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Chapter 1 
 

General introduction 
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High soil salinity is an increasing problem for agriculture; it causes reduction 

in crop yield or in more extreme cases even loss of arable land.  The use of 

inefficient irrigation together with the changing environment (e.g. drought and 

heat) has increased soil salinity worldwide (Smedema and Shiati, 2002; 

D’Odorico et al., 2013). For example, the altered water cycles and rising sea 

levels increase soil salinity in Europe (Daliakopoulos et al., 2016). High salt 

confronts plants with physiological stress, which consists of two main 

components. First, an increase in ions in the soil causes osmotic stress, limiting 

water uptake. Additionally, elevated levels of Na+ inside the plant lead to ionic 

stress, which inhibits photosynthesis and other essential biochemical 

processes in plant cells. The cytosolic levels of Na+ are highly dependent on 

sodium transport in the plant (Plett and Moller, 2010). Plant roots take up Na+ 

from the soil through Na+ transporters or channels in the membrane of 

epidermal cells. Next, after radial movement of the ions within the symplast 

and apoplast, Na+ is loaded into the xylem. Na+ is then transported in the xylem 

from root to shoot through the transpiration stream (de Boer and Volkov, 

2003). Nonetheless, while much is known, some knowledge gaps concerning 

Na+ movement in the plant remain (Britto and Kronzucker, 2015; Keisham et 

al., 2018). Strategies of plants to cope with high salinity vary. Most plants, 

including major crops, are glycophytes, which are sensitive to salt. However, 

specialized plants called halophytes thrive in the presence of salt. Halophyte 

adaptations include storage of high amounts of ions in centralised vacuoles of 

leaf cells and excretion of salt through salt glands. As such, halophytes might 

be used as genetic resources for the creation of more salt tolerant crops or 

even as crops themselves (Flowers and Colmer, 2015; Ventura et al., 2015). 

Nonetheless, studying differences in the salt tolerance of glycophytes, and 

especially in the model plant Arabidopsis, is essential to unravel the 

underlying cellular mechanisms of the plants salt response. 

Unsurprisingly, high soil salinity alters the development of plants. For 

one, the growth of the roots comes to a complete stop for a short period, called 

the quiescence phase (Duan et al., 2013; Geng et al., 2013), after which growth 

recovers but never reaches the same growth rate as before the stress 

(Julkowska and Testerink, 2015). If the salt exposure of the root is 

asymmetrical, the root will bend away from the higher salt concentration in 

the soil, a phenomenon termed halotropism (Galvan-Ampudia et al., 2013). 

Also, the emergence and outgrowth of lateral roots changes, which is predicted 

to alter the uptake of Na+ from the soil (Julkowska et al., 2014). How sensing 

of salt induces responses and eventually salt tolerance, we do not fully 

comprehend (Deinlein et al., 2014; Shabala et al., 2015). Nevertheless, 
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1 
hormonal changes during salt stress that occur in plants are well described, 

e.g. for auxin, jasmonates, ethylene and abscisic acid (Roychoudhury et al., 

2013; Kazan, 2015; Zhang et al., 2016; Korver et al., 2018). One of the most 

important hormones altering root growth rate, root growth direction and root 

system architecture during salt stress is auxin. Auxin dynamics have been well 

described in different processes; perception (Salehin et al., 2015; Strader and 

Zhao, 2016), signalling (Peer, 2013), biosynthesis (Mano and Nemoto, 2012; 

Korasick et al., 2013; Tivendale et al., 2014), conjugation and oxidation (Zhang 

and Peer, 2017) and transport (Kleine-Vehn and Friml, 2008; Adamowski and 

Friml, 2015; Armengot et al., 2016). Although changes during salt stress have 

received less attention, reviewing recent knowledge on changes in all auxin 

related processes during stress has highlighted the importance of both auxin 

distribution and local auxin biosynthesis in root responses to salt and osmotic 

stress (Korver et al., 2018; Chapter 2, this thesis). This thesis furthermore 

addresses cellular responses in auxin carrier polarity and endocytosis during 

salt stress. The next sections function as background information to the 

different chapters in this thesis. 

 

Which way to go, root growth direction during salt stress 

Salt stress first and most of all affects the roots of the plant and studying plant 

root systems during salt stress is a fast growing field of research. Therefore, 

new helpful tools to study the root system under abiotic stress are being 

developed e.g. (Lobet et al., 2011; Clark et al., 2013; Jeudy et al., 2016). During 

stress, in addition to changes in the root system architecture (Sauter, 2013; 

Robbins and Dinneny, 2015; Khan et al., 2016; Koevoets et al., 2016; Julkowska 

et al., 2017), roots are capable to change their root growth direction 

temporarily when growth towards or away from specific soil conditions is 

required. The most common examples of alteration of root growth direction 

due to stress are hydrotropism (Eapen et al., 2005), halotropism (Galvan-

Ampudia et al., 2013; Han et al., 2017), thigmotropism (Massa and Gilroy, 

2003) and chemotropism (Ferrieri et al., 2017). During these tropisms the first 

step is sensing environmental stimuli. For gravitropism the sensing 

mechanism is known and for hydrotropism the sensing mechanisms are being 

unravelled (Dietrich et al., 2017), however the salt sensing mechanism 

remains elusive, although some theories have been proposed (Shabala et al., 

2015). The signalling pathways downstream of the sensing mechanism then 

finally result in shifts in the auxin flow in the root. Auxin maxima and minima 

in the root cause local alterations in cell elongation rates, transition to cell 

differentiation (Di Mambro et al., 2017) and organ initiation. Changes in local 
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auxin concentrations are believed to be mainly the result of changes in polar 

auxin transport (PAT). On the other hand, for salt stress, recently more 

evidence has been found that suggests larger roles for short-distance auxin 

transport, auxin biosynthesis and conjugation (Korver et al., 2018). Changing 

PAT is a result of the internalization and re-localization of auxin carriers. 

However, the endocytosis pathways involved are a major gap in our 

knowledge on plant salt stress responses. In this thesis I fill parts of these gaps 

with novel knowledge on auxin carrier polarity and endocytosis in plant roots 

under stress.  

 

Salt stress induced endocytosis of auxin carriers  

The constitutive intracellular cycling of auxin carriers provides a rapidly 

adjustable process when local polarity needs to be changed to adjust PAT 

(Adamowski and Friml, 2015; Naramoto, 2017). Two protein families of auxin 

efflux carriers have been characterized; PINs (Friml et al., 2003; Wisniewska et 

al., 2006) and ABCBs (Geisler et al., 2017). Additionally the AUX/LAX family of 

auxin influx carriers transports auxin into the cell (Bennett et al., 1996; Peret 

et al., 2012; Rutschow et al., 2014). Auxin influx also occurs passively while 

efflux is only regulated by active processes. The auxin carriers often show a 

polar distribution in the different cell tissues (Wisniewska et al., 2006; Kleine-

Vehn et al., 2008). Altering this polarity causes shifts in auxin flow which in the 

end affects plant developmental processes (Tanaka et al., 2013).  

Changes in auxin carrier polarity are caused by altered targeting of 

proteins during re-cycling (Zhang et al., 2010; Mei et al., 2012; Baster et al., 

2013) or altered auxin carrier internalization (Chen et al., 2012; Galvan-

Ampudia et al., 2013). Auxin carrier internalization and re-localization is 

essential for fast changes of auxin flow and thus auxin asymmetry in the root. 

Nonetheless, the endocytosis pathway responsible for stress induced 

internalization of auxin carriers remains unknown. While in animal systems 

multiple clathrin independent endocytosis pathways have been well 

characterized, in plants much less is known. Up to date, only clathrin 

dependent endocytosis (CME) has been well studied. For the auxin efflux 

carrier Pin-formed 2 (PIN2), CME involved in cycling and polarity has been 

established with both cell biological and genetic evidence (Wisniewska et al., 

2006; Kleine-Vehn and Friml, 2008). However, whether the stress induced 

endocytosis of PIN2 is CME has become questionable. Up to date, 

tyrphostinA23 (TyrA23) has mostly been used as a CME inhibitor and TyrA23 

has recently been shown to cause cytoplasm acidification (Dejonghe et al., 

2016), raising serious questions about its specificity as a CME inhibitor. Thus, 
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1 
as evidence supporting a clathrin independent, putatively sterol dependent, 

pathway has increased, the need to elucidate the salt induced endocytosis 

pathway internalizing auxin carriers is larger then ever. When looking at 

animal systems, other possible endocytosis pathways include; Caveolin-

mediated endocytosis, flotillin mediated endocytosis and microdomain-

mediated endosytosis. Caveolin-mediated endocytosis as found in animal cells 

is absent in plants due to the absence of caveolins. Flotillins, which have a 

similar structure as caveolins, are present in plants, where they form domains 

at the plasma membrane which facilitate endocytosis, resulting in endosomal 

structures approximately 3 times larger then CCV’s (Li et al., 2012). No link 

between flotillins and salt stress has however been described. Membrane 

microdomains, which consist mainly of sterols and sphingolipids, are involved 

in microdomain-mediated endosytosis (MME) in plants (Grebe et al., 2003). 

During salt stress, it has been found that Respiratory burst oxidase homolog D 

(RbohD) is internalized via cooperative CME and MME (Hao et al., 2014). 

Likewise, it was shown that despite blocking recruitment of clathrin to the PM 

with a NAA pre-treatment, PIN2 accumulated inside the cell during salt stress 

(Baral et al., 2015). The aquaporin Plasma membrane Intrinsic Protein 2;1 

(PIP2;1) that facilitates water transport across plasma membranes was shown 

to diffuse into and out of membrane microdomains. Nonetheless, upon salt 

stress its diffusion is restricted and internalization of PIP2;1 increased (Li et 

al., 2011). Loss of cyclopropylsterol isomerase1-1 (CPI1-1) results in defects in 

sterol-biosynthesis, the cpi1-1 mutant has thus been shown to alter membrane 

sterol composition. Interestingly this mutant was also found to have 

alterations in PIN2 polarity and root gravitropism (Men et al., 2008). In the 

cip1-1 line the localization of PIN2 to newly formed membranes was abolished. 

Arabidopsis roots treated with fenpropimorph (FEN), an inhibitor of the sterol 

biosynthetic enzyme C14 sterol reductase FACKEL, have also been reported to 

reverse the inhibition of PIN2-GFP endocytosis by auxin (Pan et al., 2009). This 

suggests membrane sterols are required for inhibition of PIN2 endocytosis. All 

these results taken together suggest salt induced internalization of membrane 

proteins and provide a strong link between PIN2 and MME, making MME a 

candidate for the salt induced internalization of auxin carriers. 

 

 

Lipid signals during salt stress 

Cellular signalling pathways are an essential part of the response to any 

environmental cue or interaction with harmful or beneficial organisms. An 

important aspect is lipid signalling, the formation of lipid second messengers 
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in the membrane. What sets lipid signalling molecules apart from structural 

lipids is their low abundance and rapid turnover upon the sensing of stress. 

The main lipid messengers in plants are phosphatidic acid (PA), 

polyphosphoinositides (PPIs), sphingolipids, lysophospholipids and oxylipins. 

For salt stress, PA (Testerink and Munnik, 2005; Hong et al., 2010) and PPIs 

(Hou et al., 2016) are known to be involved in signaling the stress response. 

The formation of PA in cellular membranes acts as a spatiotemporal signal 

reporting on the cell’s environment during stress (McLoughlin and Testerink, 

2013). Furthermore, PA acts as a binding site for PA-binding proteins during 

stress including clathrin adaptor proteins such as Epsin-like Clathrin Adaptor 

1 (ECA1) and Epsin-like Clathrin Adaptor 4 (ECA4) (McLoughlin et al., 2013). 

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) abundance increases during 

salt stress (Pical et al., 1999; DeWald et al., 2001; Darwish et al., 2009). 

Moreover, through co-localization studies between PI(4,5)P2 and clathrin, 

involvement of PI(4,5)P2 in salt-induced CCV formation has been proposed 

(Konig et al., 2008). Phosphatidylinositol 3-kinase (PI3K) mutants, which are 

inhibited in the formation of phosphatidylinositol 3-phosphate (PtdIns3P or 

PI3P), have been shown to have reduced salt-induced endocytosis and ROS 

production (Leshem et al., 2007). The role of sphingolipids in salt stress 

remains to be uncovered (Zhang et al., 2012; Wu et al., 2015).  

 

Unravelling the cellular mechanisms behind halotropism - Thesis outline 

In this thesis, the focus is on the underlying cellular mechanisms that control 

auxin flow in the root when it encounters salt stress. Internalization and re-

localization of auxin carriers creates local auxin maxima and minima, which 

regulate root growth direction, root growth rate and root development. The 

work continues on the previously found internalization of PIN2 during 

halotropism and the involvement of Phospholipase D zeta during this process 

(Galvan-Ampudia et al., 2013). In Chapter 2 first recent published findings on 

changes in Polar Auxin Transport (PAT) are discussed. Additionally, evidence 

is provided that the role of short distance auxin transport should not be 

overlooked in the establishment of local auxin concentrations during salt 

stress. Passive auxin transport into cells, regulated by apoplast pH, and cellular 

compartments control the auxin available for auxin perception. Moreover, the 

role of local auxin biosynthesis is stressed and the literature on auxin 

biosynthesis is reviewed. This includes a meta-analysis on previously 

published gene expression data, revealing relevant IAA biosynthesis and 

conjugation related gene expression patterns during salt stress.  
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The question whether changes in PIN2 polarity alone are sufficient for 

the difference in auxin concentration between the side of the root facing the 

higher salt concentration and the side facing the lower salt concentration, 

causing root bending, is answered in Chapter 3. Here, a combination of 

computational modelling and in planta experiments is used to determine the 

changes of the auxin influx carrier AUX1 and other putatively relevant auxin 

efflux carriers PIN1 and PIN3 and the effect of these changes on auxin flow. 

Interestingly, we find that the positive feedback of auxin on AUX1 abundance 

on the side of the root facing the lower salt concentration is required for a 

sufficient increase of auxin to reach levels that inhibit cell elongation. 

Nevertheless, with the addition of the auxin-induced AUX1 changes, the timing 

of the auxin asymmetry remains too slow. Therefore, we study PIN1 dynamics 

during halotropism for an additional input of auxin from the shoot to increase 

the speed of auxin asymmetry build up. Indeed, we find a transient increase of 

PIN1 after exposure to a salt gradient. In addition, a pin1 mutant is observed to 

have a delayed halotropic response.  

Building on our previous work (Galvan-Ampudia et al., 2013), which 

described the involvement of Phospholipase D ζ2 in PIN2 internalization 

during halotropism, in Chapter 4 we assess the role of Phospholipase D ζ1 in 

auxin carrier internalization and re-localization. Here, we establish that PLDζ1 

regulates PIN2 but not AUX1 polarity in control conditions. Moreover, PIN2 

polarity shifts during salt stress are altered in the absence of PLDζ1. This 

results in predicted differences in auxin distribution and observed halotropic 

and gravitropic responses as well as root architecture during salt stress in a 

pldζ1 mutant. Furthermore, we describe osmotic stress-induced membrane 

structures (OSIMS) that arise shortly after the application of a salt or osmotic 

treatment in a wildtype root and putatively influence auxin carrier endocytosis 

and cycling. Moreover OSIMS are observed for a prolonged time in salt-

stressed pldζ1 mutant root cells.  

In Chapter 5, to assess possible PLDζ1 and PLDζ2 redundancy, we 

study pldζ1, pldζ2 and the double mutant during halotropism and salt stress on 

a physiological and a cell biological level. Interestingly, the pldζ1/pldζ2 double 

mutant is found to phenocopy the different single KO’s for different traits. 

pldζ1 is phenocopied in PIN2 polarity and inhibition of root hair length by salt. 

Additionally, the double mutant is similar to the pldζ2 single mutant with 

respect to the number of PIN2 containing vesicles in response to salt stress 

and during halotropism. This indicates that PLDζ1 and PLDζ2 are involved in 

different cellular processes in the salt stress response.  
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In Chapter 6, to elucidate the endocytosis pathway involved in the 

internalization of auxin carriers during salt stress, we study the function of 

Epsin-like clathrin adaptor 1 (ECA1) and 4 (ECA4) during salt stress. We 

observe distinct phenotypes for loss of function ECA1 and 4 mutants in their 

halotropism response. Furthermore, ECA4 interactions with proteins involved 

in cell division, vacuolar sorting, cell polarity and energy flux are identified. In 

Chapter 7 results from all previous chapters is put in perspective to the 

current knowledge on the cellular mechanisms involved in regulating auxin 

during salt stress. 
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Abstract: 

In most abiotic stress conditions, including salinity and water deficit, the 

developmental plasticity of the plant root is regulated by the phytohormone 

auxin. Changes in auxin concentration are often attributed to changes in shoot-

derived long-distance auxin flow. However, recent evidence suggests important 

contributions by short-distance auxin transport from local storage and local 

auxin biosynthesis, conjugation, and oxidation during abiotic stress. We discuss 

here current knowledge on long-distance auxin transport in stress responses, 

and subsequently debate how short-distance auxin transport and indole-3-

acetic acid (IAA) metabolism play a role in influencing eventual auxin 

accumulation and signaling patterns. Our analysis stresses the importance of 

considering all these components together and highlights the use of 

mathematical modeling for predictions of plant physiological responses. 

 

Auxin on the Move During Stress 

Drought and increasing salinity are abiotic stresses that cause major decreases 

in crop yield worldwide. Drought causes loss of crops through water deficit, 

whereas increasing soil salinity induces osmotic and ionic stress in the plants. 

Both abiotic stresses are a threat to the amount of arable land that is fit for our 

food production. Although the development of crops tolerant to these 

conditions has received attention [1], a greater research focus has been on 

generating biotic stress resistance and increasing the yield of edible parts of the 

plant. Now that we face a rapid deterioration of arable land, research on the 

tolerance to abiotic stresses has substantially increased. Phenotypic plasticity, 

including developmental modifications to root system architecture (RSA), is 

vital for tolerance to water deficiency and high soil salinity.  

RSA and root growth rates during plant development under optimal 

conditions have been well studied, and it has long been established that these 

require the phytohormone auxin. Recently our fundamental understanding of 

root developmental plasticity during abiotic stress has markedly improved [2]. 

Unsurprisingly, auxin plays an important role during abiotic stress-induced 

changes in the root. Through the creation of local auxin maxima, cell elongation 

is locally inhibited and the emergence of lateral roots can be arrested. On the 

other hand, local auxin minima were found to be a signal that triggers the 

transition from cell division to cell differentiation in roots of arabidopsis 

(Arabidopsis thaliana) [3]. The different processes that together determine 

auxin-mediated regulation of growth and development during abiotic stress are 

auxin transport, biosynthesis, conjugation, perception, and signaling. Auxin 

transport has received much attention, and the role of polar auxin transport 
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(PAT) by auxin carrier proteins during unstressed conditions and gravitropism 

has been well established [4–6]. By contrast, the changes in PAT during abiotic 

stresses remain largely unknown. How changes in local auxin biosynthesis and 

IAA conjugation during abiotic stress affect root responses is another relatively 

young field of research. The integration of all these different aspects of auxin 

homeostasis is complicated because the many factors involved all influence 

each other and there is extensive crosstalk between auxin and other hormones. 

One promising solution to this problem is the rapidly emerging field of 

computational modeling of auxin processes in the plant root.  

 

Auxin Transport from Shoot to Root  

The main mechanism to maintain the ‘upside-down fountain’ of auxin flow in 

the root is PAT. Clarification of the role of long-distance shoot-derived auxin 

transport in abiotic stress has advanced our understanding of the changes in 

auxin carrier proteins and other proteins that influence auxin flow in the root 

(Figure 1). Internalization of the auxin efflux carrier PIN-formed 2 (PIN2) either 

during halotropism on the side of the root facing a higher salt concentration [7] 

or during osmotic stress treatments [8] has been shown. Subsequently, by 

combining in planta salt stress experiments with computational modeling, it 

was concluded that internalization of PIN2 is not sufficient to explain the 

alteration of auxin flow during halotropism [9], and changes in PIN-formed 1 

(PIN1) and auxin transporter protein 1 (AUX1) were shown to co-facilitate the 

fast change of auxin flow. In addition to root growth, auxin efflux carriers are 

suggested to regulate meristem size during salt stress [10]. Reduced PIN1, PIN3, 

and PIN7 expression and auxin-resistant 3 (AXR3)/indole-3-acetic acid 17 

(IAA17) stabilization during salt stress have been proposed to influence the root 

meristem size by increasing nitric oxide (NO) levels.  

Another large family of auxin carriers influencing auxin flow in the root is the  

ABCB transporter family [11]. Recently, several studies have shown a role for 

ABCB transporters during salt stress. Of 22 different ABCB transporters in rice 

(Oryza sativum), the expression of 21 was found to change in response to 

salinity and drought [12,13]. Of the root-expressed ABCB auxin transporters, 

the expression of ABCB1 and 19 was slightly upregulated, whereas ABCB4 

showed downregulation after 1 h of salt stress. Reduced acropetal transport of 

auxin was observed in an abcb19 null mutant, whereas basipetal transport was 

unaltered [14].  

 Other genes, whose loss-of-function mutants were recently observed to 

exhibit altered auxin flow in the root, are putatively involved in abiotic stress 

tolerance. Mutants of interactor of synaptotagmin 1 (ROSY1-1) showed a 
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decrease in basipetal auxin transport and exhibited increased salt tolerance, 

which was ascribed to the interaction between ROSY1-1 and synaptotagmin 1 

(SYT1) [15]. Furthermore, zinc-induced facilitator-like 1 (ZIFL1), a major 

facilitator superfamily (MFS) transporter, regulates shootward auxin efflux in 

the root [16]. zifl1 loss-of-function mutants were observed to have reduced 

PIN2 protein abundance in epidermal root cells after external application of IAA 

and had gravitropic bending defects.  

 

Auxin Transport from Close By  

Changes in auxin transport between different intracellular compartments also 

influence the auxin that is available for the formation of local auxin maxima. 

Auxin located in the acidic vacuole, with a pH of 5.0 to 5.5, will tend to move 

towards the cytosol which has a pH of 7. During salt stress the cytosolic pH 

drops [17], thus theoretically reducing passive auxin efflux from the vacuole. 

Apoplastic pH is also suggested to be involved in passive auxin influx into the 

cells (Box 1).  

Isolated vacuoles from protoplasts lacking the tonoplast-located auxin 

carrier WAT1 (walls are thin 1) were found to accumulate significantly more 

radiolabeled auxin than wild-type vacuoles, indicating active transport of auxin 

from the vacuole to the cytoplasm by WAT1 [18]. Recently, an auxin transport 

facilitator family, located on the endoplasmic reticulum (ER), was identified. 

PIN- LIKES (PILS) proteins are believed to be involved in auxin homeostasis 

through auxin accumulation at the ER, in this way limiting the IAA available for 

nuclear auxin signaling. The change in available IAA alters the cellular 

sensitivity to auxin. Increased auxin export from pils2/pils5 protoplast cells was 

also observed [19]. In addition, a pils2 arabidopsis mutant, and even more so a 

pils2/pils5 double mutant, showed significantly longer roots than the wild type 

and a higher lateral root density, suggesting PILS involvement in auxin-

dependent root growth. Other forms of passive auxin transport include 

movement without the interference of membranes. IAA is a small molecule and 

is therefore able to move freely through the plasmodesmata (PD) in its ionized 

form (IAA-). To restrict free cell-to-cell movement of IAA during auxin gradient 

formation, GLUCAN SYNTHASE-LIKE 8 (GSL8) induces an increase of 

plasmodesma-localized callose. This reduces the symplasmic permeability to 

maintain local auxin maxima [20]. GSL8 expression was found to be upregulated 

by adding exogenous IAA. Although these results demonstrate the importance 

of local auxin movement, the relation to abiotic stress remains to be elucidated.  
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Figure 1. Schematic Overview of Salt Stress-Induced Changes in Auxin Biosynthesis, 
Conjugation, and Transport-Related Processes in the Arabidopsis Roots. (A) Indole-3-acetic 
acid (IAA) metabolism. The level of IAA is tightly regulated by IAA biosynthesis, conjugation, and 
degradation, together determining the IAA status of a cell. The lower panel shows part of the 
known IAA biosynthesis ([21,22] for a complete overview) and conjugation (continued below)                                           
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Controlling the Levels of Auxin  
In addition to transport, auxin (IAA) levels are determined by biosynthesis and 

conjugation. Both processes have recently shown to be affected by abiotic stress 

in the root.  

Although several IAA biosynthesis pathways has been described 

[21,22], the indole-3-pyruvic acid (IPyA) pathway is considered to be 

responsible for most IAA biosynthesis in higher plants [23,24]. In addition, for 

the Brassicaceae family, the indole-3-acetaldoxime (IAOx) pathway has been 

increasingly identified to play a role during several stress responses [25–27], 

whereas the significance of the other pathways remains under debate and needs 

further research [21,22]. We focus here on the IPyA and IAOx pathways, and on 

how these pathways are modulated during abiotic stress. 

The IPyA pathway (Figure 1) generates IAA via a two-step conversion 
from tryptophan, with IPyA as the intermediate [27–29]. The family of YUCCA 
proteins governs the second step of the pathway [27]. Eleven YUCCA isoforms 
have been described in arabidopsis, and specific roles for several YUCCAs are 
slowly being elucidated. The YUCCAs can be divided into mainly 
 
 
Figure 1 continued: pathways and the known involved genes or gene families. Based on 
microarray data of two different studies (Table S1), we have identified gene expression patterns 
with promising possibilities for influencing eventual IAA accumulation patterns and signaling. For 
genes in the IAOx pathway we observe strong expression in zone 4 (Figure 2C), which is the zone 
containing primordia and lateral roots. All genes are also influenced by salt stress in a time-
dependent matter (Table S1). We see a similar pattern for DAO1 and DAO2. Both DAO1 and 
CYP79B2-3 have been linked to lateral root development and show expression specifically 
underlying newly formed lateral roots. YUCCA 3, 5, 8, and 9, together with the GH3 family genes, 
show upregulation in the epidermis and cortex during salt stress, whereas they are 
downregulated in the columnella (Figure 2B). (B) Auxin transport. During salt stress, expression 
of the auxin efflux carriers PIN1, PIN7, and ABCB19 in the stele is downregulated. In the 
columnella, PIN3 and PIN7 are downregulated. In epidermal and cortical cells, PIN2 and ABCB4 
auxin efflux carriers are downregulated whereas ABCB1 is slightly upregulated. In epidermal 
cells, on a cellular level, PIN2 is internalized and changes in AUX1 abundance at the plasma 
membrane during halotropism were observed, providing evidence that AUX1 is also internalized 
[9]. Putatively, the activity of the tonoplast-located WAT1 undergoes changes to alter intracellular 
auxin levels following a change in cytosolic pH. To create local auxin maxima, the passive flow of 
IAA _ molecules through the plasmodesmata (PD) might need to be blocked. This is putatively 
achieved through GSL8-mediated callose deposition. The apoplastic pH increase following salt 
exposure of the root potentially inhibits the passive influx of IAAH into the cell. Blue arrows depict 
auxin flow, grey boxes show up- (green arrow) or downregulation (red arrow) of genes during 
salt stress. Black boxes show plasma-membrane proteins that are internalized upon salt stress. 
Question marks show processes that influence local auxin concentrations but have not yet been 
proved to be involved in local auxin changes during abiotic stress. Abbreviations: IAA-, ionized 
IAA; IAA-glc, IAA-glucose; IAAH, protonated IAA; IAN, indole- 3-acetonitrile; IAOx, indole-3-
acetaldoxime; IPyA, indole-3-pyruvic acid; oxIAA, oxidized IAA (2-oxindole-3-acetic acid); PD, 
plasmodesma; Trp, tryptophan. 
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root-or shoot-active proteins [30,31]. YUC3, 5, 7, 8, and 9 display distinct 

expression patterns in the root, whereas other YUCCAs show minor or no 

expression in the root [30]. This illustrates the specificity of different genes in 

this pathway for specific developmental processes. Although little research on 

the specificity of YUCCAs for different stresses has been carried out, several 

gene expression studies do indicate this specificity. For example, YUC2, 5, 8, and 

9 show upregulation in plants experiencing shade [32], and knockout mutants 

of these quadruple YUCCA lack shade-induced hypocotyl elongation [33]. 

Several papers show that overexpression of the IPyA pathway leads to 

increased salt tolerance in several species [34–36]. For example, it was shown 

in cucumber that specific YUCCAs are expressed at high and low temperature 

and in response to salinity [36]. In salinity, CsYUC10b is strongly upregulated 

and CsYUC10a and CsYUC11 are strongly downregulated, whereas 

overexpression of CsYUC11 leads to higher salinity tolerance [36]. For 

arabidopsis, the role of specific YUCCAs during salt stress is so far unknown. 

Analysis of previously published microarray data [37,38] confirms the root 

specificity of YUC3, 5, 8, and 9 (Table S1 in the supplemental information 

online). Furthermore, tissue-specific microarray data indicate a shift from 

strong expression of YUCCAs in columnella under control conditions to strong 

expression in the epidermis and cortex during salt stress (Figures 1, 2A, and 

Table S1). Because expression of YUCCAs is low in the epidermis and cortex 

under control conditions, and thus auxin levels in these cells would mainly 

depend on transport, this is an interesting shift. Salt stress also has major effects 

on auxin transport, and therefore epidermal biosynthesis is likely to affect auxin 

distribution during stress and is expected to have consequences for growth 

responses in the root.  

The IAOx pathway (Figure 1) is Brassica-specific and has mostly been 

described for its role in secondary metabolism, producing both indole 

glucosinolates and camalexin [27,39–41]. More recently, however, several 

papers have pointed out a possible involvement of this pathway in local IAA 

production, specifically under stress conditions [25–27,42]. Sugawara et al. 

showed that, when plants were fed 13C6-labeled IAOx, 40% of the 13C6 atoms 

was incorporated into IAA, confirming that IAA can be formed from IAOx [42]. 

In 2002 Zhao et al. showed that a cyp79b2 cyp79b3 double-knockout mutant 

showed reduced growth and reduced IAA production specifically under higher 

temperatures [27]. Recently, the same mutant was observed to have decreased 

lateral root growth during salt stress [25]. Whereas the IPyA pathway is mainly 

active in the differentiation and elongation zone of the main (and lateral) root, 

genes in the IAOx pathway are, in addition to expression in the QC, strongly 
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expressed in cells underlying newly developing lateral roots and lateral root 

primordia [43]. In accordance, all genes described in this pathway show strong 

expression in the differentiation zone (Figure 2A,B and Table S1) and their 

expression during salt stress is strongly time-dependent (Table S1), suggesting 

a major role for this pathway in salt-regulated lateral root development in 

arabidopsis.  

Levels of free IAA are tightly regulated by several conjugation and degradation 

processes (Figure 1) [44]. Although IAA itself is both the active and transported 

compound in plants, it has a very high turnover. In planta, the levels of IAA 

conjugates and catabolites correlated strongly with the levels of free IAA in both 

root and shoot, and high levels of conjugates and catabolites are present when 

high levels of free IAA occur [45,46]. Levels of IAA catabolites are in general 

higher than of free IAA [45]. The strict regulation of free IAA levels is nicely 

illustrated by analysis of mutants in specific conjugation pathways – reduced 

conjugation via one pathway often leads to increased conjugation via other 

pathways and only minor changes in free IAA levels [47].  

Ester conjugation is mainly governed by several UDP-glucose 

transferases (UGTs). In Table S1 we have summarized the UGTs that are 

currently known to conjugate IAA, but this list is probably not complete. These 

enzymes respond differently to salt stress (Figure 2C and Table S1), which 

might point to specific roles for specific UGTs.  

Enzymes of the GRETCHEN HAGEN 3 (GH3) family form amide 

conjugates of IAA [48]. All involved GH3s appear to be strongly expressed in 

roots and are upregulated upon salt stress (Figure 1C and Table S1). In addition, 

GH3.5/WES1 is induced by many abiotic and biotic stresses as well as by ABA 

treatment [49]. Interestingly, upregulation of GH3s upon salt stress seems to be 

specific to epidermis, comparable to upregulation of YUCCAs.  

IAA oxidation is responsible for most IAA turnover and leads to degradation of 

the compound [50]. Plants contain 10–100-fold more oxIAA than IAA 

conjugates, showing that the oxidation pathway is very active [45]. Two 

DIOXYGENASE FOR AUXIN OXIDATION (DAO1 and DAO2) enzymes have been 

described to be responsible for the first step of oxidation [51,52]. DAO1 and 2 

show strong expression in zone 4, similarly to genes in the IAOx pathway 

(Figure 2B and Table S1). Zhang et al. have shown that DAO1 is expressed in 

cells underlying newly developing lateral roots, and that the knockout has 

increased lateral root density [52], indicating a possible role for IAA oxidation 

in root responses to salt stress.  
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Figure 2. Illustration of Gene Expression of Auxin Homeostasis-Related Genes Showing 
Patterns That Could Be Relevant for Indole-3-Acetic acid (IAA) Accumulation Patterns in 
Abiotic Stress. (A) Heatmaps are based on microarray data of two different studies (Table S1). 
For tissue-specific and zone specific expression patterns, the root has been divided in different 
tissues and in four different root zones, as illustrated. Figure adapted, with permission, from 
Figshare (B. Peret, Primary and lateral root.ai; 
https://figshare.com/collections/Root_illustrations/3701038). (B) Heatmap of the relative 
expression (log2 fold change) upon salt stress of YUC3, 5, 8, and 9 in different root tissues. (C) 
Heatmap of the expression of genes in the indole-3-acetaldoxime (IAOx) pathway and oxidation 
in different root zones under control conditions and during salt stress. The heatmap is normalized 
per gene. (D) Heatmap of the expression of genes involved in IAA conjugation in the shoot and 
root under control conditions and during salt stress. The heatmap is normalized per gene. 
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  In addition to the main auxin, IAA, three other auxins have been 

described [53]. Of these, only indole-3-butyric acid (IBA) has been clearly 

shown to be of importance in (root) development [54]. For example, oscillations 

in IBA production determine pre-branch sites, cells that can potentially form 

lateral roots at later developmental stages [55,56]. Like IAA, IBA can be 

conjugated. In addition, it can be converted to IAA and possibly back again [57]. 

IBA and its conjugates are thereby also a possible storage form of IAA and can 

influence IAA homeostasis. Conjugation of IBA has been shown to affect salt 

tolerance because overexpression of UGT74E2, an IBA conjugating enzyme, 

leads to increased salt tolerance [58]. Whether IBA directly or indirectly – as a 

storage form of IAA – plays a role remains to be elucidated.  

These examples show the importance of including IAA biosynthesis, 

conjugation, and degradation in the bigger picture of auxin homeostasis and 

accumulation because these processes may play major roles in the specific 

regulation of local auxin-mediated responses. However, the wide range of 

pathways involved in IAA metabolism, the enzymes involved, and their 

responses to salt stress shows the complexity of interpreting and predicting 

changes in auxin homeostasis. If we combine this complexity with the observed 

changes in auxin transport and auxin signaling, predicting the effect of changes 

in any of these steps can be daunting. More knowledge on the specific regulation 

of biosynthesis and conjugation enzymes, together with a more comprehensive 

view of all processes affecting auxin levels and response, will greatly improve 

our ability to predict the effects of changes in these different components. 

Incorporation of IAA metabolic pathways into models will also be a great leap 

forwards for predicting auxin accumulation patterns inside the plant because 

both processes, in addition to auxin transport, may modulate auxin levels.  

 

Understanding the Role of Auxin in Stress Responses Through 

Computational Modeling  

Predicting the overall role and impact of auxin biosynthesis and short-distance 

transport compared to long-distance transport in the plant root during 

development and stress response is a complex task, despite improvements in 

the sensitivity of in vivo auxin reporters [59]. To integrate all components of the 

different processes that affect local auxin levels, the computational strength of 

mathematical modeling has proved to be helpful. Many different models 

concerning auxin or related processes have been created [60].  

Although highly instrumental, the current root models have not yet 

incorporated all relevant parameters and are generally too static to accurately 

predict the magnitude of the influence of local auxin biosynthesis, conjugation, 
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and short- and long-distance transport on the root stress response over longer 

time-periods. Interestingly, recent advances in root modeling show promising 

results to help to overcome these issues (Box 2). Nonetheless, many valuable 

insights concerning short-distance auxin transport have come from 

computational modeling. Until now most computer models have been either 

analytic one-cell models or describe overall changes in the whole root. Both 

have been shown to be informative in their own way. For the interplay between 

auxin and pH, Steinacher et al. predict the effect of auxin on intra- and 

extracellular pH and how this in turn affects auxin concentrations [61]. Their 

main findings point towards a role for auxin-activated proton pumps which 

alter proton fluxes, thus affecting auxin transport. By combining the 

chemiosmotic hypothesis of auxin transport with auxin-induced apoplastic 

acidification (AAA), they predict increased influx and efflux of auxin, resulting 

in higher cytosolic auxin concentrations. Another recent single-cell 

computational model involving lateral root emergence shows the value of 

computational modeling in local processes involving lateral roots. Mellor et al. 

show that the experimentally observed ‘all-or-nothing’ _expression pattern of 

auxin transporter-like protein 3 (LAX3) may be explained by bistability that 

creates a genetic ‘switch’ [62]. The model was found to agree with the 

experimental data only when the exogenously added auxin was decreased over 

time, suggesting conjugation of auxin and its subsequent degradation. This 

observation nicely shows the added value of modeling.  

An example of the relevance of incorporating auxin conjugation and 

degradation into auxin computational modeling is a mathematical model 

describing GH3-mediated auxin conjugation [63]. The model includes the 

upregulation of GH3 by auxin, thus regulating its own degradation, and positive 

feedback of auxin on the LAX3 influx carrier. The model predicts oscillation of 

GH3 and LAX3 mRNA levels after an extracellular auxin increase. In addition, 

the initial predicted increase of GH3 suggests a possible cellular mechanism to 

protect cell auxin homeostasis during changes in extracellular auxin levels.  

To increase our understanding of long-distance auxin transport, 

Mitchison et al. showed in a single-cell model that combinations of changes in 

auxin carriers are necessary to mimic experimentally observed auxin flows [64]. 

Similarly, van den Berg et al. and Moore et al. have shown in a whole-root model 

the importance of changes in auxin influx carriers in addition to efflux carriers 

for modulating auxin flow [9,65].  

To date, a model incorporating the changes in auxin biosynthesis and 

interplay between the different synthesis pathways has yet to be constructed. 

This follows logically from the fact that much about auxin biosynthesis remains 
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unknown. However, for a full understanding of changes of auxin in the root 

during stress the incorporation of realistic changes in auxin synthesis will be 

necessary.  

