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Chapter 1
General introduction

General introduction

Plants in the context of environmental cues
As sessile organisms, plants are continuously challenged by various environmental
factors that affect their growth, development and/or productivity. Unlike animals,
plants cannot escape from unfavourable conditions yet evolution has resulted in
complex, highly coordinated, systems that allow adaptation and acclimation to harsh
circumstances. In a plant signal transduction pathway, environmental cues are
believed to be perceived by sensor systems that are located at the plasma
membrane, which release or activate so-called second messengers, including
2+
calcium (Ca ), reactive oxygen species (ROS), and signalling lipids, that pass on the
information by activating downstream effector components, such as protein- and lipid
kinases, phosphatases, small G-proteins and ion channels. The signalling cascade
often leads to conformational changes of target proteins, causing them to activate, relocalise, or interact with proteins/enzymes, eventually regulating transcription factors,
affecting downstream changes in gene transcription, and allowing the plant to adapt
and survive. Significant progress has recently been made in elucidating the molecular
and genetic pathways involved in these responses (Amtmann, 2009; Hirayama and
Shinozaki, 2010; Urano et al., 2010; Nick, 2013; Yuan et al., 2013; Danquah et al.,
2014; Gehan et al., 2015). Among these, a well-studied group of compounds that
have been seen to play a crucial role in the plant's response to a broad variety of
environmental cues, are the polyamines (Takahashi and Kakehi, 2010; Tiburcio et al.,
2014; Liu et al., 2015).
What are polyamines?
Polyamines are positively charged small organic compounds, present in most
organisms, except for two orders of Archaea, i.e. the Methanobacteriales and
Halobacteriales (Hamana & Matsuzaki, 1992). They play versatile roles in regulating
fundamental cellular processes and are therefore considered as critical regulators of
cell growth and differentiation. If polyamine production is prevented by mutation, or
blocked by inhibitors, cells require at least one exogenous polyamine to survive
(Wallace, 2009). Spermine (Spm), one of the major polyamines, was first discovered
as a crystal in human semen by Van Leeuwenhoek (van Leeuwenhoek, 1678), and
was accordingly named at the end of the 19th century (Ladenburg and Abel, 1888).
Since then, a long history of research in various fields has accompanied these
molecules (Tabor and Tabor, 1964; Bachrach, 2010), which brought, among others,
to the discovery in 1971 of the crucial implication of polyamines in cancer (Russell,
1971), placing polyamine research as a major area of interest and driving the quest to
understand its cellular function. In this context, an explosive proliferation of scientific
literature on polyamines was noticed during the next decades.
The most common polyamines in plants and animals are the diamine
putrescine (Put; 1,4-diaminobutane), the triamine spermidine (Spd; N-(38
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aminopropyl)-1,4-diaminobutane) and the tetraamine Spm (N,N’-bis(3-aminopropyl)1,4-diaminobutane), although other polyamines, such as cadaverine (Cad; 1,5pentaandiamine), 1,3-diaminopropane (Dap) and thermospermine (Tspm), an isomer
of Spm, are also found (Cohen, 1998). Polyamine concentrations and -compositions
vary between different organisms. For example, some prokaryotes only contain Put
and Spd, whereas in other cases, such as certain thermophilic bacteria, polyamines
that are longer than Spm are found (Hamana and Matsuzaki, 1992; Pegg and
Michael, 2010). Very long polyamines are also present in diatoms, being mainly used
for the biomineralization of the external porous cell wall (Kröger et al., 2000). In
-9
-5
plants, the cellular concentrations of polyamines range from 10 to 10 M, which is
-13
-7
much higher than the level of the classical phytohormones (10 -10 M).
Nonetheless, like hormones, polyamines are required for various processes like
fertilization, embryogenesis, cell division, morphogenesis, autophagy, pathogenesis,
senescence, cell death and stress responses (Tabor and Tabor, 1985; Bagni and
Pistocchi, 1988; Kaur-sawhney et al., 2003; T Kusano et al., 2008; Shah and Swiatlo,
2008; Alcázar et al., 2010; Lefèvre et al., 2011; Gupta and Sigrist, 2013; Tiburcio et
al., 2014; Moschou and Roubelakis-Angelakis, 2014; Miller-Fleming et al., 2015;
Aloisi et al., 2016; Li and MacDonald, 2016). Despite all knowledge, scientists also
agree that the molecular mechanism by which polyamines generate such different
effects in cells, is still one of the biggest mysteries remaining in molecular biology
(Miller-Fleming et al., 2015).
Due to the high pKa of the primary and secondary amino groups at
physiological pH, polyamines are mainly protonated. For example, at pH 7.2, 85% of
the Spm is in its tetra-cation form (Aikens et al., 1983). Hence, these low-molecularweight compounds have been suggested to simply function as ‘super-cations’,
equivalent to one or two calcium- or magnesium molecules. However, the particular
distribution of the charges along the flexible aliphatic chain makes them unique and
distinct from the cellular bivalent cations. These features are essential for recognition
and to establish specific electrostatic interactions with polyanionic macromolecules
within the cell, such as ATP, nucleic acids, phospholipids, and various proteins
(Cohen, 1998). Polyamines thus can influence the function of the counter-ion with
consequences for fundamental cellular processes, such as ion transport, protein- and
lipid-kinase activity, transcription, protein synthesis, post-translational modifications
such as S-nitrosylation or hypusination, and stabilization of membrane- and nuclear
components (Watanabe et al., 1991; Basu et al., 1993; Miyamoto et al., 1993; Tabor
and Tabor, 1999; Igarashi and Kashiwagi, 2010). However, the sheer complexity of
their metabolism and regulation argues that polyamines and/or their targets, play
other crucial roles, which are not solely based on charge (Wallace, 1998; Wallace et
al., 2003).
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Polyamine synthesis and catabolism
In plants, polyamine homeostasis is mainly achieved by regulating its biosynthesis
and catabolism. Polyamine conjugation also significantly contributes to the regulation
of free polyamine levels. This is mainly in the form of hydroxycinnamic acid amides,
such as diferuloylspermine, dicoumaroylspermidine, diferuloylspermidine, feruloylputrescine, or coumaroylputrescine (Martin-Tanguy, 1997). The free polyamines
levels are tightly controlled and in general only change in response to environmental
cues (e.g. salt stress) or during development (e.g. flowering).
The first polyamine synthesized in the biosynthetic pathway is Put (Figure
1). In animals, this polyamine is derived from the decarboxylation of the amino acid
ornithine, catalysed by the enzyme ornithine decarboxylase (ODC; Fig. 1). While
this enzymatic step is generally believed to be present in all living organisms, there
is evidence that the model plant species, Arabidopsis thaliana (thale cress) lacks a
functional ODC route. Loss of this pathway might be due to the evolution of an

Figure 1. Biosynthesis of polyamines in plants. ACL5, ACAULIS5 - thermospermine synthase; ADC,
arginine decarboxlase; AIH, agmatine iminohydrolase; CPA, N-carbamoylputrescine amidohydrolase;
dcSAM, decarboxylated SAM; ODC, ornithine decarboxylase; SAM, S-adenosylmethionine; SAMDC, Sadenosylmethionine decarboxylase; SPDS, spermidine synthase; SMPS, spermine synthase. In green,
genes present in Arabidopsis.

10

Chapter 1

alternative pathway for Put synthesis in plants and bacteria, i.e. the arginine
decarboxylase (ADC) pathway (Alcázar et al., 2010), which uses arginine as
substrate (Fig. 1). The conversion of arginine to Put requires three consecutive
enzymatic reactions (Fig. 1). Evidence, however, indicates that the rate-limiting step
in Put biosynthesis is ADC, hence is typically being targeted by gene modification
(Alcázar et al., 2005, 2010). The synthesis of Spd is achieved by adding an
aminopropyl moiety to the four-carbon backbone of Put in an enzymatic reaction
catalysed by Spd synthase (SPDS). In turn, Spd is converted into Spm or Tspm, by
adding an aminopropyl moiety catalysed by Spm synthase (SPMS) or Tspm synthase
(ACAULIS5, ACL5), respectively. The donor of the aminopropyl groups is
decarboxylated S-adenosyl methionine (dcSAM), which is synthesized by SAM
decarboxylase (SAMDC; Fig. 1). The availability of dcSAM limits the biosynthesis of
Spd and Spm (Ge et al., 2006), making SAMDC as one of the major regulators of
polyamine biosynthesis.
Apart from de novo synthesis, polyamines can also be degraded, in particular
by oxidative deamination through the action of amine oxidases. Diamine oxidases
(DAOs) are copper-containing amine oxidases (CuAO) present at high level in dicots
(Cona et al., 2006) that oxidize the diamines, Put and Cad at the primary amino
groups, producing 4-aminobutanal, NH3 and H2O2 (Fig. 2). Although they exhibit a
higher affinity for Put and Cad than for Spd and Spm, Arabidopsis CuAO enzymes
can also utilize Spd as substrate, producing the corresponding aminoaldehyde, NH3
and H2O2 (Moschou et al., 2012; Planas-Portell et al., 2013). Another class of amine
oxidases are flavin-containing polyamine oxidases (PAO), which are present at high
levels in monocots and have a high affinity for Spd and Spm and their derivatives
(Fincato et al., 2012; Kim et al., 2014). They are divided into two groups of which the
first catalyses the terminal catabolism of Spd or Spm to produce Dap, H2O2, and 4aminobutanal (Spd catabolism) or N-(3-aminopropyl)-4-aminobutanal (Spm
catabolism; Cona et al., 2006; Moschou et al., 2008) (Fig. 2). The second group of
PAOs are involved in the back-conversion of Spm to Spd, and Spd to Put with
concomitant production of 3-aminopropanal and H2O2 (Moschou et al., 2012;
Tavladoraki et al., 2016). Whereas only a few PAO genes belonging to the first group
have been characterized, several PAO genes belonging to the second group have
been identified (Cona et al., 2006; Liu et al., 2014), including, for example, all five
PAO genes from Arabidopsis (Liu et al., 2015). As polyamine catabolism leads to the
production of H2O2, which can function as a signalling molecule at low concentrations
or as a toxic compound at higher levels, the proportion of polyamine catabolism vs
biosynthesis has been considered as a crucial factor to induce cell death or stress
tolerance upon abiotic stress (Moschou et al., 2008; Kusano et al., 2015; Liu et al.,
2015). In general, this implies that polyamines can play a key role in ROS
homeostasis (Liu et al., 2015).
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Figure 2. Polyamine catabolism in Arabidopsis. PAO, polyamine oxidases; CuAO, copper-containing
amine oxidases.

Potential mechanisms of action of polyamines in stress responses
Accumulating evidence suggests that polyamines in plants function in adaptive
responses to various environmental stresses. Since the first report published decades
+
ago, describing the accumulation of Put under K deficiency (Richards & Coleman,
1952), extensive changes in polyamine levels have been found in various plant
species subjected to different stresses (Alcázar et al., 2010; Tiburcio et al., 2014; Liu
et al., 2015). However, despite the plethora of genetic- and biochemical tools used so
far in polyamine research, the cause-effect relationship between polyamine
accumulation and the role they exert remains unclear. In that sense, besides its
capacity to bind proteins, such as ion channels, kinases and transcription factors, and
influence their activity, their role in stress tolerance has also been hypothesized to be
associated with its ability to modulate antioxidant systems as described above, e.g.
by producing H2O2 by amino oxidase-mediated catabolism, and by modifying the
expression or activity of various antioxidant enzymes (Moschou et al., 2008; Mitsuya
et al., 2009; Yoda et al., 2009; Zhang et al., 2015).
Importantly, there is a crossroad of polyamine metabolism with other stress
pathways. An increase of polyamines have been associated with increased levels of
nitric oxide (NO) (Tun, 2006; Wimalasekera et al., 2011; Filippou et al., 2013), which
seems integral of many defense- and developmental pathways, including stomatal
12
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movements in response to ABA (García-Mata and Lamattina, 2003; Bright et al.,
2006; Neill et al., 2008). In accordance, recent evidence support an NO-dependent
functional link under abiotic stress conditions between polyamines and the synthesis
of proline, a key compound in abiotic stress tolerance (Filippou et al., 2013; Tanou et
al., 2014; Kaur and Asthir, 2015). Moreover, NO is also involved in posttranslational
modifications, such as S-nitrosylation, thus could be affecting protein structure and
protein-protein interactions (Lounifi et al., 2013). On the other hand, SAM, which is
used as precursor to synthesize higher molecular weight polyamines, is also a
precursor for the phytohormone ethylene. In this sense, polyamines and ethylene act
in an antagonistic manner, competing for the common substrate with subsequent
consequences for senescence and plant defense (Suttle, 1981; Apelbaum et al.,
1985; Mehta et al., 2002; Nambeesan et al., 2012). Similarly, because of SAM's
precursor role in methylation, polyamine metabolism has also been linked to
epigenetic changes and to affect gene expression (Fraga et al., 2004; Tiburcio et al.,
2014). Increased levels of polyamines have been also associated to alterations in the
expression of genes involved in biosynthesis and signalling of other phytohormones,
including auxin, ABA, JA and SA (Cuevas et al., 2009; Alcázar et al., 2010; Toumi et
al., 2010; Marco et al., 2011; Baima et al., 2014; Tong et al., 2014). In that sense, an
interesting concept of a "polyamine modulon" (a group of genes whose expression is
enhanced by polyamines at transcriptional level), similar to what is observed in
bacteria and mammalian cells (Igarashi and Kashiwagi, 2011; Pegg and Casero,
2011), has been proposed for plants (Tiburcio et al., 2014).
Finally, another interesting view to explain the role of polyamines in stress
responses comes from the chemiosmosis theory, in which polyamines are
hypothesized to trap protons in acidic compartments to facilitate ATP synthesis
(Ioannidis and Kotzabasis, 2014).
Lipid signalling in plants
To sense external stimuli, plants have to perceive signals, transduce them across the
plasma membrane, and convert them into downstream biological responses that
allow the cell/tissue/plant to respond appropriately. The plasma membrane consists
of peripheral- and integral (glyco-)proteins, associated with, or embedded in, a bilayer
of amphipathic lipids, forming an impermeable barrier to water-soluble and charged
molecules, thus limiting the free exchange of molecules and information (Singer and
Nicolson, 1972; Goñi, 2014; Lombard et al., 2014; Nicolson, 2014). In this lipid
bilayer, hydrophobic fatty acid chains occupy the interior, whereas polar head groups
face the cytosolic and extracellular sides, defining an inner- and outer leaflet. Plasma
membrane lipids are differentially distributed throughout the bilayer and can be
divided into three classes, all with unique biophysical properties, namely (i)
glycolipids, which are found mainly in the outer leaflet and can be subdivided into

13

General introduction

glyceroglycolipids and sphingolipids, (ii) sterols, which in plants mainly include
sitosterol, campesterol and stigmasterol, and (iii) phospholipids, which are typically
the most abundant group, forming the body of the plasma membrane (Furt et al.,
2011). Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) represent most
of the structural phospholipids, 68–80%. The remainder consists of
phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), and
phosphatidic acid (PA) (Furt et al., 2011). The head groups of PS, PI and PA are
negatively charged, and their prevalence in the inner leaflet contributes to the
negative charge on the cytosolic face of the plasma membrane, thus leading to
potential interactions with positively charged molecules in the aqueous environment.
Membrane proteins constitute around 50% by weight of the plasma
membrane, and are responsible for a wide range of membrane functions, including
transport and signal transduction. However, the latter is not exclusive executed by
proteins: While the majority of membrane lipids has a structural role, a small
percentage (~1% of total lipids) function as signalling molecules themselves.
Especially, polyphosphoinositides (PPIs) and PA have been shown to play crucial
roles in plant development and stress signalling over the last decade (Munnik and
Vermeer, 2010; Munnik and Nielsen, 2011; Testerink and Munnik, 2011; Boss and
Im, 2012; Wang and Chapman, 2013; Heilmann and Heilmann, 2015; Heilmann,
2016).
Polyphosphoinositides
All PPIs are formed from the membrane phospholipid, PI, which via phosphorylation
by specific lipid kinases at the D-3, -4 and -5 positions of the inositol ring (Fig. 3)
(Munnik and Nielsen, 2011), results in plants in five distinct species, i.e. three PImonophosphates, PI3P, PI4P and PI5P, and two PI-bisphosphates, PI(3,5)P2 and
PI(4,5)P2. Animals cells contain two additional PPIs for which plants lack the
enzymes, i.e. PI(3,4)P2 and PI(3,4,5)P3 (Munnik and Vermeer, 2010; Munnik, 2014;
Heilmann, 2016). All members of this diverse and dynamic family have been shown
to be involved in signalling (regulating structural proteins, enzymes and transporters),
membrane trafficking (i.e. endocytosis and exocytosis), and basal metabolism (Xue et
al., 2009; Boss and Im, 2012). The specific phosphorylation pattern of PI's head
group, act as a distinctive mark that can be recognized by proteins containing PPI
specific-binding domains (Lemmon, 2003), which results in the recruitment of target
proteins to the membrane. Alternatively, PPIs can regulate the activity of an enzyme
or the gating properties of an ion channel (Balla, 2013; Hille et al., 2015).
Besides acting as signalling molecules, PPIs can also serve as second
messenger precursors. In this sense, the enzyme phospholipase C (PLC) plays a
crucial role (Munnik, 2014; Singh et al., 2015), which in animal systems is known to
hydrolyse PI(4,5)P2 to generate the second messengers, diacylglycerol (DAG) and
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inositol triphosphate (InsP3). The latter is released into the cytosol where it liberates
2+
2+
Ca from intracellular stores via a ligand gated-Ca channel (InsP3 receptor), while
DAG remains in the membrane and activates protein kinase C (PKC) (Irvine, 1992;
Carafoli, 2002; Vetter and Leclerc, 2003). However, this model seems inconsistent
with higher plant systems, since they lack IP3 receptors and PKC (Zonia and Munnik,
2006; Munnik and Vermeer, 2010; Munnik, 2014). Plants also contain much lower
levels of PI(4,5)P2 in their membranes than animals cell, i.e. 20-100 fold less (Munnik
Figure 3. Structure of phosphatidylinositol
3-phosphate, PI3P, as an example of
phosphoinositide. The main structure of
phosphoinositides consists of two long fatty
acid tails esterified to a glycerol backbone,
which in turn is esterified to a phosphate
group substituted with an inositol, polar
head group. In PI3P, the inositol ring is
phosphorylated at the D-3 position.

and Testerink, 2009). Nonetheless, plant PLCs do hydrolyse PI(4,5)P2 and PI4P, and
the resulting products are phosphorylated by inositolpolyphosphate kinases (IPK1
and IPK2) and DAG kinase, (DGK), respectively to produce inositolpolyphosphates
(IPPs) and PA, which have been emerging as important second messengers in
plants, fungi and animals (Fig. 4) (Arisz et al., 2009; Gillaspy, 2013; Heilmann and
Heilmann, 2015; Williams et al., 2015; Heilmann, 2016). PA functions similar to PPIs,
i.e. by recruiting target proteins to membranes and by affecting the activity of
enzymes and gating properties of channel proteins (Testerink and Munnik, 2011; Liu
et al., 2013). The resulting IP2 or IP3 (from PLC hydrolysis of PI4P and PI(4,5)P2,
15
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respectively) can be phosphorylated further into InsP4, InsP5, and InsP6, and even up
to InsP7 and InsP8, which are pyrophosphorylated molecules of IP6 (Laha et al., 2015;
Williams et al., 2015). Several of these IPPs are emerging as signalling molecules.
2+
For example, InsP6 releases Ca in guard cells upon ABA treatment (Lemtiri-Chlieh
et al., 2003), and was found in the crystal structure of the auxin receptor, TIR1 (Tan
et al., 2007), which may bear relevance for the auxin perception (Munnik, 2014).
Similarly, the JA receptor, COI1 requires InsP5 or its pyrophosphorylated form InsP7
as cofactor for JA signalling and plant defence (Tan et al., 2007; Mosblech et al.,
2011; Munnik, 2014; Laha et al., 2016). In yeast and mammalian cells, IPPs have
been implicated in regulation of gene expression and in chromatin remodelling. For
plants, similar functions are likely (Gillaspy, 2013; Laha et al., 2015, 2016).
PA signalling can also be generated through activation of the phospholipase
D (PLD) pathway. PLD hydrolyses structural phospholipids such as PC and PE, to
32
form PA and the corresponding head groups (Fig. 4). Using differential P-labelling
techniques (Arisz and Munnik, 2013), combined with transphosphatidylation assays
(Munnik and Laxalt, 2013), it is possible to distinguish between DGK- and PLDgenerated PA pools.
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Figure 4. Phosphoinositide- and PA signaling pathways in plants. PIK, phosphatidylinositol kinase; PIPK,
phosphatidylinositol phosphate kinase; PLC, phospholipase C; PLD, phospholipase D; DGK, diacylglycerol
kinase; IPK, inositolpolyphosphate kinase; VIH2, Arabidopsis vip1 homolog.

Enzymes involved in the metabolism of PI4P, PI(4,5)P2 and PA, and the
encoding genes, have been largely characterized and are briefly described below.
Synthesis of PPIs by PI4K and PIP5K
In plants, the main PI-phosphorylated isomer is PI4P, constituting approximately 80%
of the plant's PIP pool (Munnik et al., 1994a; 1994b; Meijer et al., 2001; Meijer and
Munnik, 2003). The reaction is catalysed by a PI 4-kinase (PI4K), of which
Arabidopsis seem to contain three enzymes showing this activity, namely PI4Kα1,
PI4Kβ1 and PI4Kβ2 (Okazaki et al., 2015). PI4P can be further phosphorylated into
PI(4,5)P2, which is carried out PI4P 5-kinases (PIP5K), of which Arabidopsis contains
eleven isoforms (PIP5K1-11), representing the only known source of PI(4,5)P2
production in plants (Heilmann, 2016). PIP5K are divided into two groups: group A,
consisting of isoforms PIP5K1-9, and group B, containing PIP5K10 and PIP5K11
(Mueller-Roeber and Pical, 2002). Both groups display particular domain structures
and features not encountered in PIP5Ks from animal or yeast model systems,
suggesting that plant PIP5K enzymes contain additional mechanisms of regulation
(Heilmann, 2016). Examples of this are the highly variable linker domains in group B
PIP5Ks (Stenzel et al., 2012), or the multiple membrane occupation and recognition
nexus (MORN) repeats present in group A PIP5Ks (Mueller-Roeber and Pical, 2002;
Ma et al., 2006; Mikami et al., 2010).
Hydrolysis of PPIs by PI-PLC and phosphatases
PI4K and PIP5K are counteracted by several lipid phosphatases (Williams et al.,
2005; Zhong et al., 2005; Gunesekera et al., 2007; Thole et al., 2008; Donahue et al.,
2013; Gillaspy, 2013; Novakova et al., 2014; Rodriguez-Villalon et al., 2015;
Heilmann, 2016), and PI-specific PLCs (PI-PLCs) (Munnik and Testerink, 2009;
Munnik, 2014; Heilmann, 2016). All plant PI-PLC enzymes biochemically
2+

characterized so far, are activated by Ca and display similarity to the human PLCζ
subfamily, which represents the most simple group, containing a minimal core
structure i.e. a catalytic X- and Y domain, EF-hand domain, and a C2 (calcium- and
lipid binding) domain (Tasma et al., 2008; Munnik, 2014; Pokotylo et al., 2014). In the
Arabidopsis genome they are encoded by a family of nine isoforms (Mueller-Roeber
and Pical, 2002), of which PLC1 to 7 are thought to be responsible for the hydrolysis
of PI(4,5)P2 and PI4P, generating the respective IPP product and DAG (Munnik et al.,
1998; Munnik, 2014). PLC8 and PLC9 are thought to be catalytically inactive (Hunt et
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al., 2004; Tasma et al., 2008; Munnik, 2014). How plant PLCs are regulated and
activated is still largely unclear (Munnik, 2014).
DGK and PLD as a source of PA
In plants, PLC-generated DAG is rapidly phosphorylated to PA by DGK, of which
Arabidopsis contains seven genes, which are differentially expressed throughout the
plant and change in response to many stresses (Arisz et al., 2009). PA can also be
generated via the PLD pathway. Plant PLDs are classified into 2 subgroups, based
on their lipid-binding domains: Those with a combined PX- and PH domain belong to
the PLDζ class, which are homologous to the mammalian- and yeast PLDs. The
others, representing the majority of plant PLDs, belong to the C2 class, because of
2+
the presence of a Ca - and lipid binding C2 domain (Munnik and Testerink,
2009). Arabidopsis contains 12 PLDs: 10 C2-PLDs, i.e. PLDα1-3, β1-2, γ1-3, δ, and ε,
and two PX-PH-PLDs, PLDζ1-2 (Bargmann and Munnik, 2006).

Outline of this thesis
This thesis focuses on two subjects: (i) the role of polyamine metabolism in salt stress
and (ii) the involvement of polyamines in phospholipid signalling. Polyamine
accumulation is usually considered to be a general plant response to abiotic stress. In
this sense, genetic manipulation of key genes of its metabolic pathway has been
demonstrated to be a useful tool to investigate its mechanism in plant stress
responses and adaptation. Whereas most research has focused on the analysis of
biosynthetic routes, fewer studies have been reported on the catabolic counterpart. In
Chapter 2, we investigate the involvement of polyamine back-conversion in
Arabidopsis salinity tolerance using loss-of-function mutants of AtPAO5 gene, which
is the most induced PAO member in salt conditions. We show that the mutants exhibit
constitutively higher levels of Tspm, with associated increased salt tolerance. The
underlying mechanism is studied and we show a stimulation of ABA, JA and an
accumulation of important compatible solutes in the mutant, as well as a Tspm
isomer-dependent transcriptional reprogramming.
A different approach to study the mechanism of polyamines is described in
the following chapters. A typical early response of polyamines upon environmental
cues, such as salt stress, is a polyamine exodus to the apoplast. By applying
exogenous polyamines to mimic this effect, we studied its potential early interaction
with membrane-associated phospholipid metabolism. For doing so, in Chapter 3 we
32
describe a Pi labelling method that allows to monitor phospholipid synthesis and
turnover in vivo in Arabidopsis. In Chapter 4 we show that cellular uptake of
polyamines trigger within minutes an increase of the lipid-signalling molecule,
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PI(4,5)P2 at the plasma membrane of root cells in Arabidopsis seedlings. Using Spm
as a reference polyamine, we identify the lipid kinases PIP5K7 and PIP5K9 as the
main enzymes involved in the response. Concurrent with the increase of PI(4,5)P2,
+
we found a strong Spm-induced K efflux in which the Spm-sensitive PIP5K enzymes
act upstream, indicating its potential role in this Spm-derived effect. In Chapter 5, we
show that polyamines trigger in parallel, an independent second lipid-signalling
pathway, which generates PA. Using Spm as a reference polyamine, we identified the
plasma membrane-associated PLDδ enzyme as the main enzyme responsible for its
PA accumulation. We show that the PLDδ-mediated PA response is also upstream of
+
the Spm-induced K efflux, and we suggest a model in which the combined action of
PI(4,5)P2 and PA involves the lipid kinase PI4Kβ1 and PI4Kβ2. In Chapter 6, all
findings are discussed and future perspectives proposed.
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AtPAO5 loss-of-function mutations promote salt stress tolerance

ABSTRACT
The family of polyamine oxidases (PAO) in Arabidopsis (AtPAO1-5) mediates
polyamine (PA) back-conversion, which reverses the PA biosynthetic pathway from
spermine, and its structural isomer thermospermine (tSpm), into spermidine and then
putrescine. Here, we have studied the involvement of PA back-conversion in
Arabidopsis salinity tolerance. AtPAO5 is the Arabidopsis PAO gene member most
transcriptionally induced by salt stress. Two independent loss-of-function mutants
(atpao5-2 and atpao5-3) were found to exhibit constitutively higher tSpm levels, with
associated increased salt tolerance. Using global transcriptional and metabolomic
analyses, the underlying mechanisms were studied. Stimulation of abscisic acid and
jasmonate (JA) biosynthesis and accumulation of important compatible solutes, such
as sugars, polyols and proline, as well as TCA cycle intermediates were observed in
atpao5 mutants under salt stress. Expression analyses indicate that tSpm modulates
the transcript levels of several target genes, including many involved in the
biosynthesis and signaling of JA, some of which are already known to promote
salinity tolerance. Transcriptional modulation by tSpm is isomer-dependent, thus
demonstrating the specificity of this response. Overall, we conclude that tSpm
triggers metabolic and transcriptional reprogramming that promotes salt stress
tolerance in Arabidopsis.
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INTRODUCTION
Salinity affects more than 800 million hectares of arable land around the world and it
has a detrimental impact on crop yield (Hasegawa 2013). To cope with saline stress,
plants have evolved mechanisms that involve discrimination of ions taken up by roots,
osmotic adjustment, sequestering of ions into separate cellular compartments, and
tolerance against ionic toxicity (Munns & Tester 2008). Polyamines (PAs) are organic
amines the levels of which increase in response to various stress conditions,
including salinity. Genetic approaches indicate that these compounds are required to
cope with abiotic constrains, although their modes-of-action are not fully elucidated
(Cona et al. 2006; Alcázar et al. 2006b; Kusano et al. 2008; Alcázar et al. 2010;
Tiburcio et al. 2014). In the glycophyte species, Arabidopsis thaliana (hereafter
referred to as Arabidopsis), the most abundant polyamines (PAs) are the diamine,
putrescine (Put), the triamine, spermidine (Spd), and the tetraamines, spermine
(Spm) and its structural isomer thermospermine (tSpm). Biosynthesis of PAs requires
the presence of arginine or ornithine, from which Put is synthesized. Both amino
acids are derived from glutamate, a derivative of the tricarboxylic acid cycle (TCA)
intermediate 2-oxoglutarate, which is also precursor of the compatible solute proline
(Alcázar et al. 2010). Spd is synthesized from Put via co-action of Spd synthase and
S-adenosylmethionine decarboxylase. The latter is also involved in the biosynthesis
of Spm and tSpm, by Spm synthase (SPMS) and tSpm synthase (ACAULIS5, ACL5),
respectively. Despite their structural similarity, Spm and tSpm isomers exhibit
strikingly different biological functions and their biosynthesis is differentially regulated
(Takahashi & Kakehi 2010; Vera-Sirera et al. 2010; Takano et al. 2012).
In Arabidopsis, salt stress up-regulates SPMS expression (Urano et al. 2003;
Bagni et al. 2006; Tassoni et al. 2008; Naka et al. 2010). Long-term salt stress in this
and other species leads to increased Spm levels (Naka et al. 2010; Alet et al. 2012).
Genetic engineering of the PA pathway and correlational studies using cultivars with
contrasting salinity tolerance, suggest that Spm accumulation is a metabolic hallmark
often associated with enhanced salt tolerance (Yamaguchi et al. 2006). However,
sensitivity to salinity of Arabidopsis mutants impaired in tSpm biosynthesis (acl5-1) or
both tSpm and Spm (acl5-1 spms-1) is higher than that of Spm deficient (spms-1) or
wild-type plants (Yamaguchi et al. 2006; Alet et al. 2012). Therefore, a potential
contribution of tSpm to salt stress tolerance could not be ruled out. Evidence indicate
that PA-triggered salinity tolerance is independent of the salt overly sensitive (SOS)
signalling pathway (Yamaguchi et al. 2006; Alet et al. 2012) and may involve calcium
+
signalling (Yamaguchi et al. 2006), modulation of various cation and K channels
+
(Pottosin & Shabala 2014), H /ATPase activities (Pottosin et al. 2014), protein posttranslational modifications such as S-nitrosylation, carbonylation and tyrosine nitration
(Tanou et al. 2014), enzymatic and non-enzymatic reactive oxygen species (ROS)
detoxification (Saha et al. 2015), among others (Alcázar et al. 2010). However, the
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overall picture remains largely undefined and global transcriptional and metabolic
approaches are, to our knowledge, not yet reported.
Free PA levels are not only determined by their biosynthesis but also by their
oxidation (Cona et al. 2006). In recent years, several genes have been characterized
that are involved in PA oxidation (Moschou et al. 2012; Tavladoraki et al. 2012). PA
oxidation requires the activity of copper-containing amine oxidases (CuAOs) or FADcontaining polyamine oxidases (PAOs). Both types of amine oxidases exhibit different
substrate preferences. While Put is preferentially oxidized by CuAOs, higher
molecular weight PAs (Spd, Spm and tSpm) are PAO substrates (Cona et al. 2006).
PAOs are classified into two main families, depending on whether they terminally
oxidize PAs or catalyse the PA back-conversion, which reverses the PA biosynthetic
pathway releasing H2O2 (Moschou et al. 2012; Tavladoraki et al. 2012). Arabidopsis
carries five AtPAO genes (AtPAO1-5), all known to be involved in PA backconversion (Tavladoraki et al. 2006; Kamada-Nobusada et al. 2008; Moschou et al.
2008c; Takahashi et al. 2010; Fincato et al. 2011; Ahou et al. 2014; Kim et al. 2014).
Among them, AtPAO5 encodes a cytosolic PAO, the expression of which is restricted
to vascular tissue, which is also the site of synthesis of tSpm by ACL5 (Kim et al.
2014). AtPAO5 preferentially catalyses the conversion of tSpm to Spd, but not of Spd
to Put (Ahou et al. 2014; Kim et al. 2014). Consistent with the proposed catalytic
activity of AtPAO5, atpao5 mutants accumulate higher levels of tSpm under normal
growth conditions (Ahou et al. 2014; Kim et al. 2014). Therefore, AtPAO5 and ACL5
activities can fine-tune the balance between tSpm and Spm.
PA mechanisms of action might involve cross-regulation with different
hormones such as gibberellins (Alcázar et al. 2005), ethylene (Bitrián et al. 2012),
auxins (Tong et al. 2014) or abscisic acid (ABA) (Alcázar et al. 2006a; Cuevas et al.
2008). Recently, an apoplastic CuAO (AtAO1) that is expressed early during root
vascular tissue differentiation has been shown to mediate jasmonic acid-triggered
early protoxylem differentiation (Ghuge et al. 2015). In addition to the involvement of
jasmonates (JAs) in plant development, wounding and biotic stress interactions,
recent evidence indicate that JA contributes to salt stress tolerance (Kazan 2015).
Overexpression of the JA biosynthesis gene allene oxide cyclase 1 (AOC1) from
wheat (Triticum aestivum) in Arabidopsis leads to higher JA levels, and this is
associated with increased salt tolerance independent of ABA and dependent of
MYC2 (Zhao et al. 2014b). Furthermore, overexpression of the wheat 12oxophytodienoate reductase 1 in Arabidopsis promotes ABA-dependent salt
tolerance and enhanced ROS detoxification (Dong et al. 2013). Hence, JA triggers
both ABA dependent and independent salinity tolerance in this species.
Overexpression of PA biosynthetic genes has been successfully applied for
the manipulation of PA levels in plants (Alcázar et al. 2006b). However, isolation of
PA catabolism mutants emerges as an alternative approach for the accumulation of
PAs. It is expected that such approaches should help to further define PA-related
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biological functions. In this work, we have studied the involvement of PA backconversion during salt stress in Arabidopsis. Expression analyses indicate that
AtPAO5 is the Arabidopsis PAO gene family member most transcriptionally
responsive to salinity. Phenotypic characterization of two atpao5 mutant alleles
evidences that AtPAO5 loss of function leads to salinity tolerance. Through global
transcriptional and metabolic analyses, we identify that salt tolerance in atpao5
associates with early boosting of ABA biosynthesis and higher JA levels, followed by
the accumulation of important compatible solutes, TCA cycle intermediates, and
transcriptional modulation of several target genes by tSpm. Collectively, the results
indicate that tSpm has a protective role against salt stress in Arabidopsis.

