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Salinity stress is one of the major abiotic factors affecting plant growth and distribution 
of plant species. Plant survival in saline conditions relies upon the activation of 
early signaling responses and the genetic background of the plant, which tune plant 
acclimation and morphological adaptations. In this thesis, the effect of salinity on plants 
was studied from various perspectives: from the mechanisms behind early phospholipid 
signaling (Chapter 2), through natural variation in morphological adaptations in 
shoot (Chapter 4) and root (Chapters 5 and 6) tissue, to contribution of salt stress 
experienced in situ and adaptation of Dutch Arabidopsis accessions to salinity (Chapter 
3). The major findings presented in this thesis are that salinity tolerance is tightly linked 
to plant development (Chapter 4 and 6) and that by dissecting plant morphology 
into discrete units and describing the growth dynamics with simple growth functions, 
the distinct strategies in response to salt stress can be identified (Chapter 5). Here I 
will discuss how salt-induced changes in root system architecture (RSA) and natural 
variation observed therein provide a framework for future experiments. 

It’s complicated – relationship between RSA and salt stress tolerance 

Results collected on sodium accumulation, plant survival and root / shoot development 
of Arabidopsis accessions (Baxter et al., 2010; Katori et al., 2010, Chapters 4 and 
5) do not allow identification of correlations between plant morphology, sodium 
accumulation and salinity tolerance due to the variation in the experimental set ups used 
as well as large genetic variation in populations of Arabidopsis accessions studied. The 
architecture of the root is likely to affect the development of the shoot in control and 
saline conditions (Pierik and Testerink, 2014). In the majority of salt overly sensitive 
mutants, reduced root development corresponds to increased salt stress sensitivity (Wu 
et al., 1996a; Liu et al., 2000; Jiang et al., 2013). A number of studies in different plants 
implicate the role of lateral roots (LRs) in salt stress tolerance. Studies in rice suggest 
an important role for LR formation and emergence in sodium exclusion, as the Na+ 
ions were observed to sneak through LR branching sites, suggesting that plants with a 
reduced number of LRs would have an advantage in terms of efficient Na+ exclusion 
(Faiyue et al., 2010a; Faiyue et al., 2010b). Although the molecular regulation of LR 
emergence ensures minimal damage in the apoplastic barrier (Vermeer et al., 2014), 
the root branching sites might be the weakest spots for apoplastic ion exclusion. 
Additionally, the expression pattern of the sodium transporter HKT1 suggests efficient 
ion compartmentalization to occur in the root stele of fully maturated roots (Maser et 
al., 2002; Sunarpi et al., 2005). Taking those results together, one might expect that RSA 
with relatively few but longer LRs might be the most successful strategy in sodium 
exclusion and compartmentalization in the root stele. 

The natural variation in RSA development observed under control conditions is 
an additional developmental factor controlling salt stress responses (Table 1, Chapter 
6). In order to examine the effect of RSA on salinity tolerance, we first analyzed the salt-
specific alteration of plant development. We studied the dynamics of RSA development 
(Chapter 5) and salt stress-induced changes in RSA by normalizing for the differences 
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at control conditions. This approach allowed us to identify four major strategies of 
Arabidopsis accessions, which largely correspond to changes in Na+/K+ ratio upon salt 
stress (Fig. 6, Chapter 5). In this case, the plants with many short LRs showed the 
smallest increase of Na+/K+ ratio upon salt stress exposure. The inhibition of LR growth 
observed on this time scale could be due to prolonged quiescent phase of LRs. The 
relationship between growth quiescence and salinity tolerance was illustrated in earlier 
studies, where stabilization of DELLA proteins resulted in enhanced salinity tolerance 
(Achard et al., 2008), while the release of initial LR quiescence in abi1-1 mutants resulted 
in growth collapse in the later stages of salinity stress (Duan et al., 2013).  Further 
validation of this relationship under transpiring conditions as well as identification of 
allelic variation responsible for different RSA strategies will allow better understanding 
of RSA contribution to salinity tolerance and identification of beneficiary RSA traits for 
sodium exclusion and salinity tolerance. The correlation between RSA strategies and 
ion accumulation implies that the mechanisms involved in LR quiescence, rather than 
LR emergence, are crucial for the RSA derived salinity tolerance.