Nonetheless, multiple studies have now shown model predictions 

supporting experimental data and have provided suggestions for follow-up 

experiments. Although in planta experiments take significant time in the 

creation of tools to change single parameters, multiple parameters are easily 

changed in the models and putative regulators of auxin flow can be found. These 

regulators can then be verified by in planta experiments. Ideally, a growing and 

bending model incorporating as many factors as possible – different auxin 

carriers, hormonal feedback, mechanical feedback, pH changes, and the ability 

to simulate different stresses – would be useful to make predictions about 

growth rate and direction during abiotic stress. Furthermore, what modern 

models are still missing is the ability to show changes in RSA during stress. To 

elucidate the mechanisms behind different RSA strategies during different 

abiotic stresses, a model incorporating lateral root emergence and growth 

through the prediction of the local auxin concentrations is required. Again, such 

a complex model would need to take into account multiple factors dealing with 

local auxin maxima around lateral root primordia. Looking to the future of 

research on complex biological processes, such as the auxin machinery in the 

plant root, it becomes clear that the field of mathematical modeling will 

undoubtedly play a key role. 
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Box 1. Apoplastic pH and Auxin Movement  
Auxin transport is, in addition to active processes, dependent on passive movement of 
IAA into or between cells and movement through the apoplast. The concentration of auxin 
influences apoplastic pH, which in turn influences passive auxin transport into cells. In 
roots, high cellular auxin concentrations inhibit cell elongation, whereas in the shoot, in 
accordance with the acid growth theory, auxin causes cell elongation [66,67]. The effect 
of auxin on apoplastic pH has been demonstrated by the addition of exogenous auxin to 
arabidopsis roots, which induced fast alkalization of the apoplast [68]. However, after 
prolonged exposure (8 h) the root apoplast becomes acidified. Similarly, initial 
alkalization of the apoplast followed by acidification after 19 h was found when 
endogenous auxin levels were elevated by induced expression of YUCCA6 [68]. Barbez 
and colleagues have demonstrated that cell-wall acidification triggers cell elongation in 
arabidopsis seedlings. Their data imply that endogenous auxin concentra-tions regulate 
apoplast acidification, which in turn regulates cell elongation. During exposure of roots 
to a salt gradient, auxin redistributes in the root [7,69], suggesting that local alterations 
in apoplastic pH levels during salt stress might influence cell elongation. In addition, 
following 1 h root exposure to NaCl a transient increase in apoplastic pH was observed 
[17]. Following a 100 mM NaCl pulse apoplastic pH returned to control levels 1 h after 
the transient increase in apoplastic pH. The cytoplasmic pH decreased slightly upon NaCl 
exposure but did not recover. The changes in passive auxin transport as a result of this 
alteration in apoplast pH have not yet been studied in vivo. Nonetheless, a 
mathematical/computational model linking auxin and pH dynamics has been created 
[61]. The main conclusions from this model are that long-term auxin-induced apoplast 
acidification leads to increased auxin transport across the plasma membrane and 
significantly higher auxin concentrations in the cytoplasm. However, it has also been 
reported that the level of passive auxin influx would be negligible at low apoplastic pH 
(<5.7) in protoplasts [70]. This would mean that all changes in intracellular auxin levels 
take place through active auxin transport, and there is no role for passive auxin transport 
in pH-induced alteration of cell elongation during abiotic stress. In vivo measurements of 
cellular auxin influx and efflux during apoplast acidification will be necessary to elucidate 
the role of passive auxin transport across the plasma membrane. 
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Box 2. Important Advances in Root Modeling  
To create a realistic root model for reliable predictions about changes in auxin flow and 
local auxin concentrations, several model characteristics need improvement. Two 
things that will help towards perfecting static 2D models of the root are a realistic root 
shape and known auxin feedback loops. Van den Berg et al. have shown that both root 
shape and auxin feedback are important to show experimentally observed changes in 
auxin flow during halotropism [9]. Another characteristic of the models that needs 
development is movement. While informative in short-term changes, predictions by 
static models become less realistic over time because they lack the changes in local 
auxin maxima that are needed for or caused by growth and bending. Interestingly, 
recently growing and bending root models have been realized. For example, a model 
describing a growing and bending root in which local changes in auxin concentrations 
can be predicted by changing the dynamics of PIN polarization under the influence of 
changing elastic fields due to root bending was made [71]. Similar to existing 
experimental data, the auxin concentration was highest at the maximum curvature in 
the root. Comparable to growing versus static models, the 2D models that are being 
used now to make predictions of auxin levels are valuable; however, ideally we would 
want to use a 3D model. Owing to the high complexity, not many 3D root models have 
been attempted, and those that are available have yet to incorporate many factors. One 
such 3D model which aims to simulate lateral root emergence through LAX3 and PIN3 
modeling has been published [72]. The 3D mathematical model incorporates LAX3 
expression and auxin transport. It was found that, for the experimentally observed 
LAX3 spatial expression to be robust, auxin inducible activity of the PIN3 efflux carrier 
is required. Consecutive induction of LAX3 and PIN3 ensures stable LAX3 expression. 
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Abstract   

A key characteristic of plant development is its plasticity in respons to various 

and dynamically changing environmental conditions. Tropisms contribute to 

this flexibility by allowing plant organs to grow from or towards environmental 

cues. Halotropism is a recently described tropism in which plant roots bend 

away from salt. During halotropism, as in most other tropisms, directional 

growth is generated through an asymmetric auxin distribution that generates 

differences in growth rate and hence induces bending. Here, we develop a 

detailed model of auxin transport in the Arabidopsis root tip and combine this 

with experiments to investigate the processes generating auxin asymmetry 

during halotropism. Our model points to the key role of root tip architecture in 

allowing the decrease in PIN2 at the salt-exposed side of the root to result in a 

re-routing of auxin to the opposite side. In addition, our model demonstrates 

how feedback of auxin on the auxin transporter AUX1 amplifies this auxin 

asymmetry, while a salt-induced transient increase in PIN1 levels increases the 

speed at which this occurs. Using AUX1-GFP imaging and pin1 mutants, we 

experimentally confirmed these model predictions, thus expanding our 

knowledge of the cellular basis of halotropism.    

 

Introduction  

Plant development is characterized by a large degree of flexibility, termed 

developmental or phenotypic plasticity. As a result of their sessile nature, plants 

have very limited influence over the environmental conditions they find 

themselves in. As a consequence, plants had to evolve the capacity to survive in 

different environments as well as dynamically changing environmental 

conditions by making their developmental programs dependent on 

environmental signals. The resulting phenotypic plasticity enables plants to 

flexibly adjust to their environmental conditions. This developmental plasticity 

may influence overall architecture, for example, the layout of the root system, 

by influencing meristem size and hence the rate of root growth (Aquea et al., 

2012; Chapman et al., 2011; Jain et al., 2007; Liu et al., 2015; West et al., 2004), 

as well as the number of developing or outgrowing lateral roots (Jain et al., 

2007). Another, perhaps more subtle, adaptation of plant development involves 

the directional growth of plant organs towards or away from a perceived 

stimulus, such as the gravity vector (Abas et al., 2006; Sukumar et al., 2009), 

light (Wan et al., 2012; Laxmi et al., 2008; Sassi et al., 2012) or nutrients (Niu et 

al., 2015). Recently, we described a new tropism, called halotropism, that entails 
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the directional growth of plant roots away from salt (Galvan-Ampudia et al., 

2013).   

At the base of most plant tropisms lies an asymmetric distribution of the 

plant hormone auxin (Went, 1974) that generates asymmetric growth rates and 

thus causes bending. Auxin patterns are strongly determined by auxin 

transport. Auxin can enter cells both via passive diffusion as well as active 

transport mediated by the AUX/LAX family of importers (Rutschow et al., 2014; 

Swarup et al., 2008; Bennett et al., 1996). Auxin importers have a tissue-specific 

expression pattern (Bennett et al., 1996; Péret et al., 2012; Swarup et al., 2001, 

2005) leading to the preferential retention of auxin in particular tissues. Auxin 

can only leave cells via active transport, a process that is dominated by the PIN 

family of exporters (Friml et al., 2003; Petrášek et al., 2006;Wisniewska et al., 

2006; Paponov et al., 2005). In addition to having tissue-specific expression 

domains, PIN proteins have a tissue and PIN-type-specific polar membrane 

pattern, leading to directional auxin transport fluxes  (Friml et al., 2002a, 2003; 

Benková et al., 2003). In plant roots, a reverse fountain PIN pattern generates a 

symmetrical auxin gradient with a maximum close to the root tip (Blilou et al., 

2005; Grieneisen et al., 2007). During root tropisms, bending is caused by an 

asymmetric elevation of auxin in the expansion zone that causes an asymmetric 

repression of expansion rates (Scheitz et al., 2013; Thimann, 1936).   

The best studied tropism in plant roots is gravitropism. Upon a 

gravitropic stimulus, columella cell statoliths sediment onto the downward 

oriented membrane face (Eshel and Beeckman, 2013).  Via an unidentified 

mechanism, this causes the polarization of the normally apolar PIN3 and PIN7 

proteins onto the downward membrane (Friml et al., 2002b). As a consequence, 

most auxin arriving in the root tip now becomes transported towards 

the downward side. The auxin dependence of PIN2 membrane levels  (Chen et 

al., 1998; Abas et al., 2006) and AUX1 gene expression levels (Laskowski et al., 

2006, 2008) enable these transporters to amplify this initial auxin asymmetry 

and transport part of the excess auxin towards the expansion zone where it can 

affect expansion rates and induce root bending (Chen et al., 1998; Abas et al., 

2006;  Luschnig et al., 1998; Müller et al., 1998; Bennett et al., 1996;  Swarup et 

al., 2001). Thus, while PIN3 and PIN7 appear to have a primary, asymmetry-

inducing role, PIN2 and AUX1 appear to have a secondary, amplifying and 

transducing role (Eshel and Beeckman, 2013).   

Intriguingly, we reported in an earlier study that the salt-induced auxin 

asymmetry causing halotropic root bending co-occurred with a reduction of 

epidermal PIN2 at the salt-exposed side of the root. No asymmetries in other 

PINs were reported. These data imply that PIN2, which has a mostly secondary 
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role in gravitropism (Abaset al., 2006; Wan et al., 2012; Kleine-Vehn et al., 

2008), plays a primary, asymmetry-generating role in halotropism. The 

gravitropism induced polarity switch in PIN3 and PIN7 in the root tip, where all 

auxin fluxes converge, biases auxin transport in one direction. This causes an 

auxin increase at one side of the root and an auxin decrease at the opposite side 

as two sides of the same coin. In contrast, although it can be easily understood 

that the halotropism-induced reduction of epidermal PIN2 will lead to a 

decrease of auxin at the salt-exposed side, it is far less trivial to see how this 

should lead to a concomitant increase in auxin at the opposite side. As a 

consequence, currently two alternative scenarios remain possible. In the first, 

PIN2 is the sole auxin asymmetry generator, and the reduced transport of auxin 

at one side of the reflux loop somehow leads to a translocation of this auxin 

towards the opposite side of the reflux loop. Alternatively, another unidentified 

auxin asymmetry-generating source may be present under halotropism.  

In the current study, we use a detailed model of auxin transport in the 

Arabidopsis root tip to investigate whether the measured changes in PIN2 are 

necessary and sufficient to explain the auxin asymmetries observed under 

halotropism. We combine our modeling with experiments aimed at unraveling 

the potential role of salt-induced changes in other PIN proteins in generating or 

amplifying auxin asymmetry, as well as to confirm predictions generated by our 

model. Our computer simulations reveal the crucial importance of taking into 

account a realistic wedge-shaped root tip architecture for studying root 

tropisms. In absence of this realistic architecture, a PIN2 reduction at the salt-

exposed side fails to induce any auxin increase at the opposite side, while in its 

presence, a modest auxin increase is automatically induced. We show that this 

increase was enhanced substantially when taking into account the auxin 

dependence of AUX1 (Bennett et al., 1996)and PIN2 (Paciorek et al., 2005; 

Whitford et al., 2012; Basteret al., 2012). Furthermore, our model predicts that 

underlying this enhanced auxin asymmetry is an asymmetry in AUX1 and 

PIN2patterns. We experimentally validate this prediction for 

AUX1,demonstrating that exposure to a salt gradient results in an elevation of 

AUX1 levels on the non-salt-exposed versus salt exposed side. In addition, we 

experimentally demonstrate that exposure to a salt gradient induces a transient, 

symmetric upregulation of PIN1. Incorporating this in our model significantly 

amplifies the auxin asymmetry arising in the early phases of halotropism, thus 

speeding up the halotropic response. Finally, we experimentally validated this 

role of PIN1 in root halotropism, by showing that pin1 mutants exhibit a delayed 

halotropic response.  
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Our study suggests that the observed changes in PIN2 are responsible 

for the primary generation of auxin asymmetry. This asymmetry is 

subsequently further enhanced by the feedback of auxin on PIN2 itself and 

AUX1, and effectively sped up by a transient upregulation of PIN1. Together, this 

provides the necessary and sufficient conditions for generating an auxin 

asymmetry capable of inducing effective root bending.  

 

Results 

Halotropic auxin asymmetry 

To be able to judge whether the auxin asymmetries occurring in our simulations 

are sufficient to explain halotropic root bending, we first need to establish the 

amount of auxin asymmetry actually occurring during halotropism. For root 

tropisms, it is well known that auxin elevation leads to repression of cell 

expansion rates (Mullen et al., 1998; Band et al., 2012). However, it is less clear 

whether the concomitant decrease in auxin at the opposite side of the root 

contributes to growth rate asymmetry and bending by stimulating growth rate. 

Thus, we take a conservative approach, assuming that tropic bending is only 

caused by auxin elevation and growth inhibition.  

In an earlier study (Galvan-Ampudia et al., 2013), we quantified the 

changes in DR5 and DII-Venus auxin reporter under halotropism. A ∼20% 

reduction in DR5 and a ∼20% increase in DII-Venus was found at the salt-

exposed side, and a ∼20% increase in DR5 and ∼10% decrease in DII-Venus at 

the non-salt-exposed side. In an earlier study by Band et al. (2012), it was shown 

that during gravitropism a ∼30% decrease in DII-Venus occurred on the lower 

side of the root and that this corresponds to an ∼100% increase in auxin levels. 

Extrapolating these data, it was approximated that the change in DII-Venus 

observed during halotropism corresponds to a ∼30-40% increase in auxin 

levels.  

 

Root tip architecture  

The key question of this study is whether and how a reduction of epidermal 

PIN2 at the salt-stressed side can cause a rerouting of auxin to the non-salt-

exposed side of the root. We hypothesize that root tip architecture plays a key 

role in this process. To investigate this, we developed three alternative root tip 

architectures. In the first, the baseline model, a highly simplified rectangular 

representation was used, similar to previous studies (Grieneisen et al., 2007; 

Laskowski et al., 2008; Mironova et al., 2010; Tian et al., 2014; Mähönen et al., 

2014) (Fig. 1A, left). In the second, extended model, a realistic wedge-shaped  
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Fig. 1. Overview of model tissue layout. (A) Layout of cell types, root zones and PIN polarity 
pattern in the baseline (left) and extended (middle) root models and a variant of the extended 
root model with larger left-right distances (right). Quiescent center (gray), columella (cyan), root 
cap (pink), epidermis (e, blue), cortex (c, green), border or endodermal cells (b, yellow) and 
vasculature (v, red). The root is divided into three zones, from bottom to top: meristem (MZ), 
elongation (EZ) and differentiation zone (DZ). Insets in the middle show the predefined PIN 
polarity pattern as present on the left side of the root in the different root zones (right side is a 
mirror image of the left side). An imposed salt gradient is assumed to influence PIN2 levels in 
lower left epidermal cells (light blue) and root cap cells (light pink). (B) Steady state non-salt 
stressed auxin pattern in the baseline model (left) and extended model (right). 
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root tip architecture containing root cap tissue was applied (Fig. 1A, middle). 

This architecture somewhat resembles the root tip model used in Cruz-Ramírez 

et al. (2012). Differences are the narrower root tip architecture, the stronger 

curvature and resulting smaller left-right distances close to the root tip, and the 

decrease in number of vascular cell files close to the root tip in our model, that 

we believe more realistically represent Arabidopsis root tip topology. The third 

architecture (Fig. 1A, right) is a variant of the second, in which vascular cells and 

outer columella cells are increased in width. It should be noted that during root 

aging, typically all tissues increase in width (Zhu et al., 1998). We are not 

modeling root aging here, rather, we increased the width of only the internal 

tissues to specifically investigate the impact of left-right distances between 

epidermal and lateral root cap tissues for auxin rerouting. For further details we 

refer to the Materials and Methods section.  

Note that while in the baseline model only vascular tissue connects 

directly to the quiescent center (QC) and epidermal, cortical and endodermal 

cell files end on the columella, in the extended model, these tissues all end in a 

curvature directly on or near the QC. Furthermore, in the extended model the 

columella tiers are directly connected to either the epidermis or the lateral root 

cap. Since these tissues have a predominantly upward orientation of PIN 

polarity, all columella tiers are thus connected to shootward transporting tissue 

files. By contrast, in the baseline model columella cells are connected both to 

upward transporting epidermal and downward transporting cortical and 

endodermal tissue. These differences can be expected to subtly affect properties 

of the auxin reflux loop. Indeed, in Fig. 1B, it can be observed that in the 

extended model auxin levels are reduced in the columella, and elevated in the 

epidermal and outer vascular cell files (right) compared with the baseline model 

(left). 

 

Salt-induced changes in PIN2 

To monitor salt-gradient-induced auxin rerouting, we plot the percentage 

change in epidermal auxin levels (Fig. 2A), overall root pattern of auxin levels 

(Fig. 2B) and auxin rerouting (Fig. 2C). In the latter, we measure in each root cell 

whether auxin levels are elevated by at least 1% in case of the rectangular root 

topology, or at least 10% in case of thewedge-shaped root topology. We record 

the earliest time point at which such an elevation occurs and depict this time 

with a color code, thus generating a map of temporal auxin rerouting.  

Halotropism simulations were started by applying a 20% reduction of 

apical PIN2 levels in epidermal cells on the salt stressed side of the baseline root 

model. This results in an asymmetric distribution of auxin (Fig. 2A, top and Fig. 
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2B, left). However, in contrast to experimental results where auxin decreases at 

the salt-stressed side and increases at the non-salt-stressed side, auxin 

decreases at both sides of the root. By mapping auxin rerouting, we see that 

halotropism results in a fast increase of auxin levels in the lowermost regions of 

the salt-exposed side (Fig. 2C, left). Clearly, the PIN2 reduction at the salt-

exposed side results in a ‘traffic jam’, leading to auxin accumulation upstream 

of the transport blockage. No rerouting of auxin to the non-salt-exposed side 

occurs. Instead, the lower auxin levels at the non-exposed side imply that a 

reduction of overall reflux loop efficiency has occurred. Next, the same salt 

stress scenario was applied to our model extended with a realistic root tip 

architecture. Now, one can observe that besides a decrease of auxin at the salt-

stressed side, auxin increases – albeit to a minor extent – at the non stressed 

side (Fig. 2A, bottom). Besides its modified root tip shape the extended model 

also contains root cap tissue. The rootcap has a similar PIN2 expression as the 

epidermis. It is therefore likely that the root cap PIN proteins are similarly 

affected by salt stress. When root cap stress is added to the model, the auxin 

increase at the non stressed side is augmented (Fig. 2A, bottom). Internalization 

of PIN2 from the apical membrane can hypothetically lead to elevated 

deposition of PIN2 on the lateral membrane. Indeed, our earlier data suggested 

a small increase in localization of PIN2 on the lateral inward membrane of cells 

at the salt-stressed side of the root (Galvan-Ampudia et al., 2013). Addition of 

this lateral upregulation in the extended model increases the auxin asymmetry 

(Fig. 2A, bottom; Fig. 2B, right), this was also the case when instead of a lateral 

upregulation, a basal upregulation of PIN2 was added (data not shown). 

However, when this same increase in lateral PIN2 was added to the baseline 

rectangular root model, the decrease in auxin on the non-salt-exposed side was 

even more severe (Fig. 2A, top). Thus, while lateral PIN proteins potentiate the 

translocation of auxin from the stressed to the non-stressed side in the realistic 

root tip architecture, in a rectangular root tip architecture this merely further 

cripples the effectiveness of the reflux loop.  

Looking at the auxin rerouting map (Fig. 2C, right) for the wedge shaped 

root, we observe a moderate rerouting of auxin to the lowermost parts of the 

non-salt-exposed side. Note, however, that for the wedge-shaped root, a 

threshold of 10% auxin increase is used for mapping auxin rerouting, whereas 

we used a 1% threshold value in the baseline square root model. Applying this 

lower threshold value in the wedge-shaped root model would reveal that auxin 

rerouting extends more shootward, consistent with the small increase in 

epidermal auxin levels (Fig. 2A, bottom; Fig. S1). The increase in auxin levels at   
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Fig. 2. Influence of salt-induced changes in PIN2 protein levels. Salt stress was applied to the 
baseline and extended models, either by reducing only apical PIN2 levels or by also increasing 
lateral PIN2 levels. To investigate the impact of having a root cap, in the extended model, the 
reduction in apical PIN2 levels was applied only to epidermal cells, or to epidermal and root cap 
cells. To investigate the impact of distances between epidermal and root cap cells, results are also 
shown for an alternative realistic root tip architecture with increased left-right distances between 
epidermal and root cap cells, applying salt stress by decreasing apical and increasing lateral PIN2 
levels. (A) Percentage changes in epidermal auxin levels on the salt-stressed and non-stressed 
side of the root relative to non-stressed conditions in the baseline (top) and extended (bottom) 
models. Location of the elongation zone is indicated. (B) Overall root tip auxin distributions for 
the scenario resulting in most auxin asymmetry in the baseline (left) and extended (right) models 
after 24 h of salt stress. (C) Auxin-rerouting maps for the scenario resulting in most auxin 
asymmetry in the baseline (left) and extended (right) model. For the baseline model, auxin 
rerouting was monitored by measuring the time at which at least a 1% increase in auxin levels 
occurred. For the extended model, a 10% auxin increase threshold was applied. 
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the non-salt-exposed side of the root involves an initial rerouting against the 

normal direction of auxin transport as dictated by the polar PIN pattern of the 

reflux loop (Fig. 1A). This rerouting arises from auxin accumulating because of 

a lack of upward-oriented PIN2 transport, thereby increasing auxin uptake by 

the cells below it, now also causing accumulation in this cell, thus leading to the 

backward propagation of accumulated auxin. Only once the midline of the root 

is passed can this accumulated auxin join the normal direction of transport at 

the opposite non-salt-exposed side of the root. Our results suggest that a more 

realistic wedge-shaped root tip is essential for at least some of the accumulated 

auxin to reach this midline and become rerouted to the non-exposed side.  

We hypothesized that the potential to re-route auxin to the nonexposed 

side critically depends on the shorter distance between left and right epidermis 

(and lateral root cap) tissue in the extended model compared with the baseline 

model. To test this, we use a variant of the extended model in which the root tip 

still has a wedge shape and contains a lateral root cap, but these distances have 

been increased (Fig. 1A, right). This results in a reduction of the auxin increase 

at the non-salt-exposed side of the root (Fig. 2A, bottom), thus confirming our 

hypothesis.  

Note that the maximum observed increase in auxin levels at the non-

stressed side of the root are 12-14% (extended model, saltstress induced 

decrease of apical and increase of lateral PIN2 levels). This is substantially less 

than the auxin increase observed during halotropism experiments. 

 

AUX/LAX pattern and auxin feedback on its expression 

Until now, influx of auxin from the walls into the cell was assumed to be equal 

for all cells. However, active import of auxin occurs by AUX/LAX membrane 

proteins, which exhibit a tissue-specific expression pattern (Bennett et al., 1996; 

Swarup et al., 2001, 2005; Péret et al., 2012). In gravitropism, AUX1 is essential 

for the adequate propagation of the initial auxin asymmetry (Bennett et al., 

1996; Swarup et al., 2001). Therefore, we decided to investigate the potential 

role of AUX/LAX importers in halotropism. Focusing on the changes in auxin 

levels in the elongation zone of the root (≥500 μm from root tip), incorporation 

of the AUX/LAX tissue specific expression results in an increase of auxin levels 

on both sides of the root (Fig. 3A). This logically follows from the preferred 

retention of auxin in AUX/LAX-expressing cells, such as the epidermis. Overall, 

auxin asymmetry actually decreased as a result of AUX/LAX incorporation into 

our model. However, the expression of auxin importers is known to be 

positively regulated by auxin (Laskowski et al., 2006, 2008). This auxin 

dependence may allow AUX/LAX importers to respond to and amplify auxin 
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asymmetry. Earlier in silico studies have demonstrated the patterning potential 

of auxin feeding back on its own transporters (Runions et al., 2014). Addition of 

this auxin dependence indeed led to an increase in asymmetry, specifically the 

non-stressed side increased in auxin level (Fig. 3A), resulting from a 

substantially increased rerouting of auxin to this side (compare Fig. 2C, right, 

and Fig. 3B). Indeed, auxin levels at the non-salt-exposed side now increased by 

∼30%, which is close to the factor 1.3-1.4 increase we estimated to occur during 

halotropic root bending. Another difference is that compared with Fig. 1B, 

middle, and Fig. 2B, right, the auxin pattern in Fig. 3B more closely resembles 

experimentally measured patterns with low auxin levels in meristematic 

epidermal cells, and epidermal auxin levels increasing above the end of the root 

cap where the elongation zone starts (Brunoud et al., 2012; Band et al., 2014) 

(see also Fig. S2). Clearly, incorporating realistic AUX/LAX patterns is crucial for 

correctly simulating auxin patterns. Underlying the enhanced halotropic auxin 

asymmetry, we see that AUX/LAX expression decreased on the salt-exposed 

side and increased on the non-exposed side (Fig. 3B). This asymmetry in 

AUX/LAX expression in not restricted to the epidermis, as the auxin importers 

are also asymmetrically expressed in the vasculature (Fig. 3B). This vascular 

asymmetry is consistent with the observed asymmetry in auxin signaling in the 

vasculature in halotropism experiments (Galvan-Ampudia et al., 2013).  

Next, we set out to experimentally validate the asymmetry in AUX/LAX 

expression predicted by our model, focusing on AUX1 as the major auxin 

importer involved in tropisms. We assessed AUX1 membrane occupancy 

patterns, assuming that AUX1 membrane occupancy is linearly related to AUX1 

expression levels, as is the case in our model. Fig. 3C shows an AUX1 pattern in 

a control root, which is expected to have a symmetric AUX1 pattern. Note the 

apparent asymmetry in vascular AUX1 patterns, which is due to the 

protophloem cells not always lying symmetrically in the focal plane. While this 

is something that can be avoided in many studies, this is not the case in our study 

where we do not want to interfere with root orientation relative to the salt 

gradient. For these reasons, we focus on epidermal AUX1 patterns for which 

both sides are clearly visible (Fig. 3C). As can be seen in Fig. 3B, our model 

predicts AUX1 patterns to be symmetric close to the root tip, and start diverging 

shootward from the rootcap. To test for such a spatial pattern, we measured 

AUX1 levels in the epidermal outer membranes, allowing us to assess the 

longitudinal AUX1 membrane pattern starting from the rootcap and going 

shootwards, and determine the development of left-right differences along this  
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Fig. 3. Role of auxin-dependent AUX/LAX. (A) Impact of AUX/LAX pattern and auxin feedback 
on AUX/LAX expression on epidermal auxin asymmetry 24 h after applying salt stress by reducing 
apical and increasing lateral PIN2 levels. (B) Auxin rerouting, change in AUX/LAX expression 
pattern and resulting auxin asymmetry in presence of auxin feedback on AUX/LAX expression. 
(C) AUX1-mVenus pattern in control root showing in the boxed region an asymmetric AUX1 
fluorescence in the vasculature due to root orientation (left), and in a salt-exposed root showing 
generation of an asymmetric AUX1 pattern in the epidermis (middle). The right image shows a 
line transverse to the root length axis indicating the end of the lateral root cap, and two lines 
tracking the outer epidermal membranes in which AUX1 fluorescence levels are measured from 
the end of the root cap shootward. (D) Ratios of AUX1 fluorescence levels of the non-exposed to 
the salt-exposed side as a function of distance from the lateral root cap. Six roots were used for 
the control; for salt treatment, data from 12 roots were used. For details, see Materials and 
Methods. 
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axis by computing ratios between non-exposed and salt-exposed sides (Fig. 3D). 

Consistent with our model predictions, close to the root cap, salt-exposed roots 

show an approximately symmetric AUX1 pattern comparable to that of control 

roots (ratio close to 1), whereas higher up, asymmetry builds up with the non-

exposed side having higher AUX1 levels than the salt-exposed side (ratio close 

to 1.45). We tested for statistical significance of these findings by binning AUX1 

ratios in 5000 μm spanning length segments for both salt-exposed and control 

roots, using a doublesided t-test to test per segment whether AUX1 ratios differ 

significantly. All segments were found to differ significantly (Table S1).  

 

Auxin feedback on PIN2 membrane levels 

PIN proteins are constitutively cycling between the membrane and cytoplasmic 

vesicles. Experiments suggest that auxin may reduce the internalization of PINs, 

which would allow it to enhance its own export from the cell (Paciorek et al., 

2005). However, effects are significantly stronger for synthetic than naturally 

occurring auxins (Paciorek et al., 2005; Rakusová et al., 2011). On the other 

hand, more indirect interactions involving SCF (TIR1/AFB)-auxin signaling and 

GOLVEN peptides, also appear to cause auxin dependent regulation of PIN2 

levels on the membrane (Baster et al., 2012; Whitford et al., 2012). When this 

feedback is added on top of the AUX/LAX pattern and feedback, the asymmetry 

in auxin is increased, especially in the lower part of the elongation zone, while 

auxin asymmetry in higher parts of the root decreased (Fig. S3A). Note that the 

concurrent asymmetry in PIN pattern underlying this (change in) auxin 

asymmetry is considerably smaller than the one observed for AUX/LAX, but 

again shows a decrease in the salt-exposed side and an increase on the non-

exposed side (Fig. S3B). 

 

Salt-induced upregulation of PIN1 

In an earlier study, we performed a control experiment aimed at verifying 

whether applied salt concentrations would affect internalization of PIN proteins 

other than PIN2. Cellular PIN1, PIN2, and PIN3 levels were determined under 

uniform salt exposure (Galvan-Ampudia et al., 2013). Intriguingly, PIN1 and 

PIN3 were found to be significantly upregulated by salt. Since these PIN1 and 

PIN3 elevations were observed under uniform high-level salt exposure and 

measured at a single time point, we now investigated to what extent 

physiologically relevant changes in PIN1 and PIN3 membrane levels arise in 

response to a salt gradient over the course of time (Fig. 4A, Fig. S4).  

We find that, consistent with the earlier observed increase in cellular 

PIN1 levels, membrane levels of PIN1 increase by ∼22% (Fig. 4A left panels, Fig. 
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S4A). However, the increase in PIN1 levels is transient. After 2 h of exposure, 

membrane levels of PIN1 had returned to its normal non-salt-stressed level (Fig. 

4A, Fig. S4A). No indications for differences in PIN1 upregulation between the 

salt-exposed and non-exposed side of the root were found. Strikingly, in 

contrast to the earlier observed large increase in cellular PIN3 levels, membrane 

levels of PIN3 showed only a 4% transient upregulation (Fig. 4A, right panels, 

Fig. S4B). The observed salt-induced changes in PIN1 and PIN3 protein levels 

were similar for different membrane compartments as well as the intracellular 

compartment (Fig. S4), indicating that changes are not caused by changes in 

membrane cycling dynamics. The difference in findings between current and 

earlier experiments is likely to be caused by the much higher concentration of 

salt applied when dipping the roots in uniform salt concentration, compared 

with the more subtle treatment of growing seedlings on a salt gradient (Fig. S4).  

Returning to our computational model, we investigated how the 

transient increases in PIN1 and PIN3 could contribute to generate auxin 

asymmetry. First, the influence of 30% and 10% elevations in PIN1 and PIN3 

levels, respectively, were investigated in isolation, ignoring for a moment auxin 

feedback on auxin transporters and the transient nature of the PIN1 and PIN3 

elevations. Elevation of PIN1 levels significantly enhances auxin asymmetry, in 

particular by elevating auxin at the non-salt-exposed side (Fig. 4B). In contrast, 

the small elevation of PIN3 has no observable effect on auxin asymmetry. 

Therefore, we restrict our further analysis to PIN1. Next, we added the transient 

nature of the increase in PIN1 to the model, both in isolation and in a setting 

incorporating the feedback of auxin on auxin transporters. We plotted the 

changes in epidermal auxin levels at the start of the elongation zone (590 μm 

from the root tip) as a function of time (Fig. 4C). Interestingly, we see an elevated 

auxin asymmetry relative to control conditions during the transient PIN1 

elevation in absence of feedback (Fig. 4C, red versus blue lines), indicating that 

symmetric PIN1 elevation contributes to generation of auxin asymmetry. This 

increased asymmetry gradually disappears once PIN1 has returned to normal 

levels (Fig. 4C), indicating that a transient PIN1 increase has no persistent effect 

on auxin asymmetry. If we combine the transient PIN1 elevation with feedback 

on auxin transporters, we see that increases in PIN1 cause an asymmetry that is 

slightly larger than that generated by feedback alone (Fig. 4C, compare orange 

and green lines), and that in the presence of feedback, the PIN1-induced auxin 

asymmetry decreases more slowly (Fig. 4C, compare orange and red lines). Most 

importantly, the transient PIN1 increase enhances the auxin asymmetry present 

during the first hours of halotropism (compare speed of auxin rerouting in Fig. 

3B and Fig. 4D). In addition to speeding up the build-up of auxin asymmetry, a 
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transient PIN1 elevation also causes an overshoot in auxin asymmetry levels 

during the early phases of halotropism. This agrees with our earlier observation 

that auxin asymmetry is higher after 4 h than after 6 h of salt exposure (Galvan-

Ampudia et al., 2013).  

To test the computationally predicted importance of PIN1, we tested 

halotropic responses on a salt gradient over a 48 h time course in plants 

homozygous for the pin1 tDNA insertion compared with plants having a single 

or double copy of the wild-type PIN1 allele. In Fig. 4E,F, we show the angle from 

gravity 24 h and 48 h after exposure to a 125 mM or 200 mM salt gradient or 

control conditions. For the 24 h time point, we see that for both salt 

concentrations, plant homozygous for the pin1 tDNA insertion showed a 

significantly smaller angle from gravity relative to both heterozygotes and 

plants homozygous for the wild-type allele, indicative of a reduction of 

halotropic response strength in the absence of PIN1. After 48 h of exposure to a 

salt gradient, the homozygous pin1 tDNA plants showed similar angles. This 

demonstrates that PIN1 conveys only a transient increase in halotropic 

response strength that is no longer present at 48 h, consistent with our model 

predictions. Note that the decrease in angle from gravity from 24 to 48 h can be 

understood from gravitropic signaling becoming stronger, thus counteracting 

the halotropic growth away from gravity, consistent with our earlier finding 

(Galvan-Ampudia et al., 2013). The stronger decrease under higher salt 

concentrations is likely to arise from the higher initially attained angles more 

strongly inducing gravitropism.  

 

Robustness of the results  

In complex models such as these, testing the robustness of simulation outcome 

to specific model settings is of paramount importance to determine whether a 

general mechanism rather than an obscure, rare outcome has been found. To 

investigate the dependence on particular model assumptions, we varied a 

model assumption influencing the location of the main source of auxin in our 

model, which might potentially affect auxin patterns and fluxes and hence auxin 

asymmetry generated under halotropism. In the current model, all root cells 

have a small potential to produce auxin, and a major source of auxin is provided 

by influx from the shoot. However, recent data indicate that localized, root tip 

auxin production plays a major role in shaping the root’s auxin pattern (Ljung 

et al., 2005; Stepanova et al., 2008). Therefore, as an alternative, we performed 

simulations in which shoot to root auxin flux was reduced by 50%, while auxin 

production was elevated 100-fold in the QC and in root cap cells, auxin 

production was increased 50-fold while decay was decreased by a factor of 2. 
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Parameter settings were chosen such that for ease of comparison similar overall 

auxin content was achieved. Fig. S5 shows that this change in model setup 

results in a highly similar auxin asymmetry pattern compared with the default 

model settings. Thus, a shift in main auxin source from the shoot-root 

connection to the root tip does not impact our model outcome.  

Next, to investigate the robustness of model outcome to parameter 

values, we varied most of our model parameters over a range of 50% decrease 

to 50% increase of their original values. In Fig. S6, we show the outcomes of our 

robustness analysis: for all tested parameters we observed limited quantitative 

variation in auxin asymmetry, while maintaining qualitatively similar outcomes. 

Based on these results, we conclude that model outcomes depend to a limited 

extent and in a smooth, linear fashion on parameter settings, thus implying the 

robustness of our model outcomes.  

 

Discussion 

We recently described halotropism as a new directional response of plants roots 

allowing them to grow away from salt (Galvan- Ampudia et al., 2013). In the 

current study, we used a detailed model of plant root auxin transport to 

investigate whether our earlier observations can account for halotropic root 

bending.  Our simulation study points to the crucial role of root tip architecture. 

We find that in a simplified rectangular root model, a reduction of PIN2 on the 

salt-exposed side merely results in the accumulation of auxin in the meristem. 

In contrast, in a realistic wedge-shaped tip architecture, the PIN2 decrease 

generates a small increase in auxin at the opposite root side. We showed that 

this potential to re-route auxin from the salt-exposed to the non-exposed side 

depends positively on the presence of a lateral root cap, the increase of lateral 

PIN proteins on the salt-exposed side, and a limited distance between epidermis 

and root cap of salt-exposed and non-exposed side. Together, this indicates that 

the potential for lateral transport of the auxin accumulating at the salt-exposed 

side is of crucial importance. In addition, we demonstrated an important role 

for positive feedback of auxin on its own transporters. Auxin induced 

upregulation of AUX/LAX importers substantially elevated the auxin 

asymmetry generated by root tip architecture. The predicted asymmetry in 

AUX1 pattern resulting from this feedback was confirmed experimentally. 

Finally, we demonstrated that PIN1 is transiently upregulated under a salt 

gradient. While this transient change in PIN1 levels has no effect on long term 

auxin asymmetry, it significantly enhances the degree of auxin asymmetry 

during the early stages of salt stress. We speculate that generating auxin 

elevation at a faster rate is important to ensure root bending away from the salt 
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before the tip of the root has started to grow into the salt-contaminated area. 

We experimentally validated this predicted role of PIN1 in halotropism.  

