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Abstract Sugars affect a broad variety of processes,
from growth and development to gene expression.
Although it has already been shown that sugars act as
signaling molecules, little is known about the mech-
anisms by which plants respond to them. Much
progress has been made on understanding sugar
sensing and signaling thanks to the analysis of
mutants with abnormal sugar response. Some of the
genetic strategies applied are based on the inhibitory
effect of sugar on post-germinative development of
Arabidopsis thaliana. High concentrations of exoge-
nous sugars delay germination and arrest early
growth, preventing seedlings from expanding cotyle-
dons and developing true leaves and an extensive root
system. The characterization of several Arabidopsis
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mutants identified for their altered sugar sensitivity
has disclosed a network in which sugars and plant
hormones cooperate to control seedling development.
Remarkably, many mutations turned out to be novel
alleles of hormone-related genes, mainly ABA and
ethylene. The aspects described above, emphasizing
the connections between sugar and plant hormones
revealed by mutants derived in seedling-based
screens, are reviewed in this paper.
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Introduction

Information concerning the sugar status of plant cells
is of great importance during all stages of the plant
life cycle as the availability or lack of sugars triggers
many metabolic and developmental responses. A
number of physiological, biochemical and molecular
approaches have been used to study sugar responses
in plants. Mutants are among these important tools,
used to analyse the physiological function of complex
signaling systems. Furthermore, mutants allow the
study of functional interaction between genes. The
presence of high concentrations of soluble sugars in
the medium arrests seedling development, and
screens taking advantage of this phenotype have
been applied by many laboratories, leading to the
selection of a relatively large number of mutants
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either insensitive or over-sensitive to sugars in terms
of arrest of the post-germinative development. How-
ever, the use of relatively high sugar concentrations
has raised concerns, since this approach may lead to
the selection of mutants resistant to osmotic stress
rather than altered in their ability to sense sugars.
Indeed, the identification of several sugar-insensitive
mutants allelic to mutants affected in abscisic acid
synthesis and signal transduction has reinforced this
view. Nevertheless, careful analysis of several sugar
sensing mutants reveals that the developmental arrest
triggered by sugars is largely independent of the
osmotic component arising from the treatment with
exogenous sugars. Furthermore, recent studies also
highlighted that the sugar sensing processes are
uncoupled from the role of sugars as nutrients. In
this review we describe the evidence supporting the
role of sugars as signaling molecules altering the
developmental program at the seedlings stage, inte-
grated in a complex web of environmental, meta-
bolic, and hormonal factors.

Germination and early seedling development

Germination encompasses those events beginning
with the uptake of water by the quiescent dry seed
and ending with the radicle emergence, and sub-
sequent growth is generally defined as seedling
development. After germination, a plant’s success
depends on its ability to grow autotrophically, and in
this transition time plants live as heterotrophs until
the photosynthetic apparatus becomes competent.
During normal post-germinative growth of Arabid-
opsis seedlings the majority of storage reserves are
mobilized in the 3—4 days after imbibition when the
radicle and cotyledons are just emerging from the
seed coat (Eastmond and Graham 2001). In oilseeds,
such as Arabidopsis, after the onset of germination
there is extensive conversion of the lipids, stored as
triacylglycerides within oil bodies in the cotyledons,
to soluble carbohydrate (Canvin and Beevers 1961).
Unlike lipids, sucrose can be transported and then
used to support growth and respiration (Bewley and
Black 1985) before the seedlings develop the capac-
ity to photosynthesize (reviewed in Baker et al.
2006).

Progression through the phases of increased met-
abolic activity and initiation of growth is strictly
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regulated by both environmental and hormonal
signals until seedlings become committed to growth.
For example, light promotes seed germination in
many species and its effects are thought to be
mediated, at least in part, by a combination of
increased synthesis and perception of gibberellins and
decreased ABA levels (Bentsink and Koornneef
2002; Yang et al. 1995; Koornneef and Karssen
1994). On the other hand, germination is strongly
inhibited by ABA and high solute concentrations or
limited water availability (Bewley et al. 1985). Like
germination, seedling establishment is a crucial
period in which quick responses to a range of factors
are essential for survival of the developing plant. It
has been suggested that this period defines a check-
point during which internal and external conditions
are monitored (Lopez-Molina et al. 2001). Shortly
after stratification (imbibition at low temperatures),
already germinated Arabidopsis seeds are still able to
prevent adult growth if external environmental
circumstances suddenly become adverse (Dekkers
et al. 2004; Lopez-Molina et al. 2001).

