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Abstract
Soil salinity is one of the most detrimental abiotic stresses affecting plant survival, and light is a core environmental signal regu
lating plant growth and responses to abiotic stress. However, how light modulates the plant’s response to salt stress remains 
largely obscure. Here, we show that Arabidopsis (Arabidopsis thaliana) seedlings are more tolerant to salt stress in the light than 
in the dark, and that the photoreceptors phytochrome A (phyA) and phyB are involved in this tolerance mechanism. We fur
ther show that phyA and phyB physically interact with the salt tolerance regulator SALT OVERLY SENSITIVE2 (SOS2) in the 
cytosol and nucleus, and enhance salt-activated SOS2 kinase activity in the light. Moreover, SOS2 directly interacts with and 
phosphorylates PHYTOCHROME-INTERACTING FACTORS PIF1 and PIF3 in the nucleus. Accordingly, PIFs act as negative reg
ulators of plant salt tolerance, and SOS2 phosphorylation of PIF1 and PIF3 decreases their stability and relieves their repressive 
effect on plant salt tolerance in both light and dark conditions. Together, our study demonstrates that photoactivated phyA 
and phyB promote plant salt tolerance by increasing SOS2-mediated phosphorylation and degradation of PIF1 and PIF3, thus 
broadening our understanding of how plants adapt to salt stress according to their dynamic light environment.
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Introduction
Soil salinity is one of the most detrimental abiotic stresses for 
plant agriculture. Dramatic progress has been made over the 
past 30 yr demonstrating that the evolutionarily conserved 
SALT OVERLY SENSITIVE (SOS) pathway is essential for plant 
adaptation to salt stress (Zhu 2016; Yang and Guo 2018a, 
2018b; Van Zelm et al. 2020; Zhao et al. 2020, Ma et al. 
2022). The classical SOS pathway mainly includes 3 types 

of components: SOS1, a plasma membrane Na+/H+ antipor
ter, SOS2, a serine/threonine protein kinase, and SOS3 and 
SOS3-LIKE CALCIUM BINDING PROTEIN8 (SCaBP8), 2 
calcium-binding proteins (Zhu et al. 1998; Liu et al. 2000; 
Halfter et al. 2000; Shi et al. 2000; Qiu et al. 2002; Quan 
et al. 2007). Salt stress induces a rapid increase in cytosolic 
Ca2+ concentrations ([Ca2+]cyt) within seconds (Knight 
et al. 1997; Kiegle et al. 2000; Pan et al. 2012), and the 
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elevating [Ca2+]cyt is perceived by SOS3 and SCaBP8, which 
then recruit SOS2 to the plasma membrane and activate 
its kinase activity (Halfter et al. 2000; Albrecht et al. 2001; 
Guo et al. 2001; Quintero et al. 2002; Quan et al. 2007). 
Activated SOS2 then phosphorylates 2 serine residues in 
the C-terminal auto-inhibitory domain of SOS1, thereby ac
tivating SOS1 to extrude Na+ from the cytosol to the apo
plast (Shi et al. 2000, 2002; Qiu et al. 2002; Quintero et al. 
2002, 2011).

SOS2 plays an essential role in regulating the SOS pathway, 
and its kinase activity was shown to be activated by the NaCl 
treatment within 30 s (Zhu et al. 1998; Halfter et al. 2000; Liu 
et al. 2000; Lin et al. 2009; Ma et al. 2019). In the absence of 
salt stress, the SOS pathway is inhibited by several regulators, 
including ABA INSENSITIVE2 (ABI2; Ohta et al. 2003), 
GIGANTEA (GI; Kim et al. 2013), 14-3-3 proteins (Zhou 
et al. 2014), SOS2-LIKE PROTEIN KINASE5 (PKS5; Yang 
et al. 2019), and BRASSINOSTEROID INSENSITIVE2 (BIN2; 
Li et al. 2020), all of which interact with SOS2 and repress 
its kinase activity. In response to salt stress, 14-3-3 proteins 
and GI are degraded by the ubiquitin/26S proteasome path
way (Kim et al. 2013; Tan et al. 2016). In addition, salt stress 
also promotes the interactions between 14-3-3 proteins and 
PKS5, thus relieving PKS5 inhibition of SOS2 kinase activity 
(Yang et al. 2019). However, although SOS2 was shown to 
be a nucleocytoplasmic protein (Kim et al. 2007; Quan 
et al. 2007; Kim et al. 2013), the role of SOS2 in regulating 
plant salt tolerance is currently understood to occur only 
on the plasma membrane where SOS2 phosphorylates and 
activates SOS1, whereas the functional significance of nuclear 
SOS2 in salt stress response remains completely unknown.

Light not only provides the energy source for photosyn
thesis, but also serves as an important environmental signal 
regulating plant development and responses to abiotic stres
ses. Light signals, including quality, quantity, direction, and 
duration, are perceived by different families of photorecep
tors in plants. In addition to functioning as the red (R) and 
far-red (FR) light photoreceptors in plants, phytochromes 
also absorb blue (B) light and play fundamental roles in 
modulating plant growth and development under various 
light conditions (Li et al. 2011; Legris et al. 2019; Cheng 
et al. 2021). The Arabidopsis genome encodes 5 phyto
chrome photoreceptors, named phytochrome A (phyA) to 
phyE, and phyA and phyB are the 2 most abundant and im
portant phytochromes in regulating seedling photomorpho
genesis (Li et al. 2011; Legris et al. 2019). Phytochromes are 
localized in the cytosol in dark-grown seedlings; upon light 
exposure, photoactivated phytochromes translocate into 
the nucleus where they trigger a signaling cascade that ultim
ately leads to adaptive changes at the cell and whole organ
ism levels (Fankhauser and Chen 2008; Li et al. 2011; Klose 
et al. 2015; Legris et al. 2019; Cheng et al. 2021).

PHYTOCHROME-INTERACTING FACTORS (PIFs) are 
bHLH-family transcription factors that act as negative regu
lators of photomorphogenesis (Leivar and Quail 2011; Lee 
and Choi 2017; Pham et al. 2018). There are 8 PIF proteins 
(PIF1 to PIF8) in Arabidopsis (Lee and Choi 2017), which all 
contain a conserved motif that mediates their direct interac
tions with phyB (Khanna et al. 2004; Leivar and Quail 2011). 
By contrast, only PIF1 and PIF3 possess another conserved 
motif responsible for interacting with phyA (Leivar and 
Quail 2011; Oh et al. 2020). The PIF proteins accumulate at 

IN A NUTSHELL
Background: The SALT OVERLY SENSITIVE (SOS) pathway is evolutionarily conserved and essential for plant adap
tation to salt stress. The protein kinase SOS2 functions as a network hub in the SOS pathway, and its kinase activity is 
rapidly activated by salt stress. Activated SOS2 then phosphorylates the Na+/H+ antiporter SOS1 at the plasma mem
brane, thereby activating SOS1 to extrude Na+ from the cytosol to the apoplast. Phytochromes (phyA and phyB) are 
the red and far-red light photoreceptors in plants and the PHYTOCHROME-INTERACTING FACTORS (PIFs) are 
bHLH-family transcription factors that negatively regulate photomorphogenesis. Upon light irradiation, photoacti
vated phytochromes interact with PIFs in the nucleus and induce their rapid phosphorylation and degradation, 
thus relieving their repressive effect on photomorphogenesis.

Question: How does the light signal modulate plants’ response to salt stress? Does nuclear SOS2 play a role in the salt 
stress response?

Findings: We show that photoactivated phyA and phyB play important roles in promoting salt stress tolerance, con
tributing to enhanced salt tolerance of wild-type Arabidopsis seedlings in the light than in the dark. By contrast, PIFs 
function as the key negative regulators of plant response to salt stress. Moreover, SOS2 directly phosphorylates PIFs, 
thereby promoting their degradation via the 26S proteasome pathway in response to light. Interestingly, our data in
dicate that phyA and phyB physically interact with SOS2 and promote its kinase activity under light conditions. 
Together, our results uncover the molecular mechanism underlying the interplay between light and salt stress path
ways that enables plants to acclimate to salt stress under light conditions.

Next steps: We aim to elucidate how photoactivated phyA and phyB promote SOS2 kinase activity. In addition, we 
will investigate the connections and contributions of cytosolic and nuclear SOS2 in regulating plant salt tolerance.
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high levels in dark-grown seedlings; upon light irradiation, 
nuclear-localized phytochromes interact with PIFs and in
duce their rapid phosphorylation, ubiquitination, and 26S 
proteasome-mediated degradation (Bauer et al. 2004; Shen 
et al. 2005; Al-Sady et al. 2006; Nozue et al. 2007; Lorrain 
et al. 2008; Ni et al. 2013). Several members of protein kinase 
families, including casein kinase II (CK2; Bu et al. 2011), BIN2 
(Bernardo-Garcia et al. 2014; Ling et al. 2017), 
PHOTO-REGULATORY PROTEIN KINASES (PPKs; Ni et al. 
2017), MITOGEN-ACTIVATED PROTEIN KINASE6 (MPK6; 
Xin et al. 2018), the SUPPRESSOR OF phyA-105 (SPA) pro
teins (Paik et al. 2019; Lee et al. 2020), and phytochromes 
(Shin et al. 2016), have been shown to phosphorylate PIFs 
and regulate their protein stability. Accumulating evidence 
has demonstrated that PIFs not only play essential roles in 
regulating seedling photomorphogenesis, but also act as piv
otal integrators of endogenous (e.g. phytohormones and cir
cadian clock) and external (e.g. light and temperature) 
signaling pathways to optimize plant growth and develop
ment (Leivar and Monte 2014; Paik et al 2017).

Emerging evidence has shown that light plays an import
ant role in shaping plant response to salt stress. For in
stance, it was shown that salinity-induced proline 
accumulation is memorable, while the light signal is posi
tively involved in salt-induced transcriptional memory of 
Δ1-pyrroline-5-carboxylate synthetase 1 (P5CS1), encoding 
the rate-limiting enzyme for proline accumulation (Feng 
et al. 2016). Another good example is that GI, a repressor 
of SOS2 activity, acts as a key component in the photoperi
odic control of flowering (Mizoguchi et al. 2005; Sawa et al. 
2007; Kim et al. 2013). In addition, rice (Oryza sativa) 
PIF-LIKE14 (OsPIL14) and the DELLA protein SLENDER 
RICE1 (SLR1) form a transcriptional module that integrates 
light and gibberellin signals to fine-tune seedling growth 
under salt stress (Mo et al. 2020). Moreover, it was shown 
that the transcript and protein levels of SOS1 are diurnally 
regulated in Arabidopsis (Park et al. 2016), suggesting that 
plant salt stress response may be modulated by the circa
dian clock. Interestingly, low concentrations of NaCl treat
ments in soil severely impaired the ability of plants to 
respond to shade via brassinosteroid and abscisic acid sig
naling pathways (Hayes et al. 2019). Moreover, PIF4 nega
tively regulates plant salt tolerance by modulating the 
expression of many salt stress-responsive genes (Sakuraba 
et al. 2017). However, although these lines of evidence 
may suggest a tight connection between the light and 
salt stress pathways, compelling evidence supporting the 
direct associations between the key components of the 2 
pathways is still lacking.

In this study, we show that PIFs function as the key nega
tive regulators of plant response to salt stress. Moreover, 
SOS2 directly phosphorylates PIFs, thereby promoting their 
degradation via the 26S proteasome pathway in response 
to light. Interestingly, our data indicate that phyA and 
phyB physically interact with SOS2 and promote its kinase 
activity under light conditions. Together, our study uncovers 

the molecular mechanism underlying the interplay between 
light and salt stress pathways that enables plants to better 
adapt to salt stress under light conditions.

Results
Phytochromes promote plant salt stress tolerance 
in the light
To investigate how light modulates plant tolerance to salt 
stress, we first compared the germination rates of wild-type 
(WT) (Col) seeds grown on half-strength (1/2) MS medium 
under continuous white (W) light or dark (D) conditions 
with or without 125 mM NaCl. As shown in Fig. 1, A and B, 
whereas no obvious difference in germination rates was ob
served for Col seeds grown under light and dark conditions 
in the absence of NaCl, the exogenous addition of 125 mM 

NaCl caused a stronger inhibition of germination for Col 
seeds growing in the dark than in the light. Moreover, 
when we grew Col seedlings vertically on 1/2 MS medium 
in the light or darkness for various days in the presence 
and absence of 125 mM NaCl, we observed that the seedlings 
were well established (i.e. complete emergence of hypocotyls 
and cotyledons) after growing for 7 d in both light and dark 
conditions in the absence of NaCl; however, in the presence 
of 125 mM NaCl, the establishment rates were remarkably 
higher (∼50% to 65% relative to the dark treatment) for 
seedlings grown in the light than those grown in the dark 
(Fig. 1, C and D). Collectively, our data demonstrate that 
Arabidopsis seedlings are more tolerant to salt stress in the 
light than in the dark.