In conclusion, our study shows that a decrease in PIN2 on the salt-

exposed side can function as the primary generator of auxin asymmetry, but is 

not enough to generate a sufficiently large auxin asymmetry sufficiently fast. For 

this, the feedback of auxin on its own transporters and the transient salt-

induced upregulation of PIN1 play a crucial role. Interestingly, in gravitropism, 

the pin3 mutant is not agravitropic (Kleine-Vehn et al., 2010), starch mutants 

remain partly gravitropic (Caspar and Pickard, 1989), but both the pin2 (Müller 

et al., 1998; Luschnig et al., 1998) and aux1 (Bennett et al., 1996; Swarup et al., 

2001) null mutants are agravitropic. Based on this it has been suggested that 

other, PIN3/7-independent mechanisms for gravitropism exist (Wolverton et 

al., 2002). Our study suggests that PIN2 may be a candidate for such a secondary 

asymmetry-generating mechanism, provided that gravitropism can somehow 

influence PIN2 directly.  

Our study is an important step in unraveling the mechanistic basis of 

halotropism. It can be computed that in the experiments we performed here and 

earlier (Galvan-Ampudia et al., 2013), the differences in salt concentration at 

both sides of the root are in the order of 4-9.5%. Thus, future studies should be 

aimed at deciphering how such small asymmetries in auxin levels can become 

translated into a single-sided PIN2 response and how this might be related to 

the seemingly contradictory findings of an initial increase in PIN2 levels soon 

after the application of salt stress, as observed by Zwiewka et al. (2015) and the 

reduction in PIN2 levels after 6 h of salt stress, as we reported earlier (Galvan-

Ampudia et al., 2013).  

In addition, future studies should be aimed at deciphering the interplay between 

different tropisms. Interestingly, we found here that the auxin asymmetry 

generated during halotropism is substantially smaller than that during 

gravitropism. However, salt has been shown to suppress the gravitropism-

induced degradation of PIN2 (Galvan-Ampudia et al., 2013) while enhancing the 

degradation of starch (Sun et al., 2008), explaining why halotropism can at least 

temporarily overcome gravitropism. In our earlier study, we demonstrated that 

at low salt concentrations halotropism is insufficiently strong to override 

gravitropism, while for higher salt concentrations, the eventual takeover of 

halotropic by gravitropic growth 
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Fig. 4. Influence of salt gradient-induced changes in PIN1 and PIN3 levels. Representative 
images of roots of A. thaliana seedlings expressing PIN1-GFP (A, left) or PIN3-GFP (A, right) in 
control conditions (0 h) and after 30 min of a 300 mM NaCl gradient (0.5 h). Quantification of total 
PIN1-GFP and PIN3-GFP intensity at different time points in A. thaliana stele root cells is shown 
in the graphs. Three independent biological replicates were used in which 2-6 roots were used 
per time point and 5 stele cells were analyzed per root. For PIN1, n=90 for 0 h; n=25 for 0.5 h; 
n=55 for 1 h and 2 h; n=50 for 3 h and 6 h; for PIN3, n=70 for 0 h; n=20 for 0.5 h; n=60 for 1 h; 
n=55 for 2 h; n=40 for 3 h; n=35 for 6 h. Letters indicate different significance groups as 
determined by multivariate ANOVA. PIN1 levels show a 22% increase relative to control after 30 
min of exposure to a salt gradient, after 1 h, this increase is reduced to 14%, and after 2 h the PIN1 
level showed no significant difference relative to the control condition. (continued below)           



 

 

55 

3 

depends on salt concentrations (Galvan-Ampudia et al., 2013), 

suggesting a quantitative tug of war between the two tropisms. Given the 

important role of PIN2 and AUX1 in both gravitropism (Chen et al., 1998; Abas 

et al., 2006; Luschnig et al., 1998; Müller et al., 1998; Bennett et al., 1996; 

Swarup et al., 2001) and halotropism (this study), and the important role of 

PIN2 in phototropism (Wan et al., 2012), these proteins probably represent the 

signaling nexus at which different tropism pathways converge and signal 

integration occurs.  

A final important question for future research is how tropisms can 

function in different developmental or environmental conditions, 

corresponding to different overall auxin levels. For robust tropic responses to 

occur, this might imply that tropisms generate and plant cells respond to 

relative rather than absolute changes in auxin levels – an issue that so far has 

not been investigated. 
 
 
 
 
 
Figure 4 continued: PIN3 protein levels increase 4% compared with control conditions after 1 h 
of exposure, after 3 h, levels dropped to a 5% decrease compared with control conditions. (B) 
Impact of persistent salt induced upregulation of PIN1 or PIN3 on epidermal auxin asymmetry 
after 24 h of salt stress. For comparison purposes, auxin asymmetry in the absence of PIN1 and 
PIN3 regulation is also shown. Owing to the lack of effect of PIN3 upregulation, control and PIN3 
upregulation lines are superimposed. (C) Influence of transient PIN1 upregulation on the 
temporal dynamics of epidermal auxin asymmetry at a distance of 590 μm from the root tip. The 
2 h period of PIN1 upregulation is indicated by the gray area. PIN1 upregulation is applied both 
in absence and presence of an AUX/LAX pattern and feedback of auxin on AUX/LAX expression 
and on PIN2 membrane occupancy. For comparison purposes, auxin asymmetry dynamics in the 
absence of transient PIN1 upregulation are also shown. (D) Auxin rerouting in the presence of 
transient PIN1 upregulation and auxin feedback on AUX/LAX expression and PIN2 membrane 
occupancy. (E) The pin1 mutant shows a transient reduction in halotropism response after 24 h. 
Seeds from a heterozygous pin1 parent were germinated on 0.5 MS plates and after 5 days 
exposed to a diagonal NaCl gradient. Seedlings that were homozygous for the pin1 tDNA insertion 
(−/−) showed a reduced response to the NaCl gradient on both plates with a 125 mM and a 200 
mM salt gradient compared with seedlings that were heterozygous (+/−) and seedlings 
homozygous for the wild-type (Col-0) allele (+/+). This reduction was observed after 24 h but not 
after 48 h. Two independent biological replicates were used in which 200 seedlings per treatment 
were quantified and genotyped. This resulted in +/−, n=105; +/+, n=56; −/−, n=44 for the 0 mM 
treatment. For the 125 mM treatment, the sample sizes were: +/−, n=122; +/+, n=120; −/−, n=59. 
For 200 mM, +/−, n=93; +/+, n=71; −/−, n=45. (F) Representative images of seedlings homozygous 
for the pin1 wild-type allele (+/+) or seedlings homozygous for the tDNA insertion (−/−) on 
control plates or plates with a 200 mM NaCl gradient. Colored dots were placed at the root tip 
after 0 (1st black dot), 24 (green dot), 48 (blue dot) and 72 (2nd black dot) hours after applying 
the salt gradient. The angle from gravity after 24 h (the angle between the line from the first to 
the second dot and a line straight down) is significantly smaller in the example of the −/− seedling 
on a 200 mM NaCl gradient compared with the wild-type seedlings. 
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Methods 
Summary of the computational model  

We use a spatially extended, grid-based model of the Arabidopsis root, similar to earlier 

models (Grieneisen et al., 2007; Laskowski et al., 2008; Mähönen et al., 2014). The model 

incorporates a root tissue architecture with subcellular resolution, cell type and 

developmental zone-specific spatial expression domains and polarity patterns for the 

auxin-exporting PIN proteins and the auxin-importing AUX/LAX genes, auxin transport 

within cells and cell walls and across membranes, and feedback of auxin levels on PIN 

membrane occupation as well as on AUX/LAX gene expression. The source code for the 

simulation models can be downloaded from http:// 

bioinformatics.bio.uu.nl/khwjtuss/HaloRoot/.  

 

Baseline model  

Tissue lay-out  

We started with a highly simplified, rectangular root model, similar to that used in 

earlier modeling studies (Grieneisen et al., 2007; Laskowski et al., 2008; Mähönen et al., 

2014). Root tissue was simulated with a spatial resolution of 2 μm on an 80x925 μm2 

grid. Individual grid points correspond to cytoplasm, membrane or cell wall. We assume 

an average cell width of 8 μm, and simulate a total of eight columns of cells across the 

width of our 2D root model, incorporating from outermost to innermost epidermal 

(blue), cortical (green), endodermal (yellow) and vasculature cells (red). The 

vasculature is connected to the quiescent center (QC, gray), and the lowest part of the 

root represents the columella (cyan) (Fig. 1A, left panel).  

Given that tissue growth occurs on a substantially longer timescale of days 

relative to the minute to hours timescale on which changes in PIN2, AUX1 and auxin 

patterns occur in response to salt stress, we ignored tissue growth in the current 

model.We incorporated a subdivision of the root into a meristematic (MZ), expansion 

(EZ) and differentiation zone (DZ) (Fig. 1A) containing cells with a height of 8 μm, 60 

μm and 100 μm, respectively. Similar to previous modeling studies, we incorporated the 

PIN polarity patterns typical for each cell type and zone (Grieneisen et al., 2007; 

Laskowski et al., 2008; Mähönen et al., 2014) (Fig. 1A). Together, this results in a reverse 

fountain auxin flux pattern that generates an auxin maximum in the QC (Grieneisen et 

al., 2007).  

 

Auxin dynamics  

Auxin dynamics were modeled on a grid point level, in a manner similar to earlier 

studies (Mitchison, 1980; Grieneisen et al., 2007; Mähönen et al., 2014). For an 

intracellular grid point i,j, auxin dynamics are described as:   

 

 

  (1) 
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In Eqn 1 pA is the rate of auxin production per grid point, and dA the rate of auxin 

degradation per rate grid point, which are zero for wall points and non-zero for cellular 

grid points (membrane, cytoplasm). ipas +act represents the lumped, active and passive 

import of auxin from all extracellular grid points i′,j′ that are neighboring the cellular 

grid point i, j, and epas and ePIN correspond to the passive and active export of auxin 

from cellular grid point (i,j ) to neighboring extracellular points (i′,j′), respectively. 

These transport reaction terms only exist for membrane and wall grid points. Auxin 

fluxes were modeled using linear mass action kinetics. Finally, Dc,w represents the 

diffusion constant for auxin inside the cell (c), or inside the wall (w) and diffusion occurs 

only among neighboring cellular orwall grid points, but not between cellular and wall 

points.  

Note that ePIN=aPIN×PINmem, i.e. rather than being a constant parameter, the rate 

of PIN-mediated active auxin transport depends on membrane PIN protein levels. 

Furthermore, PINmem=PINpat×PINexp, that is, PIN membrane levels depend on the 

product of the PIN pre-pattern determining maximum relative PIN level at a particular 

membrane grid point (PINpat) and the cellular PIN gene expression level (PINexp) 

(Mähönen et al., 2014).  

To model the connection of the explicitly modeled root section to the 

notexplicitly modeled rest of the plant we incorporate a shoot derived influx into the 

vasculature and efflux from the root to the shoot from the nonvasculature tissues, 

similar to earlier studies (Grieneisen et al., 2007; Mähönen et al., 2014). Parameter 

values are listed in Table 1. 

 

 

Extended model 

Tissue lay-out 

We also developed an extended model incorporating a more realistic, wedgeshaped root 

tip and root cap tissue (Fig. 1A, middle panel). The root tip template was generated by 

developing an idealized, perfectly symmetric, generalized description based on 

microscopic root tip pictures. The part of the root tip shootward of the lateral root cap 

was assumed to be perfectly straight and have constantwidth. In the part of the root 

containing the root cap, idealized parabolic functions were used to describe the outer 

boundary of the root cap, and the boundary between different root cap layers, between 

lateral root cap and epidermis, epidermis and cortex, cortex and endodermis, 

endodermis and pericycle, and pericycle and the rest of the vasculature. In the lower 

half of this part of the root, a central point was chosen, through which several radial 

lines were drawn that were used to describe cell walls in the columella, and lower parts 

of the lateral root cap, epidermis, ground tissue and vasculature.  

Based on experimental data, root cap tissue has a similar PIN protein polarity 

pattern as epidermal tissue, but with lower maximum membrane PIN protein levels 
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(Ditengou et al., 2008). In the extended model, cell types differ not only in PIN polarity 

patterns, but also have a cell type-specific width of 18 μm for epidermal, 20 μm for 

cortical, 12 μm for endodermal, 8 μmfor the outermost vascular and 6 μmfor the 

remaining vascular cells, in agreement with experimental data and similar to earlier 

models (Laskowski et al., 2008). Zone-dependent cell height was the same as in the 

baseline model, except for the curved part of the root tip where columella and lateral 

root cap cell height increases towards the tip of the root. In the extended model, to 

create sufficient resolution for the curved cell walls and membranes, a spatial resolution 

of 1 μm was used.  

To test the effect of left-right distances between epidermis and lateral root cap 

on the potential to generate auxin asymmetries, we also developed a variation of the 

extended model in which these distances were increased (Fig. 1A, right). Increased 

distances between the epidermal tissues were generated by increasing the size of the 

outermost vascular cells to 10 μm and of the remaining vascular cells to 8 μm, increasing 

the distance between left and right epidermis with 16 μm. In addition, to also increase 

the distance between left and right epidermis and root cap in the tip of the root where 

cell files curve inward the leftmost and rightmost columella cells in each tier were 

increased in size. 

 

AUX/LAX pre-pattern 

In the baseline model, we assumed a constant, homogeneous distribution of auxin 

importers, and modeled this using a single lumped permeability value for passive and 

active auxin import ipas +act. However, it is well known that the AUX/LAX proteins 

involved in active auxin uptake have cell type- and root zone-specific patterns (Bennett 

et al., 1996; Swarup et al., 2001, 2005; Péret et al., 2012). Therefore, we distinguish 

passive and active auxin import in the extended model. For simplicity, we incorporated 

a single generalized AUX/LAX protein, whose domain of expression is the sum of the 

experimentally reported expression domains for the distinct AUX/LAX genes (Fig. S2). 

Similar to active efflux, the rate of active influx is then described by 

iAUX/LAX=aAUX/LAX×AUX/LAXmem, with AUX/LAXmem=AUX/LAXpat×AUX/LAXexp, where 

AUX/LAXpat is the predefined spatial presence/absence pattern for where AUX/LAX can 

be expressed and AUX/LAXexp is the actual cellular gene expression. In addition to this 

spatially heterogeneous active influx we also incorporate a constant, low level of passive 

auxin influx, ipas, in all cells. Parameter values are listed in Table 1. 
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Table 1. Model parameter values 
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Auxin-dependent gene expression of AUX/LAX 

In a subset of simulations, we incorporate the auxin dependence of AUX/ LAX gene 

expression (Laskowski et al., 2006, 2008). We do this by replacing constant AUX/LAX 

expression levels (AUX/LAXexp) by the following cell-level equation for gene expression 

dynamics: 

 

 

 

 

 (2) 

 

 

Here, maxAUX/LAX is the maximum gene expression rate of AUX/LAX, satAUX/LAX is the 

auxin level at which AUX/LAX expression is at its half maximum rate and dAUX/LAX is the 

degradation rate of AUX/LAX. Parameter values can be found in Table1. 

 

Auxin feedback on PIN localization 

PIN levels on the membrane not only depend on PIN gene expression levels but also on 

PIN membrane cycling dynamics. PIN proteins are constantly recycled by 

internalization from the membrane and subsequent secretion to the membrane 

(Steinmann et al., 1999; Adamowski and Friml, 2015). Auxin influences this subcellular 

trafficking by limiting the rate of internalization, thus stimulating its own efflux from 

the cell (Paciorek et al., 2005). This results in a positive feedback between external auxin 

and membrane PIN levels. 

 In a subset of simulations, we incorporated this positive feedback on levels of 

PIN in the membrane. We restricted this positive feedback to the epidermal and root 

cap tissues that are considered of primary importance for generating the auxin 

asymmetry underlying root bending. For these cells, the PIN membrane equation 

(PINmem=PINpat×PINexp) is replaced by the following grid-level equation: 

 

 

 

 

 (3) 

 

 

Here basalPINmem is the minimal fraction of PINs on the membrane in the absence of 

auxin, and fbPINmem is the maximal additional fraction of PINs on the membrane in 

presence of high levels of auxin. satPINmem is the auxin level at which this auxin-

dependent fraction attains its half maximum value. Parameter values can be found in 

Table 1. 
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Simulating halotropism 

Currently, no quantitative data is available showing how changes in PIN2 levels depend 

on the longitudinal position of a root cell (i.e. distance to the root tip). For simplicity, we 

therefore assume the same constant response to salt along the first third of the 

simulated root tissue, while above this part, no response to salt is assumed to occur (Fig. 

1A). The salt gradientwas assumed to be localized to the left of the root tip. We 

considered two different halotropism scenarios. In the first, apical PIN2 levelswere 

decreased by 20% in the epidermis and (if present) root cap at the salt-exposed side of 

the root. In the second scenario, concomitant with a reduction of apical PIN2 levels, a 

20% upregulation of lateral PIN2 levels was assumed to occur. Both scenarios were 

based on the experimental data from Galvan-Ampudia et al. (2013). Simulations were 

run without salt stress until auxin concentrations reached an equilibrium, after which 

salt stress was applied.  

 

Analysis methods 

Auxin levels may vary both because of the imposed salt gradient as well as due to 

different model settings. To faithfully compare the extent of auxin asymmetry resulting 

from a salt gradient under different model settings, we compare auxin levels in the left 

and right epidermis under salt stress with auxin levels under normal, non-stressed 

conditions with the same model settings. Furthermore, we compute percentage rather 

than absolute differences relative to these normal auxin levels. Formally, this can be 

written as: 

 

 

 

 (4) 

 

 

Numerical integration and run-time performance 

Owing to the very fast auxin dynamics, stable integration using simple forward Euler 

schemes would require very small temporal integration steps Δt = 0.0001 s making 

simulations prohibitively slow. Therefore, a semi-implicit alternating direction 

integration scheme (Peaceman and Rachford, 1955) was used that allows for 

integration time steps of Δt = 0.2 s. This approach has been extensively validated in 

earlier studies (Grieneisen et al., 2007; Mähönen et al., 2014). 

All simulations were run on a dell Precision T7500 workstation with Intel Xeon 

X5680 processor. The code for the model was written in C++. Run time for simulations 

were typically around 24 h (corresponding to a biological time of a few days) to reach 

steady state gene expression and auxin levels in absence of salt stress, and 3-6 h for 

simulating salt stress (biological time of 10-36 h). 

 

Experiments 
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Growth conditions and treatments 

We used Arabidopsis thaliana PIN1-GFP (Benková et al., 2003), PIN3-GFP (Zádníková, 

2010), pin1 (SALK_047613) and AUX1-mVenus (Band et al., 2014) lines, all in the Col-0 

background. Seeds were sterilized using a 50% bleach solution. After 2 days of 

stratification the seeds were germinated on 0.5 MS plates with 0.1% MES buffer, 1% 

sucrose, 1% Daishin agar after which the pH was adjusted to 5.8 (using KOH). The plates 

were placed at an angle of 70° and placed in a climate chamber (22°C at long-day 

conditions, 16 h of light at 130 μmol/m2/s). After 4 days, the plants were transferred to 

new 0.5 MS plates. On day 5, the treatment was started. Salt gradients were created 

starting at 0.5 cm from the root tip by cutting the left lower corner of the square 0.5 MS 

plate and replacing this with fresh 0.5 MS medium containing 125 mM, 200 mM or 300 

mM NaCl, depending on the experiment (for control plates medium was replaced with 

fresh 0.5 MS medium without salt). The plates were dried for 15 min and placed back 

into the climate chamber. Microscopy slides were prepared by cutting a rectangle 

around the seedling and placing it upside down on a microscopy slide while maintaining 

an angle of 70°. The slides were imaged within 5 min of removing the plates from the 

climate chamber.  

 

Confocal laser-scanning microscopy  

The images were acquired using a Nikon Ti inverted microscope in combination with an 

A1 spectral confocal scanning head. For GFP, the excitation wavelength used was 488 

nm, the emission wavelength detected was 505-555 nm. For mVenus (YFP), the 

excitation wavelength used was 514 nm and the emission wavelength used was 525-

555 nm. The analysis of the images was performed using Fiji (http://fiji.sc) software.  

 

Analysis  

PIN1 and PIN3 response to salt gradient  

Plants were exposed to a 300 mM NaCl gradient and imaged at different time points (0.5, 

1, 2, 3 and 6 h). For control plants, no significant differences between time points were 

found. Therefore, all control plants could be pooled into a single control group. Three 

biological replicates were performed for both PIN1 and PIN3, each time with newly 

grown A. thaliana seedlings. In each experiment, six roots were imaged for the control 

condition, two roots for the 0.5 h of salt gradient and four roots for the other treatments 

(1 h, 2 h, 3 h and 6 h). Five cells from each root were used for the quantification of PIN 

membrane levels. We dismissed images in which an insufficient number of cells could 

be used for quantifying PIN membrane levels. This could be due to an unfortunate root 

angle, bad confocal plane or air bubbles near the root while imaging. Five cells of each 

imaged root were used to determine the average GFP intensity of the pixels by drawing 

a region of interest (ROI) around one side of the membrane or the intracellular part of 

the cell and using Fiji software to calculate the average. These values were then 

corrected for background fluorescence by subtracting the average value of a part of the 

root which does not express the specific PIN protein. Significance levels between control 
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and salt conditions and the different time points were tested by using ANOVA (using 

SPSS software).  

 

AUX1 response to salt gradient  

Plants were imaged 3 h after exposure to a 300 mM salt gradient or control conditions. 

Three biological replicates were performed for the salt gradient and for control 

conditions. For the salt gradient a total of 13 plants were analyzed (5, 4 and 4 for the 

individual replicates), for control conditions a total of 9 plants were analyzed (4, 3 and 

2 for the individual replicates). For each root, a line transverse to the longitudinal axis 

of the root was drawn to indicate the position at which the lateral root cap ends. Next, 

two lines were drawn following the outer lateral membranes of the epidermal cells 

starting from the end of the rootcap in the shootward direction (see Fig.3C, right).YFP 

intensity levels of the pixels composing these lines were determined using ImageJ 

software (https://imagej.nih.gov/ij/). For each root, we computed the ratios between 

left and right epidermal AUX1 levels as a function of distance from the lateral root cap 

by determining the ratio of YFP intensity levels for pixel pairs consisting of a pixel at the 

left and a pixel at the right outer epidermal membrane located at the same distance from 

the end of the lateral root cap. For the salt treatment, one root was discarded from our 

analysis, for the control conditions, two roots were discarded from our analysis because 

of bad confocal planes resulting in highly uneven fluorescence levels at the left and right 

sides of the root prohibiting the proper application of the above explained analysis 

method. In addition, for control conditions, one root was discarded from our analysis 

because of the high level of root bending observed. It has been previously shown that 

root bending may induce local elevation of AUX1 levels (Laskowski et al., 2008). Ratios 

computed for salt gradient and control roots were binned per 5 μm length segments. 

Significance levels between control and salt gradient exposed roots were computed per 

bin using a double sided t-test (using R software). 

 

Effect of pin1 on halotropism 

Seeds from a heterozygous pin1 mutants (SALK_047613) [the homozygous pin1 mutant 

is sterile (Okada et al., 1991)] were plated and grown to 5 days, as described above 

(growth conditions and treatment). A difference relative to the above described 

experiments is that the plants were not transferred after 4 days to new 0.5 MS plates 

but were germinated on the final treatment plates. On day 5, the treatment was started, 

as described above. The 5-day old seedlings were then analyzed for their halotropic 

response according to Galvan-Ampudia et al. (2013). Ten seeds were used per plate and 

20 plates for each treatment (0, 125 and 200 mM NaCl). All seedlings were genotyped 

to identify seedlings homozygous for the tDNA insertion [forward genomic primer: 

acggtatagtccctctataact, reverse genomic primer: gctgcaaaagagtgacataaa and insertion 

primer (LBb1.3): attttgccgatttcggaac]. Significance levels between genotypes at 

different time points were tested with SPSS software by using MANOVA (post hoc 

Bonferroni P<0.01). 
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Zwiewka, M., Nodzyński, T., Robert, S., Vanneste, S. and Friml, J. (2015). Osmotic 
 stress modulates the balance between exocytosis and clathrin-mediated 
 endocytosis  
 in Arabidopsis thaliana. Mol. Plant 8, 1175-1187. 



 

 

69 

3 

Supplemental information 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1: Influence of measurement threshold on displayed auxin rerouting. Auxin 
rerouting maps for auxin elevations of 10% or more (same as in Figure 2C, right) (left) and for 
auxin elevatios of 1% or more (right). 
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Table S1: Significance values for AUX1 asymmetry in salt-gradient exposed versus non 

exposed roots. Significance values were computed for a double sided T-test performed on 

AUX1 fluorescence level ratios between salt-exposed and non-salt exposed plants. Ratios 

were binned per 5 um intervals, indicated distances represent the midpoint of the bin.  
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Figure S2: Influence of AUX/LAX on root tip auxin pattern. Left: auxin pattern in absence of 
AUX/LAX prepattern; Middle: AUX/LAX pattern with static AUX/LAX leves and resulting auxin 
pattern; Right: AUX/LAX pattern with auxin dependent AUX/LAX expression and resulting auxin 
pattern. 
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Figure S3: Influence of auxin feedback on PIN2. A Impact of positive feedback of auxin on PIN2 
membrane occupancy on epidermal auxin assymetry after 24 hours of applying salt stress by 
reducing apical and increasing lateral PIN2 levels. For comparison purposes auxin asymmetry 
under several other conditions are also shown. We can see that while auxin induced upregulation 
of AUX/LAX expression substantially elevated the auxin asymmetry, the added effect of auxin 
feedback on PIN2 appears more subtle, increasing auxin asymmetry in the lower part and 
reducing asymmetry in the higher parts of the elongation zone. Important to consider here is that 
we take the PIN2 situation as observed after 6 hours of salt stress as a starting point for our 
simulations. As a consequence, we start our simulations from a situation in which most if not all 
PIN2 dynamics, directly salt induced as well as secondary auxin-feedback dependent- has most 
likely already taken place. In retrospect, adding auxin dependent feedback of PIN2 on top of this 
should not be expected to have too much effect. Indeed, auxin dependence of PIN2 might be more 
important for the initial establishment of the PIN2 asymmetry. B Auxin rerouting, change in PIN 
membrane occupancy pattern and resulting auxin asymmetry in presence of auxin feedback on 
both AUX/LAX expression and PIN2 membrane occupancy. 
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Figure S4: PIN1 and no PIN3 re-distribution during a 300 mM NaCl gradient. A PIN1-GFP and 
B PIN3-GFP intensities compared to control on the basal and lateral sides of the membrane and 
inside of the cell. GFP-intensities on the individual membranes and cell interior follow the same 
pattern as the total GFP-intensity (Fig 4), implying that no redistribution of PIN1 or PIN3 occurs 
during 6 hours of exposure to a 300mM NaCL gradient. Note that in our earlier work we found 
substantial upregulation of both PIN1 and PIN3. The differences in salt-induced upregulation of 
PIN1 and PIN3 found in our current and earlier experiments can be explained by diff erences in 
experimental set-up. In the Galvan-Ampudia et al. study roots were dipped in liquid 100 mM NaCL 
medium for an hour, generating a uniform and severe salt stress for the root. In contrast, in the 
current study roots were grown in solid medium containing a salt-gradient with a maximum of 
300 mM NaCL. These conditions are more representative for naturally occurring growth 
conditions. Extrapolating from measurements of similar gradients in our earlier study (Galvan-
Ampudia et al. Curr Biol 2013), we derive that salt concentrations at the tip of the root will not 
exceed 75 mM after 24 hours. Thus, in the current experiments roots are exposed to non-uniform 
and considerably lower salt-stress, explaining the reduced upregulation of PIN1 and PIN3. 
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Figure S5: Robustness to variation in location of major auxin source. In the default model, all 
cells have a similar capacity to produce and degrade auxin and there is a substantial flux of auxin 
from the shoot. Here we reduced shoot derived auxin influx by a factor 2, while increasing auxin 
production in the QC by a factor 100 and in the root cap increasing auxin production a factor 50 
and decreasing degradation by a factor 2. We compare the epidermal auxin asymmetry and 
overall auxin pattern generated during halotropism with that of the default model. 
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Figure S6: Robustness to variation in parameter values. Robustness of simulation out- comes 
for changes in the reduction of apical PIN2 at the salt-stressed side (A), changes in maxAUX1 (B), 
changes in satAUX1 (C), changes in satpinmem (D), changes in ipas (E), changes in epas (F), changes in 
Dcell (G), changes in Dwall (H), changes in da (I) and changes in aPIN (J). Parameter values were varied 
within a range of a factor 0.5 to 1.5 of the original values. All simulations were performed with an 
apical PIN2 reduction of 20%, and without AUX/LAX prepattern and feedback on auxin 
transporters. Simulations were run for 24 hours, auxin levels during stress were compared to 
equilibrium levels, and plotted for the elongation zone.  
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Abstract 

Changes in the endocytosis and re-localization of auxin carriers represent an 

important mechanism for adapting plant growth- and developmental 

responses, especially upon experiencing salinity stress. Following their 

homology to mammalian phospholipase Ds (PLDs), the PLDζs in plants are likely 

candidates to regulate auxin-carrier endocytosis. Arabidopsis thaliana contains 

two PLDζ isoforms, PLDζ1 and PLDζ2. While a role in halotropism and 

gravitropism has been reported for PLDζ2, the underlying cellular mechanisms 

still remain unclear, as does the potential involvement of PLDζ1. Here, tropic 

phenotypes in a pldζ1-KO mutant were investigated, together with the dynamics 

of two auxin transporters during salt stress, i.e. the efflux carrier, PIN2 and the 

influx carrier, AUX1 We found altered halotropic- and gravitropic responses in 

absence of PLDζ1, and report a role for PLDζ1 in the polar localization of PIN2, 

both under normal conditions and during salt stress. Irrespective of the genetic 

background, salt stress induced changes in AUX1 polarity. Based on our earlier 

model, we found that these novel salt induced-AUX1 changes contribute to 

halotropic auxin asymmetry. Our updated model predicts that the differences in 

salt induced-PIN2 changes in the pldζ1 mutant indeed lead to slower build-up 

of auxin asymmetry. In this paper, we also describe the formation of so-called 

‘Osmotic Stress-Induced Structures’ (OSIMS) that, to our knowledge, have bot 

been described before. They represent large (± 600 nm) membrane structures 

that are formed at the plasma membrane, shortly after NaCl or sorbitol 

treatment and remain present in a pldζ1 mutant, while they disappear in the 

wildtype. OSIMS do not co-localize with clathrin and their formation is not 

altered when sterol-influencing drugs are applied during salt stress. Taken 

together, these results increase our knowledge on auxin carrier dynamics 

during salt stress. 
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Introduction 

Soil conditions are one of the major decisive factors whether particular crops 

can be cultivated. For example, water and nutrient availability, pH, salinity, 

heavy metals, but also the microbiome, all represent important factors 

influencing plant growth and survival (Berendsen et al., 2012; Kochian et al., 

2015; Munns and Gilliham, 2015). Hence, drought, nutrient-poor soil or high-

soil salinity are often the cause of soil degradation. As a result of climate change, 

these conditions are found more frequently and are more extreme. 

Consequently, the amount of arable land in the world is declining. On all 

continents, salt-affected soils are present, with the most in the Middle East, 

Oceania and North Africa with 189 Mha, 169 Mha and 144 Mha of affected land, 

respectively (Wicke et al., 2011). Moreover, moderate levels of soil salinity 

already cause a decrease in yield. Therefore, improving the salt tolerance of 

crops is important to secure our food supply in the coming future, where we 

face an increasing population and decreasing amount of arable land.  
Roots in a saline soil have to cope with Na+-toxicity and osmotic stress. 

Root growth changes inherent to these conditions include a short-term arrest 

of root growth, called the quiescence phase (Geng et al., 2013), after which 

growth recovers, though never reaches the same rate as before the stress (Geng 

et al., 2013; Julkowska and Testerink, 2015). Main root and lateral roots are 

affected differently by soil salinity, resulting in differences in overall root 

system architecture (RSA) compared to control conditions (Julkowska et al., 

2014), of which the genetic and molecular mechanisms are starting to be 

unravelled (Julkowska et al., 2017). Root development is controlled by local 

auxin maxima and minima. The former inhibits cell elongation and regulates 

lateral root emergence, while the latter have been shown to regulate the 

transition from cell division to cell differentiation (Di Mambro et al., 2017). 

Auxin is also known to regulate its own carriers and thus locally enhancing 

auxin flow and regulating organ formation (Laskowski et al., 2008). Shoot 

derived-auxin transport to the root involves polar auxin transport (PAT), which 

is regulated by auxin carriers and represents the best-studied processes of 

auxin-regulated growth and development (Armengot et al., 2016; Naramoto, 

2017). Internalization of auxin carriers during recycling is dependent on 

clathrin-mediated endocytosis (Adamowski and Friml, 2015). Salt stress also 

induces endocytosis and while CME is often also proposed as the endocytosic 

pathway involved in the internalization of auxin carriers during salt stress, 

recent studies provide evidence for the involvement of clathrin-independent 

endocytosis (Titapiwatanakun et al., 2009; Baral et al., 2015). 
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Besides adaptation of overall RSA to saline soil, plants are also capable 

of changing their direction of root growth, i.e. away from salt, a phenomenon 

called halotropism (Galvan-Ampudia et al., 2013). During the halotropic 

response, a salt-induced increase in internalization and relocation of the auxin 

transporter, PIN2, on the salt-exposed side, changes the flow of auxin, causing 

an elevation of auxin levels on the non-exposed side of the root, inhibiting cell 

elongation. The net result is that the root bends away from the salt gradient 

(Galvan-Ampudia et al., 2013). Through a combination of computational 

modelling and in planta experiments, it was demonstrated that the 

internalization of only PIN2 would be insufficient to generate an effective auxin 

asymmetry (van den Berg et al., 2016). Up-regulation of AUX1 on the non salt-

exposed side of the root, through a positive-feedback loop from an increasing 

auxin concentration was required to reach an auxin concentration that was 

sufficient to inhibit cell elongation. In addition, a transient increase of PIN1 in 

the stele was found to be essential (van den Berg et al., 2016). 
Galvan-Ampudia et al. (2013) proposed that Phospholipase D zeta 2 

(PLDζ2) was involved in an increase in CME of PIN2 during salt stress. 

Arabidopsis has a total of 12 PLDs, including two PLDζs. The PLDζ’s stand out 

from the other 10 plant PLD’s, as they lack a Ca2+-dependent C2-binding domain, 

making them Ca2+ independent. Instead, they contain a pleckstrin homology 

(PH) domain and a Phox (PX) domain, which bind phosphatidylinositol lipids in 

membranes. Nevertheless, this has never been shown for the plant PLDζs. Up to 

date, not much is known about the role of PLDζs in endocytosis. However, much 

can be learned from mammalian systems. The two PLDs of mammalian systems; 

PLD1 and PLD2 have been linked to endocytosis (Donaldson, 2009). Of the plant 

PLDs, the PLDζs are most homologous to the mammalian PLD1 and PLD2 (Qin 

and Wang, 2002), suggesting plant PLDζ’s could play a role in endocytosis. For 

PLDζ2 involvement during halotropism (Galvan-Ampudia et al., 2013), 

gravitropism (Li and Xue, 2007) and hydrotropism (Taniguchi et al., 2010) has 

been shown.  

PLDs hydrolyze structural phospholipids, like phosphatidylcholine (PC) 

to produce phosphatidic acid (PA) that can function as lipid second messenger 

(for reviews, see (Munnik, 2001; McDermott et al., 2004)). For example, PA acts 

as a signal for cytosolic proteins to be recruited to the PM (Testerink and 

Munnik, 2011). In addition, due to its small headgroup, PA also increases the 

negative curvature at the cytoplasmic leaflet of membranes thereby facilitating 

membrane fusion and -fission by (Kooijman et al., 2003; Testerink and Munnik, 

2011; Yao and Xue, 2018). In mammalian cells, PLD2 had been implicated in 
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clathrin-mediated endocytosis (Du et al., 2004) and caveolae-mediated 

endocytosis (Jiang et al., 2016).  

In plants, an increase in PLD-generated PA have been reported in 

response to water deficit (Jacob et al., 1999; Frank et al., 2000) and during 

osmotic- and salt stress (Munnik et al., 2000). For Arabidopsis, genetic evidence 

for the involvement of PLDα1 and PLDδ in salt stress has been shown 

(Bargmann et al., 2009). Meanwhile, several candidate PA-binding proteins 

have been found in the peripheral membrane fraction of salt-stressed roots 

(McLoughlin et al., 2013). 

An increase in CME during salt stress is potentially the pathway for 

internalization of PIN2 during halotropism. Treatment with an inhibitor of 

mammalian PLDs, FIPI (5-Fluoro-2-indolyl des-chlorohalopemide) (Su et al., 

2009), hampered clathrin localization to the membrane (Galvan-Ampudia et al., 

2013). Subsequently, PIN2 localization during salt treatment was altered in 

presence of FIPI. However, pldζ2 mutants only exhibited a weak halotropic 

response, indicating the involvement of other PLDs. Next to the putative 

involvement in PIN2 endocytosis during salt stress, as mentioned above, 

knowledge on plant PLDs and their role in endocytosis is scarce (Pleskot et al., 

2012; Takac et al., 2012).  
So far, a role for PLDζ1 in salt stress and tropism responses have 

remained elusive. Inducible RNAi inhibition of PLDζ1 resulted in deformed root 

hairs and an altered root hair patterning (Ohashi et al., 2003). Similarly, 

involvement of PLDζ1 in root development during phosphate starvation has 

been described (Li et al., 2006). Under phosphate limiting conditions, the 

pldζ1/pldζ2-double mutant, but not the single mutants, exhibited shorter main 

roots and longer lateral roots. 
We set out to investigate a putative role for PLDζ1 in salt stress and 

especially in halotropism. We hypothesized that PLDζ1 is involved in tropism 

responses as a result of its homology to PLDζ2 and mammalian PLD’s. 

Therefore, we investigated root growth direction of a pldζ1 mutant using both 

halotropism and gravitropism assays. In addition, we studied auxin carrier 

localization during salt stress in a pldζ1 mutant. 
 

Results 

PLDζ1 is involved in altering the root-growth direction during tropisms 

To assess the putative role of PLDζ1 during halotropism, roots from a pldζ1-KO 

mutant were followed for one day on vertical agar plates, containing either 

control medium or a salt gradient produced by 200 mM NaCl (Galvan-Ampudia 
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Figure	1:	pldζ1	mutant	plant	roots	show	a	delayed	halotropism	response.	Representative	pictures	of	wildtype	and	pldζ1	plants	growing	on	plates	
containing	a200	mM	NaCl	gradient	in	the	time-lapse	set-up	(A).	Yellow	dashed	lines	show	start	of	gradient.	On	a	time	lapse	imaging	set-up	pldζ1	mutant	

plants	show	a	slower	avoidance	on	a	200mM	NaCl	gradient	(B).	(combined	data	of	2	biological	replicas,	WT	n=34,	pldζ1	n=38,	pldζ1//pPLDζ1::PLDζ1-YFP	
n=32).	Asterisks	show	significant	differences	(p<0.05	in	a	univariate	ANOVA,	Tukey	post	hoc),	the	color	of	the	asterisks	correspond	to	the	line	with	a	

significant	difference	from	wildtype	.	
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et al., 2013). On control plates, pldζ1 seedlings were found to display a stronger 

skewing effect to the right than wild type (Supplemental figure S1a-b). On salt, 

the pldζ1 seedlings exhibited a slower halotropism response and they did not 

reach the same angle of bending as the wildtype within 24 h (Figure 1a-b). 

