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Introduction

Saline soils represent a major abiotic stress that adversely affects 
plant growth and agricultural production. Since rice is a significant 
food crop that delivers 20% of the daily calory intake for human 
consumption, it is important to realize that it represents one of 
the most salt-sensitive cereals.1 The understanding of the molecular 
basis of salt stress tolerance in rice is therefore of great importance 
for future breeding programs.2 Key aspects within this process are 
signal perception and signal transduction as they represent the first 
components of the plant’s adaptive response to stress.3

The role of reactive oxygen species (ROS) during salinity toler-
ance has long been associated with the adverse effect they can have 
on cell viability.4 However, ROS, especially hydrogen peroxide 
(H

2
O

2
), play a pivotal and central regulatory role in plants, as they 

can actively regulate their production and degradation.5 Because 
ROS production and scavenging occur continuously, alterations in 
the balance between both processes would result in a rapid change 
in cellular redox status creating a stress signal.6 Within minutes of 
salt stress, rice roots produce a so-called ROS burst.7 Recently, it 
has been established that plasma membrane-located NADPH oxi-
dases are not only required for the ROS burst but are essential to 
establish salinity tolerance.8,9 In addition, the initial peak of ROS 
production can trigger a cascade of cell-to-cell communication 

involving the formation of a ROS wave that propagates throughout 
different tissues to carry the signal over a long distance.10,11

We recently demonstrated that the DEHYDRATION-
RESPONSE ELEMENT-BINDING (DREB) transcription 
factor (TF) SALT-RESPONSIVE ERF1 (SERF1) functions as a 
bottleneck in the conversion of the salt-induced ROS burst into 
a transcriptional response in rice roots.12SERF1 is root-specifi-
cally induced by both H

2
O

2
 and salt stress. Despite the fact that 

SERF1 knockout plants (serf1) show an increase in H
2
O

2
 levels 

upon salt treatment, the induction of ROS-responsive genes, 
including those encoding mitogen-activated protein kinases 
(MAPKs) and TFs, is severely attenuated. SERF1 directly con-
trols the expression of 2 H

2
O

2
-inducible MAPK cascade genes, 

namely MAPK5, known to enhance salt tolerance when over-
expressed, and MAP3K6.13,14 Moreover, MAPK5 specifically 
phosphorylates SERF1 at Ser-105 in vitro, enabling amplifi-
cation of the salt stress signal.12 Furthermore, SERF1 directly 
regulates the expression of the TF genes DEHYDRATION-
RESPONSIVE ELEMENT-BINDING 2A (DREB2A) and 
ZINC-FINGER PROTEIN 179 (ZFP179), which both are posi-
tive regulators of salt stress tolerance.15,16 Similar to the disrup-
tion of the ROS signal in the NADPH oxidase mutant rbohf 
in Arabidopsis thaliana,9 an early accumulation of sodium ions 
(Na+) in the shoot is observed for serf1 upon salt stress.12 Thus, 

*Correspondence to: Jos HM Schippers; Email: schippers@bio1.rwth-aachen.de
Submitted: 11/06/2013; Revised: 12/15/2013; Accepted: 12/16/2013; Published Online: 01/21/2014
Citation: Schmidt R, Caldana C, Mueller-Roeber B, Schippers JHM. The contribution of SERF1 to root-to-shoot signaling during 
salinity stress in rice. Plant Signaling & Behavior 2014; 9:e27540; PMID: 24451326; http://dx.doi.org/10.4161/psb.27540

The contribution of SERF1 to root-to-shoot 
signaling during salinity stress in rice

Romy Schmidt1,2,†, Camila Caldana2, Bernd Mueller-Roeber1,2, and Jos HM Schippers1,2,†,*

1Institute of Biochemistry and Biology; University of Potsdam; Potsdam, Germany; 2Max Planck Institute of Molecular Plant Physiology; Potsdam, Germany; 

†Current address: Institute of Biology I; RWTH Aachen University; Aachen, Germany

Keywords: reactive oxygen species, transcription factor, metabolism, root-to-shoot, salt stress, Oryza sativa