To examine whether light may regulate the accumulation 
of Na+ in Arabidopsis seedlings, we first grew Col seedlings 
vertically on 1/2 MS medium without NaCl in the light for 
7 d, and then moved them to 1/2 MS medium containing 
0 or 100 mM NaCl, respectively, and allowed them to grow 
in light or dark conditions for another 6 d. Next, we mea
sured the Na+ contents in these seedlings and our results 
showed that there was no significant difference in the Na+ 

contents for seedlings grown under light and dark conditions 
in the absence of NaCl treatment (Fig. 1E). However, when 
Col seedlings were treated with 100 mM NaCl, we observed 
an enhanced accumulation of Na+ in both shoots and roots, 
and interestingly, the Na+ contents in shoots and roots of Col 
seedling grown in the dark were both higher than those 
grown in the light (Fig. 1E). These results suggest that light 
may promote plant salt tolerance by reducing the Na+ 

contents.
Because of the fundamental roles of phytochromes in 

modulating plant growth and development under various 
light conditions (Li et al. 2011; Legris et al. 2019; Cheng 
et al. 2021), we asked whether phytochromes are responsible 
for the light-enhanced tolerance of Arabidopsis seedlings to 
salt stress. To this end, we first examined the contribution of 
the 2 most important phytochromes, phyA and phyB, to salt 
tolerance. We first grew Col and phyA-211 mutant seedlings 
vertically on 1/2 MS medium without NaCl for 7 d, and then 
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Figure 1. Phytochromes promote plant salt stress tolerance in the light. A) Germination rate measurement. Imbibed seeds of WT (Col) were sown 
on 1/2 MS medium containing 0 or 125 mM NaCl, grown in white light (W) or dark (D) conditions, and then seed germination rates were calculated 
at the indicated times. Germination was defined as the first sign of radicle tip emergence and scored daily until the 6th day of incubation. Data are 
the means ± SE (n = 4, each pool containing at least 45 seeds). **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test; Supplemental Data Set 2) 
for the comparations for Col treated with 125 mm NaCl between light and dark conditions. B) Germination rate measurement. Imbibed WT (Col) 
seeds were sown on 1/2 MS medium containing 0 or 125 mM NaCl, grown in light or dark conditions for 7 d, and then seed germination rates were 
calculated. Germination was defined as the first sign of radicle tip emergence (n = 4, each pool containing at least 45 seeds). Different letters re
present significant differences determined by two-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). C) Arabidopsis 
seedlings displayed enhanced salt tolerance in the light than in the dark. WT (Col) seedlings were grown vertically on 1/2 MS medium containing 
0 or 125 mM NaCl in light or dark conditions for indicated times. Scale bar = 1 cm. D) Seedling establishment rate measurements. Col seedlings were 
grown on 1/2 MS medium containing 0 or 125 mM NaCl in light and dark conditions for 7 d. (n = 7, each pool containing 40 seedlings). Different 
letters represent significant differences determined by two-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). The rates 
of seedling establishment were measured based on the criteria recently used by previous studies (Yadukrishnan et al. 2020; Peng et al. 2022) that 
hypocotyls and cotyledons should emerge completely in established seedlings. E) The shoot and root Na+ contents of plants grown under control 
and 100 mM NaCl in the light or in the dark. The seedlings were first grown vertically on 1/2 MS without NaCl in continuous white light for 7 d, then 
transferred to 1/2 MS medium containing 0 or 100 mM NaCl and grown in light or dark conditions for additional 6 d, and then the shoots and roots 
were harvested separately. A pool containing more than 60 individual plants represented 1 biological replicate (n = 6), P-value was determined by 
Student’s t-test (Supplemental Data Set 2). F–H) Phenotypes (F), root lengths (G), and fresh weights (H) of Col, phyA-211, and ProPHYA: 
phyA-NLS-GFP phyA-211 seedlings grown on 0 or 100 mM NaCl in white light. The seedlings were first grown vertically on 1/2 MS medium without 
NaCl in continuous white light for 7 d, and then transferred to 1/2 MS medium containing 0 or 100 mM NaCl and grown in continuous white light for 
additional 6 d. In (F), scale bar = 1 cm. In (G), n = 15, and in (H), n = 5 (5 plates from 5 independent assays, with 3 seedlings on each plate weighed 
together). Different letters represent significant differences determined by two-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental 
Data Set 2).
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moved them to 1/2 MS medium containing 0 or 100 mM 

NaCl, respectively, and allowed them to grow in the light 
for another 6 d. Interestingly, whereas no significant differ
ences in root lengths and fresh weights were observed for 
Col and phyA-211 mutant seedlings growing on 1/2 MS me
dium without NaCl, salt treatment caused a stronger inhib
ition of primary root and seedling growth in phyA-211 
mutants than in Col seedlings (Fig. 1, F to H). Similarly, we 
also observed that phyB-9 and phyA-211 phyB-9 mutants dis
played salt-sensitive phenotypes compared with Col seed
lings (Supplemental Fig. S1).

It was previously shown that the introduction of the con
stitutively nuclear-localized phyA-NLS-GFP under the con
trol of the native PHYA promoter could fully rescue the 
FR-insensitive phenotypes of phyA-211 mutants (Genoud 
et al. 2008). Notably, phyA-NLS-GFP successfully rescued 
the salt-sensitive phenotypes of phyA-211 mutants (Fig. 1, F
to H), indicating that the decreased salt tolerance of 
phyA-211 mutants was indeed caused by the loss of phyA 
function. Moreover, phyA-211 mutant seedlings displayed 
salt-sensitive phenotypes on 1/2 MS medium with or with
out sucrose (Fig. 1, F to H; Supplemental Fig. S2, A to C), in
dicating that the role of phyA in regulating salt tolerance is 
not affected by sucrose. In addition, phyA-211 mutant seed
lings did not exhibit any differences compared with Col when 
grown on 1/2 MS medium containing 250 mM mannitol, in
dicating that the salt-sensitive phenotype of phyA-211 mu
tant seedlings was not due to the osmotic stress caused by 
salt stress (Supplemental Fig. S2, D to F). Together, both 
phyA and phyB play important roles in promoting salt stress 
tolerance in the light.

To further substantiate the role of phyA in regulating salt 
tolerance in saline soil, we transferred 10-d-old light-grown 
Col, phyA-211, and ProPHYA:phyA-NLS-GFP phyA-211 seed
lings to soil and allowed them to grow for an additional 
2 wk, followed by treatment with or without 200 mM NaCl 
for 1.5 to 2.0 wk. Consistently, we observed that whereas 
NaCl treatment inhibited the seedling growth of all geno
types, the degree of inhibition was greater in phyA-211 
than in Col and ProPHYA:phyA-NLS-GFP phyA-211 seedlings 
(Supplemental Fig. S3), thus reinforcing the notion that 
phyA positively regulates plant salt tolerance.

To investigate whether phyA enhances plant salt tolerance 
by reducing the accumulation of Na+ in the seedlings, we 
measured the Na+ contents in Col, phyA-211, and 
ProPHYA:phyA-NLS-GFP phyA-211 seedlings treated with 
mock (1/2 MS) or 100 mM NaCl. Interestingly, whereas no sig
nificant differences in Na+ contents were observed in Col and 
phyA-211 mutant seedlings grown on 1/2 MS medium with
out NaCl, salt treatment led to a higher accumulation of Na+ 

in both roots and shoots of phyA-211 mutant than in Col 
seedlings. The fact that phyA-NLS-GFP successfully rescued 
the overaccumulation of Na+ in phyA-211 mutant seedlings 
(Supplemental Fig. S4) indicated that phyA indeed decreases 
the Na+ accumulation under salt stress. Taken together, our 
data demonstrate that the phytochrome photoreceptors 

positively regulate plant salt tolerance in the light by redu
cing the toxic effect caused by salt stress.

PhyA and phyB promote SOS2 kinase activity  
in the light
Considering the pivotal role of SOS2 in the SOS pathway and 
plant salt tolerance (Zhu et al. 1998; Halfter et al. 2000; Liu 
et al. 2000; Cheng et al. 2004; Ma et al. 2022), we next asked 
whether SOS2 may be involved in enhanced salt tolerance in 
the light. To this end, we first obtained a T-DNA insertion 
mutant for SOS2, named sos2-T1 (SALK_016683), in which 
the T-DNA was inserted into the 11th intron of SOS2 
(Supplemental Fig. S5). We then compared the rates of 
seed germination and seedling establishment of Col and 
sos2-T1 mutants grown in darkness or continuous light con
ditions. Our results showed that without salt stress, there was 
no obvious difference in the rates of seed germination and 
seedling establishment between Col and sos2-T1 mutant 
grown in both light and dark conditions (Fig. 2, A to C). 
However, the sos2-T1 mutant exhibited lower seed germin
ation and seedling establishment rates than Col under salt 
stress in both light and dark conditions (Fig. 2, A to C). 
Notably, the role of SOS2 in promoting seedling growth un
der salt stress was more prominent in the light than in the 
dark (Fig. 2C). Together, our results indicated that SOS2 plays 
a predominant role in regulating salt tolerance in both light 
and dark conditions, with a more prominent role in the light.

Next, we asked whether the kinase activity of SOS2 could 
be regulated by light. We grew Pro35S:Myc-SOS2 seedlings in 
darkness or continuous FR, R, B, and W light conditions for 
4 d, and then treated them with mock or 100 mM NaCl for 
12 h. Subsequently, Myc-SOS2 proteins were purified by im
munoprecipitation with anti-Myc Affinity Gel and subjected 
to semi-in vivo kinase assays by incubation with His-SCaBP8, 
a specific substrate of SOS2 (Lin et al. 2009). As shown in 
Fig. 2, D and E, SCaBP8 was remarkably phosphorylated by 
SOS2 in response to NaCl treatment, consistent with our pre
vious reports (Lin et al. 2009; Ma et al. 2019). Strikingly, we 
observed that salt and light stimuli synergistically increase 
SOS2 kinase activity (Fig. 2, D and E). These data thus may 
explain why SOS2 plays a more prominent role in promoting 
plant salt tolerance in the light. In addition, the fact that 
SOS2 displayed the highest kinase activity in R light among 
all light conditions (Fig. 2, D and E) suggested that R light- 
activated phytochromes may be involved in promoting 
SOS2 kinase activity.