Using RSA to dissect different aspects of salt stress physiology 

The physiology of salt stress acclimation is composed of two steps: 1) early signaling 
leading to initial growth arrest and 2) transcriptional reprograming leading to changes 
in plant physiology and morphology contributing to growth recovery (Roy et al., 2014). 
Whereas early responses are thought to rely on the osmotic effect of salt stress, which is 
independent of shoot sodium accumulation, the growth recovery is generally considered 
to rely on efficient ion compartmentalization and balance between Na+ and K+ ions. In 
the light of recently published work and work presented in this thesis, the responses of 
RSA can be also grouped according to those different aspects of salinity stress.

The induction of growth quiescence is thought to be independent of sodium 
buildup in the shoot tissue and rely on early signaling (Roy et al., 2014). Like salt 
stress, drought stress also induces growth quiescence. Drought stress-induced growth 
quiescence is initiated through increased levels of ethylene. Ethylene activated 
transcription factors ERF6 and ERF7 induce transcription of the gibberellin-degrading 
enzyme Gibberellin 2 - Oxidase 6 (GA2ox6) (Dubois et al., 2013). Although an 
ERF6/ERF7 double mutant exhibited lower growth inhibition than wild-type plants 
in drought conditions, no differences were observed for salt stressed plants (Dubois 
et al., 2013). Salt stress-induced quiescence does rely on repression of gibberellin 
signaling pathway, but is acquired through ABI1-dependent stabilization of DELLA 
proteins (Achard et al., 2006b; Duan et al., 2013; Geng et al., 2013). Interestingly, we 
observed ABA-independent reduction in growth when the PA-binding domain (PABD) 
of SnRK2.4/2.10 was overexpressed (Fig. 5, Chapter 2). As the PABD overlaps with 
an abiotic stress domain identified in all SnRK2, the reduction in LR development 
might be caused by over-activation of stress signaling. To determine the mechanisms 
underlying ABA-independent growth repression we currently aim at identification 
of upstream and downstream molecular partners of SnRK2.4 / 2.10 by co-immuno 
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precipitation or phosphoproteomics approaches. Alternatively, studying the molecular 
mechanisms behind negative halotropic response will lead to identification of the early 
components in salt stress signaling. As opposed to many other early responses, the 
directional growth in the halotropic response is Na+-specific and due to internalization 
of auxin transporters, depending on the activation of PLD. The identification of signals 
upstream of this response might shed more light on early signaling and sodium-sensing 
machinery. 

Growth recovery is generally assumed to depend on the sodium accumulation 
in shoot tissue, as the damage to photosynthetic machinery by Na+ limits plant growth 
potential. However, we observed that the recovery of growth differed between individual 
RSA components (Chapter 5). Although the quiescence in MR and LR is regulated by 
ABI1-dependent DELLA stabilization (Achard et al., 2006a; Duan et al., 2013), the 
duration of the quiescent phase is approximately ten times longer for newly emerged 
LR than for the main root (MR) (80 versus 7 hours), and endodermal silencing of ABI1 
does not prevent MR quiescence (Duan et al., 2013; Geng et al., 2013). This suggests 
that the differential growth observed in Chapter 5 could be either due to the duration of 
the quiescence phase or the extent of growth recovery. The mechanisms responsible for 
differential growth regulation could be due to local differences in sodium accumulation 
between the individual components of RSA. As sodium ions are scavenged from the 
xylem sap in the root pericycle by HKT1 (Maser et al., 2002; Sunarpi et al., 2005), 
the increased sodium accumulation is likely to occur along the differentiated xylem 
vessels in root pericycle rather than in the MR meristem, thereby inhibiting LR growth 
to a greater extent. This hypothesis is supported by overexpression of HKT1 in C24 
background, where enhanced sodium extraction from the xylem resulted in reduced 
development of LRs but not MR (Fig. 5 D, Chapter 7). Other mechanisms, different 
from sodium accumulation might be also important for differential growth regulation, 
as the sensitivity of MR and LR meristems to ABA and ethylene differs not only 
between the meristems but also between individual accessions (Nd-1 and Col-0, Fig. 6 
C, Chapter 5, Duan et al., 2013). Growth recovery and differential growth regulation 
leading to morphological changes depending on hormone level / sensitivity, local 
sodium accumulation and signaling sensitivity remain to be established. The concept 
of differential regulation of RSA dynamics is novel and pioneering results in Chapter 
5 are to be further exploited by using natural variation and available genetic tools to 
determine molecular players in the observed strategies among the accessions.

