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Chapter 1

General Introduction
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How flexibility enables increased abiotic stress tolerance 
Plants are flexible organisms, with the potential to develop a plethora of morphological 
variants depending on the growth conditions to which they are exposed. This 
morphological flexibility enabled plants to colonize almost every corner of the globe 
and to survive in the harshest conditions. Our tribal ancestors exploited the flexibility of 
plants by developing the first agricultural systems in various environmental conditions. 
Today modern agriculture and elite crop varieties provide food and renewable energy 
resources for the entire world population. However, with the ever-growing human 
population the demand for food is constantly on the rise, while the arable grounds are 
becoming scarce due to urbanization, irresponsible agricultural activities in the past and 
climate change (FAO, 2012). In order to meet future demands, an increase in plant yield 
in environmentally harsh conditions is essential. 

An increase in soil salinity is one of the major abiotic factors limiting the 
yield of elite crop varieties and causing loss of arable areas. Halophytes developed 
functional and structural adaptations, e.g. excretion of salt through secretory glands, 
which enable them thrive in saline environments (Poljakoff-Mayber and Gale, 1975). 
Majority of the plants are glycophytes, which are not able to withstand high levels of 
salt stress and do not have morphological structures allowing salt excretion. However, 
natural variation observed between as well as within the plant species (Munns and 
Tester, 2008; Katori et al., 2010) is a valuable resource for breeding for salinity 
tolerance. Populations composed of natural accessions of model and crop glycophytic 
species, such as Arabidopsis, rice and maize, are now broadly used for Genome Wide 
Association Studies (GWAS). Intra-specific variation can also be a valuable source of 
allelic variation in previously characterized molecular players, leading to new insights in 
the salinity tolerance mechanisms. In order to produce new crop varieties, with reliable 
and high yield in saline environments, the physiology and allelic variation tuning the 
morphological adaptations to salinity stress need to be understood.

Salt stress limits plant growth by increasing the osmotic potential of the soil 
and decreasing water uptake. Hyper-accumulation of sodium ions can additionally 
compromise plant growth by reducing the rate of photosynthesis if the ions are not 
compartmentalized at the cellular or intercellular level. Growth of individual plant 
organs is reduced by salinity stress with varying magnitude leading to altered general 
plant morphology, such as change in root to shoot ratio. Salt induced changes in plant 
morphology are likely to affect plant performance under saline conditions. Recent 
discoveries in the field of salt stress physiology provide increased understanding of 
plant acclimation responses resulting in altered plant development and ultimately 
increased salinity stress tolerance. In this chapter I summarize the signaling pathways 
crucial for early salt stress signaling and the acclimation responses leading to altered 
plant morphology. 

First aid – early signaling responses to salt stress
The first reactions of a plant to salinity take place within seconds upon exposure of roots 
to NaCl. The schematic overview of early signaling responses is presented in Figure 
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1. Sodium ions enter the root cortical cells through Voltage Independent Non-Selective 
Cation Channels (VI-NSCCs) (reviewed in Demidchik and Maathuis, 2007). The influx 
of Na+ ions induces depolarization of the plasma membrane, activating Depolarization 
Activated NSCCs (DA-NSCCs) which allow further Na+ influx (Demidchik and 
Maathuis, 2007). Depolarization of the plasma membrane also increases leakage of 
potassium ions through depolarization-activated potassium (K+) outward-rectifying 
channels (KOR) and reduces passive potassium uptake through inward-rectifying K+ 
channels (Shabala and Cuin, 2008), resulting in transient K+ depletion. High sodium 
levels in the soil result in water loss and reduction in turgor pressure. Changes in turgor 
are sensed by a mechano-sensitive receptor kinase cyclase, resulting in rapid (< 5s) 
accumulation of cGMP, which inhibits sodium influx by deactivation of NSCC channels 
(Maathuis and Sanders, 2001). Accumulation of cGMP is also thought to underlie 
initial calcium (Ca2+) signal mobilization through activation of Cyclic Nucleotide Gated 
Channels (CNGC) (Donaldson et al., 2004) allowing influx of apoplastic Ca2+ into 
the cytosol. The initial increase in cytosolic Ca2+ elicits further signal magnification 
through activation of Slow-activating Vacuolar / Two Pore Channel 1 (SV/TPC1) and 
release of vacuolar Ca2+ (Peiter et al., 2005). Mobilization of vacuolar Ca2+ is crucial for 
propagation of the Ca2+ signal in cortex and endodermis layers of the roots, as knock-out 
mutants in TPC1 are impaired in Ca2+ wave formation (Choi et al., 2014). High cytosolic 
Ca2+ activates Ca2+/CaM dependent kinases, which stimulate a.o. plasma-membrane H+-
ATP-ases, restoring membrane voltage and further inhibiting DA-NSCCs (Shabala et 
al., 2006; Sun et al., 2010). 