To investigate the role of phyA and phyB in promoting 
SOS2 kinase activity in the light, we generated homozygous 
Pro35S:Myc-SOS2 phyA phyB transgenic seedlings, grew 
them together with Pro35S:Myc-SOS2 under continuous W 
light for 4 d, and performed semi-in vivo kinase assays 
using immunoprecipitated Myc-SOS2 and recombinant 
His-SCaBP8 proteins. Our data indicated that salt-induced 
SOS2 kinase activity in the light was greatly impaired in the 
absence of phyA and phyB (Fig. 2, F and G), demonstrating 
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Figure 2. PhyA and phyB physically interact with SOS2 to promote SOS2 kinase activity in the light. A) Germination rate measurement. Imbibed 
seeds of the WT (Col) or sos2-T1 mutants were sown on 1/2 MS medium containing 0, 100, or 125 mM NaCl, grown in light or dark conditions, and 
then seed germination rates were calculated at the indicated times. Germination was defined as the first sign of radicle tip emergence and scored 
daily until the 6th day of incubation. Data are the means ± SD (n = 4). B) Growth of Col and sos2-T1 seedlings grown on different concentrations of 
NaCl in white light or dark conditions. Col and sos2-T1 seeds were sown on 1/2 MS medium containing 0, 100, or 125 mM NaCl and grown in con
tinuous white light or dark conditions for 5 d. Scale bar = 1 cm. C) Seedling establishment rate measurements. Col and sos2-T1 seedlings were grown 
on 1/2 MS medium containing 0, 100, or 125 mM NaCl in light and dark conditions for 5 d; (n = 8), each pool containing 40 seedlings. Significant 
differences were determined by two-way ANOVA with Tukey’s post hoc test (Supplemental Data Set 2). ns, not significant. D) Salt-induced SOS2 
kinase activity more predominantly in the light than in the dark. Pro35S:Myc-SOS2 seedlings were grown in darkness or continuous FR, R, B, and W 
light conditions for 4 d, and then treated with mock or 100 mM NaCl for 12 h. The top panel shows the immunoprecipitated Myc-SOS2 proteins by 
immunoblotting, the middle panel shows Coomassie Brilliant Blue (CBB)-stained SDS-PAGE gel containing His-SCaBP8 proteins, and the bottom 
panel shows autoradiograph indicating SOS2 kinase activity. Numbers below the autoradiograph indicate the relative band intensities of SOS2 
kinase activity normalized to those of the immunoprecipitated Myc-SOS2 proteins, respectively. The ratio of the first band was set to 100 for 
the gel. E) Statistical analysis of the relative kinase activity values shown in (D). Error bars indicated the means ± SD (n = 3). Different letters re
present significant differences determined by two-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). F) PhyA and 
phyB enhance salt-induced SOS2 kinase activity in the light. Pro35S:Myc-SOS2 and Pro35S:Myc-SOS2 phyA phyB seedlings were grown in continuous 
W light for 4 d, and then treated with mock or 100 mM NaCl for 12 h. The top panel shows the immunoprecipitated Myc-SOS2 proteins by im
munoblotting, the middle panel shows CBB-stained SDS-PAGE gel containing His-SCaBP8 proteins, and the bottom panel shows autoradiograph 
indicating SOS2 kinase activity. Numbers below the autoradiograph indicate the relative band intensities of SOS2 kinase activity normalized to those 
of the immunoprecipitated Myc-SOS2 proteins, respectively. The ratio of the first band was set to 100 for the gel. G) Statistical analysis of the relative 
kinase activity values shown in (F). Error bars indicated the means ± SD (n = 7). Different letters represent significant differences determined by 
two-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). H) Pull-down assays show that GST-tagged SOS2, but not 
GST alone, was able to pull down His-PHYA in vitro. Input, 5% of the purified His-tagged target proteins were loaded. I) LCI assays show the inter
actions between phyA and SOS2 in plant cells. The indicated combinations of constructs were transfected into N. benthamiana leaves, respectively, 
and the LUC activity was detected 3 d after infiltration. The infiltration areas were circled with red dotted lines. The color gradient scale represents 
the relative intensities of the luciferase signal provided by the cold CCD camera (Nikon-L936; Andor Tech). J) Statistical analysis of the relative fluor
escence intensity values shown in (I). At least 3 independent assays were performed, with 8 N. benthamiana leaves for each assay. n = 20, different 
letters represent significant differences determined by one-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). K) Co-IP 
assays show that SOS2 interacts with phyA in vivo. Myc-SOS2 and phyA-GFP fusion proteins were transiently expressed in Arabidopsis leaf protoplasts. 
The total proteins were extracted and incubated with anti-Myc Affinity Gel (Sigma-Aldrich). The total (1% input) and precipitated proteins were ex
amined by immunoblotting using anti-Myc and anti-GFP antibodies, respectively. L) Co-IP assays show that SOS2 exhibits a higher affinity to active 
phyA in vivo. Four-day-old etiolated Col and Pro35S:Myc-SOS2 were extracted and treated with 5 min of R light (active phyA) or with 5 min of R light 
plus 5 min of FR light (inactive phyA) and then incubated with anti-Myc Affinity Gel (Sigma-Aldrich). The total (1% input) and precipitated proteins                                                                                                                                                                                            
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that phyA and phyB indeed enhance salt-induced SOS2 ki
nase activity in the light.

PhyA and phyB physically interact with SOS2
Next, we asked whether phyA and phyB could physically 
interact with SOS2 to directly regulate its kinase activity. 
To this end, we first performed in vitro pull-down assays 
by using GST-tagged SOS2 (GST-SOS2) and His-tagged 
PHYA (His-PHYA) purified from Escherichia coli. Our pull- 
down assays showed that GST-tagged SOS2, but not GST 
alone, was able to pull down His-tagged PHYA in vitro 
(Fig. 2H). To substantiate the interaction between SOS2 
and phyA in planta, we performed firefly luciferase (LUC) 
complementation imaging (LCI) assays by transiently co- 
expressing phyA-nLUC and cLUC-SOS2 proteins in 
Nicotiana benthamiana leaves. As shown in Fig. 2, I and J, co- 
expression of phyA-nLUC and cLUC-SOS2 led to strong LUC 
activity, whereas phyA-nLUC or cLUC-SOS2 co-transformed 
with control constructs showed only background levels of 
LUC activity. To further verify the interaction between 
phyA and SOS2 in vivo, phyA-GFP and Myc-SOS2 were tran
siently co-expressed in Arabidopsis leaf protoplasts, and then 
coimmunoprecipitation (co-IP) assays were performed using 
anti-Myc Affinity Gel. Our immunoblot data showed that 
phyA-GFP was coprecipitated by anti-Myc antibodies in 
the presence of Myc-SOS2 (Fig. 2K), indicating that SOS2 
was associated with phyA in vivo. Together, these data indi
cate that SOS2 physically interacts with phyA.

Since phytochromes exist in vivo in 2 interconvertible 
forms, i.e. R light-absorbing Pr form (biologically inactive) 
and FR light-absorbing Pfr form (biologically active) (Bae 
and Choi 2008; Li et al. 2011; Legris et al. 2019; Cheng et al. 
2021), we asked which form of phyA associated with SOS2 
more strongly. To this end, we conducted co-IP assays using 
Col and Pro35S:Myc-SOS2 seedlings grown in the dark for 4 d. 
The total proteins were extracted in the dark and exposed to 
R light for 5 min (converting phytochromes to Pfr form), or R 
light for 5 min plus FR light for 5 min (converting phyto
chromes back to Pr form). Our results showed that more 
phyA-Pfr coprecipitated with Myc-SOS2 after R light treat
ment than R plus FR light treatment (Fig. 2L), indicating 
that SOS2 interacted preferentially with the Pfr form of 
phyA in vivo.

It was previously shown that light exposure induces rapid 
import of phytochromes into the nucleus, whereas nuclear- 
localized phytochromes initiate light signaling by interacting 
with numerous signal transducers (Bae and Choi 2008; 
Fankhauser and Chen 2008; Li et al. 2011; Klose et al. 2015; 
Li and Hiltbrunner 2021). To investigate whether phyA 

interacts with SOS2 in the nucleus in the light, we performed 
bimolecular fluorescence complementation (BiFC) assays by 
co-expressing YFPN-SOS2 (full-length SOS2 protein fused 
with the N-terminal domain of YFP) and phyA-YFPC (full- 
length phyA fused with the C-terminal domain of YFP) pro
teins in N. benthamiana leaves. We observed that phyA and 
SOS2 could interact in the nucleus, as indicated by 
H2A-mCherry, a nuclear localization marker (Fig. 2, M to 
P). By contrast, SOS2 interacts with phyAC323A, an inactive 
phyA variant, in the cytosol but not in the nucleus (Fig. 2, 
M and N), consistent with previous report that phyAC323A 

is constitutively localized in the cytosol (Rausenberger et al. 
2011).

We also examined whether SOS2 could interact with phyB. 
Our in vitro pull-down LCI, BiFC, and co-IP assay results 
showed that SOS2 could also physically interact with phyB 
in both the nucleus and the cytosol, with a stronger affinity 
with phyB-Pfr than phyB-Pr (Supplemental Fig. S6). 
Collectively, our data demonstrate that SOS2 physically in
teracts with both phyA and phyB.

PhyA regulates plant salt tolerance in the light by 
promoting SOS2 kinase activity
To determine the genetic relationships between SOS2 and 
phyA, we generated phyA-211 sos2-T1 double mutants by 
genetic crossing. We first grew Col, phyA-211, sos2-T1, and 
phyA-211 sos2-T1 mutant seedlings vertically in the light 
without NaCl for 7 d, and then transferred them to 1/2 MS 
medium containing 0, 35, or 100 mM NaCl, respectively, 
and allowed them to grow vertically in the light for another 
5 d. Whereas no significant difference in seedling growth was 
observed for all tested genotypes in the absence of NaCl, 
phyA-211 sos2-T1 mutants displayed an extremely salt- 
sensitive phenotype, similar to sos2-T1 mutants, under all 
tested concentrations of NaCl treatments (Fig. 3, A to C). 
Together, we conclude that SOS2 is epistatic to phyA in me
diating plant salt tolerance.

Next, we asked whether phyA regulates plant salt tolerance 
in the light through SOS2. R and FR light are the spectra that 
phyA and phyB exhibit maximal activity, respectively (Li and 
Hiltbrunner 2021). Notably, salt-induced SOS2 kinase activity 
in the light was greatly impaired in the absence of phyA and 
phyB (Fig. 2, F and G); however, the levels of endogenous 
SOS2 proteins were not obviously decreased in both 
FR-grown phyA and R-grown phyB mutants (Supplemental 
Fig. S7). Thus, we reasoned that the salt-sensitive phenotype 
of phyA-211 mutants may result from reduced SOS2 kinase 
activity rather than reduced SOS2 protein abundance in 
the absence of phyA. To test this hypothesis, we generated 

Figure 2. (Continued) 
were examined by immunoblotting using anti-Myc and anti-phyA antibodies, respectively. M and O) BiFC assays show that SOS2 interacts with 
phyA in the nucleus of N. benthamiana leaf cells. H2A-mCherry, the nuclear localization marker. An unrelated protein (GUS) was used as the nega
tive control. Scale bar = 20 μm. N and P) The fluorescence intensities (YFP and mCherry signals) over the white lines shown in (M) and (O) were 
scanned using the ImageJ plot profile tool. The y-axes indicate relative pixel intensity. Distance indicates the relative positions on the white lines.
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transgenic Arabidopsis plants, in either sos2-T1 or phyA-211 
mutant background, to express WT SOS2 or the constitutive
ly active SOS2T168D mutant (phosphorylation mimicry of 
Thr-168 in the activation-loop of SOS2 resulting in a super
active form of SOS2; Guo et al. 2001) under the control of 
the UBQ10 promoter. Since our data indicated that SOS2 in
teracts with phyA in the nucleus in the light (Fig. 2M), a nu
clear localization signal (NLS) was added upstream of 
YFP-tagged SOS2 to facilitate its nuclear translocation. Our 
observations made from confocal microscopy indicated 
that indeed, both NLS-YFP-SOS2 and NLS-YFP-SOS2T168D 

are constitutively localized in the nucleus in both phyA-211 
and sos2-T1 mutant backgrounds (Fig. 3D; Supplemental 
Fig. S8, A and B). Interestingly, we observed that both 
NLS-YFP-SOS2 and NLS-YFP-SOS2T168D appeared to fully 
rescue the salt-sensitive phenotype of sos2 mutants 
(Supplemental Fig. S8, C to H), indicating that the nuclear- 
localized SOS2 is important for plant salt tolerance. 
Moreover, our data further showed that NLS-YFP-SOS2T168D 

partially rescued the salt-sensitive phenotype of phyA-211 mu
tant seedlings grown in the light (Fig. 3, E to G). However, the 
nuclear-localized WT SOS2 failed to rescue the primary root 
growth and fresh weight phenotypes of phyA-211 mutant 
seedlings grown under salt stress (Supplemental Fig. S9). 
Collectively, our data suggest that phyA regulates plant salt 
tolerance in the light by promoting salt-induced SOS2 kinase 
activity.

