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Chapter 1
General introduction
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The power of roots
During their entire life cycle plants have to cope with changing environmental
conditions. Water scarcity, nutrient deprivation and soil salinization are some
of the biggest constrains wild plants and crops are facing, and the scale of these
problems is predicted to rise in the years to come (FAO and ITPS, 2015).
Despite the fact that plants are rooted in one place, their roots do not have an
entirely sessile character. Roots monitor the soil conditions and are able to
allocate their biomass towards more favorable regions, for example richer in
nutrients or water as well as grow away from a threatening environment, like
salinity (Galvan-Ampudia et al., 2013; Giehl and von Wiren, 2014; Gowda et
al., 2011). Roots are also important for the interactions with soil-born
pathogens as well as symbiotic organisms, which is beyond the scope of this
thesis. Here I will focus on abiotic factors influencing root architecture.
Root System Architecture (RSA) describes the spatial arrangement of
the root as defined by length, angle and the level of branching of main and
lateral roots. RSA is finely tuned by environmental cues. One can measure the
main root (MR) length and its angle (MR Angle) relative to the gravitropic
axis. The number and length of lateral roots (LR) can be determined as wells as
the size of the root containing lateral roots and the basal and apical parts
(zonation). Lateral roots do not show the same gravitropic response as the MR
root, and grow at a specific angle relative to the gravity vector, termed
gravitropic setpoint angle (Fig. 1; Rosquete et al.; Roychoudhry et al., 2013).
The ratios of the individual parameters, describing relative proportion of main
and lateral roots to the total root size (Fig. 1), have been recently recognized as
important parameters for the description of RSA changes (Armengaud et al.,
2009; Julkowska, 2015; Kellermeier et al., 2014; Rosas et al., 2013).
Modulation of these RSA traits has been shown to be pivotal component
describing responses to environmental factors. For instance, reducing lateral
root growth rather than formation of new LRs appears to contribute to lower
uptake of Na+ in Arabidopsis (Julkowska et al., 2014). By developing a deeper
root system, rice can benefit from better water acquisition (Gowda et al., 2011),
while a shallow root system in general appears to be the best adaptation to
deficiency of phosphate, potassium and manganese ions, nutrients that tend to
accumulate in topsoil layers (Giehl et al., 2014). A thick primary root, with
few, long lateral roots, shallow, thin seminal roots and crown roots with steep
growth angle has been described as a maize ideotype for optimal uptake of both
water and nitrogen, resources more available in deep soil strata (Lynch, 2013).
Besides the depth of the root system and distribution of lateral roots along the
main root, root angle can be adjusted to cope with the local soil conditions.
Redirection of the root away from high salt concentrations, termed
halotropism, has been observed for Arabidopsis, tomato and sorghum
(Galvan-Ampudia et al., 2013). Similarly, the main root bends towards high
water availability in the hydrotropic response which has been reported for
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Arabidopsis, maize, and pea (Eapen et al., 2005; Takahashi and Scott, 1991;
Takahashi and Suge, 1991).
Importantly, optimal root architecture is predicted to increase crop
yield (Koevoets et al., 2015). Deeper rooting rice varieties are not only more
drought tolerant and have better nitrogen acquisition, but also showed better
grain quality (Arai-Sanoh et al., 2014; Uga et al., 2013). Improving the strength
of root anchorage in wheat was proposed to be crucial in preventing yield
losses (Reynolds et al., 2009). Because developmental plasticity-based
adaptive strategies will have impact on plant productivity, knowledge of these
processes will be a valuable tool in breeding programs (Den Herder et al.,
2010; Lynch, 2007). Identification of genetic components of that determine
root plasticity is therefore of great importance.
A

B

C
Basal

MR Path Length
(MRL)

LR Gravitropic
Setpoin Angle

MR Vector Length
(MRVL)

Branched

Lateral Root Number
(#LR)
Lateral Root Length
(LRL)

Straightness
=
MRVL/MRPL

aLRL=LRL/#LRs
MR Angle

Apical

LRD=#LR/MRL
aLRL/MRL=aLRL/MRPL
Total Root Size=MRPL+LRL
LRL/TRS=LRL/Total Root Size
MRL/TRS=MRL/Total Root Size

LRD/Branched=#LR/Branched Zone Size

Branched/MR=Branched Zone Size/MRPL
Apical/MR=Apical Zone Size/MRPL

Figure 1. Building blocks of Root System Architecture (RSA) of dicotyledonous plants.
Individual RSA describing (A) main root (MR), (B) lateral roots (LRs) and (C) root zonation.
More complex traits bridging parameters presented in A, B and C are mentioned below.

When the soil is too salty
One of the major abiotic factors devastating quality of soils worldwide is
salinization by sodium chloride (FAO and ITPS, 2015). Salt stress impairs
plant growth and most of the crops show high sensitivity to salinity (Munns
and Tester, 2008). On the other hand, low salt concentrations can have
a positive effect on both main and lateral root growth (Julkowska et al., 2014;
Zolla et al., 2010). High NaCl (> 50 mM) concentrations result in a temporary
arrest of mitotic activity in the root apical meristem and consequential
inhibition of main root growth (West et al., 2004). Reduction of cell division in
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the root tip upon salt stress is a consequence of increased abscisic acid (ABA)
biosynthesis and its inhibitory effect on gibberellins (GA) signaling (Achard et
al., 2006). Salt stress also inhibits lateral root emergence and transiently
inhibits elongation of already formed lateral roots (Duan et al., 2013;
McLoughlin et al., 2012).
Exposure to salt stress induces a quiescent phase, during which growth
rate is temporarily reduced until the root initiates the recovery phase
(Julkowska and Testerink, 2015). Main and lateral roots exhibit different
sensitivity to salt stress. The growth quiescence phase lasts approximately
8 hours for the main root, while lateral roots only begin to recover after 2 days,
yet none of the organs can restore its growth rate to the state before the stress
exposure (Duan et al., 2013; Geng et al., 2013). These processes are controlled
by different plant hormones; ABA promotes the quiescence phase, while
growth recovery is guided by GA, brassinosteroids (BR) and low
concentrations of ABA, but is suppressed by jasmonic acid (JA) (Geng et al.,
2013). The reduction in growth rate is more severe for the main root than for
lateral roots indicating that salt stress re-shapes RSA (Julkowska et al., 2014).
The salt-induced RSA remodeling was linked to the level of Na+ uptake, but its
involvement in salinity tolerance needs further studies (Julkowska et al., 2014;
Koevoets et al., 2016).
High sensitivity of the main root to salinity is also reflected by the
negative tropism response to a gradient of salt. Halotropism has been shown to
rely on asymmetric auxin distribution governed by upregulation of the auxin
influx carrier AUX1 and clathrin-mediated endocytosis of the auxin efflux
carrier PIN2 (Fig. 2; Galvan-Ampudia et al., 2013; van den Berg et al., 2016).
Salinity-induced modulations of root growth and morphology are
mediated by fast cellular signaling. The first responses to salt stress are
activated within seconds upon exposure to NaCl (Julkowska and Testerink,
2015). The mechanism of sodium perception remains unknown, but several
factors of the early signaling pathways have been identified (Julkowska and
Testerink, 2015). Part of these components are dependent on ABA, which
activates several members of SnRK2 (SNF1-RELATED PROTEIN KINASES)
family; SnRK2.2, SnRK2.3, SnRK2.6, and to a lower extent, SnRK2.7 and
SnRK2.8 (Boudsocq and Lauriere, 2005). Salt treatment had no influence on
the number of lateral roots of a triple snrk2.2/2.3/2.6 mutant, possibly due to its
ABA-insensitivity (Osakabe et al., 2013). A double knock-out mutant in two
ABA-independent protein kinases, SnRK2.4 and SnRK2.10, led in turn to
a decrease in main root length and number of lateral roots (McLoughlin et al.,
2012). It is possible that SnRK2 kinases activated by ABA are involved in the
lateral root growth quiescence phase, while the ABA-independent ones are
involved in the recovery phase to maintain growth of main and lateral roots. So
far downstream targets were identified only for ABA-dependent SnRK2s and
identification of the substrates of SnRK2.4 and SnRK2.10 can shed more light
on their role in root growth under saline conditions (Fig. 2).
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Figure 2. Salt stress signaling in the root requires multiple players acting at a different time
scale after perception of salt stress. Abscisic acid (ABA) signaling via SnRK2.2, SnRK2.3 and
SnRK2.6 protein kinases, initiates early arrest of lateral root growth (quiescence). Independently
from ABA, SnRK2.10, via activation or repression of unknown proteins, promotes lateral root
growth. Redirection of main root growth depends on internalization of auxin transporters AUX1
and PIN2. The recovery of both main and lateral root growth is induced by low levels of ABA,
brassinosteroids (BR) and gibberellins (GA) and inhibited by jasmonic acid (JA). Perturbation in
the expression of genes involved in root growth and stress responses is caused by activity of
transcription factors (TF) and mRNA decay, and protein phosphorylation is hypothesized to
control these processes, and probably controls aforementioned components acting at different
time scale.