The production of another important signal for salinity stress - Reactive 
Oxygen Species (ROS) is stimulated by increased Ca2+ (Miller et al., 2009; Dubiella 
et al., 2013). The ROS signal is induced in the root vasculature and its propagation 
depends on activation of Respiratory Burst Oxidase Homologues F (RbohF) (Jiang 
et al., 2013b). Activity of RbohF is controlled by stress-induced hormones such as 
ethylene (Jiang et al., 2013a), or Abscisic Acid (ABA) activated protein kinase (SnRK 
2.6, Sirichandra et al., 2009), but also through Ca2+ signaling (CBL9/CIPK26, Drerup 
et al., 2013) or phosphatidic acid binding (Zhang et al., 2009). Both ROS and Ca2+ 
modulate the release of ABA (reviewed in Ismail et al., 2014), leading to activation of 
acclimation responses. 

A rapid increase in ABA is reached through the cleavage of carotenoid 
precursors by dioxygenases, with 9-cis-epoxycarotenoid dioxygenase 3 (NCED3) 
playing an essential role in salt stress-induced ABA accumulation (Barrero et al., 2006). 
In roots, ABA production is additionally enhanced by an increase in the synthesis of 
the carotenoid precursors (Ruiz-Sola et al., 2014). The increase in ABA is perceived 
by PYR/PYL/RCAR proteins, which in turn target protein phosphatases 2C (PP2C), 
such as ABI1, ABI2 and HAB1, releaving the inhibition of downstream protein kinases 
belonging to class 3 SnRK2. The ABA-dependent SnRK2s, OST1/SnRK2.6, SnRK2.3 
and SnRK2.2, target transcription factors (AREB1 and ABI5), which activate genes 
involved in acclimation responses, but also plasma membrane ion channels (SLAC1 and 
KAT1) and the NADPH oxidase RbohF (Umezawa et al., 2013). Activation of ABA-
dependent signaling underlies stomatal closure and plays important role in regulating 
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Figure 1. Early signaling in response to salinity stress. Upon salt stress exposure sodium ions enter the cell through 
Voltage Independent Non-Selective Cation Channels (VI-NSCCs), inducing membrane depolymerization, which in 
turn stimulate Depolymerization Activated NSCC (DA-NSCCs) and K+ Outward Rectifier channels (KOR). Ad-
ditionally, changes in turgor pressure are sensed through mechano-sensitive receptor kinase cyclase, inducing pro-
duction of cyclic GMP (cGMP). cGMP inhibits KOR and DA-NSCCs and induces opening of Cyclic Nucleotide 
Gated Channels (CNGC), responsible for apoplastic Ca2+ influx. Increased cytosolic Ca2+ release vacuolar Ca2+ by 
activation of Slow-activating Vacuolar / Two Pore Channel 1 (SV/TPC1). High cytosolic Ca2+ activates a.o. calci-
um-binding calmodulin (CBL9) which interact with Calcium Induced Protein Kinase (CIPK26), which target RbohF 
inducing production of Reactive Oxygen Species (ROS). Salt stress-induced Phospholipase C (PLC) contributes 
to production of Phosphatidic Acid (PA) through PLD/DGK pathway as well as an increase in InositolPhosphate6 
through phosphorylation of IPx by IP-Kinase. Increase in PA affects vesicular trafficking of PIN2 and possibly aqua-
porins, ABA-independent SnRK2 class 1 proteins and the activity of RbohF. Increase in cytosolic Ca2+ and ROS 
induce ABA accumulation, which is sensed by PYL/PYR receptors, releasing ABA-dependent Protein Phosphatases 
2C from ABA-dependent SnRK2 class 3, which are in turn activating transcription factors AREB1 and ABI5 and 
increase of ROS through activation of RbohF. Reduction of cytosolic sodium is guided through activation of Salt 
Overly Sensitive signaling pathway and compartmentalization of sodium in endosomes by NHX5/6 and possibly 
subsequent fusion with the vacuole
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growth and acclimation responses, which will be discussed below. 