Stress perception and communication play important roles in the adaptation of plants to changing environmental 
conditions. Plant roots are the first organs to detect changes in the soil water potential induced by salt stress. In the 
presence of salinity stress, root-to-shoot communication occurs to adjust the growth of the whole plant. So far, the 
phytohormone abscisic acid (ABA), hydraulic signals and reactive oxygen species (ROS) have been proposed to medi-
ate this communication under salt stress. Recently, we identified the rice transcription factor SALT-RESPONSIVE ERF1 
(SERF1), which regulates a ROS-dependent transcriptional cascade in roots required for salinity tolerance. Upon salt 
stress, SERF1 knockout mutant plants show an increased leaf temperature as compared with wild type. As this occurs 
within the first 20 min of salt stress, we here evaluated the involvement of SERF1 in the perception of salt stress in the 
shoot. By metabolic profiling and expression analysis we show that the action of SERF1 in signal communication to the 
shoot is independent from ABA, but does affect the accumulation of ROS-related metabolites and transcripts under 
short-term salt stress.
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ROS-dependent signaling is essential to establish salinity toler-
ance in plants.

So far, only little is known about the communication between 
the root and the shoot during salt stress. Abscisic acid (ABA) has 
been thought of having a fundamental role in root-to-shoot sig-
naling during drought stress.17 However, such a prominent role 
for ABA in long-distance communication during salt stress and 
water shortage could not be confirmed.18,19 As the shoot response 
to decreased water supply is not affected by the ability to synthesize 
ABA in the root, but depends on ABA synthesized in the shoot, 
it indicates that a specific long-distance signal precedes ABA sig-
naling during water shortage.19 One possible form of communica-
tion between the root and the shoot is through hydraulic signals, 
although the exact mechanism behind such a signal is still elu-
sive. In addition, ROS-dependent salt stress signaling is essential 
for controlling root-to-shoot Na+ delivery.9,12 In Arabidopsis, root-
perceived stress signals that are mediated by ROS are rapidly trans-
ferred to the shoot.10

Interestingly, serf1 leaves display a significantly higher tempera-
ture than the wild type already after 20 min of salt stress, which 
is likely caused by reduced transpiration rates and stomatal clo-
sure.12 At the metabolic level, osmoprotectants accumulate dur-
ing long-term salt stress.20 Recently, a distinction has been made 
between metabolites that respond in either an ABA-dependent or 
ABA-independent manner upon drought stress.21 Still, relatively 
little is known regarding the initial response of metabolites during 
salt stress, although the expected fluctuations in metabolite pools 
during short-term stress might be rather small.

In this study, for a better understanding of the role of SERF1 
in protecting the shoot from salt stress, we determined its effect on 
metabolism during short-term salt stress. In addition, we examined 
the consequence of loss of SERF1 on the transcriptional response 
of the shoot to salt stress. Next to salinity stress, we assessed the 
induction of salt-responsive genes in the shoot upon ROS, ABA 
and mannitol treatment of the root. Our analysis indicates that 
ABA has a minor role during salt stress-induced root-to-shoot com-
munication, while ROS signals appear to dominate this process.

Results

Metabolic responses in roots after short-term salt stress
We previously showed that serf1 plants have an impaired salt 

stress tolerance resulting in early accumulation of Na+ in leaves and 
roots.12 As the Na+/K+ ratio during the first 24 h of salt stress is 
not affected in serf1, it is likely that the increased leaf temperature 
observed in serf1 after 20 min of salt stress is caused by an osmotic 
imbalance. To assess the consequence of the loss of SERF1 on early 
metabolic events during salt stress, we performed GC-MS-based 
metabolite profiling. In total, more than 80 compounds were iden-
tified including amino acids, organic acids and sugars. Only those 
metabolites that were significantly affected by either 3 h of salt 
stress or the genotype are shown in Table 1.

In roots of wild-type and serf1 plants, salt stress triggered a 
significant accumulation of the free amino acid content of Ala, 
γ-aminobutyrate (GABA), Ile, Leu, Lys, Pro, Thr and Tyr (Table 
1). Previously, we found that after 24 h of salt stress, the levels of 

Ala, GABA, Lys and Thr increased in roots,22 which overlaps with 
their response after 3 h of salt stress. Furthermore, we observed a 
specific increase in 2-aminobutyrate (2-AB) and β-Ala levels in 
salt-stressed roots of the mutant after 3 h of treatment. Recently, 
2-AB has been linked to ophthalmate biosynthesis in plants,23 and 
it is an oxidative stress biomarker in mammals.24 In addition, a 
decrease in Gly and ornithine was observed in both the mutant and 
the wild type, albeit this was only significant for the mutant. Under 
control conditions, GABA levels were elevated in serf1, while those 
of 2-AB were reduced as compared with wild-type roots.