Several transcription factors have been identified to regulate gene
expression upon salt stress (Fujita et al., 2013; Kreps et al., 2002; Rasheed et
al., 2016; Yoshida et al., 2014). In addition, the role of changes in mRNA
stability in response to salinity and osmotic stress has recently received
attention (Kawa and Testerink, 2016). Transcripts encoding proteins involved
in osmotic stress signaling show low stability and mutants in members of
mRNA degradation pathways have altered sensitivity to salt and osmotic stress
(Maldonado-Bonilla, 2014; Narsai et al., 2007; Perea-Resa et al., 2016). The
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same machinery is involved in mRNA decay across different stresses, but only
a specific subset of transcripts is targeted upon salt stress, and protein kinases
are speculated to be part of the mechanism of this specificity (Kawa and
Testerink, 2016; Perea-Resa et al., 2016; Fig. 2).
When roots are hungry for phosphate
Phosphate (Pi) is one of the limiting nutrients for plant growth. Approximately
half of the arable soils worldwide have low phosphorus content (Lynch, 2011).
Due to phosphate’s low mobility in soils and its strong interactions with
organic compounds, the pool of Pi available for plants is usually insufficient
(Shen et al., 2011). Most of the accessible Pi remains in topsoil layers,
therefore a major morphological adaptation facilitating its acquisition is
development of a shallow root system, by strong inhibition of main root growth
coupled with increased formation of lateral roots (Giehl and von Wiren, 2014).
Main root growth inhibition under Pi starvation conditions is controlled
by a cell wall ferroxidase, LPR1, and its negative regulator PDR2, a P5-type
ATPase (Reymond et al., 2006; Ticconi et al., 2009). LPR1 and PDR1 act
antagonistically in Pi starvation-induced callose deposition in the root apical
meristem, which restrains symplastic movements of transcription factor
SHORT-ROOT and, as a consequence, proper root stem cell niche functioning
(Muller et al., 2015). A number of additional Arabidopsis mutants with altered
main root sensitivity to Pi starvation have been identified in EMS population
screens, yet the genes carrying these mutations remain to be mapped (reviewed
in Peret et al., 2014). Even though Pi has been shown to be the major regulator
of main root elongation, its perception was also influenced by the external
levels of iron and nitrate, reflecting complexity of nutrient sensing by root
(Medici et al., 2015; Muller et al., 2015).
Lateral root responses to Pi starvation have been shown to be
independent of main root growth arrest (Perez-Torres et al., 2008). The genetic
bases of lateral root responses to Pi deprivation are not well understood. Pi
starvation, via upregulation of auxin receptor TIR1, has been shown to elevate
sensitivity to auxin, which results in an increase in lateral root formation and
elongation (Perez-Torres et al., 2008). Positive roles for ABA and
strigolactones have been reported for Pi starvation-induced lateral root
elongation (Kawa et al., 2016; Ruyter-Spira et al., 2011). Under low Pi
conditions lateral roots are formed closer to the root tip, which is reflected by
lower Apical Zone Size (Fig. 1C), the RSA trait proposed to be a marker
phenotypic output of the external Pi availability (Kellermeier et al., 2014).
Remarkably, in Arabidopsis the gravitropic setpoint angle of lateral roots (Fig.
1B) decreases in Pi deficient conditions, meaning that lateral roots expand less
horizontally, which can counteract the foraging strategies (Bai et al., 2013).
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When stresses strike together - finding a balance in a stressful world
In field conditions, plants are often subjected to combinations of abiotic
stresses. Elevated temperature often coincides with drought stress, and water
deficiency is often accompanied by salinity, and in many barren soils multiple
nutrients are scarce (Suzuki et al., 2014). Precipitation of Pi ions in saline soils
exposes plants to salt stress and Pi depletion at the same time (Naidu and
Rengasamy, 1993; Russell and Wild, 1988). Great progress has been made in
revealing the molecular bases of physiological responses to individual stresses,
providing tools for breeding towards crops tolerant to single stresses (Koevoets
et al., 2016; Mickelbart et al., 2015; Pierik and Testerink, 2014; Rellan-Alvarez
et al., 2016). Studying responses to a combination of factors is receiving more
attention recently (Suzuki et al., 2014), however no molecular mechanisms
conferring tolerance to multiple co-occurring stresses have been described so
far.
On the other hand, some genes providing tolerance to more than one
stress have been already identified, and molecular responses to individual
stresses sometimes overlap. For example, overexpression of wheat TaSnRK2.4
kinase showed enhanced tolerance to drought, salinity and freezing, owing to
increased osmotic adjustment capacity, beneficial for each of these stresses
(Mao et al., 2010). Reactive oxygen species production, hormone signaling and
pathways involving MAP kinases have also been found among the “shared”
pathways, common for individual stresses as well as for their combination
(Pandey et al., 2015). Adaptations to combinations of stresses can either mimic
the response to one stress or involve a unique mechanism (Pandey et al., 2015).
Sometimes different stresses require antagonistic physiological
responses. Drought leads to decreased stomatal conductance so that water loss
is minimized, while heat stress oppositely affects transpiration, to facilitate
cooling of the leaves. When elevated temperature is accompanied by drought,
stomata remain closed, meaning that a plant prioritizes responses to water
deficiency and cannot respond to heat when those two stresses co-occur
(Rizhsky et al., 2004). Morphological responses to multifactorial stresses can
vary for different plant organs. Pi starvation and salt stress both inhibit the
main root elongation, but their influence on lateral root formation and
elongation is opposite, while the first has a promoting effect, the latter inhibits
this processes (Julkowska and Testerink, 2015; Peret et al., 2011). So far the
effect of the multiple concurrent stresses on RSA was studied only for
combination of individual nutrient deficiencies under different light conditions
(Kellermeier et al., 2014). Integration of signals from potassium and nitrate
deficiency were found to be guided by joint action of potassium channel AKT1
and nitrate transporter NRT1.1, being an example of the response to
combination of factors that involves components required in sensing each of
them (Kellermeier et al., 2014).
Several transcriptome studies have identified genes that were regulated
only by combined and not individual stresses, but none of them have been
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validated so far (Atkinson et al., 2013; Prasch and Sonnewald, 2013; Rizhsky
et al., 2004; Sewelam et al., 2014). On the other hand, a proteomic analysis
identified 45 candidates upregulated specifically in response to combination of
heat and drought. Protein level of one of the candidates, ascorbate peroxidase 1
(APX1) increased when challenged simultaneously with drought and heat, but
not in case of single stress application. Moreover an apx1 mutant showed
a reduced survival rate only in case of combined stress, making APX1 a rare
example of a protein with a confirmed role specific to two simultaneously
applied stresses (Koussevitzky et al., 2008). The question remains to which
extent adaptations to multiple stresses would require genes involved in
individual stresses signaling, but regulated in a unique way or would they
rather rely on exclusive genes specifically regulated by the combination of
environmental factors.
This thesis presents a genetic screen for loci involved in responses to
a combination of salt stress and Pi starvation (Chapter 4 and 5). Given the
involvement of numerous hormones that regulate root development in the
presence of salinity or Pi deficiency, it is very likely that integration of these
two signals would require hormonal regulation.
When relatives have different roots - exploring natural variation
A large number of Arabidopsis accessions have been collected from many
regions covering a range of environmental conditions (Horton et al., 2012).
Phenotypic diversity observed within these populations is presumably caused
by strong selection on genes responsible for environmental adaptations
(Koornneef et al., 2004). Exploring variation within one species is therefore
a powerful tool for identification of genetic components contributing to
responses to external factors. The natural variation can be used for Quantitative
Trait Locus (QTL) mapping, approach using a progeny of two parental
accessions, so-called recombined inbred lines (RILs). Genotyping vast
collections of Arabidopsis accession and developing high-throughput
phenotyping screens contributed to superseding QTL mapping with Genome
Wide Association Studies (GWAS; Ogura and Busch, 2015). Comparing to
QTL mapping, GWAS has higher mapping resolution, meaning that identified
genomic region are smaller and narrowing it down to the causal genes is easier
(Weigel, 2012). Several loci controlling root growth or development have been
identified with GWAS for control conditions (Meijon et al., 2014; Rosas et al.,
2013; Slovak et al., 2014) as well as for nutrient deficiencies (Gifford et al.,
2013; Rosas et al., 2013) and salt stress (Julkowska, 2015; Kobayashi et al.,
2016). Natural variation in root phenotypes was also exploited and used for
GWAS in crop species (Biscarini et al., 2016; Courtois et al., 2013; Reinert et
al., 2016).
It is important to note that due to intense use of fertilizers,
domesticated crop varieties were often bred under optimal nutrient conditions,
which could have led to loss of genes for adaptation to nutrient starvations
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(Peret et al., 2014). Natural variation in Arabidopsis, but also landraces, locally
adapted traditional varieties (Dwivedi et al., 2016), is therefore valuable
material for genetic screens. A nice example is the mapping of the Pup1
(Phosphorus uptake1) locus in a traditional rice variety that originated from
arid soil in India that is so far the only QTL conferring tolerance to Pi
starvation in rice (Gamuyao et al., 2012; Peret et al., 2014). The Pup1 locus
carries PSTOL1 (PHOSPHORUS-STARVATION TOLERANCE 1) coding
for a protein kinase that enhances root growth and by this promotes Pi uptake
(Gamuyao et al., 2012).
Rooting around for new players - outline of this thesis
This thesis focuses on the modulation of Root System Architecture (RSA) by
two environmental stresses and dissecting the molecular base of these
responses, including the integration of two stresses. Important players in plant
responses to osmotic stress and salinity are protein kinases, which through
phosphorylation of transcription factors can regulate expression of stressresponsive genes. The emerging role of protein kinases in regulation of stress
responses at the post-transcriptional level, in particular mRNA decay and the
importance of mRNA metabolism processes in osmotic and salt stress signaling
is reviewed in Chapter 2. Two protein kinases, SnRK2.4 and SnRK2.10 were
previously described to control root growth under saline conditions and the
mechanism of this modulation was further studied in work presented in
Chapter 3. Here we describe VARICOSE (VCS), one of the proteins of the
mRNA decapping complex, as a direct target for phosphorylation by SnRK2.10
and present the role of 5’ mRNA decay pathways in root growth under salt
stress. To understand better how roots respond to salinity in field conditions,
where plants are exposed to salt stress and low phosphate availability at the
same time, the effect of salt stress was studied in the combination with
phosphate deprivation in Chapter 4. We discovered that plants prioritized
lateral root responses to salt stress (less lateral roots) over phosphate starvation
(more lateral roots), while the effect of the combination of these two stresses
on the main root was additive (an even shorter main root). The natural variation
within Arabidopsis was explored and accessions with extreme ways of
integrating signals from salinity and phosphate deprivation were identified.
Responses to the concomitant action of salt stress and low phosphate level
were shown to be partly dependent on the modulations made by individual
application of these stresses. New genetic loci associated with responses of
RSA specifically by salt stress combined with phosphate starvation were
identified by means of GWAS. In Chapter 5 the natural variation in RSA
modulation by environmental cues was further explored and GWAS analysis of
additional traits yielded 161 loci linked to root development under control
conditions, salt stress, phosphate starvation and the combination of the latter
two. The role of four novel regulators of lateral root growth under control and
stress conditions was confirmed. The contribution to conditions-dependent root
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development of isovaleryl transferase IVD for phosphate starvation,
calmodulin interacting protein CIP11 for salt stress and single-stranded nucleic
acid binding R3H protein under control conditions, was linked to the allelic
variation in these genes. LBD16 was identified as salt stress specific, expressed
in the root only regulator of lateral root development under saline conditions.
Chapter 6 summarizes results presented in this thesis and discusses the
perspective of future research in this field.
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Abstract
Plant acclimation to environmental stresses requires fast signaling to
initiate changes in developmental and metabolic responses. Regulation of
gene expression by transcription factors and protein kinases acting
upstream are important elements of responses to salt and drought. Gene
expression can be also controlled at the post-transcriptional level. Recent
analyses on mutants in mRNA metabolism factors suggest their
contribution to stress signaling. Here we highlight the components of
mRNA decay pathways that contribute to responses to osmotic and salt
stress. We hypothesize that phosphorylation state of proteins involved in
mRNA decapping affect their substrate specificity.
Keywords: osmotic stress, salinity, mRNA decay, mRNA decapping, mRNA
stability, 5’->3’ exoribonucleases, SnRK2 kinases, protein phosphorylation,
posttranscriptional regulation, P bodies
Emerging role of posttranscriptional level regulation in osmotic stress
responses
Plant survival under suboptimal conditions relies on the perception of
environmental signals followed by signal transduction pathways leading to
changes in gene expression to switch on protective mechanisms. Among the
abiotic stresses with a deleterious effect on plant development, salinity and
osmotic stress are huge constrains for agriculture worldwide (Fita et al., 2015).
The decrease in osmotic potential of the soil that occurs both in saline soils and
during drought leads to a reduction in water uptake by the plant. Plant
adaptations to dehydration include stomatal closure, regulation of water fluxes
and biosynthesis of osmoprotectants. To cope with salinity, in addition ion
homeostasis needs to be adjusted (Golldack et al., 2014; Hasegawa, 2013).
Both salt stress and low water availability lead to alteration in shoot and root
growth (Julkowska and Testerink, 2015; Pierik and Testerink, 2014). These
physiological changes are guided through complex signal transduction
pathways including Ca2+, reactive oxygen species and lipid signaling, abscisic
acid (ABA) formation, sucrose-non-fermenting 1-related protein kinase 2
(SnRK2) and mitogen activated protein kinase (MAPK) activation, and
transcription factor regulation (Golldack et al., 2014; Julkowska and Testerink,
2015; McLoughlin and Testerink, 2013). Recent research has identified the
regulatory networks of the osmotic stress-induced AREB/ABFs and DREB2A
transcription factors (reviewed in Fujita et al., 2013 and Yoshida et al., 2014),
and transcriptomic studies have identified many transcriptionally regulated
candidates genes for osmotic and salt stress responses (Kreps et al., 2002;
Rasheed et al., 2016). However, abundance of mRNA depends not only on the
control of transcription, but also on transcript degradation rate. Salt induced
changes in Arabidopsis transcript abundance do not always correlate with
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observed changes in the proteome and most of the mRNAs for which
abundance decreases on dehydration also show lower assembly with
polysomes, suggesting posttranscriptional regulation of osmotic and salt stress
responses (Jiang et al., 2007; Kawaguchi et al., 2004). Besides translation,
another fate of transcribed mRNAs is to be subjected to mRNA decay or
quality control pathways (Belostotsky and Sieburth, 2009). Increasing
knowledge about factors regulating mRNA turnover in plants suggests their
contribution to developmental processes (Goeres et al., 2007; Xu and Chua,
2011; Xu et al., 2006) as well as stress responses (Maldonado-Bonilla, 2014).
Altered sensitivity to osmotic stress or salinity of mRNA decay machinery
mutants (Maldonado-Bonilla, 2014), together with the short half-life time of
transcripts involved in osmotic stress responses (Narsai et al., 2007), suggests
mRNA decay regulation to be an additional, important level of osmotic and salt
stress signaling. Moreover SnRK2 and MAP kinases known to be involved in
salt and osmotic responses seem to interfere with mRNA stability pathways
(Stecker et al., 2014; Umezawa et al., 2013; Wang et al., 2013; Xu and Chua,
2012). Here, we summarize current knowledge on mRNA metabolism
contribution to drought and salt stress signaling and put these results into
perspective of the action of already well-known players in these pathways
(Fig. 1).
Global mRNA stability under osmotic stress
Many stress responsive genes, including ones involved in osmotic stress in
human cells (Fan et al., 2002), yeast (Gowrishankar et al., 2005; Greatrix and
van Vuuren, 2006; Hilgers et al., 2006; Romero-Santacreu et al., 2009) and
plants (Maldonado-Bonilla, 2014; Perea-Resa et al., 2016; Steffens et al., 2015)
has been shown to be regulated by their mRNA stability. In yeast, the dynamics
of global transcriptional rate after osmotic stress does not always match the
changes in dynamics of mRNA abundance, which can be explained by global
transcript destabilization (Romero-Santacreu et al., 2009). Stability of mRNA
was shown to depend on stress severity. Mild stress in general caused mRNA
decay, while most osmotic stress-responsive mRNAs were stabilized,
suggesting that regulation of mRNA turnover can affect specific subsets of
transcripts. Severe osmotic shock resulted in global mRNA retention in
processing bodies (P bodies), cytoplasmic foci where mRNA can be degraded
or withheld from translation (Romero-Santacreu et al., 2009). Decay of osmotic
stress-induced mRNAs in yeast has been proposed to be essential in the
recovery phase, to return to the base level of these mRNAs (Molin et al., 2009).
In Arabidopsis, mRNAs coding for proteins involved in responses to
osmotic stress have been found among rapidly degraded transcripts (Narsai et
al., 2007). Around 40% of mRNAs encoding sodium transporters were found
in their uncapped version, implying that 5’->3’ mRNA decay can also regulate
responses to salt (Jiao et al., 2008). Global analysis of the transcriptome and
degradome of Setaria italica revealed that also in this monocot species 5’->3’
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mRNA degradation is one of the mechanisms of responses to drought (Yi et al.,
2015). While control of mRNA stability in response to osmotic stress is
receiving increasing attention, our knowledge of the mechanisms behind
observed changes is still fragmentary.

