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As much as there is known about 
the function of the sodium/proton 

antiporter SOS1 in plants, recent stud-
ies point towards a more general role for 
this protein. The crucial involvement in 
salt stress protection is clearly one of its 
functions—confined to the N-terminus, 
but the modular structure of the pro-
tein includes a segment with several 
domains that are functionally not stud-
ied but comprise more than half of the 
protein’s length. Additional functions of 
the protein appear to be an influence on 
vesicle trafficking, vacuolar pH and gen-
eral ion homeostasis during salt stress. 
Eliminating SOS1 leads to the expres-
sion of genes that are not strictly salinity 
stress related. Functions that are regu-
lated in sos1 mutants included patho-
gen responses, and effects on circadian 
rhythm.

SOS1 (Salt Overly Sensitive 1) is known 
as a crucial component in the defense 
of plants against sodium ions that have 
entered the cytoplasm. The gene encodes a 
proton/sodium-antiporter whose absence 
drastically increases salt sensitivity of the 
salt-sensitive species, Arabidopsis thali-
ana. Even more interesting is the fact that 
RNAi-interference with SOS1 in a natu-
rally salt tolerant species, Thellungiella 
salsuginea converts this halophyte into a 
plant with pronounced glycophytic char-
acters.1,2 Recently, we have pointed out 
that SOS1 appears to have additional 
function.3 We back this conclusion by 
outlining the function of genes and 

pathways that are affected when SOS1 is 
either mutated by T-DNA insertion or by 
the reduction of SOS1 transcripts through 
RNAi-interference.

On the level of intracellular physiology, 
upregulated in wild type are SOS1 and 
several calcium channels, while moderate 
downregulation is observed for AQPs, and 
the TPK1 and HKT1 potassium channels 
(reviewed in ref. 3). In part, such changes 
have been observed before.4 This behavior 
in wild type plants depends on the severity 
of the salt stress; only at very high con-
centrations of sodium in wild type can we 
observe stronger responses in gene expres-
sion changes that have been interpreted as 
chaotic before.5

On the level of cell organization and 
growth, the consequences of SOS1 defi-
ciency manifested themselves in the dis-
turbance of specific functions. Over time 
during salt stress the vacuoles disintegrated 
into small spherical bodies, while the 
plasma membrane barrier showed gradual 
degradation. Another consequence of salt 
stress in the mutant was cessation of mem-
brane trafficking. The pH of vacuoles and 
cytosol in the atsos1 lines are approxi-
mately 0.5 pH units more acidic than in 
wild type and vacuoles contained higher 
concentrations of calcium ions in mutant 
plants. At this stage, the disturbance could 
well be interpreted as a general breakdown 
of metabolism and gene expression, but a 
closer inspection revealed otherwise.

The absence of SOS1 in the atsos1 
mutant line of Arabidopsis affected a 
large number of other ion channels, 
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present as one example the gene network 
that surrounds the strongly upregulated 
CNGC19 gene, encoding a calmodulin-
binding cyclic nucleotide gated channel. 
Recently, CNGC19 has been associated 
with the classical salt stress response in 
Arabidopsis.10 However, at high statisti-
cal significance, CNGC19 expression is 
correlated with genes that in their major-
ity are not associated with abiotic stresses 
(Fig. 1). Rather, the structure and com-
plexity of the network graph suggests that 
CNGC19 is transcriptionally coupled, 
in addition to a large number of func-
tionally unknown genes, to functions 
in disease sensing and resistance, redox/
ROS reactions and protein metabolism  
(Fig. 1). Preliminary data indeed sug-
gest that SOS1 deficiency alters pathogen 
responses in sos1 mutants (Ali Z, Kim 
W-Y and Yun D-J, unpublished). In gen-
eralizing, integrating transcript behavior 
in networks (which in the future should 
be expanded to include other ‘omics’ 
approaches) can provide clues about cross-
talk between different pathways that can 
lead to new hypotheses. Specifically, that 
SOS1 includes functions that exceed its 
primary role as an antiporter in salt stress 
tolerance reactions has been indicated 
before.11,12 It is highly likely that the com-
plex structure of the large SOS1 protein is 
involved in more than one function.
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including calcium transporters and sev-
eral NHX-type channels. These functions 
are strongly upregulated (reviewed in ref. 
3). Much more strongly downregulated 
in the mutant than in the wild type were 
HKT1, and several other K+-transporters, 
and AQPs. Also, we observed a significant 
downward adjustment in the expression 
of a number of plasma-membrane and 
tonoplast proton ATPases that were not 
affected in wild type (reviewed in ref. 3). 
The effect of salt stress in the sos1 mutant, 
leading to downregulation of the vacuolar 
H+-PPase AVP1,3 underscored an earlier 
observation, which had indicated that 
overexpression of AVP1 improved salt 
tolerance in Arabidopsis.6 The apparent 
compensation of the stress-dependent dis-
turbances experienced by the Arabidopsis 
mutant lines pointed towards a more gen-
eral function for SOS1.

To highlight such functions, we 
used analysis of transcript co-expres-
sion partial-correlation network of the 
Arabidopsis transcriptome. The program 
used some 2,000 microarray datasets col-
lected for plants during development, 
recorded expression in different tissues 
and included changes in gene expression 
under a variety of environmental chal-
lenges.7,8 Using strongly regulated genes 
in atsos1 mutants in comparison to wild 
type as input,3,9 we highlighted the con-
text in which these genes are expressed 
in plants. In several cases, the analysis 
highlights structures in the gene net-
works that appear to point towards a 
relationship between SOS1 integrity and 
circadian rhythmicity and flowering/
terminal growth (not shown). Here, we 
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Figure 1. Transcriptional network associated with ATCNGC19. The transcriptional network records correlation of expression using an algorithm that 
establishes partial correlation between the expression characteristics of any pair of genes in relation to the correlation of these genes with all other 
genes in the dataset. The figure shows the network at the highest level of stringency that sorted some 9,000 genes into a network. When probing for 
correlations of genes with ATCNGC19, the resulting network graph showed the presence of genes in functional categories that are related to disease 
resistance, protein turnover, auxin metabolism, and redox/ethylene signaling, next to a surprisingly large number of functionally unknown genes. In-
formation about the network and lists of genes can be retrieved by using the command ‘sub(“ATCNGC19”,2)’ in the R-based GGM workspace included 
in Ma et al.7


