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ABSTRACT
We have previously shown that overexpression of GSK3-like kinase 5 in rice (OsGSK5) was associated with
higher starch accumulation and better growth under severe salinity stress. Short-term 14CO2 feeding
experiments suggested that OsGSK5 promoted higher flux to starch accumulation in the roots under this
condition and that this mechanism may help to underscore the better growth characteristics observed.
Here, we expand upon this hypothesis and consider (1) how OsGSK5 action could fit into a signaling
model that integrates salinity stress to changes in starch metabolism, and (2) how this would facilitate
whole plant physiological adaptations in source-to-sink partitioning. We also discuss additional functions
of OsGSK5, necessary to support this adaptive mechanism.
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Introduction

Glycogen synthase kinase 3-like genes are found in diverse
organisms but the family has expanded in plants1,2 such that in
rice there are nine isoforms3 with distinct, but presumably some
overlapping roles. Based on previous study by Kempa et al.
(2007),4 we hypothesized that the MSK4 equivalent, OsGSK5,
could integrate carbohydrate metabolism and salinity stress
response in plants.5 OsGSK5 was highly expressed in root, was
responsive to the ionic effect conditioned by high salt, and was
upregulated under extended darkness that led to root carbon
starvation.5 We created an OsGSK5 overexpressing line (OE),
which showed enhanced growth under highly saline conditions
via modulation of source-sink relations.5 Here, we present mod-
els illustrating (1) how OsGSK5 possibly links salt stress
responses to starch regulation, and (2) how such links may lead
to whole-plant source-sink adaptation to salinity.

OsGSK5: Linking salt stress signals and carbohydrate
regulation in rice?

If our hypothesis is correct, then OsGSK5 acts at the nexus of
salinity stress signaling and carbohydrate metabolism. Abscisic
acid (ABA) and Brassinosteroids (BR) are known hormonal
mediators of salinity stress6 andOsGSK5 possesses ABA-cis regu-
latory elements5 and the transcript is ABA- and BR- inducible,7

making it likely to be a downstream component of these pathways
(Fig. 1). OsGSK5, in turn, could act upstream of enzymes or pro-
teins that determine starch accumulation, regulating their activity
through phosphorylation (Fig. 1).

Our data indicated that after exposure to high salt, car-
bon flux from the leaf to the root was accelerated in the

OE, with greater allocation of carbon into the starch frac-
tion of the roots.5 How this process is mediated remains
elusive.4 The OsGSK5 was expressed under a constitutive
promoter, and presumably, high levels of protein were pres-
ent in the cell prior to salt exposure.5 Imposition of salinity
stress could have led to posttranslational activation of
OsGSK5 in the root, the organ in which native OsGSK5 is
expressed, to promote higher starch biosynthesis. There is
support for this hypothesis. MSK4 kinase activity was
directly stimulated by high salt,4 and because of the
sequence similarity with OsGSK5 it is plausible that
OsGSK5 could also be regulated in this way.5 In addition,
the contribution of the native OsGSK5 to the adaptive
mechanism in the OE cannot be discounted, since this gene
is transcriptionally activated by high salinity.5 Additional
protein so produced could increase carbon partitioning to
root starch.

It is worth exploring whether OsGSK5 is involved in any
known carbohydrate-modulated stress response systems.
Sucrose-non-fermenting 1-related kinase1 (SnRK1) is a well-
characterized ‘energy sensing protein kinase’ in plants that links
sugar and stress signals.8-11 It works together with trehalose-6-
phosphate (T6P) to adjust assimilate distribution between sink
and source under stress.12 Carbon supply and utilization at the
whole plant level is rebalanced, in part, by regulating starch
metabolism.13-16 The similarities in the role of OsGSK5 and the
T6P/SnRK1 pathway under stress, make it interesting to consider
a potential connection.