RESULTS
Expression of AtPAO1-5 gene family members during salt stress
To identify which AtPAO gene family members are transcriptionally responsive to
salinity, we determined the expression of all five (AtPAO1-5) members by qRT-PCR
in 4-week-old wild-type Arabidopsis plants treated with 50 mM NaCl between 0 and
96 h (Fig. 1). The expression of most AtPAO genes (AtPAO1, AtPAO3, AtPAO4)
remained unaltered by the saline treatment. In contrast, the expression of AtPAO5
progressively increased up to 4.5-fold after 96 h of salt treatment. These analyses
also revealed an early, but transient, peak of AtPAO2 expression after 3 h (Fig. 1).
We concluded that AtPAO5 is the PAO family member that is most transcriptionally
responsive to saline conditions in Arabidopsis, which might represent its potential
involvement during salt stress.
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Figure 1. Transcript profiles of AtPAO gene family members during salt stress. qRT-PCR expression
analyses of AtPAO1–5 genes in 4-week-old Arabidopsis wild-type and atpao5-3 loss-of-function mutants
exposed to 50 mM NaCl for 0–96 h. Values are relative to wild type (0 h) and are the mean ± SD of three
biological replicates, each with three technical replicates. nd, not detectable. Letters indicate values that
are significantly different according to Student–Newman–Keuls test at P value <0.05.

Salt tolerance phenotype of atpao5-2 and atpao5-3 loss-of-function mutants
To investigate the biological significance of the transcriptional activation of AtPAO5
by salt stress, two atpao5 T-DNA insertion mutants were isolated: atpao5-2 (Kim et
al. 2014) and atpao5-3 (Fig. S1a). AtPAO5 expression was undetectable in both
atpao5-2 and atpao5-3, indicating that they are loss-of-function mutants (Fig. S1b).
Loss of AtPAO5 expression in atpao5-3 did not lead to consistent changes in the
expression of AtPAO1-4 genes during salt stress (Fig. 1). These results point to the
absence of transcriptional compensatory mechanisms between AtPAO5 and
AtPAO1-4 gene family members during the saline treatment.
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The salt-tolerant phenotype of atpao5-2, atpao5-3 and wild-type plants was
investigated. Four-week-old plants grown in the absence of stress were exposed to
gradual increases of NaCl (50, 100, 150, 200 and 250 mM NaCl; refer to Materials
and methods). atpao5-2 and atpao5-3 mutants maintained higher percentage of
water content and chlorophyll levels than wild-type plants, consistent with a better
performance under salt stress conditions (Fig. 2a-c). Salt stress tolerance was also
phenotypically evident in atpao5-2 and atpao5-3 seedlings (Fig. 2d,e). We concluded
that AtPAO5 loss of function leads to enhanced salt tolerance in Arabidopsis.
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Figure 2. Salt stress tolerance of atpao5 compared with wild-type plants. (a) Phenotype of atpao52, atpao5-3 and wild-type plants after 96 h of 200 mM NaCl treatment with gradual increases of salt (refer
to Materials and methods). (b) Percentage of water content and (c) chlorophyll levels in atpao5-2, atpao53 and wild-type plants exposed to gradual increases of salt (+NaCl) and untreated controls (−NaCl). (d)
Phenotype and (e) chlorophyll levels of atpao5-2, atpao5-3 and wild-type seedlings exposed to gradual
increases of salt (refer to Materials and methods). Letters indicate values that are significantly different
according to Student-Newman-Keuls test at P value <0.05.

PA levels in atpao5 loss-of-function mutants during salt stress
Free Put, Spd, Spm and tSpm levels were quantified in atpao5-2, atpao5-3 and wildtype plants exposed to 0, 50, 100 and 150 mM NaCl for 48 h (Fig. 3). In the absence
of stress (0 mM NaCl), PA levels remained constant over the time of analysis (Fig. 3).
Put levels significantly increased in the wild type and both atpao5-2 and atpao5-3
mutant alleles exposed to 150 mM NaCl, while less or no Put increases were
observed at lower NaCl concentrations (50 and 100 mM NaCl, Fig. 3). Conversely,
Spd levels declined in response to 100 and 150 mM NaCl in the wild type and both
atpao5 mutants (Fig. 3). No remarkable differences in the levels of Put, Spd or Spm
were observed between atpao5 mutants and the wild type (Fig. 3). However, the
levels of tSpm were consistently higher in atpao5-2 and atpao5-3 than the wild type
and remained unaltered during the saline treatment (Fig. 3). These results are in
agreement with previous observations that tSpm is preferential substrate for AtPAO5
activity (Ahou et al. 2014; Kim et al. 2014). Because both atpao5-2 and atpao5-3
mutants exhibited identical salt tolerance phenotypes and PA profiles (Figs. 2 & 3),
atpao5-3 was selected for further characterization.

34

Chapter 2

Figure 3. Free Put, Spd, Spm and tSpm levels in 4-week-old wild-type, atpao5-2 and atpao5-3 mutants
treated with 0, 50, 100 and 150 mM NaCl between 0 and 48 h. Values are the mean ± SD of three
biological replicates, each with three technical replicates. FW, fresh weight. Letters indicate values that are
significantly different according to Student–Newman–Keuls test at P value <0.05.

Sodium ion levels in atpao5-3 during salt stress
+
Quantification of Na in leaves of atpao5-3 and wild type during salt stress evidenced
the occurrence of lower shoot sodium accumulation in atpao5-3 (Fig. S2). This
+
observation suggested that Na exclusion might contribute to the salt-tolerant
phenotype of atpao5, which is in line with a potential role for PAs in regulating various
+
ion channels (Pottosin & Shabala 2014). However, because shoot Na content in
atpao5-3 almost reached wild-type levels after 96 h of 150 mM NaCl treatment,
without evident symptoms of ion toxicity (Figs. 2 & S2), we reasoned that other
+
mechanisms, in addition to transient Na exclusion, might contribute to the salt
tolerance phenotype induced by AtPAO5 loss of function.
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Quantification of ABA in atpao5-3 during salt stress
ABA levels were determined during early (osmotic) and late (ionic, approximately 24
to 48 h after 100 mM NaCl) phases of salt treatment (Fig. 4a) (Munns & Tester 2008).
Under basal conditions, no differences in ABA contents were observed between
atpao5-3 and wild-type plants. Treatment with 50 mM NaCl induced ABA
accumulation in both genotypes after 3 h of treatment. However, ABA levels in
atpao5-3 were moderately but significantly higher than the wild type up to 48 h of salt
treatment (Fig. 4a). Quantitative expression analyses of the ABA biosynthesis gene
NCED3 and ABA-inducible gene RD29B (Uno et al. 2000) in atpao5-3 and wild type
correlated with ABA levels (Fig. 4b). Conversely, atpao5-3 accumulated less ABA
than the wild type at later stages of salt treatment (Fig. 4a). This observation is
consistent with the salinity tolerance in atpao5-3 that is associated with delayed
sodium accumulation in leaves (Fig. S2). We concluded that, although ABA
biosynthesis is moderately promoted in atpao5-3 during the osmotic phase of salt
stress, this is translated into higher ABA-dependent RD29B gene expression
compared with the wild type.

Figure 4. (a) Determination of ABA levels in atpao5-3 and wild-type plants exposed to gradual increases
of NaCl between 50 to 150 mM. Values are the mean ± SD of five technical replicates. The analysis was
repeated in two additional independent experiments showing similar results. (b) Quantitation of NCED3
and RD29B expression in atpao5-3 and wild-type plants exposed to 50 mM NaCl between 0 and 96 h.
Values are the mean ± SD from three biological replicates, each with three technical replicates. Letters
indicate values that are significantly different according to Student-Newman-Keuls test at P value <0.05.
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Hydrogen peroxide levels in atpao5-3 during salt stress
To determine the ROS detoxification capacity, hydrogen peroxide (H2O2) levels in
atpao5-3 and wild-type plants were quantified during salt stress (Fig. S3).
Interestingly, H2O2 levels did not differ between both genotypes and accumulated to
similar levels throughout the saline treatment (Fig. S3). Major increases in hydrogen
peroxide were observed during the ionic phase of salt stress in both the wild type and
atpao5-3 (Fig. S3). These results suggest that the salt tolerance of the atpao5-3
mutant is not caused by enhanced ROS detoxification capacity. It also demonstrates
that contribution of AtPAO5 to the overall generation of H2O2 during salt stress in
Arabidopsis is rather limited.
Transcriptome analyses of atpao5-3 during salt stress
To get further insight into mechanisms underlying atpao5-3 salt tolerance, we
determined the genome wide-expression profiles of atpao5-3 and wild-type plants
before and after 3 h of 50 mM NaCl treatment using Affymetrix microarrays. Genes
that exhibited significant expression differences (P < 0.05; fold change ≥2) were
detected when comparing genotypes (atpao5-3 0 h versus wild-type 0 h, referred to
as ‘p0w0’; atpao5-3 3 h versus wild-type 3 h, ‘p3w3’) and treatments (wild-type 3 h
versus wild-type 0 h, ‘w3w0’; atpao5-3 3 h versus atpao5-3 0 h, ‘p3p0’) (Fig. 5a;
Tables S2–S15).
In the absence of stress, already 201 genes were differentially expressed
between atpao5-3 and the wild type (p0w0, Table S4). GO analyses identified a
significant number of genes related to signaling (Fig. 5b), which were mainly related
to JA, protein kinases and transcription factors (Table S4). Interestingly, atpao53exhibited higher basal expression of JA metabolism genes lipoxygenase 4 (LOX4),
AOC1, jasmonoyl-isoleucine-12-hydroxylase (CYP94B3), jasmonate ZIM-domain 1
(JAZ1), JAZ5, JAZ6, JAZ7 transcriptional repressors and the JAZ-target transcription
factor MYC4 (Table S16). Overall, these results suggest that atpao5-3 has increased
basal expression of several JA biosynthesis and signalling genes. Remarkably, most
JA genes up-regulated in atpao5-3 were also induced by salt stress in the wild type
(w3w0 in Table S16).
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Figure 5. (a) Venn diagrams and (b) heat map of gene ontology terms from differentially expressed genes
in atpao5-3 and wild-type plants treated with 50 mM NaCl between 0 and 3 h. Genes in the different
comparisons (w3w0, wild-type 3 h versus wild-type 0 h of 50 mM NaCl treatment; p3p0, atpao5-3 3 h
versus atpao5-3 0 h of 50 mM NaCl treatment; p0w0, atpao5-3 0 h versus wild-type 0 h; and p3w3, atpao53 3 h versus wild-type 3 h) are listed in Tables S2–15.

In the comparison between treatments (p3p0 and w3w0), 805 differentially
expressed genes in p3p0 were detected and 622 in w3w0, of which 356 were
common between p3p0 and w3w0 (Fig. 5a; Tables S2, S3 and S10). Common
genes were similarly up- or down-regulated and were mostly related to abiotic
stimulus but also response to wounding, further reinforcing a potential role for JA on
salt stress (Table S10; Fig. 5b). In the set of genes whose expression was
exclusively changed in atpao5-3 by 50 mM NaCl treatment (p3p0; Table S6), a
significant enrichment of protein kinases was identified (Table S6; Fig. 5b). We also
+
found that salt treatment led to increased expression of the Na /pyruvate symporter
+
+
bile acid:sodium symporter family protein 2 (BASS2, At2g26900) and Na /H
antiporter sodium:hydrogen antiporter 1 (NHD1, At3g19490) in atpao5-3, which are
sodium transporters localized to the chloroplast envelope that mediate the plastidial
+
influx or efflux of Na , respectively (Furumoto et al. 2011; Müller et al. 2014) (Table
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S6). Enhanced expression of NHD1 in atpao5-3 might contribute to its salt tolerance,
because nhd1 mutants exhibit reduced growth, less chlorophyll levels and lower
photosynthetic performance because of decreased capacity of sodium export from
chloroplasts (Müller et al. 2014). Interestingly, exogenous application of 100 µM tSpm
to 7-day-old wild-type seedlings quickly induced the expression of NHD1, and this
response was not triggered by Spm (Fig. S4). This early peak of NHD1 expression
was followed by a 2.3-fold expression peak after 8 h of treatment with tSpm or Spm,
which overlapped with BASS2 expression kinetics (Fig. S4). These data suggest that
+
tSpm rapidly induces NHD1 expression, thus potentially promoting Na efflux from the
chloroplast. Conversely, Spm and tSpm exhibit the same effect on BASS2
transcriptional up-regulation after 8 h of exogenous treatment (Fig. S4).
Taken together, the data suggest that AtPAO5 loss of function impacts cell
signalling through the transcriptional modulation of protein phosphorylation. This
reinforces the hypothesis of a PA modulon in plants that involves transcriptional
regulation of certain target genes by PAs (Tiburcio et al. 2014).
Transcriptional regulation of the JA pathway by tSpm JA levels during salt
stress.
To investigate the effect of higher PAs on the transcriptional regulation of the JA
pathway, we applied 100 µM Spm or tSpm to 7-day-old wild-type seedlings and
monitored the expression kinetics of JA biosynthesis genes (LOX1, LOX2, LOX3,
LOX4, AOS, AOC1, AOC2, OPR3, OPCL1, CYP94B3; Fig. 6a), JA signalling genes
(JAZ1, JAZ5, JAZ6, JAZ7, JAZ10, MYC2, MYC3 and MYC4; Fig. 6b) and JA
response marker genes (VSP2 and PDF1.2; Fig. 6b). A significant up-regulation of
JA marker gene JAZ10 was observed by exogenous application of tSpm, whereas
Spm induced less, but still significant (≥ 2-fold), up-regulation. Conversely, PDF1.2
and VSP2 expressions were only significantly induced by tSpm and not by Spm (Fig.
6b). Exogenously supplied tSpm also increased the expression of 13-lipooxygenases
LOX1-4 (Fig. 6a). LOX encode enzymes oxidizing α-linoleic acid to 13(S)hydroperoxy-octadecatrienoic acid, which is precursor of different oxylipins. tSpm
induced the transcriptional up-regulation of LOX1 and LOX4 expression, whereas
Spm had little or no effect (Fig. 6a). The transcript levels of AOS, which is the first
gene committed to JA biosynthesis, allene oxide cyclases AOC1 and AOC2, OPC8:CoA ligase 1 (OPCL1) and CYP94B3, were also increased by tSpm treatment and
less by Spm. Conversely, OPR3 expression was more induced by Spm than tSpm
(Fig. 6a).
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Figure 6. Quantitative real-time gene expression analyses of JA biosynthesis (a) and signalling (b) genes
from 7-day-old wild-type seedlings treated with 100 µM tSpm or 100 µM Spm during 0-24 h. Values are the
mean from three biological replicates ± SD, each with three technical replicates. Significant differences in
gene expression relative to time 0 h were determined using Student's t-test and indicated by asterisks:
*P < 0.05, **P < 0.01, ***P < 0.005.

Consistent with the transcriptional activation of the JA pathway by tSpm, the
expression of transcription factors JAZ1, JAZ5, JAZ6, JAZ7 and JAZ10 was highly
induced by exogenously supplied tSpm and less by Spm (Fig. 6b). Among MYC2,
MYC3 and MYC4 gene family members, tSpm significantly induced MYC4 expression
after 24 h of treatment (Fig. 6b). Based on DNA binding specificity, MYC4 has been
suggested to have different target genes than MYC2 (Fernández-Calvo et al. 2011).
Remarkably, MYC4, ACL5 and AtPAO5 expression are found in the vasculature,
which is the site of tSpm biosynthesis (Fernández-Calvo et al. 2011; Kim et al. 2014).
Dose-response expression kinetics were determined for some tSpm and/or Spminduced genes after 15 min of treatment, using different concentrations of tSpm and
Spm (0, 5, 10, 20 and 100 µM; Fig. S5). Expression up-regulation was already
observed using as low as 5 µM tSpm or Spm, thus suggesting the specificity of this
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response (Fig. S5). Transcriptional responses increased linearly with the
concentration of exogenously supplied PAs, with the highest differences observed at
100 µM tSpm or Spm.
Finally, and consistently with the transcriptional activation of the JA pathway
by tSpm, we observed higher levels of JA in atpao5-3 than in the wild type during the
saline treatment (Fig. 7). Overall, JA levels increased during saline stress but
accumulated to higher levels in atpao5-3 than the wild type (Fig. 7).

Figure 7. Quantification of JA levels in atpao5-3 and wild-type plants exposed to gradual increases of
NaCl between 50 and 150 mM. Values are the mean ± SD of five technical replicates. The analysis was
repeated in two additional independent experiments showing similar results. Letters indicate values that
are significantly different according to Student-Newman-Keuls test at P value <0.05.

Altogether, these results indicate that tSpm, and to a lower extent Spm,
promote the transcriptional activation of genes involved in JA biosynthesis and
signalling. Furthermore, these data indicate that transcriptional up-regulation of the
JA pathway by PAs is isomer-specific with major contribution by tSpm and minor
contribution by Spm.
Global metabolite profiles of atpao5-3 during salt stress
To get further insight into additional mechanisms underlying atpao5-3 salt stress
tolerance from a metabolic view, we performed global metabolite profiling of atpao5-3
and wild-type plants during salt stress by GC-MS. Our analyses identified 84
metabolites in 36 samples analysed, which were annotated according to the MPIMP41
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Golm inventory list (Kopka et al. 2005) (Table S17). The chemical nature of 56 of
such metabolites was known, and this set was used for PCA. For simplification, we
used 0 and 24 h time points in which most metabolic changes were evident (Fig. 8a).
PC1, which explains 72.8% of total variance, revealed the effect of salt stress on
metabolic profiles. PC2 (13.3% of total variance) reflected the differences between
genotypes (atpao5-3 and wild type), which increased after exposure to salt stress
(Fig. 8a). atpao5-3 0 h was shifted to the right in PC1, which suggests that atpao5-3
loss of function triggers a metabolic response similar to the salt treatment (Fig. 8a).
Furthermore, metabolic responses to salt in atpao5-3 were earlier and more intense,
consistent with a metabolic pre-acclimation hypothesis (PC1 in Fig. 8a). PC1 and
PC2 loadings with highest values corresponded to galactinol and melibiose (Table
S18). HCA Pearson's correlation and average linkage of metabolites and samples
revealed the occurrence of four major metabolite clusters (Fig. 8b). Sample
groupings evidenced contrasted differences between atpao5-3 and wild-type plants
under salt stress. Heat map representation clearly indicated that some metabolic
responses to salt were more intense in atpao5-3 than the wild type, in line with PCA
observations (Fig. 8b).
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Figure 8. (a) Principal component analysis (PCA) and (b) HCA Pearson's correlation and average linkage
of metabolites and samples from atpao5-3 and wild-type plants exposed to salt stress.

Based on metabolite profiles of the wild type, we defined ‘early’ and ‘late’ saltresponsive metabolites. Late salt-responsive metabolites were those that exhibited
significant (P < 0.05) differences in the wild type after 24 and 48 h of 150 mM NaCl
treatment. Early salt-responsive metabolites corresponded to those showing
significant (P < 0.05) differences in the wild type after 8 and 24 h of 50 mM NaCl. The
sum of Put and agmatine levels was the only early salt-responsive metabolite
detected, but its levels were not consistently different between the wild type and
atpao5-3 during salt stress (Fig. S6). Conversely, 28 late salt-responsive metabolites
were detected, of which 22 were increased and 6 reduced by salt treatment (Tables
S19 and S17). Eighteen of the 28 late salt-responsive metabolites exhibited
significant differences between atpao5-3 and wild type (Table S19). Among these, we
identified polyols (galactinol, myo-inositol), amino acids (proline, alanine, serine), TCA
cycle intermediates (succinate, malate), sugars (lyxose), dehydroascorbic acid and
shikimic acid (Fig. 9 and Table S17).
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Figure 9. Schematic representation of TCA cycle intermediates and primary metabolites in associated
pathways. Log2 ratios ± SE values are relative to wild-type 0 h. Values are shown for atpao5-3 (red) and
wild-type (blue) 24 h after 50, 100 and 150 mM NaCl treatment. Significant differences between genotypes
at the same time point and salt concentration were determined using Student's t-test and indicated by
asterisks: *P < 0.05, **P < 0.01, ***P < 0.005.

A number of additional metabolites were exclusively changed in atpao5-3 by
salt stress and not in the wild type. Such ‘elicited’ metabolites in atpao5-3
corresponded to amino acids (alanine), sugar alcohols (arabitol, erythritol), additional
TCA cycle intermediates (fumarate, citrate), sugars (glucose, sucrose, rhamnose)
and ethanolamine, which is precursor of choline and glycine betaine (Chen & Murata
2011) (Fig. 9 and Tables S20 and S17). Increased levels of glucose in atpao5-3
suggested activation of glycolysis that would feed the TCA cycle. Indeed, depletion of
starch content and accumulation of soluble sugars seem to be a general response to
salt stress (Kempa et al. 2008).
Altogether, metabolic profile analyses indicate that atpao5-3 mutant, which
exhibits constitutively higher tSpm levels, responds earlier and more intense to salt
stress and accumulates higher levels of important compatible solutes. Overall, we
conclude that tSpm triggers metabolic reprogramming in Arabidopsis that allows a
faster and more intense response to salt stress.

DISCUSSION
In this work, we have studied the potential involvement of the PA back-conversion
pathway in Arabidopsis salt stress tolerance. Arabidopsis carries five PAO genes
(AtPAO1-5) that encode proteins with distinct subcellular localizations and different
substrate preferences. AtPAO1 and AtPAO5 are cytosolic enzymes, whereas
AtPAO2-4 are localized in peroxisomes (Møller & McPherson 1998; Cona et al. 2006;
Reumann et al. 2009; Planas-Portell et al. 2013). Arabidopsis PAOs mediate PA
back-conversion, which is coupled to H2O2 production. High levels of H2O2 generated
by apoplastic PAO activity can trigger programmed cell death under salt stress in
tobacco (Moschou et al. 2008b; Moschou et al. 2008a). However, in Arabidopsis,
most PAO are peroxisomal and apoplastic oxidation seems to rely on CuAO activity
(Planas-Portell et al. 2013). Among AtPAO gene family members, AtPAO5 is the
most transcriptionally responsive to salt stress (Fig. 1). Consistent with a potential
role for AtPAO5 on salt stress, two independent atpao5 loss-of-function mutants
(atpao5-2 and atpao5-3) exhibit better performance under salinity (Fig. 2). Our results
indicate that AtPAO5 activity is detrimental for salinity tolerance. Tolerance to abiotic
stress has also been generated by antisense down-regulation of PAO expression in
tobacco (Moschou et al. 2008b). However, atpao5 tolerance does not correlate with
diminished ROS production because the levels of H2O2 during salt stress are barely
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affected by atpao5 mutation (Fig. S3). Our analyses suggest that tSpm, which levels
are constitutively higher in atpao5 mutants under salt stress (Fig. 3), triggers
transcriptional and metabolic reprogramming that is isomer-specific. These results
support an intrinsic role for PAs providing salt stress tolerance (Moschou et al.
2008b).
Hyperosmolarity is the primary effect of salt stress, causing turgor loss and
ABA induction (Hasegawa 2013). To achieve osmotic adjustment, different
compounds such as sugars, sugar alcohols, proline and glycine betaine accumulate
(Chen & Murata 2002). We observed that ABA biosynthesis is moderately promoted
in atpao5-3 compared with the wild type early during the osmotic phase of salt stress
(Munns & Tester 2008), but this is translated into significant differences in the
expression of the ABA-inducible RD29B gene (Fig. 4) (Uno et al. 2000). Metabolic
profiling by GC-MS of polar metabolites evidenced contrasted differences between
atpao5-3 and wild-type plants during salt stress (Fig. 8a). Most metabolic changes
were observed after 24 h of NaCl treatments and involved higher levels of sugars,
polyols, proline and TCA cycle intermediates in atpao5-3 compared with the wild type
(Figs. 8b & 9). Most of such metabolites were also found increased in Arabidopsis
wild-type plants exposed to 150 mM NaCl between 6 h to 5 d (Kempa et al. 2008).
The higher levels of some osmoprotective compounds in atpao5-3 are compatible
with early boost of ABA biosynthesis (Kempa et al. 2008). Compatible solutes
maintain cell turgor by osmotic adjustment, and redox balance by removing excess of
ROS, thus contributing to abiotic stress tolerance (Munns & Tester 2008; Székely et
al. 2008; Krasensky & Jonak 2012). Interactions between PAs and ABA have been
described during drought and cold stresses, and lower ABA levels have been shown
to underlie the freezing sensitivity of adc1 mutants (Alcázar et al. 2006a; Cuevas et
al. 2008; Toumi et al. 2010). Conversely, ABA levels in atpao5-3 are lower than the
wild type at later stages of the saline treatment, which is consistent with better
performance of atpao5-3 under salt stress that leads to reduced stress perception.
Reduction in the levels of organic acids and TCA cycle intermediates are often
observed in metabolite profiling of glycophyte species exposed to saline stress (Gong
et al. 2005; Sánchez et al. 2008; Hill et al. 2013; Zhao et al. 2014a). These
observations suggest that energy production and/or plant growth are repressed by
salinity (Zhao et al. 2014a). In this work, we have observed that atpao5-3
accumulates higher levels of TCA cycle intermediates during salt stress (Fig. 9) and
this associates with tolerance. Higher levels of soluble sugars suggest activation of
glycolysis that would feed the TCA cycle. Taken together, atpao5-3 mutation impacts
cell metabolism through promotion of the accumulation of stress-protective
compounds and TCA cycle intermediates.
Despite salt stress tolerance was observed at later stages of treatment (Fig.
2), we determined transcriptional changes early during salt stress (3 h after 50 mM
NaCl treatment; Fig. 5) to distinguish between direct effects from atpao5 mutation
45