The other members of the SnRK2 family are also activated upon salinity 

stress, however their activation is not solely dependent on ABA (Boudsocq et al., 2004). 
SnRK2s belonging to group 1 (SnRK2.1, SnRK2.4, SnRK2.5, SnRK2.9 and SnRK2.10) 
are induced upon hyperosmotic stress in an ABA-independent manner (Boudsocq et al., 
2004). Interestingly, a number of ABA-independent SnRK2s (SnRK2.4 and SnRK2.10) 
were observed to bind directly to the signaling phospholipid, phosphatidic acid (PA) 
(Testerink et al., 2004; McLoughlin et al., 2012). The production of PA is rapidly induced 
upon exposure to salinity through the hydrolysis of phosphatidylinositol-phosphate 
phospholipids (PPIs) by the salt stress activated Phospholipase C (Arisz, 2010) into 
IPX and Diacylglycerol (DAG). Both IPX and DAG undergo further phosphorylation 
by IP- or DAG-Kinases into IP6 and PA respectively (Munnik and Vermeer, 2010). 
While increase in IP6 causes increase of the cytosolic Ca2+ (Lemtiri-Chlieh et al., 2003), 
increase in PA not only alters membrane structure but is also an important signaling 
molecule by itself (McLoughlin and Testerink, 2013). PA acts in protein membrane 
recruitment, allowing interactions between its molecular partners. Other PA-binding 
proteins include clathrin assembly proteins, RbohF, ABI1 and a potassium channel β 
subunit (Zhang et al., 2009; McLoughlin et al., 2013; McLoughlin and Testerink, 2013), 
suggesting the importance of membrane-borne signals in salt stress-induced vesicular 
trafficking, ROS-burst and K+ homeostasis. 

After the initial increase, decrease in cytosolic Na+ is mediated through the 
action of the Salt Overly Sensitive (SOS) pathway. Salt stress reduces the interaction 
between the protein kinase SOS2 and λ or κ 14-3-3 proteins (Zhou et al., 2014), allowing 
SOS2 interaction with calcium-induced calcineurin B-like family protein SOS3/
CBL4 (Halfter et al., 2000). The SOS3/SOS2 complex activates the putative Na+/H+ 
antiporter SOS1, which removes Na+ from the cytosol into the apoplast. Additionally, 
sodium compartmentalization into the vacuole by NHX transporters reduces cytosolic 
Na+ concentrations and maintains turgor pressure of the vacuole (Bassil et al., 2011a). 
The exact mechanisms of sodium loading into the vacuole are ambiguous. Mutants in 
vacuolar NHX1/2 transporters are severely impaired in vacuolar K+ acquisition and 
are rescued by salt stress treatment, supposedly restoring vacuolar potential for cell 
expansion (Bassil et al., 2011b), yet there is no direct evidence for sodium vacuolar 
transport by NHX1/2. Mutants in the endosomal NHX5/6 on the other hand, exhibit 
severe sensitivity to salt stress (Bassil et al., 2011a), suggesting that Na+ loading into 
the vacuole is regulated through endosomal Na+ scavenging and subsequent fusion to 
the vacuole (Hernández et al., 2009). 