The tricarboxylic acid (TCA) cycle intermediates showed a 
strong response upon salt treatment, as previously reported in bar-
ley (Table 1).25 Upon salt stress, both wild-type and serf1 roots 
displayed a significant increase in the levels of citrate and cis-
aconitate. In addition, the levels of isocitrate, α-ketoglutarate and 
malate were significantly elevated in serf1 roots under salt stress as 
compared with the wild type, but not when compared with serf1 
control roots. Under control conditions, the level of fumarate was 
increased in serf1 roots as compared with the wild type. In line with 
this, after 24 h of salt stress a significant increase of nearly all TCA 
cycle intermediates in roots of rice was reported.22 Apparently, first 
citrate and cis-aconitate accumulate during salt stress, of which 
citrate constitutes the entry point into the TCA cycle.

The 15 sugars detected by GC-MS did not show any difference 
in abundance upon 3 h of salt stress in roots of the wild type or 
serf1. In contrast, 24 h of salt stress causes a reduction in the level of 
several sugars,22 indicating that salt-related changes in sugar levels 
in the root are relatively slow.

Of the 11 miscellaneous compounds determined, spermine and 
4-coumarate were elevated in serf1 roots under control conditions 
as compared with the wild type. Although spermine levels have 
been shown to increase during abiotic stress, it does not confer 
tolerance but is required during stress recovery.26 Furthermore, 
salt-stressed serf1 roots displayed significantly higher levels of 
indole-3-acetamide and 3-indoleacetonitrile, which are intermedi-
ates of auxin biosynthesis, than the stressed wild type.27

Metabolic responses in leaves after short-term salt stress
Although salt stress is perceived by the root, an inhibition of 

shoot growth occurs within hours in salt-sensitive plants.28 The 
observed rapid increase in leaf temperature in stressed serf1 plants 
as compared with the wild type indicates a rapid decline in leaf 
transpiration due to the closure of stomata.12,29 One outcome of 
the decreased stomatal conductance is a reduced uptake of carbon 
dioxide which leads to reduced photosynthesis.30

In leaves, the level of β-Ala was significantly lowered upon salt 
stress in both the wild type and serf1 (Table 2). In addition, Ala, 
Asp, Gln and 2-AB levels were significantly reduced in the wild 
type upon salt stress, but showed only a slight decrease in serf1 
leaves, which might be due to the lower accumulation of these 
compounds already under control conditions. Furthermore, His, 
Trp and Val levels were decreased in stressed serf1 leaves. On the 
other hand, Gln levels were lowered in serf1 leaves under control 
conditions, while GABA levels significantly dropped during salt 
stress, indicating a differential metabolic response to salinity stress 
in leaves. Although elevated GABA levels are commonly linked 
to stress tolerance, an increased GABA level does not provide salt 
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stress tolerance by itself. Notably, the breakdown of GABA is 
required to provide tolerance toward ionic stress in Arabidopsis.31 
The lower GABA level in serf1 leaves might reflect a more rapid 
turn-over of this metabolite during salt stress.

For the TCA cycle intermediates a significant upregulation of 
isocitrate and α-ketoglutarate was observed in wild-type leaves 

upon salt stress but not in serf1. In contrast, cis-aconitate showed 
significantly decreased levels in serf1 leaves. Furthermore, serf1 
leaves had lower levels of fumarate under control conditions. For 
several plant species it has been demonstrated that fumarate is 
linked to nitrogen assimilation and osmotic adjustment,32 indicat-
ing a potential difference for these processes in serf1.

Data for serf1 (mock and stress) and the wild type under salt stress (100 mM NaCl) are normalized to the mean levels of wild type under control condi-
tions. In addition, the metabolite content of serf1 upon stress is shown, normalized to the mean levels of serf1 mock. Values are presented as means 
± SE of 6 biological determinations. Bold indicates values that were determined by Student’s t test to be significantly different (P≤ 0.05) from the 
control. Orange and green shading indicate significant up – and downregulation, respectively, as compared with controls. Asterisks indicate ABA-
dependent metabolites.21

Table 1. Relative metabolite content in roots of 4-wk-old wild type and serf1 under control conditions and after 3 h of salt stress
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Data for serf1 (mock and stress) and the wild type under salt stress (100 mM NaCl) are normalized to the mean levels of wild type under control 
conditions. In addition, the metabolite content of serf1 upon stress is shown, normalized to the mean levels of serf1 mock. Values are presented as 
means ± SE of 6 biological determinations. Bold indicates values that were determined by Student’s t test to be significantly different (P≤ 0.05) from 
the control. Orange and green shading indicate significant up – and downregulation, respectively, as compared with controls. Asterisks indicate 
ABA-dependent metabolites.21