AtPAO5 loss-of-function mutations promote salt stress tolerance

from late, possibly indirect, transcriptional changes derived from long-term salt
exposure. Microarray expression analyses revealed an enhanced transcriptional
steady state of the JA pathway in atpao5-3 mutants (Table S16). Quantitative
expression of several JA biosynthesis, signalling and marker genes from wild-type
seedlings treated with 100 µM tSpm or Spm evidenced that this effect is isomerspecific (Fig. 6). The expression of most JA-related genes analysed responded to
exogenous tSpm within 15 min of treatment, which is consistent with a direct effect of
tSpm on transcriptional regulation. In addition, atpao5-3 exhibited higher JA levels
than the wild type during salt stress (Fig. 7). JAs are known to accumulate under
saline conditions (Fig. 7) (Moons et al. 1997; Pedranzani et al. 2003), and
correlations between high JA levels and salinity tolerance have been observed in
different rice cultivars (Kang et al. 2005). Furthermore, most transcriptionally upregulated JA genes detected in the microarray were responsive to salt treatment
(Table S16). Additional recent evidence support that JA are positive regulators of salt
tolerance (Dong et al. 2013; Zhao et al. 2014a, 2014b; Kazan 2015). Based on these
evidences, we suggest that tSpm-triggered transcriptional up-regulation of JA
biosynthesis and signalling genes, as well as higher JA levels, contribute to the
metabolic reprogramming and salt tolerance phenotypes of atpao5 mutants. We
suggest that both ABA and JA pathways are involved in tSpm-triggered salt tolerance
in Arabidopsis.
Microarray analyses also identified that the expression of BASS2 and NHD1
genes were up-regulated by salt stress in atpao5-3. BASS2 encodes a plastid
+
localized Na /pyruvate symporter, the activity of which is coupled with that of the
+
+
Na /H antiporter NHD1 (Furumoto et al. 2011). BASS2 functions in C4
photosynthesis and provides pyruvate for the plastidic methylerythritol phosphate
+
+
pathway in C3 plants (Furumoto et al. 2011). In Arabidopsis, NHD1 (Na /H antiporter
+
1) mutation leads to higher plastidic Na , which is associated with reduced growth
and lower chlorophyll levels (Müller et al. 2014). Interestingly, tSpm rapidly induces
+
NHD1 expression (Fig. S4) that may allow higher efflux of chloroplastic Na , thus
contributing to enhanced tolerance against salt stress. In addition, PAs with higher
net charge have stronger inhibitory effect on the vacuolar non-selective cation
+
channels, hence, potentially assisting vacuolar Na sequestration (Pottosin & Shabala
2014).
Altogether, we propose that mechanisms underlying salt stress tolerance by
PAs are diverse and additive and involve transcriptional and metabolic
reprogramming by tSpm. This view is consistent with co-evolution of PAs with stress
pathways that has allowed efficient integration of environmental signals into
transcriptional and metabolic responses. Furthermore, we conclude that tSpm is not
only involved in plant development but also plays an important role in abiotic stress
tolerance.
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MATERIALS AND METHODS
Plant material and growth conditions
Arabidopsis thaliana wild-type (Col-0), atpao5-2 (N553110) and atpao5-3 (N509671)
T-DNA insertion mutants were obtained from the Nottingham Arabidopsis Stock
Centre (University of Nottingham, Loughborough, UK). Seeds were sown on a
mixture of soil and vermiculite (3:1) and stratified 4 d in the dark at 4 °C to
synchronize germination. Plants were grown under 16/8 h light/dark cycles, 100-2 -1
125 µmol photons m s of light intensity, 21 ± 2 °C and 70 ± 10% relative humidity.
Salt treatments in adult plants were performed by irrigation of 4-week-old plants
grown on soil with incremental concentrations (50, 100 and 150 mM) of NaCl every
4 d (Gaxiola et al. 2001). Samples from rosette leaves were harvested at different
time points, frozen in liquid nitrogen and stored at -80 °C until further analysis. Salt
treatment of Arabidopsis seedlings was performed as follows: Different genotypes
were germinated on a nylon mesh (Ø 43 µm) placed on top of 0.5× MS-MES medium
(Murashige & Skoog, 0.5 mM MES, 1% sucrose, 1% agar, pH 5.7 with KOH) under
sterile conditions. Ten days after germination, the nylon mesh with seedlings was
transferred to the same medium supplemented with 50 mM NaCl for 3 d. Seedlings
were then transferred to 0.5× MS-MES medium supplemented with 225 mM NaCl.
Chlorophyll quantification was determined in the different genotypes 5 d after 225 mM
NaCl treatment.
Identification of atpao5-2 and atpao5-3 mutants
Confirmation of the identity of the mutants, and isolation of homozygous lines, was
performed by PCR amplification and sequencing using a combination of gene- and TDNA-specific (SALK-LB) primers (Table S1). Briefly, genomic DNA from individual
plants was extracted using DNeasy Plant Minikit (Qiagen) and used as template for
PCR amplification with ExTaq DNA polymerase (Takara). Amplified bands from
SALK-LB and gene-specific combinations were separated in 1% (w/v) agarose gels
stained with EtBr and purified by gel scission using Qiaquick Gel Extraction Kit
(Qiagen). Purified DNA was used for sequencing using the same primer set. The
position of T-DNA insertion was confirmed by local alignment with the AtPAO5 gene
(www.ebi.ac.uk/Tools/msa/muscle) and BLAST query (www.arabidopsis.org). Transcript levels of AtPAO5 in the homozygous lines were determined by real-time PCR
(RT-PCR) from cDNA of atpao5-2 and atpao5-3 mutants using the AtPAO5-specific
primers and the following PCR conditions: 95 °C 5 min, 30 cycles (95 °C 15 s, 55 °C
20 s, 72 °C 1 min), 72 °C 10 min, and primers specified in Table S1. Single T-DNA
insertion lines were confirmed by the occurrence of 1:3 segregation for the presence
of kanamycin resistance gene (NTPII) in the progeny of segregating atpao5-2 and
atpao5-3 mutants.
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Determination of PA levels
The levels of free Put, Spd and Spm were determined by high-performance liquid
chromatography (HPLC) separation of dansyl chloride-derived PAs as described
(Alcázar et al. 2005). Free tSpm levels were determined by PA benzoylation
according to Kim et al. 2014.
Determination of water content
Water content (WC) was determined using the fresh weight (FW) and dry weight
(DW) and calculated as % WC = (FW − DW) / FW. Dry weight was obtained after
drying samples at 60 °C for 48 h. The shoots of at least 10 individual plants were used
to calculate % WC in every point of analysis and genotype.
Determination of chlorophyll levels
Chlorophyll extracts were obtained from leaves of plants grown on soil or seedlings
grown in vitro at indicated time points, using buffered acetone (acetone/Tris-HCl
buffer 80:20 vol pH 7.8). Total chlorophyll levels were calculated according to Porra
(2002).
Determination of sodium levels
+
For the determination of Na content, lyophilized shoot tissue was digested in
concentrated nitric acid at 80 °C for 1 h. After digestion, the acid was diluted with
double deionized water. Mineral element concentrations in the supernatants were
determined by inductively coupled plasma optical emission spectroscopy (Perkin
Elmer Optima 2000).
Determination of ABA and JA levels
ABA and JA levels were analysed by HPLC coupled to tandem mass spectrometry
(Durgbanshi et al. 2005). Briefly, the plant tissue was extracted in ultrapure water
using a tissue homogenizer. Before extraction, samples were spiked with 100 ng of
d6-ABA and dh-JA (Gómez-Cadenas et al. 2002; Durgbanshi et al. 2005). After
extraction and centrifugation, the pH of the supernatant was adjusted to 3.0 and
partitioned twice against diethyl ether. The organic layers were combined and
evaporated. The dry residue was resuspended in a solution of water:methanol (9:1,
v/v), filtered and injected into a HPLC system (Alliance 2695, Waters Corp.). The
phytohormone fraction was separated on a reversed-phase C18 column using
methanol and 0.01% acetic acid in water as solvents. The mass spectrometer, a triple
quadrupole (Quattro LC, Micromass Ltd.), was operated in negative ionization
electrospray mode, and the different plant hormones were detected according to their
specific transitions using a multi-residue mass spectrometric method as described in
detail by Durgbanshi et al. 2005.
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Determination of hydrogen peroxide levels
Hydrogen peroxide levels were determined as described by Loreto & Velikova (2001).
Frozen leaf material (~0.1 g) was homogenized on ice with 0.1% (w/v) trichloroacetic
acid. The homogenate was centrifuged at 15 000×g for 15 min at 4 °C. Then, 0.5 mL
of the supernatant was mixed with 0.5 mL of 10 mM potassium phosphate buffer (pH
7.0) and 1 mL of 1 M KI. The absorbance of the assay mixture was determined at
390 nm and the content of H2O2 calculated based on standard curves of known
hydrogen peroxide concentrations.
Microarray expression analyses
Four-week-old atpao5-3 and wild-type plants were used for microarray analyses.
RNA samples were extracted in triplicate from pooled samples of five plants per
genotype using TRIzol reagent (Invitrogen). Transcriptomes were analysed using
1 µg of total RNA as starting material. Targets were prepared with MessageAmp IIBiotin Enhanced Single Round aRNA Amplification Kit (Ambion) and hybridized to
ATH1 gene chips (Affymetrix). Microarray data and gene ontology (GO) classification
were analysed using GeneSpring GX 10 software (Agilent Technologies) and
Database for Annotation, Visualization and Integrated Discovery v6.7 (Huang da et al.
2009). A threshold of significance at P = 0.05 and a cut-off value of ≥ ±2-fold change
was used for the identification of genes that were differentially expressed. Microarray
data has been deposited in ArrayExpress under accession number E-MTAB-3817.
Quantitative real-time PCR gene expression analyses
Total RNA isolated from 4-week-old plants or 7-day-old seedlings, as indicated, was
extracted using TRIzol reagent (Invitrogen). Two micrograms of RNA was treated with
DNAse I (Invitrogen) and first-strand cDNA synthesized using Superscript II
(Invitrogen) and oligo dT. Quantitative real-time PCR using SYBR Green I dye
method was performed on Roche LightCycler 480 II detector system following the
PCR conditions: 95 °C 2 min, 40 cycles (95 °C, 15 s; 60 °C, 30 s; 68 °C, 20 s).
Standard curves were performed for quantification. Primers used for gene expression
analyses are listed in Table S1. Quantitative RT-PCR (qRT-PCR) analyses were
always performed on three biological replicates with three technical replicates each
using ACTIN2 (AT3G18780) as housekeeping gene.
Gas chromatography/mass spectrometry metabolite profiling
Metabolite profiling was performed from leaf samples (120 mg) of wild-type and
atpao5-3 plants using seven independent biological replicates for each time point
under study. Samples were shock frozen in liquid nitrogen, and the fraction enriched
in polar primary metabolites was prepared and processed as described (Erban et al.
2007). Gas chromatography coupled to electron impact ionization-time of flight-mass
spectrometry (GC/EI-TOF-MS) was performed using an Agilent 6890N24 gas
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chromatograph hyphenated to a Pegasus III time-of-flight mass spectrometer (LECO,
St. Joseph, USA) (Wagner et al. 2003). Chromatograms were acquired and
processed by CHROMATOF software 1.00, Pegasus driver 1.61 (LECO;
http://www.leco.de). Selective peak heights representing arbitrary mass spectral ion
currents were normalized by the dry weight of the sample and to an internal standard,
which was added upon extraction of the polar metabolite fraction. GC-TOF-MS
chromatography data processing was performed using the TagFinder software
(Luedemann et al. 2008). Metabolites were identified under manual supervision using
the TagFinder, the NIST08 software (http://chemdata.nist.gov) and the mass spectral
and retention time index reference collection of the Golm Metabolome Database
(Kopka et al. 2005; Hummel et al. 2010). Only metabolites identified in at least four of
seven replicates were considered. Wild type (0 h) was used as reference condition for
the calculation of Log2 ratios of metabolites. Principal component analysis (PCA) was
performed using R (www.r-project.org). Hierarchical clustering with Pearson
correlation was performed using the software MultiExperiment Viewer
(www.tm4.org/mev; version 27 4.8.1).

ACKNOWLEDGEMENTS
We thank Prof. Tomonobu Kusano for providing advice in the determination of
thermospermine levels in Arabidopsis thaliana. Research in this work has been
supported by the Spanish Ministerio de Ciencia e Innovación (BIO2011-29683 and
CSD2007-00036), and the Generalitat de Catalunya (SGR2009-1060) to A.F.T. R.A.
acknowledges support from the Ramón y Cajal Program (RYC-2011-07847) of the
Ministerio de Ciencia e Innovación (Spain).

REFERENCES
Ahou A., Martignago D., Alabdallah O., Tavazza R., Stano P., Macone A., … Tavladoraki P.
(2014) A plant spermine oxidase/dehydrogenase regulated by the proteasome and
polyamines. Journal of Experimental Botany 65, 1585–1603.
Alcázar R., Altabella T., Marco F., Bortolotti C., Reymond M., Koncz C., … Tiburcio A.F. (2010)
Polyamines: molecules with regulatory functions in plant abiotic stress tolerance. Planta
231, 1237–1249.
Alcázar R., Cuevas J.C., Patrón M., Altabella T., & Tiburcio A.F. (2006a) Abscisic acid
modulates polyamine metabolism under water stress in Arabidopsis thaliana. Physiologia
Plantarum 128, 448–455.
Alcázar R., García-Martínez J.L., Cuevas J.C., Tiburcio A.F., & Altabella T. (2005)
Overexpression of ADC2 in Arabidopsis induces dwarfism and late-flowering through GA
deficiency. The Plant Journal 43, 425–436.

50

Chapter 2

Alcázar R., Marco F., Cuevas J.C., Patron M., Ferrando A., Carrasco P., … Altabella T.
(2006b) Involvement of polyamines in plant response to abiotic stress. Biotechnology
Letters 28, 1867–1876.
Alet A.I., Sánchez D.H., Cuevas J.C., Marina M., Carrasco P., Altabella T., … Ruiz O.A. (2012)
New insights into the role of spermine in Arabidopsis thaliana under long-term salt stress.
Plant Science 182, 94–100.
Bagni N., Ruiz-Carrasco K., Franceschetti M., Fornalè S., Fornasiero R.B., & Tassoni A. (2006)
Polyamine metabolism and biosynthetic gene expression in Arabidopsis thaliana under
salt stress. Plant Physiology and Biochemistry 44, 776–786.
Bitrián M., Zarza X., Altabella T., Tiburcio A.F., & Alcázar R. (2012) Polyamines under abiotic
stress: metabolic crossroads and hormonal crosstalks in plants. Metabolites 2, 516–528.
Chen T.H. & Murata N. (2002) Enhancement of tolerance of abiotic stress by metabolic
engineering of betaines and other compatible solutes. Current Opinion in Plant Biology 5,
250–257.
Chen T.H.H. & Murata N. (2011) Glycinebetaine protects plants against abiotic stress:
mechanisms and biotechnological applications. Plant, Cell & Environment 34, 1–20.
Cona A., Rea G., Angelini R., Federico R., & Tavladoraki P. (2006) Functions of amine
oxidases in plant development and defence. Trends in Plant Science 11, 80–88.
Cuevas J.C., López-Cobollo R., Alcázar R., Zarza X., Koncz C., Altabella T., … Ferrando A.
(2008b) Putrescine is involved in Arabidopsis freezing tolerance and cold acclimation by
regulating abscisic acid levels in response to low temperature. Plant Physiology 148,
1094–1105.
Dong W., Wang M., Xu F., Quan T., Peng K., Xiao L., & Xia G. (2013) Wheat oxophytodienoate
reductase gene TaOPR1 confers salinity tolerance via enhancement of abscisic acid
signaling and reactive oxygen species scavenging. Plant Physiology 161, 1217–1228.
Durgbanshi A., Arbona V., Pozo O., Miersch O., Sancho J. V, & Gómez-Cadenas A. (2005)
Simultaneous determination of multiple phytohormones in plant extracts by liquid
chromatography-electrospray tandem mass spectrometry. Journal of Agricultural and
Food Chemistry 53, 8437–8442.
Erban A., Schauer N., Fernie A.R., & Kopka J. (2007) Nonsupervised construction and
application of mass spectral and retention time index libraries from time-of-flight gas
chromatography-mass spectrometry metabolite profiles. Methods in Molecular Biology
358, 19–38.
Fernández-Calvo P., Chini A., Fernández-Barbero G., Chico J.-M., Gimenez-Ibanez S.,
Geerinck J., … Solano R. (2011) The Arabidopsis bHLH transcription factors MYC3 and
MYC4 are targets of JAZ repressors and act additively with MYC2 in the activation of
jasmonate responses. Plant Cell 23, 701–715.
Fincato P., Moschou P.N., Spedaletti V., Tavazza R., Angelini R., Federico R., … Tavladoraki
P. (2011) Functional diversity inside the Arabidopsis Polyamine Oxidase gene family.
Journal of Experimental Botany 62, 1155–1168.
Furumoto T., Yamaguchi T., Ohshima-Ichie Y., Nakamura M., Tsuchida-Iwata Y., Shimamura
M., … Izui K. (2011) A plastidial sodium-dependent pyruvate transporter. Nature 476,
472–475.
Gaxiola R.A., Li J., Undurraga S., Dang L.M., Allen G.J., Alper S.L., & Fink G.R. (2001)
+
Drought- and salt-tolerant plants result from overexpression of the AVP1 H -pump.

51

AtPAO5 loss-of-function mutations promote salt stress tolerance

Proceedings of the National Academy of Sciences of the United States of America 98,
11444–9.
Ghuge S.A., Carucci A., Rodrigues Pousada R.A., Tisi A., Franchi S., Tavladoraki P., … Cona
A. (2015) The apoplastic copper amine oxidase AtAO1 mediates jasmonic acid-induced
protoxylem differentiation in Arabidopsis roots. Plant Physiology 168, 690–707.
Gómez-Cadenas A., Pozo O.J., García-Augustín P., & Sancho J. V (2002) Direct analysis of
abscisic acid in crude plant extracts by liquid chromatography--electrospray/tandem mass
spectrometry. Phytochemical Analysis 13, 228–234.
Gong Q., Li P., Ma S., Indu Rupassara S., & Bohnert H.J. (2005) Salinity stress adaptation
competence in the extremophile Thellungiella halophila in comparison with its relative
Arabidopsis thaliana. The Plant Journal 44, 826–839.
+
Hasegawa P.M. (2013) Sodium (Na ) homeostasis and salt tolerance of plants. Environmental
and Experimental Botany 92, 19–31.
Hill C.B., Jha D., Bacic A., Tester M., & Roessner U. (2013) Characterization of ion contents
and metabolic responses to salt stress of different Arabidopsis AtHKT1;1 genotypes and
their parental strains. Molecular Plant 6, 350–368.
Huang da W., Sherman B.T., Lempicki R.A. (2009) Systematic and integrative analysis of large
gene lists using DAVID bioinformatics resources. Nature Protocols 4, 44-57.
Hummel J., Strehmel N., Selbig J., Walther D., & Kopka J. (2010) Decision tree supported
substructure prediction of metabolites from GC-MS profiles. Metabolomics 6, 322–333.
Kamada-Nobusada T., Hayashi M., Fukazawa M., Sakakibara H., & Nishimura M. (2008) A
putative peroxisomal polyamine oxidase, AtPAO4, is involved in polyamine catabolism in
Arabidopsis thaliana. Plant and Cell Physiology 49, 1272–1282.
Kang D.-J., Seo Y.-J., Lee J.-D., Ishii R., Kim K.U., Shin D.H., … Lee I.-J. (2005) Jasmonic
acid differentially affects growth, ion uptake and abscisic acid concentration in salt-tolerant
and salt-sensitive rice cultivars. Journal of Agronomy and Crop Science 191, 273–282.
Kazan K. (2015) Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends in
Plant Science 20, 219–229.
Kempa S., Krasensky J., Dal Santo S., Kopka J., & Jonak C. (2008) A central role of abscisic
acid in stress-regulated carbohydrate metabolism. PloS One 3, e3935.
Kim D.W., Watanabe K., Murayama C., Izawa S., Niitsu M., Michael A.J., … Kusano T. (2014)
Polyamine Oxidase5 regulates Arabidopsis growth through thermospermine oxidase
activity. Plant Physiology 165, 1575–1590.
Kopka J., Schauer N., Krueger S., Birkemeyer C., Usadel B., Bergmüller E., … Steinhauser D.
(2005) GMD@CSB.DB: the Golm Metabolome Database. Bioinformatics 21, 1635–1638.
Krasensky J. & Jonak C. (2012) Drought, salt, and temperature stress-induced metabolic
rearrangements and regulatory networks. Journal of Experimental Botany 63, 1593–1608.
Kusano T., Berberich T., Tateda C., & Takahashi Y. (2008) Polyamines: essential factors for
growth and survival. Planta 228, 367–381.
Loreto F. & Velikova V. (2001) Isoprene produced by leaves protects the photosynthetic
apparatus against ozone damage, quenches ozone products, and reduces lipid
peroxidation of cellular membranes. Plant Physiology 127, 1781–1787.
Luedemann A., Strassburg K., Erban A., & Kopka J. (2008) TagFinder for the quantitative
analysis of gas chromatography--mass spectrometry (GC-MS)-based metabolite profiling
experiments. Bioinformatics 24, 732–737.

52

Chapter 2

Møller S.G. & McPherson M.J. (1998) Developmental expression and biochemical analysis of
the Arabidopsis ATAO1 gene encoding an H2O2-generating diamine oxidase. The Plant
Journal 13, 781–791.
Moons A., Prinsen E., Bauw G., & Van Montagu M. (1997) Antagonistic effects of abscisic acid
and jasmonates on salt stress-inducible transcripts in rice roots. Plant Cell 9, 2243–2259.
Moschou P.N., Delis I.D., Paschalidis K.A., & Roubelakis-Angelakis K.A. (2008a) Transgenic
tobacco plants overexpressing Polyamine Oxidase are not able to cope with oxidative
burst generated by abiotic factors. Physiologia Plantarum 133, 140–156.
Moschou P.N., Paschalidis K. a, Delis I.D., Andriopoulou A.H., Lagiotis G.D., Yakoumakis D.I.,
& Roubelakis-Angelakis K.A. (2008b) Spermidine exodus and oxidation in the apoplast
induced by abiotic stress is responsible for H2O2 signatures that direct tolerance
responses in tobacco. Plant Cell 20, 1708–1724.
Moschou P.N., Sanmartin M., Andriopoulou A.H., Rojo E., Sanchez-Serrano J.J., &
Roubelakis-Angelakis K.A. (2008c) Bridging the gap between plant and mammalian
polyamine catabolism: a novel peroxisomal polyamine oxidase responsible for a full backconversion pathway in Arabidopsis. Plant Physiology 147, 1845–1857.
Moschou P.N., Wu J., Cona A., Tavladoraki P., Angelini R., & Roubelakis-Angelakis K.A.
(2012) The polyamines and their catabolic products are significant players in the turnover
of nitrogenous molecules in plants. Journal of Experimental Botany 63, 5003–5015.
Müller M., Kunz H.-H., Schroeder J.I., Kemp G., Young H.S., & Neuhaus H.E. (2014)
Decreased capacity for sodium export out of Arabidopsis chloroplasts impairs salt
tolerance, photosynthesis and plant performance. The Plant Journal 78, 646–658.
Munns R. & Tester M. (2008) Mechanisms of salinity tolerance. Annual Review of Plant Biology
59, 651–681.
Naka Y., Watanabe K., Sagor G.H.M., Niitsu M., Pillai M.A., Kusano T., & Takahashi Y. (2010)
Quantitative analysis of plant polyamines including thermospermine during growth and
salinity stress. Plant Physiology and Biochemistry 48, 527–533.
Pedranzani H., Racagni G., Alemano S., Miersch O., Ramírez I., Peña-Cortés H., … Abdala G.
Salt tolerant tomato plants show increased levels of jasmonic acid. Plant Growth
Regulation 41, 149–158.
Porra R.J. (2002) The chequered history of the development and use of simultaneous
equations for the accurate determination of chlorophylls a and b. Photosynthesis
Research 73, 149–156.
Pottosin I. & Shabala S. (2014) Polyamines control of cation transport across plant
membranes: implications for ion homeostasis and abiotic stress signaling. Frontiers in
Plant Science 5, 154.
Pottosin I., Velarde-Buendía A.M., Bose J., Fuglsang A.T., & Shabala S. (2014) Polyamines
2+
+
cause plasma membrane depolarization, activate Ca -, and modulate H -ATPase pump
activity in pea roots. Journal of Experimental Botany 65, 2463–2472.
Reumann S., Quan S., Aung K., Yang P., Manandhar-Shrestha K., Holbrook D., … Hu J.
(2009) In-depth proteome analysis of Arabidopsis leaf peroxisomes combined with in vivo
subcellular targeting verification indicates novel metabolic and regulatory functions of
peroxisomes. Plant Physiology 150, 125–143.

53

AtPAO5 loss-of-function mutations promote salt stress tolerance

Saha J., Brauer E.K., Sengupta A., Popescu S.C., Gupta K., & Gupta B. (2015) Polyamines as
redox homeostasis regulators during salt stress in plants. Frontiers in Environmental
Science 3, 1–13.
Sánchez D.H., Siahpoosh M.R., Roessner U., Udvardi M., & Kopka J. (2008) Plant
metabolomics reveals conserved and divergent metabolic responses to salinity.
Physiologia Plantarum 132, 209–219.
Székely G., Abrahám E., Cséplo A., Rigó G., Zsigmond L., Csiszár J., … Szabados L. (2008)
Duplicated P5CS genes of Arabidopsis play distinct roles in stress regulation and
developmental control of proline biosynthesis. The Plant Journal 53, 11–28.
Takahashi T. & Kakehi J.-I. (2010) Polyamines: ubiquitous polycations with unique roles in
growth and stress responses. Annals of Botany 105, 1–6.
Takahashi Y., Cong R., Sagor G.H.M., Niitsu M., Berberich T., & Kusano T. (2010)
Characterization of five polyamine oxidase isoforms in Arabidopsis thaliana. Plant Cell
Reports 29, 955–965.
Takano A., Kakehi J.-I., & Takahashi T. (2012) Thermospermine is not a minor polyamine in
the plant kingdom. Plant and Cell Physiology 53, 606–616.
Tanou G., Ziogas V., Belghazi M., Christou A., Filippou P., Job D., Fotopoulos V., & Molassiotis
Α. (2014). Polyamines reprogram oxidative and nitrosative status and the proteome of
citrus plants exposed to salinity stress. Plant Cell & Environment 37, 864-885.
Tassoni A., Franceschetti M., & Bagni N. (2008) Polyamines and salt stress response and
tolerance in Arabidopsis thaliana flowers. Plant Physiology and Biochemistry 46, 607–613.
Tavladoraki P., Cona A., Federico R., Tempera G., Viceconte N., Saccoccio S., … Agostinelli
E. (2012) Polyamine catabolism: target for antiproliferative therapies in animals and stress
tolerance strategies in plants. Amino acids 42, 411–426.
Tavladoraki P., Rossi M.N., Saccuti G., Perez-Amador M.A., Polticelli F., Angelini R., &
Federico R. (2006) Heterologous expression and biochemical characterization of a
polyamine oxidase from Arabidopsis involved in polyamine back conversion. Plant
Physiology 141, 1519–1532.
Tiburcio A.F., Altabella T., Bitrián M., & Alcázar R. (2014) The roles of polyamines during the
lifespan of plants: from development to stress. Planta 240, 1–18.
Tong W., Yoshimoto K., Kakehi J.-I., Motose H., Niitsu M., & Takahashi T. (2014)
Thermospermine modulates expression of auxin-related genes in Arabidopsis. Frontiers in
Plant Science 5, 94.
Toumi I., Moschou P.N., Paschalidis K.A., Bouamama B., Ben Salem-Fnayou A., Ghorbel
A.W., … Roubelakis-Angelakis K.A. (2010) Abscisic acid signals reorientation of
polyamine metabolism to orchestrate stress responses via the polyamine exodus pathway
in grapevine. Journal of Plant Physiology 167, 519–525.
Uno Y., Furihata T., Abe H., Yoshida R., Shinozaki K., Yamaguchi-Shinozaki K. (2000)
Arabidopsis basic leucine zipper transcription factors involved in an abscisic aciddependent signal transduction pathway under drought and high-salinity conditions.
Proceedings of the National Academy of Sciences of the United States of America 97,
11632–11637.
Urano K., Yoshiba Y., Nanjo T., Igarashi Y., Seki M., Sekiguchi F., … Shinozaki K. (2003)
Characterization of Arabidopsis genes involved in biosynthesis of polyamines in abiotic
stress responses and developmental stages. Plant, Cell & Environment 26, 1917–1926.

54

Chapter 2

Vera-Sirera F., Minguet E.G., Singh S.K., Ljung K., Tuominen H., Blázquez M.A., & Carbonell
J. (2010) Role of polyamines in plant vascular development. Plant Physiology and
Biochemistry 48, 534–539.
Wagner C., Sefkow M., & Kopka J. (2003) Construction and application of a mass spectral and
retention time index database generated from plant GC/EI-TOF-MS metabolite profiles.
Phytochemistry 62, 887–900.
Yamaguchi K., Takahashi Y., Berberich T., Imai A., Miyazaki A., Takahashi T., … Kusano T.
(2006) The polyamine spermine protects against high salt stress in Arabidopsis thaliana.
FEBS Letters 580, 6783–6788.
Zhao X., Wang W., Zhang F., Deng J., Li Z., & Fu B. (2014a) Comparative metabolite profiling
of two rice genotypes with contrasting salt stress tolerance at the seedling stage. PLoS
One 9, e108020.
Zhao Y., Dong W., Zhang N., Ai X., Wang M., Huang Z., … Xia G. (2014b) A wheat allene
oxide cyclase gene enhances salinity tolerance via jasmonate signaling. Plant Physiology
164, 1068–1076.

55

AtPAO5 loss-of-function mutations promote salt stress tolerance

SUPPLEMENTAL MATERIAL
Supplemental Tables S1-S20 may be found in the online version of this article.
http://onlinelibrary.wiley.com/wol1/doi/10.1111/pce.12714/suppinfo
Table S1. List of oligonucleotides used in this work.
Table S2. Genes differentially expressed in the comparison between atpao5-3 3 h and atpao53 0 h of 50 mM NaCl treatment (p3p0).
Table S3. Genes differentially expressed in the comparison between wild-type 3 h and wildtype 0 h of 50 mM NaCl treatment (w3w0).
Table S4. Genes differentially expressed in the comparison between atpao5-3 0 h and wildtype 0 h (p0w0).
Table S5. Genes differentially expressed in the comparison between atpao5-3 3 h and wildtype 3 h of 50 mM NaCl treatment (p3w3).
Table S6. Genes differentially expressed only in the comparison between atpao5-3 3 h
and atpao5-3 0 h of 50 mM NaCl treatment (p3p0 only).
Table S7. Genes differentially expressed only in the comparison between wild-type 3 h and
wild-type 0 h of 50 mM NaCl treatment (w3w0 only).
Table S8. Genes differentially expressed only in the comparison between atpao5-3 0 h and
wild-type 0 h of 50 mM NaCl treatment (p0w0 only).
Table S9. Genes differentially expressed only in the comparison between atpao5-3 3 h and
wild-type 3 h of 50 mM NaCl treatment (p3w3 only).
Table S10. Genes differentially expressed and common between p3p0 and w3w0.
Table S11. Genes differentially expressed and common between p3p0 and p0w0.
Table S12. Genes differentially expressed and common between p3p0 and p3w3.
Table S13. Genes differentially expressed and common between w3w0 and p0w0.
Table S14. Genes differentially expressed and common between w3w0 and p3w3.
Table S15. Genes differentially expressed and common between p0w0 and p3w3.
Table S16. Microarray analysis of JA biosynthesis and signalling genes in the comparisons
p0w0, p3w3, w3w0 and p3p0.
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Table S18. PC1 and PC2 loadings of wild-type and atpao5-3 metabolite profiles 24 h after
treatment with 0, 50, 100 and 150 mM NaCl.
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Figure S1. (a) Schematic representation
of T-DNA insertion positions in atpao5-2
and atpao5-3 mutants. The AtPAO5 gene
carries a single exon (highlighted in
black). 5’ and 3’ uORFs are shown in
grey. (b) RT-PCR expression analysis of
AtPAO5 transcript levels in wild-type,
atpao5-2 and atpao5-3 homozygous
mutants. ACTIN2 was used as housekeeping gene.

Figure S2. Quantitation of sodium levels in leaves of atpao5-3 and wild-type plants exposed to gradual
increases of NaCl from 50 to 150 mM. Values are the mean ± SD of five technical replicates. The
experiment was repeated three times with similar results.
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Figure S3. Hydrogen peroxide levels in atpao5-3 and wild-type plants exposed to gradual increases of
Nacl between 50 and 150 mM. Values are the mean ± SD of five technical replicates. The analysis was
repeated in two additional independent experiments showing similar results.

Figure S4. Quantitative real-time gene
expression analyses of BASS2 and
NHD1 genes from 7-day-old wild-type
seedlings treated with 100 µM tSpm or
100 µM Spm during 0-24 h. Values are
the mean from three biological
replicates ± SD, each with three
technical replicates. Letters indicate
values that are significantly different
according to Student-Newman-Keuls
test at P value <0.05.

58

Chapter 2

Figure S5. Quantitative real-time gene expression analyses of JA biosynthesis (LOX4 and OPCL1) and
signalling (JAZ5) genes from 12-days-old wild-type seedlings treated for 15 min with different
concentrations (0, 5, 10, 20, and 100 µM) of tSpm or Spm. Values are the mean from three biological
replicates ± SD, each with three technical replicates. Letters indicate values that are significantly different
according to Student-Newman-Keuls test at P value <0.05.
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Figure S6. Sum of putrescine and agmatine levels in atpao5-3 and wild-type plants exposed to salt stress.
Log2 ratios ± SE are relative to wild-type 0 h.
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ABSTRACT
Lipidomic analyses through LC-, GC-, and ESI-MS/MS can detect numerous lipid
species based on head group and fatty acid compositions but usually miss the minor
phospholipids involved in cell signalling because of their low chemical abundancy.
Due to their high turnover, these signaling lipids are, however, readily picked up by
32
labeling plant material with P-orthophosphate and subsequent analysis of the lipid
extracts by thin layer chromatography. Here, protocols are described for suspensioncultured tobacco BY-2 cells, young Arabidopsis seedlings, Vicia faba roots, and
Arabidopsis leaf disks, which can easily be modified for other plant species and
tissues.
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1. INTRODUCTION
The concentration of signaling lipids, such as polyphosphoinositides (PPI),
phosphatidic acid (PA), and diacylglycerolpyrophosphate (DGPP), is typically too low
to be detected by modern, lipidomic-type analyses such as GC- and LC-MS (1-9). PA
is sometimes detectable, as it is also the precursor of phospholipids and galactolipids
(1, 2). In addition, it can be massively produced upon PLD hydrolysis of structural
phospholipids as an artifact of preparation and, with biological relevance, in response
to stresses, such
as wounding and freezing (10-12). The PA pool, however, that would be generated
upon PPI hydrolysis by phospholipase C (PLC) and phosphorylation of the resulting
diacylglycerol (DAG), is much smaller and easily overlooked (2, 13, 14).
A main difference between structural and signaling lipids is their rate of
synthesis and breakdown (i.e., turnover), which in signaling lipids is much higher (6,
13, 15). The benefit of this is that these lipids are therefore faster labeled by
32
33
inorganic, radioactive- labeled phosphate ( Pi or Pi). This type of label is easily
taken up by various plant tissues and is rapidly incorporated into the ATP pools,
which are required to phosphorylate the precursors of signaling lipids. Structural lipids
32
also incorporate Pi but this occurs through a relatively slower pathway involving their
de novo biosynthesis (6, 13, 15). Here, a quick and easy protocol is described to
analyze signaling lipids like PA, DGPP, and PPIs in different plant tissues, i.e.,
seedlings, leaves, roots, and suspension-cultured cells.