Figure 1: Contribution of mRNA metabolism processes to plant responses to salinity and
osmotic stress. Control of splicing occurs in the nucleus and is controlled by CBP20, CBP80
and the LSM2-8 complex. Targeting of specific transcript subsets to P bodies is hypothesized to
be guided by TZF proteins. Cytoplasmic mRNA decay starts with deadenylation. After
shortening the poly(A) tail, transcripts can be degraded from their 3’ end via the exosome
complex or undergo 5’cap removal in a process of decapping followed by 5’->3’ decay catalyzed
by XRN4. Proteins marked in blue and green are involved in responses to salt and osmotic stress,
respectively, purple color denotes factors involved in salt, osmotic and ABA signaling, while
yellow indicates proteins responding to osmotic stress and ABA. Proteins for which function is
only hypothetical are marked with dashed circles.
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mRNA decay pathways in Arabidopsis
Control of mRNA stability is an essential component of gene expression
regulation. The rate of transcript degradation correlates with encoded function,
and abundance of the transcript, number of introns and conserved sequences in
the 5’ and 3’ UTR (Narsai et al., 2007). Arabidopsis mRNAs coding for
transcription factors and protein kinases as well as transcripts targeted by
microRNAs, and low abundance transcripts are in general unstable. Presence of
at least one intron increases mRNA stability and multiple stabilizing motifs
within the UTRs sequences have been identified (Narsai et al., 2007). Most
transcripts appear in complex with proteins involved in translation initiation or
mRNA decay and are constantly shifted between these two processes. Factors
that activate the first steps of mRNA degradation in general repress translation
and vice versa (Coller and Parker, 2005; Schwartz and Parker, 1999). The
mRNA decay machinery can target defective transcripts with premature stop
codons or long 3’UTR in nonsense–mediated decay (NMD), mRNA molecules
without a stop codon in the process of non-stop decay (NSD), as well as
transcripts that did not disassociate from ribosomes, by a mechanism known as
non-go decay (NGD; reviewed in Doma and Parker, 2007; Garneau et al.,
2007). Besides degradation of abnormal transcripts, the mRNA decay
machinery can also target mRNAs with a correct structure, serving as
a regulatory step in gene expression (Parker and Song, 2004). The same
enzymes are involved in mRNA degradation in specialized and general
pathways (Fig. 1), but the recognition of substrates follows different
mechanisms (Parker and Song, 2004).
First step- deadenylation
In all eukaryotic organisms mRNA degradation starts by shortening the 3’
poly(A) tail (Doma and Parker, 2007). This critical and rate-limiting step is
guided by the deadenylases PARN, PAN and the CCR4/CAF1/NOT complex
(Abbasi et al., 2013). The poly(A) ribonuclease AtPARN catalyses
deadenylation of a subset of embryonic transcripts in Arabidopsis, and lack of
functional AtPARN results in embryo lethality (Chiba et al., 2004; Reverdatto
et al., 2004). Expression of AtPARN is induced by ABA, osmotic and salt
stress, while several AtPARN substrates were found to be degraded in both
stress and control conditions (Nishimura et al., 2005). Two Arabidopsis
homologs of CARBON CATABOLYTE REPRESSOR4 (AtCCR4a and
AtCCR4b) were shown to be involved in starch and sucrose metabolism
(Dupressoir et al., 2001; Suzuki et al., 2015). Eleven Arabidopsis CAF1
(CCR4-ASSOCIATED FACTOR1) genes have been found, among which
AtCAF1a and AtCAF1b, which are associated with responses to multiple
environmental stimuli, in most cases by non-redundantly targeting different
mRNA subsets (Walley et al., 2010). A mutant in AtCAF1a was able to
germinate in the presence of salt and one third of the transcripts upregulated in
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this mutant were salt-inducible, including one aldehyde dehydrogenase,
ALDH7B4, which upon overexpression led to the same phenotype as the caf1a
mutant (Kotchoni et al., 2006; Walley et al., 2010). Important to note is that the
paralogous deadenylase AtCAF1b did not share a function in responses to salt,
suggesting that similar enzymes with the same function can target different
transcripts and thereby regulate other stress responses (Walley et al., 2010).
Neither the poly(A) nuclease PAN, that functions in deadenylation in humans
and yeast, or other components of the CCR4/CAF1/NOT complex have been
identified in Arabidopsis (Abbasi et al., 2013; Parker and Song, 2004).
3’->5’ degradation
Transcripts deprived of their poly(A) tail can be targeted to 3’end decay
catalyzed by the exosome, a multisubunit complex involved in cytoplasmic
mRNA degradation, and maturation of rRNA, snRNA and snoRNA in the
nucleus (Chlebowski et al., 2013). The exosome is comprised of nine core
subunits and associated cofactors including RNA-binding proteins and RNA
helicases (Parker and Song, 2004). On the contrary to yeast and humans, the
plant exosome core complex is self-activated through the phosphorolytic
function of AtRRP41 (Arabidopsis thaliana homolog of Saccharomyces
cerevisiae exosome subunit RRP41p; Chekanova et al., 2000). Mutations in
exosome proteins result in early growth, female gametogenesis and
embryogenesis defects (Chekanova et al., 2007; Chekanova et al., 2000; Yang
et al., 2013), but so far no evidence has been reported for a role of the exosome
machinery in osmotic stress signaling.
5’->3’ degradation starts with decapping
Deadenylated transcripts can be also directed to 5’->3’ decay, where 5’cap
removal is the first step (Belostotsky and Sieburth, 2009). In Arabidopsis, this
process is catalyzed by DCP2 (DECAPPING 2), acting in a complex with its
activator DCP1 (DECAPPING 1), which does not have decapping activity
itself. The DCP2-DCP1 interaction is crucial for 5’cap removal and depends on
VCS (VARICOSE) as a scaffolding protein (Xu et al., 2006). Impaired
function of decapping complex components results in severe developmental
phenotypes, including cotyledon deformation or improper vein pattering, and
lethality of homozygous knock-out (KO) mutants (Deyholos et al., 2003;
Goeres et al., 2007). Decapping and further degradation take place in
processing bodies (P bodies), dynamic cytoplasmic foci concentrating mRNA
decay enzymes, which depend on the supply of mRNA for their formation
(Goeres et al., 2007; Sheth and Parker, 2003; Xu et al., 2006). Besides the
decapping machinery, another protein complex, consisting of LSM1-7 proteins,
has been shown to serve as a decapping activator. Eight highly conserved
SM-Like (LSM) proteins have been identified in Arabidopsis, which via
specific interactions with each other, form two separate heptameric complexes:
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cytoplasmic LSM1-7 and nuclear LSM2-8, the latter functioning in splicing
events (Golisz et al., 2013; Perea-Resa et al., 2012). LSM 2, LSM3, LSM4,
LSM5, LSM6 and LSM7 are present both in cytoplasm and nucleus, while
LSM1 and LSM8 localization is restricted to cytoplasm and nucleus,
respectively (Perea-Resa et al., 2012). Two duplicated functionally redundant
genes, LSM1A and LSM1B, encode for the LSM1 protein (Golisz et al., 2013;
Perea-Resa et al., 2012). In lsm1a lsm1b double mutant decapping and decay
rates of transcripts was decreased (Perea-Resa et al., 2016; Perea-Resa et al.,
2012). Another protein carrying an LSM domain, DCP5, was shown to
promote decapping without affecting DCP2 activity (Xu and Chua, 2009). The
formation of P bodies was altered in both dcp5 and lsm1a lsm1b mutants,
suggesting that DCP5 and the LSM1-7 complex may indirectly activate
decapping via P body assembly (Perea-Resa et al., 2012; Xu and Chua, 2009).
Two other LSM proteins, LSM4 and LSM5/SAD1 (SUPERSENSITIVE TO
ABA AND DROUGHT 1), have been described only for their role in splicing
processes so far (Cui et al., 2014; Golisz et al., 2013; Zhang et al., 2011).
While proper functioning of the decapping complex is required for basal
plant development, an increasing amount of evidence suggests it may also be
involved in stress responses (Perea-Resa et al., 2016; Perea-Resa et al., 2012;
Steffens et al., 2015; Xu and Chua, 2012). Stability of osmotic and
salt-responsive transcripts appears to be regulated via DCP1 and its interaction
with other proteins. Within 15 minutes upon dehydration, MAP kinase 6
(MPK6) is activated and phosphorylates DCP1. Phosphorylation of DCP1 then
triggers DCP1 dimerization and association with DCP2 and DCP5. Increased
assembly and activity of the decapping complex stabilizes mRNAs encoding
for signal transduction components, transcription factors and nucleic acid
binding factors and induces decay of transcripts involved in lipid metabolism
and nutrient balance (Xu and Chua, 2012). Among the stabilized transcription
factors, DREB2b is also induced by osmotic stress and high salinity (Liu et al.,
1998), indicating that dehydration not only triggers expression of DREB2b
transcript, but also protects it from the decay. DCP1 has also been shown to
physically interact with the BEACH (beige and Chedial Higashi) domain
protein SPIRRIG (SPI) (Steffens et al., 2015). Arabidopsis SPI, known
previously to participate in maintenance of membrane integrity, was recruited
to P bodies upon interaction with DCP1 (Saedler et al., 2009; Steffens et al.,
2015). A spi mutant showed less P body formation upon salt stress, and was
hypersensitive to salt (Steffens et al., 2015). SPI triggered the recruitment of
a subset of salt-responsive mRNAs and ribonucleoprotein (RNP) assembly
critical for P body formation. Together this suggests that under stress
conditions activity of DCP1 can be modulated by interaction with MPK6 and
SPI.
LSM1, one of the components of the decapping activator complex
LSM1-7, was also found to guide responses to salt and drought stress. The
lsm1a lsm1b mutant has altered levels of both hormonal signaling and stress
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defense transcripts (Golisz et al., 2013). Interestingly, lsm1alsm1b plants
showed a higher survival after drought in soil experiments and higher fresh
weight and number of lateral roots on osmotic stress applied in agar media
(Perea-Resa et al., 2016). On the other hand, in the presence of salt, overall
growth of lsm1alsm1b seedlings was severely inhibited, suggesting their
hypersensitivity to salt. Transcriptome analysis revealed that in the lsm1alsm1b
mutant exposed to osmotic stress, transcripts encoding positive factors for
drought tolerance were stabilized (e.g. ABR1, ANAC019, ERF53), while salt
stress led to stabilization of mRNAs of negative regulators of salinity tolerance
(e.g. ANAC092, AHK5, ATGSTU17). One of the mRNAs stabilized specifically
on salt was the ABA biosynthesis gene NCED3, indicating involvement of the
decapping machinery in ABA biosynthesis in response to salinity. LSM1 is
also crucial for formation of P bodies in osmotic or salt stress conditions. By
guiding its target mRNAs to P bodies, activating their decapping and thus
exposing them to degradation, LSM1 regulates sensitivity to osmotic stress and
salinity (Perea-Resa et al., 2016). Via the same processes, LSM1 regulates not
only responses to drought and salinity, but also to cold stress (Perea-Resa et al.,
2016). Different stress signaling pathways target different mRNAs, yet the
mechanism of this selectivity remains unknown.
5’->3’ cleavage
The naked mRNA molecule is an easy target for 5’->3’ exoribonucleases.
While three of these have been identified in Arabidopsis, only XRN4 localizes
to the cytoplasm and can target decapped mRNAs (Kastenmayer and Green,
2000). Surprisingly only a small subset of transcripts has an altered decay rate
in the xrn4 mutant and none of the previously identified highly unstable
mRNAs were targets of XRN4, suggesting existence of other plant 5’->3’
exorybonucleases (Narsai et al., 2007; Souret et al., 2004). Substrate selectivity
of XRN4 was linked to the presence of hexamer motifs in the 5’ end of its
targets (Rymarquis et al., 2011). Decapped transcripts can be also targets of
RNA-dependent RNA polymerases and in this way induce gene silencing
(Gazzani et al., 2004). A subset of XRN4 substrates appears to be derived from
miRNA cleavage, suggesting the existence of two mechanisms of XRN4
action: via general cytoplasmic 5’->3’ decay and by decay of miRNA
degradation products (Souret et al., 2004). On the contrary to mutants in
decapping machinery components, xrn4 mutants do not have any
developmental alterations, but are insensitive to ethylene, show higher
tolerance to heat stress and exhibit decreased sensitivity to auxin with respect
to lateral root formation (Chen and Xiong, 2010; Nguyen et al., 2015;
Potuschak et al., 2006). In xrn4 mutants, levels of EBF1 and EBF2 mRNA,
encoding F-box proteins that participate in degradation of the major
transcriptional regulator of ethylene signaling EIN3, was decreased. EBF RNA
decay rates were not altered, suggesting they are indirect targets (Olmedo et al.,
2006; Potuschak et al., 2006). In addition, abundance of many other transcripts
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was decreased in the xrn4 mutant, suggesting that XRN4 can affect transcripts
level not only via its exoribonucleic activity, but also indirectly (Rymarquis et
al., 2011).
Through direct degradation of mRNA of heat shock factor A2
(HSFA2), XRN4 is involved in suppression of heat stress responses after return
to normal temperature (Nguyen et al., 2015). While the xrn4 mutant was more
tolerant to short and severe heat stress, a very low level of thermotolerance was
observed to moderately high temperatures, possibly caused by separate subsets
of mRNAs being targeted at different stress intensities (Merret et al., 2013;
Nguyen et al., 2015). Interestingly, upon heat stress XRN4 interacts with
LARP1, a homolog of human RNA-binding protein, and in this complex
XRN4 is directed to polysomes (Bousquet-Antonelli and Deragon, 2009;
Merret et al., 2013). A proportion of the transcripts rapidly degraded upon heat
stress is subjected to XRN4-dependent 5’->3’ decay while still being
associated to elongating polysomes, supporting the concept of co-translational
5’->3’ decay, suggested previously to occur in yeast and Arabidopsis (Hu et al.,
2009; Merret et al., 2013; Sement et al., 2013). Co-translational mRNA decay
was shown to be involved in salt stress signaling in yeast, and this function
might be conserved in plant responses to salinity (Merret et al., 2015; Sweet et
al., 2012).
Role of nuclear mRNA metabolism regulators in salt and osmotic stress
signaling
In parallel to regulators of cytoplasmic RNA metabolism, nuclear pre-mRNA
processing enzymes also appear to be involved in responses to osmotic stress.
Hypersensitivity to salinity of sad1/lsm5 and lsm4, mutants in the nuclear
LSM2-8 complex for intron removal, suggests involvement of the splicing
machinery in salt stress responses (Cui et al., 2014; Xiong et al., 2001; Zhang
et al., 2011). SAD1 is essential for accurate splice site recognition and splicing
efficiency. Overexpression of SAD1/LSM5 led to an increase in properly
spliced transcripts of CIPK3, ABF3, and DREB2A, and improved salt tolerance.
Aberrant splicing events of transcripts involved in salinity responses were
found in sad1/lsm5 plants exposed to salt stress (Cui et al., 2014). A sad1/lsm4
point mutation did not affect global gene expression, but expression of many
transcripts of ABA biosynthesis and signaling pathway factors decreased
(Xiong et al., 2001). Two nuclear cap-binding proteins CBP80 and CBP20
have been shown to regulate alternative splicing of transcripts coding for the
auxin response factors ARF10 and ARF17, as well as for proline and sugar
metabolism factors (Kong et al., 2014). The cbp80 and cbp20 mutants both had
higher sensitivity to salt and ABA and cbp20 showed decreased stomatal
conductance and sensitivity to water withdrawal (Kong et al., 2014; Papp et al.,
2004). Cbp80/abh1 mutants also had decreased levels of PP2C phosphatase
transcripts involved in ABA signal transduction, which could explain its ABA
hypersensitivity (Hugouvieux et al., 2001). Abscisic acid (ABA) is
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a phytohormone with a crucial role in salt and drought signaling (Zhu, 2002).
Both ABA biosynthesis and its signaling pathways seem to be regulated at the
level of pre-mRNA splicing (also reviewed in Kuhn and Schroeder, 2003).
Another nuclear protein, the mRNA capping enzyme family protein
At5g28210, was mapped recently as a putative gene involved in root growth in
the presence of a combination of salt and phosphate starvation (Kawa et al.,
2016).
Small RNA-mediated regulation of mRNA decay
Another level of regulation of gene expression in plants is RNA interference
(RNAi) in which a micro RNA (miRNA), through the RNA-induced silencing
complex (RISC) can guide the cleavage of a target mRNA (Iwakawa and
Tomari, 2015). Products of miRNA cleavage are then degraded by XRN4
(Souret et al., 2004). On the other hand, XRN4 acts antagonistically with RNAi
processes because endonucleolytic cleavage of uncapped mRNA removes
template for RNA-dependent RNA polymerases (Gazzani et al., 2004).
Accumulation of these transcripts in an xrn4 mutant leads to excessive gene
silencing (Gazzani et al., 2004). Nuclear 5’->3’ exoribonucleases XRN2 an
XRN3 suppress posttranscriptional gene silencing by degradation of the loops
that are excised from a pri-miRNA during its maturation (Gy et al., 2007).
Moreover, numerous miRNAs are involved in responses to osmotic stress or
salinity (Covarrubias and Reyes, 2010; Ding et al., 2013) and multiple proteins
participating in miRNA biogenesis are also implicated in responses to salt,
osmotic stress or ABA (Zhang et al., 2008).
TZF proteins
Another group of proteins putatively involved in regulation of salt and osmotic
stress responses at the posttranscriptional level are tandem CCCH zinc finger
proteins (TZFs; Bogamuwa and Jang, 2014; Guo et al., 2009). Mammalian
TZFs are able to bind to ARE elements, AU-rich sequences at the 3’end of
mRNA molecules, and this interaction recruits enzymes involved in
deadenylation, decapping and exonucleolitic cleavage (Fabian et al., 2013;
Lykke-Andersen and Wagner, 2005). Evidence increases that plant TZF
proteins may be also involved in mRNA turnover control. Arabidopsis TZF1
and TZF9 and rice OsTZF1 possess RNA binding capacity (Jan et al., 2013;
Pomeranz et al., 2010), while TZF2 and TZF3 exhibit RNAse activity (Lee et
al., 2012). So far the contribution of plant TZFs to mRNA decay has been
shown only for TZF1, which can induce degradation of ARE-containing
transcripts (Qu et al., 2014).
Expression of Arabidopsis TZF1 is triggered by salt only, while TZF2,
TZF3, TZF10 and TZF11 are induced by salinity, osmotic stress and ABA (Lee
et al., 2012; Sun et al., 2013). Overexpression of TZF10 or TZF11 led to
increased salt tolerance and decreased expression of RD29A and KIN1 (Sun et
al., 2007). Overexpression lines of TZF2 and TZF3 showed higher drought
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tolerance and reduced water loss than wild type plants (Lee et al., 2012).
Moreover, induction of TZF3 resulted in decreased expression of ABI2, while
a tzf3 knock-out mutant was hypersensitive to both salt stress and ABA (Huang
et al., 2012). Rice OsTZF1 relocalised to P bodies upon salt stress or ABA
treatment and its overexpression conferred faster recovery from salinity or
drought (Jan et al., 2013). Osmotic stress-induced cotton GhZFP1 is involved
in adaptation to salinity and its overexpression led to high potassium/sodium
ratio. Similar to mammalian TZFs, plant TZFs can shuttle between nucleus and
cytoplasm and localize to P bodies and stress granules (Bogamuwa and Jang,
2016; Franks and Lykke-Andersen, 2007; Jan et al., 2013; Pomeranz et al.,
2010). Importantly, altered expression of TZFs affects usually a subset of
transcripts (Huang et al., 2012; Lee et al., 2012; Sun et al., 2013). Specificity of
mRNA metabolism processes that occur in P bodies may rely on TZF proteins
binding to cis-elements in mRNA (Maldonado-Bonilla, 2014). Interestingly,
Y2H analysis revealed that TZF5 interacts with MARD1 and RD21A, proteins
involved in ABA and dehydration responses, but not with any of the
components of mRNA decay machinery (Bogamuwa and Jang, 2016). This
may suggest that additional interactions with stress-induced proteins may be
also required for osmotic and salt regulation at the level of mRNA metabolism.
Emerging role of protein kinases in mRNA stability regulation
The aforementioned factors involved at different stages of mRNA stability can
guide responses to multiple stresses by selective targeting of subsets of
transcripts (Perea-Resa et al., 2016; Steffens et al., 2015; Xu and Chua, 2012).
The mechanism of this stress-dependent control of differential gene expression
remains unclear, but increasing recent evidence suggests that decapping factors
are phosphorylated upon stress exposure. In response to osmotic stress, human
DCP1a is phosphorylated by c-Jun N-terminal kinase (JNK) and targeted to
P bodies (Rzeczkowski et al., 2011). In glucose-deprived yeast, the protein
kinase Ste20 phosphorylates DCP2 and stabilizes the DCP1-DCP2 interaction
(Yoon et al., 2010). Yeast mRNA stability upon exposure to osmotic stress is
dependent on the MAP kinase Hog1, via an unknown mechanism (RomeroSantacreu et al., 2009; Fig. 2).
Another member of the decapping complex, VCS, was also
differentially phosphorylated upon osmotic and salt stress, but not after ABA
treatment (Stecker et al., 2014; Umezawa et al., 2013). The phosphorylated
version of VCS was downregulated in a triple KO mutant of ABA-dependent
protein kinases, the snrk2.2/2.3/2.6 mutant, while VCS phosphorylation was
lower upon ABA treatment, suggesting it could be an indirect target of
SnRK2.2/SnRK2.3/SnRK2.6 (Umezawa et al., 2013). Phosphorylation of
multiple individual Ser residues of VCS was either enhanced or inhibited by
mannitol treatment, reflecting the complicated nature of this regulation
(Stecker et al., 2014). Together, this evidence suggests that differential
phosphorylation of decapping factors upon osmotic or salt stress could enable
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them to target only a subset of transcripts. Since cytoplasmic 5’->3’mRNA
decay, starting with 5’cap removal, occurs also in control conditions it is
plausible that under osmotic stress conditions decapping activity and substrate
selectivity is regulated in a different way. Evidence is accumulating for a role
of post-translational modifications, including phosphorylation, in regulation of
this process.
Recent phosphoproteomics studies (Stecker et al., 2014; Umezawa et
al., 2013) have revealed upregulation of phosphorylated forms of
SnRK2.1/4/5/6, MAP3K Raf18, MAP4Kα1 and DCP2 within 5 minutes after
osmotic stress treatment. Nine out of 10 Arabidopsis SnRK2 protein kinases
are rapidly activated by osmotic stress, while activity of SnRK2.2, SnRK2.3
and SnRK2.6 is also regulated by ABA (Boudsocq et al., 2004). SnRK2.6 has
been shown to phosphorylate the anion channel SLAC1 (Geiger et al., 2009;
Lee et al., 2009), potassium channel KAT1 (Sato et al., 2009), AtrbohF
NADPH oxidase (Sirichandra et al., 2009), transcription factor AREB3 (ABARESPONSIVE ELEMENT BINDING PROTEIN 3; Wang et al., 2013) and
aquaporin PIP2;1 (PLASMA MEMBRANE INTRINSIC PROTEIN; Grondin
et al., 2015). All SnRK2 subclass 2 and 3 can phosphorylate the transcription
factor AREB1 (Furihata et al., 2006). Contrary to ABA-dependent SnRK2s,
targets of SnRK2 subclass 1 protein kinases, remain to be identified. Whether
these kinases or MAP3Ks/MAP4Ks can directly or indirectly target DCP2
remains unknown (Fig. 2).

