root development. abi4 mutants have a higher number 
of lateral roots, while ABI4 overexpressing plants have a reduced number of lateral 
roots. This effect of ABI4 on lateral root development is possibly mediated through 
repression of PIN1, which encodes the dominating  auxin-efflux carrier and thereby 
affects auxin distribution (Shkolnik-Inbar and Bar-Zvi, 2010). Interestingly, the abi3-
6 mutant has reduced lateral root development in the presence of auxin, showing 
the involvement of ABI3 in this process, which is an ABI4 induced gene (Brady et al., 
2003). Low levels of nitrate stimulates lateral root formation, while high levels of 
nitrate suppresses lateral root formation. ABI4 mediates this nitrate signaling effect 
on root branching because the inhibition of lateral root formation by high nitrate 
levels is reduced in abi4-1 mutants (Signora et al., 2001). 

Other roles of ABI4
ABA can mediate biotic stress responses as well, in addition to its well document-
ed role in abiotic stress tolerance. Beta-amino-butyric acid (BABA) is a non protein 
amino acid that induces callose deposition in Arabidopsis and protects the plant 
from pathogen attack. In abi4-1 plants, callose does not accumulate, making abi4 
more susceptible to infection by the pathogen Plectosphaerella cucumerina (Ton 
and Mauch-Mani, 2004). ABI4 is also involved in pectin rearrangement. The LM6 
1,5-Arabinan epitope (LM6) is a marker of pectin rearrangement and LM6 levels 
are reduced in the abi4-1 mutant (Talboys et al., 2011). ABI4 is involved in treha-
lose signaling. Root growth is inhibited in young Arabidopsis seedlings exposed to 
trehalose containing media due to the accumulation of T6P (Schluepmann et al., 
2004). The abi4 mutant is less sensitive to the inhibitory effects of trehalose on root 
growth indicating the involvement of ABI4 in this process (Ramon et al., 2007).

Concluding remarks
ABI4 activates and represses genes by binding the CE1 element CACC(G) (Reeves et 
al., 2011). However, the 11 nucleotides conserved region has a higher occurrence of 
the CE1* element, CACA(G), and likely, ABI4 binds this element in vivo as well. The 
docking model predicts that, besides binding to the G-BOX, ABI4 binds to either two 
CE1 elements, two CE1* elements, or a CE1 element and a CE1* element, simul-
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taneously (Figure 2A). This mode of binding contrasts to bZIP transcription factors 
that bind as heterodimers to the G-box. Whether ABI4 can form heterodimers is not 
known to date; interaction of ABI4 with other proteins has not been convincingly 
established. ABI4 is part of a highly complex network of transcription factors that 
together integrate signaling responses to light, plastid-to-nucleus communication, 
ABA and sugars. These processes together are important in coordinating germina-
tion and seedling establishment. Revealing the interaction of ABI4 with other tran-
scriptional regulators might help to further understand its role in this complex net-
work. The phylogenetic analysis revealed a remarkably conserved “ABI4 signature” 
motif in the ABI4 homologs in Angiosperms. Physcomitrella and Selaginella encode 
putative ABI4 homologs lacking this signature motif. Domain swap and cross species 
complementation experiments should demonstrate functionality of lower plant 
ABI4 proteins. Plants with a genetically altered ABI4 activity usually only show a 
phenotype in the presence of exogenously or endogenously raised ABA levels. This 
shows that ABI4 is an essential ABA signaling component required for the response 
to ABA. However, there are ABA independent abi4 phenotypes, as well, including 
greening of cotyledons in the seed coat in germinating seeds, lateral root devel-
opment, photosynthesis response to 2DG and the response to trehalose induced 
growth inhibition. Overall, the versatile transcription factor ABI4 is most important 
during seed maturation and germination but it is required in several ABA depen-
dent and ABA independent developmental and physiological processes throughout 
the life cycle of plants.
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Abstract

Sucrose, glucose and fructose are signaling molecules that respond to different sig-
naling mechanisms.  To understand and distinguish between such systems, we com-
pared the response of Arabidopsis seedlings to glucose and fructose and observed 
that glucose treatment leads to a stronger effect on transcript levels compared to 
fructose, although expression patterns induced by glucose or fructose addition to 
seedlings are essentially the same. We found that the hexose transcript responses 
are hexokinase independent in 6 day-old-seedlings. There is an inverse correlation 
between KIN10 and hexose responsive transcripts, suggesting a possible role of the 
SnRK1 complex in regulating sugar transcript responses. Abscisic acid (ABA) was 
previously implicated in hexose signaling and the sugar response of the ABA biosyn-
thesis mutant aba2 was also investigated, which was generally similar to wild type. 
However, the glucose response in aba2 seedlings resembles the phosphate defi-
ciency response. In conclusion, probably fructose and glucose are sensed at least 
to a large extent by non-selective signaling mechanisms, likely including a role for 
SnRK1.

Introduction

Sugars are the products of photosynthesis and are crucially important in plant me-
tabolism. The three major sugars, sucrose and its hydrolysis products fructose and 
glucose are signaling molecules and regulators of metabolism. Different sugars 
induce separate signaling pathways independently as shown for glucose on high 
glucose medium (Moore et al., 2003; Chen et al., 2006) and for fructose on high 
fructose medium (Cho and Yoo, 2011; Li et al., 2011). Sucrose signaling pathways 
were identified as well, as sucrose specifically regulates sucrose transporters at the 
transcriptional level (Vaughn et al., 2002), induces translational stalling of S1 group 
bZIP transcription factors (Wiese et al., 2005), anthocyanin biosynthesis (Solfanelli 
et al., 2006) and the accumulation of the regulatory molecule trehalose 6-phos-
phate (T6P) (Lunn et al). Different sugar signaling pathways can be distinguished by 
mutations in components of the respectively pathway.  Examples of such mutants 
are glucose insensitive1/abscisic acid deficient2 (gin1/aba2) (Cheng et al., 2002) 
and glucose insensitive2/hexokinase1 (gin2/hxk1, ) (Jang et al., 1997), which both 
display aberrant glucose signaling on medium with high levels of glucose. The gin1/
aba2 mutant is a null mutant for the cytosolic short-chain dehydrogenase/reduc-
tase that catalyzes the second to last step in abscisic acid (ABA) biosynthesis, and 
this provides evidence for the importance of the plant hormone ABA in sugar sig-
naling on high glucose. The gin2-1 mutant allele is a null mutant for HEXOKINASE1, 
encoding a glucose phosphorylating enzyme that acts as a glucose sensor on high 
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glucose medium. Several genes were shown to be differently expressed in the 
gin2-1 mutant compared to wild type on 6% glucose medium, including (CHLORO-
PHYLL A/B-BINDING PROTEIN 2  (CAB2, At1g29920), NITRATE REDUCTASE 1 (NIA1, 
At1g77760) and CARBONIC ANHYDRASE 2 (CA2, At5g14740)) (Moore et al., 2003; 
Jang et al., 1997; Cho et al., 2006). Hexokinase independent pathways have been 
shown to control glucose regulated genes such as ASN1 (AT3G47340) (Xiao et al., 
2000). Sugar are affecting downstream signaling molecules and especially SnRK1 
(SNF1 related Kinase1) is a centrally important  protein kinase that links sugar and 
energy availability to growth. Low sugar levels activate SnRK1 and adapt metabo-
lism to a low nutrient state. Sugar abundance inactivates the kinase, allowing plant 
growth. SnRK1 is a heterotrimeric protein kinase consisting of the catalytically ac-
tive subunit encoded by the KIN10 or KIN11 genes, and two regulatory subunits 
((Baena-Gonzalez et al., 2007).
Plants respond to changing sugar levels by massive changes in transcript level. The 
transcriptional response of genes to externally applied sugars has been studied to 
identify sucrose responsive genes (Gonzali et al., 2006), to distinguish between dif-
ferent sugar signaling pathways (Price et al., 2004), to study the contrast of sugar 
starvation and sugar surplus (Osuna et al., 2007), and to study the kinetics of the 
glucose response (Li et al., 2006). Sugar addition experiments and analysis of gene 
expression patterns might provide information on early responding sugar signaling 
components such as enzymes and transporters involved in metabolism and tran-
scriptional regulatory proteins. Additionally, such experiments can be used to iden-
tify genes as markers for sugar specific signaling when their expression levels re-
spond robustly to sugars. Gene by gene analysis has shown that the strength of the 
responses varies depending on different sugars added (Gonzali et al., 2006). Sug-
ars such as glucose, fructose and sucrose are rapidly interconverted and therefore 
the response to a single sugar treatment is often difficult to interpret. Published 
findings suggest that glucose and fructose are sensed separately and therefore we 
studied specific transcript changes in response to fructose and glucose treatment. 
In these experiments we used aba2/wild type and gin2-1/wild type comparisons to 
obtain a better understanding of which factors are important for the (specificity of 
the) transcriptional response to sugar treatment.

Results

Glucose or fructose treatments result in similar global transcript level changes, 
with glucose having the strongest effect 
Here we address the question whether fructose and glucose can be sensed by inde-
pendent signaling pathways in Arabidopsis. Seedlings of wild type and the ABA and 
sugar insensitive mutant aba2 were grown in liquid medium and seven days after 
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sowing they were treated with 0,1M of fructose, glucose or the osmotic control 
sorbitol for 2 hours. The changes in transcript levels in response to the treatments 
were measured with ATH1 Affymetrix gene chip arrays. Genes were considered to 
be differentially expressed when the altered transcript levels exceeded two-fold 
and was associated with an adjusted p-value of less than 0.05. The analysis showed 
that glucose affected the expression levels of 717 genes (294 positively, 423 nega-
tively) while fructose affected 463 genes (160 positively, 303 negatively), compared 
to the sorbitol treated plants. 47% of the glucose regulated genes are regulated 
by fructose as well and 73% of the fructose regulated genes are also regulated by 
glucose (Figure 1A). Fructose and glucose induced transcript level changes show a 
strong correlation, with an adjusted R2 of 0.9376 (Figure 1B). The set of genes af-
fected by fructose and glucose overlap greatly and the degree of overlap increases 
when smaller but significant transcript changes are included in the comparison (Fig-
ure 1C), which means that the genes affected by one sugar, are mostly also regu-
lated by the other, although not always to the same extent. Glucose does not only 
induce a larger number of genes with significantly changed transcript levels than 
fructose (717 versus 463), it also induces larger average transcript levels compared 
to fructose. The boxplot in Figure 1D depicts the change of transcript level of all 
genes responsive to glucose or fructose in the ATH1 microarray, and this shows that 
the change in transcript level of all genes is on average larger for glucose treatment 
than for fructose, both for the genes that are up- and downregulated. Genes that 
have significantly changed transcript levels (p<0,05) are on average 1.2x more in-
duced by glucose compared to fructose in Columbia-0 (Figure 1B).

Early glucose and fructose responsive genes are involved in mostly metabolic pro-
cesses
Coordinated changes in transcript level to glucose and fructose shows that glucose 
is a stronger repressor than fructose of genes involved in light reactions of photo-
synthesis and nitrate metabolism and a stronger inducer of genes involved in mito-
chondrial electron transport and in nucleotide metabolism (Supplementary Figure 
1). GO terms that are enriched in the list of genes that have changed transcript 
levels in response to glucose or fructose, differ little between both sugars and in-
clude terms associated with metabolic processes, response to reactive oxygen spe-
cies, transcription factor activity, purine nucleoside binding and high temperature 
(Figure 2). The Z-score indicated in Figure 2 (Y-axis) indicates how many standard 
deviations an observation is above or below the mean. A high Z-score indicates that 
two lists differ more than can be expected by random chance. The highest Z-scores 
for both fructose and glucose are for GO terms that contain genes that respond 
to heat. Genevestigator analysis reveals that heat responsive genes are glucose 
and nitrate responsive as well, confirming the finding that the heat response and 
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Figure 1. Fructose and Glucose affect a similar set of genes. A) Glucose and fructose treatments (0.1 M, 2 hours) 
affect a similar set of genes in six days old seedlings. Genes were considered to be differentially expressed when 
the altered transcript levels exceeded two-fold and was associated with an adjusted p-value of less than 0.05. B) 
Glucose (0.1M) added to six days old seedlings causes a stronger effect on gene expression compared to equimolar 
levels of fructose as can be concluded from the slope of the linear regression (1.2). There is a strong correlation 
between fructose and glucose induced changes in transcript level, with an adjusted R2 of 0.9376. Only the genes 
with an adjusted p-value <0,05 are depicted. C) The fraction of shared genes divided over the total set of fructose 
or glucose regulated genes is increasing if the log2 fold changes are decreasing (p-value <0,05). Diamond: overlap 
of shared genes divided by the fructose regulated genes. Square: overlap of shared genes divided by the glucose 
regulated genes. D) Glucose induces a stronger transcript level response than fructose. Genes were separated in 
upregulated or downregulated genes in response to fructose and glucose treatment.
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the sugar response involves similar transcript changes (data not shown). Other GO 
terms refer to DNA binding and infer that hexoses induce many transcript changes 
for transcription factors. Glucose changes the transcript level of genes (378) that 
are not significantly affected by fructose. Fructose changes the transcript level of 
genes (124) that are not significantly affected by glucose (Figure 1A). Both lists show 
that when a gene is affected by one sugar, it nearly always is also affected by the 
other sugar, but to a lesser extent, or not consistently (p value>0.05). The annota-
tion of the genes that are more enriched in response to fructose than to glucose, 
and vice versa, are presented in Table 1. This list suggests that glucose is a stronger 
inducer of metabolic processes (including cell wall biogenesis and mitochondrial 
inner membrane associated genes) while fructose affects developmental process-
es (including root development, post-embryonic development associated genes). 
Most surprisingly, no genes were identified that are exclusively regulated by either 
glucose or fructose. 

The effect of sugar treatments is inversely correlated to that of KIN10 overexpres-
sion 
A major factor that is involved in the response to energy availability is the SnRK1 
protein kinase complex. The SnRK1 complex is activated by nutrient deprivation and 
inactivated by nutrient abundance. The response to SnRK1 activation was previ-
ously studied by analyzing the effect of overexpression of KIN10 (encoding the en-
zymatically active subunit of the SnRK1 complex) on the transcriptome (Baena-Gon-
zalez et al., 2007). The lists of fructose and glucose responsive genes was compared 
to the list of KIN10 responsive genes. KIN10 responsive genes are to a large extent 

GO term Description p-value

fructose specific GO terms

GO:0022622 root system development 2,00E-04

GO:0048364 root development 2,00E-04

GO:0009791 post-embryonic development 5,80E-04

GO:0043169 cation binding 7,10E-04

GO:0043167 ion binding 7,10E-04

glucose specific GO terms

GO:0031365 N-terminal protein amino acid modification 2,90E-11

GO:0043543 protein amino acid acylation 2,10E-10

GO:0042546 cell wall biogenesis 0,00072

GO:0005783 endoplasmic reticulum 0,00036

GO:0005743 mitochondrial inner membrane 0,0019

GO:0019866 organelle inner membrane 0,0025

Table 1. AgriGO annotation for transcript preferentially affected by fructose or glucose
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Figure 2. The Z score for GO terms that are enriched in the list of genes that have changed transcript level in 
response to glucose or fructose varies  little between both sugars (left bars are fructose-, right bars are glucose-
regulated transcriptional changes). The letter above bars indicate significant enrichment  in response to only one 
of the sugar treatments; F: fructose response, G: glucose response.

Figure 3. Venn diagram of the overlap in KIN10 target genes (Baena-Gonzalez et al., 2007) and the fructose and 
glucose responsive genes in this study.
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fructose and glucose controlled as well (significance respectively p < 8.2e-94 and 
p < 4.5e-143 using the exact hypergeometric probability method). One third of both 
the fructose (156) and the glucose responsive genes (237) are KIN10 regulated, as 
well (Figure 3). Using the KIN10 responsive genes, the relative change in transcript 
level can be plotted to the fructose and glucose regulated genes (Figure 4). This 
depicts an inverse correlation: increased expression of genes that are affected by 
KIN10 show a correlation with a decreased expression of genes that are affected 
by either fructose and glucose treatment, which is visible by the coordinates being 
aligned alongside a negative slope. The KIN10 overexpression positively regulated 
genes (top group) are less densely packed than the negatively regulated genes (bot-
tom group). Promoter analysis on the genes affected by KIN10 overexpression and 
sugars shows that similar conserved elements are present in the promoters of the 
affected genes (Figure 5). This also holds true for the transcription factors predicted 
to bind within the promoters. Based on the motifs available in the Pscan database 
(Zambelli, Pesole et al. 2009), bZIP transcription factors (EmBP-1, bZIP910/bZIP911 
(both Antirrhinum majus orthologs of ATBZIP53)) are predicted to bind within both 
genes affected by hexose treatment and KIN10 overexpression. S1 group bZIP tran-
scription factors were previously shown to be controlled by KIN10 and sugars (Han-
son et al., 2008; Wiese et al., 2005), supporting the Pscan findings.