2. MATERIALS
2.1. Plant media
1. Medium for cell suspensions: For 1 L, 4.4 g Murashige–Skoog (MS) salts with
vitamins, 30 g sucrose, 100 µL BAP (6-benzylaminopurine, 10 mM), 100 µl NAA
(naphthaleneacetic acid, 54 mM in 70 % EtOH). Adjust pH to 5.8 with KOH.
Autoclave 20 min at 120 °C.
2. Medium for Arabidopsis seedlings: 0.5x MS medium, supplemented 1 % (w/v)
sucrose and 1 % (w/v) agar.
3. Medium for Vicia seedlings: 2.72 mM CaCl2, 1.95 mM MgSO4, 2.20 mM KH2PO4,
1.26 mM Na2HPO4, and 0.08 mM ferric citrate.
4. Phosphate-free labeling medium for Vicia: 2.72 mM CaCl2, 1.95 mM MgSO4, 0.08
mM ferric citrate, 10 mM HEPES, pH 6.5.
5. Fertilized pot soil to grow mature plants.
2.2. Plant material and cultivation
1. Suspension-cultured plant cells (tobacco BY-2; 4–5-days old (see Note 1)).
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2. Rotary shaker, 125 rpm, 24 °C, in the dark.
3. Seedlings (Arabidopsis thaliana, Col-0); ~5-days old.
4. Seedlings Vicia (Vicia sativa spp. nigra); 2–3-days old.
5. Growth chamber, 21 °C, 16 h light, 8 h dark.
6. Mature Arabidopsis plants (~3 weeks) for leaf disks.
7. Leaf disk cutter: cork borer (0.5 cm diameter).
2.3. Labeling components
32
32
1. P-inorganic phosphate ( Pi ; carrier-free, 10 µ Ci/ µL).
2. 2 mL “Safe-lock” Eppendorf polypropylene reaction tubes.
3. Three sterile 15 mL tubes.
4. 5 µm, 0.45 µm, and 0.22 µm filters for 10 mL syringes.
5. Labeling buffer for seedlings and leaf disks: 2.5 mM MES-KOH (pH 5.8), 1 mM
KCl.
6. Labeling buffer for cell suspensions: CFM (cell-free medium, 0.22 µm filtered).
7. Fume hood.
8. Safety glasses.
9. Safety screen, 1 cm Perspex.
10. Perspex tube holders.
11. Gloves.
2.4. Lipid extraction components (see Note 2)
1. Perchloric acid (PCA): 50 % and 5 % (w/v) in H2O.
2. CMH: chloroform/methanol/37 % HCl (50:100:1, by vol.).
3. Chloroform.
4. 0.9 % (w/v) NaCl.
5. TUP (Theoretical upper phase) (TUP): chloroform/methanol 1 M HCl (3:48:47, by
vol.).
6. Reaction tube microcentrifuge, 13,000 xg.
7. Vortex shaker.
8. Glass Pasteur pipets.
9. Iso-propanol.
10. Vacuum centrifuge with cold-trap.
11. Nitrogen (gas).
2.5. Thin layer chromatograph
1. Thin layer chromatograph (TLC) plates: Merck silica 60 TLC plates, 20 x 20 x 0.2
cm.
2. Impregnation solution: 1 % (w/v) potassium oxalate, 2 mM EDTA in MeOH/H2O
(2:3, by vol.).
3. Oven at 115 °C.
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4. Graduated cylinders (100 mL; 25 mL; 5 mL).
5. Alkaline TLC solvent: CHCl3/MeOH/25 % NH4OH/H2O (90:70:4:16, by vol.).
6. Acidic TLC solvent: CHCl3/CH3COCH3/MeOH/HAc/H2O (40:15:14:13:7.5, by vol.).
7. Filter paper (21 x 21 cm).
8. Two glass rods (~1 cm thick, 2–3 cm long).
9. Clear plastic wrap.
10. TLC Tank.
11. Hair dryer.
12. Autoradiography film (Kodak, X-Omat S).
13. PhosphorImager and screen.
14. Light cassette.

3. METHODS
Described below are the procedures to label and identify signalling lipids in: (1)
suspension-cultured plant cells, (2) seedlings, (3) roots, and (4) leaf disks. Once
labeling is stopped through PCA, a similar lipid extraction procedure and TLC
analysis is performed in all cases. As examples, we used tobacco BY-2 cells, young
Arabidopsis seedlings, roots of Vicia and Arabidopsis leaf disks of mature
Arabidopsis plants, but obviously, other species and materials can be analyzed in a
similar fashion.
3.1. Lipid labeling and extraction of cell suspensions
Typically, tobacco BY-2 cells are used but we have also good experience with other
cell suspensions, including tomato, potato, Arabidopsis, Medicago, coffee, or
unicellular algae like Chlamydomonas (4, 16-19). The protocol also works for pollen
tubes and microspores (20) (Parzer and Munnik, unpublished) and Phytophthora
zoospores (21).
1. Cell suspensions are grown on a rotary shaker (125 rpm) at 24 °C in the dark and
subcultured weekly.
2. Pour ~10 mL of 4–5-day-old cell suspensions into a sterile 15 mL test tube.
3. Let the big cell clumps sink for 30 s and pipet 1,200 µL of cell suspension (for 12
samples) from the top into a 2 mL reaction tube (see Note 3). Use residual cell
suspension to prepare *Cell-Free Medium (CFM) if required.
4. Preparation of CFM: Let the cells sink to the bottom of the tube. Pipet off the liquid
and filter through 5 µm, 0.45 µm and 0.22 µm syringe filters, respectively. This CFM
is used for cell treatments as 1:1 dilutions.
32
3−
5. Add 60 µCi [ P]PO4 (~5 µCi/sample) in the fume hood of an isotope lab.
6. Aliquot 12 samples of 80 µL into 2 mL “Safe Lock” reaction tubes in a Perspex rack
using large orifice tips (see Note 4). Label for ~3 h; close tubes to prevent water loss
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and keep the rack in the fume hood to reduce your exposure to radiation.
7. Apply stresses and controls by adding 1:1 volumes (i.e., 80 µL) in CFM* at t = 0
with 15 s intervals (see Note 5); Incubate at RT.
8. Stop reactions by adding 20 µL (=1/10 vol.) of 50 % PCA (5 % final concentration)
with 15 s intervals; vortex immediately for 10 s.
9. Shake for 5 min.
10. Spin 10 s (see Note 6).
11. Add 750 µL of CMH [CHCl3/MeOH/HCl (50:100:1)] (see Note 7).
12. Mix for 10 s.
13. Spin 10 s (see Note 6).
14. Add 750 µL of CHCl3 and then 200 µL 0.9 % NaCl.
15. Mix for 10 s; Spin 1 min.
16. Remove the aqueous upper phase (free label) as much as possible with a
Pasteur pipet and transfer the organic lower phase to a new 2 mL Safe-lock reaction
tube containing 750 µL TUP (see Note 8).
17. Mix for 10 s individually or for 5 min on a shaker; Spin 1 min.
18. Discard the upper phase (see Note 9).
19. Add 20 µ L of iso-propanol (see Note 10).
20. Dry the lipid extract by vacuum centrifugation (45 min, heating at 50 °C).
21. Dissolve into 50 µL CHCl3 and store under N2 at -20 °C or use immediately for
TLC analysis.
3.2. Lipid labeling and extraction of Arabidopsis seedlings
1. Grow seedlings on vertical 0.5x MS plates (1 % agar), supplemented with 1 %
sucrose, for 5–6 days in a climate room with 16 h light/8 h dark period at 21 °C.
2. Transfer (see Note 11) 3 seedlings/tube in 190 µL labelling buffer (2.5 mM MESKOH (pH 5.8), 1 mM KCl). Use 2 mL “Safe Lock” reaction tubes (see Note 4).
Alternatively, 48-well microtiter plates can be used.
32
3−
3. Add 10 µL [ P]PO4 containing 5–10 µCi per sample (see Note 12).
4. Incubate with radiolabel over night. Leave the lights of the fume hood on to enable
photosynthesis and close the tubes to prevent water loss (O2 will be produced!).
5. Next day, treatments can be applied. If agonists are to be added, e.g., salt stress,
then add them in rel. large volumes (e.g., 1:1, i.e., 200 µL) so that one does not have
to mix rigorously. For controls, use buffer alone. Start and stop with 15 s intervals.
6. Stop reactions by adding 1/10 vol. of 50 % perchloric acid (PCA) (~5 % final) with
15 s intervals. We use a repeater pipet for this.
7. Shake samples for 5–10 min (green tissue turns brownish) on a Vortex shaker.
8. Spin 10 s (see Note 6).
9. Open tubes and remove all liquid around the seedlings with a Pasteur pipet.
10. Add 400 µL of ‘CMH’ [CHCl3/MeOH/HCl (50:100:1)].
11. Shake for 5 min until leaf material is not colored anymore and the extracts are
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yellowish.
12. Spin 10 s (see Note 6).
13. Add 400 µL of CHCl3, followed by 200 µL of 0.9 % NaCl.
14. Mix for 10 s/tube or shake for 5 min on a Vortex shaker.
15. Spin 2 min (see Note 13).
16. Remove the upper phase (aqueous, free label) as much as possible and transfer
the lower phase with a Pasteur pipet to a clean tube containing 400 µL ‘TUP’
(theoretical upper phase; CHCl3/MeOH/1 M HCl, 3:48:47 v/v). Use the two-phases in
the Pasteur pipet (see Note 8).
17. Mix for 10 s or shake for 5 min.
18. Spin 2 min.
19. Remove and discard the upper phase completely (see Note 9).
20. Add 20 µL of iso-propanol (see Note 10).
21. Dry the lipid extract by vacuum centrifugation (~45 min, heating 50 °C).
22. Dissolve into 100 µL CHCl3 and store at −20 °C (under N2 gas) or use
immediately for TLC analysis (load 20 µL only!).
3.3. Lipid labeling and extraction of Vicia roots
1. Germinate Vicia sativa spp. nigra seeds and grow for 2-3 days in modified Fåhreus
slides containing 2.72 mM CaCl2, 1.95 mM MgSO4, 2.20 mM KH2PO4, 1.26 mM
Na2HPO4, and 0.08 mM ferric citrate (15). Each slide contains 1 mL of medium and
five seedlings. Grow at 22 °C in a light/dark regime (16 h/8 h) with an average photon
2
flux of 42 µE/m s.
2. Before labeling, wash seedling roots twice in phosphate-free labeling medium.
32
3. Label seedlings in a 200 µL compartment of a Fåhreus slide, modified for Pilabeling (15) (Fig. 1) using 160 µL of phosphate-free labeling medium (2.72 mM
CaCl2, 1.95 mM MgSO4, 0.08 mM ferric citrate, 10 mM HEPES, pH 6.5), containing
32
10 µCi carrier-free Pi.
4. Treat roots by adding 5–40 µL of agonist in labeling buffer.
5. Stop labeling and treatment by transferring each seedling to 1 mL of 5 % PCA.
6. Cut off the root after 5–10 min and add to 400 µL CMH.
7. Proceed further as the Arabidopsis seedling labeling protocol, Subheading 3.2,
step 11.
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Figure 1. Schematic drawing of a Fåhreus slide modified for Pi-labeling of V. sativa seedlings. The slide
contains two chambers that were created with silicon glue between a coverslip and a microscope slide. The
silicon glue pastes the coverslip to the slide and serves as spacer as well. Adopted from (15).

3.4. Lipid labeling and extraction of Arabidopsis leaf disks
The protocol described below is for Arabidopsis leaves but can be used for any other
plant species, e.g., Craterostigma plantagineum (22), sorghum (23) and rice (24), or
tissues, e.g., flower petals of carnation or petunia (25, 26) .
1. Punch leaf disks (0.5 cm in diameter) from 2–3-weeks-old Arabidopsis plants.
2. Transfer disks to 2 mL Safe Lock reaction tubes containing 190 µL labeling buffer.
Use 1 leaf disk per tube and use a yellow tip, with a drop of buffer, for the transfer
and guidance into the tube. Make sure all leaf disk orientations are the same (e.g.,
right sight up).
32
3−
3. Add 10 µL [ P]PO4 (5-10 µCi/sample), diluted in buffer to each sample.
4. Incubate with radiolabel over night. Leave the lights of the fume hood on to enable
photosynthesis and close the tubes to prevent water loss (O2 will be produced!).
5. Next day, treatments can be applied. Apply (e.g., salt stress) in rel. large volumes
(1:1) so that one does not have to mix rigorously (e.g., 200 µL); pipet next to the disks
in the liquid. For controls, use buffer alone. Start treatments with 15 s intervals.
6. Stop reactions by adding 1/10 vol. of 50 % perchloric acid (PCA ~5 % final) with 15
s intervals (see Note 14).
7. Shake samples for ~15 min (until the whole green tissue turns brownish).
8. Continue as in Subheading 3.2, step 8.
3.5. Thin layer chromatography
1. For good separation of the PPIs, K-oxalate-impregnated plates are required (see
Note 15). Impregnate at least 2 days in advance by dipping the TLC plates for 10 s in
1 % (w/v) potassium oxalate, 2 mM EDTA in MeOH/H 2 O (2:3, by vol.).
2. Dry and store at 115 °C (see Note 16).
3. Before loading, mark the TLC plate with a soft pencil where the samples are to be
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spotted: draw a line, 2 cm from the bottom. Mark the samples with a small dot, 0.51.5 cm apart. The solvent front tends to “smile” so distribute the sample equally and
stay at least 2 cm away from the sides of the TLC plate (20 Å~ 20 cm).
4. Return the TLC plate in the oven to keep it heat-activated (see Note 16).
5. Prepare the TLC solvent. For alkaline TLC this is: 90 mL CHCl3, 70 mL MeOH and
20 mL ammonia (25 %, w/v)/H2O (4:16, by vol.). Mix well and keep 80 mL separate
(to run the TLC).
6. Use the remaining solvent to “wash” the tank and to flush the filter paper (~21 x 21
cm) placed at the back of the tank that helps to keep the solvent atmosphere in the
chamber saturated.
7. Flush three times and, after the last wash, immediately add two small glass rods
that will keep the TLC plate above the solvent when pre-equilibrating. Close the tank
quickly with the glass lid and put a weight on top as the solvent pressure my lift the lid
and move it to leak. The tank is ready now and can be used three to four runs within
a week.
8. Get your lipid samples out of the −20 °C and spin them for 2-4 min in a
microcentrifuge to let the samples quickly adjust to room temperature (see Note 17).
9. Meanwhile, take the TLC plate from the oven and put it with the silica-side onto a
sheet of plastic wrap, just above the 2 cm line marked with a pencil, and wrap it. The
plastic protects the rest of the plate when loading.
10. Place the TLC plate horizontally on the table, behind a 1-cm thick Perspex
screen. Put another plate (glass or perspex) on top, but keep the 2-cm line clear to
load.
11. Place a hair dryer ~30 cm away from the TLC plate, so that a gentle stream of air
is streaming over the plate. This speeds up the evaporation of the chloroform and
reduces the size of the loading spots.
32
12. Place the P-lipid samples in a Perspex block behind the TLC.
13. Use a reaction tube filled with chloroform to wash your pipet tip in between the
samples.
14. Equilibrate the tip of 20 µL pipet with chloroform by pipetting it up-and down for a
number of times (see Note 18).
15. Load the pipet tip with 20 µL lipid extract and spot gently onto the TLC without
damaging the silica-coating (see Note 19).
16. Rinse the tip with chloroform to spot the next sample.
17. Repeat until all samples are loaded.
18. After the last sample, wait approx. 1 min to dry the last spot.
19. Remove the plastic wrap and place the TLC plate in the tank on the glass rods so
that the plate rests above the alkaline solvent. Quickly replace the lid to limit the loss
of solvent vapour.
20. Pre-equilibrate for 30 min.
21. Start the TLC by placing the plate into the solvent. Let the plate stand almost
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vertically and quickly close the tank again to prevent the loss of solvent vapour.
22. Run the TLC for 1.5 h (see Note 20).
23. Take the plate out and let it dry in the fume hood for 1 h to eliminate solvent
fumes which will affect the PhosphorImager screen or autoradiography film (see Note
21).
24. Wrap the plate in plastic wrap and expose a PhosphorImager screen for ~1 h.
25. For higher resolution images, expose the TLC plate to autoradiography film for ~1
h and over night for a short and long exposure, respectively.
26. A typical alkaline TLC pattern of salt- and heat-stressed Arabidopsis seedlings is
shown in Fig. 2.

32

Figure 2. Alkaline-TLC profile of Pi-labeled Arabidopsis wild-type seedlings in response to 30 min of
increasing concentrations of salt. Five-day-old seedlings of A. thaliana (Col-0) were prelabeled overnight
32
with Pi and then treated with NaCl (0, 50, 100, 200, 300 or 400 mM) for 30 min. Lipids were subsequently
extracted, separated by Alkaline TLC and visualized by autoradiography. Treatments were performed in
quadruplicates and in the presence of 0.5 % 1-butanol to visualize PLD activity, producing
phosphatidylbutanol (PBut) (2, 4, 6, 14, 26, 27). Each sample contained three seedlings.

4. NOTES
1. The protocol works for any cell culture, including Arabidopsis, coffee, tomato and
Medicago, green algae like Chlamydomonas, and pollen tubes and microspores (4,
16-20).
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2. Use cold solvents. They pipet better (less gas expansion within the pipet) and
decrease chemical breakdown.
3. As most cell suspensions tend to clump a bit, the use of large orifice tips is
preferred. Alternatively, simply cut off the pipet tips to increase the opening. Note that
the latter option is less accurate.
4. The use of Eppendorf Safe Lock reaction tubes is preferred as normal tubes may
open due to the gas pressure of the solvent.
5. The CFM is a conditioned medium to which the cells are not, or hardly, responding.
This is in huge contrast to using plane water or a buffer, which activates lipid
signaling instantly, likely via osmotic stress.
6. A short spin in the microcentrifuge is sufficient to remove the radioactive liquid from
the lid to prevent contamination when opening.
7. It is very important that the CMH completely dissolves the aqueous fraction. By
using a 3.75 vol. ratio, this will always occur. The MeOH enables to mix the water and
chloroform phases. By increasing either chloroform or water fraction, the solution will
split into two phases; an aqueous upper phase and an organic lower phase. This
effect is used later (Subheading 3.1, step 16) to separate the lipids from other cellular
contents, such as proteins, sugars and DNA.
8. Use the two phases in the Pasteur pipet to separate the lipid fraction from the
upper aqueous fraction and transfer it to a clean 2 mL Safe-lock Eppendorf tube,
already containing 750 µL TUP.
9. It is very important to remove all of the aqueous-upper phase. Water will cause
chemical hydrolysis of the lipid extract. First remove the upper phase as much as
possible. Then aspire all extract and use the organic phase to “wash” the wall of the
tube two to three times. Every time, aspire the complete extract again and let the
phases separate (Note that it is important to keep enough “balloon air”). Use the twophase separation in the Pasteur pipet to remove aqueous fraction. Due to a faster
evaporation of the chloroform than the water, two phases may reappear and this
cause chemical hydrolysis (breakdown) of the lipids.
10. The iso-propanol keeps the solution in one phase, keeping the water dissolved
into the chloroform.
11. First transfer the seedlings to a drop of buffer (2.5 mM MES- KOH, pH 5.8, 1 mM
KCl) in an empty petri dish. This discharges the static electricity of the roots and
allows a “clean” transfer of all three seedlings in one step into the reaction tube (do
not touch the wall!). Use a yellow 20-200 µL tip for the transfers, not tweezers
(damage). Alternatively, use a 24 wells microtiter plate containing 400 µL of buffer
with 2 or 3 seedlings/ well.
32
12. Add the P-label diluted, i.e., as 10 µL in buffer to lower the variability of labeling.
Usually, the label is 10 µCi/ µL, carrier free.
13. The extract now splits into two phases with an “aqueous” upper phase (free label)
and an organic lower phase (lipids). At the interphase, solid material (seedling
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remainings, protein precipitates) settles.
14. We use an Eppendorf multistepper/repeater pipet for this.
2+
2+
15. Potassium oxalate chelates cations like Ca and Mg , which cause PPIs to
“smear”.
16. Storing the plates above 100 °C prevents the silica from binding the water that is
in the air. The latter affects the composition of the TLC solvent and lowers the silica’s
capacity to bind lipids.
17. When the samples are cold, the water in the air can condensate on top of the
extracts causing hydrolysis and smearing of the lipid spots.
18. Chloroform evaporates easily and the gas that is building up inside the pipet
tends to push out the liquid within the tip. By equilibrating first the pipet and tip with
chloroform, this is strongly reduced and increases the handling and loading of the
lipid samples.
19. Because of the rapid evaporation of chloroform, the extract tends to be pushed
out. Use that drop to touch the pencil-marked spot on the TLC plate. Keep the pipet
vertical at all times. It is also no problem to gently touch the silica with the tip. Prevent
the spot from becoming too big, by loading small drops of extract at the time.
20. After 1.5 h, the front will still be a few cm from the top. It has, however, no use to
run it completely until the end. The speed of the migration front slows down
exponentially, while spots will diffuse in all directions, so there is no gain in resolving
power by running the TLC longer.
21. If you do not need to use the lipids any further, one can speed up the solvent
evaporation by placing the plate in the 115 °C oven for 5 min.
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Spermine triggers a rapid plasma membrane-PIP2 response
that is generated via PIP5K7 and PIP5K9 and stimulates the
efflux of K+ in roots of Arabidopsis seedlings
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Spermine triggers a PIP2 response via PIP5K7 and PIP5K9

ABSTRACT
Polyamines, such as putrescine (Put), spermidine (Spd) and spermine (Spm), are
low-molecular-weight polycationic molecules found in all living organisms. Despite
having been implicated in various important cellular processes, their mode of action is
still largely unclear. Accumulating evidence suggest that polyamines can interact with
macromolecules and cellular structures, such as membranes, and affect signal
transduction processes. Here, we provide evidence for an interaction between
polyamines and the polyphosphoinositide- (PPI) signalling pathway, using
Arabidopsis thaliana seedlings as a model system. Exogenous application of Put,
Spd and Spm all led to a rapid and significant increase of the signalling lipid,
phosphatidylinositol 4,5-bisphosphate (PIP2). Using time-course and dose-response
experiments, Spm was found to be the most effective at promoting PIP2 responses at
physiological (µM) concentrations. The increase in PIP2 mainly occurred in the root
and, at least partly, involved the plasma-membrane localised uptake transporter,
32
RMV1. Using a differential Pi-labelling strategy, we found that the increase in PIP2
was caused by the enzyme, phosphatidylinositol 4-phosphate 5-kinase (PIP5K), of
which Arabidopsis is predicted to encode 11 genes. Using T-DNA insertion mutants,
we identified AtPIP5K7 and AtPIP5K9 as the main candidates involved. Expressing a
genetically-encoded PIP2-biosensor in both wild type and pip5k7/pip5k9 doublemutant backgrounds, their involvement was confirmed and revealed that the Spminduced PIP2 response predominantly accumulated at the plasma membrane of root
cells within 30 min of treatment. The increase of PIP2 was found to correlate with a
+
gradual and transient K efflux through the PM, as measured with the non-invasive
microelectrode ion flux estimation (MIFE) technique in wt and pip5k7/pip5k9-mutant
roots. Our results provide biochemical and genetic evidence for an early interaction of
polyamines with the PM, and identified a potential signalling route downstream,
+
involving PIP2 and the efflux of K . The potential significance of these results will be
discussed.
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INTRODUCTION
The diamine putrescine (Put), the triamine spermidine (Spd) and the tetraamine
spermine (Spm) constitute the most common polyamines in nature. The rapid
accumulation of these small and versatile positively charged alkylamines is
concurrent with cell growth and proliferation in bacteria, archaea and eukaryotes
(Michael, 2016). Polyamine composition and concentration vary between species,
and biochemical features apparently give them a plethora of structural and regulatory
functions (Cohen, 1998). In eukaryotes, where polyamines have been intensively
investigated, their function ranges from interaction and stabilization of membrane and
nucleic acid components, to activation of protein kinases and transcription factors,
thus potentially affecting a huge range of cellular processes like fertilization,
embryogenesis, cell division, morphogenesis, autophagy, pathogenesis, senescence
and stress responses (Tabor and Tabor, 1985; Bagni and Pistocchi, 1988; Kaursawhney et al., 2003; T Kusano et al., 2008; Shah and Swiatlo, 2008; Alcázar et al.,
2010; Lefèvre et al., 2011; Gupta and Sigrist, 2013; Tiburcio et al., 2014; Moschou
and Roubelakis-Angelakis, 2014; Miller-Fleming et al., 2015; Aloisi et al., 2016; Li and
MacDonald, 2016). Nevertheless, how polyamine metabolism can target such
different and specific cellular functions, i.e. the precise mechanism behind it, is still
today one of the big mysteries in molecular biology (Bachrach, 2010).
Some of the cellular effects attributed to polyamines are hypothesized to be
caused by its interaction with various signal transduction cascades (Stefanelli et al.,
2002; Facchini et al., 2005; Bitrián et al., 2012). In plants, studies indicate that
polyamines may affect the balance of secondary messengers such as reactive
2+
oxygen species (ROS) and Ca , through the derivatives of their catabolism as well
as their capacity to induce ion fluxes across membranes (Yamaguchi et al., 2006;
Pottosin et al., 2014; Kusano et al., 2015), subsequently altering downstream
components in the signalling pathway (Takahashi et al., 2003; Yoda, 2006; Moschou
et al., 2008a, 2008b; Wu et al., 2010; Marco et al., 2011; Aloisi et al., 2015; Pál et al.,
2015; Sagor et al., 2015; Tavladoraki et al., 2016). In this context, studies in vitro
focused on the modulation of enzymatic activities by polyamines, have provided
evidence for the potential involvement of polyamines in the phosphoinositide (PPI)
metabolism (Smith and Snyderman, 1988; Schuber, 1989; Periyasamy et al., 1994;
Singh et al., 1995), which is crucial for signal transduction and membrane trafficking
in nearly all aspects of eukaryotic cell physiology (Di Paolo and De Camilli, 2006;
Balla, 2013; Heilmann, 2016a). Therefore, it has been suggested that polyamines
may play a role in earlier steps of the signal transduction cascades by affecting key
components of the PPI pathway at the plasma membrane level (Coburn, 2009).
Phosphoinositides are a special group of phospholipids only representing a
minor fraction of cellular membranes, predominantly at the cytosolic face. They are
derived from the structural phospholipid, phosphatidylinositol (PI), which can be
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phosphorylated and dephosphorylated by specific lipid kinases and phosphatases at
the D-3, 4- and 5- positions of the inositol head group (Munnik and Nielsen, 2011;
Balla, 2013; Heilmann, 2016a). The stereo-specific phosphorylation, acts as a
distinctive mark that can be recognized by various signalling proteins, including those
having a specific PI-binding domain (Lemmon, 2003; Hammond and Balla, 2015),
that results in the (in)activation of enzymes and ion channels or in the recruitment of
target proteins to the membrane. In plants, the main PI-phosphorylated isomer is
phosphatidylinositol 4-phosphate (PI4P), constituting approximately 80% of the
plant's PIP pool (Munnik et al., 1994a; 1994b; Meijer et al., 2001; Meijer and Munnik,
2003). The reaction is carried out by a PI 4-kinase (PI4K), of which Arabidopsis
contains three subfamilies, i.e α (2), β (2) and γ (6) (Mueller-Roeber and Pical, 2002).
The latter subfamily retain the conserved catalytic domain but fail to phosphorylate PI
in vitro (Galvão et al., 2008) and is doubted to represent genuine PI4Ks (Munnik and
Testerink, 2009; Heilmann, 2016a). In addition, attempts to obtain PI4Kα2 transcripts
encoding an active PI4K catalytic domain were unsuccessful (Okazaki et al., 2015).
Hence, Arabidopsis only seem to contain three active PI4Ks, PI4Kα1, PI4Kβ1 and
PI4Kβ2 (Okazaki et al., 2015). PI4P can be further phosphorylated to PI(4,5)P2 (PIP2)
and its conversion is catalysed by PI4P 5-kinases (PIP5K), of which Arabidopsis
contains eleven isoforms (PIP5K1-11), being this the only known source of PIP2
production in plants (Heilmann, 2016a). PI4K and PIP5K are counteracted by several
lipid phosphatases belonging to the suppressor of actin (SAC) phosphatase- and PI
5-phosphatase (5PTase) families (Williams et al., 2005; Zhong et al., 2005;
Gunesekera et al., 2007; Thole et al., 2008; Donahue et al., 2013; Gillaspy, 2013;
Novakova et al., 2014; Heilmann, 2016a) and potentially by the activity of the
enzymes cotyledon vascular pattern 2 (CVP2) and its homolog CVP2-like 1 (CVL1),
that are involved in foliar venation (Carland and Nelson, 2009; Rodriguez-Villalon et
al., 2015). Besides their role as ligands for target proteins, PI4P and PI(4,5)P2 also
serve as substrates for phospholipase C (PLC) hydrolysis, with the subsequent
formation of soluble inositol polyphosphates (IPPs) and diacylglycerol (DAG) (Zonia
and Munnik, 2006; Gillaspy, 2013; Munnik 2014). In animals, DAG acts as a potent
activator of protein kinase C (Amadio et al., 2006) and TRP-ions channels, but both
types of proteins are missing in plants (Mueller-Roeber and Pical, 2002; Munnik,
2014). Instead, plants seem to rapidly phosphorylate DAG by a DAG kinase (DGK) to
form phosphatidic acid (PA), that has emerged in plant signalling in place of DAG
(Arisz et al., 2009; Munnik and Testerink, 2011; Vermeer et al., 2017).
The PIP2 levels in higher plants are very low compared to animals, as
recently confirmed by radioactive labelling experiments and PIP2 biosensors (van
Leeuwen et al., 2007; Munnik and Testerink, 2009; Vermeer et al., 2009; Simon et al.,
2014, 2016). In animal cells, but also in unicellular green algae, i.e. Clamydomonas
and Dunaliella, the ratio of PIP:PIP2 is normally ~1:1, whereas in higher plants PIP2
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levels are 20- to 100-fold lower (Munnik et al., 1998b; Arisz et al., 2000; Munnik and
Testerink, 2009; Munnik, 2014). Besides its extremely low concentration in higher
plants and beyond its canonical role as substrate for PLC signalling, PIP2 is also
emerging as a signalling molecule itself, triggering various downstream regulatory
effects (Munnik and Nielsen, 2011; Heilmann and Heilmann, 2015; Heilmann, 2016a).
Its ability to recruit and bind specific target proteins that contain clusters of polybasic
residues, or defined 3-D domains such as the pleckstrin homology (PH) domain (van
Leeuwen et al., 2004; van Rossum et al., 2005; Wigoda et al., 2010), allows PIP2 to
perform a variety of key functions in multiple cellular processes, such as membrane
trafficking, organization of the cytoskeleton, and regulation of ion channels (Wigoda et
al., 2010; Heilmann, 2016a). Phosphoinositides are continuously formed and
degraded, resulting in a rapid and dynamic turnover (Munnik et al., 1998a; Heilmann,
2016b) and in this way, the formation of signalling lipids in response to a stimulus is
typically transient.
The accumulation of PIP2 in plant cells is quite unique and has so far only
been reported in response to heat (Mishkind et al., 2009), salt, and osmotic stress
(Einspahr et al., 1988; Heilmann et al., 1999, 2001; Pical et al., 1999; DeWald et al.,
2001; König et al., 2007, 2008; Van Leeuwen et al., 2007), however, in all of these
instances the biological significance is still not clear. Interestingly, these early
responses in abiotic stress are also known to trigger local increases in polyamine
concentration from 10-100 µM up to mM concentrations (Alcázar et al., 2010), and
polyamine efflux across the PM into the apoplast (Moschou et al., 2008b; Toumi et
al., 2010).
Polyamines have been shown to affect different components of the PI
pathway in animal systems (Schuber, 1989). It has been shown in preparations from
tissues and in isolated membranes that polyamines modulate phosphoinositide
metabolism by promoting PI4K activity (Lundberg et al., 1986, 1987; Etkovitz et al.,
2007) and increasing plasma membrane-associated PIP5K activity (Bazenet et al.,
1990; Singh et al., 1995; Chen et al., 1998; Gimenez et al., 2015). Moreover, studies
in vivo have reported that both exogenous and endogenous Spm and Spd were able
to evoke a large increase in PIP2 in HL60 cells due to PIP5K stimulation (Coburn et
al., 2002, 2006), thus placing phosphoinositide signalling as an early event following
the onset of polyamine sensing by animal cells. In plants, studies regarding the
effects of polyamines on phosphoinositide cycle are scarce. In Brassica oleracea
seedlings and Coffea arabica cells, a polyamine induced increase in PIP2 and PI4P
was accompanied by a decrease in PI and IPP, with Spm being the most effective,
following Spm > Spd > Put. This also correlated with increased lipid kinase activity in
vitro (Dureja-Munjal et al., 1992; Echevarría-Machado et al., 2005; Yang and Boss,
1994; Singh et al., 1995). With respect to PLC, the effect of polyamines seem to be
more ambiguous for both plants and animals, and a differential effect in function of
the PLC isoform seems to take place (Pawelczyk and Lowenstein, 1997; Pawelczyk
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and Matecki, 1998; Echevarría-Machado et al., 2004, 2005). Nonetheless, the above
results support the idea that plasma membrane PIP2 may play a role in polyamineevoked effects.
To investigate the effect of polyamines in more detail, we used Arabidopsis
32
seedlings as a model system, and utilized detailed in vivo
P-prelabelling
experiments with subsequent lipid analyses that displayed distinct phosphoinositide
responses. Subsequent T-DNA insertions mutants were used to provide the genetic
evidence for these metabolic changes and determined how this related to transport of
polyamines, and ions across the plasma membrane.