Plants post-embryonic growth and early develop-
ment display a remarkable flexibility, which resides in
the plant’s capacity to integrate and respond to
developmental, metabolic, and environmental signals.
This plasticity is the result of a complex signaling
network that relates plant hormones, physical factors,
and nutrients, including carbohydrates. Sugars are
indeed key players in many processes, as they are
energy sources and structural components for the
plant cell. Mechanisms by which plants determine the
carbohydrate availability, namely sugar sensing, and
regulate sugar responses (sugar signaling), are funda-
mental throughout plant life. Already many studies of
the carbohydrate regulation systems in plants have
shown that sugars themselves are often the signal
molecules. Therefore, in addition to their metabolic
role, sugars have now been recognized to also have a
hormone-like function (reviewed in Rolland et al.
2006; Leon and Sheen 2003; Smeekens 2000).

Effects of sugars on early development

Glucose and other sugars have been shown to affect
seed germination and early seedling development. In
experimental conditions, the presence of high glucose
concentration is sensed during germination and
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results in seedling developmental arrest (Jang and
Sheen 1997). Sugar effects on these processes are
complicated because they appear to exert a positive
effect in some assays but a negative one in others.
Furthermore, it has been demonstrated that sugars
influence these developmental processes via more
than one pathway (reviewed in Rolland et al. 2006).

Germination of seeds on media containing low
(30 mM) up to high (300 mM) concentration of
sugars is not prevented but significantly delayed
(Dekkers et al. 2004; Price et al. 2003; To et al. 2002;
Ullah et al. 2002). By contrast, equimolar concentra-
tions of sorbitol or mannitol do not exert a similar
influence, indicating that the effects of sugar con-
centrations on germination rates are not solely due to
osmotic stress (Dekkers et al. 2004; Price et al. 2003).
This sugar-induced delay of germination appears to
involve the hormone abscisic acid (ABA), since ABA
deficient mutants show reduced sensitivity to glucose
during germination (Dekkers et al. 2004). The
decrease of ABA levels in seeds germinating on
sugar-supplemented media is delayed as well, sug-
gesting that glucose-induced germination delay is due
to a slower rate of endogenous ABA removal (Price
et al. 2003). However, this sugar effect is temporally
restricted: glucose exposure must occur within the
first two days from the beginning of germination to
be effective (Dekkers and Smeekens 2007).

Given sufficient time, the majority of wild type
Arabidopsis seeds germinate in the presence of high
concentration of glucose or sucrose. However most of
these seedlings fail to form expanded cotyledons, true
leaves or extensive root systems (Gibson et al. 2001;
Arenas-Huertero et al. 2000; Laby et al. 2000;
Nemeth et al. 1998; Zhou et al. 1998; Jang et al.
1997). Although glucose concentrations lower than
110 mM promotes growth, seedlings germinated on
higher glucose media are shorter and their hypocotyls
length is inversely proportional to glucose concen-
tration (Jang et al. 1997). In addition, sugar affects
chlorophyll levels and expression of photosynthetic
genes. Seedlings grown on such medium fail to
develop chloroplasts (To et al. 2003). The etiolated
cotyledons accumulate red/purple anthocyanins pig-
ments (Baier et al. 2004; Nemeth et al. 1998; Mita
et al. 1997), due to the induction of their biosynthetic
pathway (Solfanelli et al. 2006). Moreover Arabid-
opsis seedlings grown on media containing exoge-
nous sugars do not mobilize the majority of their seed

storage lipids (Martin et al. 2002; To et al. 2002).
This developmental arrest imposed by sugars pre-
sumably signals a feedback regulation in the seed,
which contains the source of carbon metabolites for
seedling growth. Under natural conditions, adverse
environmental factors may limit early seedling
growth and sugar consumption after germination,
resulting in sugar accumulation and developmental
arrest (Cheng et al. 2002).

Screens based on sugar-induced arrest of early
development

The finding that glucose and sucrose can act as
negative regulators of seedling development has
provided efficient screens for identifying mutants
defective in sugar sensing or signaling. Similar
genetic screens based on aberrant growth on ABA-
containing media have permitted the isolation of
mutants defective in ABA responses at germination
or seedling growth (Lopez-Molina and Chua 2000;
Koornneef et al. 1984; Koornneef et al. 1982). It is
expected that mutants that are able to continue early
development when grown on high concentration of
sugars are likely to be affected in sugar perception.
By means of this easily detectable phenotype
(Fig. 1), many mutants with altered sugar responses
have been isolated and characterized by different
groups (Table 1). Plants showing glucose insensitive
(gin; Jang et al. 1997; Zhou et al. 1998) or sugar
insensitive (sis; Gibson et al. 2001; Laby et al. 2000)
phenotypes, as well as glucose oversensitive (glo;
Rolland et al. 2002) or sucrose super sensitive (sss;
Pego et al. 2000) phenotypes (Fig. 1), represent a
valuable tool in unravelling sugar-response pathways.
Among others, the pleiotropic regulatory locusl