Potassium starvation is often seen as one of the aspects of Na+ toxicity, yet 
the consequences of K+ starvation occur before sodium concentrations reach critical 
concentrations in the leaf tissue. The plant roots suffer of temporal K+ depletion 
immediately after exposure to salt stress due to K+ efflux (Demidchik and Maathuis, 
2007). Potassium levels are restored through activation of the potassium channel 
AKT1 in the short term (Hirsch et al., 1998), however the mechanisms guiding the 
maintenance of Na+/K+ ratio in the later phases of salinity stress remain tentative. 
Interestingly, K+-starvation by itself reduces root slanting (Kellermeier et al., 2014) 
which is also observed upon exposure to salt stress (Fig. S1, Chapter 5). QTL analysis 
of RSA responses to K+-starvation revealed one locus on chromosome 1 corresponding 
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to MR angle (Kellermeier et al., 2013), however the underlying genes are yet to be 
identified through further fine mapping. Interestingly, the akt1 mutant showed reduced 
MR slanting under control conditions, further suggesting that root slanting is a read-
out of potassium acquisition. The importance of K+ starvation in salt stress responses 
can be illustrated by the alleviation of salt hypersensitivity in SOS mutants through 
supplementing the salt stressed plants with additional potassium (Wu et al., 1996b; 
Zhu et al., 1998) as well as increased salt tolerance in polyploid plants with enhanced 
potassium acquisition (Chao et al., 2013). We showed that plants overexpressing HKT1 
in root stele cells (Moller et al., 2009) were severely impaired in LR formation and 
elongation upon salt stress treatment, due to increased levels of salt stress in those 
cell types (Fig. 5 D, Chapter 6). Supplementing additional potassium complemented 
the LR development above transfer point in the HKT1 overexpressing lines (Fig. 6, 
Chapter 6). Those results imply that the recovery of established LR depends on the 
Na+/K+ ratio of the plant rather than sodium toxicity itself. Supplementing potassium 
did not rescue LR development below transfer in the HKT1 overexpressing lines or MR 
growth in Col-0 background line (Fig. 6 and Fig. S7 B, Chapter 6), suggesting that 
these aspects of Na+ toxicity are independent of potassium starvation. It is still to be 
determined whether K+-starvation dependent and independent mechanisms modifying 
RSA development rely on ABA induced growth quiescence / recovery or are processed 
through an alternative signaling machinery. The results presented above illustrate how 
specific RSA traits and dynamics therein could be employed in deciphering individual 
aspects of salt stress. 