During the long-term halotropic response, no difference between wild type and 

pldζ1 was found until day 4, where even a slightly larger angle away from the 

salt gradient was observed (Supplemental figure S1c). To determine whether 

pldζ1 roots were also impaired in the gravitropic response, seedlings were 

grown on vertical agar plates and the root-growth direction monitored after 

changing the plates by 90°. Surprisingly, pldζ1 roots were found to display an 

exaggerated gravitropic response compared to the wild type (Figure 2a-b). 

While wild-type roots remained at an angle of about 10° 5 hrs after 

reorientation, the pldζ1 roots kept bending towards gravity. The difference was 

found up to 7 hrs after reorientation. Skewing during normal growth was not 

seen until 15h after re-orientation of the plate (Figure 2b). The slower 

halotropic response and the exaggerated gravitropic response were both 

rescued by expression of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: pldζ1 mutant plant roots show a delayed halotropism response. (A) Representative images of 
WT (Col-0), pldζ1 and pldζ1//pPLDζ1::PLDζ1-YFP seedlings 24 hours after exposure to a 200 mM NaCl 
gradient in a time-lapse set-up. Yellow dashed lines show start of gradient. (B) Quantification of the growth 
angle over the first 24 hrs after exposure to the 200mM salt gradient. (combined data of 2 biological replicas, 
WT n=34, pldζ1 n=38, pldζ1//pPLDζ1::PLDζ1-YFP n=32). Asterisks show significant differences (p<0.05 in a 
univariate ANOVA, Tukey post hoc), the color of the asterisks correspond to the line with a significant 
difference from wildtype. 
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4 

Col-0	 pldζ1	

Figure	2:	pldζ1	roots	show	an	exaggerated	gravitropic	response.	(A)	Representative	images	of	WT	(Col-0),	pldζ1	and	pldζ1//pPLDζ1::PLDζ1-YFP	seedlings	24	
hours	after	a	90	degrees	reorientation.	Red	bars	show	the	position	of	the	root	tip	immediately	after	reorientation.	Black	arrows	points	at	the	4:00	timpoint.	

(B)	Quantification	of	root	growth	angle	over	24	hours	after	90	degress	re-orientation	(2	biological	replicates:	WT	n=22	,	pldζ1	n=24,	pldζ1//pPLDζ1::PLDζ1-
YFP	n=30).	Asterisks	show	significant	differences	(p<0.05	in	a	univariate	ANOVA,	Tukey	post	hoc),	the	color	of	the	asterisks	correspond	to	the	line	with	a	

significant	difference	from	wildtype.	
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Figure 2: pldζ1 roots show an exaggerated gravitropic response. (A) Representative images of WT (Col-
0), pldζ1 and pldζ1//pPLDζ1::PLDζ1-YFP seedlings 24 hours after a 90 degrees reorientation. Red bars show 
the position of the root tip immediately after reorientation. Black arrows points at the 4:00 timpoint. (B) 
Quantification of root growth angle over 24 hours after 90 degress re-orientation (2 biological replicates: WT 
n=22 , pldζ1 n=24, pldζ1//pPLDζ1::PLDζ1-YFP n=30). Asterisks show significant differences (p<0.05 in a 
univariate ANOVA, Tukey post hoc), the color of the asterisks correspond to the line with a significant 
difference from wildtype. 

 

pPLDζ1::PLDζ1-YFP in the pldζ1-mutant background (Figures 1a-b and 2a-b). In 

conclusion, PLDζ1 is involved in both the halotropic- and gravitropic response. 
 

AUX1 is internalized from the lateral side of the PM during salt stress 

Our earlier work demonstrated the importance of the interplay between auxin-

influx and -efflux carriers during halotropism (van den Berg et al., 2016). In the 

absence of auxin-induced changes in AUX1 expression would be insufficient to 

cause an auxin asymmetry. To determine the cellular dynamics of AUX1 during 

salt stress, we imaged AUX1-mVenus during control- and salt treatments over 

time. As expected, AUX1 showed a less polar distribution than PIN2-GFP in 

control conditions (Band et al., 2014), which was similar for wildtype and pldζ1 

roots (Figure 3a,b). After 5 min of 120 mM NaCl, AUX1 was observed to cluster 

in what appeared to be domains of about 300 nm in the PM. In wildtype plants, 

this clustering occurred simultaneously with a decrease of the combined apical 

and basal signal (apical/basal component), while its lateral abundance did not 

change.  In contrast, in pldζ1 plants, most lateral rather than apical/basal AUX1 

abundance decreased (Figure 3b). After 60 min of salt treatment, the 
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apical/basal AUX1-mVenus signal recovered to mock treatment levels for both 

wildtype and pldζ1, while the lateral signal decreased, the intracellular signal 

increased, and less clustering at the PM was found (Figure 3c). These results 

suggest an involvement of PLDζ1 in the early salt-induced AUX1 re-localization, 

not in the long term AUX1 response.  
 

Modeling shows how salt-induced changes in AUX1 patterning contribute 

to root halotropism  

To investigate the effects of the altered AUX1 patterning during salt stress on 

halotropic auxin asymmetry, an updated version of our previously developed 

computational model for halotropism was used (van den Berg et al., 2016). Our 

experimental data indicated that after 60 min, roots showed restored 

apical/basal AUX1 levels and approximately a 20% reduction in lateral AUX1 

levels. Therefore, simulations were run with the addition of this 20% reduction 

of AUX1. Interestingly, this gave rise to a 10%-elevated increase in auxin at the 

non-salt exposed side of the root (Figure 3d), while an even larger change in 

auxin decrease at the salt-exposed side occurred. Additionally, auxin re-routing 

occured in a shorter time frame, while the rerouting also extended further 

shootward (Figure 3e). Remarkably, halotropism simulation with the 20% 

reduction of lateral AUX1 led to a larger increase of auxin concentration on the 

non salt-exposed side of the root in pldζ1 compared to wildtype (Supplemental 

figure S2). 
 

The PIN2 auxin efflux carrier is more apolarly distributed in a pldζ1 line 

Next to the influx carrier AUX1, the efflux carrier PIN2 has also been reported 

to be affected by salt (Galvan-Ampudia et al., 2013). Hence, we investigated 

differences in the sub-cellular localization of PIN2 in root epidermal cells 

between wild-type and pldζ1 with and without salt in the root elongation zone. 

Under control conditions, pldζ1 mutants exhibited a more apolar distribution of 

PIN2-GFP compared to wild-type roots, with more PIN2 at the lateral-, and less 

at the apical membranes (Figure 4a-b). In salt-stressed wildtype, apical-PIN2 

abundance decreased compared to total PIN2, while lateral- and intracellular-

PIN2 abundance increased after at least 30 min (figure 4d), which was in 

accordance to earlier work (Galvan-Ampudia et al., 2013). Investigating earlier 

responses, we already found a PIN2 decrease at both apical- and lateral side of 

the membrane after 5 min, while the intracellular pool increased (Figure 4c). 

Thus, while initially all PIN2 at the membrane appears to decrease, at later 

stages PIN2 is re-localised to the lateral membrane. In contrast, a membrane 

protein unrelated to auxin transport, i.e. Plasma Membrane Proton ATPase 2 
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Figure	3:	After	short-term	differences	in	AUX1	dynamics	between	wildtype	and	pldζ	during	salt	stress,	cells	show	less	AUX1	on	the	lateral	side	of	the	
PM	upon	salt	stress	after	60	minutes.	(A)	Representative	pictures	of	AUX1-mVenus	in	wildtype	and	pldζ1	during	control	and	salt	stressed	conditions.	(B)	

Relative	AUX1-mVenus	signal	abundance	at	the	different	sides	of	the	PM	compared	to	total	signal	in	control	and	salt	stress	conditions	after	5	minutes	of	
treatment.	Apical/basal	is	the	combined	signal	of	the	adjacent	apical	and	basal	membrane	because	they	are	indistinguishable.	(N	is	respectively	88,	80,	

88	and	80	cells	for	Wt	control,	WT	salt,	pldζ1	control	and	pldζ1	salt).	Asterisks	show	significant	differences	between	control	and	salt	(p<0.05	using	t-test	

in	SPSS	24)	(C)	Relative	AUX1-mVenus	signal	abundance	at	the	different	sides	of	the	PM	compared	to	total	signal	in	control	and	salt	stress	conditions	
after	60	minutes	of	treatment.	(N	is	respectively	88,	64,	96	and	80	cells	for	Wt	control,	WT	salt,	pldζ1	control	and	pldζ1	salt).	Asterisks	show	significant	

differences	between	control	and	salt	(p<0.05	using	t-test	in	SPSS	24)	(D)	Percentage	change	in	epidermal	auxin	levels	at	the	salt	and	non-salt	exposed	
side	of	the	root	as	a	function	of	distance	from	the	root	tip	for	simulated	halotropism	in	wildtype	roots,	thus	a	20%	reduction	in	apical	PIN2	and	a	20%	

increase	in	lateral	PIN2	in	the	root	epidermal	and	root	cap	cells	on	the	salt-exposed	side	of	the	root.	Changes	were	shown	both	for	a	situation	not	
incorporating	and	a	situation	incorporating	salt-induced	AUX1	changes.	Changes	in	auxin	levels	were	shown	for	a	timepoint	3	hrs	after	the	start	of	

halotropism.	(E)	Halotropism	induced	rerouting	of	auxin	in	the	two	corresponding	situations.	Rerouting	is	shown	if	cells	experience	a	10%	or	more	

increase	in	auxin,	color	coding	indicates	the	time	after	start	of	halotropism	when	this	rise	in	auxin	levels	occurs.	Black	arrows	show	the	direction	of	the	
salt	gradient.	
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Figure 3: After short-term differences in AUX1 dynamics between wildtype and pldζ during salt stress, 
cells show less AUX1 on the lateral side of the PM upon salt stress after 60 minutes. (A) Representative 
pictures of AUX1-mVenus in wildtype and pldζ1 background during control and salt stressed conditions. (B) 
Relative AUX1-mVenus signal abundance at the different sides of the PM compared to total signal in control 
and salt stress conditions after 5 minutes of treatment. Apical/basal is the combined signal of the adjacent 
apical and basal membrane because they are indistinguishable. (N is respectively 88, 80, 88 and 80 cells for 
Wt control, WT salt, pldζ1 control and pldζ1 salt). Asterisks show significant differences between control and 
salt (p<0.05 using t-test in SPSS 24) (C) Relative AUX1-mVenus signal abundance at the different sides of the 
PM compared to total signal in control and salt stress conditions after 60 minutes of treatment. (N is 
respectively 88, 64, 96 and 80 cells for Wt control, WT salt, pldζ1 control and pldζ1 salt). Asterisks show 
significant differences between control and salt (p<0.05 using t-test in SPSS 24) (D) Percentage change in 
epidermal auxin levels at the salt and non-salt exposed side of the root as a function of  (continued below)  
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(PMA2), displayed no such polarity change (Supplemental figure S3). The pldζ1 

mutant showed similar changes to wildtype in cellular PIN2 patterning after 5 

min salt stress (Figure 4c), but showed no additional re-localization of PIN2 to 

the lateral membrane at later stages (Figure 4d).   
Next, we investigated whether the differences in PIN2 polarity during 

NaCl treatment were salt specific or caused by osmotic shock. In order to answer 

this question, roots were treated with an equal osmolality of sorbitol (240 mM), 

and the polarity of PIN2 determined after 5 and 30 min. Similar to 120 mM NaCl, 

the apical component of the PIN2-GFP signal in wild-type root epidermal cells 

decreased after 5 min (Figure 4c). The abundance of PIN2 at the lateral sides of 

the membrane, however, did not change while the intracellular signal increased. 

After 30 min, the apical-, lateral- and intracellular signals all remained at the 

same level as the 5 min sorbitol treatment. Thus, no significant PIN2 re-

localization to the lateral sides of the PM in case of osmotic stress treatment was 

observed. No differences were found between the pldζ1 mutant and wildtype 

with regard to PIN2 internalization and re-localization with sorbitol (Figure 4d). 

These results indicate that the observed PIN2 re-localization to the lateral sides 

of the PM upon salt stress is salt-specific.  

 

Modeling demonstrates how differences in salt-induced PIN2 response 

delays root halotropism 

Because our experimental results showed that next to salt-induced changes in 
PIN2 polarity also the baseline PIN2 pattern differed between wildtype and the 
pldζ1 mutant roots, we investigated whether the observed differences in basal-
PIN2 patterning and those induced by salt could explain the observed response 
differences during halotropism. To simulate auxin patterning in the pldζ1 
mutant, we first applied the somewhat less-polarized pldζ1 mutant baseline-
PIN2 pattern in all lateral root cap- and epidermal cells at both sides of our 2D 
root tip model (wild type-apical PIN2: lateral PIN2 ratio = 1:0.1; pldζ1-apical 
PIN2: lateral PIN2 ratio = 0.85:0.11; based on Figure 4b). We tested whether our 
model would predict differences in epidermal auxin levels in control conditions 
due to these changes. Apart from modestly elevated auxin levels between 250 
and 500 μm from the root tip, overall root auxin patterning was largely 
 
 
Figure 3 continued: distance from the root tip for simulated halotropism in wildtype roots, thus a 20% 
reduction in apical PIN2 and a 20% increase in lateral PIN2 in the root epidermal and root cap cells on the 
salt-exposed side of the root. Changes were shown both for a situation not incorporating and a situation 
incorporating salt-induced AUX1 changes. Changes in auxin levels were shown for a timepoint 3 hrs after the 
start of halotropism. (E) Halotropism induced rerouting of auxin in the two corresponding situations. 
Rerouting is shown if cells experience a 10% or more increase in auxin, color coding indicates the time after 
start of halotropism when this rise in auxin levels occurs. Black arrows show the direction of the salt gradient. 
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unaffected (Supplemental figure S4). To simulate auxin patterning during 

halotropism in the pldζ1 mutant, we applied the altered pldζ1 type PIN2 salt 

responses in the higher lateral root cap- and epidermal cells of only the salt 

exposed side of the root. Based on our data (Figure 4c) we applied a smaller 

reduction in apical PIN2 levels and no increase in lateral PIN2 levels as 

compared to wild-type halotropism (wild-type halotropism = apical PIN2: 

lateral PIN2 ratio = 0.8:0.12; pldζ1 halotropism = apical PIN2: lateral PIN2 ratio= 

0.775:0.11). The model also included the salt-induced transient increase of 

PIN1, which was shown to be important for auxin asymmetry timing, and the 

auxin-induced expression of AUX1, important for auxin asymmetry 

amplification found earlier (van den Berg et al., 2016). Consistent with the 

experimentally-observed slower halotropic response, the model predicted that 

pldζ1 has a slower, less distal rerouting of auxin to the non-salt exposed side of 

the root, and achieves substantially-less pronounced auxin asymmetry levels 

(18% vs 27% increase at the non-salt exposed side, and 17% vs 54% decrease 

at the salt-exposed side; Figure 4e and Supplemental figure S5d). Interestingly, 

we found that the salt-induced changes in AUX1 have a more pronounced auxin 

asymmetry-enhancing effect in the pldζ1 mutant compared to wild type. These 

findings underline the importance of the newly found salt induced-AUX1 

response for halotropism robustness.  
Making use of the freedom that a mathematical model offers in 

separating and combining conditions not easily created in planta, we then 

decided to investigate to what extent differences in pldζ1-halotropism response 

depend on differences in basal PIN2 patterns and differences in salt induced-

PIN2 responses.  First, we investigated the effect of the differences in baseline 

conditions. For this, we combined the pldζ1-type of salt-induced PIN2 changes 

with different baseline conditions: wildtype, pldζ1 or hybrid combinations 

(Supplemental figure S5a). Differences in baseline PIN2 patterns appear to have 

a small effect on the auxin increase at the non-salt exposed side, a somewhat 

larger effect on the auxin decrease on the salt-exposed side, as well as a small 

effect on the timing of auxin rerouting (Supplemental Figure 5b). The slightly 

larger asymmetry and rerouting speed arising in wild type as compared to pldζ1 

baseline-PIN2 conditions are predominantly caused by the difference in 

baseline apical PIN2 levels (Supplemental figure S4a). Next, we combined pldζ1 

baseline-PIN2 settings with different salt induced-PIN2 changes: wildtype, 

pldζ1 or hybrid combinations.  We find that it is predominantly the increase in 

lateral PIN2 levels occurring under salt in the wildtype but not pldζ1, that is 

critical for both the level of auxin asymmetry (Figure 4f, Supplemental figure 

S5c). The higher salt-induced apical-PIN2 levels in wild type relative to pldζ1 
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Figure	4:	Loss	of	PLDζ1	results	in	a	more	apolar	PIN2	distribution	and	altered	PIN2	re-localization	upon	salt	stress.	Using	a	PIN2-GFP	fusion	protein	in	both	
wildtype	(Col-0)	and	pldζ1	background	the	intensity	of	the	GFP	signal	on	the	apical	and	lateral	sides	of	the	membrane	was	measured	next	to	the	intracellular	

signal.	(A)	Representative	images	showing	PIN2-GFP	in	WT	and	pldζ1	in	control	and	salt	stress	conditions	after	5	and	60	minutes.	(B)	PIN2	polarity	in	normal	
conditions	show	a	significant	lower	signal	at	the	apical	membrane	in	the	pldζ1	background	(3	biological	replicates,	n=96	cells	from	12	roots).	(C)	Quantification	of	

PIN2-GFP	signal	at	the	different	cell	compartments	after	5	minutes	of	control,	salt	of	sorbitol	treatment.	(3	biological	replicates,	n>80,	from	10	roots	or	more).	(D)	

Quantification	of	PIN2-GFP	signal	at	the	different	cell	compartments	after	30	minutes	of	control,	salt	of	sorbitol	treatment.	(3	biological	replicates,	n>80	from	10	
roots	or	more).	(E)	Heatmaps	showing	halotropism	induced	auxin	rerouting	for	wildtype	and	pldζ1	settings.	When	a	cell	changes	from	black	to	colored,	this	

indicates	a	auxin	increase	of	at	least	10%.	The	color	indicates	the	timing	of	the	auxin	increase	with	lighter	colors	for	short	time	periods.	Black	arrow	indicates	
direction	of	the	salt	gradient	(F)	Changes	in	auxin	rerouting	for	the	different	stress	settings	in	the	pldζ1	mutant.	The	apical	or	lateral	distribution	of	PIN2	using	

either	the	pldζ1	settings	or	the	wild	type	stress	settings	in	the	model	is	indicated.	When	a	cell	changes	from	black	to	colored,	this	indicates	a	auxin	increase	of	at	
least	10%.	The	color	indicates	the	timing	of	the	auxin	increase	with	lighter	colors	for	short	time	periods.	Black	arrow	indicates	direction	of	the	salt	gradient	
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Figure 4: Loss of PLDζ1 results in a more apolar PIN2 distribution and altered PIN2 re-localization 
upon salt stress. Using a PIN2-GFP fusion protein in both wildtype (Col-0) and pldζ1 background the intensity 
of the GFP signal on the apical and lateral sides of the membrane was measured next to the intracellular signal. 
(A) Representative images showing PIN2-GFP in WT and pldζ1 in control and salt stress conditions after 5 and 
60 minutes. (B) Quantification of PIN2-GFP signal intensity on the apical and lateral sides of the membrane 
and the intracellular signal intensity in control conditions in WT and pldζ1. Asterisks show significant 
differences between WT and pldζ1 (p<0.05 in a univariate ANOVA, Tukey post hoc) (3 biological replicates, 
n=96 cells from 12 roots). (C) Quantification of PIN2-GFP signal at the different cell compartments after 5 
minutes of control, salt of sorbitol treatment. Letters show significance groups between different treatments 
in either WT or pldζ1 in one timepoint (p<0.05 in a univariate ANOVA, Tukey post hoc). (3 biological replicates, 
n>80, from 10 roots or more). (D) Quantification of PIN2-GFP signal at the different cell  (continued below)                 
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only plays a minor role in both location and timing of the auxin asymmetry. 

These findings are consistent with our previous work, demonstrating the 

importance of lateral increased-PIN2 levels (van den Berg et al., 2016). 
In conclusion, while the baseline-PIN2 differences cause a mild-slowing 

down and reduction of auxin rerouting during halotropism in the pldζ1 mutant, 

it is predominantly the difference in salt induced-PIN2 localization changes 

relative to wild type that cause a slower halotropic response due to slower, less-

spatially extended but foremost reduced auxin rerouting. 

 

NaCl and Sorbitol induce large membrane structures at the PM in 

epidermal en lateral root cap cells 
Within 5 min after exposure of roots to NaCl or sorbitol, root cap and epidermal 

cells in wildtype roots were observed to form large, globular structures at the 

plasma membrane (Figure 4a). With a size of ~600 nm (Figure 5b), these 

structures are too large to be any known type of plasma membrane associated 

vesicle (Heuser, 1980; Homann, 1998). In wild-type seedlings, the number of 

these osmotic stress-induced membrane structures (from now on abbreviated 

to OSIMS) dramatically decreased after 15 min of stress treatment (Figure 5a), 

together with a small decrease in size, and after 60 min almost all OSIMS were 

gone. In contrast, the OSIMS in pldζ1 roots build-up over a much longer time (up 

to 15 min), and still half of the OSIMSs remained present after 60 min of salt 

stress.  In addition to these differences in temporal dynamics, also the sub-

cellular localization of OSIMS showed a different pattern between wild type and 

pldζ1 (figure 5c). In wild type, ~55% of the OSIMS were located at the apical 

side of the membrane, while ~35% resided in the corner region 

(undistinguishable whether it is located on the lateral or apical side) after 5 min 

salt stress. In pldζ1 cells less OSIMS were found at the apical side of the 

membrane (~45%) and more at the corners (~45%). Besides, in pldζ1 cells, this 

spatial distribution did not differ between different time points, yet in wild-type 

cells, even more OSIMS were found at the apical side (~64%) after 15 min of 

salt stress.  
 
 
Figure 4 continued: compartments after 30 minutes of control, salt of sorbitol treatment. Letters show 
significance groups between different treatments in either WT or pldζ1 in one timepoint (p<0.05 in a 
univariate ANOVA, Tukey post hoc) (3 biological replicates, n>80 from 10 roots or more). (E) Heatmaps 
showing halotropism induced auxin rerouting for wildtype and pldζ1 settings. When a cell changes from black 
to colored, this indicates a auxin increase of at least 10%. The color indicates the timing of the auxin increase 
with lighter colors for short time periods. Black arrow indicates direction of the salt gradient (F) Changes in 
auxin rerouting for the different stress settings in the pldζ1 mutant. The apical or lateral distribution of PIN2 
using either the pldζ1 settings or the wild type stress settings in the model is indicated. When a cell changes 
from black to colored, this indicates an auxin increase of at least 10%. The color indicates the timing of the 
auxin increase with lighter colors for short time periods. Black arrow indicates direction of the salt gradient. 
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Next, we used roots expressing AUX1-mVenus to determine if other, 

apolar auxin carriers were also located to OSIMS. Indeed they were, and no 

significant difference in the number of fluorescent OSIMS per cell was found 

between PIN2-GFP- and AUX1-mVenus-expressing epidermal root cells (Figure 

5d,e). Following this result, we also found that PMA2-GFP appeared in OSIMS 

shortly after salt application (Figure 5d,e). Moreover, no significant difference 

in the number of OSIMS between PMA2- or PIN2-GFP-expressing lines was 

found 5 min after salt stress (Figure 5d). Imaging PIN2-GFP after treatment with 

240 mM sorbitol also revealed OSIMS (Supplemental figure S6a) and no 

significant difference in the number of OSIMS were observed compared to salt. 

Similar to salt stress, these OSIMS were rarely observed after 60 min of sorbitol 

treatment (Supplemental figure S6b). 
 To test whether these OSIMS are larger forms of known endosomal 

structures, co-localization experiments with PIN2 and known endosomal 

markers were performed in wildtype and pldζ1 background. These include 

RabF2b-RFP (ARA7) for multivesicular bodies, SYP32-RFP for the golgi 

network, RabA1e-RFP for recycling endosomes and VHA1-RFP for early 

endosomes (Dettmer et al., 2006; Geldner et al., 2009). However, none of the 

markers showed any co-localization with the PIN2-containing OSIMS after 5 

min of NaCl treatment (Supplemental figure S7).  

 

OSIMS do not co-localize with clathrin  

If OSIMS represent excess membrane material, the styryl dye FM4-64, used to 

label PM, should co-localize with the PIN2-GFP found in the OSIMS. Hence, 

Arabidopsis seedlings expressing PIN2-GFP were stained with FM4-64 (Figure 

6e-f). PIN2-GFP and FM4-64 were found to co-localize, indicating that OSIMS are 

indeed membranous. 

To investigate whether the OSIMS are part of an endocytic pathway, we 

tested whether OSIMS were associated with clathrin (CME) or whether the 

number of OSIMS would be decreased by pharmacological drugs that inhibit 

Membrane Microdomain-associated endocytosis (MMAE). For clathrin, we used 

a PIN2-GFP x CLC-mCherry line to image the subcellular localization of both 

proteins during early salt stress responses, and as shown in Figure 6a-b, no 

clathrin was found to associate with OSIMS. For the MMAE, two inhibitors were 

tested, i.e. methyl-β-cyclodextrin and filipin (Ovecka et al., 2010; Valitova et al., 

2014). However, neither affected the formation of OSIMS (Figure 6c-d) and no 

co-localization was found with the fluorescent filipin (Figure 9c-e). Together, 

these results suggest that OSIMS represent excess membrane material but not 

enlarged Clathrin-coated vesicles or internalized microdomains. 
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Figure	5:	pldζ1	mutant	plants	have	delayed	processing	of	OSIMS	at	the	plasma	membrane	which	are	bigger	after	30	minutes	and	localize	more	often	to	
cell	corners.	Quantification	of	amount	of	osmotic	stress-induced	membrane	structures,	OSIMS,	at	the	plasma	membrane	in	WT	and	pldζ1	mutant	plant	

epidermal	cells	in	the	lower	elongation	zone	(	data	is	3	biological	replicates	combined,	n=	between	350-500	cells	per	timepoint)	(A).	Average	structure	size	in	
WT	and	pldζ1	mutant	plant	epidermal	cells	in	the	lower	elongation	zone.	Letters	show	significance	groups,	p<0.05	in	a	univariate	ANOVA,	Tukey	post	hoc	in	

SPSS	24		(B)	(data	is	3	biological	replicates	combined,	n=50	for	Col-0	15	minutes,	for	Col-0	5	minutes	and	all	pldζ1	n	is	between	150-250.	For	Col-0	30	and	60	

minutes	N<10	and	they	were	not	quantified).	Asterisks	show	significant	difference	between	Col-0	and	pldζ1.	p<0.05	in	a	t-test	using	SPSS	24		(C)	Sub-cellular	
localization	of	the	NaCl	and	Sorbitol	induced	structures	at	the	plasma	membrane.	Structures	scored	as	localized	in	the	corner	could	not	be	scored	as	either	

apical	or	lateral	(The	same	images	were	used	for	both	size	and	location	and	the	n	is	the	same).	Asterisks	show	significant	differences	between	Wt	and	pldζ1	
for	a	timepoint	(p<0.05	using	a	chi-square	test	in	SPSS	24).	(D)	Comparison	of	the	amount	of	OSIMS	in	a	PIN2-GFP,	AUX1-mVneus	and	PMA2-GFP	line	after	5	

minutes	of	a	120mM	salt	stress.	No	significant	differences	were	found	using	a	univariate	ANOVA	with	Tukey	post	hoc	in	SPSS	24.	(E)	Representative	images	
of	OSIMS	in	Arabidopsis	roots	expressing	PIN2-GFP,	AUX1-mVenus	and	PMA2-GFP	after	a	5	minute	120mM	NaCl	treatment.	
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Figure 5: pldζ1 mutant plants have delayed processing of OSIMS at the plasma membrane. (A) 
Quantification of amount of osmotic stress-induced membrane structures, OSIMS, at the plasma membrane in 
WT and pldζ1 mutant plant epidermal cells in the lower elongation zone after 5, 15, 30 and 60 minutes (data 
is 3 biological replicates combined, n= between 350-500 cells per timepoint). (B) Average structure size in 
WT and pldζ1 mutant plant epidermal cells in the lower elongation zone. Letters show significance groups, 
p<0.05 in a univariate ANOVA, Tukey post hoc in SPSS 24 (data is 3 biological replicates combined, n=50 for 
Col-0 15 minutes, for Col-0 5 minutes and all pldζ1 n is between 150-250. For Col-0 30 and 60 minutes N<10 
and they were not quantified). Asterisks show significant difference between Col-0 and pldζ1. p<0.05 in a t-
test using SPSS 24  (C) Sub-cellular localization of the NaCl and Sorbitol induced structures at the plasma 
membrane. Structures scored as localized in the corner could not be scored as either apical or lateral (The 
same images were used for both size and location and the n is the same). Asterisks show significant differences 
between Wt and pldζ1 for a timepoint (p<0.05 using a chi-square test in SPSS 24). (D) Comparison of the 
amount of OSIMS in a PIN2-GFP, AUX1-mVneus and PMA2-GFP line after 5 minutes of a 120mM salt stress. No 
significant differences were found using a univariate ANOVA with Tukey post hoc in SPSS 24. (E) 
Representative images of OSIMS in Arabidopsis roots expressing PIN2-GFP, AUX1-mVenus and PMA2-GFP 
after a 5 minute 120mM NaCl treatment. 
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OSIMS are processed slower in pldζ1 roots 

The average number of OSIMS after 5 min of 120 mM NaCl or 240 mM sorbitol 

treatment in pldζ1 epidermal-root cells did not differ significantly from those in 

wild type (Figure 5a). Interestingly, however, more OSIMS were observed in 

pldζ1 roots after 60 min compared to wild type, in which most OSIMS had 

already disappeared. The average size increase to 700 nm after 15 min in the 

pldζ1 roots also contrasts with the decrease in size in the wild-type roots during 

that same period (Figure 5b). The subcellular localization of OSIMS upon120 

mM NaCl treatment was mainly at the apical side of the plasma membrane with 

a few OSIMS at the lateral sides and about 25% in the corners of the cell (in 

which distinction between lateral- and apical was impossible to make). This 

corresponds well with the large decrease in apical PIN2 localization during salt 

stress and the less severe reduction in lateral PIN2 shortly after the start of the 

NaCl treatment in the mutant. In wild-type plants, the subsequent decrease of 

OSIMS overlaps with an increase in lateral PIN2 levels. In contrast, in pldζ1 

plants persistence of OSIMS coincides with an absence of the in wild-type 

observed increase in lateral PIN2. This suggests that a processing of OSIMS is 

required for lateral re-localization of PIN2. However, OSIMS were also found 

during a 240 mM sorbitol treatment, while the changes in PIN2 distribution 

between salt- and sorbitol treatment were different (figure 4c-d). This might 

indicate that the slower processing of the OSIMS and the differences in PIN2 

distribution in the pldζ1-mutant roots are distinct consequences of the absence 

of PLDζ1, one that overlaps with a general response to osmotic stress and one 

that is specific to the ionic component of salt stress. Thus the OSIMS processing 

might be necessary, but not sufficient for PIN2 lateralisation. 
 

A drp1a mutant phenocopies the pldζ1 mutant 

Our data suggest that OSIMS represent excess plasma membrane material, 

resulting from the loss of turgor due to hyperosmotic shock. To maintain plasma 

membrane tension, excess membrane material needs to undergo fission and be 

internalized. The prolonged presence of OSIMS in pldζ1 root epidermal cells 

suggests a problem during the fission of this putative excess membrane 

material. Dynamin-Related Protein 1A (DRP1) has been found to regulate 

membrane dynamics at the cell plate (Fujimoto et al., 2008) and belongs to the 

best described fission-related protein family in plants (Collings et al., 2008; 

Fujimoto et al., 2010; Fujimoto and Tsutsumi, 2014). To test whether DRP1 was 

involved in the internalization of OSIMS following osmotic stress, PIN2-GFP was 

imaged in a drp1a-mutant background. Like the pldζ1 mutant, the drp1a mutant 
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Figure	6:	OSIMS	do	not	co-localize	with	clathrin	light	chain	and	are	not	inhibited	by	membrane	micro-domain	inhibiting	drugs.	(A)	Representative	
image	of	a	pldζ1	line	expressing	PIN2-GFP	and	CLC-mCherry	during	a	salt	treatment.	(B)	Profile	plot	of	the	yellow	line	in	(A)	showing	PIN2-GFP	and	CLC-

mCherry	intensities	just	below	the	apical	side	of	the	PM	crossing	through	one	OSIMS.	(C)	Representative	images	showing	a	pldζ1	line	expressing	PIN2-
GFP	during	salt	stress	with	either	no	drug,	10ug/ml	Filipin	or	10mM	of	Methyl-beta-Cyclodextrin.	(D)	Quantification	of	average	number	of	OSIMS	per	cell	

during	no	drug	treatment	(n=12),	Filipin	treatment	(n=8)	and	M-b-CD	treatment	(N=14).	No	significant	differences	were	found	(p<0.05	in	a	univariate	

ANOVA,	Tukey	post	hoc	using	SPSS	24).	(E)	Enlargements	of	one	cell	expressing	PIN2-GFP	and	stained	with	fm4-64	and	filipin	showing	one	OSIMS.	(F)	
Profile	plot	the	yellow	line	in	(E)	showing	the	OSIMS	contains	PIN2-GFP,	fm4-64	but	not	filipin.	
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contained significantly higher number of OSIMS than wild type after 60 min of 

salt stress (Figure 7a and b).  

 
pldζ1 root epidermal cells have increased cell shrinking during early salt 

stress response in the elongation zone 

If PLDζ1 is involved in membrane trafficking during salt and osmotic stress, 

then loss of PLDζ1 may lead to defective maintenance of plasma membrane 

surface area. In guard cells, which shrink and swell through ABA regulation, it 

has been shown that membrane material is internalized and remobilized back 

during shrinking and swelling (Shope et al., 2003; Meckel et al., 2004). We 

investigated root epidermal cell shrinking in the elongation zone of pldζ1. 

Interestingly, an enhanced shrinking of epidermal cells after 5 min of a 120 mM 

NaCl treatment compared to wild type was found  (Figure 8). However, this size 

reduction disappeared after 60 min in both wild type and pldζ1 plants (Figure 

8). The shorter cells in the pldζ1 mutant suggest a slower recovery of plasma 

membrane surface area after cell shrinking due to osmotic stress.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: OSIMS do not co-localize with clathrin light chain and are not inhibited by membrane micro-
domain inhibiting drugs. (A) Representative image of a pldζ1 line expressing PIN2-GFP and CLC2-mCherry 
during a salt treatment. (B) Profile plot of the yellow line in (A) showing PIN2-GFP and CLC-mCherry 
intensities just below the apical side of the PM crossing through one OSIMS. (C) Representative images 
showing a pldζ1 line expressing PIN2-GFP during salt stress with either no drug, 10ug/ml Filipin or 10mM of 
Methyl-beta-Cyclodextrin. (D) Quantification of average number of OSIMS per cell during no drug treatment 
(n=12), Filipin treatment (n=8) and M-b-CD treatment (N=14). No significant differences were found (p<0.05 
in a univariate ANOVA, Tukey post hoc using SPSS 24). (E) Enlargements of one cell expressing PIN2-GFP and 
stained with fm4-64 and filipin showing one OSIMS. (F) Profile plot the yellow line in (E) showing the OSIMS 
contains PIN2-GFP and fm4-64 but not filipin. 
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Figure	 7:	 A	 drp1a	 mutant	 has	 increased	 OSIMS	 at	 the	 plasma	 membrane	 after	 60	 minutes	 of	 salt	 stress.	 (A)	
Representative	pictures	of	drp1a	roots	expressing	PIN2-GFP	in	control	and	salt	stress	conditions.	Inlays	show	one	cell	enlarged.	
Arrows	point	at	OSIMS	at	the	plasma	membrane.	(B)	Quantification	of	the	number	of	OSIMS	in	the	drp1a	mutant	at	the	plasma	
membrane	 per	 cell	 in	 the	 different	 treatments.	 OSIMS	 were	 visible	 after	 60	 minutes	 of	 salt	 stress.	 Asterisks	 show	 significant	
differences	between	the	control	and	salt	treatment	using	a	t-test	(p<0.05)	in	SPSS	24.	
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Figure 7: A drp1a mutant has increased OSIMS at the plasma membrane after 60 minutes of salt stress. 
(A) Representative pictures of drp1a roots expressing PIN2-GFP in control and salt stress conditions. Inlays 
show one cell enlarged. Arrows point at OSIMS at the plasma membrane. (B) Quantification of the number of 
OSIMS in the drp1a mutant at the plasma membrane per cell in the different treatments. OSIMS were visible 
after 60 minutes of salt stress. Asterisks show significant differences between the control and salt treatment 
using a t-test (p<0.05) in SPSS 24. 
 