Fig. 1 7 day old Arabidopsis seedlings grown on 330 mM
glucose displaying wild type (on the left), gin (in the middle)
and glo (on the left) phenotype
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Table 1 Genetic screens based on developmental arrest induced by sugar (GLC, glucose; SUC, sucrose; TF, transcription factor;

TUR, turanose)

Screening conditions

References

Mutants

Gene

Seedling development
on 330 mM GLC

gin  Glucose Insensitive

Seedling growth arrest
on 220 mM GLC

glo  Glucose OverSensitive

Zhou et al. 1998;

Arenas-Huertero
et al. 2000;

ginl/aba2/sis4

ABA2, SDR1/xanthoxin
oxidase

Lab L2000 gin2 AtHXK 1, hexokinasel
t al. 5 . , .
More ot ol 2003 gind/sis] CTRI, RAF-like
’ protein kinase
ginS/aba3 ABA3, Mo-cofactor

sulfurase

gin6/sis5/abi4 ~ ABI4, Apetala2 TF

Zhou et al. 1998; ein2 EIN2 (ethylene
Rolland et al. 2002; insensitive)
Yaganisawa et al. 2003 ;3 EIN3 (ethylene

Seedling growth arrest
on 56 mM GLC

Seedling development
on 350 mM SUC

Seedling development
on 300 mM SUC

gss  Glucose SuperSensitive
sig  Sucrose Insensitive Growth

sis  Sugar Insensitive

Non-germination on
350 mM SUC

sss  Sucrose SuperSensitive

insensitive), TF

Pego et al. 2000

Pego et al. 2000

Laby et al. 2000; sisl/gind CTRI, RAF-like protein
Gibson et al. 2001 kinase
sis4/aba2 ABA2, SDRI/xanthoxin
oxidase

sis5/gin6/abi4 ~ ABI4, Apetala2 TF

Pego et al. 2000

prll  Pleiotropic Growth arrest Nemeth et al. 1998 pril PRLI, nuclear WD*
Regulatory Locusl on 175 mM GLC protein
or SUC
tin  Turanose Insensitive Seedling development Gonzali et al. 2005 tin chimeric WOX5® (TIN)
on 90 mM TUR

* WD, protein made up of highly conserved repeating units usually ending with Trp—Asp (Neer et al. 1994)
® WOX5, WUSCHEL-related homeobox gene (Haecker et al. 2004)

(Nemeth et al. 1998) mutant displays enhanced
sensitivity to sucrose and glucose; the mutation was
shown to affect the PRLI gene, which encodes a
WD-protein that potentially interacts with multiple
signaling components, as supported by the observa-
tion that prll responses to several plant hormones is
changed (Nemeth et al. 1998). Another example is
gin2, the null mutant of the glucose sensor hexoki-
nasel (AtHXKI). Analysis of gin2/hxkl mutants has
provided compelling evidence for a separate signal-
ing function of HXKI independent of its metabolic
activity (Moore et al. 2003). Recent findings have
shown that HXK1 forms a glucose signaling complex
core with VHA-B1 and RPT5B that directly modu-
lates transcription of target genes independently
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from glucose metabolism (Cho et al. 2006). The
HXK-dependent sugar signaling pathway was already
known to be responsible for the regulation of several
genes including photosynthetic genes, nitrate reduc-
tase, and others (Jang and Sheen 1997; Sheen et al.
1999). Sugars can also positively regulate the
expression of more genes through HXK-independent
pathways (Xiao et al. 2000; Roitsch 1999; Sheen
et al. 1999; Koch 1996). Chen et al. (2003) identified
a RGS-like (regulator of G-protein signaling) protein
in Arabidopsis, as a critical modulator of plant cell
proliferation (Chen and Jones 2004; Chen et al.
2003). Remarkably, Afrgs] mutants are less sensitive
to high concentrations of glucose, while the germi-
nation of AtRGSI-overexpressors is hypersensitive to



Plant Growth Regul (2007) 52:217-228

221

glucose (Chen et al. 2006). It was suggested that
AtRGS]I is involved in the regulation of seedling
development responses to sugar. Moreover, AtRGS1
interacts with the «-subunit of the heterotrimeric
G-protein GPA1 (Chen et al. 2003). gpal mutants
display hypersensitivity to ABA-mediated sugar
effects (Ullah et al. 2002), consistent with the
hypothesis that sugar operates via ABA. AfRGSI
likely functions in a HXK-independent glucose
signaling pathway since sugar metabolism and phos-
phorylation by HXK are not required for AfRGSI-
mediated signaling, as suggested by experiments
using different mono- and disaccharide sugars, or
sugar analogues as well (Chen and Jones 2004).