RESULTS
Polyamines trigger the formation of PIP2 in Arabidopsis thaliana seedlings
To test the effect of polyamines on phospholipid signalling, we used Arabidopsis
32
seedlings that were Pi-prelabeled overnight (O/N) and then treated the next day with
physiological concentrations (60 µM) of Put, Spd or Spm for 30 min. As shown in
Figure 1, Spd and Spm triggered a strong PIP2 response, whereas Put did not.
Figure 1. Polyamines trigger a PIP2 response in
Arabidopsis seedlings. Five-days old seedlings that had
32
been Pi-labeled O/N were treated for 30 min with 60 µM
of putrescine (Put), spermidine (Spd) or spermine (Spm),
or with buffer alone (control, Ctrl), after which their lipids
were extracted, separated by thin layer chromatography
(TLC), and visualized by autoradiography. In the
autoradiograph of the TLC each sample represents the
extract of three seedlings. Phospholipids are indicated: PA,
phosphatidic
acid;
PC,
phosphatidylcholine;
PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PIP, phosphatidylinositol phosphate;
PIP2, phosphatidylinositol 4,5-bisphosphate.

Increasing the concentration of the latter, revealed that Put was also able to induce a
PIP2 response, but that much higher, mM concentrations were required (Suppl. Fig.
S1A). In contrast, Spm already induced a PIP2 response at 15 µM, while for Spd ≥ 60
µM was needed. (Figure 2; Suppl. Fig. S1A). Thermospermine (Tspm), a structural
isomer of Spm, was found to trigger a PIP2 response at the same concentration range
as Spm (Suppl. Fig. S1B). Similarly, the Spm-derived diaminopropane (Dap)
exhibited the same potency as Put (Suppl. Fig. S1B). These results indicate that the
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capacity of polyamines to trigger PIP2 is a function of the number of positive charges
4+
4+
3+
in the molecule, rather than a specific polyamine-type, i.e. Spm =Tspm >Spd >>
2+
2+
Put ≈Dap .
The response in PIP2 is quite unique. So far, only osmotic- and heat stress
have been shown to trigger a PIP2 response, and this lipid has been implicated in
various developmental responses where cell polarity is an issue, i.e. the polar growth
of pollen tubes and root hairs, and the expanding cell plate during cell division (van
Leeuwen et al., 2007; H Kusano et al., 2008; Sousa et al., 2008; Stenzel et al., 2008;
Zhao et al., 2010; Ischebeck et al., 2013; Tejos et al., 2014). Since it was unknown
why and how polyamines triggered the PIP2 response, we decided to analyse this in
more detail using Spm and dose-response and time-course analyses. As shown in
Figure 2, Spm induced a clear dose-dependent sigmoidal PIP2-response curve when
treated for 30 min, starting at low µM levels and reaching a maximum of around 4.5
fold response at 60 µM Spm (Fig. 2A, 2C). Performing time-course experiments with
60 µM Spm revealed an exponential PIP2 increase already starting at 4 min after
treatment (Fig. 2B, 2D). Increases in PIP (Suppl. Fig. S2) and PA (see Chapter 5,
Figure 1) were also observed, though less pronounced than the response in PIP2.
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Figure 2. Dose-response and time-course analysis of the Spm induced- PIP2 response.
32
Five-days old seedlings that had been Pi-labeled O/N were treated for 30 min with different
concentrations of Spm (A, B) or for the indicated periods of time with 60 µM Spm or buffer alone (control)
(C, D). (A) Autoradiograph of the dose-response TLC. (B) Quantification of the PIP2 response showing the
32
32
percentage of P-PIP2 with respect to the total amount of P-labelled phospholipids. Letters indicate
values significantly different according to Student-Newman-Keuls test at P-value <0.05. Data are the mean
± SD of three independent experiments (n = 9). (C) Autoradiograph of the time-course TLC time-response
experiment with and without Spm 60 µM. (D) Quantification of the PIP2 response expressed as percentage
of PIP2 with respect to all phospholipids labelled. Asterisks indicate significant differences with respect to
control treatments without Spm, using the Student's t-test: *P<0.05, **P<0.01, ***P<0.005. Data are the
mean ± SD of three independent experiments (n = 6).

H2O2 and NO do not trigger the increase of PIP2
Spm is known to cause the accumulation of H2O2 and NO (Cona et al., 2006; Tun,
2006; Moschou et al., 2008a), and both have been implicated in lipid signalling
(Yamaguchi et al., 2004; Distéfano et al., 2008; Lanteri et al., 2008; Guo et al., 2012).
To investigate whether these compounds were responsible for the Spm induced-PIP2
response, we analysed their potential involvement under our conditions. As shown in
Figure 3, Spm induced the production of H2O2 and NO in Arabidopsis seedlings as
evidenced by the increase in fluorescence of their reporters, i.e. 2’,7’dichlorofluorescein diacetate (H2DCFDA; Fig. 3A) and diaminorhodamine-4M
acetoxymethyl ester (DAR-4M AM; Fig. 3B). Their production, likely mediated by
polyamine oxidase (PAO) and diamine oxidase (DAO) activity (Tun, 2006;
Wimalasekera et al., 2011), appeared predominantly in the root elongation zone (Fig.
3A, 3B). Scavengers of ROS (dimethylthiourea (DMTU); Fig. 3C) or NO (carboxyPTIO (cPTIO); Fig. 3D) were able to significantly reduce the accumulation of H2O2
and NO, but completely unable to reduce the Spm triggered-PIP2 response (Fig. 3E).
Incubation of the seedlings for 30 min with 60 µM Spm did not alter the cell viability as
determined by fluorescein diacetate (FDA) staining (Suppl. Fig. S3). These results
suggest that Spm induces the PIP2 formation directly, i.e. not via its metabolites.
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Figure 3. H2O2 or NO are not responsible for the Spm induced-PIP2 response. (A) Visualization of
Spm-induced H2O2 (A, C) or NO (B, D) production. Five days-old seedlings were incubated for 60 min with
or without 5 mM DMTU (A, C) or 0.1 mM cPTIO (B, D). For the H2O2 detection (A, C), seedlings were
treated with 120 µM Spm or buffer alone (Ctrl) for 30 min, then rinsed twice with buffer and subsequently
treated with 10 µM H2DCFDA for 10 min, prior to the visualization of its fluorescent derivative DCF by
fluorescence microscopy (A, C). For the NO assay (B, D), seedlings were pre-treated with or without 0.1
mM cPTIO for 60 min and then treated with 120 µM Spm or buffer for 30 min, together with 10 µM DAR-4M
AM. Seedlings were briefly rinsed in buffer prior to microscopic visualisation. Bars represent 100 µm (A, B).
(C, D) Quantification of the fluorescence in the root tip, expressed as arbitrary units (AU; Mean ± SD, n =
32
8). (E) PIP2 levels in P-labelled seedlings incubated in presence of buffer (Ctrl) or scavengers (5 mM
DMTU or 0.1 mM cPTIO) for 60 min, and then treated for 30 min with or without 120 µM Spm. Data is
32
expressed as percentage of total P-lipids, representing the mean ± SD (n = 3). Letters indicate values
significantly different according to Student-Newman-Keuls test at P-value <0.05. All the experiments were
repeated twice with similar results.
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PIP2 response requires transport of Spm across the plasma membrane – role
for RMV1
3+
The non-permeable cation-transport blocker, gadolinium (Gd ) is known to inhibit the
uptake of Spm across the plasma membrane (Pistocchi et al., 1988; Ditomaso et al.,
1992b; Pottosin et al., 2014). As shown in Figure 4A, incubation of seedlings with
3+
Gd prior to the application of Spm completely abolished the PIP2 response. To
deepen this further, we investigated the involvement of the Arabidopsis L-type amino
acid transporter (LAT), called Resistant to Methylviologen 1 (RMV1, LAT1), that is
localized in the plasma membrane and responsible for the high-affinity uptake of Spm
(Fujita et al., 2012). Using a knock-out T-DNA insertion mutant rmv1 and two
independent over-expressor Pro35S::RMV1 lines, we found a 25% decrease and a
15-25% increase in the response of PIP2, respectively (Fig. 4B, 4C). These results
indicate that the cellular uptake of Spm is upstream of the PIP2 response, and that
RMV1 is at least one of the proteins involved in the transport of Spm across the
plasma membrane.

Figure 4. The Spm induced-PIP2 response is dependent on polyamine transporters, including
32
RMV1. (A) Gadolinium blocks Spm induced-PIP2 response. O/N P-labelled seedlings were pre-treated
with buffer (Ctrl) or 100 µM GdCl3 for 60 min after which they were treated with 60 µM Spm or buffer alone
32
for 30 min. (B, C) P-PIP2 responses in rmv1 knock-out and two independent Pro35S::RMV1 over32
expressor lines. Seedlings were P-labelled O/N and the next day treated for 30 min with or without 60 µM
Spm. Wild-type Landsberg (Ler) and a wild-type Col-0 line containing the empty vector (Ve-1) were used
as control lines, respectively. Letters indicate values significantly different according to Student-NewmanKeuls test at P-value <0.05 (Mean ± SD, n = 3). Experiments were repeated twice with similar results.

To analyse the potential involvement of the four other of the members of the
LAT family (Mulangi et al., 2012), two quadruple knock-out mutants, lat1/2/3/5 and
lat1/2/4/5 were used since the quintuple mutant was lethal (Fujita et al., in
preparation). Both lines, however, revealed 'normal' Spm induced-PIP2 responses
(Suppl. Fig. S4). This discrepancy could be due to the fact that the rmv1 KO single is
a different KO allele and a different ecotype than the rmv1 mutant present in the
84

Chapter 4

quadruple mutation (i.e. in Ler and Col-0, respectively). Although at least three AtLAT
proteins exhibit PA transport activity (LAT1, LAT3, LAT4; Fujita et al. 2012; Mulangi et
al. 2012), only LAT1 localizes in the plasma membrane, whereas LAT3 and LAT4
localize to the endoplasmic reticulum and the Golgi apparatus respectively (Li et al.,
2013). Therefore, the results obtained may reflect a distinct cellular activity for the
LAT members and/or a possible genetic redundancy for Spm uptake in our
experimental conditions.
Spm-induced PIP2 is generated through activation of PIP5K7 and PIP5K9
The accumulation of PIP2 could be a result of three different pathways: 1) by inhibition
of PIP2's breakdown via either PLC, or 2) a PIP2 phosphatase, or 3) by stimulation of
PIP2's synthesis via activation of a PIPK. In order to distinguish between these
possibilities, some additional labelling experiments were performed. For example, a
32
short P-labelling protocol was used to highlight the difference between PIP2
32
synthesis and breakdown (Munnik et al., 1998b; Arisz and Munnik, 2013). When Pi
is added to seedlings, it is rapidly incorporated into ATP and, hence, into lipids that
are synthesized via a kinase (e.g. PIP2 via PIPK). So when seedlings were only
labelled for 30 min rather than the usual O/N labelling for 16 hrs, and treated with
32
Spm, we observed a much stronger increase in P-PIP2, indicating that Spm
activates PIPK activity (Fig. 5A). Confirmation that the increase of PIP2 was not
caused through inhibition of PLC or 5-phosphatase was obtained through a pulsechase experiment, in which seedlings were first treated with Spm, then labelled for 5
32
3min with Pi, and subsequently chased with non-radioactive PO4 . As shown in
32
Figure 5B, P-PIP2 quickly rose after stimulation and then decreased due to the
rapid incorporation of the non-radioactive Pi. If PLC and/ or 5-phosphatase were
32
involved, P-PIP2 levels would remain the same or even rise as most of their PIP2 in
seedlings would not be labelled yet. (Fig. 5B).
Arabidopsis contains 11 PIPKs (Heilmann, 2016a). To investigate their
individual involvement in the Spm induced-PIP2 response, a collection of T-DNA
insertion mutants of all 11 PIP5K genes was screened, and this led to the
identification of AtPIP5K9 and AtPIP5K7 (Fig. 5C; Suppl. Fig. 5A). Knock-out alleles
pip5k9a, pip5k9c, pip5k7-1, and the knock-down line, pip5k7-3 (Suppl. Fig. S5B,
S5C), all showed a ~45% reduction in the Spm induced-PIP2 response, while a
double knock-out mutant, pip5k7-1pip5k9c, lost ~90% of the PIP2 response (Fig. 5C).
These results show that PIP5K7 and PIP5K9 are the main enzymes responsible for
the increase in PIP2.

85

Spermine triggers a PIP2 response via PIP5K7 and PIP5K9

Figure 5. The Spm triggered-PIP2 response is generated by activation of PIPK, not by inhibiting PLC
32
or PIP2-phosphatase. (A) Seedlings were pulse-labelled with Pi for 30 min and then treated with 60 µM
Spm or buffer alone (Ctrl) for the indicated times. The fold-PIP2 response of two independent experiments
32
is shown (squares and triangles, respectively). Values are normalized to the
P-labelling of
phosphatidylinositol (PI) and expressed with respect to Ctrl, 0 min. Open symbols represent control
treatments; Closed symbols, 60 µM Spm. (B) Pulse-chase experiment in which seedlings were first treated
32
with or without Spm for 15 or 30 min (triangles and squares, respectively), then labelled for 5 min with Pi,
after which non-radioactive Pi was added with or without Spm (t = 0). (C) Incubations were stopped at the
32
indicated times and the lipids extracted and analysed. P-PIP2 responses were normalized with respect to
32
labelled P -PI levels and expressed as fold increase with respect to Ctrl, 0 min. Ctrl, open squares and
32
triangles. Spm 60 µM, Closed squares and triangles. (C) P-PIP2 responses of wt and T-DNA insertion
32
mutants of PIP5K7 and PIP5K9, and a double mutant. Seedlings were Pi-labelled O/N and treated with
buffer with and without 60 µM Spm for 30 min. Letters indicate values that are significantly different
according to Student-Newman-Keuls test at P-value <0.05 (Means ± SD, n = 3). The experiment was
repeated twice with similar results.

AtPIP5K7 and AtPIP5K9 are mainly expressed in the vasculature and root tip,
and are upregulated upon Spm
The histological expression of the candidate genes was studied using 6 days-old
Arabidopsis transgenic lines expressing ProPIP5K7::GUS and ProPIP5K9::GUS
constructs. As shown in Figure 6, expression of PIP5K7 and PIP5K9 was mostly
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vascular in the cotyledons (Figs. 6A and 6E) and main root (Figs. 6B and 6F), and
present in most cells of the root meristem (Fig. 6D, 6H), with higher intensity in the
protophloem cells for PIP5K7 (Fig. 6D). This result was consistent with an earlier
promoter-reporter gene fusion study of PIP5K7 (Bauby et al., 2007), but contradicts
with a previous study on PIP5K9, where no expression in the meristematic zone was
reported (Lou et al., 2007). Regarding the elongation and differentiation zone of the
root (Fig. 6B, 6F), the expression of PIP5K7 was restricted to the stele, pericycle and
phloem tissues, whereby the companion cells showed the highest expression levels,
together with metaphloem and procambium (Fig. 6C). In contrast, PIP5K9 was
expressed in all cells of the elongation- and differentiation zone, except the
endodermis, where it was only expressed in the passage cells (Fig. 6G).

Figure 6. GUS-expression analysis of PIP5K7 and PIP5K9 in Arabidopsis seedlings. Histological GUS
analyses of five-days-old transgenic lines expressing the constructs ProPIP5K7::GUS (A-D) or
ProPIP5K9::GUS (E-H). Pictures show the cotyledons (A, E), a general overview of the root (B, F) and
cross-sections of the root differentiation zone (C, G) and division zone (root meristem; D, H). Black
arrowheads mark the protophloem cells (C, D, G, H). Results were confirmed in three independent
transgenic lines. Bars represent 25 µm.
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Despite the specific expression patterns observed for both genes, no initial
phenotypes were observed in terms of growth or development (Suppl. Fig. S6A,
S6B). A more detailed analysis based on propidium iodide staining revealed no
vascular defects in protophloem or xylem root tissues in single- or double-knockout
lines (Suppl. Fig. S6C). However, in pip5k9 as well as in the double mutant,
pip5k7/pip5k9, we did observe a significantly increased chance of disruption in the
continuity of the vascular cotyledon network, being more severe in the double mutant
(Suppl. Fig. S6D).
Spm was found to induce a strong PIP5K7 expression in the root tip meristem
as well as in the stele, whereas a slight increase in PIP5K9 expression was observed
after 30 min (Fig. 7A). These results were confirmed by qRT-PCR analyses in the
seedlings, in which an increase in expression for both genes was detected between
15 and 60 min after adding Spm (Fig. 7B). The result indicates that part of the
increase in PIPK activity over longer time periods may be due to increased gene
expression.
To analyse the correlation between gene expression and enzyme activity in
32
more detail, we performed the same P-labelling analyses and treatments ± Spm as
before, but now dissected the different tissues after sample fixation. The PIP2
response in the different tissue sections is summarized in Figure 7C. Interestingly,
the Spm induced-PIP2 response was only detectable in the root, not in the shoot or
hypocotyl (Fig. 7C), this result was in contrast to the vascular-GUS expression data
(Fig. 6). Within the root, highest activities were found near the tip and maturation
zone (slices III, IV, VI; Fig. 7C), which correlated well with the increased expression
of PIP5K7 and PIP5K9 in these tissues (Fig. 7A). A repetition of this experiment with
120 µM Spm gave similar results (data not shown). The lack of Spm responsive-PIPK
activity in the hypocotyl and cotyledons could be a consequence of problems with
Spm detection and/or entry. We did observe an Spm induced-PIP2 response in leaf
discs of mature (3-weeks old) plants (Supplemental Fig. S7). In that case higher
concentrations of Spm are necessary to induce a PIP2 response.
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Figure 7. Effect of Spm on AtPIP5K7 and
AtPIP5K9 expression. (A) Effect of Spm on
promotor-GUS expression of PIP5K7 and
PIP5K9.
five-days
old
seedlings
of
ProPIP5K7::GUSand
ProPIP5K9::GUStransgenic lines were treated for 30 min with
or without Spm 60 µM and stained for GUS
activity. (B) Quantification of PIP5K7 and
PIP5K9 expression by qRT-PCR on wt
seedlings treated at the indicated times with or
without 60 µM Spm. Values are the mean from
three biological replicates ± SD, each with
32
three technical replicates. (C)
P-PIP2
response in different sections of the
Arabidopsis seedling. Five-days old wt
32
seedlings that had been labelled O/N with Pi
were treated with or without 60 µM Spm for 30
min. After the labelling was stopped by adding
PCA, seedlings were cut in 6 parts (I-VI) and
their
lipids
extracted
and
quantified.
Length/type of section: root tip, 2 mm (I), 3
mm (II), 5 mm (III), 5-7 mm (IV), hypocotyl (V)
and cotyledons (VI). Results (Mean ± SD, n =
3) are expressed as fold-increase of PIP2 with
respect to control treatment without Spm of
each section. Asterisks indicate significant
differences using Student's t-test: *P<0.05,
**P<0.01, ***P<0.005. The experiment was
repeated twice with similar results.

Spm triggers a PIP2 response at the plasma membrane
To analyse the subcellular localization of the Spm-induced-PIP2, we used the PIP2biosensor line, ProUBQ10::YFP-PHPLCδ1, which is a transgenic Arabidopsis line that
expresses YFP fused to the pleckstrin-homology (PH) domain from the human PLCδ1
that specifically binds PI(4,5)P2, under control of the constitutive ubiquitin10 (UBQ10)
promoter (van Leeuwen et al., 2007; Simon et al., 2014). Confocal scanning was
focussed on the cortex cells in the transition zone of the root tip since these cells
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show a better distinction between plasma membrane (PM) and cytosol, and because
the PIP2 response was particularly high in that zone (Fig. 7A, 7C). At control
conditions, most of the probe was present in the cytosol (Fig. 8), due to the low
concentrations of PIP2 in plant cell’s inner leaflet (van Leeuwen et al., 2007; Vermeer
and Munnik, 2013). However, in response to 30 min Spm treatment, the biosensor
was clearly recruited to the PM, resulting in a co-labelling with FM4-64 (Fig. 8). This
failed in the pip5k7/pip5k9 double mutant, confirming the involvement of PIP5K7 and
PIP5K9 in the PM-PIP2 response (Fig. 8; Suppl. Fig. S8).

Figure 8. The Spm induced-PIP2 response is located at the plasma membrane. Confocal imaging of
five days-old wt- and pip5k7/pip5k9 seedlings, expressing the PIP2 biosensor, ProUBQ10::eYFP-PHPLCδ1.
Seedlings were treated with or without 60 µM Spm for 30 min and stained for 5 min with 3.5 µM FM4-64 to
label the plasma membrane. Pictures show cortex cells in the root transition zone. A plot profile analysis,
carried out along the line indicated in the merged pictures, shows the fluorescence of FM4-64 (red), eYFPPHPLCδ1 (green) and their colocalization (yellow). Fluorescence is expressed as arbitrary units (AU). Bars
represent 10 µm.
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We noticed that Spm treatment caused a small increase in cytosolic
background fluorescence, which was present both in wt and mutant (Fig. 8). A
possible explanation for this is that Spm affects the volume of the cytosol/vacuole
(Suppl. Fig. S9), or alters the intracellular pH. For example, exogenous polyamines
have been shown to accumulate in acidic compartments, such as the vacuole
(Pistocchi et al., 1988; Ditomaso et al., 1992a). Since eYFP is pH-sensitive (Shaner
et al., 2005), an increase in fluorescence due to cytosolic alkalinisation caused by
+
Spm-induced PM H -ATPase activity (Reggiani et al., 1992; Garufi et al., 2007;
Pottosin et al., 2014) or the proton-trapping effect of the amine groups of Spm
(Ioannidis and Kotzabasis, 2014), cannot be excluded.
+

PIP5K7 and PIP5K9 are involved in the Spm-induced K -efflux response in the
root-elongation zone
+
The application of polyamines is known to trigger an efflux of K in pea- (Pisum
sativum) (Zepeda-Jazo et al., 2011) and maize roots (Pandolfi et al., 2010). To test
this response at the root elongation zone of Arabidopsis seedlings, the non-invasive
Microelectrode Ion Flux Measurement MIFE technique was used (Shabala et al.,
2006). As shown in Figure 9A, prior to Spm treatment, all roots showed a small net
+
-2 -1
K efflux of 100-150 nmol m s , most probably the result of transferring the plant
+
+
from nutrient-rich MS medium (containing around 20 mM K ) to a poorer (0.2 mM K )
BSM (basic salt medium) solution. When different concentrations of Spm were
+
applied, a clear dose-dependent efflux of K was observed. In this experiment, the
+
intensity of K loss strongly correlated with the accumulation of PIP2 (Fig. 2C, Fig.
2
+
9B; R = 0.88). While the Spm-induced K efflux slowly restored to pre-treatment
+
values after 50 min when 60 µM or 200 µM Spm was used, the K loss persisted
3+
when 10 µM or 20 µM Spm was used (Fig. 9A). Pre-treatment with Gd completely
+
blocked the Spm induced-K efflux (Suppl. Fig. S10), indicating that the effect of
+
exogenous Spm on K currents was likely triggered from the cytosolic side, after its
uptake, consistent with other reports (e.g. Liu et al. 2000). Interestingly, pip5k7/pip5k9
+
seedlings already showed significantly less K efflux before treatment, and in the
+
presence of 60 µM Spm, they showed about 70% less K -efflux than wt (Fig. 9C, 9D).
Together, these results indicate that the increase of PIP2 at the PM is upstream of the
+
Spm induced-K efflux.
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+

Figure 9. Spm induces transient K fluxes at the root elongation zone, which is strongly reduced in
+
pip5k7pip5k9 mutants. (A) Dose-response analyses of K flux kinetics measured by MIFE at the
elongation zone of the root tip of 5 days-old Arabidopsis wt seedlings. Spm was added at the indicated
concentrations at t=0. 6-7 Arabidopsis seedlings were analysed per treatment. (B) Quantification of the
+
average K flux during the 50 min period of treatment. Data is represented as means ± SD (n = 6 - 7). (C)
+
Transient K -flux kinetics in wt- and pip5k7pip5k9 seedlings upon treatment with 60 µM Spm at t=0. (D)
+
Quantification of the average K flux over 30 min of Spm application (means ± SD, n = 6 - 7). Asterisks
indicate significant differences using Student's t-test: *P<0.05, **P<0.01, ***P<0.005. For all MIFE data,
negative values represent net efflux of ions to the apoplast.

DISCUSSION
Polyamines are naturally occurring polycationic molecules involved in multiple
processes along a cell's lifespan. However, the elucidation of their mode of action to
understand their pleiotropic effect has become a huge challenge in molecular biology.
In this context, the early interaction between polyamines and components of the
plasma membrane, such as the phosphoinositide metabolism, has recently been
hypothesized to potentially intermediate many important cellular events in animals
(Coburn, 2009). Here, we biochemically and genetically characterized a Spm
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induced-PIP2 response in Arabidopsis and identified the modulation of the Spm+
induced K efflux across the PM as one of its potential downstream effects.
32
Using a highly sensitive Pi-labelling technique that allows to monitor
phospholipid synthesis and turnover in vivo (Munnik and Zarza, 2013), we showed
that polyamines trigger a rapid accumulation of the important signalling phospholipid
4+
3+
2+
PIP2 in a dose and charge-dependent manner, i.e: Spm > Spd > Put (Fig. 1,
Suppl. Fig. 1). This charge-dependency is consistent with data represented in
responses of Brassica oleracea seedlings and Coffea arabica cells (Dureja-Munjal et
al., 1992; Echevarría-Machado et al., 2005), and indicates a non-polyamine-type
specificity in the response. The external application of polyamines to seedlings could
mimic an endogenous response, when seedlings secrete polyamines into the
apoplast, something that occurs in response to different environmental cues
(Moschou et al., 2008b; Toumi et al., 2010). Once in the apoplast, part of the
polyamines are metabolized by (diamine- and polyamine) oxidases, generating
various ROS species and triggering downstream effects (Takahashi et al., 2003;
Moschou et al., 2008a; Toumi et al., 2010; Pottosin and Shabala, 2014), but an
important fraction (likely at other parts of the cell/tissue/plant) is transported across
the plasma membrane (Ditomaso et al., 1992a; Angelini et al., 2010; Campestre et
al., 2011; Moschou et al., 2012). This uptake process is relatively rapid, reaching
saturation at low µM concentrations, causing their intracellular concentrations to rise
by 10-1000 µM/min (Pistocchi et al., 1987, 1988; Ditomaso et al., 1992a).
Traditionally, this process has been suggested to be channel-mediated (Colombo et
al., 1992), although carrier- or energy-dependent uptake has been suggested by
other studies (Kakkar et al., 1997). Focusing on Spm for a detailed characterisation,
we showed that plasma membrane polyamine uptake transporter, RMV1 (Fujita et al.,
2012; Mulangi et al., 2012; Martinis et al., 2016), was involved in the Spm uptake
route leading to PIP2 accumulation (Fig. 4). Within minutes, concentrations ranging
15 – 60 µM Spm elicited in a dose-dependent manner a response from the
intracellular side, in which PIP2 accumulated linearly over a 1 h period (Fig. 2). We
did observe however, a genetic redundancy in Spm uptake (Fig. 4, Suppl. Fig. S4)
and in this regard we cannot discard that polyamine uptake may involve other
members from the amino acid-polyamine-choline APC family, in which the subfamily
of LAT transporters is included (Verrey et al., 2004; Rentsch et al., 2007), or the
involvement of transporters belonging to other families, such as the recently
characterized polyamine uptake members of the nitrogen transporter family, NRT in
Arabidopsis (Tong et al., 2016), or the participation of a more general uptake system
(Poulin et al., 2012).
Importantly, the Spm-eliciting concentrations used in this work are
significantly lower than the basal polyamine levels reported in plant cells (Galston and
Kaur-Sawhney, 1995), and much lower than most working concentrations used in
literature, where typically high µM to low mM concentrations are being applied. In our
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hands, high µM Spm concentrations revealed a clear saturation in the PIP2 response
(Fig. 2), which correlated with a dose-dependent inhibition of root growth (Suppl. Fig.
S11A). The latter is consistent with earlier reports where polyamines have been
shown to inhibit root growth, and in which the H2O2 derived from their oxidation
played a crucial role (de Agazio et al., 1995; Couée et al., 2004; Tisi et al., 2011).
However, in our conditions, we clearly found that potential H2O2 was not responsible
for the Spm induced-PIP2 response described here (Fig. 3). Moreover, low µM
concentrations did not affect root growth either (Suppl. Fig. S11B). On the other
hand, hyperaccumulators of PIP2, achieved by either blocking its breakdown as
reported for the sac9 loss-of-function mutant (Williams et al., 2005) or by enhancing
its synthesis by overexpressing a human, HsPIP5K gene (Im et al., 2014), both
revealed severe root growth-inhibition phenotypes. This indicates that (i) our
response is likely transient in comparison with a constitutive hyperaccumulation of
PIP2, and/or (ii) that the accumulated PIP2 pool is involved in a different downstream
effect in the case of Spm, not leading to root-developmental phenotypes.
The phosphorylation of PI4P at the 5-position of the inositol ring constitutes
the only known route for PIP2 synthesis in plants (Munnik and Nielsen, 2011;
Heilmann, 2016a). In Arabidopsis the reaction is catalysed by 11 PIP5K enzymes that
differ in structure, activity, tissue expression and subcellular localisation (Heilmann,
2016a). Besides its synthetic pathway, PIP2 accumulation could also be due to
inhibition of its breakdown through PLC and 5-phosphatase activities, respectively.
32
Using differential Pi-labelling techniques, we demonstrated that the Spm-induced
PIP2 response is mainly generated by an increase in PIP5K activity (Fig. 5). A genetic
approach revealed that pip5k7/pip5k9 loss-of-function double mutant lost
approximately 90% of the response, indicating that PIP5K7 and PIP5K9 were the
main Spm-sensitive enzymes involved in the final step of PIP2 synthesis (Fig. 5). It is
known that polyamines can potentially increase kinase activity by interacting directly
2+
with the protein and its substrate ATP-Mg (Meksuriyen et al., 1998), or indirectly by
modulating protein effectors such as 14-3-3 (Athwal and Huber, 2002; Garufi et al.,
2+
2007) or producing ROS that in turn can induce Ca influx (Takahashi et al., 2003).
In vitro assays using animal PIP5K have been shown to be activated by Spm and
Spd (Bazenet et al., 1990; Singh et al., 1995; Chen et al., 1998). Interestingly, in
animals it has been shown that polyamines can regulate Rho-kinase activity (Rao et
al., 2003) and Rho-kinase can stimulate PIP5K activity (Oude et al., 2000),
suggesting a potential link. However, the presence of particular motifs in plant PIP5Ks
such as the MORN (for membrane occupation and recognition nexus) motifs, which
are lacking from animal and yeast PIPKs (Ma et al., 2006), suggest that plant PIP5Ks
may be regulated differently. The increase in PIP5K activity observed may in part be
explained by the upregulation of PIP5K7 and PIP5K9 expression in response to Spm
in the long run (Fig. 7A, 7B). However, other possibilities to explain the early
activation, such as a direct interaction with PIP5K7 and PIP5K9 or its product (Seo et
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al., 2015), or posttranslational modifications via the regulation of an effector protein
that controls PIP5K activity (Westergren et al., 2001; Heilmann and Heilmann, 2015;
Heilmann, 2016b), cannot be excluded. Importantly, pip5k7/pip5k9 mutant exhibited
the same PA response as wt (see Chapter 5). This indicates that the Spm-induced
PIP2 is not simply functioning as a PLC substrate, but is likely to function as a lipidsignalling molecule itself.
Spm also triggered a small increase in PIP, with kinetics similar to PIP2
(Suppl. Fig. S2, Fig. 2). The TLC system used for the separation of the
phospholipids, cannot distinguish between the different PIP isomers (i.e. PI3P, PI4P
or PI5P), so the exact contribution of the PIP response remains to be determined. In
pip5k7/pip5k9 double mutants, no significant differences in PIP levels were found with
respect to wt in either control or Spm conditions (Fig. 10A), indicating that the PI4K
involved in the synthesis of the PI4P pool that is converted by the Spm-PIP5K
activites, is quantitatively not significant in the PIP increase. A possible 5PTase
activity using PIP2 as a substrate is not quantitatively significant either. Importantly,
pi4kβ1/pi4Kβ2 double knock-out mutant showed ~70% reduction of the Spm
triggered-PIP2 response (Fig. 10B). Therefore, PI4kβ1 and PI4Kβ2, two of the three
isoforms that catalyse the phosphorylation of PI to PI4P in Arabidopsis (MuellerRoeber and Pical, 2002; Okazaki et al., 2015), were identified as the main
contributors of the PI4P pool that is used by the Spm activated-PIP5K activity. In
addition, pi4kβ1/pi4Kβ2 showed a PIP response similar to wt (Fig. 10C), indicating
that PI4kb1 and PI4Kβ2 are not responsible for the PIP increase and confirming the

