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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,

2

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 (GalvanAmpudia 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; KleineVehn 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; GalvanAmpudia 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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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; Caveolinmediated endocytosis, flotillin mediated endocytosis and microdomainmediated 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 relocalization 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 saltstressed 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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