The general term ‘sugar-response mutants’ refers
to mutants that display sugar-induced changes in
growth and development different from wild type, as
well as to mutants with a modified sugar responsive-
ness at the level of gene expression (Rook and Bevan
2003). The latter include screens based on transgenic
lines containing fusions of sugar-responsive promot-
ers to reporter genes or selection markers. For
instance, sucrose uncoupled mutants contain a lucif-
erase reporter gene driven by the plastocyanin
promoter (Dijkwel et al. 1997); the impaired sucrose
induction (isi) mutants contain the ApL3 promoter
fused to a negative selection marker, the bacterial
cytochrome P45y gene (Rook et al. 2001); the reduced
sucrose response (rsr) mutants contain the potato
patatin promoter combined with the f-glucoronidase
gene (Martin et al. 1997). These distinct approaches
based on the effects of high sugar media on seedling
development or on changes in the activity/expression
of sugar-responsive genes, yielded overlapping mu-
tants.

Sugar-signaling affecting seedling development is
independent of carbohydrates metabolism

Seedling developmental arrest by high sugar levels
can be seen as a regression of metabolism from a
state in which seed reserves are mobilized to support
seedling establishment to a storage-dominated meta-
bolic state (Gazzarrini and McCourt 2001; Rook et al.
2001). Although exogenous sucrose decreases the
rate at which storage lipid is broken down in young
seedlings (Eastmond et al. 2000), feeding sugars to
young Arabidopsis seedlings has little impact on the

levels of expression of either fatty acid f-oxidation or
glyoxylate cycle genes (Rylott et al. 2001; Hooks
et al. 1999). Yet, the control of gene expression
observed with non-metabolizable or partially metab-
olizable sugar analogues clearly suggests the involve-
ment of specific signal sensing and transduction
mechanisms that do not require sugar catabolism.
Glycolytic intermediates downstream of glucose,
including its immediate phosphorylated product glu-
cose-6-phosphate, do not repress the expression of
photosynthetic genes, as glucose does (Jang and
Sheen 1997). On the other hand, the glucose epimer
mannose and the glucose analog 2-deoxyglucose,
which are phosphorylated by hexokinase but not
metabolized in the glycolytic pathway, can both
trigger the repression signal (Jang and Sheen 1994;
Jang et al. 1997; Jang and Sheen 1997). The sugar’s
dual function as a nutrient and a signaling molecule
significantly complicates analysis of the mechanisms
involved. To uncouple the two functions Moore et al.
(2003) generated two hxkl mutants in which phos-
phorylation activity is abolished, but interestingly,
these catalytically inactive HXK1 proteins still have a
signaling function in repressing promoters of photo-
synthesis genes, similarly to the wild type HXKI1
(Moore et al. 2003). Moreover, the transformation of
gin2-1/hxkl transgenic plants with the two catalyti-
cally inactive HXKI alleles, enabled the glucose
sensitivity phenotype of the transgenic seedlings to be
rescued, rendering them susceptible again to a
glucose-induced developmental block (Moore et al.
2003). Altogether these results indicate that down-
stream carbohydrate metabolism is dispensable.

Does the osmotic component play a role in the
sugar-dependent seedling developmental arrest?

Genetic screens based on high sugar media have an
obvious osmotic component that raises the question
whether the observed developmental response is due
to an indirect osmotic effect rather than a direct sugar
signal. High concentrations in the medium may select
mutants able to resist high concentration of any
solutes in the medium, not exclusively sugars.
Adequate osmotic controls are required to guarantee
that mutants identified by high sugar screens are
altered in the responsiveness to sugars and not to
osmotic potentials in general. This is the case with
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the sisl, sis2, sis4, and sis5 mutants, which display
osmo-tolerant phenotypes during early seedling
development when grown on elevated sorbitol levels
(Gibson 2000; Laby et al. 2000). Nonetheless, there
are observations that suggest that the responses to
sugars and to osmotic stress are mediated by distinct
mechanisms.

Only high sugar levels, and not other osmotica,
can stop seedling development (Leon and Sheen
2003; Arenas-Huertero et al. 2000; Zhou et al. 1998).
The developmental differences between wild type
plants and sugar-response mutants are not observed
when they are grown in the presence of an osmoticum
at the same concentration. Mannitol and sorbitol are
reduced forms of glucose and are ordinarily
employed as appropriate controls to assay for osmo-
tolerance. They are not efficiently metabolized by
plants, causing a constant osmotic stress.