Figure 10. Identification of PI4K genes involved in the Spm response. Different five-days-old
Arabidopsis knock-out lines were labeled O/N and treated with or without 60 µM Spm for 30 min.
32
32
Quantification of the results are shown as it follows: P-PIP response in pip5k7/pip5k9 (A), P-PIP2
32

response in pi4kβ1, pi4kβ2 and pi4kβ1/pi4kβ2 (B) and P-PIP response in pi4kβ1/pi4kβ2 (C). Wt was
used as a control in all treatments. Letters indicate values significantly different according to StudentNewman-Keuls test at P-value <0.05. Mean ± SD (n = 4). All the experiments were repeated twice with
similar results.
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previous observation. PI4kβ1 and PI4Kβ2 are localized to the trans-Golgi network
(TGN) and are involved in delivering material between the TGN and PM (Preuss et
al., 2006; Antignani et al., 2015). These results indirectly may point to a role for Spm
in membrane trafficking. In that sense, evidence is accumulating that an increase in
phosphorylation of the phosphoinositides [PI à PIP à PIP2] could reflect a
progressive delivery or retrieval of vesicles to and from the PM (Simon et al., 2014,
2016; Heilmann, 2016a). In animal systems, polyamines have indeed been shown to
stimulate endocytosis (Poulin et al., 2012) but for plants this is still unknown.
While the PIP2 response was specifically localised in the seedling's root, with
the highest activity at the root tip (Fig. 7), PIP5K7 and PIP5K9 expression was also
observed in the shoot vasculature (Fig. 6A, 6E) indicating a potential difference in
Spm perception or -transport among these tissues. Interestingly, both PIP5K genes
were highly expressed in the vasculature and meristematic zones. Earlier studies on
a T-DNA insertion mutant of PIP5K9, that caused its overexpression, was shown to
exhibit decreased actin microfilaments in the root elongation zones under normal
growth conditions, which led to a reduced cell elongation and shortening of the main
root (Lou et al., 2007). Our pip5k7/pip5k9 double mutant, did not display any apparent
root developmental phenotype, neither in control nor in response to Spm (Suppl. Fig.
S6, Suppl. Fig. S11C). These results indicate that the PIP2 pool that is specifically
generated by PIP5K7 and PIP5K9 in response to Spm is likely not associated with
root development, as opposed to the specific PIP2 pools generated by Arabidopsis
PIP5K1 and PIP5K2, of which the double KO mutant has a dramatic developmental
phenotype (Ischebeck et al., 2013; Tejos et al., 2014).
Advanced imaging of root cells in the transition zone, showed a recruitment of
the PIP2 biosensor to the PM in response to Spm, and this was lost in the
pip5k7/pip5k9 double mutant (Fig. 8). This indicates that the PIP2 generated by
PIP5K7 and PIP5K9 in response to Spm mainly occurs at the PM. Earlier, salttreatment of tobacco BY-2 cells, Arabidopsis seedlings (van Leeuwen et al., 2007) or
onion epidermal cells (König et al., 2008) expressing the PIP2 biosensor, were shown
to induce the accumulation of the reporter at the PM. Heat stress has also been
reported to cause this (Mishkind et al., 2009). So far, the function of this dynamic PIP2
response at the PM remains unclear, even though a role for clathrin-mediated
endocytosis has been proposed (König et al., 2008; Zhao et al., 2010; Mei et al.,
2012; Ischebeck et al., 2013; Tejos et al., 2014). Studies on tip-growing cells suggest
that PIP2 does not freely diffuse from its site of production but instead is channelled
toward specific downstream effectors by processes depending on the interaction of
PIP5K with these targets (Saavedra et al., 2012; Stenzel et al., 2012; Heilmann and
Heilmann, 2013; Tejos et al., 2014). The channelling hypothesis is consistent with the
notion that PIP2 colocalizes with PIP5K, as has been found for pollen tubes
(Ischebeck et al., 2008, 2011; Sousa et al., 2008; Zhao et al., 2010; Stenzel et al.,
2012; Ugalde et al., 2016) and root hairs (H Kusano et al., 2008; Stenzel et al., 2008;
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Thole et al., 2008; Vermeer et al., 2009). In this sense, it is reasonable to assume
that PIP2's accumulation results from the localization of the Spm-sensitive PIP5K
isoforms, PIP5K7 and PIP5K9, i.e. in the PM. Earlier, transient expression of PIP5K9GFP in tobacco mesophyll cells and onion epidermal cells, was found to localize to
the PM and nucleus (Lou et al., 2007). With Spm, we did not see any accumulation of
the PIP2 biosensor at the nucleus (data not shown), while we did see this after
prolonged heat stress (Mishkind et al., 2009). This discrepancy could be a difference
between transient expression in cells and stable expression in Arabidopsis plants.
Polyamine uptake in plant roots affects the membrane potential and induces
the PM to depolarize (Ozawa et al., 2010; Pottosin et al., 2014). Associated with this,
+
a significant K efflux in response to mM concentrations of polyamines has been
observed in roots of pea and maize (Pandolfi et al., 2010; Zepeda-Jazo et al., 2011).
Using the MIFE technique, we found that µM levels of Spm induced a massive and
+
transient K efflux from the epidermal cells of the Arabidopsis root elongation zone,
+
presumably due to Spm uptake (Fig. 9A, 9B). The K response was triggered rapidly
upon Spm addition and was dose-dependent, reaching a maximum at 60 µM Spm
+
and ceased after ~50 min. To our knowledge, such a massive K efflux at relatively
low Spm concentrations has not been reported before (Pottosin and Shabala, 2014).
This could be plant-species specific, but also root-zone specific, since the elongation
zone is highly sensitive to external stimuli (Verbelen et al., 2006). Interestingly, we
noticed that Spm treatment caused a significant increase in the size of the vacuole of
cortex cells in the transition zone (Suppl. Fig. S9). There are reports that indicate
that upon uptake, polyamines tend to accumulate in acidic compartments, such as
the vacuole (Pistocchi et al., 1988; Kakinuma et al., 1992; Ioannidis and Kotzabasis,
+
2014), which is also one of the main locations to store K . As vacuoles occupy the
+
majority of the intracellular volume in most mature plant cells, changes in tissue-K
+
concentration are largely a reflection of the K behaviour within that compartment
(Walker et al., 1996). If polyamines enter via the cytosol and accumulate in the
vacuole, then a substantial increase in osmotic potential may take place, leading to
+
an efflux of cytosolic and vacuolar K , that besides being a major cationic osmoticum
in various turgor-driven processes (Maathuis, 2009), is also an essential counter-ion
for keeping the charge balance in the cellular compartments (Dreyer and Uozumi,
+
+
2011). The imbalance of the homeostatic-K control in the cytosol caused by the K
+
efflux, can lead to multiple downstream effects due the K 's capacity to activate a
+
+
multitude of K -sensitive enzymes (Marschner, 1995). As such, K has been
proposed to function as a signalling agent itself (Schachtman and Shin, 2007;
+
Anschütz et al., 2014). Importantly, the amount of K loss during the 30 min treatment
correlated well with the accumulation of PIP2 over that period (Fig. 2). Without Spm,
+
pip5k7/pip5k9 double mutant already showed less K efflux, and in presence of Spm,
+
~70% less K was excluded compared to wt after 30 min (Fig. 9C, 9D), indicating a
+
role for a Spm sensitive-PIP2 pool that is upstream of K . Importantly, Spm also
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+

triggered an immediate net influx of H (cytosolic acidification), which was followed by
a progressive net efflux (cytosolic alkalinisation) (Suppl. Fig. S12A) due to an
+
increase of PM H -ATPase activity (Pottosin et al., 2014). Polyamines have
+
previously been shown to stimulate PM H -ATPase activity in plants (Reggiani et al.,
1992; Garufi et al., 2007; Pottosin et al., 2014). This activation tends to reduce the
+
membrane depolarization, that attenuates or prevents K efflux by generating a
proton-motive force and establishing a negative membrane voltage that allows the
+
+
influx of K through voltage-gated, inward-rectifying K channels (Kin) (Dreyer and
+
Uozumi, 2011; Karnik et al., 2016). During the first mins, we observed a fast net H
influx. This effect has barely been reported before, and was just seen in pea roots
+
(Pottosin and Shabala, 2014). The consequence of a H influx is a depolarization of
+
the PM and the subsequent opening of voltage-gated outward rectifying K channels
+
(Kout) that, on the contrary to Kin, would contribute to the release of K (Miedema and
Assmann, 1996; Grabov and Blatt, 1997; Hosy et al., 2003; Sirichandra et al., 2009).
+
+
In that sense, the timing of H influx peak strongly correlates with the K efflux peak
2
(Suppl. Fig. S12B; R = 0.97), indicating that from that moment on, there is a
+
+
predominance of Kin activity in the net K flux balance, explaining the K efflux
recovery. Interestingly, the main difference observed between pip5k7/pip5k9 and wt
+
+
in K flux kinetics takes place during the first minutes of the efflux, when H influx and
+
Kout take action, rather than later, during the recovery of the K peak (Fig. 9C).
+
Voltage-gated K channels of plants are exclusively found at the PM (Dreyer and
Uozumi, 2011), and belong to the superfamily of Kv channels that are found across
the phyla (Karnik et al., 2016). In animal cells, various Kv channels are known to be
regulated by PIP2 (Hilgemann, 2004; Delmas and Brown, 2005; Kruse et al., 2012),
and in this sense, Kv channel function may be considered as a possible termination
point for the PIP2-signalling pathway. Consistently, in plants, there are also
+
indications that K channels are regulated by PIP2 (Liu et al., 2005; Ma et al., 2009;
Wigoda et al., 2010). In this context, further studies regarding the possible interaction
+
at the PM of the Spm-sensitive PIP2 pool with K channels will be required.
Alternatively, part of the response could also be related to endocytosis or exocytosis,
as target processes of PIP2 (Ischebeck et al., 2008, 2013; König et al., 2008; Zhao et
al., 2010; Krishnamoorthy et al., 2014). Polyamines can trigger endocytosis in animal
systems (Poulin et al., 2012) but for plants this is still unknown.
Altogether, we propose that Spm uptake in root cells of Arabidopsis seedlings
+
leads to an instant- and transient K efflux, in which the plasma membrane PIP2 pool
+
generated by PIP5K7 and PIP5K9 modulates the K loss as a potential downstream
effect. The precise mechanism of action underlying this response will be investigated
further in the near future.
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MATERIALS AND METHODS
Plant material and growth conditions
T-DNA insertion mutants of Arabidopsis thaliana, pip5k7-1 (SALK_151429), pip5k7-2
(SALK_107796), pip5k8-2 (SALK_040022), pip5k9c (SALK_013602) and the
transposon allele, pip5k9a (SM_3_39157) were obtained from the Nottingham
Arabidopsis Stock Centre (NASC). Arabidopsis rmv1, pi4kβ1, pi4kβ2, pi4kβ1/pi4kβ2,
pip5k1/pip5k2, pip5k3-2, pip5k3-4, pip5k4/pip5k5, pip5k6 and pip5k10/pip5k11
mutant null alleles and the Pro35S::RMV1 and ProUBQ10::YFP-PHPLCδ1 transgenic
lines were described previously (Preuss et al., 2006; H Kusano et al., 2008;
Ischebeck et al., 2008, 2011, 2013; Zhao et al., 2010; Fujita et al., 2012; Simon et al.,
2014). The pip5k7/pip5k9 double mutant was obtained by crossing pip5k7-1 and
pip5k9c lines. The pip5k7/pip5k9 line was in turn crossed into ProUBQ10::YFPPHPLCδ1 line for confocal studies. The lat1/2/3/5 and lat1/2/4/5 quadruple null mutant,
were generously provided by Drs M. Fujita (RIKEN Plant Science Centre, Japan). In
most cases Arabidopsis thaliana ecotype Col-0 was used as the wild type, except for
rmv1 and the Pro35S::RMV1 lines, in which Ler ecotype and Col-0 empty vector, Ve1, were used as wild type respectively.
Seeds were surface-sterilized using chlorine gas, and sown under sterile
conditions on square petri dishes containing 30 mL of standard growth medium
consisting of ½ Murashige and Skoog (MS) medium with Gamborg B5 vitamins (pH
5.7; KOH), 1% (w/v) sucrose, and 1% (w/v) agar. Plates were vernalized at 4 ºC for
48 h and then placed vertically, under the angle of 70º, in a growth chamber (16/8
-2
-1
light/dark cycle, 110-130 µmol m s ) at 22 °C. Five days-old seedlings were
32
transferred to either 2 mL tubes for Pi labelling experiments, or to small round petri
dishes for incubations with polyamines and chemicals. Glass incubations were
avoided since polyamines tend to stick to glass surfaces. For gene expression
analyses, seeds were germinated on a nylon mesh (Ø 43 µm) placed on top of the
medium. Mature plants were grown on soil following the same light and temperature
regime as described above.
Chemicals
Most chemicals were from Sigma-Aldrich. LysoTracker Red and FM4-64 were
purchased from Invitrogen, and phosphorus-32 radionuclide (as orthophosphate,
32
3PO4 ) was purchased from Perkin-Elmer. All incubations with polyamines and
chemicals were performed in incubation buffer, consisting of 2.5 mM MES (2-(Nmorpholino)ethanesulfuric acid), pH 5.7 (KOH), and 1 mM KCl.
Identification of pip5k7 and pip5k9 mutants
Confirmation of the identity of the pip5k7-1, pip5k7-3, pip5k9a and pip5k9c mutants,
and the isolation of the homozygous lines was performed by PCR using a
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combination of gene- and T-DNA-specific (SALK-LB) primers (Supplemental
Table S1). In order to check gene expression levels, RNA from wt and mutants were
extracted using TRIzol reagent (Invitrogen) and treated with Turbo DNAse (Ambion).
cDNA was synthesized using RevertAid Synthesis Kit (Fermentas) and transcript
levels of AtPIP5K7 and AtPIP5K9 in the homozygous lines were determined by RTPCR using the AtPIP5K7- and AtPIP5K9-specific primers, and the following PCR
conditions: 95 °C 5 min, 40 cycles (95 °C 30 s, 52 °C 30 s, 72 °C 2 min), 72 °C 6 min.
SAND (AT3G28390) transcript levels were used as reference (Hong et al., 2010). The
product of the PCR was loaded and separated in 1% (w/v) agarose gel stained with
ethidium bromide. All primers are specified in Supplemental Table S1.
Reporter constructs
Promoter-GUS fusion constructs were generated as previously described (Stenzel et
al., 2008). In brief, the GUSPlus gene was amplified from the vector pCAMBIA1305.1
(accession
number
AF354045)
using
the
primer
combination
5'GATCGCGGCCGCCATGGTAGATCTGAGGGTAAATTTCTAGTTTTTCTC-3'/
5'GATCGAGCTCCTGTCAAACACTGATAGTTTAATTCCCGATC-3', and the PCR
product was introduced as a NotI-SacI fragment into the vector pGreen0029
(http://www.pgreen.ac.uk) (Hellens et al., 2000), yielding the plasmid
pGreenGUSPlus (Stenzel et al., 2008). Amplification of 1500-bp genomic sequences
upstream of coding sequences of the gene PIP5K7 for use as promoter was achieved
with different Arabidopsis BAC clone templates as indicated, using the following
primer combinations:
PromPIP5K7, 5'- GATCGTCGACGGTCGGGCTTTTTTATTTATTCAGCGATATCTG3'/ 5'- GATCGCGGCCGCCTGGGATTAGCTTTTGGTGATCCTAGAACATTG-3' from
BAC clone T19D16.
The PCR products were moved directionally as SalI-NotI fragments into the vector
pGreenGUSPlus. The resulting plasmids were transformed into Agrobacterium
tumefaciens strain EHA105 and used for Arabidopsis transformation as described
previously (Stenzel et al., 2008).
32

Pi phospholipid labelling, extraction and analysis
Phospholipid responses were measured as described earlier (Chapter 3; Munnik and
Zarza, 2013). Briefly, 3 seedlings per sample were metabolically labelled overnight by
flotation in continuous light in 2 ml Eppendorf tubes containing 200 µl incubation
32
332
buffer (2.5 mM MES-KOH, pH 5.7, 1 mM KCl) and 10 µCi PO4 (stock Pi; carrierfree, 10µCi/µL). For mature plants, Arabidopsis leafs discs (∅ 5 mm) were taken from
3-week-old plants and labelled using the same conditions. Treatments were
performed by adding a 200 µL 2x solution, and incubations were stopped by adding
5% (v/v) perchloric acid. Lipids were subsequently extracted and analysed by thinlayer chromatography (TLC) using an alkaline solvent system (Munnik and Zarza,
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2013). Radioactivity was visualized by autoradiography and individual spots were
quantified by phosphorimaging (Typhoon FLA 7000; GE Healthcare).
For certain experiments, the protocol was slightly modified: 1) In short32
labelling experiments, Pi was added 30 min prior to the treatment, 2) In pulse-chase
experiments, seedlings were treated for 15 or 30 min and labelled afterwards with ½
32
Pi for 5 minutes, then 1 mM Pi buffer (K2HPO4/KH2PO4, pH 5.7) was added to the
solution, and 3) For tissue-dissection experiments, seedlings were labelled, treated
and fixed as described above. Seedlings were then carefully cut with a scalpel and
every section processed separately.
Detection of ROS, NO and cell viability in Arabidopsis root
ROS production in the root tip of five-day-old seedlings was detected by DCF
fluorescence as described previously (Pei et al., 2000; Zhang et al., 2009). Briefly,
seedlings were treated for the indicated times and then transferred to 10 µM
H2DCFDA for 10 min followed by two washes in buffer. For ROS scavenging,
seedlings were pre-treated with 5 mM N,N’-Dimethylthiourea (DMTU; Lu et al., 2009)
for 60 min, before the different treatments. For NO detection, seedlings were coincubated with 10 µM DAR-4M for 30 min, and then washed two times with buffer. For
cPTIO treatment, 0.1 mM cPTIO was applied for 60 min prior to treatments in order to
scavenge NO. Cell viability was analysed by transferring treated seedlings for 5 min
to 2 µg/mL fluorescein diacetate (FDA) in incubation buffer. Seedlings were then
washed twice, mounted onto glass slides in buffer and visualised by fluorescence
microscopy. The localization of the DCF, DAR and fluorescein signal was done using
the AMG Evos FL digital inverted microscope equipped with transmitted light GFP
(470/22 to 510/42 nm). Images were converted to 8-bit using Image-J, and data was
quantified as mean pixel intensity per R of interest (ROI).
Histochemical GUS staining
GUS staining was done as described previously (Depuydt et al., 2013). Briefly, plants
were incubated for 15 minutes in GUS staining buffer and mounted in chloral hydrate
for immediate visualization with a Leica compound microscope. For primary root
cross-sections, 5-day-old GUS stained seedlings were fixed and embedded in
HistoresinTM (Leica Instruments GmbH) and sectioned on a Leica microtome
(Rodriguez-Villalon et al., 2014). Sections were mounted in water and visualized
using a 40x magnification objective of a compound microscope.
Quantitative real-time PCR gene expression analyses
For gene expression analysis, 5-days-old seedlings grown on nylon mesh placed on
top of the medium plates were transferred to small round petri dishes containing
incubation buffer and left for 2 h to recover. Then treatments were added 1:1 (v:v) for
the indicated times and samples containing around 1 g fresh weight material were
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collected in 2 mL safe lock tubes and immediately frozen in liquid nitrogen. Total RNA
was extracted from 100 mg of the samples using TRIzol reagent. RNA was treated
with Turbo DNAse (Ambion) and first-strand cDNA synthesized using RevertAid
Synthesis Kit (Fermentas). Quantitative real-time PCR was performed using HOT
FIREPol EvaGreen qPCR mix Plus (ROX) (Solis Biodyne) and the ABI 7500 RealTime PCR system (Applied Biosystems, USA). The following PCR conditions were
used: 50 ºC 2 min, 95 °C 15 min, 45 cycles (95 °C 15 s, 60 °C 1 min). Primers used for
gene expression analyses are listed in Supplemental Table S1. Quantitative RTPCR (qRT-PCR) analyses were always performed on three biological replicates with
two technical replicates each, using SAND (AT3G28390) and AT2G32170 as
housekeeping genes (Hong et al., 2010).
Microscopy and histological analysis
To analyse vasculature differentiation in roots, 5-day-old seedlings were stained with
propidium iodide (PI; 10 µg/ml) and imaged using a Zeiss LSM780 confocal
microscope. For the analysis in cotyledons, 7-day-old plants were fixed and clarified
as described by Carland and Nelson (2004) and imaged using a Zeiss AxioZoomV16
microscope.
Confocal laser scanning-microscopy
Arabidopsis transgenic lines containing the ProUbi10::YFP-PHPLCδ1 construct were
grown for 6 days and then transferred for 30 min to a small petri dish containing the
different treatments. Seedlings were then rinsed briefly with buffer, stained for 5 min
with 2 µM FM4-64, rinsed again twice with buffer, and mounted on a microscopy slide
and analysed with a Zeiss LSM510 confocal microscope. EYFP and FM4-64 were
synchronously excited at 488 nm and 561 nm, respectively, and imaged using an
HFT 405/488/561-nm major beam splitter (MBS) and a 505 to 550-nm band-pass
filter and a 650 nm long-pass filter, respectively. Images were converted to 8-bit in
Image-J for a better visualisation of eYFP and FM4-64 signal. Plot profile analysis
was generated and ROI based on single cells was selected for co-localisation
measurements in Image-J.
To label the tonoplast, seedlings were incubated for 5 min with 1 µM
LysoTracker red. Seedlings were then washed twice with buffer and vacuoles were
visualized using Zeiss LSM510 confocal microscope. Samples were excited at 561
nm and imaged using an HFT 405/488/561-nm MBS and a 575 nm long-pass filter.
Images were converted to 8-bit in Image-J. ROI based on plasma membrane and
vacuolar area was selected for measurements.
Ion flux measurement
+
+
Net K and H fluxes were measured using non-invasive microelectrode ion flux
estimation (MIFE) technique (UTas Innovation, Hobart, Tasmania) (Newman, 2001;
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Shabala et al., 2006). Arabidopsis 5 days-old seedlings were placed into a 30 mL
measuring chamber, containing 0.5 mM KCl, 0.2 mM CaCl2, 5 mM MES, 2 mM Tris
+
base; pH 6.0. H -flux measurements were made in buffered solution. Roots were
immobilized in a horizontal position (Bose et al., 2014) and pre-incubated in basic salt
medium for at least 30 min. Electrodes were positioned near to the root surface in the
elongation zone (less than 2 mm from the root cap junction). At the beginning,
steady-state ion fluxes were recorded over a period of 5 min, after which different
concentrations of Spm were added and the net-ion flux measured for the indicated
+
times. K -flux changes were also tested in roots pre-incubated for 1h with 100 µM
GdCl3 prior to Spm treatment.
Root phenotyping assay on plates
Arabidopsis seedlings were grown on vertical plates containing standard growth
medium for 5 days. Then, seedlings were transferred to plates supplemented with the
indicated concentrations of Spm. Plates were scanned at the indicated days after
transfer (DAT) using an Epson Perfection V700 Scanner at 300 dpi. For root
measurements, EZ-Rhizo software was used (Armengaud et al., 2009). Main root
(MR) growth was expressed as growth ratio (MR length divided by MR length at 0
DAT). Statistical analysis was performed in SPSS using a one-way ANOVA.
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32

Figure S1. Quantification of the P-labelled PIP2 response to Put, Spd and Spm (A) or Diaminopropane
(Dap) and termospermine (Tspm) (B) by P-Imaging, expressed as fold-increase with respect to control at
the indicated polyamine concentrations (mean ± SD). The experiment was repeated twice with similar
results.

Figure S2. (A) Quantification of PIP response in a dose-response experiment of O/N labelled seedlings
treated for 30 min for the indicated concentrations of Spm. Letters indicate values significantly different
according to Student-Newman-Keuls test at P-value <0.05. Data are the mean ± SD of three independent
experiments (n = 9). (B) Quantification of the PIP response upon treating the seedlings with 60 µM Spm for
32
the indicated periods. Results are expressed as percentage of P-PIP with respect to all phospholipids
labelled. Asterisks indicate significant differences with respect to control treatments without Spm, using the
Student's t-test: *P<0.05, **P<0.01, ***P<0.005. Data are the mean ± SD of three independent experiments
(n = 6).
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Figure S3. Cell viability after Spm treatment was determined in Arabidopsis 5 days-old plants by
fluorescein diacetate (FDA) staining. Seedlings were treated for 30 min with 60 µM Spm and then stained
with 2 µg/mL FDA for 5 min, prior to its observation by fluorescent microscopy. Pictures show the cells in
the root maturation zone that were able to take up the dye and convert it into the fluorescent metabolite
fluorescein (green). Bars represent 100 µm.

32

Figure S4. P-PIP2 responses in L-type amino acid transporter (LAT) quadruple knock-out lines lat1/2/3/5
32
and lat1/2/4/5. Seedlings were P-labelled O/N and the next day treated for 30 min with or without 60 µM
Spm. Letters indicate values significantly different according to Student-Newman-Keuls test at P-value
<0.05 (Mean ± SD, n = 3). Experiment was repeated with similar results.

118

Chapter 4

32

Figure S5. (A) Autoradiograph of two TLCs showing P-PIP2 responses in PIP5K T-DNA insertion mutants
that have been treated without (-) or with (+) 60 µM Spm for 30 min. Mutants analysed: pip5k1
(SALK_146728), pip5k2 (SALK_012487), pip5k3-2 (SALK_001546), pip5k3-4 (SALK_126683), pip5k4
(SALK_001138), pip5k5 (SALK_147475), pip5k6 (SALK_096280), pip5k7-1 (SALK_151429), pip5k8-2
(SALK_040022), pip5k9c (SALK_013602), pip5k10 (SALK_119243), pip5k11 (GABI_284F05). (B)
Schematic representation of the structure of the PIP5K7- and PIP5K9 genes in Arabidopsis. Exons (black
boxes), UTR exon (white boxes), introns (lines) and positions for the insertions in T-DNA alleles pip5k7-1,
pip5k7-3 (SALK_107796), pip5k9c and transposon allele pip5k9a (SM_3_39157) are shown. (C) RT-PCR
analysis of the insertion mutants, showing null transcript levels of PIP5K7 for pip5k7-1 and lower transcript
levels for pip5k7-3, and null transcript levels of PIP5K9 for both pip5k9a and pip5k9c lines. The Arabidopsis
SAND gene was used as a positive internal control.

119

Spermine triggers a PIP2 response via PIP5K7 and PIP5K9

Figure S6. (A) Picture of 9-day-old seedlings grown on plates containing standard medium. (B)
Representative shoot of 4 week-old plants grown on soil. (C) Confocal images of 5-day-old propidiumiodide stained (red) roots, displaying the xylem-differentiation region (upper panel) and protophloemdifferentiation zone (lower panel). Yellow asterisks mark the corresponding vascular strand. (D) Cotyledon
vascular patterning of 7-day-old seedlings of the indicated genotypes. Black arrowheads mark
discontinuities in the vascular network.
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Figure S7. Leaf disks were punched from 3-weeks-old Arabidopsis plants and labelled O/N individually.
The day after, samples were treated for 30 min at the indicated concentrations of Spm and labelled lipids
were extracted and quantified. Letters indicate values significantly different according to Student-NewmanKeuls test at P-value <0.05. Data are the mean ± SD of three independent experiments (n = 9).

Figure S8. Quantification of the confocal imaging of five days-old wt- and pip5k7/pip5k9 seedlings,
expressing the PIP2 biosensor, ProUBQ10::eYFP-PHPLCδ1. Seedlings were treated with or without 60 µM
Spm for 30 min, and then stained with FM4-64. Letters indicate values significantly different according to
Student-Newman-Keuls test at P-value <0.05. Mean ± SD (n = 6). The experiment was repeated twice with
similar results.
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Figure S9. (A) 5 days-old Arabidopsis seedlings, were treated with or without 60 µM Spm for 30 min and
stained for 5 min with 1 µM LysoTracker red. The confocal images show the tonoplast labelled in cortex
cells from the root transition zone. Bars represent 10 µm. (B) Quantification of the vacuolar size in the
confocal images, expressed as percentage in volume respect to the cell. Asterisks indicate significant
differences using Student's t-test: *P<0.05, **P<0.01, ***P<0.005. Mean ± SD. n = 10. The experiment was
repeated twice with similar results.

