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The rotation of the Earth has generated cyclic changes in
environmental factors. To fully exploit these predictable
oscillatory factors for better fitness, plants have evolved an
intricate endogenous timing system called the circadian
clock. The plant circadian clock system perceives environ-
mental cues like light and temperature through its input
pathways. The input pathways then deliver these environ-
mental cues to the core oscillators which are composed of
interlocked transcription–translation feedback loops, gen-
erating self-sustaining circadian rhythms in various physio-
logical processes through the output pathways (1, 2). Since
most of the core oscillators are transcription factors, the
plant circadian clock influences global transcription pro-
foundly. Comprehensive transcriptomic studies suggest
that 89% of transcripts in Arabidopsis cycle under certain
conditions and the circadian clock system is responsible
for the oscillatory expression of more than one-third of
the genes in Arabidopsis (3). Strikingly, a study on plant
transcriptome changes in response to salt, osmotic, and
cold stresses suggests that 68% of the circadian oscillatory
genes are involved in stress responses (4). It is now
increasingly clear that the plant circadian clock plays an
indispensable role in diverse plant stress responses (5). In
PNAS, Cha et al. discover that SALT OVERLY SENSITIVE 1
(SOS1), a plasma membrane (PM) Na+/H+ antiporter, inter-
acts with and stabilizes GIGANTEA (GI), a core circadian
clock component, to realize period compensation of plant
circadian clock under daily fluctuating salt levels (6).

Due to inappropriate irrigation practices, misuse of fertil-
izer, and industrial pollution, salt stress has become one of
the major hurdles curbing the yield of various crops, affect-
ing over 6% of the world’s total land area (7). In response to
the ionic toxicity triggered by salt stress, plants rely on the
SOS pathway to transport excessive Na+ from the cytoplasm
to the apoplast, thus ensuring endogenous ionic homeosta-
sis. Although the bona fide sensor of Na+ is yet to be identi-
fied in plants, elevated intracellular and intercellular Na+

levels were found to trigger cytosolic Ca2+ signals, which are
decoded by SOS3, an EF-hand Ca2+-binding protein. SOS3
interacts with and activates SOS2, a serine/threonine protein
kinase, in a Ca2+-dependent manner. Activated SOS2 then
phosphorylates SOS1, which releases the inhibition by the
C-terminal autoinhibitory domain of SOS1, activating the
Na+/H+ antiporter activity of SOS1. SOS1 transports exces-
sive Na+ outward of the cytoplasm in exchange for inward
transportation of H+. The H+ gradient across the PM which
drives the activity of SOS1 is generated by PM H+-ATPase
activated by salt stress (8).

The plant circadian clock gates plants’ responses to salt
stress. Arabidopsis seedlings are more sensitive to salt stress
during the day (9). The diurnal differences in responses to salt
stress are likely due to the diurnal differences in transpiration

rate, which is significantly higher during the day than at
night (10). SOS1 transcript levels oscillate under both diurnal
and circadian conditions. Salt causes a significantly higher
induction in SOS1 transcript level when treated during the
day than during the night. Besides transcriptional regula-
tion, the plant circadian clock also has posttranslational
control on SOS1. While the SOS1 protein abundance in the
SOS1 overexpression seedlings does not oscillate under
basal conditions, salt treatment during the day leads to a
robust diurnal oscillation of SOS1 protein abundance (9).

A posttranslational regulation on the SOS pathway by
the plant circadian clock was previously reported by Kim
et al. (11). GI was found to negatively regulate salt tolerance
by sequestration of SOS2. In the absence of salt stress, GI
cages SOS2 and inhibits SOS2-mediated phosphorylation of
SOS1. Upon salt stress, GI is degraded through the 26S pro-
teasome pathway. At the same time, salt stress and SOS3
also suppress the interaction between GI and SOS2. Conse-
quently, SOS2 was released to phosphorylate SOS1, which
both enhances the protein stability of SOS1 and activates its
Na+/H+ antiporter activity to alleviate salt stress (Fig. 1).

While the plant circadian clock has an extensive impact
on plant responses to salt stress, salt stress may also have
feedback regulations on the circadian clock, as the bidirec-
tional interplays between the plant circadian clock and
various environmental factors are well-known. A diverse
array of environmental Zeitgebers (aka time-givers) of
plant circadian clock have been discovered including sug-
ars like glucose and fructose, inorganic nitrogen like KNO3

and NH4NO3, nitrogen assimilation products like glutamate
and glutamine, and mineral elements like iron and magne-
sium (5). Further considering the diurnal oscillation of tran-
spiration rate, the endogenous Na+ concentration is likely
to display a diurnal difference. Therefore, daily fluctuating
salt levels may feed back to the plant circadian clock.

One of the core functions of the plant circadian clock is
to anticipate and prepare plants for recurring cyclic envi-
ronmental changes. It is critical for the clock system to
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distinguish the periodically recurring environmental cues
and the abruptly occurring stress signals. GI appears to be a
bridge connecting the plant circadian clock and responses
to salt stress. Besides the involvement in the posttransla-
tional regulation of the SOS pathway, as a core circadian
clock component GI also plays a key role in the posttransla-
tional regulation of the plant circadian clock. GI interacts
with ZEITLUPE (ZTL), an F-box protein. This interaction pro-
motes the stabilization and maturation of ZTL, contributing
to the circadian oscillation of ZTL (5). Since ZTL mediates
degradation of TIMING OF CAB EXPRESSION 1 (TOC1),
PSEUDORESPONSE REGULATOR 5 (PRR5) (5), and CCA1
HIKING EXPEDITION (CHE) (12), salt-induced GI degradation
may dramatically perturb the oscillatory expression patterns
of ZTL, TOC1, PRR5, and CHE, causing severe defects in plant
circadian clock. Therefore, how plants maintain a robust
circadian rhythm under daily fluctuating yet nonstressful salt
conditions is a pending question in the field.