The glucose response in aba2 resembles the phosphate deficiency response
Abscisic acic deficient 2 (aba2) mutants have a severely reduced capacity to syn-
thesize ABA (Schwartz et al., 1997). The glucose insensitivity of the aba2 mutant 

Figure 4. Inverse correlation between the response to KIN10 over-expression and hexose response. Expression level 
changes mediated by KIN10 overexpression in protoplasts were compared to the changes in response to A) fruc-
tose and B) glucose. Only the genes with an adjusted p-value <0,05 for every treatment are depicted. Dashed lines 
indicate the significant up- and downregulated transcripts in response to fructose or glucose treatment
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Figure 5. Similar motifs are enriched in promoters of genes regulated by fructose or glucose and genes regulated by 
KIN10. The promoters were searched for conserved elements in the 500 bp upstream the 5’ start of each situated 
sequence of the KIN10 target genes presented by (Baena-Gonzalez et al., 2007), and of the fructose and glucose 
regulated genes in this study. The conservation found with Meme is depicted here in various motifs, below each 
sequence is the statistical significance of the motif and the number of sites in which each sequence was localized. 
Similar motifs were connected with colored connections, making distinction between different types of motifs 
readily visible.
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Comparison Fructose wt vs fructose aba2 Glucose wt vs glucose aba2 Sorbitol wt vs sorbitol aba2

R2 adjusted value 0.9948 0.9826 0.9872

Table 2. The R2 adjusted values of the correlations of wt and aba2 slides show that they are very similar.

ID locus

aba2 vs wt, 
glucose treated, 
log2 fold changes description

262128_at AT1G52690 -4,603
late embryogenesis abundant protein, putative / LEA pro-
tein, putative

264923_s_at
AT1G65970; 
AT1G60740 -3,160

[AT1G65970, TPX2 (thioredoxin-dependent peroxidase 2); 
antioxidant/ oxidoreductase];[AT1G60740, peroxiredoxin 
type 2, putative]

245794_at AT1G32170 -1,531 XTR4 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 4)

247337_at AT5G63660 -1,400 PDF2.5

264580_at AT1G05340 -1,343 unknown protein

265422_at AT2G20800 1,111 NDB4 (NAD(P)H dehydrogenase B4); NADH dehydrogenase

255900_at AT1G17830 1,162 unknown protein

250515_at AT5G09570 1,177
FUNCTIONS IN: molecular_function unknown; (Cho et al., 
2006)(Cho, Yoo et al. 2006)(Cho, Yoo et al. 2006)

266618_at AT2G35480 1,177 unknown protein

263403_at AT2G04040 1,186
TX1; antiporter/ multidrug efflux pump/ multidrug trans-
porter/ transporter

248732_at AT5G48070 1,187
XTH20 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDRO-
LASE 20)

266132_at AT2G45130 1,220 SPX3 (SPX DOMAIN GENE 3)

256627_at AT3G19970 1,233 unknown protein

251013_at AT5G02540 1,237 short-chain dehydrogenase/reductase (SDR) family protein

266109_at AT2G37890 1,335 mitochondrial substrate carrier family protein

245275_at AT4G15210 1,337 BAM5 (BETA-AMYLASE 5); beta-amylase

261766_at AT1G15580 1,359
IAA5 (INDOLE-3-ACETIC ACID INDUCIBLE 5); transcription 
factor

246075_at AT5G20410 1,402 MGD2

258618_at AT3G02885 1,426 GASA5 (GAST1 PROTEIN HOMOLOG 5)

251282_at AT3G61630 1,456
CRF6 (CYTOKININ RESPONSE FACTOR 6); DNA binding / 
transcription factor

253296_at AT4G33770 1,467 inositol 1,3,4-trisphosphate 5/6-kinase family protein

254396_at AT4G21680 1,479
proton-dependent oligopeptide transport (POT) family 
protein

256677_at AT3G52190 1,498 PHF1 (PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1)

265200_s_at
AT2G36800; 
AT2G36790 1,584 [AT2G36800, DOGT1 (DON-GLUCOSYLTRANSFERASE 1)

Table 3. Genes differently expressed in six-day-old aba2 mutant seedlings treated with 0,1 M glucose for 2 hours 
compared to similarly treated wildtype plants. Locus numbers indicated in bold are part of the overlapping gene list 
of the glucose responsive genes in aba2 and the phosphate deficiency responsive genes.
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suggests a role for ABA in glucose signaling (Cheng et al., 2002). Surprisingly, the 
transcript level changes in response to sugars are highly similar in the aba2 mu-
tant and wild type (Table 2). However, 38 genes were differentially expressed in 
response to glucose in the aba2 mutant, compared to the wild type. 33 of these 
genes have higher transcript levels in the aba2 mutant (Table 3). Annotation analy-
sis on the 38 genes demonstrated that several of the genes are involved in phos-
phate starvation (7 genes, GO:0016036; p< 6.5e-14) and lipid metabolic processes 
(6 genes, GO:0006629; p<3.7e-4). Phosphate starvation usually leads to an altera-
tion of membrane lipids (Gaude et al., 2008). Phosphate deficiency changes tran-
script levels of 413 genes (Lei et al., 2011), and 10 of these genes are amongst the 
38 genes responding differently to glucose in the aba2 mutant in this experiment 
(locus numbers indicated in bold in Table 3). This indicates that the transcriptional 
response of aba2 to glucose treatment resembles the response to phosphate star-
vation. This is not detected in response to fructose treatment in wild type versus 
the aba2 mutant (not shown).

The activation of an HXK- independent pathway
Glucose signaling via HEXOKINASE1 (HXK1) has been suggest to have crosstalk with 
the ABA signaling pathway, as both aba2 (Cheng et al., 2002) and hxk1/gin2-1 (Jang 
et al., 1997) are glucose insensitive, which suggests that HEXOKINASE1 and ABA2 
regulate the same glucose signaling pathway. The surprisingly minor effect of the 
aba2 mutation on global transcript level changes in response to glucose raises the 
question whether HXK1 is involved in glucose signaling in the seven day old seed-

259399_at AT1G17710 1,589 phosphatase

252414_at AT3G47420 1,665
glycerol-3-phosphate transporter, putative / glycerol 
3-phosphate permease

258887_at AT3G05630 1,752 PLDP2; phospholipase D

266743_at AT2G02990 1,841 RNS1 (RIBONUCLEASE 1); endoribonuclease/ ribonuclease

263515_at AT2G21640 1,859
Encodes a protein of unknown function that is a marker for 
oxidative stress response.

251143_at AT5G01220 1,863 SQD2 (sulfoquinovosyldiacylglycerol 2)

260201_at AT1G67600 1,897 FUNCTIONS IN: molecular_function unknown

259813_at AT1G49860 1,907 ATGSTF14; glutathione transferase

260522_x_at AT2G41730 2,107 unknown protein

262259_s_at
AT1G53890; 
AT1G53870 2,109

[AT1G53890, unknown protein];[AT1G53870, unknown 
protein]

264042_at AT2G03760 2,201 ST; brassinosteroid sulfotransferase/ sulfotransferase

258856_at AT3G02040 2,420 SRG3 (senescence-related gene 3)

263391_at AT2G11810 2,911 MGDC; 1,2-diacylglycerol 3-beta-galactosyltransferase

262369_at AT1G73010 3,749 phosphatase
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Figure 6. Expression of sugar responsive genes in 6-day-old seedlings treated with 0.1M glucose or fructose for two 
hours. Expression levels are presented of Ler wildtype (left bar) and gin2-1 mutant (right bar). A. Genes previously 
proposed as hexokinase regulated. B. Glucose and fructose responsive genes identified in this study.

lings. Mutant analysis showed that HXK1 affects growth and development under 
different growth conditions (Moore et al., 2003). To investigate whether HXK1 is 
important for glucose signaling in six day old seedlings, wild type and hxk1/gin2-1 
seedlings were treated with 0.1M glucose and fructose for two hours, similar to the 
microarray experiment, and changes in the transcript level of two different gene 
sets was measured. The first set consists of three genes, that were previously shown 
to be HEXOKINASE1 regulated, CAB2, NIA1 and CA2 (Figure 6A). The second set con-
sists of genes displaying large transcript level changes in the microarray experiment 
(Figure 6B). The transcript level changes between hxk1/gin2-1 and Ler does not 
differ for the genes previously reported to respond to HEXOKINASE1 and for the set 
of selected genes controlled by fructose and glucose. We therefore conclude that 
HEXOKINASE1 does not transmit the glucose induced signal under the physiological 
conditions used in our microarray experiment.

Discussion 

Glucose treatment leads to stronger transcript level responses than fructose but 
affects the same transcript levels
The experiments presented in this chapter were aimed at identifying genes that are 
regulated specifically by glucose or fructose. Such genes were not observed in this 
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study. Apart from the fact that glucose treatment leads to a stronger transcript level 
response, there is very little difference in the effect that glucose and fructose exerts 
on gene expression changes in six-day-old seedlings. Detailed quality control and 
comparison with a related microarray experiment (Li et al ,2006) (Supplementary 
figure 3) shows that the relative lack of fructose and glucose specific gene expres-
sion cannot be explained by poor hybridization or other technical factors. The most 
significant difference of fructose and glucose induced transcripts level changes is 
the relative stronger glucose effect. Perhaps, the observations made by Yamada et 
al (2011) explains this difference. They describe a faster glucose uptake compared 
to fructose uptake of Arabidopsis seedlings and the importance of monosaccharide 
transporters in this process (STP). Several stp mutants have a more reduced rate of 
glucose uptake than of fructose uptake (Yamada et al., 2011). Possibly, the faster 
glucose uptake by STP’s can explain the stronger response to glucose compared to 
fructose treatment in our experiments. This awaits confirmation using sugar treat-
ed stp mutants for transcript measurements. The stronger glucose response greatly 
affects the statistical analysis and the higher number of genes that are glucose re-
sponsive affects the GO annotation as well. For example, with the glucose list the 
standard deviation goes down for each term and therefore, the Z-value increases. 
Both the large and the small transcript level changes provide valuable information. 
The glucose induced changes can be subtle but important. Photosynthesis has been 
shown to be repressed by sugars (Van Oosten et al., 1997) and transcript levels 
are moderately downregulated in genes involved in both the light reaction and the 
Calvin cycle, in response to glucose, while being less affected by fructose (Supple-
mentary Figure 2). 

The HEXOKINASE1 pathway is not activated in sugar treated seedlings
The sugar feeding experiments with the hxk1/gin2 mutant as presented in Figure 
6 demonstrated convincingly that 6-day-old hxk1/gin2 seedlings do not respond 
differently from wild type to 2 hour 0,1 M glucose or fructose treatment. Similarly, 
the aba2 mutant that was proposed to operate in the HXK1 pathway, shows a simi-
lar response compared to wild type. Thus, at the developmental stage investigated 
(6-day-old seedlings) the HEXOKINASE1 pathway is not important for glucose or 
fructose signaling (Figure 6). Genes activated by the hexose treatments in this study 
therefore are regulated by hexokinase independent signaling. The nature of these 
pathways are still unknown but likely involves the SnRK1 signaling complex. ASN1 
is downregulated considerably by both fructose and glucose in our experiments, 
and ASN1 expression was previously shown to be hexokinase-independent (Xiao et 
al., 2000). ASN1 is a bZIP11 target gene (Hanson et al., 2008), and both ASN1 and 
bZIP11 are regulated by KIN10 (Baena-Gonzalez et al., 2007). 
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Involvement of the SnRK1 complex in sugar signaling
KIN10 and hexose treatments inversely regulate an overlapping set of genes. Com-
paring the results of KIN10 overexpression with the effects of glucose or fructose 
treatments shows that the promoters of the regulated genes share many conserved 
elements. For the hexose treatment and the KIN10 dataset, we used both up- and 
downregulated transcripts for the promoter analysis, and the high conservation of 
motifs likely is explained by the fact that SnRK1 downregulated genes are typically 
sugar upregulated genes, and vice versa. Possibly, the genes that are regulated by 
fructose, glucose and KIN10 are controlled at least partly by the same transcription 
factors or factors involved in the same signal transduction pathway (Baena-Gon-
zalez, 2010; Smeekens et al., 2010). The G-box elements is found several times as 
slightly different motifs for each promoter set (Figure 5), and these motifs differ in 
the flanking sequences outside the ACGT core. A number of different transcriptional 
regulators are known to bind G-Boxes, and their specific binding might be depen-
dent on the nucleotide differences outside the ACGT core, as was found to be the 
case for various bZIP transcription factors (Kang et al., 2010; Welchen et al., 2009). It 
is as yet unknown if the overlap of KIN10 responsive genes and fructose and glucose 
regulated genes can be contributed to a function of the SnRK1 complex under high 
carbohydrate abundance. KIN10 repressed genes and glucose or fructose induced 
genes are more densely packed than KIN10 induced genes and glucose or fructose 
repressed genes, which suggests that KIN10 repressed and glucose or fructose up-
regulated genes are more likely to be under the control of a common mechanism, 
even though the KIN10 upregulated genes are showing larger transcriptional re-
sponse to hexose treatment (compare values left and right of the dashed lines in 
Figure 4). In protoplasts, upregulation of genes occurs generally more frequently 
than downregulation, and this might bias the effect of KIN10 on gene expression. 
The transcriptional regulators that are most likely to bind a subset of the conserved 
elements are the bZIP transcription factors, which have been repeatedly linked to 
sugar signaling (Kang et al., 2010; Kim et al., 2004; Hanson et al., 2008). bZIP tran-
scription factors bind the G-box element found in the promoter analysis. Another 
possibility is that hexose and SnRK1 signaling pathways are not using common fac-
tors but only share common regulatory elements in the promoters. However, this 
appears unlikely because KIN10 silenced Arabidopsis transgenic lines grew faster 
than wild type in the presence of exogenous sucrose, while KIN10 overexpressed 
lines grew slower, the latter showing the same with exogenous glucose (Baena-
Gonzalez et al., 2007). This growth difference shows that KIN10 has a function in 
responding to high sugar abundance, although the mechanism is not known. 
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The phosphate deprivation response appears to be activated in glucose treated 
aba2 seedlings
Previously, sugars were found to affect phosphate dependent signaling because 
genes that respond to phosphate starvation respond to sucrose in a dose depen-
dent manner, as well. (Karthikeyan et al., 2007). The hypersensitive to phosphate 
starvation (hsp1) mutant was found to overexpress the SUC2 gene, causing sucrose 
to accumulate both in the shoot and the root. In hsp1, phosphate starvation genes 
are elevated, providing correlative evidence that sucrose signaling affects phos-
phate signaling (Lei et al., 2011). The phosphate starvation marker gene Pht1;4 re-
sponds most strongly in sucrose fed plantlets, less to glucose, and hardly to fructose 
(Karthikeyan et al., 2007). This is in agreement with our data that the phosphate 
starvation response is profoundly activated in response to glucose treatment in 
the aba2 mutant, and not significantly by fructose treatment. Possibly, the genes 
that respond differently to glucose in aba2 might respond even stronger to sucrose. 
However, it is unclear why phosphate starvation responsive genes are specifically 
activated in the aba2 mutant and neither is the mechanism underlying the sugar 
specificity in the phosphate starvation response. During the phosphate starvation 
KIN11 (a KIN10 homolog) is degraded and this might affect the sugar signaling re-
sponse (Fragoso et al., 2009).

Mechanisms mediating sugar signaling responses in 6 day-old-seedlings
Our results indicate that the SnRK1 complex is involved in the sugar regulation of 
gene expression while the SnRK1 complex is not sugar specific in its regulation of 
gene expression because it is likely responsive to general nutrient status.  Our data 
thus does not support the view of sugar specific signaling pathways regulating gene 
expression in response to hexose treatments in six-day-old seedlings. Instead, it is 
most probable that fructose and glucose are sensed at least to a large extent by 
non-selective signaling mechanisms, probably including a role for SnRK1. Fructose 
and glucose treatment for transcript abundance measurement were performed on 
whole seedlings. In this stage, the cotyledons serve as a source, and are already 
photosynthetically active, while the roots are sinks. These differences in sugar re-
sponse in root and the shoot are interesting for future studies. For example, sug-
ars are repressors of photosynthesis (Van Oosten et al., 1997), and photosynthesis 
takes place almost exclusively in the shoot.

Materials and Methods

Plant material
Seeds were surface-sterilized and stratified in 0.1% agarose for 3 days at 4° C in the 
dark. Approximately 100 seeds were inoculated per 100 ml glass flasks containing 
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10 ml of half strength MS medium, 0,5 MES, pH 5.8. The flasks were incubated at 
22 °C under continuous white light for 7 days, followed by glucose, fructose and 
sorbitol treatment to a final concentration of 0,1M each for 2 hours and snap frozen 
in liquid nitrogen for further analysis. 