Stop, adjust and march on – salt stress-induced growth regulation
The early signaling events affect plant growth directly or through activation of 
transcriptional responses. Exposure to salinity stress results in the initiation of a quiescent 
state, which is followed by growth recovery albeit to lower growth rates than observed 
under control conditions (summarized in Fig. 2). The initiation of quiescence is thought 
to be independent of the sodium accumulation in photosynthetic tissues and is therefore 
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ascribed to osmotic effects of salt stress (Roy et al., 2014). Timing of the quiescent phase 
coincides with increased ABA levels, suggesting that ABA signaling might be at the 
heart of growth regulation (Geng et al., 2013). The initial growth arrest is due to ABI1 
dependent stabilization of the DELLA proteins (Achard et al., 2006). Brassinosteroid 
signaling is also repressed in the quiescent phase (Geng et al., 2013), which under 
standard conditions promotes growth in synergy with gibberellin (Gallego-Bartolomé 
et al., 2012). The bzr1-D mutant showing constitutive activation of brassinosteroid 
processes exhibited shorter quiescence phase than the wild-type seedlings (Geng et al., 
2013). Stress-induced repression of gibberellin and brassinosteroid signaling pathways 
results in lower cell cycle activity and could underlie reduction in meristem size during 
quiescent phase (West et al., 2004).

The initial reduction in growth rate is not only due to reduced cell cycle 
activity, but also to lower rates of cell expansion (West et al., 2004). The turgor pressure 
within the cell decreases as the salt stress increases osmotic potential of the soil, driving 
the water out of the cells. The maintenance of turgor pressure can be partially rescued 
by Na+ ions being compartmentalized into the vacuoles to increase the osmotic potential 
of the vacuole in a cost-effective manner (Bassil et al., 2011a). Down-regulation of 
aquaporin expression upon salt treatment limits turgor maintenance and therefore cell 
expansion (Chaumont and Tyerman, 2014). The decrease in water conductance together 
with stomatal closure is thought to prevent excessive salt loading into the xylem and 
sodium accumulation in shoot tissue (Boursiac et al., 2005). In the short term, hydraulic 
conductivity of the roots is regulated by internalization of aquaporin proteins (Prak et 
al., 2008). Long term regulation of hydraulic conductivity is ascribed to morphological 
adaptations such as increased thickness of the Casparian strip (Baxter et al., 2009) or 
reduction in stomata development (Romero-Aranda et al., 2001). Additionally, salt 
stress-induced cell wall stiffening limits cell elongation (Tenhaken, 2014). The key 
players in this process are peroxidases present in the apoplast, which use ROS as a co-
substrate. In the early stages of stress, high apoplastic ROS levels induce peroxidase 
activity, which cross-link phenolic compounds and glycoproteins of the cell wall 
resulting in reduced extensibility of the cell wall and limited cell expansion (Tenhaken, 
2014). Summarized, the initial quiescent state is a result of reduced turgor pressure, 
increased cell wall stiffness and lower cell cycle activity.
 After the quiescent period, plants exposed to salinity stress enter the growth 
recovery phase. Formation of Stress Granules (SGs), a group of cytoplasmic foci that 
assemble in response to stress, plays an important role in this process. SGs act as centers 
of mRNA regulation through selective re-initiation or degradation of messenger RNA 
(Weber et al., 2008). Salt stress-induced SGs stabilize the transcripts of gibberellin 20 
- oxidase 3 (GA20ox3), a key enzyme for gibberellin biosynthesis (Yan et al., 2014), 
allowing re-activation of gibberellin synthesis and cell-cycle activity. Additionally, 
suppression of gibberellin biosynthesis with paclobutrazol prevented growth recovery 
of Arabidopsis roots grown under saline conditions (Geng et al., 2013). Surprisingly, 
inhibition of ABA synthesis by fluoridone treatment also ceased the growth recovery 
(Geng et al., 2013), suggesting a crucial role of ABA in growth modulation upon salinity 
stress. With prolonged exposure to salt stress, the extensibility of the cell wall increases. 