 

Loss of PLDζ1 has a mild effect on RSA response to salt  

The difference in baseline-PIN2 polarity and salt-induced AUX1 and PIN2 re-

localization has been predicted by our model to result in altered auxin 

dynamics during halotropism in pldζ1 roots. To determine whether the 

changes in auxin-transporter dynamics of pldζ1 roots result in changes in root 

system architecture (RSA), RSA, we compared root growth parameters of wild-

type and pldζ1 seedlings on agar plates containing 0 or 75 mM NaCl (Figure 

9a-f). No differences were found between wildtype and pldζ1 for main root 

length (Figure 9a), number of lateral roots (Figure 9b) or lateral root density 

(Figure 9c) in both control and mild salt stress conditions. However, pldζ1 

plants were found to have on average shorter lateral roots (Figure 9d). Also, 

pldζ1 seedlings showed differences in root growth direction for both main- 

and lateral roots when grown on salt (Figure 9e-f).  
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a

Figure	8:	pldζ1	mutant	has	an	increased	shrinking	of	root	
epidermal	cells	in	the	elongation	zone	during	salt	stress.	Five	

day	old	WT	and	pldζ1	 seedlings	expressing	pAUX1::AUX1-
mVenus	were	exposed	to	a	control	or	120mM	salt	treatment	

for	either	5	or	60	minutes.	Using	confocal	microscopy	cells	were	

imaged	 and	 distance	 from	 apical	 PM	 to	 basal	 PM	 was	
measured.	(Data	is	from	3	biological	replicates	combined,	for	5	

minutes,	N	is	respectively	88,	80,	88	and	80	cells	for	Wt	control,	
WT	salt,	pldζ1	control	and	pldζ1	salt,	for	60	minutes,	N	is	

respectively	88,	64,	96	and	80	cells	for	Wt	control,	WT	salt,	
pldζ1	control	and	pldζ1	salt)	Letters	show	significance	group	

determined	 by	 ANOVA	 followed	 by	 Tukey	 post-hoc	 test		

(p<0.05).	
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Figure	9:	pldζ1	has	shorter	lateral	roots	and	both	main	root	and	lateral	roots	grow	in	a	different	angle	during	salt	stress.	pldζ1	has	no	change	in	main	
root	length	(A),	number	of	lateral	roots	(B)	or	lateral	root	density	(C).	Significant	differences	that	are	found	are;	shorter	average	lateral	root	length	

during	mild	salt	stress	(D),	main	root	direction	(E),	and	lateral	root	direction	(F).	Result	are	from	2	biological	replicates,	total	n	±	40.	Asterisks	show	
significant	differences	between	Col-0	and	pldζ1	according	to	an	univariate	ANOVA	followed	by	a	Tukey	post	hoc	test	with	p<0.05.	
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Figure 9: pldζ1 has shorter lateral roots and both main root and lateral roots grow in a different angle 
during salt stress. pldζ1 has no change in main root length (A), number of lateral roots (B) or lateral root 
density (C). Significant differences that are found are; shorter average lateral root length during mild salt 
stress (D), main root direction (E), and lateral root direction (F). Results are from 2 biological replicates, total 
n ± 40. Asterisks show significant differences between Wt and pldζ1 according to an univariate ANOVA 
followed by a Tukey post hoc test with p<0.05. 

Figure 8: pldζ1 mutant has an 
increased shrinking of root 
epidermal cells in the elongation 
zone during salt stress. Five day old 
WT and pldζ1 seedlings expressing 
pAUX1::AUX1-mVenus were exposed 
to a control or 120mM salt treatment 
for either 5 or 60 minutes. Using 
confocal microscopy cells were imaged 
and distance from apical PM to basal 
PM was measured. (Data is from 3 
biological replicates combined, for 5 
minutes, N is respectively 88, 80, 88 
and 80 cells for Wt control, WT salt, 
pldζ1 control and pldζ1 salt, for 60 
minutes, N is respectively 88, 64, 96 
and 80 cells for Wt control, WT salt, 
pldζ1 control and pldζ1 salt) Letters 
show significance group determined 
by ANOVA followed by Tukey post-hoc 
test  (p<0.05). 
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Discussion 

Changes in polar auxin transport in plant roots during development and in 

response to environmental stimuli are essential for plant survival. So far the 

endocytosis pathway responsible for internalization of auxin carriers to change 

polar auxin transport upon stress remains elusive. For the response to salt, both 

clathrin-dependent and -independent pathways have been proposed (Galvan-

Ampudia et al., 2013; Baral et al., 2015). With regards to the clathrin-dependent 

pathway, PLDζ2 was shown to be involved in PIN2 internalization during salt 

stress (Galvan-Ampudia et al., 2013). Since the closest homologues of plant 

PLDζs are mammalian PLDs, which are known to be involved in endocytosis and 

cell polarity, plant PLDζs are potential candidates for regulating the 

internalisation of auxin carriers during root responses to tropisms and salt 

stress. Yet, a role for PLDζ1 in salt-induced auxin carrier internalization had 

never been addressed.  

The results in this study confirm a role for PLDζ1 in tropic responses 

and salt stress. Furthermore, we observed the formation of large structures at 

the plasma membrane (OSIMS) shortly after hyperosmotic stress with NaCl or 

sorbitol. These OSIMS essentially disappeared in wild-type roots within 30 

minutes but were still found in pldζ1 after 60 min hyperosmotic stress. 

Moreover, re-localization of PIN2 in root epidermal cells upon salt treatment 

was defective in a pldζ1 mutant. Furthermore, the lateral AUX1 abundance was 

found to decrease upon salt stress. Using our previously developed root 

simulation model (van den Berg et al., 2016), we first demonstrated how salt 

induced-AUX1 changes could enhance halotropism induced-auxin asymmetry. 

Additionally, we showed that the observed PIN2-auxin carrier changes in the 

pldζ1 mutant lead to a slower build-up of auxin asymmetry during halotropism. 

Finally, our modeling results showed that it is predominantly the absence of an 

increase in lateral PIN2 in mutants as compared to wild-type seedlings that 

reduces auxin asymmetry build-up.  
 

 

PLDζ1 is involved in the halo- and gravitropic response. 

For PLDζ2, a role during halotropism (Galvan-Ampudia et al., 2013), 

gravitropism (Li and Xue, 2007) and hydrotropism (Taniguchi et al., 2010) has 

been shown. For PLDζ1, only a role in root hair formation (Ohashi et al., 2003) 

and root development during phosphate starvation had been described (Li et 

al., 2006), but not the underlying cellular mechanisms. Here, we report a slower 

halotropic response of a pldζ1 mutant. While pldζ2 had a repressed halotropic 
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response after 24 hrs of growth on a salt gradient (Galvan-Ampudia et al., 2013), 

for pldζ1 a smaller angle away from the salt gradient compared to wildtype after 

5-7 hrs was found but no difference after 24 hrs. Additionally, also in contrast 

to the pldζ2 mutant (Li and Xue, 2007), which showed a repressed gravitropic 

response, we found a normal initial- yet a defective attenuation of the long-term 

gravitropic response for the pldζ1 mutant. This indicates distinct roles for 

PLDζ1 and PLDζ2 in the plant root during tropisms. The apparently contrasting 

result that pldζ1 mutant had a repressed early-halotropic response and an 

exaggerated long-term gravitropic response might be explained by the 

importance of PIN2 re-localization during the early salt response to shift auxin 

to the non-salt exposed side, and during the late-gravitropic response to 

attenuate gravitropism. In this way, the dysfunctional PIN2 cycling in pldζ1 

causes the slow start of halotropism and slow ending of gravitropism, 

underlining the importance of appropriate timing for the distinct roles of PIN2 

during tropisms.  
 

PLDζ1 regulates PIN2 polarity and auxin carrier polarity shifts during salt 

stress 

We report altered polarity of PIN2 in a pldζ1 mutant under control conditions. 

It is believed that membrane protein polarity is dependent on constitutive 

cycling, which requires endocytosis and PLDζ2 has been found to be involved in 

the endocytosis of PIN2 under normal conditions (Li and Xue, 2007). 

Additionally, it has been shown that PLDζ2 derived PA regulates PIN1 polar 

localization through an interaction with the scaffolding A1 subunit of Protein 

Phosphatase 2A (PP2A), which mediates PIN1 dephosphorylation (Gao et al., 

2013). 
In addition to changes in PIN2 polarization under control conditions in 

pldζ1, PIN2 and AUX1 distribution in pldζ1 differed from wildtype during 

respectively later and initial salt stress. This is in agreement with previously 

shown involvement of PLDζ2 in auxin carrier re-localization during halotropism 

(Galvan-Ampudia et al., 2013). Moreover, we found similar initial Sorbitol-

induced internalization of PIN2 compared to previously reported PIN2 

dynamics after a 10 minute mannitol treatment (Zwiewka et al., 2015). So, while 

salt induces a relocalization of PIN2 to the lateral membrane compartment, 

osmotic stress does not have this effect. These differences auxin carrier re-

localization during salt and osmotic treatments suggest that the re-localization 

during salt treatment is not due to the osmotic component of the salt stress, and 

explains why an osmotic gradient does not lead to any tropic response while a 

salt gradient does (Galvan-Ampudia et al., 2013). Indeed, computational 
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modelling established that re-localization of PIN2 to the lateral side of the 

membrane in cells on the salt facing side during halotropism is required for a 

sufficient difference in auxin concentration between the salt-facing and non-salt 

facing side of the root (van den Berg et al., 2016).  
The involvement of PLDζ2 in PIN endocytosis is proposed to function 

through the recruitment of components of the clathrin machinery to the PM by 

binding PLD derived PA (McLoughlin et al., 2013). Interaction between Clathrin-

Heavy-Chain (CHC) and Epsin-like Clathrin Adaptor 1 (ECA1) and Epsin-like 

Clathrin Adaptor 4 (ECA4) and PA was observed shortly after initiation of salt 

stress. The finding by McLoughlin and colleagues was consistent with other 

studies showing involvement of clathrin-mediated endocytosis in 

internalization of auxin carriers (Kleine-Vehn et al., 2010; Galvan-Ampudia et 

al., 2013; Shinohara et al., 2013; Rakusova et al., 2015; Zwiewka et al., 2015) and 

aquaporins (Martiniere et al., 2012) during tropic responses or stress by using 

the CME inhibitor tyrphostinA23 (TyrA23). However, recently it has been 

shown that TyrA23 treatment results in acidification of the cytoplasm 

(Dejonghe et al., 2016). This raises serious questions on the specificity of CME 

inhibition by TyrA23. Other evidence pointing towards clathrin-independent 

endocytosis during salt stress comes from auxin carriers that are internalized 

in the presence of NAA, a known inhibitor of CME (Baral et al., 2015). Moreover, 

ABCB19 is found to interact with PIN1 in association with sterols and 

sphingolipids (Titapiwatanakun et al., 2009). PIN1 was found in detergent 

resistant membrane (DRM) fractions after Triton X-100 treatment in wildtype 

plants while in abcb19 mutants PIN1 abundance in the DRM fraction was much 

lower. This suggests that PIN1 internalization through Membrane 

Microdomain-associated endocytosis (MMAE).  

Here, we report unknown structures, approximately 500-700 nm and 

containing membrane proteins, which arise upon salt and osmotic stress and 

called them OSIMS. We did not find any evidence hinting towards involvement 

of clathrin or microdomains with OSIMS. Until today, no strong evidence exists 

for one specific endocytosis pathway induced during salt stress. However, we 

report auxin carrier containing excess membrane material, which resides 

longer at the PM in a pldζ1 and a drp1a mutant, which putatively affects the 

internalization of auxin carriers during osmotic stress. 
Loss of PLDζ1 results in a defect in maintaining plasma membrane surface 

area 
We described novel osmotic stress-induced membrane structures in 

Arabidopsis seedling roots when treated with NaCl or Sorbitol. Interestingly, 

these osmotic stress-induced membrane compartments were never observed 
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detached from the PM. Therefore, we speculate that OSIMS represent excess 

membrane material due to osmotic stress. Invaginations or folds upon 

hyperosmotic stress have been observed in yeast (Morris et al., 1983) and it has 

been proposed that in stomatal guard cell protoplasts, changes in membrane 

surface area are associated with removal and incorporation of membrane 

material (Homann, 1998). Likewise, the plasma membrane of isolated rye 

protoplast (Secale cereale L. cv. Puma) cells was found to be smooth after a 50% 

volume reduction after hyperosmotic stress and internalized vesicles were 

observed (Gordon-Kamm and Steponkus, 1984). The fact that OSIMS were only 

observed in the first 30 minutes after NaCl or Sorbitol treatment in wildtype 

plants and that Arabidopsis epidermal root cells have been shown to recover 

turgor pressure within 40 minutes after hyperosmotic stress (Shabala and Lew, 

2002) supports this theory.  To test whether OSIMS are enlarged, growing 

vesicles we did co-localization experiments with markers for known 

endocytosis pathways. The OSIMS were not found to co-localize with CLC2 

(marker for clathrin coated vesicles) or filipin (a marker for membrane 

microdomains) suggesting that they are not enlarged vesicles. Consistently, we 

tested two drugs commonly used to inhibit MMAE to exclude the OSIMS are 

membrane microdomains that are internalized. First, the sterol depleting agent 

methyl-β-cyclodextrin (M-β-CD) has been shown to reduce the abundance of the 

major structural sterols in the PM by 50% in excised wheat roots (Valitova et 

al., 2014). We hypothesized that, if OSIMS are membrane microdomains, a 50% 

structural sterol reduction results in 50% less OSIMS if. However, after 

application of 10mM M-β-CD and 120mM NaCl no reduction in OSIMS was 

observed. Second, the polyene antibiotic fluorochrome filipin interferes with 

the function and distribution of sterol in membranes by the induction of cross-

linking between sterols. In high concentrations filipin has been successfully 

used to alter membrane microdomains in yeast (e.g. (Wachtler, 2003)), 

mammalian cells (e.g. (Shigematsu et al., 2003)) and plant cells (Ovecka et al., 

2010). Similar to M-β-CD, no differences in OSIMS were observed after filipin 

treatment. These results support the hypothesis that the OSIMS are excess 

plasma membrane material induced by hyperosmotic treatment. 
The observation that loss of PLDζ1 leads to a slight increase in cell 

shrinking in root epidermal cells indicates slow recovery of plasma membrane 

surface area after osmotic stress and thus involvement of PLDζ1 in membrane 

fission or restoration of osmotic potential. 
Evidence in favour of defective OSIMS internalization in the pldζ1 

mutant comes from PA modulating membrane curvature (Kooijman et al., 

2003). Likewise, dynamin binding is much more effective in PA-containing 
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mixed lipid systems (Burger et al., 2000) at the site where fission of the 

vesicle/compartment needs to take place. Consistently, binding of Drp1 by 

MitoPLD has been indicated to create a PA-rich microenvironment near the 

division apparatus of mitochondria (Adachi et al., 2016). Furthermore, the 

interaction of mammalian PLD2 with dynamin and the involvement of this 

interaction in endocytosis have been well described (Park et al., 2004; Lee et al., 

2006). It has already been proposed that changes in membrane tension due to 

osmotic stress influence the balance between endo- and exocytosis in order to 

maintain cell integrity (Zwiewka et al., 2015). Moreover, the involvement of 

DRP1a in vesicle fission in plants has been reported (Collings et al., 2008, 

Fujimoto et al., 2010). In these ways PLDζ1 might influence membrane fission 

during endocytosis or membrane trafficking under osmotic stress. In support, 

we found a drp1a mutant to phenocopy the pldζ1 mutant regarding OSIMS at 

the PM after 60 minutes of salt stress, putatively suggesting the involvement of 

PLDζ1 derived PA in fission of OSIMS. On the other hand, DRP1a mediated 

endocytosis has been found to affect the polar localization of the borate efflux 

transporter Requires High Boron 1 (BOR1) (Yoshinari et al., 2016). 

Furthermore, in the drp1a mutant, defective PIN distribution and auxin 

mediated development is observed (Mravec et al., 2011). This also suggests a 

role for DRP1a in PIN2 polarity. Summarizing, data provided in this study as 

well as by others suggests that OSIMS represent osmosis induced excess 

membrane material, and that PLDZ1 is involved in the subsequent recovery of 

membrane area and cell shrinking. 
 

PLDζ1 is involved in different salt-induced cellular processes 

Our results provide evidence for the involvement of PLDζ1 in baseline PIN2 

polarity, auxin carrier re-localization during salt stress, as well as the 

internalization of salt-induced OSIMS. We propose that PLDζ1 is involved 

through the effect of PA on plasma membrane characteristics and protein 

binding of peripheral membrane proteins. For PIN2 polar recycling it was found 

that changing the phosphorylation at one single site was sufficient to change 

PIN2 polarity (Zhang et al., 2010). Indeed, protein kinases 3’- phosphoinositide-

dependent kinase-1 (PDK1) and PINOID (PID) have been implicated to be 

involved in PIN polarity (Anthony et al., 2004; Friml et al., 2004; Zegzouti et al., 

2006). The PH2 domain of PDK1 is known to have curvature dependent PA 

binding (Putta et al., 2016). This could explain the effect of PLDζ1 on auxin 

carrier polarity. As mentioned before PA is also involved in the insertion of 

DRP1a into the membrane (Burger et al., 2000). So, PA possibly enhances 

dynamin dependent fission suggesting that PLDζ1 derived PA in the PM might 
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be involved in the endocytosis of excess membrane material during osmotic 

stress. Together, this would explain both the differences in PIN2 polarisation as 

well as the prolonged existence of OSIMS in pldz1 mutants. 
 

Loss of PLDζ1 affects root remodelling during salt stress  

Recently, pldζ1 growth rate on soil containing 75mM NaCl was found to be more 

affected then in wildtype while this was not the case for a pldζ2 mutant (Ben 

Othman et al., 2017). However, it remains unclear if this is caused by defective 

root remodelling during salt stress. Different strategies have been described for 

different Arabidopsis accessions in RSA adaptations to salinity (Julkowska et al., 

2014). For the wildtype accession Col-0, it is known that lateral root length 

(LRL) contribution towards total root size (tRS) increases upon an increase in 

salt concentration (Julkowska et al., 2014). Thus a shorter main root and longer 

laterals might be a response to cope with higher salinity. In the current study, 

we observed in the pldζ1 mutant a decreased lateral root length to main root 

length ratio during mild salt stress. Since this represents a reversal of the 

wildtype salinity response, this supports the idea of defective remodeling in this 

mutant and suggests a slightly reduced coping capacity of pldζ1 plants. 
 

Lateral AUX1 decrease, PLDζ1 and OSIMS affect the salt response in 

Arabidopsis roots 

Concluding, we report salt induced changes of AUX1 localization and confirm 

through mathematical modelling that the observed decrease of lateral AUX1 

enhances auxin asymmetry during halotropism. Moreover, this work confirms 

a role for PLDζ1 in halotropic and gravitropic responses. pldζ1 mutant were 

shown to have both permanently altered PIN2 polarity as well as changes in salt 

induced PIN2 re-localization. Simulations in our updated root model show how 

these differences result in delayed and weaker build-up of auxin asymmetry in 

the pldζ1 mutant thus explaining its halotropism phenotype.  Finally, we 

discovered novel osmotic stress induced membrane structures (OSIMS). The 

hampered processing of OSIMS in the pldζ1 mutant coincides with the absence 

of PIN2 re-localization to the lateral side of the PM during salt stress and thus 

indicates a role for OSIMS in the auxin carrier dynamics during salt stress. 

Together, these results further our knowledge on auxin carrier internalization 

and re-localization during the salt stress response. 
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Methods 
Plant materials and growth conditions 

The wild type used was Arabidopsis thaliana, ecotype Columbia-0 (Col-0). The pldζ1 

mutant is a T-DNA insertion line (SALK_083090). The PIN2-GFP/pldζ1, AUX1-mVenus/ 

pldζ1, RabF2b-RFPxPIN2-GFP, SYP32-RFPxPIN2-GFP, RabA1e-RFPxPIN2-GFP, VHA1-

RFPxPIN2-GFP, RabF2b-RFPxPIN2-GFP/pldζ1, SYP32-RFPxPIN2-GFP/pldζ1, RabA1e-

RFPxPIN2-GFP/pldζ1, VHA1-RFPxPIN2-GFP/pldζ1, PLDζ 1-YFP/pldζ1 were created by 

crossing the following published lines: PIN2-GFP (Xu and Scheres, 2005), AUX1-mVenus 

(Band et al., 2014), drp1a/PIN2-GFP (Mravec et al., 2011) RabF2b-RFP, SYP32-RFP, 

RabA1e-RFP (Geldner et al., 2009) and VHA1-RFP (Dettmer et al., 2006). Primers used 

for pldζ1 genotyping are: forward, tgaaaagcatggaaattttcg and reverse, 

gtgatcgtctctgtctctcgc. General growth conditions on agar plates (half strength MS 

supplemented with 0.1% 2(N-morpholino)ethanesulphonic acid (MES) buffer and 0.5% 

Sucrose and 1% Agar) were in a climate chamber with long day period (16 hrs light at 

130 µmol/m2/s) at 22°C and 70% humidity. Seeds were sterilized using 50% bleach and 

stratified for at least 2 days at 4°C. For soil experiments, seeds sterilized with 50% 

bleach were stratified in 0.1% agar in the dark for at least 2 days and then placed on 

sieved sowing ground. Plants were then grown were in a climate chamber with short 

day period (11 hrs light at 130 µmol/m2/s) at 22°C and 70% humidity. 

 

Halotropism plate assays and gravitropism plate assays 

For the halotropism plate assays (both during timelapse imaging and long-term 

halotropism assays) 10 seeds were germinated in a diagonal line on half strength MS 

plates. When the seedlings were 5 days old, the bottom corner (in diagonal line 0,5 cm 

below the root tips) of the agar was removed and replaced by control half strength MS 

agar without salt or half strength MS agar containing 200mM NaCl. For the time-lapse 

experiment the plates were placed in a climate chamber containing the time-lapse set-

up. Here, all plates were imaged every 20 minutes by infrared photography. Images 

were then analysed using ImagJ. For the long-term halotropism assay a dot was placed 

immediately after replacing the agar and every 24 hours after the start of the treatment. 

After 4 days of growth the plates were scanned and the images were analysed using 

ImageJ. In the gravitropism assay 12 plants were germinated on half strength MS plates 

and after 5 days of growth the plates were re-orientated by turning 90 degrees and 

placed I the climate chamber containing the time-lapse set-up. All plates were imaged 

every 20 minutes by infrared photography. Images were analysed using ImagJ. 

 

Confocal microscopy 

The images were acquired using a Nikon Ti inverted microscope in combination with an 

A1 spectral confocal scanning head. For all GFP fusion proteins excitation/emission 

wavelengths used were 488 nm/505-555 nm. For mVenus excitation/emission 

wavelengths were 514 nm/525-555 nm. For mCherry and RFP excitation/emission 

wavelengths were 561 nm/570-620 nm. The analysis of the images was performed 
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using Fiji (http://fiji.sc) software. Using a confocal microscope with a 60x objective did 

not yield a resolution high enough to distinguish between the apical membrane of one 

cell with the basal membrane of the neighbouring cell. For AUX1-mVenus we measured 

both and added them up to create the apical/basal component. All images were 

corrected for background signal.  

 Membrane intensity quantification was done using ImageJ, for all cells the 

average pixel intensity for the apical side (or apical/basal in the case of AUX1 and 

PMA2), and both lateral sides of the PM and the intracellular signal was measured by 

drawing a region of interest (ROI) by hand.   

OSIMS quantification was done using ImageJ, a structure was classified as an 

OSIM structure when it was attached to the PM but clearly on the cytosolic side of the 

PM and larger then 300 nm. Drug treatments were performed as follows: for filipin, 

seedlings were treated/stained with 10 μg/ml filipin for one hour after which 120mM 

NaCl was added and plants were stressed for 60 minutes. For Methyl-beta-Cyclodextrin, 

seedlings were treated with 10 mM M-β-CD for one hour after which 120mM NaCl was 

added and plants were stressed for 60 minutes. 

 

Model adjustments 

Our current study makes use of a previously developed model described in detail in (van 

den Berg et al., 2016). Briefly, the model consists of a detailed two-dimensional cross 

section of the Arabidopisis root tip, incorporating cell-type and developmental zone 

specific differences in cell sizes, and patterns of the auxin-exporting PIN and auxin 

importing AUX/LAX proteins. Auxin dynamics, production, degradation, intracellular 

and apoplast diffusion and across membrane fluxes- are computed on a subcellular grid 

level resolution, while gene expression is simulated at the level of individual cells. In 

addition, we include that for AUX/LAX gene expression is auxin dependent while for 

PIN2 membrane occupancy levels are auxin dependent.  

Relative to this earlier study a few minor changes were implemented. First, to 

increase computational precision, simulations were performed with a spatial 

integration step of 1 rather than 2microm, resulting in a factor 4 increase in the number 

of simulated grid points together constituting the root tissue. Second, to increase 

physiological realism, a more gradual increase in the size of cells in the early elongation 

zone was incorporated. For further details we refer to our earlier study. 

 

Main modeling assumptions 

To apply the experimentally obtained data to our (halo)tropism model, we needed to 

make two key assumptions. First, salt induced effects on intracellular and membrane 

protein patterns were measured under experimental conditions in which salt was 

uniformly applied to the plant roots. To extrapolate these findings to halotropism where 

salt stress occurs (predominantly) at a single side of the root, we assumed that the 

experimentally observed changes in PIN2 and AUX1 occur in a similar manner but only 

at the salt exposed side of the root. 
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Second, in contrast to our earlier work microscopic images were obtained using 

a longitudinal epidermal top view rather than a longitudinal cross section of the root. As 

a consequence, in addition to apical and basal membranes, radial rather than 

transversal lateral membrane faces were imaged. To extrapolate the thus obtained data 

to our halotropism model, which describes a longitudinal cross section, we assumed 

that PIN2 and AUX1 patterns on radial and transversal lateral membranes are similar. 

Support for this assumption can be derived from the observation that similar to what 

we previously observed for wildtype PIN2 on transversal lateral membranes (Galvan-

Ampudia et al., 2013) wildtype PIN2 on radial lateral membranes was observed to 

decrease approximately 20% in response to salt exposure. 

 

Simulating pldζ1 mutants 

Our experimental data indicate that pldz1 mutants have an approximately 15% 

reduction in apical PIN2 levels and an approximately 10% increase in (inward) lateral 

PIN2 levels under control conditions.  As we model standard wildtype epidermal cells 

under control conditions to have a ratio of PIN2 apical: lateral of 1:0.1, we thus simulate 

pldz1 epidermal cells under control conditions as having a ratio of apical PIN2: lateral 

PIN2 of 0.85:0.11 (Supplemental figure S3). Notably, this results in a less polar PIN2 

pattern, as well as a lower overall PIN2 level. These differences in PIN2 pattern result in 

minor changes in the default, non-halotropic auxin pattern of pldζ1 as compared to 

wildtype roots (Supplemental figure S3). 

Our experimental data indicate that in addition to changes in PIN2, cellular 

AUX1 patterns also change in response to salt exposure, with apical/basal levels 

recovering after a transient change and lateral levels showing a longer term, 

approximately 20% decrease. Therefore, in most halotropism simulations (indicated), 

we incorporated a 20% reduction of AUX1 on the lateral membranes of epidermal cells 

on the salt exposed side of the root. 

 

Root system architecture assay 

pldζ1 and WT plants were germinated on half strength MS plates. Four days after 

germination the seedlings were transferred to half strength MS plates with either 0mM, 

75mM and 125 mM of NaCl. Four seedlings were transferred to each plate, resulting in 

20 replicas per line per treatment. Plates were placed in the climate chamber following 

a randomized order. After 6 days the plates were scanned using an Epson Perfection 

V800 scanner at a resolution of 400 dpi. Root phenotypes were quantified using the 

SmartRoot (Lobet et al., 2011) plugin for ImageJ. Statistical analysis was performed in 

R with RStudio using two-way ANOVA with Tukey’s post hoc test for significance. 
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Supplemental	 figure	 1:	 Long	 term	
effects	on	halotropic	response	show	

delayed	attenuation	of	the	halotropic	
response.	(A)	Images	showing	5	days	of	

growth	of	WT	and		the	pldζ1	mutant	on	

gradient	plates	with	0mM	or	200mM	of	
NaC l .	 ( B ,C )	 Quan t i f i c a t i on	 o f	

halotropism	plate	assay	over	multiple	
days	 shows	more	 skewing	 of	 pldζ1	

mutant	roots	in	control	conditions	(B)
(3	biological	replicates:	WT	n=68,	pldζ1	

n=62)	and	more	avoidance	after	4	days	

of	growth	on	a	salt	medium	(C)	(3	
biological	replicates:	WT	n=67,	pldζ1	

n=66).	 Asterisks	 show	 significant	

differences,	an	univariate	ANOVA	was	
used	foolowed	by	a	Tukey	post-hoc	

test	(p<0.05)	
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Supplemental figure S1: Long term effects on halotropic response show delayed attenuation of 
the halotropic response. (A) Images showing 5 days of growth of WT and  the pldζ1 mutant on gradient 
plates with 0mM or 200mM of NaCl. (B,C) Quantification of halotropism plate assay over multiple days 
shows more skewing of pldζ1 mutant roots in control conditions (B)(3 biological replicates: WT n=68, 
pldζ1 n=62) and more avoidance after 4 days of growth on a salt medium (C) (3 biological replicates: 
WT n=67, pldζ1 n=66). Asterisks show significant differences, an univariate ANOVA was used foolowed 
by a Tukey post-hoc test (p<0.05) 
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Supplemental	figure	2:	Quantification	of	the	effect	of	salt	induced	changes	in	AUX1	patterning	on	auxin	asymmetry.	
Percentage	increase	in	the	auxin	elevation	occurring	at	the	non-salt	exposed	side	of	the	root	as	a	consequence	of	

incorporating	salt	induced	changes	in	AUX1	patterning	for	both	wildtype	and	pldζ1	plants.		
			

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental figure S2: Quantification of the effect of salt induced changes in AUX1 patterning on 
auxin asymmetry. Percentage increase in the auxin elevation occurring at the non-salt exposed side of the 
root as a consequence of incorporating salt induced changes in AUX1 patterning for both wildtype and pldζ1 
plants.  
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Supplemental	figure	3:	PMA2	has	not	change	of	polarity	during	salt	stress.	PMA2-GFP	expressing	
seedlings	were	treated	with	either	control	or	salt	containing	(120mM	NaCl)	medium.	After	5	minutes	

the	PMA2-GFP	signal	was	measured	on	the	apical	and	lateral	side	of	the	PM	as	well	as	the	intracellular	
signal.	No	differences	between	the	treatments	was	observed,	an	univariate	ANOVA	followed	by	a	Tukey	

post-hoc	was	used.	N	=	32	cells	from	2	biological	replicates.	

Supplemental	figure	4:	Comparison	of	default,	non-halotropic	simulated	auxin	patterns	in	wildtype	and	pldζ1	plants.	(A)	Epidermal	auxin	levels	as	a	
function	of	distance	from	the	root	tip	in	wildtype	and	pldζ1	plants.	(B)	Model	PIN	pattern,	highlighting	differences	between	wildtype	and	pldζ1	in	PIN2	

patterning	under	both	baseline	conditions	and	salt	stress.	(C)	Simulated	DR5	auxin	marker	pattern	for	wildtype	and	pldζ1	plants.	Colors	depict	auxin	
concentration.		
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Supplemental figure S4: Comparison of default, non-halotropic simulated auxin patterns in wildtype 
and pldζ1 plants. (A) Epidermal auxin levels as a function of distance from the root tip in wildtype and pldζ1 
plants. (B) Model PIN pattern, highlighting differences between wildtype and pldζ1 in PIN2 patterning under 
both baseline conditions and salt stress. (C) Simulated DR5 auxin marker pattern for wildtype and pldζ1 
plants. Colors depict auxin concentration.  

Supplemental figure S3: PMA2 has not change of polarity during salt stress. 
PMA2-GFP expressing seedlings were treated with either control or salt containing 
(120mM NaCl) medium. After 5 minutes the PMA2-GFP signal was measured on the 
apical and lateral side of the PM as well as the intracellular signal. No differences 
between the treatments were observed, an univariate ANOVA followed by a Tukey 
post-hoc was used. N = 32 cells from 2 biological replicates. 
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Supplemental	figure	5:	Impact	of	baseline	differences	and	salt	induced	differences	in	PIN2	polarity	during	halotropism	and	spatial	data	wildtype	vs	
pldζ1	during	halotropism.	(A)	Changes	in	epidermal	auxin	levels	when	combining	pldζ1	type	halotropic	PIN2	patterning	changes	with	different	

baseline	PIN2	patterns,	wildtype,	pldζ1	or	hybrid	combinations	over	the	lower	part	of	the	root	after	24	hours.	For	comparison	purposes	also	the	auxin	
dynamics	in	wildtype	plants	are	shown.	(B)	Changes	in	auxin	rerouting	for	the	different	settings.	A	colored	cell	has	an	auxin	increase	of	at	least	10%	

the	different	colors	depict	different	times.	(C)	Changes	in	epidermal	auxin	levels	when	combining	pldζ1	baseline	PIN2	patterns	with	different	salt	

induced	changes	in	PIN2	patterning,	wildtype,	pldζ1	or	hybrid	combinations.	For	comparison	purposes	also	the	auxin	dynamics	in	wildtype	plants	are	
shown	over	the	lower	part	of	the	root	after	24	hours.	(D)	Changes	in	epidermal	auxin	levels	for	pldζ1	and	wildtype	plants	over	the	lower	part	of	the	

root	during	halotropism	after	24	hours.	
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Supplemental figure S5: Impact of baseline differences and salt induced differences in PIN2 polarity 
during halotropism and spatial data wildtype vs pldζ1 during halotropism. (A) Changes in epidermal 
auxin levels when combining pldζ1 type halotropic PIN2 patterning changes with different baseline PIN2 
patterns, wildtype, pldζ1 or hybrid combinations over the lower part of the root after 24 hours. For 
comparison purposes also the auxin dynamics in wildtype plants are shown. (B) Changes in auxin rerouting 
for the different settings. A colored cell has an auxin increase of at least 10% the different colors depict 
different times. (C) Changes in epidermal auxin levels when combining pldζ1 baseline PIN2 patterns with 
different salt induced changes in PIN2 patterning, wildtype, pldζ1 or hybrid combinations. For comparison 
purposes also the auxin dynamics in wildtype plants are shown over the lower part of the root after 24 hours. 
(D) Changes in epidermal auxin levels for pldζ1 and wildtype plants over the lower part of the root during 
halotropism after 24 hours. 
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Supplemental	figure	6:	Sorbitol	induces	OSIM	structures	similar	to	NaCl.	(A)	Representative	pictures	of	PIN2-GFP	sub-cellular	localization	after	5	or	60	
minutes	of	240mM	Sorbitol	treatment.	Inlays	show	an	enlargement	of	one	cell.	(B)	Quantification	of	the	average	number	of	OSIM	structures	per	cell	after	5	

and	60	minutes	of	240mM	Sorbitol	treatment,	salt	treatment	data	is	shown	for	comparison.	No	significant	differences	using	a	univariate	ANOVA	followed	
by	a	Tukey	post-hoc	test	(p<0.05)	were	found	for	either	time	point.	
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Supplemental	Figure	7:	OSIMS	do	not	co-localize	with	known	
endosomal	markers.	Representative	images	showing	PIN2-GFP	in	

wildtype	and	pldζ1	background	in	combination	with	either	RabF2b-
RFP	(ARA7)	for	multi-vesicular	bodies,	SYP32-RFP	for	the	golgi	

network,	RabA1e-RFP	for	recycling	endosomes	and	VHA1-RFP	for	

early	endosomes	after	5	minutes	of	salt	stress.	Yellow	lines	are	the	
lines	used	for	the	profile	plot	through	the	OSIMS.	Green	line	shows	

PIN2-GFP	signal	and	the	red	line	shows	the	endosomal	marker	RFP	
signal.	No	OSIMS	are	found	in	control	conditions	so	no	profile	plots	

are	shown.		
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Supplemental figure S6: Sorbitol induces OSIMS similar to NaCl. (A) Representative pictures of PIN2-GFP 
sub-cellular localization after 5 or 60 minutes of 240mM Sorbitol treatment. Inlays show an enlargement of 
one cell. (B) Quantification of the average number of OSIM structures per cell after 5 and 60 minutes of 240mM 
Sorbitol treatment, salt treatment data is shown for comparison. No significant differences using a univariate 
ANOVA followed by a Tukey post-hoc test (p<0.05) were found for either time point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Supplemental Figure S7: OSIMS do 
not co-localize with known 
endosomal markers. 
Representative images showing 
PIN2-GFP in wildtype and pldζ1 
background in combination with 
either RabF2b-RFP (ARA7) for multi-
vesicular bodies, SYP32-RFP for the 
golgi network, RabA1e-RFP for 
recycling endosomes and VHA1-RFP 
for early endosomes after 5 minutes 
of salt stress. Yellow lines are the lines 
used for the profile plot through the 
OSIMS. Green line shows PIN2-GFP 
signal and the red line shows the 
endosomal marker RFP signal. No 
OSIMS are found in control conditions 
so no profile plots are shown.  
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Abstract 

The increase in soil salinity worldwide is a driver to investigate the cellular 

mechanisms behind salt tolerance, with the aim to develop new approaches to 

increase crop resilience. Recently, phospholipase D ζ proteins have been 

implicated in the response of plant roots to salt stress. Although involvement of 

both PLDζ1 and PLDζ2 isoforms has been found, their exact roles remain 

elusive, nor it is clear whether they exhibit redundant functions during salt 

stress. Here, we investigated salt responses of a pldζ2- and pldζ1/pldζ2- double 

mutant and compared the results with recent data of pldζ1 (Chapter 4). The 

pldζ1/pldζ2 mutant was found to largely exhibit the same phenotype as pldζ1 in 

PIN2 polarity and inhibition of root hair length by salt. On the other hand, the 

double mutant phenocopied the pldζ2 single mutant with respect to the number 

of PIN2 containing vesicles in response to salt stress and during early 

halotropism. No additive phenotypes were observed for the double mutant.  

Increased root hair length and less effect of salt on root hair length were found 

in all PLDζ mutants. These effects were largest in the pldζ2 line. These results 

indicate that PLDζ1 and PLDζ2 are involved in different cellular processes in the 

salt stress response.  

 

Introduction 

While biotic stress is a challenge for most organisms, either mobile or sessile, 

abiotic stress is a most prominent problem in sessile organisms. Where mobile 

organisms can simply move away from many harmful factors in their 

environment, sessile organisms need to cope with the stress or have less and 

weaker offspring. Amongst all abiotic stresses, high soil salinity can have a 

devastating effect on crop yield. With an increase in soil salinity worldwide, it 

has become important to develop crops that are more tolerant to salt, for which 

fundamental knowledge is required on the processes that occur in plants 

responding to salt. 

 The mechanisms behind plant salt-stress tolerance are being addressed 

using multiple approaches. At the cellular level, vital processes that need to be 

elucidated include salt sensing (Deinlein et al., 2014; Shabala et al., 2015), Na+ 

accumulation and transport (Hanin et al., 2016), and regulation of the cell cycle 

(Martinez-de la Cruz et al., 2015). Regarding plant hormones, roles for auxin 

(Olatunji et al., 2017; Korver et al., 2018), abscisic acid (Sah et al., 2016), 

gibberellin (Colebrook et al., 2014), ethylene (Zhang et al., 2016) and jasmonate 

(Kazan, 2015) have emerged. At the whole-plant level, modulations of the root 

system, which is normally in contact with the salt, have widely been studied as 
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a factor in salt tolerance (Koevoets et al., 2016). There, a major role for auxin in 

plasticity of root system architecture (RSA) in response to stress, as well as in 

tropisms (Harmer and Brooks, 2018), has become apparent. For most tropism 

responses, alteration of the auxin flow through the root is required (Li and Xue, 

2007; Taniguchi et al., 2010; Galvan-Ampudia et al., 2013). Until recently, the 

major focus of auxin flow-altering processes has been on polar auxin transport 

(PAT). However, increasingly more evidence has been found showing active 

short distance auxin transport, passive auxin transport and auxin conjugation 

and local biosynthesis (Korver et al., 2018). Nonetheless, the regulation of auxin 

flow through the internalization of auxin carriers is a major factor during stress. 