RNA preparation for microarray and microarray analysis
Total RNA was isolated using the Spectrum Plant Total RNA Kit from Sigma Aldrich 
and was DNaseI treated (Fermentas) to remove genomic DNA. 500 nanogram ali-
quots were assessed for impurities by the Nanodrop ND-1000 Spectrophotometer 
analysis, followed by Agilent 2100 Bioanalyzer analysis confirm absence of degrada-
tion. The RNA samples were labeled using the Affymetrix OneCycle kit and hybrid-
ized to the Affymetrix ATH1 GeneChips according to the manufactures’ instructions. 
The analysis of the gene expression changes was done with the R program (Team, 
2011), version 2.14.0 using the packages Affy (Gautier et al., 2004) for quality con-
trol and statistical computation of the gene expression values and Limma (Smyth, 
2004) for comparing the different treatments. For the functional analysis, Genetrail 
was used, a program that uses a statistical method to find significant enrichment of 
genes with the same annotation (Keller et al., 2008), and AgriGO (Du et al., 2010), 
which is a platform with the possibility to search for differences in annotation.

Q-PCR analysis
For Q-PCR experiments plant material and RNA were treated as described 
above. One-microgram aliquots were reverse transcribed using M-MLV (Pro-
mega, http://www.promega.com) according to the manufacturer’s instructions. 
Five microliters of cDNA were used per real-time PCR using 10 μL of Power 
Sybergreen mix from Applied Biosystems (http://www.appliedbiosystems.
com) and 2.5 μL of 5-μM primer dilutions. Real-time PCR was performed using 
the Applied Biosystems 7900HT Fast Real-Time PCR system sequence detec-
tor. Expression levels of sugar responsive genes were calculated relative to the 
protein phosphatase 2A (PP2A, AT1G13320) transcript levels using the Q-gene 
method that takes into account the relative efficiencies of the different primer 
pairs. Primers sequences: forward  AT1G13320:TAACGTGGCCAAAATGATGC; 
reverse  AT1G13320:GTTCTCCACAACCGCTTGGT; forward 
AT1G29920:TGAGAGACAGGAGGAGAAAG; reverse AT1G29920:ACCATCCA
CCACAAACAC;forward AT5G22920: GATCGCGCATAAATGCAG; forward AT1
G77760:ATAACTGAAGCTGTGCTTAGG; reverse AT1G77760:CAACGCAAAC
TGAATCATAGG, forward AT1G74670:CAATGCACAAGGAGATGTAG; reverse 
AT1G74670:AGGGACACAAAGGCATTTAG; forward AT5G22920: GATCGC-
GCATAAATGCAG; reverse AT5G22920:TTCCAGAGGAGCAAGAGT; forward 
at4g39210:GAGGAGGCGATGGAGCTAAA; reverse at4g39210:GTTGCTGCTCGCTTG
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GTAAGAGGAAAGA; forward At5g14740:AATGGCTCCTTTGAGCTTT; reverse At5g14
740:GGTGATGGTGATGTGTTAGTT; forward At3g19580:GCACGGTATCGGAAGAAAG; 
reverse At3g19580:GTAACGCCGGTAGGTTTAG; for-
ward at1g02900:GAAGAATATTGGCGACCAC; re-
verse At1g02900:ACGCACCTCTTCTTGAAC; forward 
at1g61800:ACTTTGTCTGGTGGGTAGT; reverse at1g61800:GGAAATCCGCTTCATCGT; 
forward At5g01600:AATTTCTGGGAGAGCAGATT; reverse 
At5g01600:GGTGATGTAGTCTGAGATCTT
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Abstract

In living organisms sugars not only provide energy and carbon skeletons but also 
act as evolutionarily conserved signaling molecules. The three major soluble sug-
ars in plants are sucrose, glucose and fructose. Information on plant glucose and 
sucrose signaling is available but to date no fructose-specific signaling pathway has 
been reported. In this study, sugar repression of seedling development was used to 
study fructose sensitivity in the Landsberg erecta/Cape verde islands recombinant 
inbred line population and eight Fructose Sensing QTLs (FSQ1-8) were mapped. 
Among them, FSQ6 was confirmed to be a fructose specific QTL by analyzing near 
iso-genic lines in which Cvi genomic fragments were introgressed in the Ler back-
ground. These results indicate the existence of a fructose specific signaling pathway 
in Arabidopsis. Further analysis demonstrated that the FSQ6-associated fructose 
signaling pathway functions independently of the HXK1 glucose sensor. Remark-
ably, fructose specific FSQ6 downstream signaling interacts with ABA and ethylene 
signaling pathways similar to HXK1 dependent glucose signaling. The Cvi allele of 
FSQ6 acts as a suppressor of fructose signaling. The FSQ6 gene was identified using 
map-based cloning approach and FSQ6 was shown to encode the ANAC089 NAC 
domain containing transcription factor gene. The Cvi allele of FSQ6/ANAC089 is a 
gain function allele caused by a premature stop in the third exon of the gene. The 
truncated Cvi FSQ6/ANAC089 protein lacks a membrane association domain that 
is present in ANAC089 proteins from other Arabidopsis accessions. As a result Cvi 
FSQ6/ANAC089 is constitutively active as a transcription factor in the nucleus.

Introduction

In plant, sugars provide the energy and carbon skeletons needed for growth and in 
addition, acts as crucial signaling molecules that affect growth, development and 
responses to the (a)biotic environment (Rolland et al., 2006; Rolland et al., 2002; 
Smeekens, 2000). Plant cells harbor sugar sensing and signaling systems that regu-
late the expression of thousands of genes and that control the metabolic processes 
needed for growth (Rolland et al., 2002; Smeekens, 2000; Smeekens et al., 2010). 
These sugar response systems are known to interact with other signaling pathways, 
such as those for light, phytohormones, stress and nutrients (Rolland et al., 2006).
The neutral sugars sucrose, glucose and fructose are central to metabolism in plants 
and in other organisms as well. So far, detailed information is available on glucose 
sensing only and it was shown that the HEXOKINASE 1 (HXK1) enzyme acts as a 
glucose sensor (Jang et al., 1997; Moore et al., 2003). Sucrose specific signaling was 
also demonstrated based on the observation that the effect of sucrose cannot be 
mimicked by glucose and/or fructose (Wind et al., 2010) but so far no information 
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on sucrose sensing systems is available. A signaling function for fructose has been 
proposed (Pego and Smeekens, 2000; Kato-Noguchi et al., 2005) but no convinc-
ing experimental evidence is available in the literature on such fructose specific 
signaling. In Arabidopsis early seedling development is arrested by high concen-
trations of exogenous glucose or sucrose. This observation has been used in sev-
eral screens for the identification of mutants defective in sugar sensing or signaling 
(Laby et al., 2000; Zhou et al., 1998). This rapid and convenient phenotypic screen 
allowed for the isolation of many mutants with altered sugar responses and the 
subsequent identifications of the genes involved. In this way the glucose insensi-
tive phenotype of the hxk1/gin2 mutant (Moore et al., 2003) was established and 
a network was uncovered between HXK1 dependent glucose signaling and abscisic 
acid (ABA) and ethylene biosynthesis and signaling (Laby et al., 2000; Zhou et al., 
1998; Arenas-Huertero et al., 2000; Cheng et al., 2002; Dekkers et al., 2008; Gibson, 
2005; Gibson et al., 2001; Huang et al., 2008). Fructose is a major soluble mono-
saccharide in plant. Fructose is produced from sucrose by invertases and sucrose 
synthases. Fructose can repress the expression of photosynthesis genes, similar to 
glucose (Jang and Sheen, 1994). Most likely, fructose is mainly phosphorylated by 
fructokinases of which a gene family is present in Arabidopsis. The putative regula-
tory role in fructose signaling of fructokinase (FRK) was first investigated in tomato 
(Pego and Smeekens, 2000; Odanaka et al., 2002). Inhibition of the tomato LeFRK2 
interferes with phloem and xylem development by impairing callose deposition and 
this reduces transport of sugars and water (Damari-Weissler et al., 2009). In this 
way LeFRK2 affects tomato stem and root growth, and the normal development 
of flowers, fruits and seeds. These experiments illustrate the important role of FRK 
in metabolism but a signaling function for FRKs or for fructose could not be estab-
lished. Here, a fructose specific signaling pathway is proposed by the identification 
of Arabidopsis QTLs in the Landsberg erecta (Ler) / Cape Verde Islands (Cvi) recom-
binant inbred line (RIL) population that display altered fructose specific sensitivity. 
This novel fructose signaling pathway is HXK1 independent but, remarkably, the 
fructose signal feeds into the same downstream ABA signaling pathway as does the 
glucose/HXK signal. The Cvi FSQ6 QTL was cloned by a map-based cloning approach 
and shown to encode the ANAC089 gene. Functional analysis indicates that the Cvi 
FSQ6/ANAC089 allele is a gain function allele that represses the fructose induced 
ABA signaling pathway.

Results

Identification of fructose sensitivity QTLs in the Ler/Cvi RIL population
High concentrations of glucose and sucrose repress Arabidopsis seedling develop-
ment. The identified glucose insensitive (gin) and sugar-insensitive (sis) mutants are 
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insensitive to glucose and/or sucrose repression of cotyledon and shoot develop-
ment (Laby et al., 2000; Zhou et al., 1998). High concentrations of fructose similarly 
produce pale seedlings and it was found that the Cvi accession is more sensitive 
to high fructose levels than the Ler accession (Figure 1A). Sensitivity of seedling 
development to fructose was quantified in the available Ler/Cvi RIL population and 
the data used for QTL mapping (Alonso-Blanco et al., 1998). A total of eight QTLs for 
fructose sensitivity were detected (LOD score > 2.5). These were named Fructose 
Sensing QTL 1 (FSQ1) to FSQ8 (Figure 1B, Table S1). Interestingly, the Cvi alleles of 
FSQ2, FSQ4, FSQ5, FSQ7 and FSQ8 increase fructose sensitivity, whereas the Cvi 
alleles of FSQ1, FSQ3 and FSQ6 decrease fructose sensitivity. Four available near 
isogenic lines (NIL) were used to test the FSQ1, FSQ3, FSQ6 and FSQ7+FSQ8 target 
genomic regions of Cvi in the Ler background. Fructose sensitivity phenotypes of 
NILs LCN1-2 (FSQ1), LCN3-1 (FSQ3), LCN5-7 (FSQ6 ) and LCN5-14 (FSQ7+FSQ8) (Teng 
et al., 2008) (Figure 1C), were investigated to confirm the QTL results from the RIL 
population. LCN1-2, LCN3-1 and LCN5-7 were less sensitive to fructose than the 
Ler parent, whereas LCN5-14 was more sensitive to fructose (Figure 1D). These re-
sults fully confirmed the fructose sensitivity phenotypes of FSQ1, FSQ3, FSQ6 and 
FSQ7+FSQ8 QTLs.

FSQ6 defines a fructose specific signaling pathway
Comparison of the fructose sensitivity QTLs to those published previously for glu-
cose sensing (Teng et al., 2008) in the same population showed that FSQ3, FSQ4, 
FSQ6 and FSQ8 were fructose specific. Among these, the fructose sensitivity of FSQ6 
had the highest LOD score and was confirmed using the NIL line LCN5-7. Fructose 
specificity of FSQ6 was confirmed by evaluating the sensitivities to glucose and su-
crose in LCN5-7. Whereas LCN5-7 showed a fructose insensitive phenotype (Figure 
2A, E), glucose sensitivity was identical to that of Ler (Figure 2B, F). LCN5-7 was also 
tested on sucrose and, interestingly, LCN5-7 also showed a sucrose insensitive phe-
notype (Figure 2C, G). Fructose released by sucrose hydrolysis probably inhibits Ler 
seedling development. Sugar repressed seedling development is independent of 
osmotic conditions imposed by the high sugar levels since growth on equal levels of 
sorbitol is not inhibited (Figure 2D, H). The results presented suggest that FSQ6 af-
fects a fructose specific signaling pathway. Seedling development of F1 populations 
derived from reciprocal crosses between Ler and LCN5-7 grown on high fructose 
levels was tested. The reciprocal F1 populations showed a fructose insensitive phe-
notype, similar to LCN5-7 (Figure S1), indicating that the Cvi FSQ6 allele is dominant.

Fructose signaling is HXK1 independent
The different phenotypes of LCN5-7 on glucose and fructose imply the existence 
of a fructose specific signaling pathway. The fructose sensitivity phenotype of the 
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glucose sensor protein HXK1 was investigated in the gin2-1/hxk1 mutant (Jang et 
al., 1997; Moore et al., 2003) to investigate a possible relation between fructose sig-
naling and HXK1 dependent glucose signaling. The gin2-1/hxk1 mutant displayed a 
wild type phenotype when grown on fructose (Figure 3A, B), showing that fructose 
signaling represents a novel and HXK1 independent signaling pathway in Arabidop-
sis. HXK1 mediated glucose signaling depends on and interacts with the ABA and 
ethylene hormonal signaling pathways. Therefore, the fructose sensitivity pheno-
types were investigated in mutants defective in ABA biosynthesis and signaling, and 
in ethylene constitutive or defective signaling mutants. These mutants represent 
genes that are part of the sugar/ABA signaling network that control seedling devel-
opment (Laby et al., 2000; Arenas-Huertero et al., 2000; Dekkers et al., 2008; Huang 
et al., 2008). Remarkably, ABA deficient (Figure 3D, Figure S2B), ABA signaling (Fig-
ure 3E, Figure S2C, D) and constitutive ethylene signaling (ctr1) mutants (Figure 3F) 
showed a fructose insensitive phenotype, whereas the ein2 ethylene signaling mu-
tant were more sensitive to fructose (Figure 3G). These results show that fructose 
signaling depends on ABA and ethylene signaling, similar to what has been reported 
for glucose signaling. In seedlings, photosynthesis genes are repressed by sugars 
via the ABA-ABI signaling pathway. Sugar responsiveness of CAB2 and PC, encoding 
chlorophyll A/B-binding protein and plastocyanin, respectively, was investigated in 
different genetic backgrounds to further evaluate the relation between glucose and 
fructose signaling pathways, and the role of FSQ6 in sugar signaling networks. High 
concentration of glucose or fructose repress CAB2 and PC expression in the Ler ac-
cession relative to the sorbitol osmotic control (Figure 3H), with glucose being more 
effective than fructose. In the hxk1/gin2 glucose sensing mutant (Ler accession) 
CAB2 and PC are insensitive to glucose repression, confirming previous reports 
(Moore et al., 2003). In Ler expressing the Cvi FSQ6 gene (see below) glucose effec-
tively represses CAB2 and PC. In the hxk1/gin2 mutant fructose has no effect on the 
expression of CAB2 and PC genes compared to the control treatment, whereas in 
the presence of fructose in Ler expressing Cvi FSQ6, both genes are about two-fold 
higher expressed compared to the Ler parent (Figure 3H). Importantly, CAB2 and PC 
expression respond differentially to glucose and fructose in Ler, hxk1/gin2 and Ler 
containing Cvi FSQ6 supporting at the gene expression level the finding that glucose 
and fructose are perceived through separate sensing systems.

The FSQ6 locus encodes the NAC domain transcription factor ANAC089
A map-based approach was used to clone the FSQ6 gene. FSQ6 was narrowed to an 
11.8-kb region on chromosome 5 in 5023 F2 plants with newly developed markers 
(Figure S3, Table S2). This region encodes four annotated genes, namely At5g22270 
(unknown protein), At5g22280 (unknown protein), At5g22290 (Arabidopsis NAC 
domain containing protein 89, ANAC089) and At5g22300 (Nitrilase 4) (Figure S3). 
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Figure 1. Identification and confirmation of Fructose Sensing QTLs. (A) Fructose sensitivity phenotypes of Ler and 
Cvi accessions. Seeds were grown on agar solidified 1/2 MS containing 6 % fructose and grown for 9 days at 22°C 
under continuous light. (B) QTL map of fructose sensitivity in the RIL population of Ler/Cvi. The LOD score threshold 
was 2.5. The FSQ loci are indicated by bars representing the two-LOD-support interval, with arrowhead indicating 
whether Cvi increases or decreases fructose sensitivity. The LOD score peak is indicated with an arrowhead next 
to interval bars. (C) Genotypes of NILs used for confirmation of the QTLs. Black bars indicate the integrated Cvi ge-
nomic segment in the Ler background. (D) Fructose sensitivity phenotypes of the NILs presented in panel (C). Seeds 
of Ler, Cvi and the NILs were grown on 1/2 MS containing fructose concentrations as indicated and grown for 9 
days at 22°C under continuous light. Seedling development was scored and the percentage of normally developed 
seedlings with green cotyledon is presented.
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Figure 2. FSQ6 is specifically sensitive to fructose. (A and E) Fructose sensitivity of Ler (A) and NIL line LCN5-7 (E). 
The seeds were grown on agar solidified 1/2MS containing 6.5% fructose, and incubated under continuous light 
for 7 days. Seedling greenings of Ler and LCN5-7 were 2.2±2.3% and 87.2±7.2%, respectively (three independent 
repeats). (B and F) Glucose sensitivity of Ler (B) and LCN5-7 (F). The seeds were grown as in (A) and (E) but on 
6% glucose. Seedling greenings of Ler and LCN5-7 were 5.3±4.9% and 7.1±8.7%, respectively (three independent 
repeats). (C and G) Sucrose sensitivity of Ler (C) and LCN5-7 (G). The seeds were grown as in (A) and (E) but in the 
presence of 8% sucrose. Seedling greenings of Ler and LCN5-7 were 12.6±9.7% and 69.6±11.4%, respectively (three 
independent repeats). (D and H) Ler (D) and LCN5-7 (H) osmotic control experiments. The seeds were grown as in 
(A) and (E) but in the presence of 6.5% sorbitol. Ler and LCN5-7 seedlings showed 100% greening.