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Figure 2. Growth regulation during exposure to salinity stress. Exposure to salt stress (indicated by red dashed 
line) results in activation of Early Signalling (ES), resulting in a rapid reduction in growth rate and induction of the 
Quiescent Phase (QP). Subsequently, transcriptional regulation induces growth Recovery Phase (RP). The duration 
of the QP and Recovery Extent (RE) depend on the plant organ, local sodium concentrations and sensitivity to salt 
stress. The QP of Lateral Roots (blue line) is longer than QP of Main Root (yellow line). Since the root / shoot ratio 
increases after exposure to salt stress, RE of the shoot growth (purple line) is likely to be lower than RE of the root. 
In QP growth is restrained by reduction of cell division through ABA-dependent stabilization of DELLA proteins, 
which inhibit gibberellin (GA) signaling, as well as down-regulation of brassinosteroid a signaling (BR). Cell ex-
pansion is reduced by decreased turgor pressure as well as increased cell wall stiffness induced by high apoplastic 
Reactive Oxygen Species (ROS) acting in concert with peroxidases in cross-linking phenolic compounds and gly-
coproteins of the cell wall. In subsequent RP sodium ions are compartmentalized into the vacuole, enhancing turgor 
pressure. The cell cycle activity is recovered by removing initial restrains on BR and GA signaling. Cell elongation is 
aided by an increase in cell wall extensibility through cleavage of polysaccharides by ROS and expansins, resulting 
in cell wall loosening. The RE is restrained by the Jasmonic Acid (JA) signaling pathway that might be activated by 
high Na+/K+ ratios resulting in responses similar to potassium starvation. Both high sodium concentration and JA 
result in inhibition of cell cycle machinery.

The high ROS levels in the apoplast result in OH- radicals cleaving sugar bonds in 
polysaccharides, which together with activity of xyloglucans modifying enzymes and 
expansins result in cell wall loosening and allow growth recovery (Tenhaken, 2014).
 The recovery extent of growth rate in the later stages of salinity stress relies on 
hormonal cues, sensitivity of early signaling and capacity of the plant for acclimation. 
Sodium accumulation in photosynthetic tissues is highly correlated with salt stress 
sensitivity in many plant species (Munns and Tester, 2008). Exclusion of sodium from 
leaf tissue is therefore of uttermost importance for plants facing saline conditions. 
High affinity K+ Transporter 1 (HKT1), encoding plasma membrane Na+ importer, 
is playing important role in sodium exclusion. Root stele-specific overexpression of 
HKT1 in Arabidopsis plants resulted in increased efficiency of Na+ ion retrieval from 
the xylem, thus preventing high Na+ accumulation in leaf tissue and larger rosettes of 
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salt stressed Arabidopsis plants (Moller et al., 2009). An excess of Na+ ions negatively 
impacts the acquisition and balance of essential nutrients such as K+, Ca2+ and Mg+ 
(Essa, 2002). Due to the physiochemical similarities between Na+ and K+ ions (reviewed 
in Benito et al., 2014), Na+ ions tend to substitute K+ at its usual binding sites and 
impair cellular biochemistry. Increasing K+ concentrations can alleviate the cytotoxic 
effects of Na+ during salt stress, which is exemplified by partial rescue of sos mutant 
phenotypes by application of an additional K+-source (Liu and Zhu, 1997). Increased 
potassium acquisition in polyploid Arabidopsis plants corresponded to enhanced salt 
stress tolerance (Chao et al., 2013). Potassium starvation itself induces transcriptional 
changes related to JA signaling (Armengaud et al., 2004). Interestingly, activation of 
JA signaling was also observed to modulate the transcriptional programs in the later 
stages of salt stress exposure (Geng et al., 2013), yet whether the growth recovery 
depends on salt stress-induced K+ starvation remains to be determined. Activation of JA 
signaling results in decreased meristem size and cell elongation (Chen et al., 2011) and 
could determine the recovery of growth rate in the later stages of salt stress, as the JA-
insensitive mutant jai3-1 showed higher rates of recovered growth (Geng et al., 2013). 