The mechanism of this internalization is still under debate. Both clathrin-

mediated endocytosis (CME) (Galvan-Ampudia et al., 2013) and clathrin 

independent endocytosis (Baral et al., 2015) pathways have been proposed to 

internalize PIN2 upon salt stress. Nonetheless, the knowledge on plasma 

membrane (PM)-protein cycling in plants is scarce compared to animals 

(Murphy et al., 2005). Galvan-Ampudia et al. (2013) suggested that PLDζ2 is 

required for salt-induced CME and thus the internalization of PIN2. Treatment 

with an inhibitor known to obstruct mammalian PLDs, FIPI (5-Fluoro-2-indolyl 

des-chlorohalopemide) (Su et al., 2009), impeded clathrin localization to the 

membrane and PIN2 localization (Galvan-Ampudia et al., 2013). Moreover, salt 

stress has been found to activate other PLD activity (Munnik et al., 2000; 

Bargmann et al., 2009).  

Following the recently discovered role of PLDζ1 in early halotropism- 

and gravitropism responses, in root system architecture under salt stress, and 

PIN2 recycling during salt stress (Chapter 4), we here functionally addressed 

the role of PLDζ2 in salt stress. Using fluorescent PLDζ fusions of both PLDζ1 

and PLDζ2, we studied their subcellular localization and found differences in 

root cap cells where they located to the plasma membrane and tonoplast, 

respectively, under control conditions. Salt stress induced a shift in the 

membrane/cytosol ratio for both PLDζs, however, no role for PLDζ2 in either 

early halo- or gravitropism was observed. Also, we found an apolar PIN2 

distribution in the pldζ1/pldζ2 mutant but not in the pldζ2 mutant under control 

conditions. Knockouts of PLDζ1 and PLDζ2 do not lead to major changes in 

performance or RSA during salt stress, indicating a minor role for both PLDζs in 

these processes. However, interestingly, all mutants had longer root hairs in 

control conditions and lower reduction of root hair length during salt stress. 

These results indicate that PLDζ1 and not PLDζ2 regulates PIN2 sub-cellular 

localization, however, both PLDζs are involved in root hair length.  
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Results 

PLDζ1 and PLDζ2 show different subcellular localization in LRC and 

similar localization in epidermal cells  

To study the subcellular localization of PLDζ1 and PLDζ2, FP-fusions were 

constructed and imaged with and without salt stress. In lateral root cap (LRC) 

cells, plasma membrane (PM) localization was observed for PLDζ1, visible by 

co-localization with the styryl dye, FM4-64, whereas PLDζ2 was localized to the 

tonoplast. Both PLDζ1 and PLDζ2 were also found to localize to intracellular 

compartments (Figures 1a-b). Surprisingly, no differences in subcellular 

localization were observed in epidermal root cells (Figure 1a), where both 

fusion proteins were located at the PM or at intracellular compartments, and in 

the cytosol.  

 When seedlings were exposed to 120 mM NaCl for 1h, the contrasting 

localization of PM and tonoplast from respectively PLDζ1 and PLDζ2 in LRC cells 

did not change, although a signal-intensity shift from membrane to cytosol was 

observed for both (Figure 1c). In epidermal cells, their subcellular localization 

did not change either and again a shift from PM to cytosol was found (Figure 1c). 

Interestingly, the total PLDζ-YFP signal decreased in both lines in root 

epidermal cells upon salt stress (figure 1d). Based on their location, these 

findings suggest distinct roles for PLDζ1 and PLDζ2 in LRC cells and a potentially 

redundant role in epidermal cells. 

 

Upon salt treatment, less intracellular structures containing PIN2-GFP are 

observed in pldζ2- and pldζ1/pldζ2 roots 

To further investigate the cellular roles of PLDζ1 and PLDζ2 during salt stress, 

we examined the subcellular localization of the auxin efflux carrier, PIN2 using 

a functional FP fusion (Xu and Scheres, 2005), in both pldζ2 single- and 

pldζ1/pldζ2 double-KO mutants. Loss of PLDζ1 affected PIN2 polarity in control 

conditions and led to a PIN2- and AUX1-polarity shift upon salt stress (Chapter 

4). However, such change in PIN2 polarity was not reported for salt-stressed 

pldζ2 (Galvan-Ampudia et al., 2013). Given the opposite PLDζ1 and PLDζ2 

phenotypes, we were interested in the PIN2 polarity during salt stress in the 

pldζ1/pldζ2-double KO mutant. 

First, we confirmed the pldζ2 phenotype, with no differences in PIN2 polarity 

during control conditions and no differences in PIN2-polarity shift at the 

different sides of the membranes compared to wildtype during salt stress 

(figure 2a-d). However, in contrast to what we found before, no decrease in 

PIN2-GFP signal intensity in intracellular PIN2-GFP in pldζ2 was found (Galvan-
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Ampudia et al., 2013), which is probably due to the length of the salt treatment. 

Here, we focused on short-term changes (30 min) while earlier work was 

conducted after longer salt treatments (60 min). The pldζ1/pldζ2-double 

mutant, similar to the pldζ1-single mutant (Chapter 4), showed a decrease in 

PIN2-GFP signal intensity at the apical side of the PM and an increase at the 

lateral side of the PM in control conditions (Figure 2a and c). During salt stress, 

PIN2-GFP signal decreased in the apical and lateral sides of the PM similar to 

wildtype, however, a more apolar distribution is still observed (Figure 2b). After 

30 min of salt stress, the pldζ1/pldζ2 line has the same PIN2 distribution 

compared to 5 min of salt treatment and no longer differed from the wildtype 

roots (Figure 2d). These results show that the pldζ1/pldζ2 line phenocopies the 

pldζ1 line, and that PLDζ1, but not PLDζ2, is involved in PIN2's polarity.  

 PIN2 internalization was proposed to be altered in the pldζ2 mutant 

(Galvan-Ampudia et al., 2013). Therefore, the number of vesicles in the cytosol 

were quantified under control- and salt stress conditions (figure 3a-b). Under 

control conditions, no significant differences were found between the amount 

of vesicles per cell, possibly due to high variation. However, during salt stress, 

both pldζ2- and pldζ1/pldζ2 lines showed a significantly lower amount of 

vesicles in the cytosol, which is in agreement with earlier  

results (Galvan-Ampudia et al., 2013).  Thus, pldζ1/pldζ2 behaves similar to the 

pldζ1 with respect to PIN2 polarity, but is more like pldζ2 in the amount of PIN2-

containing vesicles during salt stress. These results suggest distinct, non-

overlapping functions for PLDζ1 and PLDζ2 in the cellular response to salt 

stress. 

 

pldζ1/pldζ2 and pldζ2 have normal short-term halotropic response  

To assess whether the observed cellular phenotypes translate to an effect on the 

halotropic response, short- and long-term halotropism assays were performed 

on pldζ2-single and pldζ1/pldζ2-double mutants. No differences in the initial 

halotropic response of both pldζ2- and pldζ1/pldζ2 mutants were observed, 

although after approximately 11 hrs, pldζ1/pldζ2 exhibited a smaller angle in 

growing away from the salt gradient, as compared to wildtype and pldζ2 (Figure 

4a-b). This difference remained during the rest of the experiment (24 hrs).  

Under control conditions in the long-term halotropism assay, pldζ1/pldζ2 was 

found to skew more (Supplemental figure S1a), which may explain the smaller 

angle by which it grew away from the salt gradient. During long term-salt 

exposure, no significant differences between mutants and wildtype were found 
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Figure	1.	Sub-cellular	localization	of	PLDζ1	and	PLDζ2	and	dynamics	during	salt	stress.	
Expression	pattern	of	PLDζ1	and	PLDζ2	in	root	cap	and	epidermis	cells.	(A)	Confocal	microscope	images	of	PLDζ1-mVenus	and	PLDζ2-
mVenus	lines	stained	with	FM4-64	dye.	Channels	shown	are	PLDζ-mVenus	(yellow),	FM4-64	(red)	and	an	overlay	of	both	channels	in	
root	cap	and	epidermal	cells.	In	root	cap	cells	PLDζ1	localizes	to	the	plasma	membrane	and	intracellular	structures.	PLDζ2	localizes	to	
the	tonoplast	in	the	root	cap	cells	furthest	from	the	root	tip.	In	epidermal	tissue	PLDζ1	localizes	to	the	plasma	membrane	and	
intracellular	structures	containing	FM4-64.	PLDζ1	also	localizes	to	large	intracellular	structures	(±	1	um)	which	do	not	contain	
FM4-64	dye.	Epidermal	PLDζ2	localizes	to	the	plasma	membrane	and	intracellular	structures.	(B)	Enlarged	confocal	microscope	
images	of	root	cap	cells	in	both	PLDζ1-mVenus	and	PLDζ2-mVenus	line,	arrows	indicate	tonoplast	localization	of	PLDζ2.	(C)	
Quantification	of	the	ratio	of	the	YFP	intensity	between	the	apical	and	the	intracellular	YFP	signal	in	root	epidermal	cells	during	
control	and	salt	(120mM	NaCl)	treatment	for	both	PLDζ1-YFP	and	PLDζ2-YFP.	Letters	show	significance	groups.	(D)	Quantification	of	
the	total	YFP	intensity	in	root	epidermal	cells	during	control	and	salt	(120mM	NaCl)	treatment	for	both	PLDζ1-YFP	and	PLDζ2-YFP.	
Letters	show	significance	groups.		
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Figure 1. Subcellular localization of PLDζ1-YFP and PLDζ2-YFP with and without salt stress. (A) 
Confocal microscope images of PLDζ1-mVenus and PLDζ2-mVenus lines, stained with FM4-64. Channels 
shown are PLDζ-mVenus (yellow), FM4-64 (red) and an overlay of both channels in root cap and epidermal 
cells. In root cap cells PLDζ1 localizes to the plasma membrane and intracellular structures. PLDζ2 localizes 
to the tonoplast in the root cap cells furthest from the root tip. In epidermal tissue PLDζ1 localizes to the 
plasma membrane and intracellular structures containing FM4-64. PLDζ1 also localizes to large intracellular 
structures (± 1 μm) which do not contain FM4-64. Epidermal PLDζ2 localizes to the PM and intracellular 
structures. (B) Enlarged confocal microscope images of root cap cells in both PLDζ1-mVenus and PLDζ2-
mVenus line; arrows indicate tonoplast localization of PLDζ2. (C) Quantification of the ratio of YFP intensity 
between the apical and the intracellular YFP signal in root epidermal cells in control- or salt (120 mM NaCl) 
treatment for both PLDζ1-YFP and PLDζ2-YFP. Letters show significance groups. (D) Quantification of the 
total YFP intensity in root epidermal cells during control and salt (120 mM NaCl) treatment for both PLDζ1-
YFP and PLDζ2-YFP. Letters show significance groups. (p<0.05, in a univariate ANOVA followed by Tukey’s 
post hoc test in SPSS 24). 
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Figure	2:	PIN2-GFP	intensities	in	
root	 epidermal	 cells	 show	 an	

apolar	distribution	in	pldζ1/pldζ2	
and	no	differences	 in	the	pldζ2	

line.	The	PIN2-GFP	 intensity	was	

measured	for	the	apical	and	lateral	
sides	of	the	epidermal	root	cells	

next	 to	 the	 intracellular	 signal	
during	control	conditions	after	5	(A)	

and	30	minutes	(C)	and	for	salt	
stress	conditions	(120mM	NaCl)	for	

5	 (B)	 and	30	minutes	 (D).	Only		

p l d ζ1 / p l d ζ2	 wa s	 f o un d	 t o	
significantly	 differ	 from	wildtype,	

the	PIN	proteins	have	a	more	apolar	

distribution	 than	 wildtype	 cells	
during	control	conditions.	Asterisks	

depict	significant	differences	with	
the	 wildtype	 (p<0.05)	 in	 an	

univariate	ANOVA.	
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Figure 2: PIN2-GFP intensities in root epidermal cells show an apolar distribution in pldζ1/pldζ2 and 
no differences in the pldζ2 line. The PIN2-GFP intensity was measured for the apical and lateral sides of the 
epidermal root cells next to the intracellular signal during control conditions after 5 (A) and 30 min (C) and 
for salt stress conditions (120 mM NaCl) for 5 (B) and 30 min (D). Only pldζ1/pldζ2 was found to significantly 
differ from wildtype, the PIN has a more apolar distribution than wild-type cells during control conditions. 
Asterisks depict significant differences with the wildtype (p<0.05, in an univariate ANOVA followed by 
Tukey’s post hoc test in SPSS 24). 

 

(Supplemental figure S1c-d). Again, the pldζ1/pldζ2 mutant behaved similar to 

pldζ2. 

 

assay, pldζ1/pldζ2 was found to grow at a significant larger positive angle than 

wildtype after 11hrs. For the pldζ2 mutant, no difference with wildtype was 

found. These results confirm involvement of PLDζ1 in gravitropism, while 

showing no role for PLDζ2. In addition to that, data also indicated that after ~11 

hrs, the skewing phenotype of pldζ1/pldζ2 becomes visible in the halotropic 

response as well as during gravitropic challenging of the root. This might 

indicate a time span for processes that suppress the direction of ‘normal’ root 

growth. Strikingly, in contrast to halotropism, the pldζ1/pldζ2 mutant was found 

to have a similar phenotype to the pldζ1 mutant during the first hrs of 

gravitropism.  
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Figure	3.	Less	intracellular	structures	containing	PIN2-GFP	are	observed	upon	NaCl	treatment	in	pldζ2,	pldζ1/pldζ2	Arabidopsis	thaliana	
mutants.	Confocal	images	and	quantification	of	Col-0,	pldζ2	and	pldζ1/pldζ2	lines	expressing	PIN2-GFP.	(A)	Confocal	images	showing	PIN2-
GFP	localization	in	Col-0,	pldζ2	and	pldζ1/pldζ2	lines.	In	control	conditions	no	clear	differences	were	observed	betweenCol-0,	pldζ2	and	
pldζ1/pldζ2	.	Upon	salt	stress	no	change	in	intracellular	structures	containing	PIN2-GFP	were	observed	in	Col-0	while	in	the	different	pldz	
mutants	there	seemed	to	be	a	decrease	of	intracellular	structures	containing	PIN2-GFP.	(B)	Quantification	of	the	amount	of	intracellular	
structures	containing	PIN2-GFP	in	the	different	genotypes	in	either	control	or	an	one	hour	120mM	NACl	treatment.	No	significant	
differences	between	control	condition	and	an	one	hour	120mM	NaCl	treatment	were	observed,	however	a	trend	of	a	decrease	of	the	
amount	of	intracellular	structures	containing	PIN2-GFP	was	observed.		
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Figure 3. Less intracellular structures containing PIN2-GFP are observed upon NaCl treatment in pldζ2 
and pldζ1/pldζ2 Arabidopsis thaliana mutants. Confocal images and quantification of wildtype, pldζ2 and 
pldζ1/pldζ2 lines expressing PIN2-GFP. (A) Confocal images showing PIN2-GFP localization in wildtype, pldζ2 
and pldζ1/pldζ2 lines. In control conditions no clear differences were observed between wildtype, pldζ2 and 
pldζ1/pldζ2. Upon salt stress, no change in intracellular structures containing PIN2-GFP were observed in 
wildtype while in the different pldζ mutants there seemed to be a decrease of intracellular structures 
containing PIN2-GFP. (B) Quantification of the amount of intracellular structures containing PIN2-GFP in the 
different genotypes in either control or a one hour 120 mM NACl treatment. Astrerisks show significant 
differences between the lines in one treatment (p<0.05, univariate ANOVA followed by Tukey’s post hoc test 
in SPSS 24). 

 

Shoot growth during salt stress is not influenced by PLDζ1 and PLDζ2 

pldζ2 and pldζ1/pldζ2 were found to exhibit very mild RSA phenotypes  in both 

control- and salt stress conditions (Supplemental figure S2). To test whether the 

mild RSA phenotype and the changes that occur in root growth upon salt stress 

have an effect on the performance of plants grown on soil, we measured the 

fresh- and dry weight of the shoot of wildtype, pldζ1, pldζ2 and pldζ1/pldζ2 

under control and mild salt conditions. As shown in Figure 6, mild salt stress (75 

mM) reduced shoot growth by ~60%, but we found no significant difference 

among genotypes.  
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Figure	4:	Short	term	halotropic	response	of	the	pldζ1,	pldζ2	single	and	pldζ1/pldζ2	double	mutant.	(A)	Representative	images	of	seedlings	from	wildtype,	
the	pldζ1,	pldζ2	single	and	pldζ1/pldζ2	double	mutant	during	the	time	lapse	experiment	on	a	200mM	NaCl	gradient.	Yellow	dashed	lines	show	the	border	

between	new	and	old	medium.	(B)	Quantification	of	the	root	tip	angle	over	24	hours,	each	time	point	shows	the	change	after	40	minutes.	Asterisks	show	
significant	difference	with	wildtype	(p<0.05	in	a	univariate	ANOVA	followed	by	Tukey	post	hoc),	the	color	of	the	asterisks	correspond	to	what	lines	have	a	

significant	difference	with	wildtype.	For	wildtype	n=34,	for	pldζ1	n=42,	for	pldζ2	n=35	and	for	pldζ1/pldζ2	n=37.	
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pldζ1-, pldζ2- and pldζ1/pldζ2 mutants exhibit elongated root hairs  

Inducible-RNAi inhibition of PLDζ1 has been reported to result in stunted root 

hairs in Arabidopsis (Ohashi et al., 2003). To assess the role of PLDζ1 and PLDζ2 

in root hair development and patterning upon salt stress, 4-day old seedlings of 

wildtype, pldζ1, pldζ2 and pldζ1/pldζ2 were transferred to half strength MS 

plates containing 0 or 125 mM NaCl for 5 days of further growth. Both single- 

and double mutants were found to have longer root hairs during control- and 

salt conditions (Figures 7a-b). Also, the root hair length of the mutants was less 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Short-term halotropic response of pldζ1, pldζ2 and pldζ1/pldζ2- double mutant. (A) 
Representative images of seedlings from wildtype, pldζ1, pldζ2, and pldζ1/pldζ2 mutants during the time lapse 
experiment on a 200 mM NaCl gradient. Yellow dashed lines show the border between new and old medium. 
(B) Quantification of the root tip angle over 24 hrs, each time point shows the change after 40 min. Asterisks 
show significant difference with wildtype (p<0.05 in a univariate ANOVA followed by Tukey’s post hoc test in 
SPSS 24), the color of the asterisks correspond to the different mutants. Shown are combined results from 
three biological replicates. For wildtype, n=34, for pldζ1, n=42, for pldζ2, n=35, and for pldζ1/pldζ2, n=37. 
 
 
 

affected by salt, with pldζ2 showing the lowest response to salt and pldζ1/pldζ2 

having a similar phenotype as pldζ1. Previous literature on the inducible-pldζ1 

mutant also reported that root hairs were deformations (Ohashi et al., 2003) but 
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this was not found for stable mutant lines (Li et al., 2006). No differences in root 

hair density (Figure 7c) or patterning were found either. 

 

Discussion 

Plant phospholipase D (PLD) proteins have been of interest to different fields of 

research. Their biochemical action leads to production of PA, with subsequent 

effects on bio-membranes, including vesicular trafficking (Li and Xue, 2007) and 

plant signalling (Testerink and Munnik, 2005). Genetic evidence has implicated 

their physiological impact on plant development (Zhang et al., 2017), biotic 

interactions (Zhao, 2015) and abiotic stress (Hong et al., 2010; Hong et al., 

2016). A role for PLDζ2 in tropic responses has been described; pldζ2 mutant 

plants were reported to supress gravitropism and to facilitate hydrotropism 

(Taniguchi et al., 2010), and were compromised in their halotropic response 

(Galvan-Ampudia et al., 2013). Nevertheless, putative redundancy of PLDζ1 and 

PLDζ2 has not received much attention, except for the observation that during 

phosphate starvation, pldζ1/pldζ2 double KO plants have shorter main roots 

and longer lateral roots (Li et al., 2006).  

 Here, we report differences in the subcellular localization of PLDζ1-

mVenus and PLDζ2-mVenus in lateral root cap cells, suggesting unrelated roles 

for PLDζ1 and PLDζ2 in cellular processes. The pldζ1/pldζ2-double mutant 

phenocopied pldζ1 in PIN2 polarity, early gravitropic response and root hair 

length, while it phenocopied pldζ2 in the amount of PIN2-containing vesicles 

during salt stress and halotropism. Furthermore, increased elongation of root 

hairs was observed in all PLDζ mutants, while root hair length was less affected 

by salt for all mutants.  

 

PLDζ1 and PLDζ2 differ in root cap sub-cellular localization 

PLDζ1-YFP has previously been reported to reside mostly in vesicles in the plant 

root cortex cells, and at the bulges of newly forming epidermal root hairs 

(Ohashi et al., 2003).  In growing root hairs, PLDζ2 localization was observed 

near the apex. Transient expression of PLDζ2-GFP showed localization of PLDζ2 

to the tonoplast of guard cells and epidermal cells in leaves (Yamaryo et al., 

2008). During phosphate starvation PLDζ2 remained at the tonoplast but its 

distribution was found to be uneven (Yamaryo et al., 2008). Here, we used stable 

arabidopsis transformants, expressing PLDζ1-YFP and PLDζ2-mVenus under 

the control of their own promoter, and focussed on their localization in root 

epidermal- and lateral root-cap cells. Similar to its localization in cortical root 

cells, PLDζ1-YFP was found to localize to endosomal structures in both root 
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Figure	5:	The	pldζ1/pldζ2	line	has	an	exaggerated	gravitropic	response	but	pldζ2	does	not	differ	from	
the	wildtype.	(A)	Representative	pictures	of	seedlings	24	hours	after	the	re-orientation	of	the	agar	
plate.	Yellow	lines	show	the	point	of	the	root	tip	immediately	after	a	90	degrees	re-orientation,	the	
black	arrow	shows	the	exaggerated	response.	(B)	Quantification	of	the	differences	in	the	angle	of	root	
growth	over	time.	Angles	between	the	position	of	the	root	tip	were	calculated	every	40	minutes	and	
compared	using	a	univariate	ANOVA	followed	by	Tukey	post	hoc	test	(SPSS	statistics,	asterisks	show	
significant	differences	between	pldζ1/pldζ2	or	pldζ1	and	wildtype	with	p<0.05,	purple	asterisks	=	pldζ1/
pldζ2,	red	asterisks	=	pldζ1).	Results	are	from	3	biological	replicates	(n=36	for	Col-0,n=36	for	pldζ1,	
n=23	for	pldζ2	and	n=23	for	pldζ1/pldζ2).	
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epidermal- and lateral root cap cells. A weak signal was also observed at the PM. 

PLDζ2-mVenus was found to localize to the tonoplast and to endosomal 

structures in the root cap, while in root epidermal cells, PLDζ2-mVenus was 

found at the PM, and not the tonoplast. Furthermore, a strong signal was 

observed in the cytosol and endosomal structures. It must be noted that the 

PLDζ2-mVenus fusion protein is expressed in the pldζ1/pldζ2-double mutant, 

putatively influencing PLDζ2-mVenus localization. Nonetheless, our data 

suggests a distinct, so far unknown, role for PLDζ2 in lateral root  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: The pldζ1/pldζ2 line has an exaggerated gravitropic response while pldζ2 alone does not 
differ from wildtype. (A) Representative pictures of seedlings 24 hours after the re-orientation of the agar 
plate. Yellow lines show the point of the root tip immediately after a 90° re-orientation, the black arrow shows 
the exaggerated response. (B) Quantification of the differences in the angle of root growth over time. Angles 
between the position of the root tip were calculated every 40 min. Asterisks show significant differences 
between pldζ1/pldζ2 or pldζ1 and wildtype (p<0.05, univariate ANOVA followed by Tukey’s post hoc test in 
SPSS24; purple asterisks = pldζ1/pldζ2, red asterisks = pldζ1). Shown are combined results from three 
biological replicates (n=36 for wildtype n=36 for pldζ1, n=23 for pldζ2, and n=23 for pldζ1/pldζ2).  
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Figure	6:	No	differences	in	shoot	fresh	and	dry	weight	were	observed	in	pldζ1,	pldζ2	and	pldζ1/pldζ2	during	mild	salt	stress.	(A)	Fresh	weight	of	
wildtype,	pldζ1,	pldζ2	and	pldζ1/pldζ2	after	3	weeks	of	growth	on	soil	watered	with	only	rainwater	or	rainwater	with	4L	of	75mM	NaCl	once,	and	

twice	a	week	with	rainwater	afterwards.	No	significant	differences	were	found.	(B)	Dry	weight	of	wildtype,	pldζ2	and	pldζ1/pldζ2	after	3	weeks	of	
growth	on	soil	watered	with	only	rainwater	or	rainwater	with	4L	of	75mM	NaCl	once,	and	twice	a	week	with	rainwater	afterwards.	No	significant	

differences	were	found	(p<0.05,	univariate	ANOVA	followed	by	Tukey	post	hoc).	
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Figure	7:	Root	hair	length	and	density	in	the	pldζ1,	pldζ2	and	pldζ1/pldζ2	mutants	does	not	differ	from	the	wildtype.	(A)	Representative	images	
of	root	hairs	on	col-0,	pldζ1,	pldζ2	and	pldζ1/pldζ2	roots	from	the	transfer	point	on	control	and	salt	(125mM)	treatment	plates.	(B)	Average	root	

hair	length	for	all	lines	on	both	control	and	salt	treatment	plates.	On	control	plates	col-0	root	hairs	had	the	shortest	length,	followed	by	pldζ2	and	
pldζ1/pldζ2.	The	pldζ1	line	had	the	longest	root	hairs	on	control	plates.	On	the	plates	containing	125	mM	of	NaCl	col-0	had	the	largest	reduction	in	

root	hair	length.	pldζ2	had	the	longest	root	hairs	on	salt	followed	by	pldζ1	and	pldζ1/pldζ2.	(C)	Response	of	root	hair	length	to	salt.	Ratio	between	

the	root	hair	length	on	salt	and	control	has	been	calculated	showing	a	significant	weaker	response	to	salt	for	all	mutant	lines	with.	pldζ2	shows	
almost	no	response.	(D)	Root	hair	density	of	col-0,	pldζ1,	pldζ2	and	pldζ1/pldζ2	during	control	and	salt	treatment.	No	significant	differences	were	

found	in	either	treatment	between	the	lines.		
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Figure 6: No difference in shoot fresh- and dry weight in pldζ2 or pldζ1/pldζ2 under mild salt stress. 
(A) Fresh weight of wildtype, pldζ1, pldζ2 and pldζ1/pldζ2 after 3 weeks of growth on soil watered with 
rainwater or rainwater containing 75 mM NaCl. No significant differences were found. (B) Dry weight. No 
significant differences were found (p<0.05, univariate ANOVA followed by Tukey post hoc in SPSS 24). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: pldζ1, pldζ2 and pldζ1/pldζ2 mutants have longer root hairs than wildtype and a lower salt-
induced root hair length decrease. (A) Representative images of root hairs on wildtype-, pldζ1-, pldζ2- and 
pldζ1/pldζ2 roots from the transfer point on control and salt (125mM) treatment plates. (B) Average root hair 
length for all lines on both control and salt treatment plates. On control plates wildtype root hairs had the 
shortest length, followed by pldζ2 and pldζ1/pldζ2. The pldζ1 line had the longest root hairs on control plates. 
On plates containing 125 mM NaCl, wildtype had the largest reduction in root hair length. pldζ2 had the longest 
root hairs on salt followed by pldζ1 and pldζ1/pldζ2. (C) Response of root hair length to salt. Ratio between 
the root hair length on salt and control has been calculated showing a significant weaker response to salt for 
all mutant lines with. pldζ2 shows almost no response. (D) Root hair density of wildtype, pldζ1, pldζ2 and 
pldζ1/pldζ2 during control and salt treatment. No significant differences were found in either treatment 
between the lines. Letters show significance groups (For (B) statistics were done per treatment for (D) no 
letters are shown due to the lack of differences, p<0.05 using univariate ANOVA followed by Tukey post hoc 
in SPSS 24). 
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cap cells. One possibility is that PLDζ2 is involved in auxin transport out of the 
vacuole where auxin is stored to create local auxin maxima, although the role of 
short distance-auxin transport to change local auxin concentrations remains 
elusive (Korver et al., 2018). 

Changes in the subcellular localization of PLDζ’s during abiotic stress 

has so far received little attention. Only the aforementioned uneven distribution 

on the tonoplast during phosphate starvation of PLDζ2 was reported (Yamaryo 

et al., 2008). Since we are interested in the role of PLDζ1 and PLDζ2 during salt 

stress, we monitored the changes in PLDζ localization after salt treatment. We 

discovered a shift in the PM/intracellular ratio after 1 h of salt stress for both 

PLDζ1 and PLDζ2, supporting a role for these PLDs in the internalization of 

membrane proteins upon salt stress. We found this to be in agreement with 

studies showing auxin carrier and aquaporin internalization upon salt stress 

(Zhang et al., 2010; Martiniere et al., 2012; Galvan-Ampudia et al., 2013; Korver 

et al., Chapter 4 this thesis).  

 

The PLDζs are involved in different aspects of the PIN2 cycling pathway 

PLDζ2 was proposed to be involved in the internalization of PIN2 during 

halotropism (Galvan-Ampudia et al., 2013). Here, we confirmed the reduced 

amount of PIN2-GFP containing vesicles in the pldζ2 mutant during salt stress. 

Because PLDζ1 had been proposed to be involved in the recycling instead of 

internalizing of PIN2, because of differences in PIN2-polarity shifts during salt 

stress (Chapter 4), the pldζ1/pldζ2 mutant could be expected to have the same 

internalization phenotype as pldζ2. Indeed, the pldζ1/pldζ2 mutant showed the 

same reduction of PIN2-GFP containing vesicles as pldζ2. These findings 

implicate a role for PLDζ2 in the internalization of PIN2 during salt stress where 

PLDζ1 might be involved in the proper recycling of PIN2. This theory is 

supported by the apolar PIN2 distribution that we found in pldζ1/pldζ2, which 

is similar to pldζ1. Together, these results provide evidence that PLDζ1 and 

PLDζ2 affect the PIN2 localization during salt stress via distinct processes. 

PLDζ1 is possibly involved in recruitment of protein kinases and phosphatases 

to the PM, to regulate the phosphorylation status of PINs, thus maintaining their 

polarity (Kleine-Vehn et al., 2009; Ganguly et al., 2012; Guo et al., 2015). Another 

possible role for PLDζ1 could be in the inhibition of the lateral diffusion of PIN2 

in the PM, which is required for endured polar detention (Kleine-Vehn et al., 

2011). Our suggestion that PLDζ2 is involved in the internalization of PIN2 and 

not in its polarity is supported by a previous report, that inhibition of PIN2 

endocytosis did not affect the auxin mediated-PIN2 dynamics (Jasik et al., 2016). 
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However, PLDζ2 could putatively regulate halotropism timing by regulating the 

amount of PIN2 available for cycling.  

  The discovery of defects in root hair pattern formation in the pldζ1 

single mutant (Ohashi et al., 2003) also provide evidence for the role of PLDζ1 

in recycling. For appropriate root hair polarity, which is required for straight 

root hair growth, cellular gradients are required that depend on 

phosphoinositide metabolism and the correct cytoskeleton arrangement (Yoo 

et al., 2012). More evidence showing the importance of PIN cycling is seen in a 

phosphatidylinositol monophosphate 5-kinase 2 (pip5k2) KO mutant. Less 

vesicle trafficking was observed in this mutant using FM4-64. This led to 

inhibited cycling of PIN proteins and delayed redistribution of PIN2 during 

gravitropism (Mei et al., 2012). Moreover, the pip5k2 mutant has reduced lateral 

root formation, showing the importance of PIN cycling during root 

developmental processes.  

 

Loss of PLDζ2 does not influence halotropism or gravitropism 

Both PLDζ1 (Chapter 4) and PLDζ2 (Li and Xue, 2007; Taniguchi et al., 2010; 

Galvan-Ampudia et al., 2013) have been found to be involved in the root growth 

direction during tropism responses. Here, unexpectedly, we did not observe any 

changes in either short-term (less then 12 hrs) or long-term (4 days) halotropic 

response of either the pldζ2 single or the pldζ1/pldζ2-double mutant. This 

contrasts to previous results on the halotropic response of pldζ2 (Galvan-

Ampudia et al., 2013), where a smaller angle was observed after 24 hrs on a salt 

gradient. This might be explained by the high biological variation of the current 

halotropism assay and the small difference that was observed previously. PLDζ1 

was reported before to have a weaker halotropic response. This result might be 

explained by the altered PIN2 polarity caused by loss of PLDζ1. Assuming a shift 

from PIN2 from the apical to the lateral membrane is needed for normal 

halotropic response, putatively the loss of PLDζ1 and PLDζ2 might complement 

each other to restore normal PIN2 polarity during salt stress. The cell already 

has elevated levels of PIN2 at the lateral membrane through defective PLDζ1 

regulated PIN2 recycling (Chapter 4). However, in the pldζ1/pldζ2 double 

mutant, due to loss of PLDζ2, less apical PIN2 is internalized, resulting in a PIN2 

polarity more similar to the wildtype plants during salt stress. Whether this 

scenario is realistic might be assessed using computational modelling. The 

smaller angle away from the in-plate gradient after 11h of exposure to a salt 

gradient of the pldζ1/pldζ2 double mutant is explained by the skewing 

phenotype of the mutant.  
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Remarkably, loss of PLDζ2 did not result in a change in gravitropic 

growth while loss of PLDζ1 resulted in an exaggerated gravitropic response. 

Interestingly, the pldζ1/pldζ2-double mutant showed an exaggerated 

gravitropic response similar, although weaker, to pldζ1. This suggests that 

during gravitropism, proper recycling of auxin carrier proteins plays a more 

prominent role than internalization. Computational modelling could again be 

useful to test this hypothesis. 

 Strikingly, in both short-term halotropism assay and gravitropism 

assay, skewing to the right was observed after 11 hrs in the pldζ1/pldζ2 double 

mutant. This indicates a timing mechanism for the abolishment of tropic 

responses.  So far, timing of environmental induced changes in root growth has 

only been reported for growth rate (Geng et al., 2013), not direction. 

 

Minor differences in RSA do not affect shoot growth on saline soil  

Loss of PLDζ1 has been observed to affect average lateral root length but not 

number of lateral roots (Chapter 4). Different RSA-adaptation strategies have 

been found for Arabidopsis accessions during salt stress (Julkowska et al., 

2014). However, loss of PLDζ2, or PLDζ1 and PLDζ2, induces only minor 

changes in RSA. To rule out an effect of PLDζ1 or PLDζ2 in shoot performance 

on salt, we measured fresh- and dry weights after 3 weeks of growth on saline 

soil. Indeed, no differences between the PLDζ mutants and wildtype were found. 

 

Root hair length is regulated by PLDζ1 and even more by PLDζ2  

In growing root hairs and pollen tubes, a PtdIns(4,5)P2  (PIP2) gradient is found 

localized in the tip (van Leeuwen et al., 2007; Munnik and Nielsen, 2011), 

indicating importance of lipid signalling in root hair protein polarity. For proper 

root hair patterning, an array of transcription factors (TFs) and other targets 

are regulated by the homeobox gene GLABRA2 (GL2). PLDζ1 has been reported 

to be a direct transcriptional target of GL2 (Ohashi et al., 2003). Induced PLDζ1 

expression leads to abnormal root hair patterning whereas inducible 

suppression of PLDζ1 resulted in defective root-hair initiation. Moreover, 

repression of genes encoding structural cell wall components and genes 

involved in the differentiation of trichoblasts is reported in response to salt 

stress (Dinneny et al., 2008). During salt stress, a decrease in root hair length 

and density has been reported (Wang et al., 2008). Additionally, root hairs were 

found to accumulate Na+ in the cytoplasm as fast as 5 min after salt treatment 

(Halperin and Lynch, 2003). Interestingly, we found longer root hairs in all PLDζ 

(single and double) mutants under control conditions. Moreover, loss of PLDζ2 

leads to the lowest root hair length inhibition by salt stress. This is consistent 
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with the negative effect of PLDζ2 on root hair length during other abiotic stress, 

e.g. phosphate starvation (Su et al., 2018). These results show negative 

regulation of root hair length by PLDζ2 and in lesser extent by PLDζ1. Following 

the reduction of root hair number and length in wildtype roots during salt 

stress, the elongated roots in PLDζ might influence performance on saline soils 

through Na+ accumulation in the longer root hair. However, we did not find any 

differences in performance of the PLDζ mutants. So, although PLDζs are 

involved in root reduction of root hair length during salt stress, the effect of 

these changes for whole plant performance under salinity stress remains 

unknown.    

 

Methods 

Plant materials and growth conditions 

The wildtype (WT) used was Arabidopsis thaliana, ecotype Columbia-0 (Col-0). All 

mutants are within this background. The pldζ2 mutant is a tDNA insertion line 

(SALK_094369). The pldζ1/pldζ2 is a cross between pldζ1 (SALK_083090) and pldζ2 

(SALK_094369). The pldζ2/PIN2-YFP and pldζ1/pldζ2/PIN2-YFP were created by 

crossing the KO mutants with a PIN2-GFP line. The WT/PLDζ1-YFP line was obtained 

from Takashi Aoyama (Ohashi et al., 2003). pldζ1/pldζ2/PLDζ2-mVenus was created by 

crossing pldζ1/pldζ2 with PLDζ2-mVenus. Primers used for genotyping: for PLDζ1, 

forward, tgaaaagcatggaaattttcg and reverse gtgatcgtctctgtctctcgc and for PLDζ2, 

forward, cttcatgagccttcagaatgc and reverse, cggcatttacctctggtacag. General growth 

conditions on agar plates (0.5x MS, supplemented with 0.1% 2(N-

morpholino)ethanesulphonic acid (MES) buffer, 0.5% sucrose and 1% agar) were in a 

climate chamber with long day period (16 hours light at 130 µmol/m2/s) at 22°C and 

70% humidity. Seeds were sterilized using 50% bleach and stratified for at least 2 days 

at 4°C. For soil experiments, seeds sterilized with 50% bleach were stratified in 0.1% 

agar in the dark for at least 2 days and then placed on sieved sowing ground. Plants were 

then grown were in a climate chamber with short day period (11 h light at 130 

µmol/m2/s) at 22°C and 70% humidity. 