Concluding remarks 

Salinity stress is widely described to reduce plant growth and to affect plant 
development. However, the impact of salt stress on growth of individual plant organs 
differs in the severity of growth inhibition, resulting in altered plant morphology. 
Identification of phenotypic traits with limited genetic complexity and strong correlation 
to salinity tolerance is crucial for successful discovery of novel candidate genes and 
allelic variation therein. The results presented here suggest that relative changes in 
growth morphology rather than the size of individual organs is underlying salt stress 
acclimation. The model presented in Chapter 5, dissecting RSA into few components 
and describing the growth dynamics, could be extrapolated to the shoot tissue for more 
efficient identification of salt specific modification in plant morphology. More precise 
quantification of growth responses will further establish whether differentiation in 
organ growth rates is due to variation in lengths of the quiescent phases or rather caused 
by differential recovery extent of growth rates. Although quantification of growth 
dynamics is time consuming and requires excellent analytical software, it provides 
more insight in the factual changes of plant morphology and stress responses therein. 
The advances in phenotyping software (http://www.plant-image-analysis.org/), analysis 
of plant growth dynamics and identification of novel morphological responses will 
allow deeper understanding of morphological reprogramming in response to salinity 
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and other stresses. In the studies using natural accessions or mutant populations it is 
important to not only focus on genetics behind the salinity tolerance, but also to identify 
the strategies that plants use to acclimate, depending on the developmental stage at the 
moment of salt stress application and their sensitivity to salt stress. Studying plant 
growth reprogramming will bring us closer to understanding the link between changes 
in morphology and salt stress tolerance. 

References

Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, Moritz T, Van Der Straeten D, Peng J, Harberd NP (2006a) 
Integration of plant responses to environmentally activated phytohormonal signals. Science 311: 91–94

Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, Moritz T, Van Der Straeten D, Peng JR, Harberd NP 
(2006b) Integration of plant responses to environmentally activated phytohormonal signals. Science 311: 
91–94

Achard P, Renou J-P, Berthomé R, Harberd NP, Genschik P (2008) Plant DELLAs Restrain Growth and Promote 
Survival of Adversity by Reducing the Levels of Reactive Oxygen Species. Current Biology 18: 656–660

Baxter I, Brazelton JN, Yu D, Huang YS, Lahner B, Yakubova E, Li Y, Bergelson J, Borevitz JO, Nordborg M, et al 
(2010) A Coastal Cline in Sodium Accumulation in Arabidopsis thaliana Is Driven by Natural Variation 
of the Sodium Transporter AtHKT1;1. PLoS Genetics 6: e1001193

Chao D-Y, Dilkes B, Luo H, Douglas A, Yakubova E, Lahner B, Salt DE (2013) Polyploids Exhibit Higher Potassium 
Uptake and Salinity Tolerance in Arabidopsis. Science 341: 658–659

Demidchik V, Maathuis FJM (2007) Physiological roles of nonselective cation channels in plants: from salt stress to 
signalling and development. New Phytol 175: 387–404

Duan L, Dietrich D, Ng CH, Chan MY, Bhalerao R, Bennett MJ, Dinneny JR (2013) Endodermal ABA Signaling 
Promotes Lateral Root Quiescence during Salt Stress in Arabidopsis Seedlings. The Plant Cell 25: 324–
341

Dubois M, Skirycz A, Claeys H, Maleux K, Dhondt S, De Bodt S, Vanden Bossche R, De Milde L, Yoshizumi T, 
Matsui M, et al (2013) Ethylene Response Factor6 acts as a central regulator of leaf growth under water-
limiting conditions in Arabidopsis. Plant Physiology 162: 319–332

Faiyue B, Al-Azzawi MJ, Flowers TJ (2010a) The role of lateral roots in bypass flow in rice ( Oryza sativaL.). Plant 
Cell Environ 33: 702–716

Faiyue B, Vijayalakshmi C, Nawaz S, Nagato Y, Taketa S, Ichii M, Al-Azzawi MJ, Flowers TJ (2010b) Studies on 
sodium bypass flow in lateral rootless mutants lrt1and lrt2, and crown rootless mutant crl1of rice ( Oryza 
sativaL.). Plant Cell Environ. doi: 10.1111/j.1365-3040.2009.02077.x