Figure 3. Analysis of the fructose specific signaling pathway. (A-G) Fructose sensitivities of Ler (A), gin2-1 (B), Col (C), 
aba2-1 (D), abi4-1 (E), ctr1-1 (F), and ein2-1 (G). The seeds were grown under continuous light for 7 days on agar 
solidified 1/2MS containing 6.5% fructose. (H) CAB2 and PC gene expression in Ler, Ler expressing Cvi FSQ6 gene 
(see blow) and gin2-1, grown as in (A)-(G) in the presence of fructose, glucose or sorbitol as indicated. Expression 
levels of CAB2 and PC were calculated relative to the reference gene PP2A (40). Values represent the average of 
three independent biological repeats. Bars indicate the standard errors.
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These four genes were used in a genetic complementation assay and only the trans-
formation of the Cvi At5g22290 gene (ANAC089) into Ler showed fructose insensi-
tive transgenic seedlings (Figure 4A). Importantly, Ler lines transformed with the 
Ler At5g22290 allele remained fructose sensitive (Figure 4B). The function of Ler 
FSQ6/ANAC089 was investigated by studying the fsq6/anac089 mutant in the Ler 
background. Line GT19225 has a Ds insertion early on in the coding region of FSQ6/
ANAC089 (Figure S4A-B). Expression analysis indicated GT19225 is a knockout of 
FSQ6/ANAC089 (Figure S4C). Interestingly, the fructose sensitivity of GT19225 was 
similar to the Ler parent (Figure S4D). The GT19225 line was transformed with both 
Ler and Cvi alleles of FSQ6/ANAC089 and fructose sensitivity tested in the trans-
genic lines. Transgenic GT19225 lines transformed with the Ler FSQ6/ANAC089 al-
lele showed similar fructose sensitivity as the parent GT19225 line (Figure S4D-E), 
whereas transgenic GT19225 lines transformed with the Cvi FSQ6/ANAC089 allele 
showed fructose insensitive phenotypes (Figure S4F). These results indicate that 
the Cvi FSQ6/ANAC089 allele is a gain of function allele affecting fructose signaling.

A premature stop codon in the Cvi FSQ6 allele is responsible for the gain of func-
tion phenotype
The genomic and cDNA sequences of FSQ6/ANAC089 in Ler, and Cvi were deter-
mined and the sequences of the Col allele were retrieved from the TAIR site (www.
arabidopsis.org). In the Ler, Cvi and Col accessions the FSQ6/ANAC089 encodes 
four exons and three introns, SNPs and IN/DELs are present in both the promoter 
and coding regions. Transgenic Ler lines with the cauliflower mosaic virus (CaMV) 
35S promoter driven cDNA of Cvi FSQ6/ANAC089 also showed fructose insensitive 
phenotypes (Figure 4C), whereas CaMV 35S promoter driven cDNA of Ler FSQ6/
ANAC089 did not (Figure 4D), showing that a polymorphism in the coding region 
conferred the fructose insensitive phenotype.The Ler FSQ6/ANAC089 allele encodes 
a 340-residue polypeptide that is identical to the Col-0 sequence (Figure 4E, www.
arabidopsis.org). Comparison of the nucleotide sequences in the coding regions of 
the Ler and Cvi FSQ6/ANAC089 alleles uncovered ten nucleotide changes, including 
three SNPs in exon 1, four in exon 2, one in exon 3, and one in exon 4 (Figure S5A). 
SNPs in exon 1 and exon 3 produced amino acid changes: S15 (Ler) to A15 (Cvi) and 
S180 (Ler) to L180 (Cvi) (Figure 4E). These amino acid changes were outside the NAC 
domain. In the Cvi allele a 1-bp deletion resulted in a premature stop codon in exon 
3 (Figure S5A), leading to a truncated protein of 224 amino acid residues (Figure 
4E). The polymorphism in the Cvi allele resulting in fructose insensitivity was identi-
fied by introducing all seven combinations of the three mutations (S15A, S180L, and 
S225*) into the Ler cDNA and transferring the constructs into Ler under the control 
of the Ler FSQ6/ANAC089 promoter (Figure 4F, Figure S5B). Only transgenic lines 
with the premature stop mutation showed fructose insensitive phenotypes (Figure 
4G-K). The S15A and S180L mutations didn’t affect the fructose sensitivity pheno-
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type (Figure S5C-E). Thus, the gain function Cvi FSQ6/ANAC089 allele is caused by 
a truncation of the protein. Additional screening of 100 accessions from different 
geographical regions using a CAPS marker that specifically detects the Cvi 1-bp dele-
tion allelic difference (Table S2, Figure S5F) did not uncover further accessions with 
this deletion. Moreover, this 1-bp deletion haplotype was not found in the Arabi-
dopsis Genome 1001 (http://signal-genet.salk.edu/atg1001/3.0/gebrowser.php) 
sequence collection. These results indicate that the 1-bp deletion is rare among 
natural populations and might be specific for Cvi, perhaps due to the geographical 
isolation of Cape Verde Islands. The ecological significance of the allele is therefore 
unclear, and further studies including other plant species are needed to confirm its 
uniqueness.

The Cvi FSQ6/ANAC089 protein is a constitutively active nuclear transcription fac-
tor
ANAC089 belongs to OsNAC8 subgroup of group I of NAC transcription factors 
(Ooka et al., 2003). In the C terminal part of the protein (amino acid residues 321-
340) an alpha helix is predicted, suggesting the presence of a membrane-bound do-
main in ANAC089 (http://aramemnon.botanik.uni-koeln.de) (Kim et al., 2010). The 
membrane-bound domain retains the transcription factor in the cytoplasm (Kim 
et al., 2007b). Transgenic Ler plants with a CaMV35S promoter driven GFP fused 
Ler and Cvi FSQ6/ANAC089 constructs were generated. Transgenic lines expressed 
GFP::Ler FSQ6/ANAC089 fusion protein were fructose sensitive as wild type Ler, 
whereas expression of GFP::Cvi FSQ6/ANAC089 fusion protein made the transgenic 
plants insensitive to fructose, suggesting that the N-terminal GFP tag does not af-
fect functional properties of the proteins (Figure S6A-B). The cellular locations of 
the GFP fused Ler and Cvi FSQ6/ANAC089 proteins were studied using confocal la-
ser scanning microscopy. The Ler FSQ6/ANAC089 was located in cytoplasm (Figure 
5A-C) as previously reported (Smyczynski et al., 2006). The premature stop codon in 
ANAC089 results in the gain of function mutation in the Cvi FSQ6/ANAC089 protein 
and the absence of the C-terminal 116 amino acid residues, including the mem-
brane-anchoring domain. Importantly, the absence of the membrane-anchoring 
domain in the Cvi FSQ6/ANAC089 protein resulted in nuclear localization (Figure 
5D-F). The transcriptional activity of different FSQ6/ANAC089 proteins was studied 
in a yeast assay. Expression of both Ler FSQ6/ANAC089-BD (GAL4-binding domain) 
and Cvi FSQ6/ANAC089-BD fusion proteins in yeast showed strong activation of the 
reporter gene. Transactivation by the full length Ler FSQ6/ANAC089-BD protein was 
in the same range as in the C-terminal truncated (residues 225-340) Ler protein 
suggesting that the C-terminal 116 amino acids of the Ler FSQ6/ANAC089 protein 
didn’t affect the transcriptional potential. Interestingly, a further C terminal dele-
tion of 20 amino acids up to position 204 in the Cvi and Ler ∆225-340 proteins re-
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Figure 4. A C-terminal truncation of the Cvi FSQ6/ANAC089 protein results in the fructose insensitivity phenotype. 
(A-D) Fructose sensitivities of transgenic Ler containing the genomic Cvi FSQ6/ANAC089 sequence (A), the genomic 
Ler FSQ6/ANAC089 sequence (B), the CaMV35S Cvi FSQ6/ANAC089 cDNA construct (C), the CaMV35S Ler FSQ6/
ANAC089 cDNA (D). The seeds were grown on agar solidified 1/2MS with 6.5% fructose, and incubated under con-
tinuous light for 7 days. (E) Amino acid sequences of Ler and Cvi FSQ6/ANAC089 proteins. The green underlined 
letters indicate the NAC domains, the red letters indicate the amino acid changes between the two alleles. (F) Point 
mutations introduced in the Ler FSQ6/ANAC089 cDNA sequence. These mutations were introduced in the Ler ac-
cession under the control of the Ler FSQ6/ANAC089 promoter. (G-K) Fructose sensitivities of the transgenic Ler lines 
were tested. (G) Control construct A, (H) mutation B, (I) mutation C, (J) mutation D and (K) mutation E. The seeds 
were grown on agar solidified 1/2MS with 6.5% fructose and incubated under continuous light for 7 days.
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sulted in a complete loss of transactivation activity (Figure S6C). Transgenic Ler lines 
which express amino acid residues 1-224 of either Cvi or Ler FSQ6/ANAC089 pro-
teins with transcription activating activity in yeast assay were fructose insensitive 
(Figure 4C, I), whereas, transgenic Ler lines that overexpress amino acid residues 
1-205 of either Cvi or Ler FSQ6/ANAC089 proteins without transcription activat-
ing activity in yeast assay did not display fructose insensitive phenotypes (Figure 
5G-H). These finding suggest that amino acids 205-224 are essential for the gain of 
function phenotype of the Cvi FSQ6/ANAC089 protein and promote transcriptional 
activity. Likely, the transcription activating function of FSQ6/ANAC089 is required 
for the fructose insensitive phenotype.

Discussion

Glucose and fructose are major monosaccharides in plants and many other organ-
isms as well. In plants glucose and fructose are metabolized differently and have 
different metabolic effects. Therefore, sensing of glucose and fructose by separate 
systems seems important to monitor these sugars at the cellular level. Similar to 
glucose, fructose likely is an evolutionarily conserved signaling molecule in plants 
(Pego and Smeekens, 2000), fungi (Doehlemann et al., 2005) and mammals (Wei 
et al., 2007). However, in plants convincing evidence for the signaling function of 

Figure 5. The Cvi FSQ6/ANAC089 protein is a nuclear transcription factor. (A) Fluorescence image of root cell ex-
pressing the GFP::Ler FSQ6/ANAC089 fusion protein, (B) bright-field image of root cell, (C) merged GFP fluorescence 
and bright-field image. (D) Fluorescence image of root cell expressing the GFP::Cvi FSQ6/ANAC089 fusion protein, 
(E) bright-field image of root cell, (F) merged GFP fluorescence and bright-field image. (G-H) Fructose sensitivities 
of transgenic Ler overexpressing 1-204 amino acid residues of Cvi (G) and Ler (H) FSQ6/ANAC089. The seeds were 
grown on agar solidified 1/2MS with 6.5% fructose, and incubated under continuous light for 7 days.
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fructose is lacking. In this study, several QTLs were identified that allow seedling 
development on high fructose levels while retaining normal glucose sensitivity, pro-
viding convincing evidence for fructose mediated signaling processes in Arabidop-
sis. Fructose sensing is independent of the well studied HXK1 mediated glucose 
sensing system. Remarkably, ABA deficient mutants and ABA and ethylene signaling 
mutants show fructose sensitivity phenotypes similar to those observed for HXK1 
mediated glucose sensitivity (Laby et al., 2000; Arenas-Huertero et al., 2000; Huang 
et al., 2008; Huijser et al., 2000; Rook et al., 2001). Therefore, fructose and glucose 
sensing both depend on and interact with the same downstream ABA and ethylene 
signaling pathways. In seedlings, this sugar/ABA signaling pathway represses pho-
tosynthesis genes such as CAB2 and PC (Moore et al., 2003; Acevedo-Hernandez et 
al., 2005; Rook et al., 2006). Importantly, CAB2 and PC are differentially regulated 
by glucose and fructose in the hxk1/gin2 and in the Ler expressing Cvi NAC089, pro-
viding molecular evidence for separate glucose and fructose sensing systems. The 
fructose specific FSQ6 QTL encodes the NAC transcription factor ANAC089. Genetic 
evidence shows that the Cvi FSQ6/ANAC089 is a gain of function allele that affects 
fructose signaling. Transformation of Ler with the CaMV35S promoter driven Cvi 
FSQ6/ANAC089 cDNA resulted in fructose insensitive seedling development, show-
ing that polymorphisms in the amino acid coding region are important for the phe-
notype. Detailed analysis showed that a premature stop codon in the Cvi allele is 
responsible for the gain of function phenotype. FSQ6/ANAC089 encodes a mem-
brane-bound NAC transcription factor (Ooka et al., 2003; Kim et al., 2010).  The C-
terminal region of FSQ6/ANAC089 harbors a helical membrane-association domain 
(Kim et al., 2010). Controlled proteolytic release of membrane-bound transcription 
factors is emerging as a versatile way of inducing rapid transcriptional changes in 
plants, e.g. in response to environmental changes (Kim et al., 2007b). Recently, the 
functions of several membrane-bound NAC transcription factors were documented 
as well as their stimulus dependent nuclear translocation (Kim et al., 2007a; Kim et 
al., 2008; Kim et al., 2006; Seo et al., 2010). The Cvi FSQ6/ANAC089 protein lacks 
the membrane anchor due to the premature stop mutation. The Ler FSQ6/ANAC089 
is located in the cytoplasm (Smyczynski et al., 2006) precluding a nuclear function as 
a transcriptional activator. The absence of the membrane-bound domain in the Cvi 
FSQ6/ANAC089 protein allows its redistribution to the nucleus. In yeast, both the 
Ler and Cvi FSQ6/ANAC089 proteins function as potent transcriptional activators 
and the transcriptional activation function depends on the presence of amino acid 
residues 205-224. These amino acids are essential for the fructose insensitive phe-
notypes both in the Cvi and the truncated Ler FSQ6/ANAC089 proteins. Thus, the 
nuclear located Cvi FSQ6/ANAC089 probably activates genes mediating the fructose 
insensitive seedling phenotype. The LCN5-7 NIL line and other Cvi FSQ6/ANAC089 
genetic material generated in this study also showed sucrose insensitivity, similar 

4



65

to fructose insensitivity. Ler seedling development likely is inhibited by extensive 
fructose and glucose release from sucrose due to invertase and sucrose synthase 
activities. Alternatively, the fructosyl moiety of sucrose might be sensed directly 
by a fructose specific sensor but this remains to be investigated. In conclusion, a 
novel and HXK1 independent fructose signaling pathway has been discovered in 
Arabidopsis. This fructose signaling pathway interacts with ABA and ethylene sig-
naling pathways as does the HXK1 dependent glucose signaling pathway. The Cvi 
FSQ6 locus affects this fructose specific signaling pathway and depends on the ABA 
signaling pathway. FSQ6 encodes the ANAC089 NAC domain transcription factor. 
The Cvi FSQ6/ANAC089 allele is a gain of function allele in which a premature stop 
codon in the protein coding region of the Cvi allele is responsible for the gain of 
function phenotype. The premature stop results in a C-terminally truncated protein 
that lacks the membrane-attachment domain and relocates to the nucleus where it 
probably functions as a transcriptional activator. Identification of target genes of Cvi 
FSQ6/ANAC089 will hopefully provide clues for a better understanding of this novel 
fructose signaling pathway.

Materials and Methods

Plant materials
The genetically characterized RIL population from a cross between Ler and Cvi was 
used for QTL analysis (Alonso-Blanco et al., 1998). Four NILs, LCN1-2, LCN3-1, LCN5-
7 and LCN5-14 (Keurentjes et al., 2007), were used to confirm relevant fructose 
sensing QTLs. The fsq6/anac089 knock out line, GT19225, was obtained from the 
Martienssen lab at Cold Spring Harbor Laboratory (http://genetrap.cshl.org/). The 
insertion was confirmed by PCR using the primer specified in Legend of Figure S4.

Analysis of fructose sensitivity
Surface sterilized seeds were stratified in 0.1% agarose for 4 days at 4°C in the dark, 
followed by plating on 1/2 MS medium, pH 5.8, solidified with 0.8% agar. Different 
concentrations of sugars and sorbitol were added as indicated. Plates were incu-
bated at 22°C under continuous fluorescent light for 7 days and the sugar sensitivity 
phenotypes determined by scoring the percentages of greening and uninhibited 
development of seedlings.

QTL analysis and fine mapping of FSQ6
QTL analysis was performed using MapQTL as described (Teng et al., 2008; Teng 
et al., 2005). FSQ6 was initially mapped between T6G21 and K8E10 in 113 fully ar-
rested F2 individuals derived from the crossing between LCN5-7 and Ler. These two 
molecular markers were used to detect recombinants in 5023 F2 individuals. New 
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markers were developed on the basis of the sequenced BAC clone MDW9 (Table S2) 
and used to determine the genotypes of the recombinants. F4 seeds from homozy-
gous F3 recombinant plants were used to test the fructose sensitivity and determine 
the FSQ6 genotypes. The CAPS marker detecting the 1-bp deletion difference be-
tween Ler and Cvi is shown in Table S2.