 

Halotropism plate assays and gravitropism plate assays 

For the halotropism plate assays (both during time-lapse imaging and long-term 

halotropism assays), 10 seeds were germinated in a diagonal line on half strength MS 

plates. When the seedlings were 5 days old, the bottom corner (in diagonal line 0.5 cm 

below the root tips) of the agar was removed and replaced by control half-strength MS 

agar without salt or half strength MS agar containing 200 mM NaCl. For the time-lapse 

experiment the plates were placed in a climate chamber containing the time-lapse set-

up. For the latter, all plates were imaged every 20 min by infrared photography. Images 

were then analysed using ImageJ. For the long-term halotropism assay, a dot was placed 
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immediately after replacing the agar and every 24 hrs after the start of the treatment. 

After 4 days of growth, the plates were scanned and the images were analysed using 

ImageJ. In the gravitropism assay, 12 plants were germinated on half strength MS plates 

and after 5 days of growth the plates were re-orientated by turning 90° and placed in 

the climate chamber containing the time-lapse set-up, after which they were imaged and 

analysed as above. 

 

Confocal microscopy 

The images were acquired using a Nikon Ti inverted microscope in combination with an 

A1 spectral confocal scanning head. For GFP fusion proteins excitation/emission 

wavelengths used were 488 nm/505-555 nm. For YFP and mVenus excitation/emission 

wavelengths were 514 nm/525-555 nm.  The analysis of the images was performed 

using Fiji (http://fiji.sc) software. All measured membranes were corrected for their 

size so the artificial unit used depicts average transport capacity over the membrane. 

 

Root system architecture assay 

pldζ2, pldζ1/pldζ2 and WT plants were germinated on half strength MS plates. Four 

days after germination the seedlings were transferred to half strength MS plates with 

either 0mM, 75mM and 125 mM of NaCl. Four seedlings were transferred to each plate, 

resulting in 20 replicas per line per treatment. Plates were placed in the climate 

chamber following a randomized order. After 6 days the plates were scanned using an 

Epson Perfection V800 scanner at a resolution of 400 dpi. Root phenotypes were 

quantified using the SmartRoot (Lobet et al., 2011) plugin for ImageJ. Statistical 

analysis was performed in R with RStudio using two-way ANOVA with Tukey’s post 

hoc test for significance. 

 

Salt performance assay 

pldζ2, pldζ1/pldζ2 and WT plants were germinated on sowing soil. After one week of 

growth seedlings were transferred to the treatment trays in a randomized order, with 2 

seedlings per pot. A day before transfer of seedlings the dried treatment trays were 

treated with 4 L of rainwater containing salt for a final concentration of 75 mM NaCl or 

no salt for the control treatment. Per line, per treatment 20 replicates are used. After 

one week of growth on the treatment tray the seedlings were thinned to one seedling 

per pot, when necessary seedlings from the same tray and genotype were transferred 

to an empty pot. After the initial treatment water, the trays were watered with 

rainwater once per week. Three weeks after the start of the treatment the shoots the 

plants were harvested and weighed for freshweight. Plants were then individually 

stored in paper bags and dried at 70 °C in a stove for 3 weeks and dryweight was 

measured. 

 

Root hair experiment 
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pldζ1, pldζ2, pldζ1/pldζ2 and wildtype plants were germinated on half strength MS 

plates. Four days after germination the seedlings were transferred to half strength MS 

plates with either 0 mM, or 125 mM NaCl. Four seedlings were transferred to each plate, 

resulting in 20 replicas per line per treatment. Plates were placed in the climate 

chamber following a randomized order. After 5 days of growth on the treatment plates 

the new growth of each root was photographed under an Olympus BH-2 microscope 

with a Infinity 1 microscope camera. The amount of root hair was counted and the 

length measured using ImageJ software. 
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Supplemental	figure	1:	Long	term	halotropic	response	in	the	pldζ1,	pldζ2	single	and	pldζ1/pldζ2	double	mutant.	Quantification	of	the	angle	of	the	main	root	
compared	to	the	direction	of	gravity	over	4	days	on	either	a	0mM	NaCl	(A),	75mM	NaCl	(B),	125mM	NaCl	(C)	or	200mM	NaCl	gradient.	Positive	angles	correspond	

with	growth	towards	the	salt	medium,	negative	angles	correspond	with	growth	away	from	the	salt	medium	.	Asterisks	show	significant	difference	with	wildtype	
(p<0.05	in	a	univariate	ANOVA	followed	by	Tukey’s	post	hoc	test),	the	color	of	the	asterisks	correspond	to	the	different	mutants.	N=	±70	for	all	lines	and	

treatments.	

 

Supplemental information 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental figure S1: Long-term halotropic response in pldζ1, pldζ2 and pldζ1/pldζ2-double 
mutants. Quantification of the angle of the main root compared to the direction of gravity over 4 days on 
either a 0 mM NaCl (A), 75 mM NaCl (B), 125 mM NaCl (C) or 200 mM NaCl gradient. Positive angles 
correspond with growth towards the salt medium, negative angles correspond with growth away from the 
salt medium. Asterisks show significant difference with wildtype (p<0.05 in a univariate ANOVA followed by 
Tukey’s post hoc test in SPSS 24), the color of the asterisks correspond to the different mutants. n= ~70 for all 
lines and treatments. 
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Supplemental	figure	2:	Root	system	architecture	shows	mild	differences	between	wildtype,	pldζ2	and	pldζ1/pldζ2	during	severe	salt	stress.	The	
difference	found	in	control	condition	was	on	the	straightness	trait	where	col-0	showed	a	straighter	root	than	both	mutants	(B).	During	mild	salt	

stress	(75mM	of	NaCl)	no	significant	differences	in	RSA	between	the	lines	were	found.	For	severe	salt	stress	(125mM	NaCl)	a	difference	between	
col-0	and	pldζ2	was	found	on	root	growth	direction	(F).	Differences	between	col-0	and	pldζ1/pldζ2	were	found	on	main	root	length	(A)	and	length	

of	branched	zone	(G).	The	most	differences	were	observed	between	pldζ2	and	pldζ1/pldζ2.	Main	root	length	(A),	number	of	lateral	roots	(C),	

Lateral	Root	density	(D),	total	lateral	root	length	(E)	and	length	of	branched	zone	were	found	to	be	significantly	different.	

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental figure S2: Root system architecture shows mild differences between wildtype, pldζ2 and 
pldζ1/pldζ2 during salt stress. The only difference found in control condition was on 'straightness', where 
wildtype showed a straighter root than both mutants (B). During mild salt stress (75 mM NaCl) no significant 
differences in RSA between the lines were found. For more severe salt stress (125 mM NaCl) a difference 
between wildtype and pldζ2 was found on root growth direction (F). Differences between wildtype and 
pldζ1/pldζ2 were found on main root length (A) and length of branched zone (G). Most differences were 
observed between pldζ2 and pldζ1/pldζ2. Main root length (A), number of lateral roots (C), Lateral Root 
density (D), total lateral root length (E) and length of branched zone were found to be significantly different. 
Letters show significance groups between the different lines in one treatment (p<0.05 using univariate 
ANOVA followed by Tukey post hoc in SPSS 24). 
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Abstract 

Clathrin-mediated endocytosis has been linked to auxin-carrier cycling in 

unstressed cells. Nevertheless, the endocytosis pathway involved in salt stress 

remains elusive. Recently, two Epsin-like clathrin adaptors (ECA1 and ECA4) 

were found enriched in the peripheral membrane fraction of salt-stressed 

Arabidopsis roots. Here, we investigate a possible role of ECA1 and ECA4 in the 

halotropic response, root system architecture and subcellular localization of the 

auxin-efflux carrier, Pin-formed 2 (PIN2) during salt stress. Additionally, we 

screened for proteins that interact with ECA4 using a tandem-affinity 

purification assay. Proteins identified were involved in cell division, vacuolar 

sorting and actin cytoskeleton organization. During halotropism, opposite 

phenotypes were found for ECA1- and ECA4- KO mutants. Loss-of-ECA4 also 

resulted in longer main and lateral roots and a higher lateral root density. Using 

a GFP fusion, ECA1 was found to be enriched in the cytosol upon salt treatment. 

However, following PIN2-GFP in an eca1 and eca4 background revealed no 

changes in the sub-cellular localization of PIN2 compared to wildtype. Our 

results indicate roles for ECA1 and ECA4 during salt stress, in cellular processes 

that are not linked to PIN2 localization. 

 

Introduction 

The recent increase of farmland affected by abiotic stress has put more pressure 

on the development of tolerant crops to maintain food production. Fortunately, 

advancements in technology have helped to speed-up the selection of tolerant 

mutants during forward genetic screening, but often, the reason for increased 

tolerances is not known. Understanding underlying cellular mechanisms of 

abiotic stress tolerance helps us to comprehend what processes are most 

important during different types of stress encountered in the environment. In 

this way, even more viable, tolerant lines with no pleiotropic effects might be 

selected or engineered. One process involved in all cellular changes caused by 

abiotic stress, and most processes in general, is cellular signalling. To start a 

signalling cascade, stress first needs to be sensed.  

 For salinity stress, and the sensing of the toxic ion, Na+, the signalling 

mechanism is still largly unknown, despite some theories proposed (see 

(Maathuis, 2014; Julkowska and Testerink, 2015; Shabala et al., 2015). 

Nonetheless, some early signalling components have been characterized. The 

calcium dependent-SOS pathway has been well described (Ji et al., 2013). 

Another early salt-induced signal is the lipid second messenger phosphatidic 

acid (PA) (Munnik, 2001; Testerink and Munnik, 2005, 2011). In contrast to 
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structural lipids, signalling lipids are found in low abundance in cellular 

membrane. However, upon sensing of stress, their abundance can increase 

within minutes (Munnik et al., 2000; Darwish et al., 2009; Meringer et al., 2016). 

The stress-induced formation of PA has been proposed to be phospholipase D 

(PLD) and/or phospholipase C (PLC)/diacylglycerol kinase (DGK) dependent 

(Munnik et al., 2000; Munnik, 2001; Darwish et al., 2009; Arisz and Munnik, 

2011; Meringer et al., 2016). The difference in involvement of the PLD and the 

PLC/DGK pathways might be in the timing, where PLC/DGK act on a short-term 

time scale (Munnik et al., 2000; van der Luit et al., 2000; de Jong et al., 2004; 

Arisz et al., 2013), and PLD is involved in PA production on a time scale of hours 

(Frank et al., 2000; Munnik et al., 2000; Ruelland et al., 2002; Arisz et al., 2003; 

Andersson et al., 2006; Hong et al., 2009; Hong et al., 2010). Cytosolic target 

proteins have been found to bind PA (Testerink et al., 2004; McLoughlin et al., 

2013). Such proteins are thought to be recruited to the PM or other intracellular 

membrane compartments where PA accumulates. PA-binding proteins in plants 

include Heat Shock Protein 90 (HSP90), 14-3-3 proteins, ROOTS CURL IN NPA 

(RCN1) and SNF1-RELATED PROTEIN KINASE 2.10 (SnRK2.10) (Testerink et 

al., 2004), which all play a role on abiotic stress responses (Roberts et al., 2002; 

Baena-Gonzalez and Sheen, 2008; Xu et al., 2012; Hu et al., 2017; Yao and Xue, 

2018). Downstream of lipid signalling during salt stress, several hormone 

signalling pathways are known, for example salicylic acid (Jayakannan et al., 

2015) and gibberellins (Colebrook et al., 2014). How these signalling pathways 

are linked, however, remains elusive. Using PA-affinity purification on proteins 

isolated from the peripheral membrane fraction after salt stress, eight PA-

binding proteins were found, including three proteins involved in the clathrin 

machinery: Clathrin Heavy Chain (CHC), Epsin-like Clathrin Adaptor 1 (ECA1) 

and Epsin-like Clathrin Adaptor 4 (ECA4) (McLoughlin et al., 2013). 

Interestingly, clathrin-mediated endocytosis has been proposed to be involved 

in the internalization and recycling of auxin carriers (Kleine-Vehn et al., 2011; 

Adamowski and Friml, 2015; Naramoto, 2017). Recently, ECA1 and ECA4 were 

found to locate to the growing cell plate during cell division (Song et al., 2012). 

Due to the role for AP180 N-terminal homology (ANTH)/Epsin N-terminal 

homology (ENTH) domain-containing proteins in clathrin coated vesicle (CCV) 

formation (Legendre-Guillemin et al., 2004); ECA1 and ECA4 were proposed to 

regulate CCV budding from the cell plate. In support, ECA4 was found to interact 

with TPLATE complex muniscin-like (TML), which forms multi protein-

complexes with, amongst others, the TPLATE protein complex and CHC and CLC, 
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confirming the involvement of ECA4 in CME (Gadeyne et al., 2014). Other than 

this, nothing is known about ECA1 and ECA4 in plant processes.  

 During salt stress, CME was proposed to alter the flow of auxin in the 

root and subsequently, the direction of root growth (Galvan-Ampudia et al., 

2013). Recently, it was shown that NAA pre-treatment (which blocks clathrin 

recruitment to the PM), did not block the accumulation of Pin-formed 2 (PIN2) 

inside cells during salt stress (Baral et al., 2015). Depletion of sterols, however, 

did inhibit its intracellular accumulation, suggesting the possible involvement 

of membrane microdomain-associated endocytosis (MMAE) in the 

internalization of PIN2 during salt stress (Baral et al., 2015). Likewise, PIN1 has 

been found in detergent-resistant membrane (DRM) fractions (sterol-rich 

domains, also known as membrane microdomains) when treated with Triton X-

100 in wild type plants. In abcb19 mutants, this occurred much less, indicating 

that PIN1 could be present in membrane-microdomains where it is stabilized 

by ABCB19 (Titapiwatanakun et al., 2009). While the question remains which 

endocytic pathway(s) regulate the internalization of auxin carriers during salt 

stress, ECA1 and ECA4's lipid-binding enrichment in response to salt in the 

peripheral membrane protein fraction, and their link to CME, warrants 

investigation of their role in salt stress.  

 Here, we analysed ECA1 and ECA4 single- and double-KO mutants 

during halotropism and investigated their root system architecture (RSA) upon 

salt stress. Using an ECA1-GFP fusion, the effect of salt stress on its localization 

was analysed, as well as its co-localization with CLC2. For PIN2, its dynamics as 

GFP fusion during salt stress in wildtype and eca1- and eca4 seedlings were 

analysed. Our results suggest that while ECA1 and ECA4 are involved in the 

plants' response to salt stress, they are neither involved in PIN2 internalization 

nor polarity. Using tandem-affinity purification, several proteins were found to 

interact with ECA4, i.e. proteins involved in cell division, vacuolar sorting and 

energy flux.  

 

Results 

ECA1 and ECA4 have opposite roles during halotropism  

We used a time-lapse set-up to study early halotropic responses in an eca1-, 

eca4- and eca1/eca4- double mutant and compared that with wild type. Only 

minor differences were observed between any of the eca mutants and wildtype 

in the first 12 hrs after exposing them to the salt gradient (Supplemental figure 

1). However, after 13 hrs, significant differences with wildtype were found in 

the eca4 and eca1/eca4 mutants (Supplemental figure 1). Where the double-
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Figure	1:	Late	halotropic	responses	of	the	eca1,	eca4	and	eca1/eca4	KO	mutants	show	opposite	phenotypes	for	ECA1	and	ECA4	during	halotropism.	Root	
tip	angle	during	late	halotropic	response	in	the	eca1,	eca4	and	eca1/eca4	KO	mutants	compared	to	wildtype	on	0mM	(A),	75mM	(B),	125mM	(C)	or	200mM	

(D)	NaCl.	Bars	represent	standard	error,	asterisks	show	significant	differences	with	wildtype	(p<0.05,	univariate	ANOVA	followed	by	Tukey’s	post	hoc	test	in	
SPSS	24).	Data	shown	is	combined	from	2	biological	replicates	N	>	40	for	each	line	and	treatment.		
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knockout mutant did not bend and followed the gravital axis, eca4 was found to 

bend at an angle of -10° away from the salt gradient. The halotropic response 

has a duration of various days and the initial response at the first day has only a 

minor contribution to the total avoidance. So in addition to the early response, 

we also measured the directional root growth over 4 days on plates containing 

a gradient of 0mM, 75mM, 125mM or 200 mM of NaCl (Figure 1a-d). No 

differences in root growth direction between the eca mutants and wildtype 

were observed in control conditions (Figure 1a). Nonetheless, in contrast to the 

early response, large differences in root growth direction were observed in eca 

mutants during long-term exposure to a 125mM or 200mM salt gradient (Figure 

1c-d). Clearly, eca1 showed a weaker halotropic response than wild type while 

eca4 showed a significant stronger response than wild type on a 200mM NaCl 

salt gradient (Figure 1d). The response in the eca1/eca4-double mutant showed 

maybe the net effect of the two individual mutants, resembling wild type (Figure 

1d). 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Late halotropic responses of the eca1, eca4 and eca1/eca4 KO mutants show opposite 
phenotypes for ECA1 and ECA4 during halotropism. Root tip angle during late halotropic response in the 
eca1, eca4 and eca1/eca4 KO mutants compared to wildtype on 0mM (A), 75mM (B), 125mM (C) or 200mM 
(D) NaCl. Bars represent standard error. Asterisks show significant differences with wildtype (p<0.05, 
univariate ANOVA followed by Tukey’s post hoc test in SPSS 24). Data shown is combined from 2 biological 
replicates N > 40 for each line and treatment. 
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Loss-of-ECA4 promotes root growth and -development 

Proteins involved in the internalization of auxin carriers not only regulate 

tropism responses, they also affect the root system architecture (Bao et al., 

2014; Li et al., 2015; Korver et al., Chapter 4 this thesis). Hence, we tested the 

role of ECA1 and ECA4 in RSA during control and salt stress using the KO 

mutants. As shown in Figure 2a, the main roots of eca4 seedlings were longer in 

control- and salt stress conditions (Figure 2a). Moreover, eca4 mutants also 

exhibited more and longer lateral roots (figure 2b-c), resulting in a higher total 

root- and lateral root length (Supplemental figure 2a-b). While none of these 

differences were induced by salt treatment, lateral root density in eca4 was 

clearly higher than wildtype on 75mM- and 125mM NaCl, but not without salt 

(Figure 2d-e). The eca4 roots were also found to be less straight, and exhibited 

a longer branched zone (Supplemental figure 2c-d). For eca1, no such 

differences were observed, nor in the eca1/eca4-double mutant (Figure 2 and 

Supplemental figure 2).  

  

ECA1-GFP is internalized upon salt stress and co-localizes with clathrin-

light chain 

To further understand ECA1's role in halotropism, we determined the 

subcellular localization of ECA1-GFP under its own promoter (Song et al., 2012). 

Under control conditions, ECA1 was mainly localized to the PM, with a low 

signal in the cytosol, as described before (Song et al., 2012). Within 5 min after 

salt treatment, the PM signal decreased and the cytosolic signal of ECA1-GFP 

clearly increased in the epidermal roots cells at the lower part of the elongation 

zone (Figure 3a-b). This increased cytosolic ECA1 localization remained visible 

for at least 60 min. To determine whether the internalization of ECA1 was linked 

to CME, the co-localization between ECA1-GFP and CLC2-mCherry was 

investigated. As shown in Figure 3c-d, a significant increase in ECA1 and CLC co-

localization occurred upon salt stress. These results indicate increased 

association of ECA1 with CME during salt stress. 

 

ECA1 and ECA4 do not affect the internalization of PIN2 during salt stress 

The increased co-localization of ECA1 and CLC in the cytosol 5 min after the 

application of salt may suggest an increase in CME, and hence, the increased 

internalization of auxin carriers upon salt stress. To investigate a putative 

involvement of ECA1 in the alteration of auxin flow during salt stress, we 

studied the sub-cellular localization of PIN2-GFP in in the eca1 and eca4 mutant 

backgrounds. Interestingly, no change in PIN2 localization was observed after 5 

or 60 min of salt stress in either mutant (Figure 4). These results suggest that 
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Figure	2:	eca4	has	altered	RSA	and	a	salt	specific	higher	lateral	root	density.	10	day	old	Arabidopsis	seedlings	were	scanned	after	growth	on	plates	
with	different	salt	concentrations	(0mM,	75mM	and	125mM	NaCl).	Different	root	parameters	were	analyzed	using	Smartroot.	Seedlings	were	

transferred	to	the	treatment	plates	four	days	after	germination,	and	treated	for	6	days.	Significant	differences	for	eca4	were	found	for	main	root	length	
(A),	number	of	lateral	roots	(B),	average	lateral	root	length	(C)	and	lateral	root	density	(D).	Lateral	root	density	had	only	significant	differences	in	salt	

treatment	therefore	response	to	salt	was	plotted	(E).	Error	bars	represent	standard	error	and	letters	show	different	significance	groups,	no	letters	

means	no	differences	(p<0.05,	in	a	univariate	ANOVA	followed	by	Tukey’s	post	hoc	test	in	SPSS	24).	N	=	40	roots	from	2	biological	replicas.		
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the internalization or polarity of PIN2 during early salt stress responses of roots 

is independent ECA1 or ECA4. 

 

ECA4 interacts with proteins putatively involved in cell division, vacuolar 

sorting, cell polarity and energy flux 
To further analyse the cellular processes ECA1 and ECA4 might be involved in, 

tandem-affinity purification (TAP) analyses in PSB-D Arabidopsis suspension-

cultured cells were performed to identify direct- and indirect ECA interactors 

(Puig et al., 2001; Gadeyne et al., 2014). Unfortunately, TAP analysis using ECA1 

as bait protein did not reveal any interacting proteins. Using ECA4, however, 13 

possible interactors were found after filtering-out known contaminants (Table 

1, Supplemental Table S1). Amongst these were both Clathrin Heavy Chain 

(CHC) isoforms and both clathrin light chain (CLC) proteins identified, even 

though the latter was not found in all experiments and in lower  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: eca4 has altered RSA and a salt specific higher lateral root density. 10 day old Arabidopsis 
seedlings were scanned after growth on plates with different salt concentrations (0mM, 75mM and 125mM 
NaCl). Different root parameters were analyzed using Smartroot. Seedlings were transferred to the treatment 
plates four days after germination, and treated for 6 days. Significant differences for eca4 were found for main 
root length (A), number of lateral roots (B), average lateral root length (C) and lateral root density (D). Lateral 
root density had only significant differences in salt treatment therefore response to salt was plotted (E). Error 
bars represent standard error and letters show different significance groups, no letters means no differences 
(p<0.05, in a univariate ANOVA followed by Tukey’s post hoc test in SPSS 24). N = 40 roots from 2 biological 
replicates.  
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Figure	3:	ECA1	re-locates	to	the	cytosol	during	salt	stress	and	has	increased	co-localization	with	CLC.	(A)	Representative	images	showing	ECA1-GFP	after	5	
and	60	minutes	during	a	control	and	a	salt	treatment.	(B)	Quantification	of	ECA1-GFP	signal	intensity	on	the	apical	membrane,	the	lateral	membrane	and	the	

intracellular	compartment	compared	to	the	total	GFP	signal	in	the	cell	(n	>	56	cells	per	treatment	over	2	biological	replicates).	(C)	Representative	images	of	
ECA1-GFP	(green)	and	CLC-mCherry	(red)	after	5	minutes	of	a	control	or	salt	treatment,	yellow	color	shows	co-localization.	(D)	Quantification	of	ECA1-GFP	and	

CLC-mCherry	co-localization	using	Pearson’s	Correlation	Coefficient	(PCC).	Perfect	co-localized	images	score	1	on	this	scale	while	images	without	any	co-

localization	score	-1.	(N	=	20	cells	per	treatment	from	2	biological	replicates).	
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Figure 3: ECA1 re-locates to the cytosol during salt stress and has increased co-localization with CLC. 
(A) Representative images showing ECA1-GFP after 5 and 60 minutes during a control and a salt treatment. 
(B) Quantification of ECA1-GFP signal intensity on the apical membrane, the lateral membrane and the 
intracellular compartment compared to the total GFP signal in the cell. Letters show different significance 
groups per PM side between the different treatments (p<0.05, in a univariate ANOVA followed by Tukey’s post 
hoc test in SPSS 24) (n > 56 cells per treatment over 2 biological replicates).  (C) Representative images of 
ECA1-GFP (green) and CLC-mCherry (red) after 5 minutes of a control or salt treatment, yellow color shows 
co-localization. (D) Quantification of ECA1-GFP and CLC-mCherry co-localization using Pearson’s Correlation 
Coefficient (PCC). Perfect co-localized images score 1 on this scale while images without any co-localization 
score -1. Asterisks show significance (p<0.05, in a t-test performed with SPSS 24)  (N = 20 cells per treatment 
from 2 biological replicates). 
 
 

abundance. Other proteins found in all 4 experiments (with both C-terminal and 

N-terminal tagged ECA4) were COP1-interactive protein 1 (CIP1, AT5G41790) 

and voltage dependent anion channel 1 (VDAC1, AT3G01280) (Table 1). 

Putative interactors found in 3 experiments, included a P-loop containing 

nucleoside triphosphate hydrolases superfamily protein (At3G45850) and an 

Endosomal targeting BRO1-like domain-containing protein (At1G15130). 

Proteins only found in one or two experiments, suggesting indirect binding or 

false positives, were Clathrin Associated Protein 1 (CAP1) (At4G32285), little 

nuclei1 (LINC1) (Dittmer et al., 2007), PRP39 (At1G04080) (Wang et al., 2007) 

and a RNA-binding (RRM/RBD/RNP motifs) family protein (At2G33410).  
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Figure	 4:	 No	 change	 of	 PIN2	 sub-cellular	
localization	in	eca1	and	eca4	mutants.	eca1	

and	eca4	have	the	same	PIN2	polarity	and	salt-
induced	 polarity	 shift	 after	 5	 minutes	

compared	 to	 wildtype.	 No	 differences	 in	

abundance	of	PIN-GFP	signal	was	observed	at	
either	 apical,	 lateral	 or	 the	 intracellular	

compartment	during	control	or	salt	treatment.	
(p<0.05,	in	an	univariate	ANOVA	followed	by	

Tukey’s	post	hoc	test	in	SPSS	24).	For	Wt,	n=80	
cells,	for	eca1,	n=48	cells,	for	eca4,	n=	48	cells	

in	2	biological	replicates.		
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Figure 4: No change of PIN2 sub-cellular localization in eca1 and eca4 mutants. eca1 and eca4 have the 
same PIN2 polarity and salt-induced polarity shift after 5 minutes compared to wildtype. No differences in 
abundance of PIN-GFP signal was observed at either apical, lateral or the intracellular compartment during 
control or salt treatment. (p<0.05, in an univariate ANOVA followed by Tukey’s post hoc test in SPSS 24). For 
Wt, n=80 cells, for eca1, n=48 cells, for eca4, n= 48 cells in 2 biological replicates.  
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 We searched the STRING database for interactions of At3G45850 and 

At1G15130 to elucidate their function (Table 2). At3G45850 was, amongst 

others, predicted to interact with Mitotic Arrest Deficient 2 (MAD2), Structural 

Maintenance of Chromosomes 2 (SMC2), Structural Maintenance of 

Chromosomes 3 (SMC3) and At2G20635, which have all been predicted to play 

a role during the cell cycle, specifically checkpoints during nuclear division. 

Predicted interactions with At1G15130 include SNF family proteins SNF7.2 and 

SNF7.1. Both these proteins are a component of the endosomal-sorting complex 

required for transport III (ESCRT-III) complex which is involved in vacuolar 

protein sorting (Cai et al., 2014). Additionally, At1G15130 was predicted to 

interact with RAC-like 2 (RAC2), RAC-like 3 (RAC3 or ROP6), RAC-like 6 (RAC6), 

ARAC-like 9 (RAC9) and Rho-related protein from plants 1 (ROP1), which all 

belong to the family of small GTPases involved in signalling, in particular in 

regulation of the cytoskeleton. Although the interactions remain to be 

confirmed, these interacting proteins imply a role for ECA4 in various 

membrane transport processes. 

 

Discussion 

In this study, we investigated the role of ECA1 and ECA4 during salt stress, 

including the halotropic response and root system architecture. In addition, the 

subcellular localization of ECA1 in combination with CLC was determined, as 

well as the localization of PIN2. Finally, putative protein-protein interactions 

were performed to find new leads for the processes in which ECAs play a role 

during salt stress.  
 

ECA1 and ECA4 are involved in the late halotropic response 

Loss-of-ECA1 or -ECA4 only had no clear effect on the early halotropic response 

(first 24 hrs) but affected the later response, 2-4 days after exposure. 

Interestingly, eca1 seedlings showed a weaker response while eca4 seedlings 

lead to a stronger halotropic response. This clearly indicates distinct roles for 

these clathrin adaptors during halotropism. Unlikely, this difference is 

explained by the involvement of PIN2 because we found no changes in its 

localization in the loss-of-function mutants. A possible explanation might be 

found in the observation that ECA1 plays a more important role in cell plate 

formation during cytokinesis (Song et al., 2012), and thus loss-of-ECA1 could 

potentially inhibit initiation of cytokinesis, although it remains unclear whether 

renewed cell division is required for halotropism.  
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According to the eFP browser (Winter et al., 2007), ECA4 expression is 

elevated at the lower part of the root-elongation zone, in contrast to the 

constitutive overall expression of ECA1, which may imply a role in cell 

elongation. The possible indirect interaction with Rac-like G-proteins in the TAP 

assay could support such a role. The involvement of the different ECAs in 

different processes might lead to the observed differences in the halotropic 

response. However, much remains unclear about the function of the ECA’s and 

the processes they are involved in, so this requires more research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ECA4 negatively regulates root size and lateral root formation 

A change in the halotropic response, as found in loss-of-ECA1 and -ECA4 

mutants, suggests changes of auxin flow in the root. Such changes also influence 

root development, including lateral root initiation (De Smet, 2012; Marhavy et 

al., 2013). Adjusting the number- and length of lateral roots is another 

important part of the plant's response to salt stress (Zolla et al., 2010; Julkowska 

et al., 2014). Here, we found increased main root length, number of lateral roots 

and lateral root length in the ECA4 loss-of-function mutant under both control 

and salt stress conditions. Moreover, lateral root density in the eca4 mutant 

showed a salt-specific increase, indicating a role for ECA4 in alterations in RSA 

during the salt stress response. The eca1 mutant behaved similar as wildtype on 
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both control and salt stress conditions. These results emphasize that ECA1 and 

ECA4 fulfil distinct roles in roots, with ECA4 but not ECA1 playing a role in 

lateral root formation. Support for this theory comes from transcriptomic 

analysis of Arabidopsis roots in response to auxin, where ECA4 was found to 

have reduced pericycle expression after auxin treatment while ECA1 expression 

did not change (Bargmann et al., 2013). In contrast to ECA1, which putatively is 

involved in initiation of cytokinesis, ECA4 could possibly inhibit the asymmetric 

cell division at the pericycle, which is required for lateral root initiation through 

its role at the cell plate. This is consistent with ECA4 being more abundant at the 

forming cell plate while ECA1 is mostly found later, at the edges of the expanding 

cell plate (Song et al., 2012). Moreover, it has been shown that CME is involved 

in the plane of cell division through syntaxin localization (Boutte et al., 2010). If 

ECA4 is involved in inhibiting the CME-dependent process regulating cell-plate 

position and thus asymmetric cell division, loss-of-ECA4 might explain an 

increased number of lateral roots and density. However, the exact role of ECA4 

in lateral root formation and root length requires more attention before a 

definitive answer can be given. 

 

PIN2 localization is not regulated by ECA1 or ECA4 

We found ECA1 re-localization from the plasma membrane to the intracellular 

compartment shortly after exposure to salt and this increased cytosol 

localization remained unchanged after an hour of salt stress. This re-localization 

coincides with an increase in colocalization with CLC-mCherry. These results 

confirm the biochemical experiments by McLoughlin et al. (2013) and indicate 

a salt induced ECA1 mediated CME during the salt stress response. 

Nevertheless, a recent study using NAA, a known inhibitor of CME, found PIN2 

internalization despite blocking CME, indicating clathrin-independent 

endocytosis during salt stress (Baral et al., 2015). On the other hand, CME has 

been proposed to be involved in PIN2 internalization during halotropism 

(Galvan-Ampudia et al., 2013). Thus, it remains unclear whether ECA1 might 

regulate auxin carrier internalization. However, because the shift in PIN2 

polarity was not found after 60 min (unpublished data) and the ECA1 increase 

in the cytosol was unaltered after 60 min, it seems unlikely the ECA1 mediates 

the CME involved in this process. In accordance, we see no change in PIN2 

localization in either control or salt stress in eca1- or eca4 mutants compared to 

wild type.  
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ECA4 interacts with proteins involved in cell division, vacuolar sorting and 

the actin cytoskeleton  

Both ECA1 and ECA4 were used as bait for tandem-affinity purification, 

however, only ECA4-interacting proteins were found. Amongst the interactors 

found were COP-interactive protein 1 (CIP1) and Arabidopsis Voltage 

Dependent Anion Channel 1 and 2 (VDAC1 and VDAC2). CIP1 is induced by 

abscisic acid (ABA) in photosynthetic and vascular tissue. VDAC1 and VDAC2 

locate mainly to the outer-mitochondrial membrane and in low abundance to 

the PM (Robert et al., 2012). No change in VDAC1 and VDAC2 transcript levels 

was found during salinity stress (Lee et al., 2009). No evidence for involvement 

of CIP1 or both VDAC’s in stressed roots has been reported, therefore we 

focused on other interactors. Two other strong interacting proteins found, i.e. 

P-loop containing nucleoside triphosphate hydrolases superfamily protein 

(PNTH) and Endosomal targeting BRO1-like domain-containing protein (EtB), 

have not been characterized, and their function is only predicted. Documented 

interactions in the STRING database can provide information on the processes 

involved. For PNTH, interactions with proteins involved in cell cycle regulation 

were predicted, based on interactions in Saccharomyces cerevisiae (MAD2, 

SMC2, SMC3 and At2G20635) (Tong et al., 2004). Arrest of the cell cycle during 

salt stress has been reported (West et al., 2004) and might play a role during the 

quiescence phase of root growth during salt stress, or potentially during 

halotropism, in addition to inhibition of cell elongation. In order to determine 

the role in cell-cycle regulation during salt stress further research is needed. 

Using cell-cycle markers (Yin et al., 2014), the percentage of cells in different 

phases could be examined on both sides of the root during the halotropic 

response, for example. EtB was predicted to interact with components of the 

Endosomal Sorting Complex Required for Transport III (ESCRT-III), SNF7.1 and 

SNF7.2, and thus could be involved in protein sorting to the vacuole (Cai et al., 

2014). Moreover, EtB was predicted to interact with Suppressor of K+ Transport 

Growth Defect1 (SKD1), which has also been reported to be involved in vacuolar 

sorting (Herberth et al., 2012; Steffens et al., 2017). Although we did not observe 

a PIN2 subcellular-localization phenotype nor difference in abundance, ECA4 

might play a role in vacuolar targeting and thus degradation of PIN2 and other 

auxin carriers during long-term salt exposure of roots. Other interactors of EtB 

include RAC-like 2, 3, 6 (RAC2, RAC3, RAC6) and Arabidopsis RAC-like 9 

(ARAC9). RAC3 has been shown to be involved in the auxin-induced re-

orientation of the actin cytoskeleton organization (Chen et al., 2014). In this 

way, ECA4 could potentially be a negative regulator of cell elongation according 

to the indirect interaction with RAC3 and the stronger halotropic response of 
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the eca4 KO mutant. To further elucidate the role of ECA4, the actin cytoskeleton 

could be studied in the eca4 mutant. Overall, the TAP experiment lead to two 

interesting new genes, At3G45850 and At1G15130, which are potentially 

involved in the salt stress response in the root. Overall, we show promising 

interactions of ECA4 with At3G45850 and At1G15130 supporting a role for 

ECA4 in salt-induced processes involved in cell division, vacuolar sorting and 

actin cytoskeleton organization. 

 
Methods 
Tandem affinity purification 

TAP-tag was performed using protein G and Streptavidin-binding peptide (GS)-tagged 

bait ECA1 and ECA4 protein fusions on all proteins from Arabidopsis cell culture cells 

(PSB-D) according to (Van Leene et al., 2011). 

 

Plant material and growth conditions 

The wild type used was Arabidopsis thaliana ecotype Columbia-0 (Col-0). The eca1 

mutant is a tDNA insertion line (Salk_114631). The eca4 mutant is a tDNA insertion line 

from GABI-KAT (GABI_839F07). The eca1/eca4 double mutant was created by crossing 

both single mutants. Knockouts were confirmed by qPCR. Genotyping primers used, 

ECA1 forward gtagatcacagaaatcaacgc, ECA1 reverse ggttcaacaactcgcctc, ECA4 forward 

taaagttcttacggcaaaagcaga and ECA4 reverse ttgcttgctactttagcg. Primers used for qPCR, 

ECA1 forward ctgatttctatgaagcctgc, ECA1 reverse gaagctatgtaggctccatc, ECA4 forward 

aggatttcgaatttcgttaggttcg and ECA4 reverse tcgccgaatctcacaacgc. The ECA1-GFP x CLC-

mCherry line was obtained from Inwhan Hwang (Song et al., 2012). The PIN2-GFP x eca1 

line was created by crossing the eca1 and PIN2-GFP (kindly received from Remko 

Ofringa, Leiden University).  

General growth conditions on agar plates (half strength MS supplemented with 

0.1% 2(N-morpholino)ethanesulphonic acid (MES) buffer and 0.5% Sucrose and 1% 

Agar) were in a climate chamber with long day period (16 hrs light at 130 µmol/m2/s) 

at 22°C and 70% humidity. Seeds were sterilized using 50% bleach and stratified for at 

least 2 days at 4°C. For soil experiments, seeds sterilized with 50% bleach were 

stratified in 0,1% agar in the dark for at least 2 days and then placed on sieved sowing 

ground. Plants were then grown were in a climate chamber with short day period (11 

hrs light at 130 µmol/m2/s) at 22°C and 70% humidity. 

 

Halotropism plate assays and gravitropism plate assays 

For the halotropism plate assays (both during timelapse imaging and long-term 

halotropism assays) 10 seeds were germinated in a diagonal line on half strength MS 

plates. When the seedlings were 5 days old, the bottom corner (in diagonal line 0.5 cm 

below the root tips) of the agar was removed and replaced by control half strength MS 

agar without salt or half strength MS agar containing 200 mM NaCl. For the time-lapse 
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experiment the plates were placed in a climate chamber containing the time-lapse set-

up. Here, all plates were imaged every 20 min by infrared photography. Images were 

then analysed using ImagJ. For the long-term halotropism assay a dot was placed 

immediately after replacing the agar and every 24 hrs after the start of the treatment. 

After 4 days of growth, plates were scanned and the images analysed using ImageJ.  

