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The action of the starch-phosphorylating enzyme α-glucan, 
water dikinase (GWD) is well analyzed in the process of transitory 
starch degradation. GWD selectively phosphorylates the C6 
position of glucosyl residues of amylopectin molecules.1 It has 
been shown that the action of GWD is an initial event of starch 
degradation.2-4 Glucan phosphorylation by GWD disrupts the 
crystalline structure of the starch granule surface and stimulates 
hydrolytic enzyme activities, e.g., AtBAM3.5

Mutations in the gene coding for GWD, SEX1, affect transitory 
starch turnover and have a deep impact on plant development. 
The GWD null mutant sex1-8 accumulates 5 times more starch 
than the Col-0 wild type.1 Moreover, mutant plants are massively 
compromised in growth.6,7

Recently, we have introduced sex1-8 mutants, which were 
partially complemented with wild type GWD. The expression 
of GWD in the lines gwd-c1 and gwd-c2 is lowered by 81% and 
93%, respectively, compared with wild type.8 We found that the 
expression of GWD in gwd-c1 and gwd-c2 positively correlates 
with the starch bound glucose 6-phosphate (G6P) content.8 
Interestingly, both mutants have an intermediate phenotype for 
parameters such as growth, average leaf starch content, and enzyme 
activities and protein levels of other starch-related enzymes. The 
protein levels of enzymes related to the starch phosphorylation/
dephosphorylation cycle like PWD and SEX4 are considerably 
altered.4,8 In addition, the expression of SSIV is significantly 

increased, surely reflecting the observed increase of the starch 
granule number in case of reduced GWD activity.8-10 Thus, the 
system including wild type, sex1-8, as well as gwd-c1 and gwd-c2, 
is suitable for analysis of the impact of GWD activity to transitory 
starch turnover, as the resolution of the phenotypical alterations 
depending on residual GWD activity is increased.

Interestingly, using this system, we were able to adjust the 
growth conditions such as length of the light phase in a way that 
the starch G6P content was similar for both wild type plants and 
mutants, although the activity of GWD varies in the different 
genotypes. As displayed in Figure  1A leaf starch of wild type 
grown in 8 h light /16 h dark and gwd-c1 grown under continuous 
light contained approximately the same amounts of esterified 
phosphate to the C6 position. Under these conditions, differences 
in the average leaf starch content (Fig. 1B) and growth phenotype 
(Fig. 2) were minor and both lines were more similar, indicating 
a positive correlation between these parameters and the residual 
GWD activities. Analyzing the effect of lacking GWD activity, we 
recently, presented data highlighting that GWD-mediated action 
contributes to the starch degrading, as well as the synthesizing 
pathway.

Lacking GWD activity leads to alterations of the starch granule 
surface that is characterized by a higher frequency of free and 
accessible glucans and impedes the activity of starch degrading 
enzymes such as AtBAM3, isoamylase, and even GWD. These 
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Starch phosphorylation mediated by the α-glucan, water dikinase (GWD) is crucial for transitory starch metabolism. The 
impact of the GWD action on transitory starch metabolism was analyzed in Arabidopsis mutants either lacking or revealing 
different reduced levels of GWD activity. In these mutants, glucose 6-phosphate (G6P) levels of the transitory leaf starch, the 
average leaf starch content, as well as alterations in the growth phenotype were determined under different light length 
conditions, including continuous light. Based on biochemical and growth phenotypical data, we found that the length of 
the light phase affects the phosphorylation state of the transitory starch and, by this, the average leaf starch content and 
the resulting growth of the plants. Additionally, we discuss data referring to an involvement of the GWD mediated glucan 
phosphorylation in starch synthesis, as, e.g., starch phosphorylation occurred even when a dark phase was omitted.
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alterations also reduce the ability of recombinant soluble starch 
synthase I from Arabidopsis to transfer glucosyl moieties from 
ADP-glucose to native starch granules. However, as a result, over 
several photoperiods the starch morphology is altered.

When comparing the starch bound phosphate content in wild 
type and mutants grown either under 8 h light/ 16 h dark or 16 h 
light/ 8 h dark, it becomes obvious that the amount of phosphate 

incorporated during the light phase increased with a longer light 
phase while the average leaf starch content decreased. Thus, 
Arabidopsis plants accumulated more leaf starch when cultivated 
under short day conditions than under long day conditions, as 
seen for the wild type and even more pronounced in case of the 
mutants (Fig. 1B). In contrast, the starch bound phosphate levels 
were reduced under short day conditions. Thus, the higher starch 
bound phosphate content in wild type and mutants under long day 
could benefit a more effective degradation in the following (short) 
night as compared with short day conditions.