Table 2. Relative metabolite content in leaves of 4-wk-old wild type and serf1 under control conditions and after 3 h of salt stress
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Under non-stress conditions, no difference in the levels of sug-
ars in roots and leaves was observed between serf1 and wild type. 
Intriguingly, the sugar levels in serf1 leaves already significantly 
declined upon 3 h of salt stress (Table 2), while in the wild type 
even after 24 h of salt stress only a minor effect on sugar levels 
was observed.22 This indicates a specific effect of SERF1 on main-
taining sugar homeostasis under salt stress. Sugars involved in 
major carbohydrate metabolism like fructose, glucose and maltose 
showed a significantly lower level in serf1 leaves but not in the 
wild type. Furthermore, reduced levels of fucose, mannose and 
xylose were observed in serf1 leaves. On the other hand, in the 
wild type, a strong accumulation of the ROS scavenger galactinol 
was detected,33 which did not occur in serf1. The strong reduction 
of sugars in serf1 leaves, indicating reduced carbon dioxide uptake 
and photosynthesis, correlates well with the rapid closure of sto-
mata upon salt stress as determined by infrared thermography.12

Among the miscellaneous compounds, an increase in the level 
of spermine was observed within 3 h of salt stress for the wild type 
but not serf1. We found only a moderate effect of salt stress on 
leaf metabolism after 24 h,22 suggesting that the initial changes in 
metabolism in the wild type observed after 3 h of treatment might 
be in part restored thereafter.

Loss of SERF1 affects the transcriptional response to salt 
stress in leaves

To determine whether SERF1 affects the transcriptional 
response in leaves upon salt stress we tested the expression of 70 
previously identified early salt stress marker genes in the wild type 
and the mutant.12 Of note, SERF1 transcript levels in leaves are 

not affected upon salt stress, suggesting that the observed changes 
might be due to the absence of the SERF1-dependent transcrip-
tional cascade in roots.12 In addition to the response of these genes 
to salt stress, we determined the effect of short-term exposure (30 
min and 3 h) of roots to H

2
O

2
, mannitol (causing osmotic stress) 

or ABA on their expression in leaves. We reasoned that these com-
pounds and/or an osmotic signal might be involved in the root-to-
shoot communication during salt stress.

Interestingly, during the initial response to salt stress we 
found that most of the selected marker genes were downregu-
lated in leaves, which is in contrast to their response in roots.12 
Among the MAPK superfamily genes, 9 responded to salt stress 
in wild-type leaves and 6 in serf1 leaves after 30 min and 3 h of 
treatment. Notably, the direct SERF1 target genes MAPK5 and 
MAP3K6 were not affected in their transcriptional response in the 
mutant background, indicating that SERF1 specifically regulates 
their expression in roots.12 Furthermore, MAP3K4, MAP3K18 
and MAP3K19 showed a similar response in wild-type and serf1 
leaves (Fig. 1A). Of note, application of H

2
O

2
 to roots induced 

the expression of MAPK5, MAP3K4, MAP3K6, MAP3K18, and 
MAP3K19 in leaves, which also responded to salt stress in serf1 
(Fig. 1A). This observation suggests that SERF1 is not essential 
for the propagation of a ROS signal to the shoot. On the other 
hand, MAP3K23 was specifically upregulated in serf1 leaves. In 
addition to being mannitol-responsive, it was shown before to be 
induced upon drought stress.14

Propagation of stress signals from the root involves both ROS 
and calcium signals.11 Here, we tested the expression of genes 