PIFs contribute to the salt-sensitive phenotype of sos2 
mutants
Next, we investigated how SOS2 mediates plant salt stress 
tolerance in the nucleus. Accumulating evidence indicates 
that PIFs act as a molecular hub mediating light control of 
plant abiotic stress response (Jiang et al. 2017; Han et al. 
2019; Zhou et al. 2019; Dong et al. 2020, Qi et al. 2020); there
fore, we asked whether PIFs are involved in SOS2-regulated 
salt stress pathway in the nucleus. We first compared the ger
mination rates of pifq (pif1 pif3 pif4 pif5) mutant seeds with 
those of Col sown on 1/2 MS medium containing 0 or 
125 mM NaCl. Our results showed that pifq displayed greater 
resistance to salt-inhibited seed germination in both light 
and dark conditions (Fig. 4A; Supplemental Fig. S10A). In 
addition, in the presence of 125 mM NaCl, the seedling estab
lishment rates of both dark- and light-grown pifq mutants 
were much higher than those of Col (Fig. 4, B and C; 
Supplemental Fig. S10, B and C), indicating pifq mutant seed
lings were more resistant to NaCl treatment than Col. 
Further analyses of the individual PIF mutant and overexpres
sion lines revealed that pif1, pif3, and pif4 single mutant seed
lings displayed increased tolerance to salt stress in darkness 
(Supplemental Fig. S10D). Together, these data demonstrate 
that PIFs play a negative role in regulating salt stress toler
ance in Arabidopsis.

To further substantiate the role of PIFs in regulating salt 
tolerance in saline soil, we further transferred 10-d-old light- 

grown Col and pifq mutant seedlings to soil and allowed 
them to grow for an additional 2 wk, followed by treatment 
with 150 mM NaCl for 1.5 to 2.0 wk. The pifq mutants were 
more tolerant than Col to salt treatment (Supplemental 
Fig. S11, A to C), thus reinforcing the notion that PIFs nega
tively regulate plant salt tolerance.

To further investigate the genetic interaction between PIFs 
and SOS2, we generated the sos2-T1 pifq pentuple mutants 
by genetic crossing, and compared their germination rates 
with Col, sos2-T1, and pifq seeds in response to salt stress. 
Our data showed that the germination rates of sos2-T1 pifq 
were similar to those of Col, sos2-T1, and pifq seeds in both 
light and dark conditions without salt stress; however, under 
the treatment of 125 mM NaCl, mutation of 4 PIF genes could 
partially rescue the salt-inhibited germination of sos2-T1 
seeds in both light and dark conditions (Fig. 4D; 
Supplemental Fig. S11D). In addition, mutations of 4 PIF 
genes could also partially rescue the salt-hypersensitive phe
notypes of sos2-T1 seedlings in the light under 100 mM NaCl 
treatment (Supplemental Fig. S11, E and F). Notably, the soil- 
grown sos2-T1 pifq pentuple seedlings displayed a decreased 
sensitivity to NaCl treatment than that of sos2-T1 mutants 
(Supplemental Fig. S11, A to C), indicating that PIFs might 
function in the same pathway as SOS2 to mediate salt stress 
response in Arabidopsis.

To verify this conclusion, we then grew Col, pifq, sos2-T1, 
and sos2-T1 pifq pentuple mutant seedlings in the light with
out NaCl for 7 d, then transferred them to 1/2 MS medium 
containing 0 or 35 mM NaCl, and then allowed them to 
grow in the light for another 5 d. Whereas no significant dif
ference in primary root growth was observed for all tested 
seedlings in the absence of NaCl, sos2-T1 pifq pentuple mu
tant seedlings displayed an intermediate primary root 
growth, between that of the Col and sos2-T1 mutant seed
lings under NaCl treatment (Fig. 4, E and F). Similarly, we 
also observed that mutation of 4 PIF genes led to an obvious
ly decreased Na+ contents in both roots and shoots of not 
only Col, but also sos2-T1 mutant seedlings under NaCl treat
ment (Supplemental Fig. S12). These data indicated that PIFs 
contribute to the salt-sensitive phenotype of sos2-T1 
mutants.

SOS2 mediates salt-induced degradation of PIF 
proteins
Next, we asked how PIFs are regulated by salt stress. 
Since both phyA and phyB play important roles in con
ferring enhanced salt stress tolerance in the light (Fig. 1; 
Supplemental Fig. S1), we examined the regulatory effect 
of salt stress on protein stability of PIF1 and PIF3, 2 PIF 
proteins that interact with both phyA and phyB (Leivar 
and Quail 2011; Pham et al. 2018). We grew homozygous 
Pro35S:PIF1-Myc and Pro35S:PIF3-Myc seedlings in dark
ness for 4 d, and then treated them with cycloheximide 
(CHX), a protein synthesis inhibitor, or CHX plus 
100 mM NaCl treatments. Our immunoblot data showed 
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Figure 3. PhyA regulates plant salt tolerance in the light by promoting SOS2 kinase activity. A–C) Phenotypes (A), root lengths (B), and fresh 
weights (C) of WT (Col), phyA-211, sos2-T1, and phyA sos2-T1 mutant seedlings grown on different concentrations of NaCl in white light. The seed
lings were first grown vertically on 1/2 MS medium without NaCl in continuous white light for 7 d, and then transferred to 1/2 MS medium contain
ing 0, 35, or 100 mM NaCl and grown in continuous white light for additional 5 d. In (A), scale bar = 1 cm. In (B), n = 12, and in (C), n = 4 (4 plates 
from 4 independent assays, with 3 seedlings on each plate weighed together). Different letters represent significant differences determined by two- 
way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). D) Nuclear localization of NLS-YFP-SOS2 and NLS-YFP-SOS2T168D in 
the root, hypocotyl, and cotyledon cells of phyA-211 mutant seedlings. The seedlings were grown in continuous white light for 4 d and then exam
ined using fluorescence microscopy. Scale bar = 10 μm. E–G) Phenotypes (E), root lengths (F), and fresh weights (G) of Col, phyA-211, and 2 homo
zygous ProUBQ10:NLS-YFP-SOS2T168D phyA-211 lines grown on different concentrations of NaCl in white light. The seedlings were first grown 
vertically on 1/2 MS medium without NaCl in continuous white light for 7 d, and then transferred to 1/2 MS medium containing 0 or 100 mM 

NaCl and grown under continuous white light for additional 7 d. In (E), scale bar = 1 cm, in (F), n = 12, and in (G), n = 4 (4 plates from 4 independ
ent assays, with 3 seedlings on each plate weighed together). Different letters represent significant differences determined by two-way ANOVA with 
Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2).
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Figure 4. SOS2 relieves the repressive effect of PIF1 and PIF3 on plant salt tolerance by mediating their degradation in response to salt stress. A) 
Germination rate measurement. Imbibed seeds of WT (Col) and pifq mutants were sown on 1/2 MS medium containing 0 or 125 mM NaCl in dark
ness, and then seed germination rates were calculated at the indicated times. Germination was defined as the first sign of radicle tip emergence and 
scored daily until the 6th day of incubation. Data are the means ± SE (n = 4, each pool containing at least 45 seeds). ****P < 0.0001 (Student’s t-test; 
Supplemental Data Set 2) for the indicated pairs of seeds. B) Growth of pifq seedlings is less sensitive to NaCl. WT (Col) and pifq seedlings were 
grown vertically on 1/2 MS medium containing 0 and 125 mM NaCl in the dark for 6 d. C) Seedling establishment rate measurements. Col and pifq 
seedlings were grown on 1/2 MS medium containing 0 or 125 mM NaCl in the dark conditions for 6 d. (n = 6), each pool containing 40 seedlings. 
Different letters represent significant differences determined by two-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). 
D) Germination rate measurement. Imbibed seeds of Col, sos2-T1, pifq, and sos2-T1 pifq seeds were sown on 1/2 MS medium containing 0 or 125 mM                                                                                                                                                                                            
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that whereas the translated PIF1-Myc and PIF3-Myc pro
teins were relatively stable in the dark without salt stress, 
they were steadily degraded in response to NaCl treat
ments (Fig. 4, G and H, Supplemental Fig. S13A), indicat
ing that salt stress decreases the stability of PIF1 and 
PIF3 proteins in the dark.

To determine the role of SOS2 in salt-induced destabilization 
of PIF1 and PIF3 proteins, we generated homozygous Pro35S: 
PIF1-Myc and Pro35S:PIF3-Myc seedlings in the sos2-T1 mutant 
background and compared the degradation of translated 
PIF1-Myc and PIF3-Myc proteins in response to NaCl 
treatment. Intriguingly, our immunoblot data showed that 
salt-induced degradation of PIF1-Myc and PIF3-Myc was 
remarkably slower in sos2-T1 than in Col background (Fig. 4, 
G and H, Supplemental Fig. S13A), indicating that SOS2 med
iates salt-induced destabilization of PIF1 and PIF3 proteins. 
Moreover, the addition of MG132, an inhibitor of 26S protea
somes, could efficiently inhibit the degradation of PIF1-Myc 
and endogenous PIF3 proteins in salt-treated Col seedlings 
(Fig. 4, I and J, Supplemental Fig. S13B), indicating that PIF1 
and PIF3 proteins are degraded via the 26S proteasome path
way in response to salt stress.

It has been well documented that phytochromes interact 
with PIFs and induce their rapid phosphorylation and degrad
ation upon light exposure (Al-Sady et al. 2006; Oh et al. 2006; 
Nozue et al. 2007; Shen et al. 2007, 2008; Lorrain et al. 2008). 
To investigate whether dark-experienced salt stress could 
modulate light-induced degradation of PIF proteins, 4-d-old eti
olated Pro35S:PIF3-Myc transgenic plants were treated with 
mock or 100 mM NaCl in the dark, and then subjected to light 
exposure. Interestingly, we observed that the PIF3-Myc proteins 
were degraded faster upon light exposure in the seedlings pre- 

treated with salt stress in the dark (Fig. 4, K and L). To further 
verify this conclusion, 4-d-old etiolated Col and 2 individual 
Pro35S:Myc-SOS2T168D transgenic lines were treated with white 
light for 30 min and then subjected to immunoblot assays. We 
observed that whereas light irradiation induced the degradation 
of endogenous PIF3, the degradation was much faster in Pro35S: 
Myc-SOS2T168D transgenic plants than in Col seedlings 
(Supplemental Fig. S14), indicating that the superactive SOS2 
resulted in faster degradation of PIF3 proteins in the light.

To further investigate whether the salt-activated SOS2 
could modulate light-induced degradation of PIF3, 4-d-old 
Pro35S:PIF3-Myc and Pro35S:PIF3-Myc sos2-T1 transgenic 
plants were treated with mock or 100 mM NaCl in the 
dark, and then subjected to light exposure. Notably, the deg
radation of PIF3-Myc was much slower upon light exposure 
in the absence of SOS2 (Fig. 4, M and N). These data indicate 
that dark-experienced salt stress accelerates SOS2-mediated 
degradation of PIFs in response to light.

SOS2 physically interacts with PIFs
To investigate whether SOS2 directly interacts with the PIF 
proteins, we first performed pull-down assays using purified 
recombinant His-tagged SOS2, MBP tag, and MBP-tagged 
PIF1/PIF3/PIF4/PIF5 proteins. Our data showed that 
His-SOS2 was able to pull down MBP-PIF1, MBP-PIF3, 
MBP-PIF4, and MBP-PIF5, but not the MBP tag alone 
(Supplemental Fig. S15). In addition, GST-tagged SOS2, but 
not GST alone, was able to pull down His-PIF1 and PIF3 as 
well (Fig. 5, A and B). These data indicated that SOS2 inter
acts with PIF1, PIF3, PIF4, and PIF5 in vitro. Further in vitro 
pull-down assays showed that the N-terminal kinase domain 
but not the C-terminal regulatory domain of SOS2 (Guo et al. 