Figure 2: Involvement of protein kinases in regulation of mRNA decapping processes. In
human cells protein kinase JNK phosphorylates DCP1a and through this regulates P body
formation. In yeast, upon glucose deprivation Ste20 phosphorylates DCP2 to stabilize its
interaction with DCP1. In Arabidopsis MPK6 is activated by drought and phosphorylates DCP1,
thus inducing DCP1 interactions with DCP2 and DCP5. Upon salt stress, SPI protein binds to
DCP1 and facilitate its recruitment to P bodies. Phosphorylation of DCP2 and VCS is triggered
by osmotic stress, but kinases functioning upstream remain still unknown. Phosphoproteomic
profiling studies may suggest involvement of SnRK2 or MAP kinases in this process.
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It is unknown whether activity of plant DCP2 depends on its
phosphorylation status, or is possibly triggered by phosphorylation of DCP1 or
VCS, and finally whether phosphorylation of DCP1, DCP2 and VCS
influences their relocalisation to P bodies or assembly of decapping complex.
To address these questions, protein kinases targeting these proteins need to be
identified. For SnRK2.6, no subcellular localization data are available, but the
subclass 1 SnRK2.4 and a Medicago SIMKK (stress induced MAP2K) have
been shown to localize to punctate structures after exposure of roots to salt
(McLoughlin et al., 2012; Ovecka et al., 2014). Yet, it remains to be
established whether these would be P bodies or in case of SnRK2.4, would
reflect lipid binding capacity (Julkowska et al., 2015). Finally, it should be
noted that phosphorylated versions of DCP1 and VCS have also been detected
in control conditions, so any putative regulation by protein kinases in response
to osmotic stress may have a quantitative character (Stecker et al., 2014; Xu
and Chua, 2012).
Several proteins involved in pre-mRNA processing and splicing have
been found as putative targets of ABA-dependent SnRK2 kinases (de la Fuente
van Bentem et al., 2006; Umezawa et al., 2013; Wang et al., 2013), implying
that proteins involved in nuclear mRNA metabolism can be also regulated by
phosphorylation. Altered ABA sensitivity of sad1/lsm5, lsm4, cbp20,
cbp80/abh1, and ahg2-1 mutants suggests they function via adjustment of
hormonal signaling pathways (Hugouvieux et al., 2001; Kong et al., 2014;
Nishimura et al., 2005; Xiong et al., 2001; Zhang et al., 2011).
The mRNA decapping step takes place in P bodies, meaning that
salt- and osmotic-dependent mRNA degradation relies on proper assembly of
RNP particles and recruitment of all their components to P bodies. So far it is
not known how mRNAs targeted for degradation relocate to P bodies and
whether the process would involve interactions with RNA-binding proteins,
decapping factors or other stress-induced proteins. The salt responsive protein
SPI does not possess RNA-binding capacity but seems to regulate uptake of
mRNA into P bodies and RNP formation via an unknown mechanism (Steffens
et al., 2015). The LSM1 protein physically interacts not only with members of
the LSM1-7 complex, but was also co-purified with some stress-responsive
proteins without RNA-binding properties (Golisz et al., 2013). It would be of
interest to investigate whether osmotic- and salt stress can induce interaction of
decapping factors with SnRK2 kinases, MAP4Kα1, MAP3K Raf18, MPK6 or
SPI and how this would modify their function.
Another possibility is that substrate selectivity of the decapping
machinery depends on the abundance of targeted mRNAs, as was shown for
some of the transcripts for which degradation is triggered by LSM1 (PereaResa et al., 2016). Finally, specificity could also depend on the mobility of
selectively targeted mRNAs. Regulation of mRNA transport from nucleus to
cytoplasm is relatively well known, but the mechanism of transcript mobility in
the cytoplasm and recruitment to P bodies still remains unknown (Kohler and
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Hurt, 2007). RNA binding capacity of TZFs that shuttle between nucleus,
cytoplasm and P bodies together with their role in tolerance to osmotic and salt
stress (Bogamuwa and Jang, 2014) suggests that their interaction with a
specific subset of transcripts could be a possible mechanism to regulate their
loading to P bodies (Huang et al., 2012; Jan et al., 2013; Maldonado-Bonilla,
2014; Pomeranz et al., 2010; Sun et al., 2007).
Conclusions
Several factors controlling mRNA metabolism are involved in osmotic or salt
stress responses of plants. Most of these are involved in mRNA decapping and
as a consequence in 5’->3’decay of transcripts. The contribution of other
factors may be indirect, for example CAF1a could function by promoting
deadenylation, inducing decapping in a similar way as in yeast (Tarun and
Sachs, 1996). Interestingly, most of the factors discussed here are involved in
regulation of multiple stresses, but target only a condition-specific subset of
transcripts (Maldonado-Bonilla, 2014; Nishimura et al., 2005; Perea-Resa et
al., 2016; Potuschak et al., 2006). Unraveling the mechanism of this selectivity
would be of high importance. Here, we propose posttranslational modification
of mRNA decay factors as a possible mechanism of substrate selectivity.
Multiple phosphorylation sites have been identified in several mRNA
metabolism regulators, which appear to be phosphorylated in response to
osmotic and salt stress in a quantitative.way. Further characterization of
osmotic- and salt-induced targets of 5’->3’decay pathways is also necessary.
We propose here that changes in gene expression upon osmotic and salt stress
should be studied not only at the transcriptome level, but should be extended to
the posttranscriptional level.
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Abstract
SNF1-RELATED PROTEIN KINASES 2 (SnRK2) are important
components of early osmotic and salt stress signaling pathways in plants.
The SnRK2 family comprises the abscisic acid (ABA) activated protein
kinases SnRK2.2, SnRK2.3, SnRK2.6, SnRK2.7 and SnRK2.8, and the
ABA-independent subclass 1 protein kinases SnRK2.1, SnRK2.4,
SnRK2.5, SnRK2.9 and SnRK2.10. Subclass 1 SnRK2 are rapidly
activated within the first minutes after application of salt stress in roots,
but their mode of action, on the contrary to ABA-dependent SnRK2s, is
not well understood. Here, we identified VCS (VARICOSE), a member of
the mRNA decapping complex, as a direct substrate for phosphorylation
by SnRK2.5, SnRK2.6 and SnRK2.10. Our results suggest that
ABA-dependent and ABA-independent SnRK2 kinases act redundantly in
mediating responses to salt stress by the regulation of 5’ mRNA decay.
Transcriptome profiling of SnRK2 subclass 1 mutants revealed the
aquaporin PIP2;5, and CYP79B2, coding for an enzyme involved in auxin
biosynthesis, as putative genes acting downstream of SnRK2 subclass 1
protein kinases, possibly via 5’ mRNA decay. VCS and
5’->3’exoribonuclease XRN4 were shown to influence root responses to
salinity. This study presents identification of the first substrate for
SnRK2.4 and SnRK2.10. Phosphorylation of VCS and regulation of the
transcription of genes involved in water transport, auxin biosynthesis or
cellular signaling can shed some light on the ABA-independent SnRK2
protein kinases signaling pathway acting in responses to salinity.