Constructs
A 5800-bp genomic fragment of Cvi and Ler FSQ6/ANAC089, including 2,563 bp up-
stream of the start codon and 1,792-bp sequence downstream of the stop codon 
was amplified by PCR using primers “Compl” (Table S3). The PCR product was di-
gested with BamHI and PstI and cloned into pCAMBIA2301 (www.cambia.org). To 
generate the CaMV35S:: FSQ6/ANAC089 cDNA vector, a 1022-bp cDNA fragment 
of FSQ6/ANAC089 was PCR amplified with the primers “cDNA” (Table S3). The PCR 
product was digested by BamH I/Pst I and cloned downstream of the CaMV35S pro-
moter in pCAMBIA1301-OE (modified from pCAMBIA1301).
For GFP fusion constructs, the codon sequences of FSQ6/ANAC089 from cDNA of 
Cvi and Ler were amplified with primers “CDSgateway” (Table S3), and recombined 
into pDONR-zeo vector by BP reaction (Invitrogen). The DNA fragment containing 
the desirable sequence was recombined into pMDC45 (GFP tag at N terminus) using 
LR clonase (Invitrogen). The CaMV35S promoter of pCAMBIA1301-OE was substi-
tuted with 2000-bp EcoRI/KpnI fragment of the Ler FSQ6/ANAC089 promoter. The 
Ler FSQ6/ANAC089 cDNA was amplified as before and cloned into pMD18. Point 
mutations were introduced into this construct by the method of gene splicing by 
overlap extension PCR. The fragments of mutated Ler FSQ6/ANAC089 cDNA were 
isolated by BamHI/PstI digestion and inserted into the modified expression vector 
to obtain the point mutant constructs.

Transactivation activity assay
The transactivation activity assay was performed using the Matchmaker GAL4 Two-
Hybrid System 3 (Clontech) with some modifications as described (Huang et al., 
2009). To create
pLer, pLerΔC225-340, pLerΔC205-340, pCvi, pCviΔC205-224, the full-length coding 
sequence and the C-terminus deletion of FSQ6/NAC089 based on the Ler and Cvi 
sequence were PCR amplified. The PCR products were digested with BamH I and 
Pst I and cloned into pGBKT7 to fuse to the GAL4 binding domain. All plasmids were 
transformed into yeast strain PJ69-4A. The overnight yeast colonies were diluted to 
an OD600 of 0.5, serially diluted and dropped on either -Trp SD media or -Trp/-His/-
Ade SD media. The primer sequences are listed in Supplemental Table S3.
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Real Time RT-PCR
Total RNA was isolated using the Spectrum™ Plant Total RNA Kit from Sigma Aldrich, 
and DNase treated (Fermentas, http://www.fermentas.com) to remove genomic 
DNA. One-μg aliquots were reverse transcribed using M-MLV (Promega, http://
www.promega.com) according to the manufacturer’s instructions. Five µl cDNA 
was used per Real-Time PCR reaction using 10 µl Power Cybergreen™ mix from Ap-
plied Biosystems (http://www.appliedbiosystems.com) and 2.5 µl of 5 µM diluted 
primers. Real-time PCR was performed using the Applied Biosystems 7900HT Fast 
Real-Time PCR system sequence detector. Expression levels of CAB2 and PC genes 
were calculated relative to PP2A (Czechowski et al., 2005) levels using the Q-gene 
method that takes the relative efficiencies of the different primer pairs into account 
(Muller et al., 2002; Simon, 2003). The sequences of the primers used for the am-
plification of PP2A, CAB2 and PC are presented in Table S4.
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Summary

Screening for mutants on high sugar containing medium led to the discovery of pro-
teins involved in both sugar and ABA signaling. However, the interaction between 
sugar and ABA signaling is unclear. The gin2-1 and NAC089CVI genotypes show re-
duced sensitivity towards glucose and fructose, respectively, but ABA and ABA hy-
droxylase inhibitor treatments revert their sensitivity to sugars, suggesting that their 
reduced sensitivity is not caused by changed ABA sensitivity. The ABA hydroxylase 
2 (cyp707a2) knockout is hypersensitive to sugars and NAC089CVI in the cyp707a2 
background is hypersensitive to fructose as well. This suggests that NAC089CVI con-
trols ABA levels by CYP707A2 and that decreased ABA levels are necessary for the 
reduced sensitivity of gin2-1 and NAC089CVI seedlings to sugars. However, we did 
not detect reduced ABA levels in NAC089CVI and gin2-1 seedlings on sugars. We con-
clude that that gin2-1 and NAC089CVI regulated sugar signaling and ABA signaling 
represent two parallel signaling pathways that are required by affect sugar directed 
growth arrest independently. NAC089CVI regulates mainly genes encoding proteins 
required in the chloroplast. ABA can affect plastid-to-nucleus signaling, but we pro-
pose that NAC089CVI affects plastid-to-nucleus regulated genes independent of ABA 
signaling. However, we cannot exclude that NAC089CVI seedlings grown on fructose 
lead to reduced ABA levels at a point undetected by us.

Introduction

Sugars are the products of photosynthesis as well as signaling molecules that ad-
just carbohydrate availability for growth and development. Seeds germinated on 
high levels of sugars display a sugar-directed growth arrest phenotype with delayed 
germination, pale cotyledons, inhibition of shoot and inhibition of root growth (Ro-
gnoni et al., 2007). Many mutants were identified that grow relatively uninhibited 
on high sugar containing medium and these mutants are suggested to be defec-
tive in sugar signaling. These include the reduced glucose sensitive mutant gin2-1 
(Jang et al., 1997) and the reduced fructose sensitive NAC089CVI  expressing lines 
(Li et al., 2011b). gin2-1 is a null mutant for HEXOKINASE1 and has half the hexose 
phosphorylation activity compared to the wild type. The gin2-1 mutant has reduced 
glucose sensitivity to high glucose medium that is independent from its catalytic 
activity (Moore et al., 2003). NAC089 is a membrane bound transcription factor 
of the NAC family. Membrane bound transcription factors are activated and can 
rapidly respond to environmental changes (Seo et al., 2008). The Cape Verde Is-
lands ecotype expresses a C-terminal truncated NAC089 transcription factor lacking 
the membrane binding domain and this protein causes reduced fructose sensitivity 
specifically on high fructose medium (Li et al., 2011b). The mode of action of this 
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protein is not known, but several interacting proteins have been identified in yeast 
two-hybrid screens, including three ubiquitin E3 ligases (Arabidopsis Interactome 
Mapping Consortium, 2011) and the membrane transport protein PASTICCHINO1 
(PAS1). Overexpressing NAC089 in the pas1 background restores the aberrant cell 
division phenotype, which suggests a role for NAC089 in cell division (Smyczynski 
et al., 2006), as was previously described for other NAC family members (Aida et 
al., 1999; Kim et al., 2006). Seedlings affected in abscisic acid (ABA) biosynthesis 
or degradation, including the mutants defective in ABA biosynthesis aba2 (Cheng 
et al., 2002) and aba3 (Arenas-Huertero et al., 2000) and the overexpressor of the 
ABA degradation enzyme CYP707A2 (Zhu et al., 2011) show reduced sensitivity to 
glucose similar to the gin2-1 mutation. Since each of these three genotypes have 
low endogenous ABA levels, low ABA levels seems correlated with reduced sugar 
sensitivity. The cyp707a1, cyp707a2, and cyp707a3 and their double mutants accu-
mulate high levels of ABA, causing sugar hypersensitivity in each of those mutants 
(Okamoto et al., 2006). Clearly, altering the endogenous ABA levels affects sugar 
sensitivity on high sugar medium. ABA levels are controlled by the balance of syn-
thesis and the degradation. Therefore, the sugar sensitivity phenotype of wild type 
seedlings on high sugar can be the result of increased synthesis of ABA, decreased 
degradation, or a combination of the two. ABA biosynthesis requires various en-
zymes (Nambara and Marion-Poll, 2005). The degradation of ABA requires the action 
of ABA hydroxylases (Kushiro et al., 2004). ABA hydroxylases catalyse the hydrox-
ylation at the C- 8’ position of the ABA molecule, which is an irreversible reaction. 
Four known functional ABA hydroxylases exist, that have temporally and spatially 
separated expression patterns (Okamoto et al., 2006; Umezawa et al., 2006; Pres-
ton et al., 2009). The increased degradation of ABA by overexpression of CYP707A2 
was shown to reduce glucose sensitivity (Zhu et al., 2011). ABA inactivation can also 
occur by glucose-conjugation, which is reversible (Nambara and Marion-Poll, 2005). 
Enzyme inhibitors can be used to study how ABA biosynthesis and degradation af-
fect sugar directed growth arrest. Nordihydroguaiaretic acid (NDGA) is an ABA bio-
synthesis inhibitor that inhibits 45% of the activity of the ABA biosynthesis enzyme 
NCED at 100µM (Han et al., 2004). The newly developed ABA hydroxylase inhibitor 
AHI-1  inhibits ABA degradation (Ueno et al., 2007). AHI-1 is a stereoisomer of ABA 
and therefore competes with ABA in binding to ABA hydroxylase enzymes, thereby 
preventing ABA degradation. The similarity of the sugar directed growth arrest phe-
notype of mutants affected in the signaling and metabolism of ABA and mutants 
affected in sugar perception leads to the conclusion that there is crosstalk between 
ABA signaling and sugar signaling. In this paper we provide evidence that supports 
the hypothesis that gin2-1 and NAC089CVI regulated sugar signaling and ABA signal-
ing are two parallel signaling pathways both affecting sugar directed growth arrest 
leading to cotyledon greening and PhANG expression. We cannot exclude that NAC-
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089CVI seedlings grown on high fructose containing medium leads to reduced ABA 
levels at a point undetected by us.

Results

The mutant gin2-1 and NAC089CVI do not alter ABA sensitivity
Wild type seedlings germinating on high glucose containing medium accumulate 
abscisic acid (ABA) and display sugar directed growth arrest. The accumulating ABA 
was suggested to cause the sugar directed growth arrest response (Price et al., 
2003; Cheng et al., 2002). Mutants that have reduced sensitivity to high sugar con-
taining medium might have either reduced ABA levels or reduced ABA sensitivity. 
To investigate the possibility of high sugar containing medium causing reduced ABA 
sensitivity, the gin2-1 mutant, which has reduced glucose sensitivity and a trans-
genic line expressing NAC089CVI, which has reduced fructose sensitivity, both were 
germinated on medium containing high levels of either glucose or fructose (7%), 
and additionally 5 µM ABA. Both wildtype and the mutant seedlings treated with 
additional ABA show enhanced sugar sensitivity. The gin2-1 mutant that displays 
97% green seedlings on high glucose containing medium shows 0% greening in the 
presence of ABA, and the NAC089CVI that displays 93% green seedlings on high fruc-
tose containing medium shows 0% greening when ABA is present (Figure 1A-B). On 
sorbitol with added ABA, the wild type as well as NAC089CVI and gin2-1, have re-
duced greening, changing from 100% on sorbitol to 0% on sorbitol with ABA (Figure 
1C), which shows that the response to ABA can be independent of sugar signaling. 
The observation that gin2-1 and NAC089CVI both respond to exogenous ABA, shows 
that these mutants are not affected in their sensitivity towards ABA. Thus on high 
sugar medium, likely HEXOKINASE1 triggered glucose sensitivity and NAC089CVI trig-
gered fructose sensitivity do not alter ABA sensitivity.

The ABA degradation inhibitor AHI-1 increases sugar sensitivity of the gin2-1 mu-
tant and NAC089CVI on high sugar containing medium
The ABA sensitivity is not altered in gin2-1 and NAC089CVI seedlings but these mu-
tants might have decreased endogenous ABA levels on high sugar medium either by 
reducing biosynthesis or by increasing degradation of ABA. To distinguish between 
these possibilities, gin2-1 and NAC089CVI seeds were germinated on high sugar me-
dium supplemented with the ABA biosynthesis inhibitor NDGA and ABA degrada-
tion inhibitor AHI-1. NDGA does not affect sugar directed growth arrest, showing 
that reducing ABA biosynthesis does not affect sugar sensitivity in these mutants 
(data not shown). In contrast, gin2-1 and NAC089CVI germinated on high sugar con-
taining medium supplemented with AHI-1 are sugar sensitive, showing that reduc-
ing ABA degradation affects sugar sensitivity (Figure 1A-1B). All genotypes display 
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greening on sorbitol but this greening is suppressed on sorbitol with added AHI-1, 
showing that preventing degradation of ABA can affect greening independent of 
sugar signaling, similar to supplementing medium with ABA (Figure 1C). Possibly, 
HEXOKINASE1 triggered glucose sensitivity and NAC089CVI triggered fructose sensi-
tivity affect ABA sensitivity by inhibiting the ABA degradation during sugar directed 
growth arrest. 

Figure 1. Response of Arabidopsis seedlings to high sugar levels A)-C) Frequency of Ler, NAC089CVI¬ and gin2-1 
seedlings with green cotyledons after germination on 7% of sugars and sorbitol (Con.) and additionally, 5 µM ABA 
(ABA) or 17 µM AHI-1 (ABA hydroxylase inhibitor) (AHI-1). Seedlings were germinated and grown for 7 days on A) 
7% fructose B) 7% glucose and C) 7% sorbitol. D)-F) Frequency of cyp707a1, cyp707a2 and cyp707a1 cyp707a2 
seedlings with green cotyledons on 6, 6.5 or 7% sugars or sorbitol. Seedlings were germinated and grown for 7 days 
on D) Sorbitol E) Glucose and F) Fructose.

5



74

The ABA catabolic enzyme CYP707A2 is required for the response of NAC089CVI to 
high fructose medium
The ABA hydroxylase inhibitor AHI-1 is a competitive inhibitor of all four known 
ABA hydroxylases present in Arabidopsis, CYP707A1 to 4. The knockout mutants 
cyp707a1, cyp707a2 and cyp707a1 cyp707a2 have higher ABA levels in the seed 
(Okamoto et al., 2006). Therefore, we tested whether these mutants display dif-
ferent sensitivity to sugars compared to wild type. Both cyp707a1, cyp707a2 and 
cyp707a1 cyp707a2 are hypersensitive to glucose and fructose and increasing 
sugar levels increases the sensitivity of these mutants compared to wild type. All 
lines show greening on equivalent concentrations of sorbitol (Figure 1D-1F). We 
concluded that these ABA hydroxylases are involved in reducing sugar sensitivity 
on high sugar medium. CYP707A2 is the highest expressed ABA hydroxylase dur-
ing germination (Okamoto et al., 2006), and it was demonstrated to cause reduced 
glucose sensitivity when overexpressed (Zhu et al., 2011). Therefore, the 35S pro-
moter driven gene NAC089CVI was expressed in Col-0 and cyp707a2 background. 
35S:NAC089CVI (Col-0) seedlings show reduced fructose sensitivity (Figure 2A), as 
was previously observed in Ler wild type. In contrast, the 35S:NAC089CVI cyp707a2 
seedlings are fructose sensitive. Both 35S:NAC089CVI cyp707a2 and cyp707a2 do 
not develop green cotyledons, and the phenotypes are indistinguishable from 
wild type (Figure 2B). Conclusively, the ABA hydroxylase CYP707A2 is required for 
35S:NAC089CVI mediated reduction of fructose sensitivity.

ABA levels are not reduced in NAC089CVI and gin2-1 
35S:NAC089CVI suppressed fructose sensitivity requires CYP707A2 function, and 
perhaps other ABA hydroxylases. 35S:NAC089CVI regulating ABA hydroxylases might 
reduce ABA levels in 35S:NAC089CVI seedlings grown on fructose. This was investi-

Figure 2. A) Frequency of transgenic seedlings expressing NAC089CVI in Col-0 background seedlings with green 
cotyledons (lines 1.1.1, 2.2.5, 3.1.1). Seeds were germinated and grown for 7 days on 8% fructose medium. B) 
Frequency of transgenic seedlings expressing NAC089CVI transgenic lines in cyp707a2 k.o. (lines 3.4.6 and 4.2.1).  
Seeds were germinated and grown for 7 days on 7% fructose medium. The cyp707a2 k.o. was included as a nega-
tive control, and the 35S:NAC089CVI in Col-0 as a positive control.
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gated  by measuring ABA levels in a 35S:NAC089CVI seedlings germinated on high glu-
cose and fructose medium seven days after germination. 35S:NAC089CVI seedlings 
did not have lower ABA levels compared to wild type and neither did gin2-1 (Figure 
3A). ABA hydroxylase 2 transcripts show a strong peak six hours after onset of ger-
mination of wild type seeds (Seo et al., 2006). The possibility that 35S:NAC089CVI 
controls ABA levels during early germination was tested by assaying ABA levels 8 
and 24 hours after onset of germination of NAC089CVI seeds, demonstrating that 
following 8 and 24 hrs imbibition, ABA levels are higher in NAC089CVI seeds com-
pared to wild type seeds at both time points (Figure 3B). Surprisingly, NAC089CVI 
does not reduce ABA levels at any of the different time points that were measured. 
These observations question a model where reduced sugar sensitivity is mediated 
through lowering endogenous ABA levels. The reduced sugar sensitivity of gin2-1 
and 35S:NAC089CVI cannot be explained by lower in planta ABA levels.  