Figure 4. (Continued) 
NaCl in darkness, and then seed germination rates were calculated at the indicated times. Germination was defined as the first sign of radicle tip 
emergence and scored daily until the 6th day of incubation. Error bars represent SD (n = 4, each pool containing at least 45 seeds). **P < 0.01 
(Student’s t-test; Supplemental Data Set 2) for the comparisons between sos2-T1 and sos2-T1 pifq seeds. E and F) Phenotypes (E) and root lengths 
(F) of Col, sos2-T1, pifq, and sos2-T1 pifq seedlings grown on control (1/2 MS) or NaCl (35 mM) media in white light. The seedlings were first grown 
vertically on 1/2 MS medium without NaCl in continuous white light for 7 d, and then transferred to 1/2 MS medium containing 0 or 35 mM NaCl 
and grown under continuous white light for additional 5 d. In (E), scale bar = 1 cm, in (F), n = 12. Different letters represent significant differences 
determined by two-way ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). G and H) Immunoblots show that SOS2 mediates 
the degradation of the translated PIF3-Myc proteins in response to NaCl treatments. Super:PIF3-Myc and Super:PIF3-Myc sos2-T1 seedlings grown in 
darkness for 4 d were treated with CHX, together with or without 100 mM NaCl, for 6 or 12 h. Representative pictures are shown in (G) and the 
relative levels of PIF3-Myc proteins are shown in (H). I and J) Immunoblots showing that MG132 could efficiently inhibit the degradation of en
dogenous PIF3 proteins in salt-treated Col seedlings. Col and sos2-T1 mutants grown in darkness for 4 d were treated with MG132, together with or 
without 100 mM NaCl, for 12 h. Representative pictures are shown in (I) and the relative levels of PIF3 proteins are shown in (J). K and L) 
Immunoblots showing that the PIF3-Myc proteins were degraded faster upon light exposure in the seedlings pre-treated with salt stress in the 
dark. Super:PIF3-Myc seedlings grown in darkness for 4 d were treated with CHX, together with or without 100 mM NaCl, and incubated in darkness 
for additional 6 h, and then transferred to white light for the indicated times. Representative pictures are shown in (K) and the relative levels of PIF3 
proteins are shown in (L). M and N) Immunoblots show that the degradation of PIF3-Myc was much slower upon light exposure in the absence of 
SOS2. Super:PIF3-Myc pif3-3 and Super:PIF3-Myc sos2-T1 grown in darkness for 4 d were treated with CHX and 100 mM NaCl, and incubated in dark
ness for additional 10 h, and then transferred to white light for the indicated times. Representative pictures are shown in (M) and the relative levels 
of PIF3 proteins are shown in (N). In (G), (I), (K), and (M), anti-Actin was used as a sample loading control. Relative band intensities of endogenous 
PIF3 or PIF3-Myc proteins normalized to those of the loading controls, respectively. The error bars in (H), (J), (L), and (N) represent SE from 3 or 4 
independent assays, with each assay using a different pool of seedlings. Different letters represent significant differences by one-way ANOVA with 
Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2).

Light promotes plant salt tolerance                                                                             THE PLANT CELL 2023: 35; 2997–3020 | 3007

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad117#supplementary-data


Figure 5. SOS2 physically interacts with PIF1 and PIF3. A and B) Pull-down assays showing that GST-tagged SOS2 and SOS2KD, but not GST-tagged 
SOS2RD or GST alone, could pull down His-tagged PIF1 (A) and PIF3 (B) in vitro. C) Yeast two-hybrid assays show that both PIF1 and PIF3 interacted 
with SOS2 in yeast cells. D) Semi-in vivo pull-down assays showing that MBP-PIF1 and MBP-PIF3 proteins were coprecipitated with Myc-SOS2. Total 
proteins were extracted from 4-d-old Pro35S:Myc-SOS2 seedlings grown in white light, and then equivalent amounts of protein extract (500 µg each 
sample) were incubated with 2 µg of MBP-PIF1, MBP-PIF3, or MBP for 2 h. Then, the mixtures were incubated with anti-Myc Affinity Gel 
(Sigma-Aldrich), and the total and precipitated proteins were subjected to immunoblot analyses with antibodies against Myc and MBP, respectively. 
The asterisks denote the nonspecific bands; the arrow denotes the corresponding protein bands of PIF proteins. E) Co-IP assays showing that SOS2 
interacted with PIF1 and PIF3 in vivo. Flag-SOS2 and PIF1-Myc or PIF3-Myc fusion proteins were transiently expressed in Arabidopsis leaf protoplasts. 
The total proteins were extracted and incubated with anti-Myc Affinity Gel (Sigma-Aldrich). The total (1% input) and precipitated proteins were                                                                                                                                                                                            
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2001) is responsible for interacting with PIF1 and PIF3 (Fig. 5, 
A and B). Yeast two-hybrid assays further showed that SOS2 
interacts with PIF1 and PIF3 in yeast (Saccharomyces cerevi
siae) cells (Fig. 5C).

To further verify the interactions between SOS2 and PIF1/ 
PIF3, we performed semi-in vivo co-IP assays using MBP-PIF1 
and MBP-PIF3 proteins purified from E. coli and the total pro
teins extracted from Pro35S:Myc-SOS2 seedlings grown in 
continuous white light. Our results showed that both 
MBP-PIF1 and MBP-PIF3 proteins, but not MBP alone, were 
coprecipitated with Myc-SOS2 proteins by the anti-Myc anti
bodies (Fig. 5D). In addition, we performed co-IP assays by 
transiently co-expressing PIF1/PIF3-Myc and Flag-SOS2 in 
Arabidopsis leaf protoplasts. As shown in Fig. 5E, Flag-SOS2 
was coprecipitated by PIF1-Myc and PIF3-Myc (Fig. 5E).

To further verify the interactions between PIF1/PIF3 and 
SOS2 in planta, we performed BiFC assays by transiently co- 
expressing PIF1/PIF3-YFPC (full-length PIF1/PIF3 fused with 
the C-terminal domain of YFP) and YFPN-SOS2 in N. 
benthamiana leaves. As shown in Fig. 5, F and G and 
Supplemental Fig. S16A, whereas YFP fluorescence was not 
detectable when YFPN-SOS2 co-transformed with 
GUS-YFPC, or YFPN-SOS2RD (regulatory domain of SOS2 
fused with N-terminal domain of YFP) and YFPN-GUS 
co-transformed with PIF1/PIF3-YFPC, co-expression of 
YFPN-SOS2 and PIF1-YFPC or PIF3-YFPC led to strong YFP 
fluorescence in the nucleus. Notably, we observed that the 
interactions between SOS2 and PIF1/PIF3 led to the forma
tion of nuclear bodies (Fig. 5, F and G; Supplemental Fig. 
S16A). Collectively, our data demonstrate that SOS2 inter
acts with PIF1 and PIF3 in plant cells.

Since SOS2 interacts with both phyA/phyB and PIFs (Figs. 
2, G to P and 5, A to G), and PIFs could interact with phyA/ 
phyB (Ni et al. 1998; Huq and Quail 2002; Huq et al. 2004; 
Khanna et al. 2004), we next asked whether these 3 types 
of proteins co-localize in living plant cells. To this end, we 
transiently co-expressed YFPN-SOS2 or YFPN-SOS2RD and 
PIF1/PIF3-YFPC together with phyA/phyB-mCherry in N. 
benthamiana leaves. Intriguingly, we observed that both 
phyA-mCherry and phyB-mCherry co-localized with the nu
clear bodies formed by YFPN-SOS2 and PIF1/PIF3-YFPC 

(Fig. 5, H and I; Supplemental Fig. S16, B and C), indicating 
that SOS2 co-localize with both phyA/phyB and PIFs in living 
plant cells.

To further elucidate the associations of phyA/phyB, SOS2, 
and PIF1/PIF3 in vivo, we performed additional co-IP assays 

by transiently co-expressing Myc-PIF1/PIF3, Flag-SOS2, and 
phyA/phyB-GFP in Arabidopsis leaf protoplasts. As shown 
in Supplemental Fig. S16, D and E, both Flag-SOS2 and 
phyA/phyB-GFP were coprecipitated by anti-Myc antibodies 
in the presence of Myc-PIF1/PIF3, indicating PIF1/PIF3 asso
ciated with SOS2 and phyA/phyB in vivo. Taken together, 
our data demonstrated that SOS2 associates with the 
phy-PIF modules to positively regulate plant salt tolerance.

SOS2 directly phosphorylates PIFs and decreases the 
stability of PIF1/PIF3 in response to light
It was interesting to notice that less amounts of shifted 
PIF3-Myc proteins were produced in sos2 mutants upon light 
exposure (Fig. 4M). These observations suggest that SOS2 
may mediate the phosphorylation of PIF3-Myc proteins in 
vivo. To investigate whether SOS2 directly phosphorylates 
PIF proteins, we performed in vitro kinase assays using re
combinant MBP-PIF1, MBP-PIF3, MBP-PIF4, MBP-PIF5, 
MBP-PIF7, and His-SOS2 proteins purified from E. coli. Our re
sults showed that PIF1, PIF3, PIF4, and PIF5, but not PIF7 were 
phosphorylated in the presence of SOS2 (Fig. 6A; 
Supplemental Fig. S17), indicating that PIF1, PIF3, PIF4, and 
PIF5 are the substrates of SOS2 in vitro.

Further analyses revealed that SOS2 predominantly phos
phorylates the N-terminal regions of both PIF1 and PIF3 
(Fig. 6, B and C; Supplemental Fig. S18A). To further map 
the SOS2-mediated phosphorylation sites, we performed in 
vitro kinase assays coupled with LC-MS/MS analyses and 
identified 4 sites, respectively, in the N-terminal domains of 
PIF1 and PIF3 proteins (Supplemental Fig. S18, A and B). We 
mutated each of the 4 SOS2 phosphorylation sites of PIF3, 
respectively, or mutated them together to phosphorylation- 
deficient alanines, and our kinase assay data showed that, 
indeed, the PIF3 mutant proteins (PIF34A and PIF34D) were 
less phosphorylated by SOS2 in vitro (Fig. 6D; Supplemental 
Fig. S19). Together, our data demonstrate that SOS2 phos
phorylates PIF1 and PIF3 proteins in vitro and in vivo.

To investigate the role of 4 SOS2 phosphorylation sites in 
regulating PIF3 protein stability and function in vivo, we gen
erated transgenic lines expressing PIF3-Myc, PIF34A-Myc 
(4 sites mutated to phosphorylation-deficient alanines), or 
PIF34D-Myc (4 sites mutated to phosphorylation-mimic as
partic acids) in the pif3-3 mutant background under the 
control of the constitutive Super promoter. Multiple inde
pendent homozygous transgenic lines were obtained for 

Figure 5. (Continued) 
examined by immunoblotting using anti-Myc and anti-Flag antibodies, respectively. F) BiFC assays showing the interactions between SOS2 and PIF1/ 
PIF3 in N. benthamiana leaf cells. H2A-mCherry, the nuclear localization marker. The regulatory domain of SOS2 (SOS2RD) was used as the negative 
control. Scale bar = 20 μm. G) The fluorescence intensities (YFP and mCherry signals) over the white lines shown in (F) were scanned using the 
ImageJ plot profile tool. The y-axes indicate relative pixel intensity. Distance indicates the relative positions on the white lines. H) BiFC assays 
show that SOS2 co-localizes with both phyB and PIFs in the nucleus of N. benthamiana leaf cells. The regulatory domain of SOS2 (SOS2RD) was 
used as the negative control. Scale bar = 20 μm. I) The fluorescence intensities (YFP and mCherry signals) over the white lines shown in (H) 
were scanned using the ImageJ plot profile tool. The y-axes indicate relative pixel intensity. Distance indicates the relative positions on the white 
lines.
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Figure 6. SOS2 directly phosphorylates PIF1 and PIF3 and decreases the stability of PIF3 in response to light. A) In vitro kinase assays show that SOS2 
directly phosphorylates PIF1 and PIF3 proteins. The top panel shows CBB-stained SDS-PAGE gel containing His-SOS2, MBP-PIF1/PIF3, and MBP pro
teins, and the bottom panel shows autoradiograph indicating SOS2 autophosphorylation (bottom bands) and MBP-PIF1/PIF3 phosphorylation (top 
bands). B and C) In vitro kinase assays show that SOS2 predominantly phosphorylates the N-terminal domains of PIF3 (B) and PIF1 (C). The top 
panel shows CBB-stained SDS-PAGE gel containing His-SOS2, MBP, full-length and truncated PIF1/PIF3 proteins, and the bottom panel shows auto
radiograph indicating SOS2 autophosphorylation (bottom bands) and MBP-PIF1/PIF3 phosphorylation (top bands). D) In vitro kinase assays show 
that SOS2 phosphorylates 4 sites (Ser-151, Ser-152, Ser-153, and Ser-307) of PIF3. The top panel shows CBB-stained SDS-PAGE gel containing 
His-SOS2, MBP, WT, and mutated PIF3 proteins (PIF4A: non-phosphorylatable variant; PIF4D: phosphomimic variant), and the bottom panel shows 
autoradiograph indicating SOS2 autophosphorylation (bottom bands) and MBP-PIF1/PIF3 phosphorylation (top bands). E) Growth of Col, pif3-3, 
Super:PIF3-Myc, Super:PIF34A-Myc pif3-3, and Super:PIF34D-Myc pif3-3 seedlings under the treatment of NaCl in the light. Seeds of indicated genotypes                                                                                                                                                                                            
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each transgene, and 1 representative line was selected for 
Super:PIF3-Myc, Super:PIF34A-Myc, and Super:PIF34D-Myc, re
spectively, based on the criteria that the expression levels 
of transgenic PIF3-Myc were largely comparable in these lines 
(Supplemental Fig. S20). We then compared the seedling 
growth of these lines on 1/2 MS medium containing 0, 100, 
or 125 mM NaCl in the light. Interestingly, we observed 
that whereas Super:PIF34D-Myc lines exhibited similar seed
ling growth as pif3-3 seedlings under all tested concentra
tions of NaCl, Super:PIF34A-Myc lines displayed significantly 
retarded seedling growth particularly under the treatments 
of 100 and 125 mM NaCl in the light (Fig. 6E). These data in
dicate that mutation of 4 SOS2 phosphorylation sites of PIF3 
to alanines caused Super:PIF34A-Myc transgenic seedlings 
hypersensitive to salt stress.