Geng Y, Wu R, Wee CW, Xie F, Wei X, Chan PMY, Tham C, Duan L, Dinneny JR (2013) A Spatio-Temporal 
Understanding of Growth Regulation during the Salt Stress Response in Arabidopsis. The Plant Cell 25: 
2132–2154

Hirsch RE, Lewis BD, Spalding EP, Sussman MR (1998) A role for the AKT1 potassium channel in plant nutrition. 
Science 280: 918–921

Jiang C, Belfield EJ, Cao Y, Smith JAC, Harberd NP (2013) An Arabidopsis soil-salinity-tolerance mutation confers 
ethylene-mediated enhancement of sodium/potassium homeostasis. The Plant Cell 25: 3535–3552

Katori T, Ikeda A, Iuchi S, Kobayashi M, Shinozaki K, Maehashi K, Sakata Y, Tanaka S, Taji T (2010) Dissecting 
the genetic control of natural variation in salt tolerance of Arabidopsis thaliana accessions. Journal of 



7

165

Experimental Botany 61: 1125–1138

Kellermeier F, Armengaud P, Seditas TJ, Danku J, Salt DE, Amtmann A (2014) Analysis of the Root System 
Architecture of Arabidopsis Provides a Quantitative Readout of Crosstalk between Nutritional Signals. 
The Plant Cell 26: 1480–1496

Kellermeier F, Chardon F, Amtmann A (2013) Natural Variation of Arabidopsis Root Architecture Reveals 
Complementing Adaptive Strategies to Potassium Starvation. Plant Physiology 161: 1421–1432

Liu J, Ishitani M, Halfter U, Kim CS, Zhu JK (2000) The Arabidopsis thaliana SOS2 gene encodes a protein kinase 
that is required for salt tolerance. Proc Natl Acad Sci U S A 97: 3730–3734

Maser P, Eckelman B, Vaidyanathan R, Horie T, Fairbairn DJ, Kubo M, Yamagami M, Yamaguchi K, Nishimura M, 
Uozumi N, et al (2002) Altered shoot/root Na+ distribution and bifurcating salt sensitivity in Arabidopsis 
by genetic disruption of the Na+ transporter AtHKTI1. Febs Letters 531: 157–161

Moller IS, Gilliham M, Jha D, Mayo GM, Roy SJ, Coates JC, Haseloff J, Tester M (2009) Shoot Na+ Exclusion 
and Increased Salinity Tolerance Engineered by Cell Type-Specific Alteration of Na+ Transport in 
Arabidopsis. The Plant Cell 21: 2163–2178

Pierik R, Testerink C (2014) The art of being flexible: how to escape from shade, salt and drought. Plant Physiology 
166: 5 - 22

Roy SJ, Negrão S, Tester M (2014) Salt resistant crop plants. Current Opinion in Biotechnology 26: 115–124

Sunarpi, Horie T, Motoda J, Kubo M, Yang H, Yoda K, Horie R, Chan W-Y, Leung H-Y, Hattori K, et al (2005) 
Enhanced salt tolerance mediated by AtHKT1 transporter-induced Na+ unloading from xylem vessels to 
xylem parenchyma cells. The Plant Journal 44: 928–938

Vermeer JEM, Wangenheim von D, Barberon M, Lee Y, Stelzer EHK, Maizel A, Geldner N (2014) A Spatial 
Accommodation by Neighboring Cells Is Required for Organ Initiation in Arabidopsis. Science 343: 
178–183

Wu SJ, Ding L, Zhu JK (1996a) SOS1, a Genetic Locus Essential for Salt Tolerance and Potassium Acquisition. The 
Plant Cell 8: 617–627

Wu SJ, Ding L, Zhu JK (1996b) SOS1, a Genetic Locus Essential for Salt Tolerance and Potassium Acquisition. The 
Plant Cell 8: 617–627

Zhu JK, Liu J, Xiong L (1998) Genetic analysis of salt tolerance in arabidopsis. Evidence for a critical role of 
potassium nutrition. The Plant Cell 10: 1181–1191