+

Figure S10. Quantification of the average K flux measured over 30 min in 5 days-old seedlings pre-treated
for 60 min with or without 100 µM GdCl3 prior to 60 µM Spm application (t = 0). Mean ± SD (n = 6 - 7).
Negative values represent net efflux of ions to the apoplast.
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Figure S11. Spm dose-response analysis on root growth was performed using Arabidopsis seedlings
grown for 5 days on plates containing standard medium, and then transferred to plates supplemented with
relatively high concentrations of Spm (0 – 500 µM, A), or low concentrations (0 – 60 µM, B). Scans were
taken at 4 days after transfer (DAT) or at 5 DAT, respectively. Results are expressed as growth ratio of the
main root (MR). Mean ± SD. 5 independent plates per treatment were used, containing 5 seedlings each.
(C) Scan corresponding to wt and pip5k7/pip5k9 lines at 4 DAT to 60 µM Spm supplemented medium. All
experiments were repeated twice with similar results.
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Figure S12. (A) Dose-response analyses of H flux kinetics measured by MIFE at the elongation zone of
the root tip of 5 days-old Arabidopsis wt seedlings. Spm was added at the indicated concentrations at t=0.
6-7 Arabidopsis seedlings were analysed per treatment. (B) Correlation of the dose-response experiments
+
+
between time to peak for influx H and time to peak for efflux K . For all MIFE data, negative values
represent net efflux of ions to the apoplast.
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Spermine triggers the formation of PA through activation of PLDδ

ABSTRACT
Polyamines, such as putrescine (Put), spermidine (Spd) and spermine (Spm), are
low-molecular-weight polycationic molecules found in all living organisms. Despite
the fact that they have been implicated in various important cellular processes, their
mode of action is still largely unclear. Recent evidence indicated an early interaction
of polyamines with phospholipid signalling at the membrane level. Using Arabidopsis
thaliana seedlings as a model system, we report here that exogenous application of
Put, Spd or Spm led to a rapid and significant increase in the signalling lipid
phosphatidic acid (PA). Using time-course and dose-response experiments, Spm
was found to be the most effective, promoting PA responses at physiological (µM)
concentrations. The increase in PA mainly occurred in the root and, at least partly,
involved the plasma membrane polyamine-uptake transporter, RMV1. Using a
32
differential Pi-labelling strategy we found that diacylglycerol kinase (DGK) activity
was partly involved in PA increase, although PIP2 was not found to be the DAG
precursor. However, transphosphatidylation assays with primary alcohols revealed
that phospholipase D (PLD) was the main contributor of the Spm triggered-PA
response. Arabidopsis encodes 12 PLD genes. Using T-DNA insertion mutants, we
identified AtPLDδ as the main contributor. Interestingly, phosphatidylinositol 4-kinase
(PI4K), PI4Kβ1 and PI4Kβ2 were found to be upstream of this PLDδ response.
Measuring non-invasive ion fluxes across the plasma membrane of wt- and pldδ
+
mutant roots, revealed that the increase of PA is linked to a gradual and transient K
efflux. These results are in accordance to previous report on the role of PIP2,
indicating a combined action of these lipids to a signalling route downstream, which
+
involves the efflux of K . Potential mechanisms of how lipids could control ion fluxes
will be discussed.
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INTRODUCTION
Polyamines are small polycationic molecules present in all living organisms, with the
diamine putrescine (Put), the triamine spermidine (Spd) and the tetraamine spermine
(Spm) being the major polyamines in plants (Galston and Kaur-Sawhney, 1995).
They have been shown to interact with components of the nucleus and cellular
membranes, activating transcription factors and protein kinases, for example (MillerFleming et al., 2015). In this way, they have been involved in a broad range of
cellular events including embryogenesis, cell division, morphogenesis, senescence
and stress responses (Bagni and Pistocchi, 1988; Wallace, 2009; Michael, 2016).
Despite the fact that polyamines were discovered nearly 350 years ago, and that they
have been intensively studied during the last decades, the precise mechanism of
action by which these small molecules regulate such a wide range of cellular
functions remains a huge mystery (Bachrach, 2010). In this sense, the complex
relationship observed between polyamine-mediated effects and the activation of
several different signalling systems by the polyamines add another layer of difficulty
to the experimental determination of direct polyamine targets (Alcázar et al., 2010;
Tiburcio et al., 2014; Miller-Fleming et al., 2015).
Most studies have focused on the interaction of endogenous polyamines with
immediate subcellular targets. In plants, however, several environmental cues, such
as hyperosmotic stress or abscisic acid (ABA), trigger a fast efflux of polyamines to
the apoplast (Moschou et al., 2008; Toumi et al., 2010), locally increasing their
concentration. There, polyamines can be oxidized by diamine- and polyamine
oxidases, producing H2O2 that, in turn, triggers various downstream effects that
eventually affects the plant's development and/or responses to stress (Takahashi et
al., 2003; Moschou et al., 2008; Toumi et al., 2010; Pottosin and Shabala, 2014).
However, not all apoplastic polyamines are oxidized, and the intercellular transport
and local internalization of a substantial part of these compounds, is also taking place
(Friedman et al., 1986; Pistocchi et al., 1987; Ditomaso et al., 1992a; Yokota et al.,
1994; Sood and Nagar, 2005; Pommerrenig et al., 2011).
The study of polyamine transport and its uptake in plant cells is quite scarce,
and just in recent years, with the characterization of several polyamine transporters
(Fujita et al., 2012; Mulangi et al., 2012; Li et al., 2013; Strohm et al., 2015; Martinis
et al., 2016; Tong et al., 2016), an important area of study is emerging, providing
interesting genetic tools to further explore its potential in plant function and signalling.
In the previous chapter, we analysed the early events upon polyamine uptake and
the effect on phosphatidylinositol 4,5-bisphosphate (PIP2) metabolism, a crucial
signalling lipid involved in nearly all aspects of animal cell physiology (Balla, 2013)
but also in several plant responses (Munnik and Nielsen, 2011; Delage et al., 2013;
Gillaspy, 2013; Heilmann 2015; 2016). We found that exogenously applied
polyamines, especially Spm, trigger a rapid increase in phosphatidylinositol 5-kinase
127
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(PIP5K) activity of PIP5K7 and PIP5K9 in roots of Arabidopsis seedlings, causing
PIP2 to accumulate at the plasma membrane within minutes (Chapter 4).
Interestingly, in the same study, we also observed a significant accumulation of
phospatidic acid (PA), which is another important signalling lipid (Testerink and
Munnik, 2011; Liu et al., 2013; Hou et al., 2016).
Phosphatidic acid represents a minor class of membrane lipids, constituting
1-3% of total phospholipids in most plant tissues. As a precursor of all glycerolipids,
PA is involved in membrane biosynthesis located within the ER and plastids. Over
the last decade, however, PA has also emerged as a signalling molecule at the
plasma membrane and along the endosomal membrane system, regulating
cytoskeletal dynamics, endocytosis, exocytosis, ion channel activity and hormone
signalling, with important consequences for plant development and stress signalling
(Jacob et al., 1999; Testerink and Munnik, 2011; McLoughlin and Testerink, 2013;
Zhao, 2015; Hong et al., 2016). Its mode of action is quite broad and includes
recruitment and modulation of target proteins (Testerink and Munnik, 2005; Kooijman
et al., 2007; Raghu et al., 2009; McLoughlin et al., 2013; Pleskot et al., 2013; Putta et
al., 2016), as well as all kinds of biophysical effects, regulating membrane curvature
and surface charge, which facilitates membrane fission and fusion (Kooijman et al.,
2003; Wang et al., 2006; Roth, 2008), also in cooperation with other lipid signals
(Testerink and Munnik, 2011).
The accumulation of PA upon an external stimulus is relatively fast, taking
place within minutes after stimulation, which is typically generated via two distinct
pathways, i.e. via diacylglycerol (DAG) kinase (DGK) and/or phospholipase D (PLD).
The latter hydrolyses structural phospholipids such as phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) to form PA, and PLD has been implicated in various
stress signalling pathways (Hong et al., 2016; Hou et al., 2016). DGK produces PA
by phosphorylation of DAG. This lipid can be generated via non-specific PLCs
(NPCs), which hydrolyse structural phospholipids and have been related to
membrane remodelling upon phosphate starvation, aluminium toxicity or heat stress.
However, DAG can also be generated via the well-known phosphoinositide- (PI-)
specific PLC pathway, which specifically hydrolyses the minor lipid PI(4,5)P2 and its
precursor, PI4P (Munnik, 2014).
Both PLC- and PLD activities have been shown to be affected by
polyamines. In vitro studies on isolated PLC enzymes from animal cells and tissues
have shown that polyamines can both inhibit (Kimura et al., 1986; Smith and
Snyderman, 1988; Wojcikiewicz and Fain, 1988; Sjöholm et al., 1993; Pawelczyk and
Matecki, 1998) and stimulate PLC activity (Sagawa et al., 1983; Haber et al., 1991;
Späth et al., 1991; Periyasamy et al., 1994; Pawelczyk and Lowenstein, 1997),
depending on the isoform. For in vitro PLD activity, a stimulating role for polyamines
has been observed (Jurkowska et al., 1997; Madesh and Balasubramanian, 1997).
To our knowledge, there is no report regarding an effect on DGK activity. In plants,
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similar observations for PLC and PLD activities have been made. In this sense, PLC
was found to be activated by polyamines in Catharantus roseus roots, both in vitro
and in vivo (Echevarría-Machado et al., 2002, 2004), but inhibited in Coffea arabica
cells, in which an increase in PLD activity was observed (Echevarría-Machado et al.,
2005).
32
Using Arabidopsis seedlings and in vivo Pi-labelling, we found a fast Spm32
induced PA response in root cells of Arabidopsis seedlings. Using differential Pilabelling techniques, a PLD-specific transphosphatidylation assay (Arisz and Munnik,
2013; Munnik and Laxalt, 2013) and T-DNA-insertion mutants, we identified AtPLDδ
as one of the main contributors of the Spm induced-PA response and found a
potential regulating role for AtPI4Kβ1 and AtPI4Kβ2 on its activity. Using the
Microelectrode Ion Flux Estimation (MIFE) technique, we found a differential Spm
+
induced-K efflux response in the pldδ KO mutant, indicating that besides PIP2
(Chapter 4) also PA plays a role in this downstream response.

RESULTS
Polyamines trigger the formation of PA in Arabidopsis thaliana seedlings
Previously, we investigated whether an increase of polyamines in the cellular
apoplast could affect phospholipid metabolism in Arabidopsis seedlings. In this
context, we reported a significant increase of the signalling lipids, PIP and PIP2 in
response to polyamines (Chapter 4). However, we also observed strong increase in
32
the level of PA. To further investigate this response, O/N Pi-prelabeled Arabidopsis
seedlings were treated with physiological concentrations (60 µM) of the polyamines
(Put, Spd, Spm) for 30 min. As shown in Figure 1, in particular Spm but also Spd,
were found to induce a PA increase. In contrast, Put did not show any effect until
millimolar concentrations were used (Suppl. Fig. S1A). Spm was found to induce a
significant PA response at ≥15 µM while 30-60 µM was required for Spd (Suppl. Fig.
S1A). Thermospermine (Tspm), a structural isomer of Spm, triggered a PA response
at the same concentration range as Spm (Suppl. Fig. S1B). Diaminopropane (Dap),
a diamine product of polyamine oxidation, exhibited a similar potency as Put (Suppl.
Fig. S1B). These results indicate that the capacity of polyamines to trigger a PA
response is a function of the number of positive charges in the molecule, rather than
4+
4+
3+
2+
2+
a specific polyamine-type, i.e. Spm =Tspm >Spd >>Put ≈Dap , which is similar
to what we found for PIP2 (Chapter 4).
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Figure 1. Spermine and spermidine trigger a rapid PA response in Arabidopsis seedlings. Five-days
32
old seedlings that had been Pi-prelabeled O/N, were treated for 30 min with 60 µM of putrescine (Put),
spermidine (Spd) or spermine (Spm), or with buffer alone (control, Ctrl), after which their lipids were
extracted and separated by TLC. (A) Autoradiography of the TLC. Each lane on the TLC represents the
32
extract of three seedlings. (B) Quantification of the P-PA spot by PImaging. Results are expressed as
fold increase with respect to control (mock). Letters indicate values significantly different according to
Student-Newman-Keuls test at P-value <0.05 (Mean ± SD, n = 3). This experiment is illustrative for, at
least, two other independently repeated experiments.

In contrast to PIP2, whose response is quite unique, PA is triggered within
minutes by almost every environmental cue. These include salinity, drought, heat,
cold, nutrient starvation, wounding and pathogen attack (Li et al., 2009; Mishkind et
al., 2009; Testerink and Munnik, 2011; Arisz et al., 2013). Also developmental
processes such as seed germination, senescence, pollen germination and tube
growth have been associated to an increase in PA (Potocký et al., 2003; Li et al.,
2009; Pleskot et al., 2012, 2013). In order to unravel how polyamines trigger PA and
potential downstream effects, we proceeded analysing the Spm response in more
detailed dose-response and time-course analyses. As shown in Figure 2, Spm
induced a clear dose-dependent Michaelis-Menten PA-response curve when treated
for 30 min, starting at low µM levels and reaching a maximum of 2.5 fold increase at
~250 µM (Fig. 2A, 2B). The response was relatively fast as shown in time-course
experiments with 60 µM Spm, in which a linear increase of PA was observed, starting
between 8 and 15 min after treatment (Fig. 2C, 2D). In general, the kinetics of PA
very much resembled that of PIP and PIP2 (Chapter 4), suggesting a shared
detection system.
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Figure 2. Dose-response and time-course analysis of the Spm induced-PA response. Five-days old
32
seedlings that had been Pi-prelabeled O/N, were treated for 30 min with different concentrations of Spm
(A,B) or with 60 µM Spm or buffer alone (control) for the indicated times (C,D), and their lipids extracted
and analysed. (A) Autoradiograph of the dose-response TLC. (B) Quantification of the PA response,
32
32
showing the percentage of P-PA with respect to the total amount of P-labelled phospholipids. Letters
indicate values significantly different according to Student-Newman-Keuls test at P-value <0.05. Data are
the mean ± SD of three independent experiments (n = 9). (C) Autoradiograph of the time-course TLC with
and without Spm. (D) Quantification of the PA response expressed as percentage of PA with respect to all
phospholipids labelled. Asterisks indicate significant differences with respect to control treatments without
Spm, using the Student's t-test: *P<0.05, **P<0.01, ***P<0.005. Data are the mean ± SD of three
independent experiments (n = 6).

PA response occurs in the roots of seedlings and requires Spm transport
across the plasma membrane: a role for RMV1
To obtain more information as to where in the seedling the PA response was
32
triggered by Spm, we performed the same P-labelling analyses and treatments, but
now we dissected the different tissues after sample fixation and extracted their lipids

131

Spermine triggers the formation of PA through activation of PLDδ

accordingly. The PA response in the different tissues is summarized in Figure 3A.
Interestingly, the Spm induced-PA response was only detectable in the root, not in
the shoot or hypocotyl (Fig. 3A), which was also found for Spm-triggered PIP2
response (Chapter 4). Within the root, the PA response was equally distributed along
the different root sections (Fig. 3A). A repetition of this experiment with 120 µM Spm
gave similar results (data not shown). We did observe a Spm induced-PA response
in leaf material of mature, 3-weeks old plants (Suppl. Fig. S2).
3+
The non-permeant cation-transport blocker, gadolinium (Gd ) is known to
inhibit the uptake of Spm across the plasma membrane (Pistocchi et al., 1988;
Ditomaso et al., 1992b; Pottosin et al., 2014). As shown in Figure 3B, incubation of
3+
seedlings with Gd prior to the application of Spm triggered a small PA response
itself, but significantly reduced the Spm induced-PA response to approximately 70%
of the control response. This result is slightly different from the data obtained for PIP
3+
and PIP2, in which Gd abolished their increase completely (Chapter 4). This may
indicate that part of the triggered PA is caused by polyamine activity in the apoplast
3+
or is mediated through a Gd -insensitive polyamine-uptake mechanism.
To further characterize the Spm uptake at a molecular level, we analysed the
Arabidopsis L-type amino acid transporter (LAT), called Resistant to Methylviologen 1
(RMV1, LAT1), which has been shown to localize at the plasma membrane and to be
responsible for the high-affinity uptake of Spm (Fujita et al., 2012). By using the
knock-out T-DNA insertion mutant rmv1 and two independent over-expressing
Pro35S::RMV1 lines, we found a 35% decrease and a ~20-40% increase in the PA
response, respectively (Fig. 3C, 3D). These results indicate that the cellular uptake of
Spm is required for part of the PA response, and that RMV1 is at least one of the
proteins involved in the internalization of Spm across the plasma membrane.
To analyse the potential involvement of the rest of the LAT transporter
members, of which Arabidopsis contains five homologs (Mulangi et al., 2012), we
used two different quadruple knock-out mutants, i.e. lat1/2/3/5 and lat1/2/4/5,
because the quintuple mutant was lethal (Fujita et al., in preparation). Both lines,
however, revealed 'normal' Spm induced-PA responses (Suppl. Fig. S3). This
discrepancy could be due to the fact that the rmv1 KO single is a different KO allele
and a different ecotype than the rmv1 mutant present in the quadruple mutation (i.e.
in Ler and Col-0, respectively). While at least three AtLAT proteins exhibit polyamine
transport activity (i.e. LAT1, LAT3, LAT4; Fujita et al. 2012; Mulangi et al. 2012), only
LAT1 localizes to the plasma membrane, whereas LAT3 and LAT4 localize to the ER
and Golgi apparatus, respectively (Li et al., 2013; Fujita and Shinozaki, 2014).
Therefore, the results obtained may also reflect the distinct PM activity for LAT1 as
well as some possible genetic redundancy for Spm uptake that may involve other
members from the amino acid-polyamine-choline APC family, in which the subfamily
of LAT transporters is included (Verrey et al., 2004; Rentsch et al., 2007).
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Figure 3. The Spm induced-PA response takes place in the root and involves polyamine
32
transporters, including RMV1. (A) P-PA response in different sections of the Arabidopsis seedling.
32
Five-days old wt seedlings that had been labelled O/N with Pi were treated with or without 60 µM Spm for
30 min. After stopping the labelling by adding PCA, seedlings were cut in 6 parts (I-VI) and their lipids
extracted and quantified. Length/type of section: root tip, 2 mm (I), 3 mm (II), 5 mm (III), 5-7 mm (IV),
hypocotyl (V) and cotyledons (VI). Results (mean ± SD, n = 3) are expressed as fold-increase of PA with
respect to control treatment without Spm of each section. Asterisks indicate significant differences using
Student's t-test: *P<0.05, **P<0.01, ***P<0.005. The experiment was repeated twice with similar results.
32
(B) Gadolinium blocks Spm induced-PA response. O/N P-labelled seedlings were pre-treated with buffer
(Ctrl) or 100 µM GdCl3 for 60 min after which they were treated with 60 µM Spm or buffer alone for 30 min.
32
(C, D) P-PA responses in rmv1 knock-out and two independent Pro35S::RMV1 over-expressor lines.
32
Seedlings were P-labelled O/N and the next day treated for 30 min with or without 60 µM Spm. Wild-type
Landsberg (Ler) and a wild-type Col-0 line containing the empty vector (Ve-1) were used as control lines,
respectively. Letters indicate values significantly different according to Student-Newman-Keuls test at Pvalue <0.05 (Mean ± SD, n = 3). Experiments were repeated twice with similar results.
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Spm-triggered PA is mainly, but not only, generated via PLD activity
A fast increase in PA has traditionally been associated with an increase in DGKand/or PLD activity. DGK produces PA through phosphorylation of DAG, which can
originate via hydrolysis of phosphoinositides by PLC or structural phospholipids by
NPC. On the other hand, PLD hydrolyses structural phospholipids like PE or PC to
32
form PA. To distinguish between these two routes, we used a differential P-labelling
protocol to highlight ATP-dependent reactions (Arisz and Munnik, 2013). This method
32
is based on the premise that the Pi added to seedlings is rapidly taken-up and
incorporated into ATP and subsequently into lipids that are synthesized via kinase
32
activity (e.g. DGK), which is in huge contrast to the relatively slow incorporation of P
into structural phospholipids. So under short labelling conditions, PLD would not
32
generate a P-labelled PA response whereas DGK's response would be augmented
(Arisz and Munnik, 2013). Hence, when seedlings were labelled for only 30 min
rather than the usual O/N labelling for 16 h, and treated with Spm, we did observe an
32
increase in P-PA (Fig. 4A), indicating that at least part of the Spm induced-PA
response was generated via DGK.
Earlier, we found that PIP5K7 and PIP5K9 where predominantly responsible
for the Spm induced-PIP2 response (Chapter 4). To investigate whether the Spminduced PA might originate from the PIP2-PLC route, the PA response in
pip5k7/pip5k9 double mutants was analysed. However, as shown in Figure 4B, the
32
P-PA response did not differ between control and Spm treatment. While we cannot
discard PLC reactions towards PIP or PC-PLC reactions, this result clearly illustrates
that the PIP2- and PA responses are independent of each other and might actually
take place via independent, Spm-elicited reactions.
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Figure 4. Analysis of DGK involvement in Spm triggered-PA response. (A) Seedlings were pulse32
labelled with Pi for 30 min and then treated with 60 µM Spm or buffer alone (Ctrl) for the indicated times.
The fold-PA response of two independent experiments is shown (squares and triangles, respectively).
32
32
Values are normalized to the P-labelling of phosphatidylinositol (PI) and to Ctrl, without Spm. (B) P-PA
32
responses of wt and the double knock-out mutant pip5k7/pip5k9. Seedlings were Pi-labelled O/N and
treated with buffer with and without 60 µM Spm for 30 min. Letters indicate values that are significantly
different according to Student-Newman-Keuls test at P-value <0.05 (Means ± SD, n = 3). The experiment
was repeated twice with similar results.

To analyse the potential involvement of PLD, its unique ability to catalyze a
transphosphatidylation reaction was used. That produces phosphatidylbutanol (PBut)
in vivo, in the presence of a low concentration of a n-butanol (Munnik et al., 1995;
Arisz and Munnik, 2013; Munnik and Laxalt, 2013). To get a substantial proportion
32
(though not all) of the structural phospholipids (PLD's substrate) P-labelled,
seedlings have to be labelled O/N and then treated the next day in the presence of
32
0.5% n-butanol. The subsequent formation of P-labelled PBut is an in vivo marker
for PLD activity and can be quantified. To test its response to Spm, dose-response
and time-course experiments were performed as before (Fig. 2), but this time in
presence of n-butanol. As shown in Figure 5A and 5B, Spm clearly triggered PLD
activity, with the PBut following a pattern similar to the PA response (Fig. 2). In an
attempt to identify the PLD(s) involved, a number of T-DNA insertion mutants were
analysed. Arabidopsis contains 12 PLDs, i.e. 3 PLDαs, 2 PLDβs, 3 PLDγs, 1 PLDδ, 1
32
PLDε, and 2 PLDζs (Zhang et al., 2005). Validating the P-labelled Pbut and PA
response in various T-DNA insertion lines (i.e. in PLDα1, PLDα3, PLDδ, PLDε,
PLDζ1 and PLDζ2), we identified PLDδ as the main contributor, with the pldδ-KO
mutant alone or in combination with other KOs, showing a ~55% reduction in PA and
~70% reduction in PBut accumulation (Fig. 5C, D). Interestingly, PLDδ is localized at
the plasma membrane, and reporter-GUS lines revealed that its gene expression is
mainly radicular in seedlings (Katagiri et al., 2001), which is in agreement with the PA
response observed here.
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Figure 5. Analysis of Spm-induced PLD activity and gene identification. Time-course and doseresponse experiments were performed as described earlier but this time in the presence of 0.5% n32
butanol. (A, B) Quantification of the PLD transphosphatidylation product, P-PBut. Letters indicate values
significantly different according to Student-Newman-Keuls test at P-value <0.05, and asterisks indicate
significant differences with respect to control treatments without Spm, using the Student's t-test: *P<0.05,
32
**P<0.01, ***P<0.005. Data are the mean ± SD of three independent experiments (n = 6-9). (C) P-PA
responses in PLD T-DNA insertion mutants treated with (+) or without (-) 60 µM Spm for 30 min. Mutants
analysed: pldα1, pldα3, pldδ, pldε, pldζ1, pldζ2, and the mutant combinations pldα1/δ, pldα1/δ/α3 and
32
pldα1/δ/ε. (D) P-PBut response in pldδ with respect to wt. Letters indicate values that are significantly
different according to Student-Newman-Keuls test at P-value <0.05 (Means ± SD, n = 3). The experiment
was repeated twice with similar results.

H2O2 and NO are not involved in Spm-induced PA increase
Spm is known to cause the accumulation of NO and H2O2 (Cona et al., 2006; Tun,
2+
2006; Moschou et al., 2008), which in turn can cause a Ca influx (Takahashi et al.,
2003). Their production is likely mediated by polyamine oxidase (PAO) and diamine
oxidase (DAO) activities (Tun, 2006; Wimalasekera et al., 2011). Under our
conditions, Spm also caused an increase in H2O2 and NO (Chapter 4), and since
PLD activity can be activated by H2O2 (Wang and Wang, 2001; Zhang et al., 2003,
2009) and NO (Distéfano et al., 2008; Lanteri et al., 2008; Raho et al., 2011), this is a
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potential mechanism of activation, especially since both H2O2 and NO have been
found to be upstream of PLDδ in response to e.g. ABA-induced stomatal closure in
Arabidopsis (Distéfano et al., 2012). In this way, H2O2 seems to promote the binding
of cytosolic glyceraldehyde-3-phosphate dehydrogenases (GAPC) to PLDδ, and
increase its activity (Guo et al., 2012).
To investigate whether H2O2 and NO were responsible for the Spm inducedPA response, their effect was analysed under our conditions. As shown earlier
(Chapter 4), ROS scavenger, dimethylthiourea (DMTU) and NO scavenger, carboxyPTIO (cPTIO) were able to significantly reduce the accumulation of Spm-derived
H2O2 and NO. However, as shown in Figure 6A, these scavengers had no effect on
the Spm triggered-PA response, suggesting that the increase in PA increase was
independent of these secondary metabolites. Moreover, gapc1-1/gapc2-1- and
gapc1-1/gapc2-2 double knock-out mutants, did not show a change in the PA
response compared to the control (Fig. 6B), confirming our previous observation.

32

32

Figure 6. Role of H2O2 and NO in the Spm induced-PA response. (A) P-PA levels of P-prelabelled
seedlings that were incubated in the presence of H2O2 and NO scavengers (5 mM DMTU or 0.1 mM
cPTIO, respectively) or buffer alone (control, Ctrl) for 60 min, and then treated for 30 min with or without
32
120 µM Spm. Data is expressed as percentage of total P-lipids, representing the mean ± SD (n = 3). (B)
32
P-PA response in gapc1-1/gapc2-2 and gapc1-1/gapc2-1 double knock-out mutants respect to wt. Mean
± SD (n = 3). Letters indicate values significantly different according to Student-Newman-Keuls test at Pvalue <0.05. All the experiments were repeated twice with similar results.
+

PLDδ is involved in the Spm-induced K -efflux response in the root-elongation
zone
+
Application of exogenous polyamines is known to trigger a K efflux in pea- (ZepedaJazo et al., 2011) and maize roots (Pandolfi et al., 2010). Earlier, we found that Spm
+
triggers a fast and transient K efflux in the roots of Arabidopsis seedlings, using the
MIFE technique (Chapter 4). To analyse a potential role for PLDδ, we performed the
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same analyses for the pldδ knock-out mutant vs wt in the same root transition zone.
+
-2 -1
Prior to the application of Spm, roots showed a net K efflux of 150-250 nmol m s ,
most probably due to transferring seedlings from nutrient-rich MS medium (containing
+
+
around 20 mM K ) to poorer (0.2 mM K ) BSM (basic salt medium) solution (Fig. 7).
+
Upon Spm application, the K efflux increased gradually, reaching a peak around 15
min, and stopped after ~50 min (Fig. 7A). As shown in Figure 7B, the pattern of this
transient response was significantly different in pldδ, showing first kinetics similar to
+
wt during the first minutes of treatment, until it reached an early K efflux peak at 10
+
min after which it started the recovery. Overall, pldδ showed ~60% reduction in K
loss compared to wt (Fig. 7B), placing PLDδ and its derived PA upstream of the Spm
+
+
3+
induced-K efflux. Since the Spm induced-K efflux is completely abolished by Gd
(Chapter 4), these results indicate that PLDδ is likely activated by Spm from the
inside of the cell, after its uptake.

+

+

Figure 7. K flux at the root elongation zone is strongly reduced in pldδ mutant. (A) Transient K -flux
kinetics measured with MIFE in wt- and pldδ seedlings upon addition of 60 µM Spm at t=0. (B)
+
Quantification of the average K flux over 30 min of Spm treatment (means ± SE, n = 6 - 7). Asterisks
indicate significant differences using Student's t-test: *P<0.05, **P<0.01, ***P<0.005. For all MIFE data,
negative values represent net efflux of ions accross the PM into the apoplast.

DISCUSSION
Polyamines are naturally occurring polycationic molecules involved in a plethora of
cellular events (Tiburcio et al., 2014). However, there are still many gaps in the
literature regarding the identification of potential targets that would explain their
mechanism of action at a molecular level. In that sense, their involvement in lipid
signalling has been barely explored in plants. In our previous work, using Arabidopsis
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seedlings as a model system, we reported an increase of the signalling lipid, PIP2,
+
which was linked to the uptake of polyamines and the efflux of K (Chapter 4). In the
present work, a new link to the lipid second messenger PA is reported that is
independent of PIP2, is predominantly generated by PLDδ, and plays a role in the
+
Spm induced-K efflux too.
External application of polyamines is commonly used to mimic their transport
into the apoplast, which takes place in response to various environmental cues
(Moschou et al., 2008; Toumi et al., 2010). We used it here to study their effect on
32
the turnover of phospholipids in Arabidopsis seedlings prelabelled with
P i.
Polyamine application clearly triggered an increase in the formation of PA, in a
4+
3+
2+
concentration- and charge-dependent fashion [Spm > Spd > Put ] (Fig. 1, Suppl.
Fig. S1). This charge dependency may indicate an electrostatic interaction between
the positive charges of the polyamine and a negatively charged target as indicated in
various assays (Bertoluzza et al., 1988; Kurata et al., 2004; DeRouchey et al., 2010;
Rudolphi-Skórska et al., 2014). Characterizing the Spm response, revealed that PA
was triggered at low (15 µM) concentrations, and that its accumulation was relatively
fast, starting to be detectable at 15 min upon treatment and increasing linearly over 1
h (Fig. 2). The saturation of the response at relatively low concentrations (60 - 250
µM) may reflect a saturation of polyamine uptake, as shown in earlier studies
(Pistocchi et al., 1987; Ditomaso et al., 1992a). Pre-treatment with the polyamine
3+
uptake blocker Gd , inhibited most of the PA response, indicating that polyamine
transport is indeed upstream. In this sense, the plasma-membrane RMV1 polyamine
uptake transporter (Fujita et al., 2012; Li et al., 2013; Martinis et al., 2016), was
identified as one of the transporters involved in Spm uptake leading to PA (Fig. 3).
However, the genetic redundancy observed in polyamine uptake may implicate the
potential role of other polyamine uptake transporters belonging to other families
(Igarashi and Kashiwagi, 2010; Tegeder and Rentsch, 2010; Sagor et al., 2016; Tong
et al., 2016), or even the involvement of a different uptake system (Poulin et al.,
2012). Those results, in general, follow the same pattern as observed previously for
Spm-induced PIP2 response (Chapter 4).
In our conditions, Spm clearly triggered a PA response in the root, not in the
shoot or hypocotyl (Fig. 3A). Its accumulation could be due to enhanced basal
turnover of glycerolipids for which PA is a precursor, or related to signalling via a
DGK- and/or PLD pathway. In our study, we obtained evidence for both latter routes,
adding another layer of complexity to the analysis of the response. Screening several
PLD knock-out mutants led to the identification of the plasma membrane-associated
PLDδ as the main contributor for Spm-derived PA response, explaining most of the
PLD-induced activity observed (Fig. 5). Despite the fact that PLDδ is known to be
activated by NO and H2O2 (Zhang et al., 2003; Distéfano et al., 2012; Guo et al.,
2012), products that have also been shown to increase upon Spm application
(Chapter 4), these Spm-derivate metabolites were not responsible for the PA
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response observed here (Fig. 6). In this sense, pldδ KO, which is known to be more
sensitive to stress damage and to H2O2-induced cell death (Zhang et al., 2003), did
not show any apparent root phenotype when transferred to agar plates containing
eliciting, µM concentrations of Spm (Suppl. Fig. S4A). Just a slight difference with
respect to wt was observed at higher Spm concentrations i.e. 150 µM (Suppl. Fig.
S4B), where a significant reduction in primary root growth has been shown to take
place as previously reported (Chapter 4), and associated to a H2O2 accumulation
derived from polyamine oxidase activity (de Agazio et al., 1995; Couée et al., 2004;
Tisi et al., 2011).
As PA and PIP2 accumulate simultaneously upon Spm treatment (Chapter 4),
it seems reasonable to think of a direct link between both pathways. In animal
systems, a positive-feedback loop exists in which PIP2 activates PLD to produce PA
while PA activates PIP5K to produce more PIP2 (Morris, 2007). Indeed, a link
between Spm-induced PIP5K and PA has been observed in smooth muscle cells
(Chen et al., 1998). In Arabidopsis, PIP2 has been shown to activate some PLD
isoforms, including PLDδ (Li et al., 2009), and some PIP5Ks such as PIP5K1, have
been shown to be activated by PA (Im et al., 2007). However, in our hands, the
depletion of PIP2 accumulation in response to Spm in the double knock-out mutant
pip5k7/pip5k9 (Chapter 4), or the 55% reduction of PA in pldδ knock-out mutant (Fig.
5C), did not significantly alter the PA or PIP2 levels, respectively (Fig. 4B, Suppl. Fig.
S5). These results indicate that PA- and PIP2 accumulate independently, discarding
the idea of a positive PIP5K/PLD-feedback loop. The independence of the PIP2- and
PA responses could reflect tissue/cell specificity.
Phosphatidylinositol 4-kinase β1 (PI4Kβ1) and PI4Kβ2 were earlier identified
as the main enzymes involved in the synthesis of the PI4P pool that is used as
substrate by PIP5K7 and PIP5K9 to produce PIP2 in response to Spm (Chapter 4).
Interestingly, the double knock-out, pi4kβ1/pi4kβ2 showed ~40 % less PA response
when elicited by Spm (Suppl. Fig. S6A). Potentially, this could reflect the PA that is
generated via the DGK pathway (Fig. 4A) and the hydrolysis of PI4Kβ1/β2-generated
PI4P by PLC. Plant PI-PLCs contain the conserved catalytic- and C2 domain, but
unlike mammalian PLCs lack a pleckstrin homology (PH) domain that binds PIP2
(Munnik, 2014). This may reflect a lower PIP2 specificity in plant PI-PLCs, meaning
that other phosphoinositides rather than PIP2 may be sensed in the cell (Munnik and
Testerink, 2009; Munnik, 2014). PIP2 concentrations are also much lower than PIP
(20-100 fold) and typically needs to be synthesised upon cell activation (Munnik,
2014). The increased PIP levels upon Spm treatment (Chapter 4) could reflect its
increased turnover by PLC and generate the DAG that is phosphorylated by DGK,
rather than the minor levels of PIP2.
Another possibility to explain the role of PI4Kβ1 and PI4Kβ2 in PA formation
is through its potential interaction with the PLD pathway. In vitro, PI4P can activate
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Arabidopsis PLDs (Pappan et al., 1997; Qin et al., 1997). In vivo, it is clear that the
Spm induced- PA kinetics (Fig. 2B) correlate much better with those of PIP than with
PIP2's (Chapter 4). Interestingly, analysing the Spm induced-PLD response in
pi4kβ1/pi4kβ2 in the presence of n-butanol, showed ~50 % reduction of PBut with
respect to wt (Suppl. Fig. S6B), indicating that PI4Kβ1/β2 activity plays a role
upstream of the PLD-derived PA response. To study the role of PI4Kβ1 and PI4Kβ2
on PLDδ-mediated PA synthesis more carefully, we analysed the Spm-induced PAand PBut responses in a triple mutant, pldδ/pi4kβ1/pi4kβ2. Neither PA nor PBut
showed a cumulative effect in the triple mutant, instead levels were similar to pldδ
(Suppl. Fig. S6C, S6D), indicating that (i) PI4Kβ1, PI4Kβ2 and PLDδ are involved in
the same pathway leading to PA synthesis, and (ii) PI4Kβ1 and PI4Kβ2 act upstream
of PLDδ. This interesting result, support the idea of a positive role for PI4Kβ1- and
PI4Kβ2-generated PI4P on PLDδ activity, which may be reflected in the fact that
2+