Although our work focused on starch, OsGSK5 may con-
tribute to the detoxification of harmful Reactive Oxygen
Species (ROS) (Fig. 1). The Arabidopsis ASKa, a related
GSK3-like protein, phosphorylated Glucose-6-Phosphate
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Dehydrogenase (G6PD), the activity of which is necessary
for maintaining plant cellular redox homeostasis.17 Trans-
genic lines overexpressing ASKa had more efficient ROS
scavenging ability, which facilitated enhanced survival of
the modified lines under salinity stress.17

Ectopic expression of OsGSK5 enhances rice
physiological adaptation to salt stress via source-sink
modification

We showed that transcript abundance of OsGSK5 correlated with
a better physiological response of transgenic rice to salinity
stress.5 A combination of steady-state measurements and 14C-
labeling experiments pointed to higher sugar export from the
OE leaf, coupled with greater starch accumulation in the root, as
the predominant changes underscoring this better adaptation to
salinity compared to the control5 (Fig. 2). Increased sugar flux to
the root may have (i) reduced interference of photosynthesis in
the OE by relieving sugar build-up in source leaves, and (ii) the
amassed starch may have contributed positively to root growth
via improved plant gravitational response (Fig. 2). Salinity stress
accelerates the degradation of starch statoliths, which negatively
alters root growth in Arabidopsis,18 but this problem would be
minimized in the OE line. Furthermore, higher starch in the OE
roots and leaves could enhance the entrapment of NaC within
the starch granules (Fig. 2). Kanai et al. (2007) showed that reeds
(Phragmites australis) grown under 100 mM salt stress adapted
by sequestering NaC within starch granules in the parenchyma
cells of the shoot base.19 Starch as a potential chelating agent to
reduce cellular ionic toxicity is worth investigating.

The model we present does not take into account other
factors that may explain the improved phenotype of the OE
under salinity stress. First, how source-sink relations change
during the diurnal cycle was not assessed. The OE accumu-
lated more leaf starch and should have a greater carbon
reserve for nighttime use, which would be a more effective
buffer against stress-induced carbon starvation. Second,
OsGSK5 overexpression positively influenced panicle initia-
tion under salinity stress,5 but it is not known if this was
due to changes in carbohydrates in reproductive structures
or other regulatory effects of the kinase, since some GSK
isoforms can regulate floral initiation.20 Third, changes in
other metabolic pathways could have contributed to the
salt-adaptation. 14C-labeling showed that the 3-fold increase
of flux to starch in the root was matched by a 3-fold
decrease in the flux to amino acids,5 which suggests that
the OE may have also accelerated protein utilization for
energy under stress. Finally, the impact of starch chelation
of NaC and improved gravitropic response was not experi-
mentally determined.

In conclusion, plant GSKs have emerging functions in
regulating plant response to environmental stress. Identify-
ing how OsGSK5 is integrated in salt-responsive signal
transduction pathways would present a fascinating view of
how crop plants reconfigure their metabolism to better tol-
erate unfavorable environments.
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Figure 1. A model hypothesizing the role of OsGSK5 in integrating salt stress responses to starch metabolism. Upon perception of salt, an ABA- and/or BR-dependent salt
signaling pathway relays the signal to OsGSK5 by enhancing either its expression level and/or its activity (Step 1). OsGSK5, presumably localized to the amyloplast, then
phosphorylates SS and increases its starch synthesis activity (Step 2). It is widely accepted that phosphorylation is an important mechanism in the regulation of starch
metabolism.21,22 Another potential phosphorylation target of OsGSK5 may be cytosolic G6PD, resulting in its ROS detoxification activity (Step 3). For clarity, other subcellu-
lar compartments are not shown. Processes with questions marks are unproven or speculative.
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T6P Trehalose-6-Phosphate

References

1. Jonak C, Hirt H. Glycogen synthase kinase 3/SHAGGY-like kinases in
plants: an emerging family with novel functions. Trends Plant Sci.
2002;7:457-61. doi:10.1016/S1360-1385(02)02331-2.

Figure 2. A model explaining putative adaptive alteration in source-sink regulation in the OsGSK5 line after a short-term salt shock. Increases in cellular ion concentration
are sensed in source tissues and sugars accumulate, presumably to serve as compatible solutes. This is coupled with reductions in starch content in the control (Steps 1,
2, and 3). In the overexpressor (OE) line, there was no change in leaf starch, but 14C data showed both a higher flux to the sugar pool and increased export from the
source to the root with increased storage of starch in that organ (Steps 4 and 5). We hypothesize that higher sugar export potentially reduces feedback interference with
photosynthesis. This effect was further enhanced by the higher biosynthesis of root starch, which may steepen the gradient between the source and sink thus facilitating
optimal sugar levels. The accumulation of root starch may also improve gravitational response and could flocculate salts, reducing cellular ion concentration and meta-
bolic imbalances. The relative sizes of the sugar and starch pools approximate to those assayed. Processes with questions marks are unproven or speculative.