Glucose effects on seedling growth and differen-
tiation seem to be mediated, at least partly, by an
increase in ABA biosynthesis (Leon and Sheen 2003;
Cheng et al. 2002; Arenas-Huertero et al. 2000).
Notwithstanding the well known role of ABA in salt
and osmotic-stress responses (Finkelstein et al. 2002;
Gazzarrini and McCourt 2001), glucose and stress
signaling are distinct in their regulation by ABA.
Many genes important for ABA biosynthesis in
Arabidopsis, such as the ABAI/LOS6 (zeaxanthin
epoxidase, ZEP), NCED3 (9-cis-epoxy-carotenoid
dioxygenase), AAO3 (Arabidopsis aldehyde oxidase-
3), and ABA3/LOS5 are induced by ABA (Cheng
et al. 2002; Finkelstein and Rock 2002). Among these
ABA biosynthesis genes, ABAI/LOS6, AAO3, and
ABA3/LOSS, are also up-regulated by glucose. The
ABA?2 transcript encodes the enzyme responsible for
the conversion of xanthoxal to ABA-aldehyde in the
major ABA biosynthesis pathway; however ABA?2 is
not regulated by ABA, salt, or osmoticum but is
induced by glucose (Cheng et al. 2002; Gonzalez-
Guzman et al. 2002). By contrast, NCED3 expression,
which is highly activated by stress conditions and
encodes a rate-limiting enzyme for ABA biosynthesis
(Tuchi et al. 2001), is not increased by glucose, thus
discriminating glucose signals from stress signals that
activated NCED3 (Cheng et al. 2002).

Glucose and osmotic stress signaling pathways
involve overlapping but different mechanisms.
Sugars control the post-germination growth via
ABA-signaling transcription factors, ABI3, ABI4,
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and ABI5 (Leon and Sheen 2003; Cheng et al.
2002; Arenas-Huertero et al. 2000), whose transcripts
respond to osmotica, ABA, and glucose. Cheng et al.
(2002) demonstrated that ABI3, ABI4, and ABIS5 are
dramatically induced by glucose, but not by mannitol.
In particular ABI4 and ABI5 genes are also responsive
to low concentration of 2-deoxyglucose, which is a
non-metabolizable glucose analogue. 2-deoxyglucose
is able to elicit the sugar signal, while exerting a
negligible osmotic stress when compared to the
generally higher levels of glucose used (Arroyo
et al. 2003). Additionally, the glucose-regulation of
ABI4 and ABI5 is altered in ABA mutants with wild
type sugar response (Arroyo et al. 2003).

Finally, sugar signaling modulates additional plant
hormone signaling, including those related to ethyl-
ene, auxin, and cytokinin, again separating it from the
pathways involved in osmotic, salt, and drought
stresses (Rolland et al. 2006; Cheng et al. 2002;
Sheen et al. 1999; Zhou et al. 1998).

The role of abscisic acid in the sugar-dependent
developmental arrest of seedling growth

Characterization of the sugar response mutants has
revealed that many of them are also defective in
phytohormone metabolism or response (Rolland et al.
2006; Gibson 2005; Leon and Sheen 2003; Finkel-
stein and Gibson 2002), disclosing a tight interplay
between sugar and hormones pathways (Fig. 2).
Among the phytohormones, ABA has been found to
be of major importance in the response to sugars. In
fact genetic screens based on continued seedling
development on high sugar media have generated a
large number of mutants allelic to known ABA
synthesis (aba) genes. The central role for ABA in
plant sugar signaling is demonstrated by the charac-
terization of, for instance, gin5, which is allelic to
ABA3 (Rolland et al. 2002). The ABA3 gene encodes
a molybdenum cofactor (Mo—Co) sulfurase, neces-
sary in the last step of ABA biosynthesis (Xiong et al.
2001). Furthermore, both sis4 and ginl mutants are
allelic to aba2 (Cheng et al. 2002; Laby et al. 2000),
which is deficient in a short-chain dehydrogenase/
reductase (SDRI) that converts xanthoxin to abscisic
aldehyde on the way to ABA (Gibson 2005; Cheng
et al. 2002; Gonzalez-Guzman et al. 2002). Notably,
the expression of several genes involved in ABA
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GLUCOSE\{ ETHYLENE
HXK-independent  HXK*"  ETR1%°
v gin T "
(ABA2) ./ Py CTR1?"
ABA3 o v l
i ABI3 Y glo
ABI4 | % EIN2
ABA —>| ABI5 l

ABF2 " EINg°

SEEDLING DEVELOPMENT

Fig. 2 Scheme of interactions between sugar and the
hormones ABA and ethylene (adapted from Rolland et al.
2006); the sugar-responsive phenotype of the mutant plants is
indicated in red above the name of the genes involved in these
signaling cascades

biosynthesis is up-regulated by glucose, and in
particular ABA2 transcript levels are induced by
glucose, but not by osmotic stress (Cheng et al. 2002;
Gonzalez-Guzman et al. 2002).