Introduction
Soil salinity is one of the biggest constraints of modern agriculture, severely
affecting crop productivity (Fita et al., 2015). Plant adaptation to saline
conditions relies on early activation of signaling cascades which trigger
protective mechanisms. Crucial components of salt and osmotic signaling
pathways are protein kinases (Boudsocq and Lauriere, 2005). One group of
protein kinases recognized as pivotal regulators of responses to osmotic stress
is the plant specific SnRK2 family (SNF1-RELATED PROTEIN KINASE 2).
Except for SnRK2.9, all other nine Arabidopsis SnRK2 protein kinase have
been shown to have an increased kinase activity upon treatment with either
ABA, osmotic stress or salt stress. However different responsiveness was
observed for individual SnRK2 protein kinases (Boudsocq et al., 2004). The
Arabidopsis SnRK2 protein kinase subfamily is comprised of three groups:
subfamily 1 includes the abscisic acid (ABA) independent kinases (SnRK2.1,
SnRK2.4, SnRK2.5, SnRK2.9, SnRK2.10), group 2 consists of these involved
in drought responses (SnRK2.7 and SnRK2.8) and group 3 kinases are strongly
activated by ABA (SnRK2.2, SnRK2.3, SnRK2.6; Kulik et al., 2011).
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Members of the plant SnRK2 subfamily have also been identified in tobacco
(Kelner et al., 2004), rice (Kobayashi et al., 2004), sorghum (Li et al., 2010),
maize (Huai et al., 2008), wheat (Zhang et al., 2016), bean (Li and Assmann,
1996), soybean (Monks et al., 2001) and tomato (Yang et al., 2015).
Activity of SnRK2 protein kinases relies on their autophosphorylation,
however activation by another protein kinase acting upstream has been also
proposed (Boudsocq et al., 2007; Fujii et al., 2009). Two crucial residues,
Ser171 and Ser175, have been found to be phosphorylated independently in the
ABA-dependent SnRK2.6 protein, while activation of ABA-independent
SnRK2.10 relied on sequential phosphorylation of Ser154 followed by
phosphorylation of Ser158 (Vlad et al., 2010). Members of the ABA-dependent
subclass 2 have been most extensively studied so far. SnRK2.2, SnRK2.3 and
SnRK2.6 are components of the core ABA signaling pathway (Cutler et al.,
2010). Several protein phosphatases from the PP2C clade A family have been
shown to act as negative regulators of ABA-dependent SnRK2 kinases (Ma et
al., 2009; Merlot et al., 2001; Nishimura et al., 2010; Park et al., 2009). In the
absence of ABA, PP2Cs dephosphorylate SnRK2 to maintain their inactive
state. ABA triggers the interaction of PP2Cs with ABA receptors
PYR/PYL/RCAR
(PYRABACTIN
RESISTANCE
1/PYR1LIKE/REGULATORY COMPONENT OF ABA RECEPTOR), thus releasing
SnRK2 from their inhibited state (Ma et al., 2009; Merlot et al., 2001;
Nishimura et al., 2010; Park et al., 2009). Members of subclass 2, SnRK2.7 and
SnRK2.8, interacted with PP2Cs in vitro, while interactions in planta with one
of the PP2Cs, ABI1 (ABSCISIC ACID INSENSITIVE 1), have been recently
shown for SnRK2.8 and also the subclass 1 isoform SnRK2.4, but not for
SnRK2.10 (Krzywinska et al., 2016; Umezawa et al., 2013; Vlad et al., 2010).
SnRK2.4 and SnRK2.10 can be de-activated by members of the
phosphoprotein phosphatase (PPP) family (Krzywinska et al., 2016). Activity
of all ten SnRK2 protein kinases is negatively regulated by SCS (SnRK2INTERACTING CALCIUM SENSOR; Bucholc et al., 2011). SnRK2.4 and
SnRK2.10 have been shown to bind to the phospholipid second messenger
phosphatidic acid, however the effect of this interaction on kinase activity
remains unknown (Julkowska et al., 2015; Testerink et al., 2004).
Several downstream targets have been identified for SnRK2 subclass 2
and 3. SnRK2.6 phosphorylates the anion channel SLAC1, potassium channel
KAT1, AtrboH NADPH oxidases and aquaporin PIP2;1 thereby mediating
ABA-dependent stomatal closure. A snrk2.6 knock-out mutant is impaired in
closing stomata in low humidity conditions and has a wilting phenotype
(Geiger et al., 2009; Grondin et al., 2015; Lee et al., 2009; Mustilli et al., 2002;
Sato et al., 2009; Sirichandra et al., 2009; Yoshida et al., 2002). SnRK2.6 as
well as SnRK2.2 and SnRK2.3 can phosphorylate ABA RESPONSIVE
ELEMENTS-BINDING FACTORS AREB1, AREB2 and ABF3, bZIP
transcription factors that bind to ABA-responsive elements in promoters of
ABA-dependent genes (Fujii et al., 2007; Furihata et al., 2006). The