PLANT SIGNALING & BEHAVIOR e1403708-3

https://doi.org/10.1016/S1360-1385(02)02331-2


2. Saidi Y, Hearn TJ, Coates JC. Function and evolution of ‘green’ GSK3/
Shaggy-like kinases. Trends Plant Sci. 2012;17:39-46. doi:10.1016/j.
tplants.2011.10.002.

3. Youn J-H, Kim T-W. Functional insights of plant GSK3-like kin-
ases: multi-taskers in diverse cellular signal transduction
pathways. Molecular Plant. 2015;8:552-65. doi:10.1016/j.
molp.2014.12.006.

4. Kempa S, Rozhon W, Samaj J, Erban A, Baluska F, Becker T,
Haselmayer J, Schleiff E, Kopka J, Hirt H, et al. A plastid-local-
ized glycogen synthase kinase 3 modulates stress tolerance and
carbohydrate metabolism. Plant J. 2007;49:1076-90. doi:10.1111/
j.1365-313X.2006.03025.x.

5. Thitisaksakul M, Arias MC, Dong S, Beckles DM. Overexpression
of GSK3-like Kinase 5 (OsGSK5) in rice (Oryza sativa) enhances
salinity tolerance in part via preferential carbon allocation to
root starch. Funct Plant Biol. 2017;44:705-19. doi:10.1071/
FP16424.

6. Peleg Z, Blumwald E. Hormone balance and abiotic stress tolerance in
crop plants. Curr Opin Plant Biol. 2011;14:290-5. doi:10.1016/j.
pbi.2011.02.001.

7. Yaling S, Lizhong X. Systematic analysis of glycogen synthase kinase 3
genes in rice reveals their differential responses to phytohormones
and abiotic stresses. J Huazhong Agri Univ. 2012;31(1):1–9.

8. Emanuelle S, Hossain MI, Moller IE, Pedersen HL, van de Meene AM,
Doblin MS, Koay A, Oakhill JS, Scott JW, Willats WG, et al. SnRK1
from Arabidopsis thaliana is an atypical AMPK. Plant J. 2015;82:183-
92. doi:10.1111/tpj.12813.

9. Baena-Gonzalez E, Rolland F, Thevelein JM, Sheen J. A central inte-
grator of transcription networks in plant stress and energy signalling.
Nature. 2007;448:938-42. doi:10.1038/nature06069.

10. Polge C, Thomas M. SNF1/AMPK/SnRK1 kinases, global regulators at
the heart of energy control? Trends Plant Sci. 2007;12:20-8.
doi:10.1016/j.tplants.2006.11.005.

11. Jossier M, Bouly JP, Meimoun P, Arjmand A, Lessard P, Hawley S,
Grahame Hardie D, Thomas M. SnRK1 (SNF1-related kinase 1)
has a central role in sugar and ABA signalling in Arabidopsis
thaliana. Plant J. 2009;59:316-28. doi:10.1111/j.1365-313X.2009.03
871.x.

12. Yu SM, Lo SF, Ho THD. Source-Sink Communication: Regulated by
Hormone, Nutrient, and Stress Cross-Signaling. Trends Plant Sci.
2015;20:844-57. doi:10.1016/j.tplants.2015.10.009.

13. Tsai AYL, Gazzarrini S. Trehalose-6-phosphate and SnRK1 kin-
ases in plant development and signaling: the emerging picture.
Front Plant Sci. 2014;5:119. doi:10.3389/fpls.2014.00119.

14. O’Hara LE, Paul MJ, Wingler A. How do sugars regulate plant growth
and development? New insight into the role of trehalose-6-phosphate.
Mol Plant. 2013;6:261-74. doi:10.1093/mp/sss120.