Another indication for a contribution of GWD activity to 
starch synthesis is the fact that glucan phosphorylation occured 
even when the dark phase was omitted (Fig.  1A). Moreover, 
starch phosphorylation was higher in wild type and mutants 
when plants were grown under continuous light compared with 
growth in a light-dark cycle (Fig.  1A). It remains possible that 
the incorporation of phosphate into starch under continuous light 
exceeds the level of glucan phosphorylation in the light-dark cycle 
as glucan dephosphorylation activity is thought to be restricted to 
the dark phase. Thus, the dephosphorylation of glucans would be 
prevented during continuous light conditions.

However, under continuous light, net starch degradation was 
almost omitted and, thus, the high phosphate level of the starch 
may not come into effect (Fig.  3A). Furthermore, the growth 
phenotypes of the mutants were more similar to wild type under 
continuous light compared with any light-dark cycle, indicating 
that the lack of GWD is decoupled from the growth phenotype 
under continuous light conditions.

In another experiment, wild type and mutants were grown in 
a strict 12 h light/ 12 h dark cycle for 5 weeks and then subjected 
to continuous darkness. The average leaf starch content of the 4 

Figure 1. Glucose 6-phosphate content of amylopectin and starch content of wild type and mutants (gwd-c1, gwd-c2, sex1–8), lacking GWD activity, 
grown in light-dark cycles or under continuous light. (A) Glucose 6-phosphate (G6P) content of 32 d old plants. Leaf material for starch isolation and 
measurement of G6P were harvested at the end of the light phase for 8 h light/ 16 h dark cycle (yellow bars), 16 h light/ 8 h dark cycle (green bars). 
Values displayed for continuous light are mean of several time points as indicated in Figure 3A (blue bars). (B) Average leaf starch content of the 4 
genotypes. Results in (A) and (B) for plants grown in a light-dark cycle are mean values ± SD of 3 independent biological replicates. Dots and letters 
indicate significant differences of values of the 4 lines of the respective growth condition (a – 8 h light/ 16 h dark cycle; b – 16 h light/ 8 h dark cycle; 
c – continuous light) as determined by the Student t test (•• – P < 0.05; ••• – P < 0.01).

Figure 2. Growth phenotypes of wild type and GWD mutants (gwd-
c1, gwd-c2, sex1-8) grown under different day length conditions. Plants 
were grown in an 8 h light/ 16 h dark cycle (upper panel), 16 h light/ 8 h 
dark cycle (middle panel) and in continuous light (lower panel) for 32 d.
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genotypes is shown in Figure 3B for indicated time points of the 
prolonged dark phase. In contrast to wild type, the sex1–8 mutant 
displayed a starch excess phenotype even after 84 h of darkness, 
which is in accordance to a previous report.11 Also gwd-c1 and 
gwd-c2 revealed a starch excess phenotype in the beginning of the 
dark phase as expected.Interestingly, the residual GWD activity 
in the partially complemented mutants gwd-c1 and gwd-c2, which 
is less than in wild type, was insufficient to mobilize the leaf 
starch to wild type level even in a prolonged dark phase (Fig. 3B). 
This indicates again that starch phosphorylation by GWD in the 
light phase is in parts necessary for proper starch degradation 

in the following night. Overall, there are clear indications 
for the involvement of GWD in both starch synthesis and 
degradation. For a deeper understanding of the GWD functions 
in starch metabolism a separation of the enzyme action during 
the light and dark phase is necessary. This could be archived by 
inducible expression systems and time resolved analysis of the 
starch metabolism, as previously shown for trehalose-phosphate 
synthase.12
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Figure 3. Alterations in leaf starch content of wild type and GWD mutants (gwd-c1, gwd-c2, sex1–8) grown in continuous light or transferred to a 
prolonged dark phase. (A) Wild type and mutants were cultivated in continuous light and samples were taken as indicated during the day. (B) Plants 
were grown in a strict 12 h light/ 12 h dark cycle for 5 weeks and at the end of the light phase subjected to a prolonged darkness. Data in (A) and (B) 
represent the mean ± SD of 3 independent biological replicates, each.
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