 

Root system architecture assay: 

eca1, eca4, eca1/eca4 and WT plants were germinated on half strength MS plates. Four 

days after germination the seedlings were transferred to half strength MS plates with 

either 0 mM, 75 mM and 125 mM of NaCl. Four seedlings were transferred to each plate, 

resulting in 20 replicas per line per treatment. Plates were placed in the climate 

chamber following a randomized order. After 6 days the plates were scanned using an 

Epson Perfection V800 scanner at a resolution of 400 dpi. Root phenotypes were 

quantified using the SmartRoot (Lobet et al., 2011) plugin for ImageJ. Statistical analysis 

was performed in R with RStudio using two-way ANOVA with Tukey’s post-hoc test for 

significance. 

 

Confocal microscopy 

The images were acquired using a Nikon Ti inverted microscope in combination with an 

A1 spectral confocal scanning head. For GFP fusion proteins excitation/emission 

wavelengths used were 488 nm/505-555 nm. For mCherry the excitation/emission 

wavelengths were 561 nm/570-620 nm. The analysis of the images was performed 

using Fiji (http://fiji.sc) software. All measured membranes were corrected for their 

size so the artificial unit used depicts average transport capacity over the membrane. 

 

Salt performance assay: 

eca1, eca4, eca1/eca4 and WT plants were germinated on sowing soil. After one week of 

growth seedlings were transferred to the treatment trays in a randomized order, with 2 

seedlings per pot. A day before transfer of seedlings the dried treatment trays were 

treated with 4L of rainwater containing entonem salt for a final concentration of 75 mM 

NaCl or no salt for the control treatment. Per line per treatment 20 replicates are used. 

After one week of growth on the treatment tray the seedlings were thinned to one 

seedling per pot, when necessary seedlings from the same tray and genotype were 

transferred to an empty pot. The trays were watered with rainwater once per week. 

Three weeks after the start of the treatment the shoots the plants were 
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Supplemental	figure	2:	eca4	has	minor	changes	in	RSA	on	control	and	salt	stress.	10	day	old	Arabidopsis	seedlings	were	scanned	after	growth	on	
plates	with	different	salt	concentrations	(0mM,	75mM	and	125mM).	Different	root	parameters	were	analyzed	using	Smartroot.	Seedlings	were	

transferred	to	the	treatment	plates	four	days	after	germination,	and	treated	for	6	days.	Significant	differences	for	eca1/eca4	were	found	for	
straightness	(A).	For	eca4	for	total	root	size	(B),	total	lateral	root	length	(C),	branched	zone	(D)	and	average	lateral	root	per	main	root	length	(E).	Error	

bars	represent	standard	error	and	letters	show	different	significance	groups,	no	letters	means	no	differences	(p<0.05,	in	a	univariate	ANOVA	followed	

by	Tukey’s	post	hoc	test	in	SPSS	24).	N	=	40	roots	from	2	biological	replicates.		
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Supplemental	figure	1:	Early	halotropic	responses	of	the	eca1,	eca4	and	eca1/eca4	KO	mutants	show	minor	differences	between	mutants	and	
wildtype.	Time-lapse	results	for	the	early	halotropic	response.	Root	tip	angle	was	calculated	for	every	20	minutes	after	application	of	the	salt	gradient	

where	growth	straight	down	corresponds	with	0	degrees	and	growth	away	from	the	higher	salt	gradient	corresponds	with	negative	angles.	Bars	
represent	standard	error,	asterisks	show	significant	differences	(p<0.05,	in	a	univariate	ANOVA	followed	by	Tukey’s	post	hoc	test	in	SPSS	24).	N	=	±40	for	

all	lines,	data	is	combined	from	2	biological	replicates.	
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Supplemental figure 1: Early halotropic responses of the eca1, eca4 and eca1/eca4 KO mutants show 
minor differences between mutants and wildtype. Time-lapse results for the early halotropic response. 
Root tip angle was calculated for every 20 minutes after application of the salt gradient where growth straight 
down corresponds with 0 degrees and growth away from the higher salt gradient corresponds with negative 
angles. Bars represent standard error, asterisks show significant differences (p<0.05, in a univariate ANOVA 
followed by Tukey’s post hoc test in SPSS 24). N = ±40 for all lines, data is combined from 2 biological 
replicates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental figure 2: eca4 has minor changes in RSA on control and salt stress. 10 day old Arabidopsis 
seedlings were scanned after growth on plates with different salt concentrations (0mM, 75mM and 125mM). 
Different root parameters were analyzed using Smartroot. Seedlings were transferred to the treatment plates 
four days after germination, and treated for 6 days. Significant differences for eca1/eca4 were found for 
straightness (A). For eca4 for total root size (B), total lateral root length (C), branched zone (D) and average 
lateral root per main root length (E). Error bars represent standard error and letters show different 
significance groups, no letters means no differences (p<0.05, in a univariate ANOVA followed by Tukey’s post 
hoc test in SPSS 24). N = 40 roots from 2 biological replicates.  
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AT-number protein description 
protein 
score 

protein mass 
significant protein 
matches 

significant protein 
sequences 

protein 
coverage 

protein length 

AT3G11130	 Clathrin, heavy chain 2914 194433 83 68 45.6 1705 

AT3G08530	 Clathrin, heavy chain 2813 194402 83 66 43.2 1703 

AT2G25430	
epsin N-terminal homology (ENTH) domain-containing protein / clathrin 
assembly protein-related 

2066 72267 61 30 54.2 653 

AT5G41790	 CIP1 | COP1-interactive protein 1 378 182038 12 12 9.2 1586 

AT3G01280	 VDAC1, ATVDAC1 | voltage dependent anion channel 1 321 29464 10 10 42.8 276 

AT3G45850	 P-loop containing nucleoside triphosphate hydrolases superfamily protein 156 119734 5 5 5.8 1058 

AT5G67500	 VDAC2, ATVDAC2 | voltage dependent anion channel 2 103 29634 4 4 14.5 276 

AT1G15130	 Endosomal targeting BRO1-like domain-containing protein 134 95605 4 4 6.9 846 

AT4G32285	 ENTH/ANTH/VHS superfamily protein 624 70795 22 14 26.6 635 

AT2G20760	 Clathrin light chain protein 160 37202 5 4 8.6 338 

AT1G67230	 LINC1 | little nuclei1 139 129471 5 5 5.4 1132 

AT2G40060	 Clathrin light chain protein 76 28876 3 3 8.1 258 

AT1G04080	 PRP39 | Tetratricopeptide repeat (TPR)-like superfamily protein 55 85417 3 3 4.3 768 

AT2G33410	 RNA-binding (RRM/RBD/RNP motifs) family protein 65 41303 2 2 5.7 404 

Supplemental	table	1:	All	proteins	found	during	TAP-tag	with	ECA4	as	bait.	 
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Chapter 7 
 

General discussion 
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Plant responses to soil salinity have many facets, ranging from alterations in 

intracellular processes, hormone distribution and ion transport to changes in 

root architecture and growth direction. A salt-induced change in root growth 

direction, termed halotropism, is a negative root tropism utilized by the plant to 

avoid regions in the soil with high salt concentrations. Since salt in high 

concentrations is toxic to the plant an accurate halotropic response is expected 

to contribute towards plant growth during salt stress conditions. In this thesis, 

new underlying genetic components and cellular mechanisms of the 

halotropism response were revealed and characterized. These include the 

contribution of different influx and efflux auxin carriers in the root during the 

early halotropic response (Chapter 3), the role of phospholipase Dζ enzymes 

(Chapter 4 and Chapter 5) in the internalization of auxin carriers during 

several salt stress responses of the root, and the role of clathrin adaptors ECA1 

and ECA4 in a novel PIN2-independent pathway affecting halotropism (Chapter 

6). In addition, the importance of short distance transport, biosynthesis and 

conjugation of auxin in redistribution of auxin levels upon abiotic stress was 

reviewed (Chapter 2). The most important findings of this work are 

summarized in our proposed model (Figure 1).  

This working model incorporates; 1) An interplay of different auxin 

carriers and auxin dependent feedback, required for the fast and strong change 

of auxin flow during a halotropic response; 2) Involvement of Phospholipase D 

ζ1 in PIN2 polarity and the relocation of PIN2 and AUX1 during salt stress; loss 

of PLDζ1 was observed to have a slower halotropism response. Computational 

modelling confirmed a slower build up of auxin asymmetry in the pldζ1 mutant. 

3) Osmotic-stress induced membrane structures (OSIMs), which likely 

represent excess membrane material, are found shortly after hyperosmotic 

shock and show a longer lifetime in the pldζ1 mutant 4) ECA1 and 4 are involved 

in salt stress responses, but their loss does not affect PIN2 localization. Here, I 

will discuss how these results contribute to the current knowledge on salt 

responses of plant roots and how future research could benefit from this data. 

 

Auxin flow under stress is complex auxin carrier teamwork 

Our data on changes in auxin carriers required to sufficiently change auxin flow 

and local auxin concentrations, suggest a complex combination of processes 

besides the earlier reported internalization of PIN2 during halotropism 

(Chapters 3 and 4). This is not surprising when the positive regulation of auxin 

on its own carriers is taken into account (Laskowski et al., 2006; Laskowski et 

al., 2008). In this way a small change in auxin carrier abundance at a side of the 

plasma membrane is able to cause large changes in auxin concentration in other 
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parts of the root. Most probable, if salt is first sensed in the outer tissues of the 

root, changes in PIN2 abundance and polarity cause a cascade of changes in 

auxin carrier abundance and localization in other more distant tissues. We 

therefore suggest that the initiation of the auxin asymmetry during halotropism 

starts with PIN2 changes but needs following changes of other auxin carriers in 

others tissues to create a sufficiently strong and fast auxin asymmetry. 

Moreover, gravitropism also requires interplay of auxin carrier changes 

including PIN2 (Abas et al., 2006). Although in this case the first changes 

reported are in PIN3 localization, PIN3 knockout mutants are not agravitropic 

(Kleine-Vehn et al., 2010), whilst PIN2 knockout mutants are (Luschnig et al., 

1998). Likewise, aux1 mutants are agravitropic (Bennett et al., 1996), indicating 

that auxin influx carrier changes are essential for several tropism responses, 

following from observed changes in AUX1 dynamics reported in chapter 3 and 

chapter 4.   
The role of the supply of auxin from the shoot in the timing of auxin 

asymmetry changes in the root also needs to be taken into consideration. PIN1 

polarity has been found to be regulated by a PIN1-type peptidyl-prolyl cis/trans 

isomerase, Pin1At. Agravitropic growth was reported in a 35S:Pin1At line, 

which displayed apolar PIN1 localization instead of more basal polarity (Xi et 

al., 2016). These observations indicate the importance of a proper auxin supply 

for tropisms, similar to our findings in chapter 3.  

Taken together, these results show that creating auxin asymmetry in the 

root is a complex process that requires interplay of changes of different auxin 

carriers. These changes are probably a cascade of alterations caused by a small 

local change of auxin flow, which is enhanced by positive auxin feedback on its 

own carriers. Chapters 3 and 4 also show the importance of computational 

modelling in elucidating the processes underlying changes in auxin symmetry. 

While in planta experiments are essential for determining the changes that 

occur, in silico experiments combine this data into a powerful tool to rapidly 

predict the outcome of what would be otherwise very complex and time 

consuming, if not impossible, experiments. 

 

How can OSIMS affect auxin carrier dynamics? 

Guard cells experience fast changes of turgor pressure to swell or shrink during 

the opening/closing of stomata. The processes of incorporating and removing 

parts of the membrane to maintain membrane surface tension have been 

proposed to be essential in this process (Homann, 1998; Jezek and Blatt, 2017; 

Larson et al., 2017). 
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Figure 1: Proposed model on intracellular and tissue level changes affecting auxin 
dynamics during the salt response. Model showing the proposed functions of PLDζ1, PLDζ2 and 
ECA4 influencing cellular functions during salt stress. In addition, the novel OSIMS are shown and 
the changes in PIN1 and AUX1 dynamics during halotropism. A transient increase of PIN1 
abundance in the stele of 2 hours with a peak at 30 minutes has been observed and computational 
modelling confirms this increase regulates the timing of the auxin asymmetry during halotropism. 
For AUX1, an auxin-induced increase of abundance on the side of the root opposite of the higher 
salt concentration was found. Computational modelling confirms this change is needed in addition 
to PIN2 alterations to reach an auxin asymmetry sufficient for inhibition of cell elongation in the 
root. Also, AUX1 was found to shift polarity during salt stress by a decrease of the lateral 
abundance of AUX1 in root epidermal cells. Root computational modelling again predicts this 
polarity change of AUX1 helps build a stronger auxin asymmetry. For PLDζ1, a role in the re-
localization of PIN2 after internalization is proposed based on altered PIN2 polarity in a pldζ1 
mutant in control conditions and differences in polarity shift of PIN2 and AUX1 during salt stress. 
Nevertheless, how PLDζ1 is involved in auxin carrier re-localization remains elusive. PLDζ2 has 
previously been proposed to be involved in PIN2 internalization and this was confirmed in our 
experiments. Without PLDζ2 a decrease in PIN2 containing intracellular punctate structures was 
observed. However, no change in halotropism was observed for PLDζ2. Loss of ECA4 has been 
found to result in stronger long term halotropism and increases in main root length and average 
lateral root length. Moreover, a salt specific increase of lateral root density was observed in the 
eca4 mutant. These results, taken together with interactions found with proteins involved in cell 
division and cytoskeleton organization lead us to propose possible roles for ECA4 in salt induced 
cell elongation in the epidermal cells in the elongation zone and during asymmetrical cell division 
at lateral root initiation sites. Finally, osmotic stress induced membrane structures (OSIMS) were 
discovered. This excess membrane material is found shortly (5 – 15 minutes) after application of 
osmotic treatments in wildtype roots. Moreover, in the pldζ1 mutant OSIMS were still observed 
after 60 minutes of stress. Interestingly, a drp1a mutant was observed to have elongated timing 
of OSIMS as well. Possibly indicating a role for PLDζ1 derived PA in DRP1a mediated 
internalization of excess membrane material during osmotic stress. 
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In chapter 4 we report for the first time osmotic stress-induced membrane 

structures (OSIMS). These structures are likely excess membrane material due 

to cell shrinking upon hyper-osmotic stress and have a putative role during the 

salt stress response.  

As we show in chapter 4, loss of PLDζ1 results in prolonged occurrence 

of OSIMS at the PM in response to salt. OSIMS have two possible effects on auxin 

carrier internalization. The first is through changes in the rate of endo- and 

exocytosis, prolonged low membrane surface tension putatively results in 

increased endocytosis rates which results in altered PIN2 sub-cellular 

localization upon salt stress (Galvan-Ampudia et al., 2013; Zwiewka et al., 2015). 

The second possible explanation on how OSIMS influence auxin carrier 

internalization is the effect of membrane curvature on proteins binding to the 

membrane or membrane protein function. Membrane curvature has been found 

to regulate the transport activity of the prototypic β-barrel bacterial exotoxin α-

hemolysin (α-HL) (Tonnesen et al., 2014). Additionally, increased membrane 

curvature inhibits membrane penetration of the PH domain of phospholipase C-

δ1 (Uekama et al., 2009). Interestingly, Arabidopsis ECA1 binding to PA was 

found to be curvature dependent in vitro (Putta et al., 2016). If auxin carriers 

would be affected by membrane curvature, more OSIMS with longer lifetimes 

could possibly reduce the auxin transport capacity of a membrane. More 

research into the OSIM compartments is required to determine what they 

exactly are and how they putatively influence auxin transport.   

 

Endocytosis or altered cycling: how is auxin carrier polarity changed?  

Increased clathrin-mediated endocytosis of PIN2 was proposed to be the 

mechanism underlying the observed auxin asymmetry in the root during 

halotropism (Galvan-Ampudia et al., 2013). Nonetheless, our results showing 

altered PIN2 polarity in a pldζ1 KO mutant (Chapter 4) putatively suggests 

changes in the recycling of PIN2 proteins rather than altered internalization. 

This could also explain why up to date no answer has been found to what 

endocytosis pathway is responsible for salt stress induced PIN2 internalization. 

Taken together with the fact that more than once PIN polarity has been 

proposed to be a crucial component of auxin dependent developmental or auxin 

dependent stress response processes (Mei et al., 2012; Rakusova et al., 2015; 

Rakusova et al., 2016; Keicher et al., 2017), it is essential to determine whether 

changes in endocytosis from the PM or intracellular compartments regulate the 

changes in auxin flow. In addition, targeting of the auxin carriers might be 

responsible for altered auxin flow. Therefore, attention should also be given to 
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the regulation of auxin carrier polarity by phosphorylation and endocytosis 

occurring on intracellular membranes during salt stress.  

Furthermore, different unknown sterol dependent pathways of 

endocytosis have been linked to PIN internalization (Titapiwatanakun et al., 

2009; Baral et al., 2015) proposing that not one single endocytosis pathway 

internalizes PINs. With the difficulties that come with inhibiting and measuring 

protein internalization and with the knowledge available on PIN dynamics the 

focus of this research topic could be changed to alterations in intracellular PIN 

dynamics and not endocytosis. Furthermore, the results from chapter 6 show 

that other processes can alter halotropism without changes in PIN2 polarity 

shifts. This indicates that alteration of auxin symmetry is only the start or even 

one of many parallel processes during halotropism that together initiate root 

bending. Other cellular mechanisms involved in root bending besides the auxin 

regulating processes, would deserve more attention. These might include (the 

arrest of) cell division (West et al., 2004), microtubule re-arrangement (Shoji et 

al., 2006; Wang et al., 2007; Wang et al., 2011) and the role of the ECA proteins 

(Korver et al., 2018, Chapter 6, this thesis). 

 

Concluding remarks 

The effects of salinity on the growth and development of plant roots has been 

widely accepted as an important factor in the salt tolerance of crops. Multiple 

changes of plant root architecture in a saline environment have been described. 

However, the underlying cellular mechanisms of these adaptations will need to 

be discovered before we can use these in our crops. Unfortunately, root 

phenotypic plasticity requires complex processes, which are not easily 

unravelled. With this thesis, we have set a step towards understanding the 

auxin-related cellular processes in the root during halotropism and salt stress. 

Our proposed model (Figure 1), based on the data from this thesis, shows the 

intracellular changes in root epidermal cells during salt stress and putative 

cellular processes which might be influenced by these changes. Additionally, 

novel changes of auxin carrier dynamics during halotropism are shown. More 

importantly, the model demonstrates the questions that arise from the work 

done in this thesis and further steps towards understanding auxin carrier 

alterations during halotropism and salt stress might be taken. The knowledge 

on the role of signalling lipids in the polarity of PIN2 for one will possibly be 

applicable to many other processes. Furthermore, establishing the different 

roles of clathrin-dependent and clathrin-independent endocytosis in the salt-

induced processes will provide a general idea how internalization is arranged 

during abiotic stress events. Additionally, as seen in chapter 2, polar auxin 
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transport is only one aspect of the regulation of local auxin concentrations in 

the different plant root tissues, and more research, preferably in combination 

with computational modelling, towards short distance auxin transport in 

addition to PAT is required. The need to look beyond PAT as the main factor 

regulating auxin changes during halotropism also is apparent from the 

phenotypes of eca1 and eca4 knockout mutants during halotropism assays 

(Chapter 6). Despite strong physiological phenotypes, no change in PIN2 sub-

cellular localization was observed during salt stress. Concluding, studying 

cellular processes underlying changes of auxin flow will bring us closer to 

understanding not only tropism responses, but also to understanding and 

improving root development in general.  

 

References 
 
Abas L, Benjamins R, Malenica N, Paciorek T, Wisniewska J, Moulinier-Anzola JC, 

Sieberer T, Friml J, Luschnig C (2006) Intracellular trafficking and proteolysis 
of the Arabidopsis auxin-efflux facilitator PIN2 are involved in root 
gravitropism. Nat Cell Biol 8: 249-256 

Baral A, Irani NG, Fujimoto M, Nakano A, Mayor S, Mathew MK (2015) Salt-Induced 
Remodeling of Spatially Restricted Clathrin-Independent Endocytic Pathways 
in Arabidopsis Root. Plant Cell: tpc-15 

Bennett M, Marchant A, Green HG, May ST, Ward SP, Millner PA, Walker AR, Schulz 
B, Feldmann KA (1996) Arabidopsis AUX1 Gene: A Permease-Like Regulator 
of Root Gravitropism. Science 273: 948-950 

Galvan-Ampudia CS, Julkowska MM, Darwish E, Gandullo J, Korver RA, Brunoud G, 
Haring MA, Munnik T, Vernoux T, Testerink C (2013) Halotropism is a 
response of plant roots to avoid a saline environment. Curr Biol 23: 2044-2050 

Homann U (1998) Fusion and Fission of plasma-membrane material accommodates for 
osmotically induced changes in the surface area of guard-cell protoplasts. 
Planta 206: 329-333 

Jezek M, Blatt MR (2017) The Membrane Transport System of the Guard Cell and Its 
Integration for Stomatal Dynamics. Plant Physiol 174: 487-519 

Keicher J, Jaspert N, Weckermann K, Moller C, Throm C, Kintzi A, Oecking C (2017) 
Arabidopsis 14-3-3 epsilon members contribute to polarity of PIN auxin carrier 
and auxin transport-related development. Elife 6 

Kleine-Vehn J, Ding Z, Jones AR, Tasaka M, Morita MT, Friml J (2010) Gravity-
induced PIN transcytosis for polarization of auxin fluxes in gravity-sensing root 
cells. Proc Natl Acad Sci U S A 107: 22344-22349 

Larson ER, Van Zelm E, Roux C, Marion-Poll A, Blatt MR (2017) Clathrin Heavy Chain 
Subunits Coordinate Endo- and Exocytic Traffic and Affect Stomatal Movement. 
Plant Physiol 175: 708-720 

Laskowski M, Biller S, Stanley K, Kajstura T, Prusty R (2006) Expression profiling of 
auxin-treated Arabidopsis roots: toward a molecular analysis of lateral root 
emergence. Plant Cell Physiol 47: 788-792 



 

 

170 

Laskowski M, Grieneisen VA, Hofhuis H, Hove CA, Hogeweg P, Maree AF, Scheres B 
(2008) Root system architecture from coupling cell shape to auxin transport. 
PLoS Biol 6: e307 

Luschnig C, Gaxiola RA, Grisafi P, Fink GR (1998) EIR1, a root-specific protein 
involved in auxin transport, is required for gravitropism in Arabidopsis 
thaliana. Genes Dev 12: 2175-2187 

Mei Y, Jia WJ, Chu YJ, Xue HW (2012) Arabidopsis phosphatidylinositol 
monophosphate 5-kinase 2 is involved in root gravitropism through regulation 
of polar auxin transport by affecting the cycling of PIN proteins. Cell Res 22: 
581-597 

Putta P, Rankenberg J, Korver RA, van Wijk R, Munnik T, Testerink C, Kooijman EE 
(2016) Phosphatidic acid binding proteins display differential binding as a 
function of membrane curvature stress and chemical properties. Biochim 
Biophys Acta 1858: 2709-2716 

Rakusova H, Abbas M, Han H, Song S, Robert HS, Friml J (2016) Termination of Shoot 
Gravitropic Responses by Auxin Feedback on PIN3 Polarity. Curr Biol 26: 3026-
3032 

Rakusova H, Fendrych M, Friml J (2015) Intracellular trafficking and PIN-mediated 
cell polarity during tropic responses in plants. Curr Opin Plant Biol 23: 116-123 

Shoji T, Suzuki K, Abe T, Kaneko Y, Shi H, Zhu JK, Rus A, Hasegawa PM, Hashimoto 
T (2006) Salt stress affects cortical microtubule organization and helical 
growth in Arabidopsis. Plant Cell Physiol 47: 1158-1168 

Titapiwatanakun B, Blakeslee JJ, Bandyopadhyay A, Yang H, Mravec J, Sauer M, 
Cheng Y, Adamec J, Nagashima A, Geisler M, Sakai T, Friml J, Peer WA, 
Murphy AS (2009) ABCB19/PGP19 stabilises PIN1 in membrane 
microdomains in Arabidopsis. Plant J 57: 27-44 

Tonnesen A, Christensen SM, Tkach V, Stamou D (2014) Geometrical membrane 
curvature as an allosteric regulator of membrane protein structure and 
function. Biophys J 106: 201-209 

Uekama N, Aoki T, Maruoka T, Kurisu S, Hatakeyama A, Yamaguchi S, Okada M, 
Yagisawa H, Nishimura K, Tuzi S (2009) Influence of membrane curvature on 
the structure of the membrane-associated pleckstrin homology domain of 
phospholipase C-delta1. Biochim Biophys Acta 1788: 2575-2583 

Wang C, Li J, Yuan M (2007) Salt tolerance requires cortical microtubule reorganization 
in Arabidopsis. Plant Cell Physiol 48: 1534-1547 

Wang S, Kurepa J, Hashimoto T, Smalle JA (2011) Salt stress-induced disassembly of 
Arabidopsis cortical microtubule arrays involves 26S proteasome-dependent 
degradation of SPIRAL1. Plant Cell 23: 3412-3427 

West G, Inze D, Beemster GT (2004) Cell cycle modulation in the response of the 
primary root of Arabidopsis to salt stress. Plant Physiol 135: 1050-1058 

Xi W, Gong X, Yang Q, Yu H, Liou YC (2016) Pin1At regulates PIN1 polar localization 
and root gravitropism. Nat Commun 7: 10430 

Zwiewka M, Nodzynski T, Robert S, Vanneste S, Friml J (2015) Osmotic Stress 
Modulates the Balance between Exocytosis and Clathrin-Mediated Endocytosis 
in Arabidopsis thaliana. Mol Plant 8: 1175-1187 

 
 



 

 

171 

Summary 
 
Worldwide salinization of the soils threatens our food supply. What makes 

salinization an even more urgent problem is that the areas that are affected 

most are in general regions with relatively lower food availability to start with. 

For these communities losing harvests to abiotic factors is devastating. 

Improvements on salt tolerant crops are being made, however, not in all cases 

the underlying mechanisms of the tolerance are known. Nevertheless, when 

the genes involved have no homologues or even orthologues in other crops, 

knowing the mechanism will help towards finding a solution in all crops. One 

major response to salinity in plants is the change of root system architecture, 

including root growth direction under influence of altered local concentrations 

of the plant hormone auxin, and auxin symmetry in the root. The current 

knowledge on salt-induced changes of root growth direction and the processes 

involved are summarized in chapter 1. Moreover, one essential cellular 

signalling pathway, phospholipid signalling, during salt stress is introduced in 

this chapter. 

In chapter 2, the auxin-related changes during salt stress are 

summarized. From recent literature it is becoming clear that other auxin 

regulating processes besides polar auxin transport contribute more to the 

auxin-induced changes during salt stress than previously thought. Regulation 

of passive auxin transport and auxin storage is required to build, and even 

more importantly, maintain local auxin maxima. Also, local auxin biosynthesis 

and conjugation alters the abundance of free auxin available for processes 

such as auxin signalling. In a meta-analysis on recently published gene 

expression data it was revealed that IAA biosynthesis and conjugation related 

gene expression show distinct patterns in different root tissues during salt 

stress.  

The complex interplay of factors regulating auxin flow in the root make 

it a system in which tweaking on small and large scale is possible. As a 

consequence of this complexity, it sometimes is difficult to comprehend and 

predict the changes that different stimuli cause to the system. In chapter 3 the 

question if salt-induced changes in PIN2 polarity are sufficient for the 

alteration of the auxin symmetry in the root during halotropism is addressed. 

Due to the complexity of the auxin flow in the root it was expected that more 

changes would follow the PIN2 polarity change. Indeed, auxin feedback 

dependent changes of AUX1 were predicted and experimentally validated to 

be relevant. In addition, to regulate the timing of building auxin accumulations 
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higher supply of auxin through a transient increase of PIN in the stele was 

found. These results show the importance of combining in planta experiments 

to determine the exact parameters to put into in silico analysis to accurately 

and rapidly predict what changes occur in these complex processes. These 

predictions can then be verified by specific experiments. In this way, 

computational modelling will significantly speed up the discovery of factors 

involved in complex biological systems. 

Local patches of signalling lipids in the membrane are signals for 

cytosolic proteins to bind the membrane and carry out their function. 

Phospholipase D ζ proteins hydrolyse the structural membrane lipid 

phosphatidyl choline (PC) into the lipid second messenger phosphatidic acid 

(PA). PLDζ derived PA has been suggested to recruit proteins to the membrane 

involved in endocytosis during salt stress. In chapters 4 and 5 the roles of 

PLDζ1 and PLDζ2 during salt stress and in particular halotropism are studied. 

PLDζ1 was found to regulate PIN2 polarity in root epidermal cells. In addition, 

the PIN2 and AUX1 polarity shifts observed during salt stress are altered in a 

pldζ1 KO mutant. No indication for involvement of PLDζ2 in PIN2 

internalization or polarity have been found. PLDζ1 was also observed to be 

involved in root gravitropism, possibly through the PIN2 polarity in the root 

epidermal cells. This emphasizes the importance of proteins and processes 

regulating the polarity of auxin carriers. In addition, we report the discovery of 

excess membrane material which putatively affects auxin carrier endocytosis 

and cycling; osmotic stress-induced membrane structures (OSIMS). This 

excess membrane material appears shortly after exposure of the root to 

osmotic stress and is not found for longer then 30 minutes at the PM in 

wildtype cells. In the pldζ1 KO mutant OSIMS are observed for longer than 60 

minutes. How OSIMS influence auxin carrier internalization or polarity 

remains unknown. 

How clathrin-mediated endocytosis (CME) is involved in the salt 

response of roots is unclear. Epsin-like clathrin adaptors (ECA’s) are A/ENTH 

domain-containing proteins putatively involved in the assembly of clathrin 

coated vesicles (CCV’s). Characterization of ECA’s during salt stress was 

performed (Chapter 6) to help unravel the role of CME during the salt 

response in the root cells. ECA4 negatively regulates the halotropism response 

while ECA1 has a positive effect. This result suggests that CME is involved in a 

broad range of salt-induced processes. Next to that, ECA4 was found to 

negatively influence main root growth and lateral root development under 

control conditions, as well as growth during salt stress. However, no indication 

was found that ECA1 or ECA4 regulate PIN2 internalization or polarity. 
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Therefore, it is proposed that CME is involved in many salt-induced processes, 

but not auxin carrier re-localization. 

In chapter 7 I discuss how these results fit into the current knowledge 

on halotropism and salt stress responses. I provide an outline for further 

studies on these subjects. It has become clear that the alteration of auxin flow 

through environmental stimuli is a complex process, which should be studied 

on both a cellular level and on a whole root level using a combination of 

physiological and cell biological approaches, including computational models. 

The focus of research on the changes of the sub-cellular localization of auxin 

carriers should be more towards the manipulation of the re-cycling instead of 

the internalization. Furthermore, CME seems to play roles outside of auxin 

carrier endocytosis and its protein interactions point towards new cellular 

mechanisms involved in halotropism that have not been studied yet. Here lies 

a great opportunity to further increase our understanding of root tropic 

responses.  
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Samenvatting 
 
De wereldwijde verzilting van de bodem bedreigt onze voedselvoorraad. Wat 

de verzilting van bodems een nog urgenter probleem maakt is dat de regio’s 

die het zwaarst getroffen worden, vaak het meest afhankelijk van goede lokale 

oogsten zijn. Voor deze gemeenschappen is het desastreus als de oogsten 

mislukken door abiotische factoren. Hoewel gewassen worden veredeld voor 

een betere tolerantie voor verzilting, zijn de onderliggende mechanismen lang 

niet altijd bekend. Weten welke processen ten grondslag liggen aan de zout 

tolerantie is essentieel als de tolerantie in bepaalde gebieden niet blijkt te 

werken. Ook wanneer geen homologen of zelfs orthologen van de betrokken 

genen kunnen worden gevonden, dan kan de kennis van het onderliggende 

mechanisme toch gebruikt worden om vergelijkbare processen in andere 

gewassen aan te passen. Een van de belangrijkste aanpassingen van een plant 

aan verzilting is het veranderen van de ontwikkeling van het wortelsysteem en 

de richting van de wortelgroei onder invloed van gewijzigde concentraties van 

het plantenhormoon auxine in de wortel. De huidige kennis van zout 

geïnduceerde verandering van de groeirichting van de wortel en de 

onderliggende processen is samengevat in hoofdstuk 1. Daarnaast word een 

essentiële signalering route tijdens zout stress, fosfolipide signalering, 

besproken. 

In hoofdstuk 2 worden de auxine gerelateerde veranderingen tijdens 

zout stress samengevat. Uit de recente literatuur is het duidelijk geworden dat 

naast polair auxine transport andere auxine regulerende processen meer 

bijdragen aan de auxine geïnduceerde veranderingen dan voorheen werd 

aangenomen. Regulatie van passief auxine transport en auxine opslag is vereist 

om een lokaal auxine maximum te creëren, en misschien nog wel belangrijker, 

om dit maximum in stand te houden. Ook is lokale auxine biosynthese en 

conjugatie belangrijk in de hoeveelheid vrije auxine die beschikbaar is voor 

bijvoorbeeld auxine signalering. In een meta-analyse van recent gepubliceerde 

genexpressie data kwam naar voren dat genen die betrokken zijn bij IAA 

biosynthese en conjugatie een uitgesproken, weefselspecifiek 

expressiepatroon laten zien tijdens zout stress.  

Het complexe samenspel van factoren die de auxine flow in de wortel 

reguleren maken dit systeem gemakkelijk aan te passen op zowel kleine als 

grote schaal. De keerzijde van de complexiteit is dat het lastig is om de 

veranderingen die kleine factoren veroorzaken aan het systeem te begrijpen 

en te voorspellen. In hoofdstuk 3 wordt de vraag of de verandering van de 
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auxine transporteur PIN2 polariteit voldoende is om de auxine symmetrie in 

de wortel te veranderen voor halotropie beantwoord. Door de complexiteit 

van de auxine flow in de wortel was de verwachting dat meerdere processen 

betrokken zijn. En inderdaad, veranderingen van AUX1 door positieve 

feedback van auxine bleken ook nodig te zijn voor de verandering van de 

auxine flow. Daarnaast bleek ook PIN1 nodig om tijdelijk tot hogere expressie 

te komen in de vaatweefsel cellen om de timing van de asymmetrie te 

verklaren. Deze resultaten laten het belang zien van het combineren van in 

planta experimenten om de parameters voor in silico analyse te bepalen om 

snel en accuraat te voorspellen welke veranderingen er optreden in complexe 

systemen. Op deze manier versnelt wiskundig modelleren het vinden van 

processen die een rol spelen in complexe biologische systemen.  

Lokale patches van signaal lipiden in het membraam zijn een signaal 

voor cytosolische eiwitten om het membraam te binden om hun functie uit te 

kunnen voeren. Phospholipase Dζ eiwitten hydrolyseren het structurele 

membraanlipide fosfatidylcholine (PC) naar het signaallipide fosfatifylzuur 

(phosphatidic acid; PA). Het is gesuggereerd dat PA, geproduceerd door PLDζ, 

eiwitten naar het plasmamembraan rekruteert voor endocytose tijdens zout 

stress. In hoofdstukken 4 en 5 worden de rollen van PLDζ1 en PLDζ2 tijdens 

zout stress en specifiek tijdens halotropie bestudeerd. Daarbij is gevonden dat 

PLDζ1 de PIN2 polariteit in epidermale wortelcellen reguleert. Ook zijn de 

verschuivingen van de PIN2 en de AUX1 polariteit tijdens zout stress anders in 

een pldζ1 mutant. Er is geen indicatie gevonden dat PLDζ2 betrokken is bij de 

internalisatie of de polariteit van PIN2. Naast halotropie is ook betrokkenheid 

van PLDζ1 in gravitropie gevonden, waarschijnlijk door de invloed van PLDζ1 

op de PIN2 polariteit in epidermale wortelcellen. Dit benadrukt hoe belangrijk 

eiwitten en de processen die auxine polariteit beïnvloeden zijn. In hoofdstuk 

4 word ook de vondst van overtollig membraan materiaal kort na blootstelling 

aan zout en Sorbitol beschreven, namelijk de osmotische stress-geïnduceerde 

membraan structuren (OSIMS). Dit overtollig membraan materiaal verschijnt 

kort na blootstelling van de wortel cellen aan osmotische stress waar ze tot 30 

minuten na begin van de behandeling te zien zijn in wildtype cellen. In de pldζ1 

mutant zijn de OSIM compartimenten veel langer zichtbaar. Hoe deze 

structuren de PIN2 internalisatie of polariteit beïnvloeden blijft echter 

onbekend. 

Het is tot op heden onduidelijk hoe clathrine gemedieerde endocytose 

(CME) betrokken is bij de zout stress respons. Epsin-like clathrin adaptors 

(ECA’s) zijn A/ENTH domein bevattende eiwitten die mogelijk betrokken zijn 

bij de montage van clathrine gecoate blaasjes. Het karakteriseren van de rol 
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van ECA’s tijdens zout stress (Hoofdstuk 6) helpt bij het ontrafelen van de rol 

van CME in dit proces. ECA4 reguleert de halotropische respons op een 

negatieve manier terwijl ECA1 een positieve invloed heeft. Dit resultaat 

suggereert dat CME betrokken is bij een breed scala aan zout geïnduceerde 

processen. Ook is betrokkenheid van ECA4 bij de lengte van de hoofdwortel en 

de ontwikkeling van laterale wortels gevonden zowel tijdens controle 

omstandigheden als zoutstress behandelingen. Toch zijn er geen indicaties 

gevonden dat ECA1 of ECA4 een rol spelen bij de internalisatie of de polariteit 

van PIN2. Daarom wordt voorgesteld dat CME in meerdere zout geïnduceerde 

processen betrokken is maar niet bij internalisatie of de polariteit van auxine 

transporteiwitten. 

In hoofdstuk 7 bediscussieer ik hoe deze resultaten passen in de 

huidige kennis van halotropie en zoutstress in het algemeen. Ik geef een 

overzicht wat gebruikt kan worden voor verdere studies gericht op deze 

onderwerpen. Het is duidelijk geworden dat het aanpassen van auxine flow 

aan de hand van een externe stimulus een complex proces is dat zowel op 

cellulair niveau als op het niveau van de hele wortel bestudeerd moet worden, 

dat laatste met name ook met wiskundige modellen. Ook lijkt het er op dat de 

focus met betrekking tot de lokalisatie van auxine transport eiwitten verlegd 

moet worden van de endocytose naar de recycling van deze eiwitten. 

Daarnaast lijkt CME belangrijke rollen te spelen bij meerdere processen 

gedurende zout stress maar niets te maken te hebben met auxine transport 

eiwit endocytose. Ook zijn via eiwit interacties mogelijke nieuwe processen 

gevonden die een rol kunnen spelen bij halotropie die tot op heden nog niet 

onderzocht zijn. Bij deze theorieën liggen dus nog mooie mogelijkheden om de 

kennis van halotropie en ons begrip van de mechanismen van het effect van 

zoutstress op plantengroei en architectuur te vergroten. 
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