15. Griffiths CA, Sagar R, Geng Y, Primavesi LF, Patel MK, Passarelli MK,
Gilmore IS, Steven RT, Bunch J, Paul MJ, et al. Chemical intervention
in plant sugar signalling increases yield and resilience. Nature.
2016;540:574-C. doi:10.1038/nature20591.

16. Lawlor DW, Paul MJ. Source/sink interactions underpin crop yield:
the case for trehalose 6-phosphate/SnRK1 in improvement of wheat.
Front Plant Sci. 2014;5:418. doi:10.3389/fpls.2014.00418.

17. Dal Santo S, Stampfl H, Krasensky J, Kempa S, Gibon Y, Petutschnig
E, Rozhon W, Heuck A, Clausen T, Jonak C. Stress-Induced GSK3
regulates the redox stress response by phosphorylating glucose-6-
phosphate dehydrogenase in arabidopsis. Plant Cell. 2012;24(8):3380-
92. doi:10.1105/tpc.112.101279.

18. Sun F, Zhang W, Hu H, Li B, Wang Y, Zhao Y, Li K, Liu M, Li X. Salt
modulates gravity signaling pathway to regulate growth direction of
primary roots in arabidopsis. Plant Physiol. 2008;146:178.
doi:10.1104/pp.107.109413.

19. Kanai M, Higuchi K, Hagihara T, Konishi T, Ishii T, Fujita N, Naka-
mura Y, Maeda Y, Yoshiba M, Tadano T. Common reed produces
starch granules at the shoot base in response to salt stress. New Phy-
tologist. 2007;176:572-80. doi:10.1111/j.1469-8137.2007.02188.x.

20. Dornelas MC, Van Lammeren AAM, Kreis M. Arabidopsis thaliana
SHAGGY-related protein kinases (AtSK11 and 12) function in peri-
anth and gynoecium development. Plant J. 2000;21:419-29.
doi:10.1046/j.1365-313x.2000.00691.x.

21. James MG, Denyer K, Myers AM. Starch synthesis in the cereal endosperm.
CurrOpin Plant Biol. 2003;6:215-22. doi:10.1016/S1369-5266(03)00042-6.

22. K€otting O, Kossmann J, Zeeman SC, Lloyd JR. Regulation of starch
metabolism: the age of enlightenment? Curr Opin Plant Biol.
2010;13:320-8. doi:10.1016/j.pbi.2010.01.003.

e1403708-4 M. THITISAKSAKUL ET AL.

https://doi.org/10.1016/j.tplants.2011.10.002
https://doi.org/10.1016/j.tplants.2011.10.002
https://doi.org/10.1016/j.molp.2014.12.006
https://doi.org/10.1016/j.molp.2014.12.006
https://doi.org/10.1111/j.1365-313X.2006.03025.x
https://doi.org/10.1111/j.1365-313X.2006.03025.x
https://doi.org/10.1071/FP16424
https://doi.org/10.1071/FP16424
https://doi.org/10.1016/j.pbi.2011.02.001
https://doi.org/10.1016/j.pbi.2011.02.001
https://doi.org/10.1111/tpj.12813
https://doi.org/10.1038/nature06069
https://doi.org/10.1016/j.tplants.2006.11.005
https://doi.org/10.1111/j.1365-313X.2009.03871.x
https://doi.org/10.1111/j.1365-313X.2009.03871.x
https://doi.org/10.1016/j.tplants.2015.10.009
https://doi.org/10.3389/fpls.2014.00119
https://doi.org/10.1093/mp/sss120
https://doi.org/10.1038/nature20591
https://doi.org/10.3389/fpls.2014.00418
https://doi.org/10.1105/tpc.112.101279
https://doi.org/10.1104/pp.107.109413
https://doi.org/10.1111/j.1469-8137.2007.02188.x
https://doi.org/10.1046/j.1365-313x.2000.00691.x
https://doi.org/10.1016/S1369-5266(03)00042-6
https://doi.org/10.1016/j.pbi.2010.01.003

	Abstract
	Introduction
	OsGSK5: Linking salt stress signals and carbohydrate regulation in rice?
	Ectopic expression of OsGSK5 enhances rice physiological adaptation to salt stress via source-sink modification
	Disclosure of potential conflicts of interest
	Acknowledgments
	Abbreviations
	References