NAC089CVI induces genes encoding nuclear expressed chloroplast proteins
Reduced fructose sensitivity in 35S:NAC089CVI seedlings is mediated by a signaling 
pathway independent of lowered ABA levels. An unbiased transcriptome analysis 
was performed to investigate the NAC089CVI function by studying the downstream 
effects of this truncated transcription factor. Transgenic lines were created ex-
pressing 35S driven NAC089CVI fused to the glucocorticoid receptor domain (HBD) 
from rat. Two independent lines were selected (2.2.7 and 5.4.2). Use of several 
PCR primer pairs demonstrated that the 5.4.2 line expressed NAC089CVI higher than 
line  2.2.7 (data not shown). On high fructose medium without dexamethasone, 
35S:NAC089CVI-HBD seedlings display a higher frequency of green seedlings than 
wild type. Adding 5 µM dexamethasone to the fructose medium further increases 
the greening frequency in the transgenic lines (Figure 3C). Transcript levels in 2.2.7 
and 5.4.2 lines were determines using ATH1 genomic microarrays. Three days after 
germination on 7% fructose medium, seedlings were harvested for mRNA isolation 
and hybridization because at that time point the transgenic line 2.2.7 and 5.4.2 
show minimal phenotypic differences compared to wild type. Genes were consid-
ered to be differentially expressed when the altered transcript levels exceeded two-
fold and was associated with an adjusted p-value of less than 0.05. Under these 
conditions, transgenic line 2.2.7 changed transcripts of 407 genes and transgenic 
line 5.4.2 changed transcripts of 613 genes and 90% of the affected genes in line 
2.2.7 are shared with the affected genes in line 5.4.2. Both in the 2.2.7 and 5.4.2  
lines, 14% of the genes are downregulated and 86% are upregulated. Upregulated 
genes encode mostly proteins that are associated with the chloroplast and involved 
in photosynthesis. For example, GUN4 and GUN5 are upregulated and encode en-
zymes required for chlorophyll biosynthesis and are important regulators of plas-
tid-to-nucleus signaling. Other well-known chloroplast protein encoding genes like 
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Figure 3. Phenotypic description of the NAC089089 and gin2-1 phenotype. A)  Quantified ABA levels (pg ABA per 
mg fresh weight) of Ler, gin2-1 and NAC089CVI seedlings seven days after germination and growth on 7% fructose, 
7% glucose or 7% sorbitol. The green seedling symbol indicates seedlings with a high frequency (>80%) of green 
cotyledons at the time of harvest. B) Quantified ABA levels (pg ABA per mg fresh weight) in Ler and 35S:NAC089CVI 
seeds grown for 8 hours or 24 hours on medium containing 7% sorbitol or 7% fructose. C) The transgenic lines 2.2.7 
and 5.4.2 expressing NAC089CVI:HBD grown on the control medium containing 7% fructose for 7 days are reduced 
in fructose sensitivity, which is visible by induced greening and reduced Anthocyanin accumulation. Treatment with 
5 µM Dexamethasome further induces greening.
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CAB2, PC, and HEMA1 are also upregulated. The 50 most upregulated genes are 
listed in Table 1A, and the genes GUN4, GUN5, CAB2 and HEMA1 were included in 
the list, but were less upregulated. The activation of photosynthesis is reflected by 
enrichment of photosynthesis related GO terms of the NAC089CVI controlled genes, 
as well (Table 1B). NAC089CVI can activate the photosynthesis machinery at the tran-
scriptional level, independent of ABA signaling, as ABA responsive genes including 
RAB18 and RD29B  do not respond (data not shown). Genes encoding chloroplast 
proteins are coordinately expressed in plants. Cis elements in promoters of upregu-
lated genes likely are controlled by a shared transcriptional regulatory mechanism. 
In Figure 4 the 10 most conserved elements in the promoters of the genes that 
respond to the presence of NAC089CVI in line 5.4.2 are listed. Similar results were 
obtained for line 2.2.7. Some conserved elements have a well-known function in 
chloroplast nuclear gene activation like the bZIP binding element (CACGTG). An-
other conserved element is the cold/dehydration induced element (GGCCCA) which 
is bound by basic helix-loop-helix or TCP-family transcription factors (Maruyama et 
al., 2004). Some of the elements are microsatellite motifs like GAGAGAGA (Molina 
and Grotewold, 2005) and likely not binding sites for transcription modulators. The 
abundance of the conserved bZIP binding element and selected other elements 
in over 100 sites in promoters suggests a coordinated transcriptional response of 
genes encoding chloroplast proteins that are induced in the 35S:NAC089CVI-HBD 
transgenic lines (Figure 4). Noteworthy, none of the motifs corresponds to the con-
served NAC binding site (Welner et al., 2012; Olsen et al., 2005). 

NAC089CVI might regulate plastid-to-nucleus signaling
Most chloroplast localized proteins are nuclear-expressed, including most proteins 
involved in photosynthesis. Nuclear photosynthesis genes are regulated in an or-
chestrated manner by plastid-to-nucleus signaling (Koussevitzky et al., 2007) also 
defined as Photosynthesis Associated Nuclear Expressed Genes (PhANGs) (Ruckle 
et al., 2007). Over 2000 genes were predicted to encode nuclear encoded chlo-
roplast proteins based on the presence of N-terminal chloroplast transit peptides 
(Richly and Leister, 2004). 1775 of these genes are represented on the ATH1 mi-
croarray chip and could be used for further analysis. The best defined plastid-to-
nucleus signaling pathway is affected by Norflurazon treatment. Norflurazon is an 
inhibitor of carotenoid biosynthesis that causes photo-oxidative damage.  Norflu-
razon leads to accumulation of Mg-ProtoporphyrinIX (Mg-ProtoPIX) (Strand et al., 
2003). Increased levels of Mg-ProtoPIX results in the downregulation of PhANGs. 
The genome uncoupled (gun) mutants have reduced plastid-to-nucleus signaling 
resulting in a derepression of the PhANGs. We used the raw transcriptomic data of 
Norflurazon treated seedlings (Koussevitzky et al., 2007) and analysis revealed that 
460 PhANGs are repressed by Norflurazon and are therefore regulated by plastid-
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Coefficient 
2.2.7

Coefficient 
5.4.2 Array ID Locus Description

5,853836 6,424617 259161_at AT3G01500 CA1 (CARBONIC ANHYDRASE 1)

5,284411 6,256653 263174_at AT1G54040 ESP (EPITHIOSPECIFIER PROTEIN)

4,51372 5,444607 252618_at AT3G45140 LOX2 (LIPOXYGENASE 2)

4,829446 4,857787 245865_at no_match no_match

4,268131 4,658981 246596_at AT5G14740 CA2 (CARBONIC ANHYDRASE 2)

3,145343 4,004601 258897_at AT3G05730 Encodes a defensin-like (DEFL) family protein.

3,346181 3,982208 257641_s_at
AT3G25760; 
AT3G25770 [AT3G25760, AOC1 (ALLENE OXIDE CYCLASE 1)

3,125723 3,856452 248683_at AT5G48490
protease inhibitor/seed storage/lipid transfer pro-
tein (LTP) family protein

2,881718 3,829049 255248_at AT4G05180 PSBQ-2

3,364566 3,82085 263350_at AT2G13360 AGT (ALANINE:GLYOXYLATE AMINOTRANSFERASE)

3,24154 3,763662 252441_at AT3G46780 PTAC16 (PLASTID TRANSCRIPTIONALLY ACTIVE 16)

2,982668 3,707594 245346_at AT4G17090 CT-BMY (CHLOROPLAST BETA-AMYLASE)

3,195795 3,666743 266279_at AT2G29290
tropinone reductase, putative / tropine dehydroge-
nase, putative

2,835135 3,538877 251218_at AT3G62410 CP12-2

3,514729 3,499632 255414_at AT4G03156 small GTPase-related

2,290953 3,457277 264636_at AT1G65490 unknown protein

2,668068 3,434833 260221_at AT1G74670 gibberellin-responsive protein, putative

2,689268 3,331928 261197_at AT1G12900
GAPA-2 (GLYCERALDEHYDE 3-PHOSPHATE DEHY-
DROGENASE A SUBUNIT 2)

2,508378 3,294071 255471_at AT4G03050 AOP3

2,781361 3,262199 256603_at AT3G28270 FUNCTIONS IN: molecular_function unknown

2,63115 3,246632 264014_at AT2G21210 auxin-responsive protein, putative

2,653041 3,207991 249482_at AT5G38980 unknown protein

2,33105 3,079285 253971_at AT4G26530 fructose-bisphosphate aldolase, putative

2,364313 3,078358 255852_at AT1G66970 SVL2 (SHV3-LIKE 2)

2,485374 3,03661 264931_at AT1G60590 polygalacturonase, putative / pectinase, putative

2,042784 3,032069 258239_at AT3G27690 LHCB2.3

2,446754 3,012931 267262_at AT2G22990 SNG1 (SINAPOYLGLUCOSE 1)

2,232978 2,908115 255719_at AT1G32080 membrane protein, putative

2,360553 2,846195 264195_at AT1G22690 gibberellin-responsive protein, putative

2,376991 2,83657 251885_at AT3G54050 fructose-1,6-bisphosphatase, putative 

2,377254 2,823437 263345_s_at
AT2G05070; 
AT2G05100 LHCB2.2

Table 1A. List of the 50 most upregulated genes both in lines 2.2.7 and 5.4.2 after germination and growth for 
three days on 7% fructose containing medium.  The coefficients represent the log2 fold change in the transgenic 
seedlings compared to wild type Ler seedlings. Microarray analysis was performed with the RMA method (Irizarry 
et al., 2003).
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2,998843 2,786553 262019_s_at

AT5G44890; 
AT1G21020; 
AT2G29240; 
AT1G35650; 
AT3G26530; 
AT1G08740 transposable element gene

2,189205 2,763751 261769_at AT1G76100 PETE1 (PLASTOCYANIN 1)

2,273276 2,757738 251221_at AT3G62550 universal stress protein (USP) family protein

2,205563 2,725556 261751_at AT1G76080
CDSP32 (CHLOROPLASTIC DROUGHT-INDUCED 
STRESS PROTEIN OF 32 KD)

1,985101 2,711842 264054_at AT2G22540 SVP (SHORT VEGETATIVE PHASE)

2,133656 2,711521 261746_at AT1G08380 PSAO (photosystem I subunit O)

2,177323 2,707738 249191_at AT5G42760 INVOLVED IN: biological_process unknown

1,933052 2,662042 252462_at AT3G47250 unknown protein

2,323882 2,660768 256168_at AT1G51805 leucine-rich repeat protein kinase, putative

2,20806 2,659271 255331_at AT4G04330 unknown protein

2,390894 2,609636 256577_at AT3G28220
meprin and TRAF homology domain-containing 
protein / MATH domain-containing protein

2,028723 2,603551 246275_at AT4G36540 BEE2 (BR Enhanced Expression 2)

2,179749 2,600563 263987_at AT2G42690 lipase, putative

1,840721 2,58863 245592_at AT4G14540 NF-YB3 (NUCLEAR FACTOR Y, SUBUNIT B3)

2,122149 2,56459 245061_at AT2G39730 RCA (RUBISCO ACTIVASE)

1,974579 2,524592 251996_at AT3G52840 BGAL2 (beta-galactosidase 2)

2,066309 2,511811 253736_at AT4G28780 GDSL-motif lipase/hydrolase family protein

1,482509 2,510734 252983_at AT4G37980 ELI3-1 (ELICITOR-ACTIVATED GENE 3-1)

2,203643 2,507128 249010_at AT5G44580 unknown protein

Coefficient 
2.2.7

Coefficient 
5.4.2 Array ID Locus Description

1,032259 1,342951 251519_at AT3G59400 GUN4

1,180007 1,68238 250243_at AT5G13630 GUN5 (GENOMES UNCOUPLED 5)

1,709826 1,840918 255997_s_at

AT1G29910; 
AT1G29920; 
AT1G29930

CAB3 , CAB2, CAB1 (CHLOROPHYLL A/B BINDING 
PROTEIN 3,2,1)

0,590029 1,055519 256020_at AT1G58290 HEMA1

No GO Term Ontology Description FDR 2 FDR 5

1   GO:0015979  P photosynthesis 8,00E-58 7.5e-58

2   GO:0019684  P photosynthesis, light reaction 1.9e-29 1.5e-31

3   GO:0006091  P
generation of precursor metabolites and en-
ergy 3,00E-28 5.5e-29

Table 1B. GO annotation of the genes that respond to the presence of NAC089CVI. 407 genes respond significantly 
in line 2.2.7 and 613 genes in line 5.4.2 after germination and growth for three days on 7% fructose containing me-
dium and these genes have been used for GO analysis.  Microarray analysis was performed with the RMA method 
(Irizarry et al., 2003). The ontology indicates the type of GO terms, P= biological process, F= cellular process, M= 
Molecular function. The 10 most significant GO terms for each type has been selected. The false discovery rate 
(FDR) for the GO analysis for both lines show the significance of the GO term.
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4   GO:0022900  P electron transport chain 3,00E-18 2.6e-16

5   GO:0009767  P photosynthetic electron transport chain 7.3e-18 1.3e-16

6   GO:0055114  P oxidation reduction 2.9e-15 1.8e-13

7   GO:0050896  P response to stimulus 1.2e-14 2,00E-17

8   GO:0009628  P response to abiotic stimulus 7,00E-12 9.6e-15

9   GO:0006950  P response to stress 1,00E-10 8.8e-14

10   GO:0009773  P
photosynthetic electron transport in photo-
system I 1.7e-10 1.5e-10

77   GO:0046906  F tetrapyrrole binding 1.1e-20 4,00E-22

78   GO:0008187  F poly-pyrimidine tract binding 1.3e-09 9.5e-07

79   GO:0008266  F poly(U) RNA binding 1.3e-09 9.5e-07

80   GO:0003727  F single-stranded RNA binding 1.7e-08 7.8e-06

81   GO:0009055  F electron carrier activity 1.7e-05 1.5e-07

82   GO:0016491  F oxidoreductase activity 2.2e-05 2.8e-10

83   GO:0005506  F iron ion binding 0.0001 5.9e-06

84   GO:0003824  F catalytic activity 0.014 2.6e-05

85   GO:0020037  F heme binding 0.027 2.7e-05

86   GO:0016836  F hydro-lyase activity 0.027 ---

90   GO:0009535  C chloroplast thylakoid membrane 5.9e-110 4.6e-138

91   GO:0055035  C plastid thylakoid membrane 5.9e-110 4.6e-138

92   GO:0042651  C thylakoid membrane 4.1e-109 8.5e-138

93   GO:0044436  C thylakoid part 6.3e-106 4.6e-135

94   GO:0034357  C photosynthetic membrane 1.8e-105 3.8e-132

95   GO:0009534  C chloroplast thylakoid 3.2e-104 9.5e-133

96   GO:0031976  C plastid thylakoid 8.6e-104 3.8e-132

97   GO:0031984  C organelle subcompartment 1.6e-103 9.4e-132

98   GO:0009579  C thylakoid 8.6e-101 7.8e-136

99   GO:0044434  C chloroplast part 2.3e-96 6.9e-139

to-nucleus signaling. 94% of the PhANGs upregulated in line 5.4.2, are Norflurazon 
repressed as well (with the same criteria for the microarray analysis done for the 
NAC089CVI microarrays described previously) (Figure 5) . To investigate if the NAC-
089CVI upregulated transcripts are controlled by plastid-to-nucleus signaling, we 
plotted the transcript level changes for the Norflurazon repressed PhANGs to the 
corresponding transcript level changes for the transgenic 35S:NAC089CVI-HBD lines 
2.2.7 and 5.4.2. This shows an inverse correlation with an adjusted R2 value of 0.58 
for the NAC089CVI line 2.2.7  and 0.61 for the NAC089CVI line 5.4.2, both with an p-
value <2.2e-16 (Figure 6). These adjusted R2 values show that around 60% of the 
genes change predictably, making it likely that both the NAC089CVI and Norfurazon 
changed transcript levels respond to a common signaling mechanism. This correla-
tion is largely reduced in the Norflurazon treated gun mutants to NAC089CVI regu-
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lated genes comparison (Figure 6). Together this suggests that NAC089CVI represses 
plastid-to-nucleus signaling opposite to the effect of Norflurazon treatment.

Discussion

gin2-1 and NAC089CVI  perturbs sugar signaling resulting in cotyledon greening on 
high sugar containing medium, independent of ABA signaling
NAC089CVI and gin2 suppress fructose and glucose signaling in germinating seed-
lings, respectively, thereby relieving the high sugar directed growth arrest and al-
lowing greening of the cotyledons. ABA addition to high sugar medium leads to sug-
ar directed growth arrest of NAC089CVI and gin2, demonstrating that exogenously 
applied ABA causes sugar directed growth arrest independent of perturbed sugar 
signaling. The sugar directed growth arrest in wild type, NAC089CVI and gin2 seed-
lings cannot be suppressed by a ABA biosynthesis inhibitor, but it can be suppressed 
by a ABA hydroxylase inhibitor. Also sugar repressed seed germination was shown 
to be affected only by a ABA hydroxylase inhibitor. (Zhu et al., 2009). ABA hydroxy-
lase inhibitors inhibits ABA degradation, leading to high endogenous ABA levels in 
the seedlings (Okamoto et al., 2006). Thus, both increased exogenously and endog-
enous ABA levels are able to revert tolerance of NAC089CVI and gin2 to high sugar.