Figure 1. Loss of SERF1 alters the transcriptional response of signaling components in leaves. Expression levels of (A) MAPK signaling genes and (B) 
calcium signaling-related genes were measured in leaves of wild-type and serf1 plants subjected to salt stress for 30 min or 3 h (100 mM NaCl). ACTIN 
(Os03g50885) was used as reference gene. Data represent means ± SE from 3 biological replicates. An asterisk (*) indicates a significant difference 
between treated and control plants (P ≤ 0.05; the Student t test). In the heat map the gene expression under H2O2 (5 mM), ABA (5 µM) or mannitol 
(100 mM) treatment is shown in log2FC relative to the control situation with n = 3. Os06g43030 and Os07g43900 encode protein kinases. WT; wild 
type; FC, fold change.
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encoding calcium-dependent protein kinases (CPKs), calcineu-
rin B-like proteins (CBLs) and CBL-interacting protein kinases 
(CIPKs) (Fig. 1B). CPK4 was significantly induced by salt stress 
in both, serf1 and wild type, while CPK6 showed a significantly 
lower expression in serf1 leaves. On the other hand, CIPK18 was 
significantly downregulated in the wild type and serf1, while the 
expression of CIPK4 only decreased in wild-type leaves, which 
overlapped with the response of this gene to H

2
O

2
 treatment. In 

addition, CBL10 expression was decreased upon salt stress in both 
the mutant and the wild type. Thus, in contrast to roots,12 most 
genes encoding signaling components still respond to salt stress in 
the leaves of serf1.

Long-term salt stress results in the accumulation 
of toxic Na+ levels in the shoot, which impairs plant 
growth and viability.30 The transport of Na+ and K+ is 
performed by different sets of ion channels and trans-
porters. Upon salt stress, a downregulation of genes 
encoding K+ channels was observed in wild-type and 
serf1 leaves, including KAT1 and Os06 g14030 (SKOR) 
(Fig.  2A). Glutamate-like receptor (GLR) genes dis-
played a similar response in wild-type and serf1, with 
the exception of GLR2.8, which was downregulated 
in serf1 (Fig.  2A). The high-affinity K+ transporters 
(HKT) are mainly involved in the transport of Na+ via 
the plasma membrane.34 During the initial response to 
salinity stress, we noticed a downregulation of HKT1 
expression in both wild-type and serf1 leaves (Fig. 2B). 
The downregulation of HKT1 overlapped with the 
initial response of this gene to the treatment of roots 
with H

2
O

2
. In addition, downregulation of HKT6, 

HKT7 and HKT8 was observed in serf1, but not the 
wild type. These downregulated genes were not affected 
by the treatment with mannitol and ABA, but were 
mildly induced by H

2
O

2
, which indicates an altered 

stress perception in serf1. The HAK family represents 
another group of transporters involved in the transport 
of K+.35HAK2, HAK18 and HAK24 were downregu-
lated in leaves of both serf1 and the wild type. However, 
HAK4 and HAK13 were differentially expressed in serf1 
as compared with the wild type.

Wild-type and serf1 leaves strongly responded to 
salt stress with respect to genes encoding aquaporins 
(Fig.  2C). Seven leaf-expressed aquaporin genes had a 
reduced expression upon salt stress in wild-type leaves, 
whereas 10 genes responded in serf1. TIP2–1, TIP4–2, 
PIP1–3 and PIP2-2 were differentially expressed in the 
leaves of the mutant. In contrast to roots, in serf1 leaves 
more proton – and calcium-transporting ATPase genes 
responded than in the wild type (Fig.  2D). ACA7 and 
OVP4 were downregulated in both, wild-type and serf1 
leaves. AHA1 was only downregulated in wild-type plants, 
while the expression for the ER – and vacuole-associated 
ATPase genes (ECA1 and VHA-c4, respectively) was sig-
nificantly decreased in serf1 upon salt stress.

As SERF1 is a direct transcriptional regulator of several 
TF genes in roots,12 we tested the expression of genes cod-

ing for known salt tolerance-promoting TFs (Fig. 3). For most of 
them, H

2
O

2
 treatment of roots resulted in their expressional induc-

tion in leaves, even stronger than observed under salt treatment. 
Among the NAC TFs, SNAC1 was induced in both wild type and 
serf1, while for SNAC2 a partially impaired response was observed 
in serf1 leaves. Furthermore, all thr3ee tested ZFP genes were 
induced in the wild type within 30 min of salt stress, while in serf1 
leaves only ZFP182 responded. In addition, DREB2A and bZIP23 
expression was attenuated in serf1 leaves, while the response of 
AP37 in serf1 was comparable to that of the stressed wild type. 
Besides this, the drought/salt stress marker genes LEA and LEA3 