To gain molecular insight into reduced salt tolerance of 
Super:PIF34A-Myc transgenic seedlings, we first examined 
the levels of PIF3-Myc, PIF34A-Myc, and PIF34D-Myc proteins 
in the respective seedlings grown in the dark. Notably, we ob
served that the steady state level of PIF34D-Myc was much 
lower than those of PIF3-Myc and PIF34A-Myc proteins in 
the dark (Fig. 6, F and G), indicating that mutation of 4 
SOS2 phosphorylation sites to aspartic acid led to decreased 
stability of mutant PIF3 proteins. In addition, after we treated 
4-d-old etiolated Super:PIF3-Myc, Super:PIF34A-Myc, and 
Super:PIF34D-Myc seedlings with 100 mM NaCl for 6 h in the 
dark and then transferred them to light for different times, 
we observed that both PIF3-Myc and PIF34D-Myc proteins 
were degraded rapidly upon light exposure; by contrast, 
the degradation of PIF34A-Myc was much slower than that 
of PIF3-Myc and PIF34D-Myc proteins (Fig. 6, F and G). 
Collectively, our data demonstrate that SOS2 phosphoryl
ation of PIF3 at these 4 sites decreases the stability of PIF3, 
thus relieving the repressive effect of PIF3 on plant salt 
tolerance.

Finally, we performed quantitative real-time PCR (qPCR) 
analyses to examine whether SOS2 could modulate the ex
pression of SMALL AUXIN UP RNA FROM ARABIDOPSIS 
COLUMBIA1 (SAUR-AC1), INDOLE-3-ACETIC ACID INDUCIBLE 
19 (IAA19), RESPONSIVE TO DESICCATION 29A (RD29A), and 
COLD-REGULATED 15A (COR15A), 4 PIF-regulated genes in
volved in either growth regulation or salt stress response 

(Zhang et al. 2013; Jiang et al. 2017; Li et al. 2020). Our data in
dicated that whereas the expression of SAUR-AC1 was regulated 
by SOS2 in both light and dark conditions with or without salt 
stress, the expression of IAA19, RD29A, and COR15A was regu
lated by SOS2 only after salt stress (Fig. 6, H and I; Supplemental 
Fig. S21). Our data demonstrate that SOS2 modulates the ex
pression of PIF-regulated genes involved in regulating growth 
or salt response.

Discussion
Light and soil salinity are major environmental factors that 
coordinately control plant growth and development. 
However, the mechanisms underlying the crosstalk between 
light and salt stress signaling pathways in plants remain 
poorly understood. In this study, we showed that SOS2, a 
key kinase of the SOS signaling pathway, regulates plant 
salt tolerance according to their light environment. Our 
data demonstrated that whereas PIFs accumulate in the 
dark and act as negative regulators of plant salt tolerance, 
SOS2 interacts with and directly phosphorylates PIF1 and 
PIF3, thus facilitating the rapid turnover of PIF1 and PIF3 
and relieving their repressive effect on plant salt tolerance 
(Fig. 7). Notably, our data indicated that whereas SOS2 kinase 
activity is not significantly induced by salt stress in darkness, 
salt-induced SOS2 activity is drastically enhanced in the light 
by photoactivated phytochromes (Fig. 2, D and E; Fig. 7), 
demonstrating that salt and light signals synergistically pro
mote SOS2 kinase activity.

Together, data in this study demonstrated that SOS2 acts 
as a hub in integrating external light signals and internal salt 
stress pathways, thus ensuring optimal fitness to stress 
conditions.

After germination occurs, buried seedlings first undergo 
skotomorphogenic development in the dark and then 
switch to photomorphogenic development when they 
emerge from soil into sunlight (Li et al. 2011; Cheng et al. 
2021). PIFs act as pivotal transcription factors repressing 
photomorphogenesis (Leivar and Quail 2011) and must be 
promptly removed to allow photomorphogenesis to occur 
upon light irradiation. Consistently, it has been well estab
lished that phytochromes (predominantly phyA and phyB) 

Figure 6. (Continued) 
were sown on ½ MS medium containing 0, 100, or 125 mM NaCl, and then grown in the light for 7 d. Scale bar = 1 cm. F and G) Immunoblots and 
quantification showing that the degradation of PIF34A-Myc was much slower than that of PIF3-Myc and PIF34D-Myc proteins upon light exposure. 
Super:PIF3-Myc, Super:PIF34A-Myc pif3-3, and Super:PIF34D-Myc pif3-3 seedlings grown in darkness for 4 d were treated with CHX and 100 mM NaCl, 
and incubated in darkness for additional 6 h, and then transferred to white light for the indicated times. Anti-Actin was used as a sample loading 
control. Numbers below the immunoblot indicate the relative band intensities of PIF3-Myc proteins normalized to those of the loading controls, 
respectively. The ratio of the first band was set to 100 for the blot. Representative pictures are shown in (F), and the relative levels of Myc-tagged 
proteins are shown in (G). Error bars in (G) represent SE from 3 independent assays. Different letters represent significant differences by one-way 
ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2). H and I) qPCR analyses showing the expression levels of RD29A (H) and 
SAUR-AC1 (I) in Col, sos2-T1, and pifq seedlings grown in white light or dark conditions for 5 d and then treated with mock or 100 mM NaCl for 6 h. 
Error bars represent the SD of 3 technical replicates. Data are normalized to tubulin3. Different letters represent significant differences by two-way 
ANOVA with Tukey’s post hoc test (P < 0.05; Supplemental Data Set 2).
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mediate rapid phosphorylation and subsequent 26S 
proteasome-mediated degradation by directly interacting 
with PIFs in response to light (Al-Sady et al. 2006; Castillon 
et al. 2007). Based on these backgrounds, our data in this 
study provide a scenario where seedlings struggle to survive 
if they germinate in the saline soil: accumulation of PIFs al
lows seedlings to elongate their hypocotyls, but at the ex
pense of decreased salt tolerance, in darkness under the 
cover of soil (Fig. 7). However, once the seedlings reach 
the sunlight, photoactivated phytochromes enhance the ki
nase activity of SOS2 and facilitate much rapid removal of 
PIFs and transition to photomorphogenic development. 
Thus, the seedlings are more tolerant to salt stress in the 
light, but grow slowly with much-reduced levels of PIFs 
(Fig. 7). In the absence of salt stress, however, SOS2 is not sig
nificantly activated irrespective of the light conditions, 
which can prevent unnecessary salt response and avoid un
necessary energy expense. Together, our results indicate that 
the SOS2-PIF module plays a central role in the trade-off be
tween growth limitation and salt tolerance, and that the 
energy-efficient performance of the SOS2-PIF module is gov
erned by phytochromes.

Although it was shown that SOS2 is a nucleocytoplasmic 
protein (Kim et al. 2007, 2013; Quan et al. 2007), the function 
of nuclear SOS2 in salt stress response remains completely 

obscure. Our data demonstrate the function of nuclear 
SOS2 in salt stress response based on the following lines of 
evidence. First, it was shown that PIFs are nuclear proteins 
(Ni et al. 1998; Huq and Quail 2002) and that phytochromes 
rapidly translocate into the nucleus in response to light 
(Fankhauser and Chen 2008; Klose et al. 2015), while our con
focal microscopy results revealed that SOS2 co-localize with 
both phyA/phyB and PIFs in the nuclear bodies of plant cells 
(Fig. 5, H and I; Supplemental Fig. S16, B and C). Second, phy
tochromes promote plant salt tolerance by enhancing SOS2 
kinase activity rather than its protein levels (Fig. 2, F and G; 
Supplemental Fig. S7). Third, our genetic analyses showed 
that nuclear-localized NLS-YFP-SOS2T168D, but not the NLS- 
YFP-SOS2, could partially rescue the salt-sensitive phenotype 
of phyA-211 mutants (Fig. 3, D to F; Supplemental Fig. S9). 
Fourth, our gene expression analyses showed that SOS2 mod
ulates the expression of PIF target genes in response to salt 
stress (Fig. 6, H and I; Supplemental Fig. 21). Together, our 
data demonstrate that nuclear SOS2 presumably modulates 
the expression of salt stress-responsive genes by decreasing 
the stability of PIFs, thus playing a key role in regulating plant 
salt tolerance.

However, our data by no means suggest a minor role of 
cytosolic SOS2 in salt stress response. By contrast, 
SOS2-activated SOS1, a plasma membrane Na+/H+ 

Figure 7. A working model showing that phytochromes promote plant salt tolerance by enhancing SOS2-mediated phosphorylation and degrad
ation of PIF1 and PIF3 in the light. In the dark, SOS2 kinase activity is mildly induced by salt stress, and salt-activated SOS2 interacts with and phos
phorylates PIF1 and PIF3, thus relieving their repressive effect on plant salt tolerance. In the light, photoactivated phytochromes (Pfr; mainly phyA 
and phyB) translocate into the nucleus, interact with SOS2, and enhance SOS2 kinase activity in response to salt stress. Highly activated SOS2 phos
phorylates PIF1 and PIF3 and facilitates the more rapid turnover of PIF1 and PIF3 under salt stress in the light. On the other hand, photoactivated 
phytochromes may also promote SOS2 activity in the cytosol, thereby leading to enhanced SOS1 activity at the plasma membrane (PM).
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antiporter, is essential for plant salt tolerance by extruding 
Na+ from the cytosol to the apoplast (Shi et al. 2000; Qiu 
et al. 2002; Quintero et al. 2011). It seems likely that photo
activated phytochromes may also promote the activity of 
cytosolic SOS2 (Fig. 7), given that the interactions of SOS2 
with phytochromes were observed in the cytosol as well 
(Fig. 2, M to P; Supplemental Fig. S6, D and E), and that phy
tochromes also trigger cytosolic events in response to light 
(Rosler et al. 2007; Li et al. 2011).

Interestingly, the transcript and protein levels of SOS1 
were shown to be diurnally regulated (Park et al. 2016). 
Together with our findings that PIFs increase, whereas 
photoactivated phytochromes decrease the Na+ accumula
tion in Arabidopsis seedlings grown under salt stress 
(Supplemental Figs. S4 and S12), it seems likely that phyA/ 
phyB and PIFs might regulate plant salt tolerance in the light 
through modulating the accumulation or activity of SOS1. 
Two possible mechanisms may be involved in phytochrome- 
mediated regulation of SOS1 activity under salt stress: 
phytochromes may activate SOS1 through PIF-dependent 
transcriptional regulation of SOS1 expression, or promote 
SOS2 activity in the cytosol, thereby leading to enhanced 
SOS1 activity at the plasma membrane. The exact regulatory 
mechanisms underlying phytochrome regulation of SOS1 
activity need to be verified in future studies.

It is well established that SOS2 is specifically activated by 
the salt-induced [Ca2+]cyt elevation (Quan et al. 2007; Ma 
et al. 2019). Interestingly, we showed that phytochromes en
hance salt-activated SOS2 activity in the light (Fig. 2, F and 
G). Since light also stimulates an increase in intracellular cal
cium concentration (Wayne and Hepler 1985; Stoelzle et al. 
2003), whether increased calcium concentration is involved 
in phytochrome-mediated enhancement of SOS2 activity re
mains to be investigated in future studies. Since phyA and 
phyB were not shown to regulate the levels of endogenous 
SOS2 proteins (Supplemental Fig. S7), it will be interesting 
to test several other possibilities in future research. For ex
ample, whether phytochromes may regulate SOS2 nucleocy
toplasmic partitioning (e.g. facilitating translocation of SOS2 
from the cytosol to the nucleus in the light) is an intriguing 
question. In addition, since it was shown that the phosphor
ylation of the SOS2 Thr-168 residue greatly promotes SOS2 
kinase activity (Guo et al. 2001; Barajas-Lopez et al. 2018), 
it will be intriguing to investigate whether phytochromes en
hance SOS2 kinase activity by facilitating the phosphoryl
ation of the SOS2 Thr-168 residue.