ABA hydroxylase knockouts are hypersensitive to sugars and NAC089CVI cyp707a2 
is fructose sensitive
Several mutants that are disturbed in ABA biosynthesis, degradation or signaling 
are disturbed in sugar signaling as well, and here we demonstrate that cyp707a1, 
cyp707a2 and cyp707a1 cyp707a2 are hypersensitive to high glucose and fructose 
levels. We expressed 35S:NAC089CVI in the cyp707a2 background and this results in 
NAC089CVI failing to suppress fructose signaling. Therefore, CYP707A2 is required 
for mediating the NAC089CVI effect on fructose signaling. NAC089CVI might increase 
CYP707A2 activity leading to reduced ABA levels in  NAC089CVI  seedlings and sup-
pressed fructose signaling. 

NAC089CVI and gin2-1 do not have lower ABA levels compared to wild type
We measured ABA levels in NAC089CVI and gin2-1 in seedlings seven days after ger-
mination as well as in germinating seeds 8hrs and 24hrs after imbibition on high 
sugar medium. ABA levels are not reduced at these time points. This suggests that 
glucose sensitivity, as perturbed in gin2-1, and fructose sensitivity, as perturbed in 
NAC089CVI, does not result in low ABA levels, as we measured unchanged ABA levels 
in seedlings seven days following germination. Fructose sensitivity, as perturbed in 
NAC089CVI, does not result in low ABA levels in seedlings at 8hrs or 24hrs following 
germination. However, it remains possible that sugar signaling mutants affect ABA 
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levels at a time point that was not measured. 

NAC089CVI affects transcripts of nuclear expressed genes encoding photosynthesis 
associated proteins and might regulate plastid-to-nucleus signaling
The transcription factor NAC089CVI from the Cape Verde Island (CVI) ecotype is C-
terminally truncated (225 amino acids out of 340) and therefore it lacks the mem-
brane binding domain. Expression of NAC089CVI in Col leads to increased greening 
on high fructose medium. Wild type and NAC089CVI germinated seedlings that did 
not yet develop green cotyledons were selected and transcriptomic analysis was 
performed on this material. The list of genes that are affected by NAC089CVI is en-
riched in photosynthesis associated nuclear genes (PhANGs) and this shows that 
in the pale NAC089CVI seedlings, the transcripts encoding photosynthesis protein 

Figure 4. Sequence conservation in the motifs in promoters of genes responding to the presence of NAC089CVI in the 
transgenic lines 5.4.2.  All 613 genes that respond to the lines 5.4.2 have been used for the analysis. The 10 motifs 
that show most significant conservation have been selected. Below below each motif number is the statistical sig-
nificance of the motif and the number of sites in which each sequence was localized. 

Figure 5. Overlap of NAC089CVI:HBD responsive genes in line 5.4.2 genes (613) with significant transcript level 
changes with the list of Phangs (1775) and Norflurazon responsive genes (1136) suggests that NAC089CVI:HBD  
represses plastid-to-nucleus signaling. Norflurazon repressed Phangs includes 460 genes.
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Figure 6. Correlation of plotted transcript level changes for Norflurazon repressed Phangs (460 genes). Norflura-
zon treated wildtype (black dots) , gun1 (green), or gun5 (red)  were plotted to the corresponding transcript level 
changes for the transgenic 35S:NAC089CVI-HBD lines 2.2.7 and 5.4.2. This shows an inverse correlation with an 
adjusted R2 value of 0.58 for NAC089CVI line 2.2.7 and 0.61 for NAC089CVI line 5.4.2, both with an p-value<2.2e-16.

Figure 7. NAC089CVI seedlings grown on high fructose containing medium increase Phang expression, possibly by re-
pressing plastid-to-nucleus signaling. ABA signaling affects PhANG expression independent of the NAC089CVI effect.
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are already increased. Amongst the genes that are upregulated more than 2 fold 
by NAC089CVI are GUN4 and GUN5, which encode enzymes required for chlorophyll 
biosynthesis and needed for plastid-to-nucleus signaling (Adhikari et al., 2011).The 
gun mutants have a perturbed plastid-to-nucleus signaling cascade, and guns de-
etoliate less frequently when transferred from the dark to the light, showing inabili-
ty to develop green cotyledons and detrimental photobleaching (Susek et al., 1993). 
GUN4 overexpression in Arabidopsis (Larkin et al., 2003) and tobacco plants (Peter 
and Grimm, 2009) represses plastid-to-nucleus signaling to such an extent that the 
chlorophyll content is elevated. Norflurazon causes accumulation of Mg-protoPIX in 
the light and PhANG repression. Comparing the NAC089CVI transcriptome response 
to the Norflurazon response showed a significant inverse correlation. This suggests 
that NAC089CVI is capable of activating plastid-to-nucleus signaling, possibly by ac-
tivating GUN4. Several transcription factors modulate PhANG transcripts and some 
of these factors have been suggested to activate or repress plastid-to-nucleus sig-
naling. ABI4 represses PhANGs, because abi4 has a gun phenotype  (Koussevitzky 
et al., 2007) and suppresses sugar sensitivity on high sugar medium (Huijser et al., 
2000; Laby et al., 2000; Arenas-Huertero et al., 2000). HY5 also suppresses PhANGs 
in response to plastid-to-nucleus signaling (Kindgren et al., 2012). In contrast, At-
GLK was demonstrated to be a activator of PhANGs (Kakizaki et al., 2009). Possibly 
these factors are directly or indirectly regulated by NAC089CVI leading to enhanced 
greening on high fructose medium. The conserved NAC binding site (Welner et al., 
2012; Olsen et al., 2005) was not amongst the motifs that were identified, therefore 
it is unlikely that direct target genes of NAC089Col or NAC089CVI have been identified 
with the microarray data. Results presented here suggest that perturbed sugar sig-
naling does not affect ABA levels during germination on high sugar. It appears that 
ABA signaling and sugar signaling affect parallel pathways independently both lead-
ing to growth arrest: high hexose levels increase plastid-to-nucleus signaling and 
repress PhANGs. On high fructose containing medium ABA signaling and NAC089CVI 
both affect PhANG expression (Figure 7). This is consistent with the observation 
that added ABA and AHI-1 in wild type seedlings leads to growth arrest both on high 
sugars and sorbitol containing medium. We did not measure ABA levels during the 
whole course of seedling establishment. It remains possible that NAC089CVI affects 
CYP707A2 activity directly and this removes ABA from the system at an unknown 
time point. Greening is an irreversible process, once it has begun it is cannot return 
to its prior state with pale cotyledons. There is most likely a molecular basis for 
this irreversible switch in the form of transcription factors that are degraded or 
stabilized in response to environmental factors such as light and hormones. Light 
is an important factor for the onset of greening and the seedlings have been ger-
minated on sugar under continuous light. However, ABA degradation could be such 
an environmental factor. NAC089 transcript is stored in the seed and might have a 
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gene activating role during germination (Kimura and Nambara, 2010). However, in 
the CYP707A2 promoter, no NAC transcription factor binding site based on the con-
served NAC binding site (Welner et al., 2012; Olsen et al., 2005) could be localized. 
We did not find CYP707A2 transcript changes in response to 35S:NAC089CVI either. 
In conclusion, for a functional sugar signaling response to high sugar, a functional 
ABA metabolism is required but whether it depends on sugar signaling awaits inves-
tigations in the future. 

Materials and Methods

Plant material
The NAC089CVI gene was inserted into the 35S:rfA:HBD vector (as described in 
(Rutjens et al., 2009)) and transformed into Arabidopsis thaliana The construct ex-
presses the gene driven by the 35S cauliflower mosaic virus promoter, while the 
gene is fused to the glucocorticoid receptor domain from rats (HBD). cyp707a1-1 
and cyp707a2-1 mutants were kindly provided by Eiji Nambara.  Seeds were ger-
minated on medium with various concentrations of sugar ranging between 6% and 
8%, next phenotypes were assayed and/or transcript levels measured.

ABA measurements
Three days after onset of germination on high sugar medium, 100 mg of fresh ma-
terial from the seedlings for each experiment was snap frozen in liquid nitrogen. 
Per experiment, 5 measurements were performed. They were ground with 3 glass 
beads with a diameter of 3 mm with a Tissuelyser II (Retsch Qiagen) with 2500/s for 
1 minute, then they were cooled, and the grinding was repeated one more time. 
Immediately 1 ml of cold ethyl acetate was added with the internal standard [2H6]-
ABA 0,1 nmol/ml. Each sample was vortexed a few seconds and sonicated for 15 
min in a Branson 220 ultrasonic bath (Branson Ultrasonics, Danbury, CT, USA). The 
samples were centrifuged for 10 min at 3200 rpm in an Eppendorf 5415D centri-
fuge, then the organic phase was transferred carefully to a 4-ml glass vial. Then the 
pellets were re-extracted with another 1 ml of ethyl acetate, and the organic phase 
was transferred carefully to the same 4-ml glass vial. The combined ethyl acetate 
fractions were dried under a flow of nitrogen gas and the residue dissolved in 250 µl 
of acetonitrile : water : formic acid (25 : 75 : 0.1, v : v : v). The samples were spinned 
down for 3 minutes. The samples were filtered through Minisart SRP4 0.45 µm fil-
ters (Sartorius, Goettingen, Germany) and LC-MS ⁄MS was performed.

RNA preparation for microarray and microarray analysis
Total RNA was isolated using the Spectrum Plant Total RNA Kit from Sigma Aldrich 
and was DNaseI treated (Fermentas) to remove genomic DNA. 500 nanogram ali-
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quots were assessed for impurities by the Nanodrop ND-1000 Spectrophotometer 
analysis, followed by Agilent 2100 Bioanalyzer analysis to confirm absence of degra-
dation. The RNA samples were labeled using the Affymetrix OneCycle kit and hybrid-
ized to the Affymetrix ATH1 GeneChips according to the manufactures’ instructions. 
The analysis of the gene expression changes was done with the R program (Team, 
2011), version 2.14.0 using the packages Affy (Gautier et al., 2004) for quality con-
trol and statistical computation of the gene expression values and Limma (Smyth, 
2004) for comparing the different treatments. For the functional analysis, Genetrail 
was used, a program that uses a statistical method to find significant enrichment of 
genes with the same annotation (Keller et al., 2008), and AgriGO (Du et al., 2010), 
which is a platform with the possibility to search for differences in annotation.
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Sugar signaling: from genetics to physiology 
Sugar signaling can be defined as sugar perception leading to changes in cellular 
signaling and gene transcription. Sugars are capable of repressing genes encoding 
photosynthesis proteins (Sheen, 1990) and the discovery of a mutant showing re-
duced sugar repressed gene expression of the photosynthesis gene PLASTOCYANIN 
(Van Oosten et al., 1997) provided evidence that such sugar signaling pathways ex-
ist in plants. Sugar signaling research was initiated by the isolation and genetic char-
acterization of mutants that display an aberrant response to high sugar containing 
medium. Several genes encoding proteins involved in hormone signaling pathways 
were discovered and this indicated that sugar signaling is integrated in other cellu-
lar signaling pathways (Gibson, 2005; Rook and Bevan, 2003). Current sugar signal-
ing research is focused on understanding the role of sugar signaling components 
controlling physiological and developmental processes. This is exemplified by the 
research on the master regulator proteins ABI4, HY5 and PIFs and their sugar de-
pendent effects on various processes (Cui et al., 2012; Lee et al., 2012; Chen et 
al., 2008; Stewart et al., 2011; Liu et al., 2011). New sugar insensitive mutants are 
continuously being uncovered like the glucose insensitive paa1 mutant (Lee et al., 
2012). Many mutants that were found in screens independent of sugars are now 
being linked to sugar controlled processes as well. 

ABI4 is a master regulator in mediating sugar controlled processes 
The SUN6 gene that was mutated in the sugar repressed photosynthesis experi-
ment mentioned above (Van Oosten et al., 1997) was cloned and was found to 
encode the transcription factor ABI4 (Huijser et al., 2000). ABI4 has been shown 
to be important in sugar signaling, but also to control processes including lipid bio-
synthesis, photosynthesis, germination and lateral root development (Chapter 2). 
Based on transcriptomics data, we identified the conserved ABI4 binding element 
and results resemble the original findings of (Koussevitzky et al., 2007). Based on 
this we proposed that ABI4 might bind as a monomer to a palindromic sequence. 
This hypothesis needs experimental confirmation. If confirmed, this will increase 
our understanding of how ABI4 regulates its target genes. Several ABI4 microarray 
studies have been performed. Transcriptional responses to the presence or absence 
of the ABI4 gene have been described at different developmental stages in Arabi-
dopsis. What is now needed is a comparison of these microarray studies as this 
will improve our understanding of the spatiotemporal dynamics of transcriptional 
changes in response to ABI4. 

Differences in transcriptional response between various sugar treatments 
In this thesis I focus on differences in fructose and glucose signaling. As demonstrat-
ed, fructose and glucose induce similar transcriptional changes in 6-day-old seed-
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lings in response to  two hours sugar induction in liquid medium (Chapter 3). We 
did not detect any fructose or glucose specific transcriptional responses, which we 
do find for suppressed fructose sensitivity in 35S:NAC089CVI six-day-old seedlings, as 
well as suppressed glucose sensitivity for gin2-1 six-day-old seedlings when grown 
on high sugar medium (Chapter 4). The difference of the transcriptional response 
to short time sugar treatment and long time germination on high sugar containing 
medium creates an apparent inconsistency. To understand the difference between 
both experiments, we compared the CAB2 transcripts in both experiments. The 
CAB2 transcript is not affected after 2 hours glucose or fructose treatment. How-
ever, the glucose sensor HEXOKINASE1 was demonstrated to act as a transcription 
factor by binding to the promoter of CAB2 and repress CAB2 transcripts in response 
to germination on high glucose levels (Cho et al., 2006). This shows that short times 
sugar treatment or continuous sugar treatment during germination are not compa-
rable and might affect different sugar signaling pathways. 

NAC089 mode of action leading to suppression of fructose sensitivity
The response to germination on high fructose containing medium is abrogated in 
NAC089CVI. The NAC089CVI protein was identified by a quantitative trait locus ex-
periment where a population of recombinant inbreed lines (RIL) from a cross of 
Landsberg erecta (Ler) to the Cape Verde Islands (CVI) accession was assessed for 
changed sugar sensitivity. The transcription factor NAC089 in CVI is truncated and 
suppresses specific fructose sensitivity on high fructose containing medium in the 
RIL lines expressing NAC089CVI. NAC089CVI lacks its membrane binding domain but 
this might not explain why the NAC089CVI protein is a dominant mutation, as for 
other NAC transcription factors it was demonstrated that only large deletions of 
around 1/3 of the protein led to a dominant phenotype (Kim et al., 2006; Jung and 
Park, 2011; Seo et al., 2010; Kim et al., 2008). NAC089CVI has transcription activity 
in yeast. Since it seems to promote transcription, it is possible that NAC089CVI might 
bind yet unknown transcription factor binding sites. Based on the motifs identi-
fied it is tempting to speculate the NAC089CVI binds the G-box and activates the 
genes with this motif in their promoter, including photosynthesis genes. However, 
the regulation of photosynthesis genes by NAC089CVI that was observed might be 
indirect and involves other transcription regulators. Possible interactors for NAC089 
are E3 ligases. NAC transcription factors can bind to E3 ligases (Jiang et al., 2009) 
and this might be the way the membrane domain is cleaved off, leading to transcrip-
tion activation (Seo et al., 2008).The NAC089 transcription factor is predicted to be 
part of a transmembrane transport network, and interacts with several proteins 
that are involved that are E3 ligases: At5g63780 (SHA1), At1g72200 and At5g03180 
(Arabidopsis Interactome Mapping Consortium, 2011). Possibly, this type of regula-
tion is used for cleaving the full length NAC089Col from membranes, as these identi-
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fied E3 ligases belong to a class that binds specifically to proteins that are (partly) 
degraded (Pruneda et al., 2012). NAC089 binds another protein involved in mem-
brane trafficking named PASTICCHINO1 (Smyczynski et al., 2006). PASTICCHINO is a 
FK506-binding protein (FKBP), and FKBPs are involved in hormone responses and 
transmembrane trafficking (Geisler and Bailly, 2007). 