In PNAS, Cha et al. report a period compensation mech-
anism of the plant circadian clock under daily fluctuating
salt levels (6). Through luciferase imaging assay using
CAB2:LUC and CCA1:LUC reporter lines, Cha et al. found
that an elevated yet nonstressful level of NaCl treatment
(25 mM) lengthens the period of the circadian rhythm only
in the sos1 mutant but not in wild type (WT) or sos2 or sos3
mutants. These results suggest that the WT seedlings can
buffer the impact of the nonstressful salt levels while SOS1
may play a role in maintaining the robustness of the plant
circadian clock. Through coimmunoprecipitation, bimolec-
ular fluorescence complementation, and pull-down assays,
Cha et al. (6) further show that SOS1 interacts with GI in a
salt-dependent manner. Elevated salt levels promote the
interaction between SOS1 and GI. Importantly, this interac-
tion stabilizes GI, thus preventing degradation of GI under
elevated yet nonstressful salt levels. Interestingly, neither
the phosphorylation of SOS1 nor the SOS1-mediated salt
tolerance is required for GI stabilization, since SOS1DAPA, a
mutated SOS1 that cannot be phosphorylated by SOS2,

can still stabilize GI. Consistently, SOS1-stabilized GI leads
to increased ZTL and reduced TOC1 protein abundance.
Elevated NaCl levels bring about both ionic toxicity and
osmotic stress (8). To determine the specificity of SOS1–GI-
mediated period compensation effect, Cha et al. (6) applied
mannitol and KCl to elicit osmotic and ionic stresses respec-
tively. Neither mannitol nor KCl could phenocopy NaCl treat-
ment. Therefore, SOS1–GI-mediated period compensation is
specific to NaCl treatment. Further pharmacological studies
suggested that salt-induced Ca2+ and reactive oxygen spe-
cies (ROS) signals are involved in this period compensation
mechanism. The interaction between SOS1 and GI can be
promoted by Ca2+ and ROS inducer. Genetic studies demon-
strated that the gi-1 mutant is epistatic to the sos1-1 mutant,
as the period of CAB2:LUC is no longer responsive to 25 mM
NaCl in the sos1-1 gi-1 double mutant. Taken together, SOS1-
mediated stabilization of GI maintains the proper basal oscil-
lation of the plant circadian clock under daily fluctuating yet
nonstressful salt levels (Fig. 1).

Elucidation of the SOS1–GI-mediated salt compensation
pathway of the plant circadian clock in Arabidopsis enlight-
ens a potential in agricultural application, as GI has also
been implicated in salt tolerance in crops. Genetic analysis
of heterogeneous inbred Brassica rapa lines identified
causal nucleotide polymorphism in B. rapa GI responsible
for the allelic variation in salt tolerance (13). Suppression
of GI through RNA interference conferred enhanced halo-
tolerance in B. rapa (14). EARLY FLOWERING 3 (ELF3), a
constituent of the evening complex, promotes degradation
of GI and halotolerance in Arabidopsis (15). Loss-of-function
alleles of soybean ELF3 homologous genes J contribute to
decreased tolerance to salt stresses in soybean (16). Explo-
ration of the mechanisms underlying salt compensation of
circadian rhythms in crops may provide novel targets for
breeding to improve halotolerance and yield.

Discovery of the interaction between SOS1 and GI also
raises new questions. On the one hand, elevated yet non-
stressful salt levels promote the interaction between SOS1
and GI, which can stabilize GI (6). On the other hand,
stressful salt levels lead to the degradation of GI (11). A
critical NaCl concentration that triggers the switch from
stabilization to degradation of GI is yet to be determined.
Whether this critical NaCl concentration has any physiolog-
ical meaning remains to be investigated. While period com-
pensation is secured by SOS1-mediated stabilization of GI,
how stressful salt levels may affect the circadian rhythm
and how the perturbed circadian rhythm may recover
once the salt stress is resolved remain to be studied.
Besides SOS1 and SOS2, GI also interacts with other part-
ners such as ZTL and FLAVIN BINDING, KELCH REPEAT,
F-Box 1 (FKF1) (17). How GI is partitioned among the inter-
actions with these partners spatially and temporally and its
relevance to both salt tolerance and maintenance of the cir-
cadian clock require quantitative analysis, e.g. quantification
of the binding affinities and studies of the binding kinetics.
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Fig. 1. Interplays between GI and SOS pathway under different salt stress
levels. In the absence of salt, GI interacts with SOS2 to suppress SOS2-
mediated SOS1 activation. Under nonstressful salt levels, SOS1-mediated
stabilization of GI allows salt compensation of the circadian clock. Under
salt stress, GI undergoes proteasomal degradation, releasing its inhibition
on SOS2. SOS2 forms complex with SOS3 and phosphorylates SOS1 to
activate its Na+/H+ antiporter activity.
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