43

3

snrk2.2/snrk2.3/snrk2.6 triple mutant is insensitive to ABA and has low
tolerance to drought, confirming the role of SnRK2 subclass 3 kinases as major
regulators of ABA responses (Fujii and Zhu, 2009; Fujita et al., 2009). SnRK2
subclass 3 can also phosphorylate mitogen-activated protein kinases MPK1,
MPK2 and MPK6, another class of ABA-activated protein kinases (Droillard et
al., 2002; Umezawa et al., 2013; Wang et al., 2013). A recent
phosphoproteomics study identified many novel putative SnRK2 subclass 3
targets that are involved in DNA and RNA binding and microRNA regulation,
but their direct phosphorylation by these kinases still needs to be confirmed
(Wang et al., 2013). SnRK2.8 phosphorylated ABF3 (redundant to SnRK2
subclass 2 proteins) and additionally targeted EEL, another ABF transcription
factor (Mizoguchi et al., 2010). Moreover, SnRK2.8 phoshorylated three
14-3-3 proteins, adenosine kinase, glyoxylase I and ribose 5-phosphate
isomerase, which links its function to the regulation of metabolic processes
(Shin et al., 2007). Because the phosphorylation of SnRK2.4, SnRK2.10 or
SnRK2.6 and two members of the mRNA decapping complex, VCS
(VARICOSE) and DCP2 (DECAPPING2), was found previously in response
to osmotic stress in two independent phosphoproteomic screens, it has been
suggested that upon osmotic stress SnRK2 protein kinases could target the
mRNA decapping complex (Kawa and Testerink, 2016; Stecker et al., 2014;
Umezawa et al., 2013).
Targets of the SnRK2 subclass 1 subfamily remain still unknown.
A screen using a semi-degenerate peptide array revealed dehydrins as putative
SnRK2.10 substrates, but their direct phosphorylation was never confirmed
(Vlad et al., 2008). SnRK2.4 and SnRK2.10 have been shown to be activated in
Arabidopsis roots within 30 seconds of exposure to salt and may function as
positive regulators of root growth under saline conditions (McLoughlin et al.,
2012). snrk2.4 knock-out mutants showed a decreased main root length in the
presence of salt, while snrk2.10 knock-out mutants exhibited reduced lateral
root density (McLoughlin et al., 2012). Consistent with this phenotype,
SnRK2.10 was expressed in the vasculature at the sites of lateral root
formation, while SnRK2.4 was localized to most of the tissues in the main root
(McLoughlin et al., 2012). Interestingly upon salt stress, SnRK2.4, but not
SnRK2.10 re-localized to punctate structures of unknown identity (McLoughlin
et al., 2012).
Here we describe the identification of novel interactors of the SnRK2.4
and 2.10 protein kinases, including proteins from the decapping complex and
the mRNA degradation pathway. We show that SnRK2.10, as well as SnRK2.5
and SnRK2.6, can phosphorylate VCS, a member of the mRNA decapping
complex. Using SnRK2 subclass 1 mutants, we have been able to identify
several genes, whose salt-triggered change in expression is dependent on
subclass 1 SnRK2 protein kinases. These include aquaporins PIP2;3 and
PIP2;5, beta glucosidase BGLU6 and CYP79B2, coding for an enzyme
involved in auxin biosynthesis. Further studies on the newly identified
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interactors and the subclass 1 SnRK2-dependent salt responsive genes should
help to understand the mode of action of ABA-independent SnRK2 protein
kinases.

Results
SnRK2.4 and SnRK2.10 physically interact with proteins involved in
mRNA metabolism
In order to identify putative up- and downstream SnRK2.4 and SnRK2.10
interactors, tandem affinity purification (TAP) using N- and C-terminal
GS-rhino tag fusions of SnRK2.4 or SnRK2.10 expressed under control of
a CaMV 35S promoter as baits was performed from Arabidopsis PSB-D cell
suspension cultures (Van Leene et al., 2015). Commonly occurring proteins
were treated as a background and were subtracted from the list of significant
proteins (Van Leene et al., 2015). Eight proteins: VCS (VARICOSE), VCR
(VARICOSE RELATED), DCP2 (DECAPPING 2), RRP44B (RRP44
HOMOLOG B), XRN4 (EXORIBONUCLEASE 4), SnRK2.7, PAT1H1
(TOPOISOMERASE II-ASSOCIATED PROTEIN and SnRK2.5 were
co-purified with both SnRK2.4 and SnRK2.10, while AREB3
(ABA-RESPONSIVE ELEMENT BINDING PROTEIN 3) and SnRK2.6 were
specific for SnRK2.4. ELP2 (ELONGATOR PROTEIN 2) and SnRK2.9
interacted only with SnRK2.10 (Table 1, Table S1). Interestingly, most of
these putative interactors are proteins functioning in mRNA metabolism. VCS
and DCP2 are part of the decapping complex, involved in removal of the
5’mRNA cap and VCR, XRN4 and PAT1H1 have been previously shown to
Table 1. List of putative SnRK2.4 and SnRK2.10 interactors. Proteins identified by
LC-MS/MS after TAP procedure from Arabidopsis suspension cultures. GSgreen N- and
C-terminal fusions with SnRK2.4 and SnRK2.10 were used as baits with two technical
replicates. Table presents proteins identified with at least 2 peptides for each sample.
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colocalize in cytoplasmic protein foci called processing bodies (P bodies),
which are the sites of mRNA degradation (Maldonado-Bonilla, 2014; Weber et
al., 2008). The identified interactors are putative phosphorylation targets of
SnRK2.4 and SnRK2.10. Peptides of identified SnRK2.4 candidates were
searched for possible phosphorylation events in the purified complex. Eleven
and six phosphopeptides were identified for VCS and VCR, respectively, but
not for the other candidates, suggesting that VCS and VCR could be
phosphorylation targets of SnRK2.4 and SnRK2.10 (Table 2).
Table 2. Phosphorylation sites identified within the sequence of SnRK2.4 and its putative
interactors identified via in planta TAP experiment. Identified phosphorylated serines and
tyrosines (pS, pT) are denoted in bold. For each peptide the localization in the protein is
indicated with its start and end position. Sequences of peptides marked with shading were used
for design of the synthetic peptides used for in vitro kinase activity assays.
protein name peptide start peptide end