Several mutant alleles of ABA insensitive (abi)
genes have also been picked up in sugar-response
screens. gin6 and sis5 are both alleles of ABI4
(Arenas-Huertero et al. 2000; Laby et al. 2000),
which encodes a transcription factor belonging to the
Apetala2 family (Finkelstein et al. 1998). ABI4 takes
part in the HXK-dependent signaling pathway that
regulates photosynthetic genes, such as chlorophyll a/
b binding protein (CABI), small subunit of ribulose-
1,5-bisphosphate carboxylase (RBSC) and plastocy-
anin (PC) (Jang and Sheen 1994; Sheen et al. 1999).
Moreover, expression of ABI4 itself is induced by
glucose, especially during a restricted time-window
of seedling development (Arroyo et al. 2003; Cheng
et al. 2002). Similarly, another transcriptional factor
involved in ABA signaling, the leucine zipper ABIS is
up-regulated by glucose (Arroyo et al. 2003; Finkel-
stein and Lynch 2000; Lopez-Molina and Chua
2000). ABI5 is also controlled by ABA, drought,
and salt (Brocard-Gifford et al. 2003; Lopez-Molina
et al. 2001), and is present only shortly after seed
germination. During this interval it was proposed to
have a key role in monitoring environmental condi-
tions (Lopez-Molina et al. 2001). The role of ABI5 in
sugar signaling is supported by the sugar-insensitive
phenotype of the abi5 mutant (Arenas-Huertero et al.

2000; Brocard et al. 2002; Laby et al. 2000). One
additional abi mutant involved in sugar signaling is
abi3. ABI3 is a transcriptional factor acting upstream
of ABI5 (Lopez-Molina et al. 2002) and is essential
for late embryo maturation (McCourt 1999). ABI3
expression is strongly induced by ABA and glucose,
and some ABI3 alleles seem to be implicated
specifically in the pathway controlling sugar-induced
seedling developmental arrest (Dekkers 2006; Nam-
bara et al. 2002). However, results from a combina-
tion of loss-of-function alleles and double mutants
between ABI3, ABI4 and ABI5 suggest that these
three factors interact in complex ways to determine
overall ABA seed sensitivity and downstream in
the hexokinase mediated sugar signaling pathway
(Soderman et al. 2000). Another member of the
subset of ABA response loci affecting sugar signaling
is ABI8 (Brocard-Gifford et al. 2004). The abi8
mutant needs glucose supplemented in the medium to
grow and it is resistant to the inhibitory effects of
high glucose concentrations, thus ABIS appears to be
involved in glucose response (Brocard-Gifford et al.
2004). Genetic analyses place ABI8 possibly in a
separate pathway from that of ABI transcription
factors in regulating ABA effects on sugar response;
yet, ABIS acts downstream of EIN2 and EIN3 in the
ethylene signaling pathway linked to the HXKI-
mediated glucose response (Brocard-Gifford et al.
2004; Yanagisawa et al. 2003).

Not all of the abi mutants display abnormal
responses to sugars, indicating the existence of
multiple pathways for glucose and ABA signaling
(Leon and Sheen 2003; Finkelstein and Rock 2002;
Arenas-Huertero et al. 2000). Still, many mutants
selected for their abnormal response to ABA reveal
altered sugar sensitivity. Recently ABF2 was added to
the ABA-sugar web (Kim et al. 2004). The basic
leucine zipper ABF2 belongs to a small subfamily of
ABRE-binding proteins named ABFs or AREBs (Choi
et al. 2000; Uno et al. 2000) and is highly homol-
ogous to ABI5 (Finkelstein and Lynch 2000; Lopez-
Molina and Chua 2000). ABF2-overexpressing plants
show glucose hypersensitivity and retarded growth in
standard conditions. On the other hand, the abf2
mutant seedlings grow faster than wild type seedlings
and display reduced sensitivity to 165 mM glucose
(Kim et al. 2004). For these reasons, ABF2 appears to
participate in the regulation of seedling growth and
glucose responses (Kim et al. 2004).
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It has been suggested that sugar responses are
directly mediated by ABA, via the induction of its
biosynthesis, and by the activation of some ABA
signaling genes (Arenas-Huertero et al. 2000). This
proposal arises from the observation that ABA
biosynthesis mutants are insensitive to high glucose
concentrations (Rook et al. 2001; Arenas-Huertero
et al. 2000; Laby et al. 2000), as well as the
observation that pre-treatment with the ABA synthe-
sis inhibitor fluridone blocks the glucose inhibitory
effects (Ullah et al. 2002). An alternative model, in
which ABA modulates the response to the sugar
signal through a separate ABA signaling pathway,
has been proposed as well (Rook et al. 2001). In this
view, seedling developmental arrest on high-sugar
media is the consequence of an osmotically induced
storage state, prompted by an increase in ABA levels
as a result of osmotic effects. The glucose-dependent
arrest of seedling growth is a complicated trait, and
clearly ABA accumulation driven by glucose con-
tributes to this phenotype.