NAC089CVI induction of PhANGS is mediated by transcription factors
Our results suggest that NAC089CVI represses plastid-to-nucleus signaling (Chapter 
5) but additional experiments are required to prove this. Plastid-to-nucleus signal-
ing is perturbed by norflurazon treatment leading to repression of Photosynthesis 
Associated Nuclear Genes (PhANGs) (Strand et al., 2003). It will be interesting to 
learn if NAC089CVI can still activate PhANGs after norflurazon treatment. NAC089CVI 
likely doesn’t bind PhANG promoters directly, as there was no enrichment of con-
served NAC binding sites in the promoters of NAC089CVI upregulated genes. This 
means that the PhANG activating effect of NAC089CVI is mediated by other transcrip-
tion factors. Several candidates and their role in PhANG regulation were described 
in the Introduction. The hy5 and abi4 null mutants display reduced sugar sensitivity 
and are therefore candidates of transcription factors that mediate the NAC089CVI 
induced response. This can be tested by transformating hy5 and the 35S:ABI4:HA 
lines with NAC089CVI. The phenotype of NAC089CVI in Col or Ler is distinct from hy5 
and therefore analyzing the cross will make it possible to assess whether the hy5 
phenotype is affected by NAC089CVI. ABI4 is a protein that is stabilized on high sugar 
containing medium. Therefore, assessing if NAC089CVI can affect the stability of ABI4 
is most important. The binding partner of NAC089CVI PASTICCHINO1 is a FKBP pro-
tein and FKBPs bind to HSP90s. One of the HSP90 proteins was demonstrated to 
be a plastid-to-nucleus signalling component (Kindgren et al., 2012). Possibly, NAC-
089CVI affects plastid-to-nucleus signalling in this way. This can be assessed by using 
geldanamycin (GDA), which is an inhibitor of HSP90 function (Kindgren et al., 2012). 
If GDA affects fructose sensitivity in NAC089CVI seedlings, this is a good indication 
that NAC089CVI acts through an interaction with a HSP90.

Linking sugar signaling, plastid-to-nucleus signaling and feedback regulation of 
photosynthesis
Sugar signaling represses photosynthetic activity in 37-day-old plants and ABI4 
mediates this process, as this response is reduced in abi4 plants (Van Oosten et 
al., 1997). Four-week-old abi4 plants have higher biomass (Kerchev et al., 2011), 
presumably because of this lack of feedback regulation of photosynthesis. ABI4 re-
presses PhANGs and this is most likely the reason why photosynthesis is reduced. 
The PhANG activators HY5 and AtGLK1, and the PhANG repressor PIF3 can affect 
PhANG expression as well and might transmit the sugar induced effect. It is impor-
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tant to study photosynthesis repression as well as sugar repression of a selection 
of PhANGs in hy5, atglk1 and pif3, using abi4 as a control. The mutants that show 
reduced sugar repression on PhANGs should be used for transcriptomic analysis. 
Comparing these transcriptomes, two important findings can be made. Firstly, the 
effect that different transcription factors have on PhANG expression can be quanti-
fied with an experiment under physiological relevant conditions. Secondly, the role 
of these different transcription factors in sugar signaling mediated feedback regula-
tion of photosynthesis can be determined. Additionally, the microarray study can 
be extended by studying the role of plastid-to-nucleus signaling using norflurazon 
treatment of the same wild type and mutant plants for comparison with the sugar 
analog treatment. In this way, the link between sugar signaling and plastid-to-nu-
cleus signaling should be further studied. In conclusion, the sugar signaling field 
is rapidly expanding and the challenge will be to study the integration of different 
sugar signaling controlled physiological and developmental processes in a compre-
hensive way. However, future experimentation will provide us the answer on how 
sugar signaling pathways control the most important process of sugar repression of 
photosynthesis.
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Appendix A (Chapter 2)

ABI4: versatile activator and repressor
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Figure S2, related to Figure 1. Phylogenetic tree of the DREB group IV subfamily members. Group IV DREB se-
quences were collected for the species available from Phytozome 8.0 (http://www.phytozome.net) and Plaza 2.5 
(http://bioinformatics.psb.ugent.be/plaza/) based on the similarity with the AP2/ERF domain of Arabidopsis ABI4; 
for Selaginella and Physcomitrella additional protein sequences were predicted from their genomes. Non-group 
IV DREB representatives were also collected for these two species and Arabidopsis (the group is shown as a col-
lapsed branch in the phylogeny). The closest Chlamydomonas reinhardtii sequence was retrieved to provide a root 
for the tree. The core AP2/ERF domain was extended to the conserved flanking regions to allow a more sensitive 
alignment of the sequences, performed using MAFFT v6.864b algorithm. The final phylogenetic tree was built using 
MEGA5 software with the Neighbor-Joining method (1000 bootstrap replications). Support values higher than 50 
are shown above the branches; a color gradient from red to black gives an additional indication of branches reli-
ability (from low to high, respectively). Leaves are annotated with the original protein identifiers from Phytozome 
and Plaza, as reported in Figure 1; here additional species codes were used: Aquca, Cucsa, Si for Aquilegia coerulea, 
Cucumis sativus, and Setaria italica (Phytozome 8.0 identifiers); BD for Brachypodium dystachyon (Plaza 2.5 identi-
fier). DREB group IV sequences from Arabidopsis are colored in blue. Proteins from other species that clustered 
with known DREB members were highlighted using different background colors, to improve the visualization of 
the different subgroups in the transcription factor family; ABI4 proteins are characterized by a yellow background. 
Clusters not clearly belonging to a specific DREB group were also colored. ABI4-like sequences from Physcomitrella 
and Selaginella are shown in red to underline their uncertain classification.
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Figure S3, related to Figure 2. ABI4-DNA binding. 3D model of the AP2 domain of ABI4: The model of the AP2 
domain of ABI4 was based on the NMR derived 3D structure of AtERF1. The structure of AtERF1 was determined 
by heteronuclear multidimensional NMR. This structure was used by the SwissModel program accessible at http://
swissmodel.expasy.org/ to predict the 3D structure of the AP2 domain of ABI4. This model of the AP2 domain has 
a Z-score of -0.33. 3D model of the ABI4 DNA interaction: The ABI4 AP2 domain model was used for docking on the 
DNA helix using Haddock http://haddock.science.uu.nl/. The complete set of parameters used for the input of the 
haddock program are in File S1. Most nucleotides included in the modeling were selected if they had a tail pointing 
in the direction of the DNA, except for one amino acid: the Glumatic acid in the second strand is a confirmed es-
sential amino acid required for ABI4 function. The abi4-104 has a single nucleotide substitution (G69A) leading to 
missense mutation of an Glumatic acid to a Lysine. The clustered model with the lowest Haddock score was visual-
ized with PyMOL (http://www.pymol.org/). Each nucleotide has the same color as the MEME program assigned to 
them, described in Figure 2. The amino acids were depicted in dark grey.
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Suppl. figure 1. Glucose (lower panel) affects the transcripts of some processes stronger than fructose (upper 
panel). Differences in transcript level in the fructose to sorbitol comparison (top) and glucose to sorbitol (bottom) 
are depicted by Mapman (Thimm et al., 2004) and shows that glucose is a stronger repressor of genes in the light 
reaction, genes that are involved in nitrate metabolism, but stronger inducer of genes in the mitochondrial elec-
tron transport, genes involved in nucleotides metabolism (nucleotides). A) General metabolism depicting fructose 
induced changes in transcript levels. B)  General metabolism depicting glucose induced changes in transcript levels.

Suppl. figure 2. The effect of fructose and glucose on transcript levels of genes involved in photosynthesis shows 
that glucose represses genes involved in both the light reaction and the calvin cycle, while fructose has a more 
limited effect.

Suppl. figure 3. The average coefficient of variance of the glucose and fructose microarray dataset presented in this 
study and the Li microarray dataset (Li et al., 2006) (p=0,378213).
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set of 3 slides fru 2h-sor 2h (this study) glu 2 h-sor 2h (this study)

nr of genes 463 1140

2h glu-2h man (Li et al., 2006) 492 156 (p < 2.303e-147) 254 (p < 1.660e-201 )

4h glu-2h man (Li et al., 2006) 642 80 (p < 6.629e-40) 174 (p < 2.088e-80)

6h glu-2h man (Li et al., 2006) 618 73 (p < 8.151e-35) 105 (p < 5.720e-29 )

Table 1. The number and overlap of genes that have a significantly changed transcript levels for the glucose and 
fructose microarray dataset presented in this study (horizontal axis) and the Li (vertical axis) (Li et al., 2006) mi-
croarray experiments. Genes were considered changed in transcript level when the change exceeded two-fold and 
was associated with an adjusted p-value of less than 0.05. 
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Appendix C (Chapter 4)

Figure S1. (A-D) Fructose sensitivity phenotypes of Ler (A), LCN5-7 (B), Ler X LCN5-7 F1 (C) and LCN5-7 X Ler F1 
(D). Seeds were grown on agar solidified 1/2 MS containing 6.5 % of fructose and grown for 7 days at 22°C under 
continuous light.

Figure S2. (A-D) Fructose sensitivity phenotypes of Col (A), aba3-2 (B), abi3-8 (C), and abi5-7 (D). Seeds were grown 
on 1/2 MS containing 6.5 % fructose and grown for 7 days at 22°C under continuous light.

Figure S3. Fine mapping of the FSQ6 locus. FSQ6 was initially mapped between T6G21 and K8E10 markers in 113 
fully fructose arrested F2 seedlings derived from the cross between LCN5-7 and Ler. Next, recombinants between 
T6G21 and K8E10 were selected from 5023 F2 individuals. FSQ6 was localized on a high-resolution linkage map by 
progeny testing of homozygous recombinant plants (F4) and newly developed markers (Table S2). In this way FSQ6 
was narrowed to an 11.8-kb region between markers SNP1 and SNP2.
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Figure S4. A Ler FSQ6/ANAC089 Ds element insertion mutation does not affect fructose sensitivity. (A) Position of 
the Ds insertion in FSQ6/ANAC089. Black bars indicate the protein coding exons, open bars indicate the introns 
and the gray bar indicated the 5’ and 3’ UTRs. LP, RP and Ds3-4 indicate the PCR primers used to confirm the inser-
tion. (B) PCR identification of the Ds insertion. The presence of PCR product of Ds3-4 + RP indicates the presence 
of the insertion. The presence of PCR product of LP + RP indicates the absence of the insertion. The sequences of 
primers were: DS3-4, 5’-CCGTCCCGCAAGTTAAATATG-3’; LP, 5’-GCTCCCTGAGCAAGTGAGAAG-3’; RP, 5’-CTCGCTAT-
CAGATTTCACAATCG-3’. (C) RT-PCR of FSQ6/ANAC089 in Ler and GT19225. (D-F) Fructose sensitivities of GT19225 
(D), transgenic GT19225 transformed with Ler FSQ6/ANAC089 allele (E) and transgenic GT19225 transformed with 
Cvi FSQ6/ANAC089 allele (F). Seeds were plated on 1/2 MS with 6.5 % of fructose and grown for 7 days at 22°C 
under continuous light.

Figure S5. A premature stop codon in the Cvi FSQ6 allele is responsible for the gain of function phenotype. (A) Poly-
morphisms between Ler and Cvi FSQ6/ANAC089 coding regions. Black bars indicate the coding regions, open bars 
indicate the introns and the gray bar indicated the 5’ and 3’ UTRs, respectively. (B) Point mutations introduced in 
the Ler FSQ6/ANAC089 allele. (C-E) The fructose sensitivity phenotypes of transgenic Ler with mutation A (C), mu-
tation B (D), and mutation C (E). The seeds were grown on 1/2MS containing 6.5% fructose, and incubated under 
continuous light for 7 days. (F) CAPS marker specifically detecting the the 1-bp deletion allelic difference in Cvi. The 
Ler and Col alleles can be digested by Hpy188I into two fragments, whereas the Cvi allele cannot.
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Figure S6. (A-B) The fructose sensitivity phenotype of transgenic Ler with the CaMV35S promoter driven GFP::Ler 
FSQ6/ANAC089 cDNA (A) and GFP::Cvi FSQ6/ANAC089 cDNA (B). The seeds were grown on 1/2MS containing 6.5% 
fructose, and incubated under continuous light for 7 days. (C) Transcriptional activity in yeast of different FSQ6/
ANAC089 variants derived from Ler and Cvi accessions as indicated. GAL4 AD, GAL4 activation domain; NLS, NLS 
sequence; MCS, multiple cloning site. Dilutions as indicated of transformed PJ69-4A yeast cells were grown on se-
lective medium (SD/-Trp -His -Ade) and compared to growth on non-selective control medium (SD/-Trp).

Table S1. QTLs for fructose sensitivity in the Ler/Cvi RIL population
† Percentage of total PVE explained by the QTL 
‡ Positive means Ler contributes fructose insensitive allele
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Table S2 Markers for fine mapping of FSQ6

Table S3 Primers for production of Ler and Cvi FSQ6/ANAC089 and C terminal deletions in Ler and Cvi FSQ6/
ANAC089

Table S4 Primers for real time RT-PCR
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Samenvatting

Al het leven op aarde is afhankelijk van fotosynthese, een proces waarbij energie 
van zonlicht wordt gebruikt om water en koolstofdioxide om te zetten in suikers 
en zuurstof. Suikers worden in planten gebruikt als bouwstenen voor de groei, 
als energiebron, en voor transport van energie. Suikers hebben daarnaast een 
belangrijke functie als signaalmolecuul, waarmee onder meer de snelheid van 
stofwisselingsprocessen wordt gereguleerd. Voor suikersignalering is de transcrip-
tiefactor ABI4 belangrijk. Dit eiwit was oorspronkelijk ontdekt als een signaaleiwit 
dat nodig is voor de reactie van planten op het hormoon abscisinezuur in de plant 
Arabidopsis thaliana, maar ABI4 blijkt ook een rol te spelen in de reactie van de 
plant op de aanwezigheid van suikers. ABI4 remt de expressie van genen die be-
trokken zijn bij fotosynthese. De abi4 mutant, die geen ABI4 bevat, wordt groter 
omdat ze sneller groeit en deze mutant bevat ook meer chlorofyl dan de wild-type 
plant. Aangenomen wordt dat ABI4 de fotosynthese remt door DNA binding te 
voorkomen van transcriptiefactoren die fotosynthesegenen stimuleren. Eerder is 
aangetoond dat verschillende suikers elk voor een specifieke reactie in de plant 
kunnen zorgen. Jonge zaailingen die 2 uur lang behandeld worden met glucose 
of fructose hebben hogere mRNA transcript niveaus in reactie op glucose dan 
in reactie op fructose en dit is een globaal effect dat geldt voor de meeste tran-
scripten. De reden daarvoor is nog onduidelijk maar heeft wellicht te maken met 
de snelheid waarmee glucose en fructose wordt opgenomen; glucose wordt mo-
gelijkerwijs sneller opgenomen dan fructose. Naast suikerbehandelingen kunnen 
zaailingen ook worden ontkiemd op medium met een hoge suikerconcentratie en 
de reactie kan worden gemeten. Zaden kunnen wel ontkiemen op een hoge sui-
kerconcentratie, maar jonge zaailingen worden vervolgens geremd in hun ontwik-
keling en er wordt geen chlorofyl aangemaakt in de cotylen. Er zijn mutanten 
die onder die condities toch kunnen groeien, chlorofyl ontwikkelen en dus groen 
worden. Sommige mutanten, waaronder de abi4 mutant, zijn volledig groen als 
ze gegroeid worden op medium waaraan een hoge concentratie glucose, fructose 
of sucrose is toegevoegd. Er zijn echter ook mutanten gevonden die verschillend 
reageren op alleen glucose of fructose. Eén van die mutanten brengt een eiwit tot 
expressie dat van oorsprong voorkomt in het Arabidopsis ecotype dat voorkomt 
op de Kaapverdische eilanden (CVI). Dit eiwit is de transcriptie factor NAC089CVI en 
mist één derde van de aminozuursequentie. Deze NAC089CVI mutant is ongevoelig 
voor de remming van de groei en chlorofyl ontwikkeling die normaal optreedt op 
een hoge fructose concentratie maar reageert als wild-type op een hoge glucose 
concentratie. De reden voor dit verschil in gevoeligheid is nog onduidelijk, maar 
het is mogelijk dat de fructose ongevoeligheid voortkomt uit repressie van de fruc-
tose signaal transductie keten. De genen die verhoogd tot expressie komen in de 
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NAC089CVI mutant coderen voor eiwitten die nodig zijn bij de fotosynthese. Naast 
de fructose ongevoelige NAC089CVI mutant is er ook de specifieke reactie van de 
glucose ongevoelige gin2-1 mutant. Beide mutanten hebben een vergelijkbare ab-
scisinezuur concentratie met wild-type en reageren ook hetzelfde op toegevoegd 
abscisinezuur, dus abscisinezuur lijkt geen rol te spelen in de differentiële waarne-
ming van fructose en glucose. Het is waarschijnlijk dat in de gin2-1 en NAC089CVI 
mutanten andere processen verkeerd gereguleerd zijn, waarbij het er op lijkt dat 
in de NAC089CVI mutant de plastide-kernsignalerings cascade verkeerd wordt ge-
reguleerd. Planten reageren anders op verschillende suikers en de manier waarop 
dit werkt zal in de toekomst verder onderzocht worden. Een beter begrip van hoe 
suikers de fotosynthese onderdrukken kan leiden tot gewassen die minder sterk 
op suikers reageren en daardoor hopelijk een hogere opbrengst. 
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