PLDδ contains a C2- Ca /phospholipid-binding domain (Wang and Wang, 2001;
Hong et al., 2016) and a putative polybasic phospholipid binding motif in its catalytic
domain (Selvy et al., 2011). Therefore, the fact that PLDδ is not involved in the PIP2
increase, and PIP5K7 and PIP5K9 are not involved in PLD-generated PA, places
PI4Kβ1 and PI4Kβ2 in a cross-road position to regulate the accumulation of both PA
and PIP2 signalling lipids in response to Spm, via PLD and PIP5K pathways,
respectively. PI4kβ1 and PI4Kβ2 are localized at the trans-Golgi network (TGN)
vesicles and are involved in delivering material between the Golgi network and PM
(Preuss et al., 2006; Antignani et al., 2015). PA is known to be required for events in
the secretory pathway, such as the vesicle release at the trans-Golgi (Langhans and
Robinson, 2007; Wickner, 2010). Various polyphosphoinositides are implicated in the
interaction of PLD/PA with the cytoskeleton and the trafficking of vesicles (Langhans
and Robinson, 2007; Pleskot et al., 2013). The responses observed here may reflect
a membrane-traffic response to Spm, in which PI4K-positive vesicles from the TGN
interact with Spm-sensitive PLD and PIP5K at the PM (Wang and Wang, 2001;
Pinosa et al., 2013)(Chapter 4). In this way, PA may act together with PIP2 to recruit
proteins into complexes, or to locally modify membrane properties to facilitate specific
biological functions (Chung et al., 1997; Vicogne et al., 2006). This could be the case,
for example, in the modulation of ion channel activity as indicated below.
Polyamine uptake has been shown to induce PM depolarization in plant roots
(Ozawa et al., 2010; Pottosin et al., 2014). Associated to this response, a significant
+
K efflux in roots of pea, maize and Arabidopsis (Pandolfi et al., 2010; Zepeda-Jazo
et al., 2011)(Chapter 4) has been observed. Using the MIFE technique, we earlier
+
reported a massive and transient K efflux caused by Spm uptake in the epidermal
cells of the root elongation zone of Arabidopsis (Chapter 4). PIP2 appeared to play an
+
important role upstream of the K efflux response as it was greatly diminished in
pip5k7/pip5k9 double mutants. Interestingly, we found here that the PA pool
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generated via PLDδ displays a similar role in the same cells (Fig. 7), thus supporting
the idea of a combined action of PIP2 and PA in response to Spm. In our previous
+
work, we also found a gradual increase of H efflux associated to Spm uptake,
+
correlating with the K efflux peak and its gradual reduction 10-15 min after treatment
+
(Chapter 4). The cytosolic alkalinisation due to an increased PM H -ATPase activity
(Reggiani et al., 1992; Garufi et al., 2007; Pottosin et al., 2014), may lead to the
+
+
opening of voltage-gated inward-rectifying K channels (Kin) to compensate the K
efflux (Dreyer and Uozumi, 2011; Karnik et al., 2016). In animal cells, PA has been
shown to regulate voltage-gated potassium (Kv) channels and has been proposed to
+
+
stabilize K -inward channels in its closed conformation, thus reducing K inward
currents (Hite et al., 2014). In plants, PA has been shown to inactivate Kin channels in
guard cells of Vicia faba and Arabidopsis (Jacob et al., 1999; Uraji et al., 2012), in
which PLDδ was implicated (Uraji et al., 2012). Such observations would be in
+
agreement with a direct regulation of PA on K flux as we found. On the other hand,
PA and PIP2 have both been implicated in the regulation of various important cellular
processes, such as endocytosis, exocytosis and actin and microtubular dynamics,
facilitating for example, polar tip-growth in root hairs and pollen tubes or expansion of
the cell plate upon cell division (Dhonukshe et al., 2003; Bove et al., 2008; Zhang and
McCormick, 2010; Testerink and Munnik, 2011; Pleskot et al., 2013, 2014). Clearly,
further research is required to investigate this.
In summary, the results obtained in this work indicate that (i) Spm uptake
triggers the accumulation of PA in root cells of Arabidopsis seedlings, (ii) the plasma
membrane-associated PLDδ is the main enzyme involved, (iii) its activity is regulated
by PI4P derived from Spm-sensitive PI4Kβ1/β2, and (iv) the PLDδ-derived PA pool
+
contributes to modulate the K loss associated with Spm uptake. The precise
mechanism underlying this response will require further investigation, especially on
the cell biological level using FP-tagged markers for membrane trafficking and lipid
biosensors in the various mutant backgrounds.

MATERIALS AND METHODS
Plant material and growth conditions
Arabidopsis thaliana pi4kβ1/pi4kβ2, pip5k7/pip5k9, pldα1, pldα3, pldδ, pldε, pldα1/δ,
pldα1/δ/α3, pldα1/δ/ε, pldζ1, pldζ2, gapc1-1/gapc2-1, gapc1-1/gapc2-2, rmv1 mutant
null alleles and the Pro35S::RMV1 transgenic lines were described previously
(Preuss et al., 2006; Hong et al., 2008, 2009; Bargmann et al., 2009; Fujita et al.,
2012; Guo et al., 2012; Galvan-Ampudia et al., 2013)(Chapter 4). The lat1/2/3/5 and
lat1/2/4/5 quadruple null mutant, were generously provided by Dr. M. Fujita (RIKEN
Plant Science Center, Japan), while pldα1/δ/α3 and pldα1/δ/ε triple knock-out
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mutants were kindly provided by Prof. Dr. D. Bartels (University of Bonn, Germany).
In most cases Arabidopsis thaliana ecotype Col-0 was used as the wild type, except
for rmv1 and the Pro35S::RMV1 lines, in which Ler ecotype and Col-0 empty vector,
Ve-1, were used as wild type respectively.
Seeds were surface-sterilized using chlorine gas and sown under sterile
conditions on square petri dishes containing 30 mL of standard growth medium
consisting of ½ Murashige and Skoog (MS) medium with Gamborg B5 vitamins (pH
5.7; KOH), 1% (w/v) sucrose, and 1% (w/v) agar. Plates were vernalized at 4 ºC for
48 h and then placed vertically under the angle of 70º, in a growth chamber (16/8
-2 -1
light/dark cycle, 110-130 µmol m s ) at 22 °C. Five days-old seedlings were then
32
transferred to either 2 mL tubes for Pi labelling experiments, or to treatment plates
for phenotypic analyses.
Chemicals
All chemicals were from Sigma-Aldrich except Phosphorus-32 (as orthophosphate,
32
3PO4 ) that was purchased from Perkin-Elmer. All incubations with polyamines and
chemicals were performed in incubation buffer, consisting of 2.5 mM MES buffer (2(N-morpholino)ethanesulfuric acid), pH 5.7 (KOH), 1 mM KCl.
32

Pi phospholipid labelling, extraction and analysis
Phospholipid levels were measured as described earlier (Munnik and Zarza, 2013).
Briefly, 3 seedlings per sample were metabolically labelled overnight by flotation in
continuous light in 2 ml Eppendorf tubes containing 200 µl incubation buffer (2.5 mM
32
332
MES-KOH, pH 5.7, 1 mM KCl) and 10 µCi PO4 (stock Pi; carrier-free, 10µCi/µL).
For mature plants, Arabidopsis leafs discs (∅ 5 mm) were taken from 3-week-old
plants and labelled using the same conditions. Treatments were performed by adding
1:1 (v/v) of a 2x solution and incubations were stopped at indicated times by adding
5% (v/v) perchloric acid. Lipids were extracted and analyzed by thin-layer
chromatography (TLC) using an ethyl acetate solvent system (Munnik and Laxalt,
2013). Radioactivity was visualized by autoradiography and individual spots were
quantified by phosphorimaging (Typhoon FLA 7000; GE Healthcare).
For certain experiments, the protocol was slightly modified, i.e.: 1) In short32
labelling experiments,
Pi was added 30 min prior to the treatment. 2) In
transphosphatidylation assays, treatments were performed in the presence of 0.5%
n-butanol. 3) For tissue dissection experiments, seedlings where labeled, treated and
fixed as described above. Seedlings were then carefully cut with a scalpel and every
section was processed separately.
Ion flux measurement
+
Net K fluxes were measured using MIFE technique (UTas Innovation, Hobart,
Tasmania) (Newman, 2001; Shabala et al., 2006). Five days-old Arabidopsis
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seedlings were placed into a 30 mL measuring chamber, containing 0.5 mM KCl, 0.2
mM CaCl2, 5 mM MES, 2 mM Tris base; pH 6.0. Roots were immobilized in a
horizontal position (Bose et al., 2014) and preincubated in the above buffer for at
least 30 min. Electrodes were positioned near the root surface at the elongation zone
(less than 2 mm from the root cap junction). First, steady-state ion fluxes were
recorded over a period of 5 min, after which different concentrations of Spm were
applied and net ion fluxes measured.
Root phenotyping assay on plates
Arabidopsis seedlings were grown on vertical plates containing standard growth
medium for 5 days. Then, seedlings were transferred to plates supplemented with or
without Spm. Plates were scanned at indicated days after transfer (DAT) using an
Epson Perfection V700 Scanner at 300 dpi. For root measurements EZ-Rhizo
software was used (Armengaud et al., 2009). Main root (MR) growth was expressed
as growth ratio (MR length divided by MR length at 0 DAT). Statistical analysis was
performed in SPSS using a paired t-test.
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SUPPLEMENTAL MATERIAL

32

Figure S1. Quantification of the P-labelled PA levels in response to treatment with different
concentrations of Put, Spd or Spm (A) or with Diaminopropane (Dap) or termospermine (Tspm) (B). Data
is expressed as fold-increase with respect to control at the indicated polyamine concentrations as mean ±
SD of triplicate samples. The experiment was independently repeated twice with similar results.

Figure S2. Leaf disks were punched from 3-weeks-old Arabidopsis plants and labelled O/N individually.
Next day, samples were treated for 30 min at the indicated concentrations of Spm and lipids were
32
extracted and the P levels quantified. Letters indicate values significantly different according to StudentNewman-Keuls test at P-value <0.05. Data are the mean ± SD of three independent experiments (n = 9).
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Figure S3. Spm induced-PA responses in L-type amino acid transporter (LAT) quadruple knock-out lines
32
lat1/2/3/5 and lat1/2/4/5. Seedlings were P-labelled O/N and the next day treated for 30 min with or
without 60 µM Spm and the PA response calculated. Letters indicate values significantly different
according to Student-Newman-Keuls test at P-value <0.05 (Mean ± SD, n = 3). The experiment was
repeated with similar results.

Figure S4. Analysis on root growth was performed using Arabidopsis seedlings grown for 5 days on plates
containing standard medium, which were then transferred to plates supplemented with or without Spm. (A)
Picture corresponding to wild-type and pldδ seedlings, 4 days after transfer (DAT) to plates with 60 µM
Spm. (B) Quantification of the growth ratio of the main root (MR) at 4 DAT in response to 0, 60 and 150 µM
Spm. Mean ± SD. Five independent plates per treatment were used, containing eight seedlings each. The
experiment was repeated twice with similar results.
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Figure S5. P-PIP2 response in 5 days-old wt- and pldδ seedlings that were labelled O/N and treated with
or without 60 µM Spm for 30 min. Letters indicate values significantly different according to StudentNewman-Keuls test at P-value <0.05 (Mean ± SD, n = 3). The experiment was repeated with similar
results.
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32

32

Figure S6. (A, B) P-PA response and P-PBut response in pi4kβ1/pi4kβ2 double knock-out mutants
upon 60 µM Spm treatment for 30 min. (C, D) The same response was analysed in the triple mutant
pldδ/pi4kβ1/pi4kβ2. Results are expressed as percentage of total phospholipids labelled. Letters indicate
values significantly different according to Student-Newman-Keuls test at P-value <0.05 (Mean ± SD, n =
3). The experiments were repeated with similar results.
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Unfavourable conditions can affect plant growth, development and productivity. To
cope, plants have evolved complex and highly coordinated signalling systems that
allow these sessile organisms to perceive, transduce, and respond to these signals,
which allow them to sustain and survive. Our knowledge on the molecular
mechanisms governing plant stress responses has considerably increased during the
last decade, even though we are still far away to understand the complex regulation
and coordination of these pathways. In this context, polyamine metabolism has
emerged during the last 40 years as an important stress-related pathway and its
accumulation is often a metabolic hallmark of enhanced stress tolerance. However,
these small and versatile polycationic molecules are not only involved in stress
responses, but also in many aspects of cellular biology and physiology. Yet, the
molecular mechanism by which polyamines exert such a wide range of events is still
not well understood. In this thesis, the role of polyamine metabolism on salt stress
and the involvement of polyamines on phospholipid signalling was studied. In
Chapter 2, genetic engineering of the polyamine pathway in Arabidopsis thaliana was
used to study the involvement of polyamine back-conversion through PAO5 during
salt stress. In the following chapters, the effect of polyamines on plasma membrane32
associated phospholipid signalling was studied. First, a Pi-labelling procedure was
optimized to analyse phospholipid synthesis and turnover in vivo (Chapter 3). Using
this, we found an effect of exogenously applied polyamines on the dynamics of two
lipid-signalling molecules, phosphatydinositol 4,5-bisphosphate (PIP2; Chapter 4) and
phosphatidic acid (PA; Chapter 5), and discovered an important process
downstream. Here, the major findings will be discussed briefly and ideas provided to
continue further research on the role of polyamines in plant biology in general and
eukaryotic cell biology in particular.
Polyamines and abiotic stress in plants: approaches to study a complex
relationship
The accumulation and the associated protective role of polyamines in abiotic stress
has been demonstrated by exogenous treatments and through genetic engineering
under both short- and long-term stress conditions (Alcázar et al., 2010; Minocha et
al., 2014). Typically, when cellular polyamine contents are up, their catabolism also
increases. This places its degradation route as a key pathway in the fine-tune
regulation of polyamine levels in stress, and as a source of ROS which, as parts of
signal transduction pathways, can also induce protective responses (Moschou et al.,
2012) or, at higher levels, can cause membrane damage and/or induce programmed
cell death (Moschou and Roubelakis-Angelakis, 2014). Whereas most key polyaminebiosynthetic genes have been analysed for their stress-tolerance properties,
regulation of polyamine catabolism is emerging as an alternative approach to control
polyamine levels (Moschou et al., 2008). In Chapter 2, we analysed the salt induction
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of Arabidopsis polyamine oxidase (PAO) members that mediate polyamine backconversion, of which Arabidopsis contains five (AtPAO1-5). The expression of
AtPAO5 was found to be most transcriptionally responsive. PAO5 preferentially
catalyses the conversion of thermospermine (Tspm) to spermidine (Spd) and knockout mutants of the corresponding gene exhibited constitutively higher levels of Tspm,
and higher tolerance to salt stress. Interestingly, H2O2 levels were not affected by the
pao5 mutation under these conditions, supporting the idea of an intrinsic role for
polyamines in salt stress tolerance. Associated to Tspm accumulation, a general
metabolic- and transcriptional reprogramming was observed in which a stimulation of
ABA, JA and an accumulation of important compatible solutes was identified as
potential effects contributing to the increased salt tolerance of the mutant. However,
the diverse and additive effects typically observed when a key gene from polyamine
metabolism is altered (Alcázar et al., 2010; Marco et al., 2011; Bitrián et al., 2012; Liu
et al., 2015; Pál et al., 2015) add complexity to the identification of direct polyamine
targets. To further study the mechanism behind polyamine accumulation and its
potential downstream-derived effects, the effect on phospholipid signalling was
studied (Chapter 4, Chapter 5).
It is known that environmental stimuli such as salt stress trigger a fast efflux
of polyamines in the apoplast (Moschou et al., 2008). While part of this apoplastic
polyamine pool is oxidized by diamine- and polyamine oxidase activities, triggering
downstream effects (Takahashi et al., 2003; Moschou et al., 2008; Toumi et al., 2010;
Pottosin and Shabala, 2014), an important fraction is transported intercellularly and
locally internalized (Ditomaso et al., 1992a; Kakkar et al., 1997; Antognoni et al.,
1998; Pommerrenig et al., 2011; Martinis et al., 2016). In our studies, we mimicked an
apoplastic polyamine increase by applying low µM concentrations of polyamines, and
were able to distinguish the response of the internalized pool from the oxidized
polyamines. The potential cellular sensing and early effects of boosted polyamines
were studied by analysing their uptake and subsequent effect on the metabolism of
phospholipids, which are the main structural components of plasma membranes and
also play crucial roles in signalling and membrane trafficking (Balla, 2013). The
relationship between polyamines and phospholipids has barely been studied in vivo.
Most evidence there is, has even been obtained indirectly and is mainly based on
animal models. Hence, we used a highly sensitive method, based on the labelling of
32
3- 32
Arabidopsis seedlings with the radioactive tracer molecule, PO4 ( Pi; Chapter 3),
which is readily taken-up by cells and incorporated into phospholipids due to their
rapid turnover. Especially the minor signalling lipids, like PPIs and PA, can be
monitored like this, and prevails methods based on the fatty-acid content of
phospholipids (König et al., 2008a), in which contaminations of fatty acids from other
lipids lead to inaccurate measurements (Munnik, 2014). The results obtained in
response to spermine (Spm), which was the most effective polyamine, revealed that
internalised polyamines increased the levels of PIP2 (Chapter 4) and PA (Chapter 5),
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in root cells, and within minutes of application, placing these responses as a very
early event in polyamine sensing. Moreover, the enzymes involved in their synthesis
were identified: For PIP2 these were the phosphatidylinositol phosphate 5-kinases,
AtPIP5K7 and AtPIP5K9, promoting its accumulation at the plasma membrane, and
for PA, the plasma membrane-localised phospholipase Dδ (AtPLDδ). The mechanism
by which polyamines regulate these enzymes and not other members of these
relatively large gene families, will require further investigation. Nonetheless, loss-offunction mutants of the genes identified constitute important genetic tools to explore
potential downstream effects derived from polyamine triggered-lipid signalling. In this
+
way, we identified a previously reported polyamine response in plants, i.e. K efflux
(Pandolfi et al., 2010; Zepeda-Jazo et al., 2011) as a potential downstream effect
linked to PIP2 and PA, even though the lipid responses are not linked (Chapter 4,
Chapter 5).
Concurrent with the polyamine exodus upon salinity stress, the latter has also
been shown to trigger a fast and transient accumulation of PIP2 and PA (Munnik et
al., 2000; DeWald et al., 2001; van Leeuwen et al., 2007; König et al., 2008b;
Bargmann et al., 2009; Darwish et al., 2009). To study this potential link further,
however, salt- and Spm triggered PIP2 and PA responses, and the potential
involvement of the Spm-sensitive enzymes, should be re-tested under our (or at least
the same) experimental conditions.
Polyamine transport in plants: an important (and unknown) area to explore
Unlike animal systems, the study of polyamine transport in plants is quite scarce.
Most reports are based on studies performed nearly 25 years ago (Pistocchi et al.,
1987; Colombo et al., 1992; Ditomaso et al., 1992a, 1992b; Tassoni et al., 1996,
1998; Kakkar et al., 1997), but with recent characterization of several polyamine
transporters (Fujita et al., 2012; Mulangi et al., 2012; Li et al., 2013; Strohm et al.,
2015; Martinis et al., 2016; Tong et al., 2016), this field is attracting renewed
attention, and will emerge as an important area of study. Nonetheless, questions
such as how apoplastic polyamines are sensed, internalised, stored and released by
plant cells are still far from being answered. In this thesis, we have seen that
polyamine induced-PIP2 and -PA increases are charge-dependent rather than
polyamine-specific. This argues in favour of ionic interactions with negatively charged
components upstream of lipid responses, that may reflect a saturable, polyamine
binding to negatively charged elements in the outer leaflet (e.g. glycosylated residues
from membrane proteins), in accordance with previous reports (Tassoni et al., 1996),
being a potential requirement for polyamine internalisation. So far, all efforts to find a
polyamine receptor in plants have failed (Tassoni et al., 1998, 2002). Nonetheless,
the recent characterisation of polyamine transporters in the LAT- and NRT families
(Fujita et al., 2012; Tong et al., 2016), and the possibility, as shown for some
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members of NRT group, to potentially act as transceptors (Sun and Zheng, 2015),
may open new possibilities for further research.
Polyamine uptake has been suggested to be channel-mediated (Colombo et
al., 1992), although carrier- or energy-dependent uptake has been suggested by
other studies (Kakkar et al., 1997). In this context, we have identified the polyamine
uptake transporter, LAT1 (RMV1), as part of the transport machinery involved in Spm
uptake leading to lipid signalling (Chapter 4, Chapter 5). However, the genetic
redundancy observed in Spm uptake and the evidence that PA and PIP2 have been
implicated in clathrin-mediated endocytosis in plants (König et al., 2008b; Zhao et al.,
2010; McLoughlin et al., 2013), indicate that polyamines could potentially use other
mechanisms of internalisation, such as endocytosis, as has also been found in animal
cells (Poulin et al., 2012). The crucial role found for phosphatidylinositol 4-kinase,
PI4Kβ1 and PI4Kβ2 in modulating both Spm-derived PIP2 and PA increases, which
turned out to be completely independent of each other, could point to a membranetraffic response, favouring the endocytic model. On the other hand, PIP2 and PA
could also affect the gating capacity of the polyamine transporters, as has been found
for transmembrane ion channels and proton pumps.
The effect of endogenous polyamine pools on PIP2 dynamics has been
studied during cell division, where an accumulation of polyamines is known to occur
(Alm and Oredsson, 2009). In this study, using polyamine biosynthetic inhibitors and
HL60 and PC12 cells as a model, the existence of a Spd-sensitive PIP2 pool was
revealed (Coburn et al., 2006). Interestingly, pip5k7 pip5k9 double knock-out mutants
showed subtle vascular defects (Chapter 4), which may potentially be associated to
PIP2 signalling and endogenous Spm- and/or Tspm metabolism, as the genes
encoding the enzymes responsible (i.e. SPMS and ACL5, respectively) are also
vascular, and the latter has been associated to xylem formation (Yoshimoto et al.,
2016). The potential existence of endogenous polyamine-sensitive PIP2 and PA pools
in the vasculature will require further investigation, for which two-photon analyses and
a reliable PA biosensor will come in handy.

Concluding remarks
The mechanism underlying the cause-effect between polyamine accumulation and its
protective role in plant stress physiology is largely unknown. In this thesis,
endogenous modification of polyamine levels by genetic engineering in AtPAO5 was
used to provide evidence for a protective role of Tspm in salt stress. Associated to the
tolerant phenotype, a metabolomic and transcriptional reprogramming was found.
The analysis in detail revealed several elements potentially contributing to the
tolerance. These results may constitute valuable information in abiotic stress
research to develop new strategies to improve salt stress tolerance in crops. Using
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exogenously applied polyamines to mimic the early effects of their apoplastic
increase and uptake by certain cells, we found a fast accumulation of the lipid
signalling molecules, PIP2 and PA. The identification of the enzymes contributing to
this response and the discovery of an important downstream response, are reported
for the first time in this thesis. These findings constitute an important step forward in
both lipid signalling- and the polyamine field, filling in important gaps within the
literature and positively contributing in understanding polyamines' mode of action.
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Unfavourable conditions can affect plant growth, development and productivity. To
cope, plants have evolved complex and highly coordinated signalling systems that
allow these sessile organisms to perceive, transduce, and respond to these signals,
allowing them to sustain and survive. Our knowledge on the molecular mechanisms
governing plant stress responses has considerably increased during the last
decades, even though we are still far away to understand the complex coordination of
these pathways. In this thesis the focus has been on the role of polyamines as
signalling molecules.
Polyamine metabolism has emerged during the last 40 years as an important
stress-related pathway and its accumulation is often a metabolic hallmark of
enhanced plant stress tolerance. These small and versatile polycationic molecules
are not only involved in stress responses, but also in many aspects of cellular biology
and -physiology, affecting processes such as ion transport, protein- and lipid-kinase
activity, transcription, protein synthesis, or stabilization of membrane- and nuclear
components. Nonetheless, the molecular mechanism by which polyamines exert such
a wide range of effects is still not well understood. To extend these studies, we
investigated the polyamine back-conversion pathway during salt stress in Arabidopsis
using loss-of-function mutants of the AtPAO5 gene (Chapter 2), the most-induced
PAO member in salt conditions. We demonstrated that the mutants exhibit normal
ROS levels but constitutively increased levels of Tspm with associated increased salt
tolerance, arguing in favour of an intrinsic role for Tspm in salt stress. The detailed
analysis of the phenotype, revealed a transcriptional reprogramming in which the
stimulation of ABA, JA and an accumulation of important compatible solutes in the
mutant were identified as the potential underlying mechanisms leading to the
increased tolerance.
In a different approach to study the mechanism of polyamines, we
investigated their effect on plasma membrane-associated phospholipid signalling,
32
using an optimized Pi-labelling procedure that analyses phospholipid synthesis and
turnover in vivo (Chapter 3). We demonstrated that cellular uptake of apoplastic
polyamines triggers an increase of the lipid-signalling molecule PI(4,5)P2 at the
plasma membrane of root cells within minutes after application to Arabidopsis
seedlings (Chapter 4). The identification of the lipid kinases, PIP5K7 and PIP5K9 as
the main enzymes involved in PI(4,5)P2 response, using Spm as reference
polyamine, is reported for the first time in this thesis. Concurrent with the increase of
+
PI(4,5)P2, we found a strong Spm-induced K efflux in which the Spm sensitive-PIP5K
enzymes act upstream. Similarly, we found that polyamines trigger an independent
second lipid-signalling pathway, which generates PA (Chapter 5). The latter was
mainly generated by the plasma membrane-associated PLDδ. Interestingly, the
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+

PLDδ-mediated PA response was also found upstream of the Spm-induced K efflux.
Both PI(4,5)P2- and PA responses were found to involve the lipid kinases, PI4Kβ1
and PI4Kβ2. The new results described this thesis have contributed in formulating a
new hypothesis (Chapter 6), and will help to further unravel the role of polyamines in
eukaryotic cell biology in general and in plant biology in particular.
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Ongunstige omstandigheden kunnen de groei, ontwikkeling en productiviteit van
planten nadelig beïnvloeden. Om zich hiertegen te wapenen hebben planten zeer
complexe en gecoördineerde signaleringssystemen geëvolueerd die het mogelijk
maken om stresssignalen waar te nemen, te vertalen, en om te zetten in responsen,
die het voor de plant mogelijk maken om te overleven en succesvol te groeien. Onze
kennis over de moleculaire mechanismen van stress signalering in planten is
aanzienlijk toegenomen in de afgelopen decennia, ook al zijn we nog steeds ver
verwijderd om de complexe coördinatie van deze signaaltransductieroutes te
begrijpen. Dit proefschrift heeft de rol van polyamines in signaleringsroutes van
planten onder de loep genomen.
Polyamine metabolisme is de laatste veertig jaar als een belangrijke
plantstress-gerelateerde route boven komen drijven, en de ophoping van polyamines
wordt vaak gezien als een kenmerk van verhoogde stresstolerantie. Deze kleine en
veelzijdige polykationische moleculen zijn niet alleen betrokken bij stressresponsen,
maar ook bij verschillende aspecten binnen de celbiologie en -fysiologie, waaronder
processen zoals ionentransport, eiwit en lipide-kinase-activiteit, transcriptie,
eiwitsynthese, en stabilisatie van membraan- en nucleaire componenten. Niettemin,
het moleculaire mechanisme waarmee polyamines zo'n breed scala aan effecten
kunnen bereiken is nog steeds niet duidelijk. Om het onderzoek hiernaar uit te
breiden hebben we in dit proefschrift de 'polyamine terug-conversie route' van
Arabidopsis bekeken onder zoutstress met behulp knock-out mutanten van het gen
AtPAO5 (hoofdstuk 2). Dit gen reageert het sterkst op zout stress condities.
Aangetoond is dat de mutanten normale ROS niveaus vertonen en constitutief
verhoogde niveaus van Tspm met bijbehorende verhoogde zouttolerantie hebben,
wat een intrinsieke rol van Tspm in zout stress benadrukt, welke onafhankelijk is van
ROS signalering. Aan het fenotype blijkt een transcriptionele herprogrammering ten
grondslag te liggen waarin stimulatie van ABA, JA en een accumulatie van
belangrijke osmotisch-actieve stoffen mogelijk de verhoogde tolerantie in de mutant
verklaren.
In een andere benadering om het mechanisme van polyaminen te
bestuderen, onderzochten we het effect van polyamines op de plasmamembraan32
geassocieerde fosfolipide signalering. Via een geoptimaliseerde
Pi-labeling
procedure konden fosfolipide synthese en turnover in vivo worden bestudeerd
(hoofdstuk 3). Aangetoond werd dat cellulaire opname van apoplastische
polyamines leidt tot een toename van het lipide-signalerings molecuul PI(4,5)P2 in de
plasmamembraan van wortelcellen, enkele minuten na behandeling van Arabidopsis
zaailingen (hoofdstuk 4). De identificatie van de lipide kinases, PIP5K7 en PIP5K9
als belangrijkste enzymen van de PI(4,5)P2 response na toediening van spermine
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wordt voor het eerst gerapporteerd in dit proefschrift. Gelijktijdig met de toename van
+
PI(4,5)P2, werd een sterke efflux van K waargenomen, waarin de Spm gevoeligePIP5Ks upstream fungeren. Polyaminen bleken een tweede, onafhankelijk lipidesignaleringsroute te activeren, nl. de route die leidt tot de productie van PA
(hoofdstuk 5). Dit lipide wordt in reactie op polyamines voornamelijk gegenereerd
door de plasmamembraan-geassocieerde PLDδ. Interessant is dat de PLDδgemedieerde PA respons ook upstream van de Spm-geïnduceerde K + efflux
plaatsvindt. Interessant is dat zowel PI(4,5)P2- en PA responsen gelinkt zijn aan de
lipide kinases, PI4Kβ1 en PI4Kβ2. De beschreven resultaten in dit proefschrift hebben
bijgedragen aan een nieuwe hypothese (hoofdstuk 6), en zullen helpen om de rol
van polyamines in eukaryotische celbiologie in het algemeen en in de plantenbiologie
in het bijzonder verder te ontrafelen.
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