Adding more complexity, glucose and ABA
interactions vary depending on their concentrations.
Low concentrations of glucose allow the germina-
tion of wild type seeds on otherwise inhibitory ABA
concentrations (Finkelstein and Lynch 2000; Gar-
ciarrubio et al. 1997). These findings are in contrast
with the inhibitory effect reported for elevated
concentrations of sugars. It has been suggested that
exogenous sugars allow germination by overcoming
a nutritional deficiency caused by the inhibition of
reserve mobilization by exogenous ABA (Garciarru-
bio et al. 1997). Though, the optimal glucose
concentration for promotion of seed germination is
too low to be consistent with a purely nutritional
effect (Finkelstein and Lynch 2000). Although low
concentrations of sugar or peptone can overcome
exogenous ABA inhibition of radicle emergence up
to high concentrations of ABA, subsequent seedling
growth and greening remain blocked (Finkelstein
and Lynch 2000; Garciarrubio et al. 1997). Charac-
terization of the effects of exogenous glucose on the
seed germination rates of different ABA-metabolic
and ABA-response mutants has, however, suggested
that glucose retards seed germination via a pathway
that does not involve the ABA-response pathway
components ABI2, ABI4 and ABI5 (Dekkers et al.
2004; Brocard-Gifford et al. 2003; Price et al.
2003).
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Sugar responses cross talk with other hormonal
signaling pathways

Ethylene

Ethylene clearly interacts with sugar signals in
controlling seedling development. Some sugar-insen-
sitive mutants have small and dark-green leaves,
resembling the ethylene constitutive response mutant
ctrl (Leon and Sheen 2003; Kieber et al. 1993). In
fact, sis/ and gin4 have been shown to be mutant
alleles of the CONSTITUTIVE TRIPLE-RESPONSE]
gene, a negative regulator of ethylene signaling
(Cheng et al. 2002; Gibson et al. 2001; Kieber et al.
1993). Further support came from the finding that
ethylene overproducerl (etol) and ctrl mutants can
overcome the glucose-induced developmental arrest,
whereas the ethylene-resistant efr/ and ethylene-
insensitive ein2 and ein3 mutants exhibit glucose
hypersensitivity (glo phenotype; Yanagisawa et al.
2003; Zhou et al. 1998). Moreover, epistatic analysis
of ginl puts the GINI/ABA2 gene in between the
ethylene receptor ETRI and the glucose sensor
HXKI, perhaps as a mediator of the opposite roles
of glucose and ethylene in seedling development
(Zhou et al. 1998). A molecular link between glucose
and ethylene signaling is provided by the fact that
glucose and ethylene antagonistically regulate protein
stability of EIN3, a central transcriptional regulator in
ethylene signaling, through the plant glucose sensor
hexokinase (Yanagisawa et al. 2003; Moore et al.
2003; Solano et al. 1998; Chao et al. 1997).
Ethylene effects on seedling growth may, how-
ever, be explained by reports that ethylene is a
negative regulator of ABA action (Beaudoin et al.
2000; Ghassemian et al. 2000). Based on the elevated
ABA levels found in the ein2 mutant, it is likely that
ethylene signaling partially represses the biosynthesis
of ABA (Leon and Sheen 2003; Cheng et al. 2002;
Ghassemian et al. 2000), so promoting germination
and seedling development. In addition, CTRI oper-
ates as a negative regulator blocking the ethylene
cascade (Kieber et al. 1993), and its presence should
allow the increase in ABA levels required during
glucose response (Arenas-Huertero et al. 2000;
Cheng et al. 2002), which again could result in a
positive feedback loop of the glucose signaling.
Further investigation of glucose and ethylene signal-
ing might uncover separate branching pathways
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responsible for downstream responses and elucidate
interactions between ethylene and glucose, as well as
other plant hormones.