 Although many of the signaling pathways leading to alteration of growth are 
shared between different plant organs, the impact on the growth rate of individual organs 
and developmental processes differs. The germination of Arabidopsis is inhibited by 
concentrations exceeding 150 mM NaCl, while shoot and root growth are reduced by 
half at 50 and 100 mM NaCl respectively (Claeys et al., 2014). The developmental stage 
of the plant at the moment of salt stress exposure is another important factor that has to 
be considered, as the acclimation responses of young seedlings can differ from the ones 
observed for fully developed plants. One of the plant acclimation responses to salinity is 
an increase in root to shoot ratio, by which plants limit their water loss through stomata 
and increase water uptake by extending the size of their root system (Munns and Tester, 
2008). The molecular players underlying this phenomenon are still to be unraveled, 
but are likely to depend on tissue context, stress gradients and cell type specific signals 
perceived and generated at individual levels of functional plant organization (Pierik and 
Testerink, 2014). Comparing the growth rates of roots and shoots requires sophisticated 
phenotyping platforms. Currently our understanding of stress-induced spatio-temporal 
growth patterns that lead to morphological adaptations is limited. However, differential 
growth regulation is also observed at smaller plant organizational units. The study of 
cell-type specific responses of the root upon exposure to salt stress identified 3,862 
differentially expressed genes, of which the majority was restricted to unique cell types 
(Dinneny et al., 2008). This observation illustrates that acclimation responses vary 
across different cell types and together form the basis of morphological adaptations. 
Different parts of the root respond with varying magnitude after short and long term 
growth inhibition by salinity stress (Duan et al., 2013; Julkowska et al., 2014a). As 
a plant root system exhibits clear hierarchy and spacing of developmentally distinct 
regions, it seems a perfect model for studying the processes involved in stress-induced 
growth regulation and the consequences of morphological acclimation responses in the 
context of salinity tolerance. 
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Back to the roots – signals controlling root development
The Root System Architecture (RSA) of dicotyledonous plants consists of an 
embryonically derived Main Root (MR) and post-embryonic Lateral Roots (LRs) 
which can further branch into higher order LRs. Under control conditions, RSA 
development is mainly guided by the antagonistic action of two hormones – auxin and 
cytokinins (Petricka et al., 2012). The schematic overview of signals controlling root 
development under control conditions is presented in Figure 3 A. Auxin is distributed 
along the root in a gradient with the highest auxin concentration found in the root apical 
meristem, where it enhances cell cycle activity and reduces cell elongation. The regular 
oscillations in auxin levels at the root tip initiate formation of founder cells in xylem 
pole pericycle cells, which form the starting point of LR development (Moreno-Risueno 
et al., 2010). Non-primed pericycle cells are arrested in the G1 mitotic phase, while 
founder cells undergo simultaneous activation of cell cycle and cell fate genes triggered 
through auxin dependent degradation of SLR/IAA14 (Vanneste et al., 2005). Although 
cell division and LR morphogenesis both rely on auxin signaling, they are regulated 
independently. Diageotropica/wol mutants in tomato and Arabidopsis respectively 
show maintained proliferative capacity of pericycle cells, while the LR development is 
arrested and cannot be rescued by additional auxin application (Ivanchenko et al., 2006; 
Parizot et al., 2008). Additionally, cells surrounding the developing LR Primordia (LRP) 
undergo dramatic morphological changes. Deflating the cells in direct contact with 
developing LRP and localized breaks in Casparian strip allow emergence of LR without 
significant gaps in the apoplastic barrier (Vermeer et al., 2014). The initial formation 
of LRP is inhibited by cytokinins preventing cell cycle re-entry of the founder cells 
in direct proximity of already established LRs (Li et al., 2006; Laplaze et al., 2007), 
ensuring spatial distribution of LRs and efficient exploration of soil environment. In the 
later stages of LRP development cytokinins promote cell differentiation and elongation 
(Petricka et al., 2012). The integration of auxin and cytokinin antagonistic mechanisms 
might be accomplished through the action of gibberellins, as auxin induces degradation 
of DELLA proteins, inhibiting gibberellin signaling, while gibberellins limit the growth 
inhibition mediated through cytokinins (reviewed in Petricka et al., 2012). 