Figure  2. SERF1 influences the transcriptional response of genes relevant for 
ionic and osmotic homeostasis in leaves. Expression levels of genes encoding (A) 
ion channels, (B) transporters, (C) aquaporins and (D) ATPases were measured in 
leaves of wild-type and serf1 plants subjected to salt stress for 30 min or 3 h (100 
mM NaCl). ACTIN (Os03g50885) was used as reference gene. Data represent means 
± SE from 3 biological replicates. An asterisk (*) indicates a significant difference 
between treated and control plants (P ≤ 0.05; the Student t test). In the heat map 
the gene expression under H2O2 (5 mM), ABA (5 µM) or mannitol (100 mM) treat-
ment is shown in log2FC relative to the control situation with n = 3. The potas-
sium channels SKOR* and SKOR** are encoded by Os04g36740 and Os06g14030, 
respectively. Os06g46670, Os07g01310, Os09g26160 and Os09g31160 encode 
GLRs. CaCA* and CaCA** are encoded by Os11g01580 and Os12g42910, respec-
tively. Os07g26640 encodes an aquaporin. FC, fold change; WT, wild type; GLR, 
glutamate-like receptor; CaCA, calcium cation antiporter.
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exhibited a rapid induction in wild-type leaves but an attenuated or 
no response in the mutant (Fig. 3).

Discussion

We previously showed that SERF1 controls the initial transcrip-
tional response of the root toward salt stress in a ROS-dependent 
manner.12 Here, we reveal that the impaired salt stress tolerance in 
serf1 is characterized by a rapid decrease in carbohydrate (sugar) 
content of the leaves during the early phase of salt stress. As the 
roots of serf1 mutant plants exhibit a ROS burst upon salt stress, 
we expected that root-to-shoot communication during salt stress 
should still be intact.11,12 However, the increase in leaf tempera-
ture of serf1 plants within 20 min of salt stress indicates that the 
leaves of the mutant perceive salt stress or execute the response to 
salt stress in a different manner than those of the wild type.12 The 
metabolite and expression profiles of roots and shoots upon salt 
stress display several features that suggest an altered root-to-shoot 
signal involving an ABA-independent component, potentially 
ROS. Furthermore, the rapid decline in sugars might be symptom-
atic to the salt sensitivity of serf1, as sugars not only act in energy 
metabolism but also function as osmoprotectants.36

The rapid increase in leaf temperature observed in serf1 mutant 
plants under salt stress is most likely the consequence of stomatal 
closure.12 As ABA is the major phytohormone that controls stoma-
tal closure during abiotic stress,37 ABA might also be related to a 
different perception of salt stress by serf1 leaves. The effect of ABA 
on the metabolic profile during abiotic stress is well documented, 
allowing distinction of ABA-dependent and – independent meta-
bolic changes.21 The roots of salt-stressed serf1 and wild-type plants 
both showed an increase in the levels of Ile, Leu and Tyr, which 
are ABA-dependently regulated metabolites. On the other hand, 
metabolites that are regulated ABA-independently, like citrate and 
Gly, were affected in their response in serf1 (Table 1). Also in leaves, 
mainly ABA-independent metabolites were affected by the loss of 
SERF1, including GABA, citrate, galactinol and xylose (Table 2). 
These data fit with the observation that the growth response of 
serf1 toward ABA treatment is similar to that of the wild type.38 
Furthermore, in roots, mainly the response of H

2
O

2
-responsive 

genes is impaired in serf1, but not of those controlled by ABA.12 
Thus, the differential perception of salt stress in leaves seems to 
occur independent from ABA. In this respect it is important to 
note that ABA-induced stomatal closure requires the formation 
of ROS.37 Therefore, the rapid increase in leaf temperature might 
primarily be the consequence of altered ROS signaling. However, 
SERF1 does not affect the ROS burst itself and presumably also 
not the cell-to-cell propagation of the ROS signal.11,12

Since SERF1 is not induced in leaf tissues during short-term 
exposure to salt or H

2
O

2
,12 we expected that any observed differ-

ence in the transcriptional response in leaves is the consequence 
of an altered root-to-shoot signal. In roots, SERF1 is required for 
the expression of MAPK cascade genes. However, in leaves of both 
the wild type and serf1 most MAPK genes responded to salt stress, 
including MAP3K6 and MAPK5, which are directly activated by 
SERF1 in the root (Fig. 1A).12 Interestingly, application of H