Auxin, cytokinins and brassinosteroids

The HXKI glucose-signaling pathway interplays
closely with the signaling pathways regulated by
auxin and cytokinin (Moore et al. 2003). A defect in
auxin-induced cell proliferation and root formation
was observed in the gin2/hxkl mutants, even though
no difference in endogenous auxin levels was
detected between wild type and gin2/hxkI hypocotyls
(Moore et al. 2003). The gin2/hxkl lack of auxin
response, also when applied exogenously, points
towards a deficiency in auxin signaling and/or uptake
(Moore et al. 2003). In accordance with this obser-
vation, seedling growth of the auxin-resistant mutants
transport inhibitor responsel and auxin resistant
axrl and axr2 (Gray et al. 2001) is insensitive to
growth inhibition by glucose (Rolland et al. 2006).
Additional evidence suggesting that sugar signal-
ing is somehow connected to auxin response, comes
from the identification of a furanose insensitive
mutant (tin; Gonzali et al. 2005). Turanose, a non-
metabolizable sucrose analogue that profoundly
reduces seedling growth, has been used to dissect
the sucrose-signaling pathway in plants (Gonzali
et al. 2005). Turanose insensitivity is associated with
altered auxin homeostasis, as suggested by the
analysis of the tin mutant (Gonzali et al. 2005).
Sugar and cytokinin response pathways also
interact closely. For example, the gin2 mutant shows
delayed leaf senescence and hypersensitivity of
hypocotyl explants to cytokinin mediated shoot
induction (Moore et al. 2003). Cytokinin treatment
also eliminates seedling developmental arrest induced
by 330 mM glucose in MS medium (Zhou et al.
1998). Moreover, plants transformed with cytokinin
histidine kinase (CKII) and the transcription factor
ARR?2, both involved in cytokinin signal transduction,
can overcome the glucose repression response and are
thus glucose insensitive (Moore et al. 2003; Hwang
and Sheen 2001). However, the antagonistic relation
between cytokinin and sugars might be a secondary
effect of ethylene biosynthesis promoted by cytoki-
nin, that antagonizes glucose signaling (Moore et al.
2003; Zhou et al. 1998). Further confirmation of
sugar and cytokinin acting antagonistically arises

from the analysis of a cytokinin receptor mutant,
ahk3, which shows cytokinin resistance and enhanced
sucrose sensitivity (Franco-Zorrilla et al. 2005).
Moreover, also the cytokinin-resistant cnr/ mutant
was found to be hypersensitive to sugars as well and,
additionally, shows an altered auxin response (Laxmi
et al. 2006).

Sugar-mediated pathways are also linked to bras-
sinosteroids. The brassinosteroid, light and sugarl
(Laxmi et al. 2004) mutant selected in a screen for
photomorphogenic mutants is impaired in brassinos-
teroid responses as well as in sugar signaling (Kim
et al. 2004; Laxmi et al. 2004). bls! sugar hypersen-
sitivity is rescued by application of brassinosteroid
and, likely, brassinosteroid deficiency results in
impaired sugar responses. Moreover brassinosteroids
response is related to several hormones, such as ABA
and ethylene, that participate in sugar signaling, and
that are probably responsible of the augmented sugar
sensitivity observed in the bls/ mutant.

Conclusions and future perspectives

Monitoring endogenous sugars levels is a vital
regulatory function for coordinating nutrient metab-
olism and hormone synthesis and signaling. Genetic
screens have been most useful in identifying genes
implicated in different signal transduction pathways.
Although designed for specific components involved
in a single pathway, these screens have often selected
mutations conferring changes in the sensitivity to
more than one stimulus. This has been most notable
in genetic screens for sugar-response mutants. The
premise of these screens was to identify mutants able
to germinate and grow on media containing sugar
levels that normally inhibit growth and development.
Many mutations recovered are novel alleles of
hormone-related genes, mainly ABA and ethylene.
Consistent with this, mutants isolated for their altered
response to these hormones are often somehow
affected in their sugar perception as well.

Rapid progress has been made in sugar sensing
research taking physiological assays that are influ-
enced by sugars to isolate sugar responsive mutants.
As high sugar concentration are used, it is a pertinent
to ask whether the developmental arrest can be
attributed to an osmotic and/or metabolic effect.
Several line of evidence point to separate, although
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partially overlapping, pathways for sugar and osmot-
icum/ABA signals. Besides other data suggest that
sugar sensing and signaling are uncoupled from the
nutrient function of sugars.

Our understanding of sugar response has benefited
from mutants isolated in seedling-based screens.
However this strategy allow the identification of
genes functional in sugar sensing and signaling only
at this particular stage, while genes involved in sugar
responses, but mainly expressed in mature plants, will
be missed (Rook and Bevan 2003).

How sugars influence developmental responses
and yet, at the same time, how they relate to many
hormones regulating the same process is an important
question. Hitherto, only a few of the mutants with
increased or reduced susceptibility to sugar-induced
early growth arrest were unique to sugar-response
screens. This highlights the need for more unambig-
uous screening strategies that are able to discriminate
between the primary sugar-signaling cascade and
secondary pathways consequently activated. Better-
designed mutant screens able to identify components
more directly involved in sugar signaling will be
most useful in unravelling sugar-mediated systems
that control gene expression and plant development.
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