A recent study showed that plants exhibit enhanced toler
ance to cold stress in various light conditions than in dark
ness and that CRYPTOCHROME2 (CRY2)-mediated blue 
light signaling enhances freezing tolerance (Li et al. 2021). 
Together, it is evident that plants adjust their strategies to 
abiotic stress according to their light environment, and 
that photoreceptors-triggered signaling pathways enhance 
plant tolerance to abiotic stress.

To summarize, our study demonstrates that SOS2 plays an 
essential role in regulating plant salt tolerance and that this 

regulatory role of SOS2 is modulated by light. Our study thus 
provides molecular insights into the understanding of how 
plants obtain optimal fitness to stress conditions according 
to their light environment.

Materials and methods
Plant materials and growth conditions
The A. thaliana Columbia (Col) accession was used as the WT 
in this study unless otherwise indicated. The sos2-T1 
(SALK_016683) was obtained from the Arabidopsis 
Biological Resource Center (ABRC) (http://www.arabidopsis. 
org/abrc/). The phyA-211 (Reed et al. 1994), phyB-9 (Reed 
et al. 1993), pif1-1 (Huq et al. 2004), pif3-1 (Monte et al. 
2004), pif3-3 (Monte et al. 2004), pif4-2 (Leivar et al. 2008a), 
pif5-3 (Khanna et al. 2008), pifq (pif1-1 pif3-3 pif4-2 pif5-3; 
Leivar et al. 2008b), Pro35S:PIF1-Myc (Qi et al. 2020), 35S: 
PIF3-Myc (Park et al. 2004), Pro35S:PIF4 (de Lucas et al. 
2008), Pro35S:PIF5-HA (Shen et al. 2007), ProPHYA: 
phyA-NLS-GFP phyA-211 (Genoud et al. 2008), Pro35S: 
phyB-GFP phyB-9 (Zheng et al. 2013), and Pro35S:Myc-SOS2 
(Lin et al. 2009) have been described previously. The 
phyA-211 phyB-9, pifq sos2-T1, and phyA-211 sos2-T1 mutants 
were generated by genetic crossing.

To grow Arabidopsis seedlings, the seeds were first steri
lized and then sown on 1/2 MS, pH 5.8, supplemented 
with 1% (w/v) sucrose and 0.3% or 0.6% (w/v) phytagel 
(Cat#P8169, Sigma-Aldrich). After 2-d stratification at 4 °C, 
the seeds in Petri dishes were pre-irradiated with white light 
(F17T8/TL841 bulb, Philips) for 12 h and then incubated at 
22 °C in complete darkness (D) or continuous white 
(PAR, 100 μmol m−2 s−1), blue (B; 5 μmol m−2 s−1), FR 
(10 μmol m−2 s−1), or R (20 μmol m−2 s−1) light in growth 
chambers (Percival Scientific) for indicated times.

To grow N. benthamiana, the seeds were first sown on soil 
(nutrient soil:vermiculite; [1:1; v/v]) and then placed at the 
greenhouse (24 ± 1 °C with 14 h/10 h [light/dark]) cycle 
for about 7 to 10 d. Subsequently, the young seedlings 
were transplanted into culture boxes individually to grow 
for another 10 to 15 d in the greenhouse.

Plasmid construction and generation of transgenic 
plants
The AD-PIF1 and AD-PIF3 constructs were described previ
ously (Qi et al. 2020). To generate the LexA-SOS2 construct, 
the full-length coding sequence of SOS2 was cloned into the 
EcoRI-SalI sites of the LexA vector (Clontech) using the pri
mers shown in Supplemental Data Set 1.

The GST-SOS2, GST-SOS2KD, GST-SOS2RD, His-SOS2, 
His-PHYA, His-PHYB, His-PIF1, and His-PIF3 constructs 
were described previously (Guo et al. 2001; Dong et al. 
2020; Yan et al. 2020). To generate the MBP-PIF1, 
MBP-PIF1N (1–219 aa), MBP-PIF1C (220–478 aa), MBP-PIF3, 
MBP-PIF3N (1–320 aa), and MBP-PIF3C (321–524 aa) con
structs, the respective coding sequences were amplified by 
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PCR using the primers shown in Supplemental Data Set 1 and 
then cloned into the SalI-EcoRI sites of the pMAL-c5x vector 
(NEB), respectively. To generate MBP-PIF34A and MBP-PIF34D 

constructs, the Mut Express II Fast Mutagenesis Kit V2 
(Vazyme) was used with the MBP-PIF3 plasmid as the tem
plate and the primers shown in Supplemental Data S1 ac
cording to the manufacturer’s instructions.

The YFPN-SOS2, YFPN-GUS, and GUS-YFPC constructs 
were described previously (Zhou et al. 2014, Li et al. 2020). 
To generate the YFP-SOS2RD, the coding sequence of 
SOS2RD (268-446 aa) was cloned into the BamHI-KpnI sites 
of the pSPYNE vector (Waadt and Kudla 2008) using the pri
mers shown in Supplemental Data Set 1. To generate 
PIF1-YFPC and PIF3-YFPC constructs, the respective coding 
sequences were amplified using the primers shown in 
Supplemental Data Set 1 and cloned into SalI-KpnI sites of 
the pSPYCE (MR) vector (Waadt and Kudla 2008). To gener
ate phyA-YFPC and phyB-YFPC constructs, the respective 
coding sequences were amplified using the primers shown 
in Supplemental Data Set 1 and cloned into SpeI-XhoI sites 
of the pSPYCE (MR) vector (Waadt and Kudla 2008). To gen
erate phyAC323A-YFPC construct, the Mut Express II Fast 
Mutagenesis Kit V2 (Vazyme) was used with the 
phyA-YFPC plasmid as the template and the primers shown 
in Supplemental Data S1 according to the manufacturer’s 
instructions.

The SOS2-nLUC, phyA-nLUC, cLUC-phyB, GUS-nLUC, and 
cLUC-GUS constructs were described previously (Yan et al. 
2020, Dong et al. 2020, Li et al. 2020). To generate the 
cLUC-SOS2 construct, the full-length coding sequence of 
SOS2 was cloned into the KpnI-SalI sites of the Pro35S: 
cLUC vector (Chen et al. 2008) using the primers shown in 
Supplemental Data Set 1.

To generate the ProUBQ10:NLS-YFP-SOS2 construct, the 
coding sequences of the NLS, YFP, and SOS2 were amplified, 
respectively, and then cloned into the pCAMBIA1390 
vector using the ClonExpress Ultra One Step Cloning Kit 
(Vazyme, #C115-01). To generate the Pro35S:Myc-SOS2T168D 

and ProUBQ10:NLS-YFP-SOS2T168D construct, the Pro35S: 
Myc-SOS2 and ProUBQ10:NLS-YFP-SOS2 plasmid was used 
as the template, respectively, using the Mut Express II Fast 
Mutagenesis Kit V2 (Vazyme) and the primers shown in 
Supplemental Data Set 1 according to the manufacturer’s 
instructions.

To generate the Super:PIF1-Myc and Super:PIF3-Myc con
structs, the indicated coding sequences of WT PIF1/PIF3 
were fused with Myc, respectively, and then cloned into 
the SalI-KpnI sites of the pSuper1300 vector (Liu et al. 
2017) using the primers shown in Supplemental Data Set 1. 
To generate Super:PIF34A-Myc and Super:PIF34D-Myc con
structs, the Mut Express II Fast Mutagenesis Kit V2 
(Vazyme) was used with the Super:PIF3-Myc plasmid as the 
template and the primers shown in Supplemental Data S1
according to the manufacturer’s instructions.

The Super:phyB-mCherry construct was described previously 
(Yan et al. 2020). To generate the Super:phyA-mCherry 

construct, the indicated coding sequences of phyA were fused 
with mCherry and then cloned into the KpnI-SpeI sites of the 
pSuper1300 vector (Liu et al. 2017).

To generate the Super:PIF1-Myc, Super:PIF3-Myc, Super: 
PIF34A-Myc, Super:PIF34D-Myc, Pro35S:Myc-SOS2, Pro35S:Myc- 
SOS2 T168D, ProUBQ10:NLS-YFP-SOS2, and ProUBQ10:NLS- 
YFP-SOS2T168D transgenic plants, the corresponding constructs 
were transformed into Agrobacterium tumefaciens (strain 
GV3101), and then transformed into Col, sos2-T1, pif3-3, 
phyA-211, or phyA-211 phyB-9 mutants, respectively, by the 
floral dip method (Clough and Bent 1998).

All of the primers used in plasmid construction are listed in 
Supplemental Data Set 1, and all of the constructs were con
firmed by sequencing prior to usage in various assays. The 
transgenic plants were selected on the MS medium supple
mented with hygromycin B (30 mg L−1) or glufosinate 
(10 mg L−1), and the T3 homozygous transgenic lines were 
used for further research.

BiFC assays
The BiFC assays were performed as described previously 
(Waadt and Kudla 2008; Horstman et al. 2014). Briefly, the 
indicated pairs of constructs were transfected into 
N. benthamiana leaves for transient expression by A. tumefa
ciens (GV3101)-mediated infiltration. After infiltration, 
plants were allowed to grow for another 2 or 3 d, and the 
YFP signals were detected and captured by a confocal laser 
scanning microscope (lasers: 488 nm, 15%; 561 nm, 15%; 
gains: 600; pinhole: 100 μm) (ZEISS LSM 880). The relative sig
nal intensity was measured by ImageJ.

Total protein extraction and immunoblotting
For immunoblots detecting PIF1-Myc and PIF3-Myc proteins, 
total proteins were extracted as described previously (Qiu 
et al. 2017). Briefly, the Arabidopsis seedlings (50 mg) were 
treated with mock (1/2 MS) or NaCl (100 mM) along with 
or without 100 μM MG132 (Sigma) and/or 200 μM CHX 
(Sigma), then harvested and ground in 150 µL extraction buf
fer (100 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, pH 
8.0, 5% [w/v] SDS, 20% [v/v] glycerol, 20 mM DTT, 40 mM 

β-mercaptoethanol, 2 mM PMSF, 1× EDTA-free complete 
protease inhibitor cocktail [Roche], 80 μM MG132 [Sigma], 
80 μM MG115 [Sigma], 1% phosphatase inhibitor cocktail 
[Sigma], 10 mM N-ethylmaleimide). The samples were imme
diately boiled for 10 min, and then centrifuged at 16,000 × g 
for 10 min at room temperature. Proteins in the supernatant 
were used in the subsequent immunoblot assays.

Primary antibodies used in this study include anti-GST 
(1:1,000 [v/v], Cat#G7781; Sigma-Aldrich), anti-His (1:1,000 
[v/v], Cat#1029; Sigma-Aldrich), anti-MBP (1:3,000 [v/v], 
Cat#E8032S; NEW ENGLAND BioLabs, NEB), anti-Flag 
(1:3,000 [v/v], Cat#F3165; Sigma-Aldrich), anti-GFP (1:3,000 
[v/v], Cat#11814460001; Roche), anti-phyA (1:1,000 [v/v]; 
Zhang et al. 2018), anti-phyB (1:1,000 [v/v]; Dong et al. 
2020), anti-PIF3 (1:1,000 [v/v], Cat#AS163954; Agrisera), 
anti-HSP (1:1,000 [v/v], Cat#AbM51099-31-PU; Beijing 
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Protein Innovation), anti-Myc (1:3,000 [v/v], Cat#01219; 
CWBIO), and anti-Actin (1:3,000 [v/v], Cat#01265; CWBIO). 
The anti-SOS2 antibodies (1:500 [v/v]) were made by 
Beijing Protein Innovation and are described in the compan
ion study by Han et al. (2023). Secondary antibodies used in 
this study include goat anti-rabbit IgG (H+L), HRP (1:3,000 
[v/v], Cat#80781121; Bioeasytech), goat anti-mouse IgG 
(H+L), HRP (1:3,000 [v/v], Cat#80781124; Bioeasytech), and 
rabbit anti-goat IgG (H+L), HRP (1:3,000 [v/v], Cat#133371; 
ZSGB-BIO).