2
O

2
 

to roots induced the expression of MAPK5, MAP3K4, MAP3K6, 

MAP3K12, MAP3K18 and MAP3K19 in leaves. As in serf1 leaves 
all these genes responded similarly to the wild type under salt stress 
(Fig. 1A), it supports the idea that SERF1 is not required for the 
cell-to-cell propagation of the ROS signal from the root to the 
shoot. Still, as discussed below, several ROS-responsive genes were 
affected in serf1. Moreover, ABA treatment of roots hardly affected 
the expression of salt-responsive genes in leaves, supporting the 
notion that ABA does not act as a long-distance signal during salt 
stress.19 In addition, previous studies suggested the existence of a 
hydraulic signal that is required for the root-to-shoot communica-
tion during water deficit.19 In this sense, it is interesting to note 
that only in serf1 leaves the osmotic stress-related MAP3K23 gene 
was induced (Fig. 1A).14 In agreement with this is the finding that 
among the salt-responsive genes tested in roots, only aquaporin 
genes are more responsive in serf1 than the wild type.12

Although ionic stress is not expected to occur within the initial 
phase of salt stress,30 we found that several of the H

2
O

2
-inducible 

HKT genes (HKT6, HKT7, and HKT8) are specifically down-
regulated in serf1 leaves (Fig. 2). HKT transporters can function as 
high-affinity Na+ transporters in rice. To prevent Na+ influx dur-
ing salt stress, HKT1 (OsHKT2;1) expression is downregulated,39 
which we also observed here for the wild type and serf1. HKT6 
(OsHKT1;3) has been shown to be permeable for Na+ but not 

Figure 3. Effect of SERF1 on the expressional response of transcription 
factor genes in leaves. Expression levels of transcription factor genes 
and salt stress markers were measured in leaves of wild-type and serf1 
plants subjected to salt stress for 30 min or 3 h (100 mM NaCl). ACTIN 
(Os03g50885) was used as reference gene. Data represent means ± SE 
from 3 biological replicates. An asterisk (*) indicates a significant differ-
ence between treated and control plants (P ≤ 0.05; the Student t test). 
In the heat map the gene expression under H2O2 (5 mM), ABA (5 µM) or 
mannitol (100 mM) treatment is shown in log2FC relative to the control 
situation with n = 3. WT; wild type; FC, fold change.
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K+, however, its biological role is not clear yet.40 The additional 
downregulation of HKT8 (SKC1) in serf1 is rather surprising as 
it provides salinity tolerance by maintaining K+ homeostasis in 
the shoot.41 The differential expression of the HKT genes in serf1 
leaves suggests an early adaptation of ion homeostasis.

Similar to MAPK encoding genes, most of the tested TF genes 
were found to be upregulated in leaves upon treatment of roots 
with H
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2
. Again, in comparison to roots, the majority of the 

tested TF genes was still induced in the leaves of serf1 under salt 
stress (Fig. 3). However, 2 ROS-responsive zinc-finger TF genes, 
ZFP179 and ZFP252, were not induced in serf1 leaves. Previously, 
we showed that ZFP179 is a direct target of SERF1.12 Moreover, 
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which is also impaired in serf1.12,16 In addition, the ZFP179-
regulated gene LEA3 is not responding in serf1 leaves (Fig.  3). 
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cated by the differential expression of the majority of the ROS-
responsive genes, the mechanism that controls the expression of 
ZFP179 might be distinctly different.

Here, we analyzed the contribution of the SERF1 signaling 
cascade to root-to-shoot communication during salt stress in rice. 
Our data indicate that SERF1-dependent signaling occurs inde-
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shoot still occurs and appears to cause a partially stronger osmotic 
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genes responded in serf1 leaves. Whereas SERF1 is essential for 
the expression of ROS-responsive genes during salt stress in the 
root, its effect on the transcriptional response of the shoot is less 
prominent.

Materials and Methods

Plant material and growth conditions
Homozygous SERF1 knockout plants (serf1) were grown as 

described previously.12 Treatment of hydroponically-grown trans-
genic lines with salt (100 mM NaCl), ABA (5 µM), mannitol (100 
mM) or H

2
O

2
 (5 mM) was performed as described.12

Metabolic profiling analysis
Rice tissue (roots and leaves) were harvested after 3 h of 
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spectrometry (GC-MS) analysis were performed as reported.42 
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RNA extraction and qRT-PCR
RNA isolation and cDNA synthesis for expression profil-

ing on root and leaf tissues were performed as described previ-
ously.45 Three biological replicates were used for each experiment. 
Oligonucleotide sequences for expression profiling of early salt-
responsive marker genes and TF genes with a known role in salt 
tolerance can be found in Schmidt et al.12
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