 Exposure to salinity stress affects the root in all developmental stages. Mild 
salinity stress was observed to enhance growth of MR and LR, while higher levels of 
salt are detrimental for both MR and LR development (Zolla et al., 2010; Julkowska 
et al., 2014b). The schematic overview of signals controlling root development under 
salt stress conditions is presented in Figure 3 B. The development of RSA in saline 
stress conditions is modified through the action of ABA, ethylene, JA, auxin and 
brassinosteroids (Achard et al., 2006; Osmont et al., 2007; Zolla et al., 2010; Duan et 
al., 2013; Geng et al., 2013). Salt stress results in reduction of MR meristem size as 
the number of cells involved in cell division decreases (West et al., 2004). Salt stress-
induced ABA is produced in the early maturation zone (Geng et al., 2013), leading 
to reduction of gibberellin signaling. Development of LRP depends on the salt stress 
levels. Growing Arabidopsis seedlings at 50 mM NaCl increased the portion of LRP 
which developed into LRs (Zolla et al., 2010). On the other hand higher levels of salt 
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stress reduced development of LRs from LRP in seedlings grown at 85 and 115 mM 
NaCl (McLoughlin et al., 2012). A more severe reduction in LRP development was 
observed in the snrk2.10 mutant (McLoughlin et al., 2012). Salt stress was so far not 
observed to alter patterning of LRP or auxin oscillations leading to formation of founder 
cells. Those results illustrate that LRP development depends on the levels of salt stress 
conditions to which plants are exposed. 
 Arabidopsis, tomato and sorghum plants exposed to a salt gradient exhibit a 
negative halotropism response of the MR, prioritizing salt avoidance over gravitropic 
growth (Galvan-Ampudia et al., 2013). This response is mediated through differential 
auxin distribution resulting in root bending away from salt, which is accomplished by 
internalization of the PIN-FORMED 2 (PIN2) auxin efflux carrier at the side of the root 
facing higher salt concentrations. The redistribution of PIN2 relies on phospholipase D 
dependent clathrin-mediated endocytosis, implying an important role of phospholipid 
signaling in the early events of salinity sensing. As the halotropic response is specific to 
Na+, and does not occur in response to K+ or mannitol at equi-osmolar concentrations 
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Figure 3. Root development under control and salt stress conditions. Root development under (A) control con-
ditions depends on auxin gradient along the root, which induces cell division and represses cell expansion. Auxin 
oscillations at the root tip result in formation of founder cells in xylem pole pericycle, which are the starting point 
for Lateral Root (LR) formation. Through induction of cell division, dependent on Single Root (SLR / IAA14), and 
cell differentiation, relying on wol, LR primordium develops into LR. Cytokinin inhibits cell cycle activity as well 
as primordium development and stimulates cell elongation in developing LR. (B) Under salt stress, the meristem 
size is limited by stabilization of DELLA proteins, inhibiting cell division. Although LR primordium development 
is reduced by salt stress, SnRK2.10 promotes LR development. The newly emerged LRs undergo quiescent stage, 
which is regulated in ABA-dependent manner.
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(Galvan-Ampudia et al., 2013), the further study of negative halotropism could provide 
more insight in early salt stress signaling and salt sensing mechanisms.