Immunoblotting assays were performed as described pre
viously (Ma et al. 2019). Briefly, total samples containing 
the protein of interest were resolved by gel electrophoresis 
and then transferred to a PVDF membrane. The nonspecific 
binding sites on the PVDF membrane were blocked by 5% 
(w/v) milk. Subsequently, primary antibodies bind to the pro
tein antigen and then are targeted by the labeled secondary 
antibodies. Finally, the chemiluminescence signals are de
tected by a cold charge-coupled device (CCD) (FUSION 
SOLO 4M, VILBER).

In vitro pull-down, semi-in vivo, and in vivo co-IP 
assays
For in vitro pull-down assays, 10 μg of recombinant bait pro
teins (GST-SOS2, GST-SOS2-KD, GST-SOS2-RD, GST, or 
His-SOS2) and 10 μg of prey proteins (His-PIF1, His-PIF3, 
His-PHYA, His-PHYB, MBP-PIF1, MBP-PIF3, or MBP) were 
added into 1 mL binding buffer containing 50 mM Tris-HCl, 
pH 7.5, 100 mM NaCl, 0.6% (v/v) Triton X-100, and 0.2% 
(v/v) glycerol. After incubation for 2 h at 4 °C, the mixtures 
were incubated with prewashed Glutathione Sepharose 4B 
beads (GE Healthcare) or Ni-NTA Agarose (MCLAB, 
Cat#NINTA-300) for another 2 h at 4 °C. After 5 times of 
washing with the binding buffer, the pulled-down proteins 
were eluted in 2× SDS loading buffer at 100 °C for 10 min, 
and detected by immunoblotting with anti-GST, anti-His, 
or anti-MBP antibodies, respectively.

For semi-in vivo co-IP assays, 4-d-old etiolated Pro35S: 
Myc-SOS2 seedlings were harvested, ground into powder in 
liquid nitrogen, and then homogenized in the precooled pro
tein extraction buffer containing 10 mM Tris-HCl, pH 7.6, 
0.5% Nonidet-P40, 2 mM EDTA, 150 mM NaCl, 1× 
EDTA-free protease inhibitor cocktail (Roche). After centrifu
gation at 16,000 × g for 10 min, binding reactions were 
started by mixing equivalent amounts of total proteins 
(500 μg) with 2 μg of recombinant proteins (MBP-PIF1, 
MBP-PIF3, or MBP), respectively, in 1 mL of protein extrac
tion buffer. The mixtures were incubated with prewashed 
anti-Myc Affinity Gel (Sigma-Aldrich) for 2 h at 4 °C. The 
beads were then washed 5 times with protein extraction buf
fer at 4 °C and eluted in 2× SDS loading buffer. The eluted 
proteins were detected by immunoblotting using anti-Myc 
and anti-MBP antibodies, respectively.

For in vivo co-IP assays in Arabidopsis leaf protoplasts, 
purified bait (Pro35S:Myc-SOS2, Super:PIF1-Myc and Super: 

PIF3-Myc) and prey (Super:phyA-GFP, Super:phyB-GFP, and 
Pro35S:Flag-SOS2) plasmid pairs were transiently expressed 
in Arabidopsis leaf protoplasts. After overnight incubation, 
the protoplasts were lysed by protein extraction buffer 
(10 mM Tri-HCl, pH 7.6, 0.5% Nonidet-P40, 2 mM EDTA, 
150 mM NaCl, 1× EDTA-free protease inhibitor cocktail, 
Roche), centrifuged, and the left supernatant was incubated 
with prewashed anti-Myc Affinity Gel (Sigma-Aldrich) at 4 °C 
for 2 h. After 5-time washes, the co-immunoprecipitated 
proteins were detected by immunoblotting using anti-Myc, 
anti-Flag, and anti-GFP antibodies, respectively.

Yeast two-hybrid assays
The two-hybrid assays were performed as described previ
ously (Qi et al. 2020). Briefly, the indicated combinations of 
LexA-SOS2 and AD-PIF1, AD-PIF3, or empty vector were co- 
transformed into the yeast (S. cerevisiae) strain EGY48, re
spectively. The yeast transformants were selected on the 
SD/-Trp-Ura-His agar plates and then grown on the SD/ 
Gal/Raf/-Trp-Ura-His agar plates containing X-Gal (5-bromo- 
4-chloro-3-indolyl-β-D-galactopyranoside) for blue color de
velopment. Photos were taken after incubation at 30 °C for 
18–24 h.

Na+ content measurement
Seeds were germinated vertically on 1/2 MS medium under 
continuous white light for 6 d. Seedlings were transferred 
to 1/2 MS or 1/2 MS with NaCl as indicated. A pool contain
ing more than 60 individual plants represented 1 biological 
replicate. Shoots and roots were harvested separately and 
oven-dried at 80 °C for at least 48 h. After weighing, samples 
were digested into 68% (w/v) HNO3, and then a dilution ser
ies was created using 1% hydrochloric acid. The Na+ contents 
were determined using a 4100 MP-AES device (Agilent, Santa 
Clara, CA, USA).

qPCR analyses
Total RNA was extracted from 4-d-old seedlings with TRizol 
reagent (Invitrogen), followed by the reverse transcription 
using M-MLV reverse transcriptase (Promega). qPCR assays 
were performed with SYBR Premix Ex Taq kit (Takara), and 
specific gene primers were listed in Supplemental Data Set 
1. qPCR was performed in triplicate for each sample, and 
the relative expression levels were normalized to that of 
TUBULIN3 gene.

Protein purification and kinase assays
All His-, GST-, and MBP-fusion protein constructs were 
transformed into E. coli BL21 (DE3) cells, and the expres
sion of recombinant proteins was induced by 0.5 mM 
isopropyl-β-D-thiogalactopyranoside for 12 h at 16 °C. Cells 
were collected, lysed, sonicated, and centrifuged, and then 
the His-tagged, MBP-tagged, or GST-tagged recombinant 
proteins in the supernatant were purified by Ni-NTA 
Agarose (MCLAB, Cat#NINTA-300), Amylose Resin (NEB, 
Cat#E8021S), or Glutathione Sepharose 4B beads (GE 
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Healthcare), respectively, according to the manufacturer’s 
instructions.

For semi-in vivo kinase assays, Pro35S:Myc-SOS2 or Pro35S: 
Myc-SOS2 phyA phyB seedlings grown under different light 
conditions were treated with mock or 100 mM NaCl for 
12 h and then harvested. The seedlings were ground to 
powder in liquid nitrogen and then homogenized in 1 mL 
precooled IP buffer (10 mM Tris-HCl, pH 7.6, 0.5% 
Nonidet-P40, 2 mM EDTA, 150 mM NaCl, 1× EDTA-free pro
tease inhibitor cocktail [Roche]). The proteins were centri
fuged at 16,000 × g for 10 min at 4 °C and incubated with 
anti-Myc Affinity Gel (Sigma-Aldrich) for 2 h at 4 °C. Same 
amounts of immunoprecipitated Myc-SOS2 were used for 
the kinase assays using the His-SCaBP8 proteins as the 
substrates.

In vitro kinase assays were conducted as described previ
ously (Lin et al. 2009). Briefly, the kinase and substrate pro
teins were mixed in 15 µL of kinase reaction buffer (20 mM 

Tris-HCl [pH 8.0], 5 mM MgCl2, 1 mM CaCl2, 10 mM ATP, 
and 1 mM DTT). Kinase assays were performed by adding 
0.1 μL [γ-32P] (1 μCi), and the mixtures were incubated at 
30 °C for another 30 min. Reactions were stopped by adding 
3 μL 6× SDS loading buffer and then boiling at 100 °C for 
8 min. The resulting proteins were separated by 12% (w/v) 
SDS-PAGE gels and stained by Coomassie Brilliant Blue R 
250, and then the gels were exposed to a phosphor screen 
(Amersham Biosciences). The isotopic signals were detected 
by a Typhoon 9410 phosphor imager (Amersham Biosciences) 
and quantified by the ImageQuant 5.0 software.

Mass spectrometry analysis
To identify the SOS2 phosphorylation sites in PIF1 and PIF3, 
30 μg recombinant His-SOS2 were incubated together with 
50 μg MBP-PIF1 or MBP-PIF3 proteins in the kinase reaction 
buffer (20 mM Tris-HCl [pH 8.0], 5 mM MgCl2, 1 mM CaCl2, 
10 mM ATP, and 1 mM DTT) at 30 °C for 30 min. The protein 
mixtures were desalted using the ultrafiltration spin columns 
(30 kDa, 500 μL, Sartorius, Gottingen, Germany), washed 
with 50 mM NH4HCO3, then reduced with 50 mM DTT at 
56 °C, and then alkylated with 200 mM iodoacetamide in 
the dark. Then, the proteins were digested with trypsin 
(1:50) at 37 °C overnight. The digested peptides were diluted 
with 0.1% FA and subjected to nano LC-MS analysis using the 
nano-Acquity nano HPLC (Waters, Milford, MA, USA) 
coupled with a Thermo Q-Exactive high-resolution mass 
spectrometer (Thermo Scientific, Waltham, MA, USA).

LCI assays
The indicated pairs of constructs were infiltrated into 
N. benthamiana leaves as described previously (Chen et al. 
2008). After infiltration, the N. benthamiana plants were 
grown under a 16-h-light/8-h-dark cycle for another 2 or 
3 d. Before imaging, the blade back of the infiltrated leaves 
was sprayed with 1 mM luciferin (the substrate of luciferase) 
and incubated in darkness for 5 min. The LUC signals were 
collected with the cold CCD camera (Nikon-L936; Andor 

Tech) at −110 °C within 10 or 15 exposures. Relative LUC in
tensities were analyzed by using the WinView32 software.

Microscopy
To detect the subcellular localization of SOS2, homozygous 
ProUBQ10:NLS-YFP-SOS2 and ProUBQ10:NLS-YFP-SOS2T168D 

seedlings in phyA-211 or sos2 mutant background were 
grown in continuous white light for 4 d, and then the YFP sig
nals were captured by using the confocal laser scanning 
microscope (Lasers: 488 nm, 15%; 561 nm, 15%; gains: 600; 
pinhole: 100 μm) (ZEISS LSM 880).

Phenotypic analyses
The germination assays were performed as described previ
ously (Qi et al. 2020; Nie et al. 2022). Briefly, the indicated 
seeds (at least 45 seeds for each genotype at each time point) 
harvested at the same time were sown on 1/2 MS medium 
containing various concentrations of NaCl. Germination 
was defined as the first sign of radicle tip emergence, and 
the germination rates were determined as a percentage of 
germinated seeds against the total seeds plated.

For the root growth and fresh weight assays, the indicated 
seeds were sown on 1/2 MS medium without NaCl, grown 
vertically under continuous white light for 7 d, and then 
the seedlings with similar sizes and at similar developmental 
stages were transferred to MS medium containing indicated 
concentrations of NaCl, and allowed to grow for additional 
5–8 d. Primary root lengths or fresh weights were measured 
as described previously (Lin et al. 2009). The rates of seedling 
establishment were based on the criteria defined by previous 
studies (Yadukrishnan et al. 2020; Peng et al. 2022) that hy
pocotyls and cotyledons should emerge completely in estab
lished seedlings.

Quantification and statistical analyses
Protein quantification was performed with ImageJ. One-way 
ANOVA, two-way ANOVA, or Student’s t-test were per
formed with GraphPad Prism 7.00. Different letters represent 
significant differences at P < 0.05. Values are represented as 
means ± standard deviation or means ± standard error of 
the mean. See Supplemental Data Set 2 for the results of 
all statistical analyses.

Accession numbers
Sequence data from this article can be found in the 
Arabidopsis Genome Initiative or GenBank/EMBL data
bases under the following accession numbers: SOS2 
(AT5G35410), SCaBP8 (AT4G33000), PIF1 (AT2G20180), 
PIF3 (AT1G09530), PIF4 (AT2G43010), PIF5 (AT3G59060), 
PHYA (AT1G09570), PHYB (AT2G18790), RD29A (AT5G5 
2310), SAUR-AC1 (AT4G38850), IAA19 (AT3G15540), 
COR15A (AT2G42540), TUBULIN3 (AT5G62700), EF1α 
(AT1G07940).
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