VCS

VCR

SnRK2.4

86
142
637
637
637
637
690
821
821
1149
1171
678
708
708
807
862
1174
158
350

100
156
662
662
662
666
699
835
835
1163
1203
687
730
730
823
877
1199
173
361

peptide sequence

Phosphorylation site position
in protein sequence

TLSYPTPPLNLQpSPR
SFPGGSGPIRVPpSCK
TSGLPSQTSGAGSAYATLPQLPLpSPR
pTSGLPSQTSGAGSAYATLPQLPLpSPR
TSGLPSQTSGAGSAYATLPQLPLpSPR
TSGLPSQTSGAGSAYATLPQLPLpSPRLpSSK
TPpSADYSVDR
VFCSQVSNLpSTEMAR
VFCSQVpSNLSTEMAR
ESITSApSpSVAQALSR
NLLALAAAGANSGGSNSLVpTQLpSGGPLGALLEK
TSpSADYFYVR
SKDTNVTPDDDVSGIRSPpSAFFK
SKDTNVTPDDDVSGIRSPpSAFFK
ENIFCSQASNLpSTEMAR
LPESGpSSSGLVATNSK
LALTAAGSNPLVTQLpSNGPLGALLEK
pSpTVGTPAYIAPEVLSR
TVKEVHApSGEVR

S98
S154
S685
T637+S685
Y651+S685
S685+S689
S692
S830
S827
S1155 or S1156
S1193 or T1190
S680
S724
S726
S818
S867
S1189
S158 or T159
S357

VCS is a direct target of SnRK2.10, SnRK2.5 and SnRK2.6
In order to verify which of the proteins that were pulled down with SnRK2.4
and/or SnRK2.10, were direct targets of these kinases in vitro kinase activity
assays were performed. We selected VCS, VCR and DCP2 for verification,
since they were previously found to by phosphorylated upon osmotic stress
(Stecker et al., 2014). Purified recombinant protein kinases SnRK2.4 and
SnRK2.10 were used for the in vitro phosphorylation reactions with synthetic
peptides from VCS, VSR and DCP2 proteins. Synthetic peptides were designed
to contain the phosphopeptides identified in the TAP experiment (Table 2) and
by Stecker et al., 2014. Each protein kinase was incubated with 3 peptides
representing VCS sequence, one from VCR and DCP2 and, in a separate
reaction, with MBP (myelin basic protein) as a positive control.
Autophosphorylation of SnRK2.10 and phosphorylation of all three peptides
from VCS and a peptide from VCR, but not from DCP2 were detected
(Table 3, Fig. S1, Table S2). SnRK2.4 did not phosphorylate itself nor any of
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the tested peptides, however it was able to phosphorylate MBP (Table 3,
Table S3).
To investigate the redundancy within the SnRK2 family, SnRK2.5
from the same subclass as SnRK2.4 and SnRK2.10 as well as SnRK2.6 from
subclass 3 were tested. SnRK2.6 phosphorylated all the peptides, while
SnRK2.5 phosphorylated VCR and two out of three VCS peptides, suggesting
functional redundancy between SnRK2 protein kinases from subclasses 1 and 3
(Table 3, Table S4-5). Since the peptide corresponding to the DCP2 protein
was hardly detectable, probably due to its low solubility, full-length DCP2
recombinant protein was purified and tested in an in vitro kinase assay. Also
full-length DCP2 was not phosphorylated in the presence of SnRK2.10,
confirming it is not a direct substrate of this kinase in vitro (Table S6). We
conclude that VCS and VCR are direct targets of SnRK2.5, SnRK2.6 and
SnRK2.10.
Table 3. SnRK2.5, SnRK2.6 and SnRK2.10 phosphorylate VCS peptides. Summary of the
in vitro kinase activity assays performed with recombinant protein kinases and synthetic
peptides. Position of start and end of the peptides used is relative to the first amino acid in the
protein sequence. MBP (myelin basic protein) is a known substrate for SnRK2 protein kinases
and was used as a positive control.
substrate
protein kinase
peptide start peptide end
peptide
SnRK2.4 SnRK2.5 SnRK2.6 SnRK2.10
636
668
KTSGLPSQTSGAGSAYATLPQLPLSPRLSSK
T644/S645 T644/S645
S645
VCS
686
701
LGGKTPSADYSVDRQM
S692
S692
1147
1170
LKESITSASSVAQALSRELAETQR
S1156
S1156
S1155/S1156
VCR
674
689
LGGKTSSADYFYVRQT
S680
S680
DCP2
265
291
CVWNARTSVGGNGTATVESQNRKSELR
MBP
+
+
+
+
T159
S29
T159
protein kinase
S175/T176
T269
autophosphorylation
S354
protein

Impact of SnRK2 subclass 1 protein kinases on salt-induced
transcriptional changes in Arabidopsis seedlings
To further elucidate the functional link between SnRK2 subclass 1 protein
kinases, mRNA decay pathways and salt stress, transcriptome profiling of
Col-0, snrk2.4, double snrk2.4/2.10 (McLoughlin et al., 2012) and quintuple
snrk2.1/2.4/2.5/2.9/2.10 (Fujii et al., 2011) knock-out mutants was performed.
To select the most suitable duration of salt stress, a time course experiment
with Col-0 seedlings was performed. Ten days-old seedlings grown in liquid
media were treated with buffer (mock) or 150 mM NaCl. Kinase activity in the
crude extract of proteins from whole seedlings was assessed by in-gel kinase
assay with MBP (myelin bovine protein) used as a substrate. Salt treatment
resulted in rapid induction of SnRK2.4 and SnRK2.10 activity (37 kDa band)
within 30 seconds, which was reduced after 5 minutes and increased again after
24 hours (Fig. 1). Activity of the ABA-dependent SnRK2.2, SnRK2.3,
SnRK2.6 (38 kDa) was induced after 10 minutes of salt stress, indicating
different activation dynamics of these two SnRK2 subfamilies (Fig. 1). It has
to be noted that transcriptional changes that we are interested in can be
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a consequence of the action of the potential substrates of SnRK2 and may not
be observed immediately after SnRK2 activation. One-hour salt treatment was
chosen for transcriptional profiling of Col-0, snrk2.4, double snrk2.4/2.10 and
quintuple snrk2.1/2.4/2.5/2.9/2.10 mutants.

150mM NaCl

control
snrk2.4/2.10

Col0

snrk2.4/2.10

Col0

50kDa
45kDa
40kDa
50kDa

CBB
0 0.5 1

2

5 10 30 1

minutes

6 24 0
hours

2

0 0.5 1

5

minutes

2

5 10 30 1

minutes

6 24
hours

0 2 5
minutes

Fig. 1. Rapid activation of SnRK2.4 and SnRK2.10 in Arabidopsis seedlings. Ten days-old
seedlings grown hydroponically were subjected to a time-course treatment with 150 mM NaCl
(left) or 0.5xMS (control, right). In gel kinase assay of crude protein extracts with MBP used as
kinase substrate was performed. Band corresponding to the activity of SnRK2.4 and SnRK2.10
present in Col-0 and absent in snrk2.4/2.10 double knock-out mutant, is indicated with an arrow.
Coomassie Brilliant Blue staining used as a loading control is presented in the bottom panel.

The
upregulation
of
several
genes
encoding
DREB
(DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN), WRKY
(WRKY DNA-BINDING PROTEIN) and MYB (MYB DOMAIN PROTEIN)
transcription factors in Col-0 upon treatment with 150 mM NaCl confirmed
that the seedlings were subjected to salt stress (Table S7; Kreps et al., 2002).
Since multiple members of the SnRK2 family in rice, wheat and maize have
been shown to be transcriptionally upregulated by salt and osmotic stress (Huai
et al., 2008; Kobayashi et al., 2004; Mao et al., 2010; Zhang et al., 2011; Zhang
et al., 2010), we checked whether transcription of Arabidopsis SnRK2 genes is
regulated by salt stress. The one-hour treatment with 150 mM NaCl resulted in
a small upregulation of only SnRK2.5, suggesting that under these conditions
most of the Arabidopsis SnRK2 protein kinases are only regulated at the
post-transcriptional level, yet we cannot exclude the possibility that they may
be transcriptionally regulated at other time points (Fig. S2).
In order to find significant changes in transcript abundance upon salt
stress, differential expression analysis was performed using Cuffdiff software.
One-hour treatment with 150 mM NaCl resulted in a change in expression of
more than two times in 1292 genes, among which 913 were up- and 379 were
downregulated (Table S7). Next, we asked what would be the consequences of
the mutations in SnRK2 subclass 1 protein kinases for the salt responses and
whether any particular group of transcripts would be affected. Comparison of
the molecular functions and biological processes controlled by genes up- or
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downregulated by salt stress minimum 2 times between 4 genotypes, showed
the same distribution for Col-0 and snrk mutants (Fig. S3-S4). This suggests
that mutating SnRK2 subclass 1 protein kinases does not influence a specific
GO category, but instead affects genes from multiple functional categories. It is
also possible that there are categories of genes that would be controlled by all
SnRK2 protein kinases, which cannot be captured with the selection of mutants
presented in here.
To elucidate what are the salt stress-related transcriptional changes
downstream of SnRK2 subclass 1 protein kinases from the list of 1292 genes
which expression was affected by salt stress, the genes that were not
significantly changed by salinity in each mutant were selected. To assess only
the salt stress specific effect, genes for which expression was already altered in
the mutant line in control conditions (15, 24 and 65 for snrk2.4, snrk2.4/2.10
and snrk2.1/2.4/2.5/2.9/2.10, respectively) were excluded. The responses of
many genes regulated by salt stress in Col-0 were affected by mutations in the
subclass 1 SnRK2 genes. Among the genes upregulated by salt stress in Col-0,
109 were not responding in snrk2.4, while the downregulated genes remained
unchanged (Table S8). Knocking out both SnRK2.4 and SnRK2.10 resulted in
91 and 77 genes that were up- and downregulated by salt stress, respectively, in
Col-0, while they were not responding in the double mutant (Table S9). In the
quintuple snrk2.1/2.4/2.5/2.9/2.10 mutant 129 salt stress upregulated genes and
35 downregulated genes in Col-0, were not responding to salt treatment
(Table S10). These results imply that 8%, in case of snrk2.4, and 13%, in case
of both snrk2.4/2.10 and snrk2.1/2.4/2.5/2.9/2.10, of the genes responding to
salt stress in Col-0 do not respond in these mutants.
Comparison of the molecular function of selected SnRK2-dependent
genes revealed an increase in genes associated with transporter activity in
quintuple mutants compared to single and double mutants, while those
annotated with protein binding were over-represented in double and quintuple
compared to the single mutant (Fig. 2A). Genes encoding protein kinases
represented around 11% of the genes not responding to salt stress in the snrk2.4
mutant, while in snrk2.4/2.10 and snrk2.1/2.4/2.5/2.9/2.10 this was only 6-7%
(Fig. 2A). Selected SnRK2-dependent genes associated with the GO categories
DNA-dependent transcription and transport were more abundant in double and
quintuple mutant compared to the snrk2.4 line (Fig. 2B). Genes involved in
responses to stress and responses to biotic and abiotic stimuli were more
abundant in the snrk2.4 single mutant than in snrk2.4/2.10 and
snrk2.1/2.4/2.5/2.9/2.10, while these annotated with electron transport and
energy pathways were present only in double and quintuple mutants (Fig. 2B).
Surprisingly, only a small overlap in SnRK2-dependent genes was found
between single, double and quintuple mutants (Table S11). Twenty-three of
the in total 442 genes influenced by the mutations were shared between the
single, double and quintuple mutants (Fig. S5A). The annotation of the
overlapping candidates showed different biological functions. Our results
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suggest that transcriptional changes that are a consequence of a single SnRK2
protein kinase activity may cover different genes but act on similar processes.
Additionally, genes for which expression was affected by salt stress in each
mutant, but to a different degree or in an opposite manner than in Col-0 were
selected (Table S12-14).