 The activation and propagation of initial Ca2+ signals (Choi et al., 2014) and the 
majority of the short-term transcriptional responses (Geng et al., 2013) predominantly 
occur in the root endodermis, where environmental and developmental signals are 
integrated (reviewed in Robins et al., 2014). The location of the endodermis layer, 
surrounded by the Casparian strip limiting apoplastic ion transport, facilitates proper 
stress signal recognition and activation of signaling cascades only when the ion buildup 
reaches critical concentrations on the inside of the plant. As the Casparian strip gets 
thicker after exposure to salt stress, limiting the influx of Na+ ions to the inner layers of 
the root (Baxter et al., 2009), the sensing of salt stress in the endodermis can be adjusted 
as morphological adaptations occur. Salt stress-induced endodermal ABA signaling 
was found to underlie the quiescence of newly emerged LRs which is one of the first 
RSA responses to salt stress (Duan et al., 2013). Quiescence of LRs correlates with 
down regulation of the cell cycle marker CYCB1, implying that lateral root meristem 
activity is repressed. Endodermis-specific down-regulation of ABI1 leads to loss of salt 
induced quiescence and collapse of LR growth in the later stages of salt stress exposure. 
Interestingly, ABA induced quiescence of LRs depends on a developmental switch in 
meristem sensitivity, as further developed LRs exhibited salt and ABA responses similar 
to the MR (Duan et al., 2013). Exposure to salt stress can also alter the developmental 
fate of the cells. Root hair outgrowth is suppressed upon salt treatment through 
reprogramming of root-hair cells by ectopic expression of GLABRA2 and repressing 
the root-hair cell identity (Wang et al., 2008). 

Summarizing, salt stress modifies RSA development by altering the growth 
direction of the MR and inhibiting growth of both MR and LRs, while the magnitude 
of the response depends on the developmental stage and meristem identity. Cell 
differentiation is either altered (root hairs) or blocked (LRP) by application of salinity 
stress. The majority of the morphological adaptations seem to rely on either ABA 
signaling or local manipulation of auxin levels. 

Mining natural variation and phospholipid signaling – outline of this thesis
In this work, I focus on salt stress-induced changes in Arabidopsis development. 
Increase in the phospholipid PA is among the early signals, and multiple targets of PA 
suggest its role in integrating various signaling pathways. Building on the previous work 
establishing a function of PA-binding SnRK2.4 and 2.10 in development of LRs under 
salinity stress, the phospholipid binding properties of SnRK2.4/2.10 were explored and 
the PA-Binding Domain (PABD) of SnRK2.4 was successfully identified in Chapter 
2. The PABD was also observed to play a role in reduction of LR development. 
Although recent discoveries on salinity stress signaling pathways and cell type specific 
transcriptional regulation led to new insights in salt induced growth regulation, the 
majority of the studies so far have been conducted in one genetic background. Natural 
variation within plant species can be explored for studying variation in morphological 
adaptations and can subsequently be used for identification of novel candidate genes 
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by means of GWAS. The local adaptation shaping salt stress tolerance was established 
in Chapter 3, where the population of Dutch Arabidopsis accessions was collected 
alongside with environmental parameters from sites of origin. By studying the plant 
growth in controlled environment, we established that the exposure to salinity in field 
results in increased salt stress tolerance. The natural variation in shoot development 
under salt stress conditions was further examined in larger population in Chapter 4. 
The natural variation in salt stress conditions was associated to a number of novel 
candidate genes identified with GWAS. Our results also indicated that developmental 
differences between accessions are contributing to the salt stress tolerance. In order to 
normalize for the developmental differences, the dynamics of RSA in control and salt 
stress conditions were described with quadratic functions in Chapter 5. Reducing the 
dynamics to root-fit model parameters allowed identification of salt-induced changes in 
RSA. The natural variation therein could be classified into four major strategies. Study 
of natural variation in RSA under control and two salt stress conditions in Arabidopsis 
HapMap population in Chapter 6 followed by GWAS led to identification of 100 
genuine candidate loci, of which a number was studied in more detail. In Chapter 
7 I discus the possible relationship between salt stress-induced changes in RSA and 
salinity tolerance and propose the use of specific RSA traits as a proxy for deciphering 
individual effects of salt stress.
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