Fig. 2. Molecular function and biological processes controlled by genes selected as putative
targets of SnRK2 subclass 1 protein kinases. Candidate genes were selected from genes up- or
down-regulated by salt stress minimum 2 times in Col-0 but not affected in snrk2.4, snrk2.4/10
or snrk2.1/4/5/9/10. Functional characterization by annotation for GO Molecular Function (A)
and Biological Process (B) was performed with GO annotation tool available at
https://www.arabidopsis.org/tools/bulk/go/. Numbers in brackets next to the category description
indicates percentage of the number of annotations in this category from the numbers of total
annotations within the candidates list for each mutant. Asterisks indicate categories that showed
different representation between mutants.
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Expression of several osmotic stress-induced genes previously
described to be dependent on SnRK2.2, SnRK2.3 and SnRK2.6 (RD29A,
RD29B, RD26, NCED3, PKS5, KIN2, AREB1, HAI1, COR15A, DREB2A,
ABI1; Fujii et al., 2011; Fujita et al., 2009; Yoshida et al., 2002) was not
affected by any of the mutations tested here, indicating a separation of the
effect of subclass 1 and 3 SnRK2 kinases in the regulation of the expression of,
at least, these genes (Table S8-S10).
Due to some variation between biological replicates, that we observed
for several genes from the list of the putative SnRK-dependent genes
(Table S8-S10, Table S12-S14), only those of which coefficient of variation
between biological replicates was lower or equal to 0.4 were selected for
further analysis. This selection resulted in 62, 127 and 169 candidate genes of
which response to salt stress was different from Col-0 in snrk2.4, snrk2.4/2.10
and snrk2.1/2.4/2.5/2.9/2.10, respectively (Table S15-S17). Based on the
highest difference in expression response to salt between Col-0 and mutants
(calculated as the ratio between the response to salt in the mutant and the
response to salt in Col-0), 10 candidate genes were selected for further
validation.
SnRK2 subclass 1 protein kinases regulate the expression of aquaporins, a
bZIP transcription factor, beta glucosidase and a cytochrome P450
Expression of 10 selected candidates was verified by qPCR using RNA
extracted from an independent biological experiment. To investigate whether
salt-induced changes in transcript abundance downstream of SnRK2 subclass 1
kinases are also dependent on mRNA decapping and 5’ mRNA decay, a vcs1
mutant (point mutation in Ler background) and an xrn4-5 Col-0 knock-out
mutant were analyzed as well. XRN4 is the only 5’->3’ exoribonuclease
identified so far in Arabidopsis. Changes upon salt stress in the expression of
two genes (MP3K17 and MP3K18,) were confirmed by qPCR for Col-0, but
not for the snrk mutants, while the expression of two other genes (EXO,
ATSZF1) was consistent with RNAseq data in both Col-0 and snrk mutants but
the decreased response in the mutants was not significant (Fig. S6).
The salt-control ratio of the expression of five other selected genes was
confirmed by qPCR to be lower in all snrk mutants than in Col-0 (Fig. 3A-E).
PLASMA MEMBRANE INTRINSIC PROTEIN 2;5 (PIP2;5) showed 3 times
upregulation by salt in Col-0, while in single, double and quintiple snrk
mutants this ratio was around 1 (Fig. 3A). No differences in PIP2;5 expression
between genotypes were observed for control conditions, while a severe
decrease in comparison to Col-0 was seen for salt stress in the snrk mutants.
Similar salt-control ratios of PIP2;5 expression were observed for snrk2.4,
snrk2.4/2.10 and quintuple snrk2.1/2.4/2.5/2.9/2.10 mutants, suggesting that
induction of PIP2;5 expression upon salinity may depend on SnRK2.4
(Fig. 3A). Another gene from the same family, PIP2;3, was also upregulated
by salt in Col-0 (Fig. 2B). No differences in PIP2;3 expression between
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Fig. 3. Salt-induced expression of PIP2;5, PIP2;3, CYP79B2 and BGLU6 is dependent on
SnRK2 subclass 1 protein kinases signaling. Expression of (A) PIP2;5, (B) PIP2;3, (C)
BGLU6, (D) CYP79B2, (E) CRK45, (F) BZIP3 as a ratio of salt and control (left), on control
condition (middle) and upon salt treatment (right) in Col-0, snrk2.4, snrk2.4/2.10 and
snrk2.1/2.4/2.5/2.9/2.10, xrn4-5, Ler and vcs1 lines. Values presented are averages of normalized
expression levels of 3 replicates and error bars denote standard error. Statistical comparison was
done by one-way ANOVA followed by LSD posthoc test (p<0.05). Different letters indicate
significant differences. Lack of the letters within one graph indicates lack of the significant
differences. The vcs1 mutant should be compared with its background line Ler (light grey), while
all the other mutants are in Col-0 background (dark grey).

genotypes were observed for control conditions, while upon salt treatment the
differences in snrk mutants were subtle (Fig. 3B). Since the response to salt of
snrk2.4/10 were significantly different from Col-0 we conclude that the
expression of PIP2;3 rely at least on redundant action of SnRK2.4 and
SnRK2.10 (Fig. 3B). Expression of BETA GLUCOSIDASE 6 (BGLU6) on salt
stress, but not under control conditions, was reduced in snrk2.4/2.10 and
snrk2.1/2.4/2.5/2.9/2.10, suggesting that BGLU6 upregulation by salt observed
in Col-0 requires SnRK2.4 and SnRK2.10 signaling (Fig. 3C). Induction by
salt of the expression of CYTOCHROME P450, FAMILY 79, SUBFAMILY B,
POLYPEPTIDE 2 (CYP79B2) was observed in Col-0, but not in snrk mutants
and gradual decrease of the response to salt was seen between single, double
and quintuple mutant (Fig. 3D). The differences of CYP79B transcript
abundance in the presence of salt were not significant, but response to salt was
3 times lower in snrk2.4/2.10 and snrk2.1/2.4/2.5/2.9/2.10 mutants than in
Col-0, which suggests that CYP79B2 induction by salt may be dependent on
SnRK2 subclass 1 protein kinases (Fig. 3D). Abolished induction of
CYSTEINE-RICH RECEPTOR-LIKE PROTEIN KINASE 45 (CRK45) by salt
was observed for all snrk mutants, but the difference from Col-0 was only
significant for snrk2.4/2.10 (Fig. 2E). Because of the high variation of
biological replicates, results of the snrk2.1/2.4/2.5/2.9/2.10 line are not
conclusive for this gene. Nevertheless CRK45 expression seems to be
dependent on SnRK2.4 and SnRK2.10 (Fig. 3E). Results of RNAseq suggested
that BASIC LEUCINE-ZIPPER 3 (BZIP3) gene is downregulated by salt
treatment (Table S7). The qPCR data did not support that, since the expression
of BZIP3 was not regulated by salt (Fig. 3F). However in all snrk mutants
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BZIP3 expression was lower than in Col-0 on salt stress, but not in the control
conditions, suggesting that SnRK2 subclass 1 kinases may indirectly control
salinity-dependent BZIP3 expression (Fig. 3F).
To check whether observed changes in the abundance of the
aforementioned transcripts could be a consequence of the VCS phosphorylation
by SnRK2 subclass 1 protein kinases and possibly by alterations in 5’ mRNA
decay, changes in the expression of the same transcripts were checked in vcs1
and xrn4-5 mutant. Differences in the xrn4-5 mutant were similar to these
observed in snrk mutants for PIP2;5, CYP79B2, BGLU6 and BZIP3, but not for
CRK45, suggesting that some changes in transcript abundance observed in snrk
mutants may be also linked to 5’mRNA decay (Fig. 3). Since in Ler the
expression of most of the candidates did not respond to salt stress in the similar
way as in Col-0, no conclusions could be drawn for these transcripts (Fig. 3A,
B, D, F). For PIP2;3 and CRK45, salt-induced expression was found also in the
Ler background, and was not affected in the vcs1 mutant, implying that SnRK2
subclass 1 protein kinases regulate their expression via a pathway that does not
include VCS (Fig. 3C, E).
Components of 5’ mRNA decay pathway contribute to root responses to
salt stress
SnRK2.4 and SnRK2.10 were shown previously to have a positive role in
elongation of the main root and in lateral root emergence under salt stress,
respectively (McLoughlin et al., 2012). Our kinase activity assays suggest that
VCS, as a direct substrate of SnRK2.10, may act downstream in the same
pathway. Salt-induced changes in root growth of vcs1 and xrn4-5 mutants were
tested by transferring 4 days-old seedlings germinated on half-strength MS
medium to media supplemented with 75 and 125 mM NaCl. Main root length
of vcs1 was higher than wild type (Ler) on all conditions tested, but increase in
lateral root density and total root size was observed on salt stress only
(Fig. 4A). The xrn4-5 knock-out mutant showed lower main root length, lateral
root density and total root size than Col-0 on 125 mM NaCl, with no
differences under control conditions (Fig. 4B). Thus, the xrn4-5 mutant
phenocopies the snrk2.4 and snrk2.10 mutants, while a mutation in vcs1 results
in an opposite phenotype. Together these results suggest that VCS and XRN4
contribute to salt-induced modulation of root growth, but in a different manner
and further characterization is necessary to link them to SnRK2.4 and
SnRK2.10 signaling pathways.
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Fig. 4. Components of 5’mRNA decay are involved in root responses to salinity. Four daysold seedlings of (A) Ler and vcs1 and Col-0 and (B) xrn4-5 were transferred to media
supplemented with 0, 75 or 125 mM NaCl. Main root length (MRL) lateral root density (LRD)
and total root size (TRS) were quantified from 8 and 10 days-old seedlings for control and stress,
respectively. Values presented are averages for 18 replicates. Error bars represent standard error.
Statistical comparison was done by 2 way-Anova followed by LSD post-hoc test (p<0.05).
Different letters indicate significant differences.

Discussion
SnRK2.4 and SnRK2.10 protein kinases are involved in early responses to
osmotic stress and salinity. Their rapid activation within the first minutes after
salt treatment is independent of ABA, and SnRK2.4 and SnRK2.10 have been
shown to promote root growth in the presence of salt (McLoughlin et al.,
2012). To understand the ABA-independent mechanism of early salt stress
signaling leading to regulation of root growth we aimed to identify components
of SnRK2.4 and SnRK2.10 protein kinases pathway.
In planta co-purification experiments showed that both kinases can
physically interact with proteins involved in 5’ mRNA decay (Table 1,
Table S1). Degradation of mRNA from 5’ end requires removal of the 5’cap
by the decapping complex followed by the digestion by 5’->3’ exoribonuclease
XRN4. Two of the proteins interacting with SnRK2.4 and SnRK2.10, VCS
(VARICOSE) and DCP2 (DECAPPING 2), are members of the mRNA
decapping complex (Xu et al., 2006). DCP2 has decapping activity, while VCS
acts as a scaffold protein between DCP2 and third member of this complex,
DCP1 (DECAPPING1), which functions as a DCP2 activator (Goeres et al.,
2007; Xu et al., 2006). Homozygous knock-out mutants of decapping complex
members are lethal, while heterozygous lines or point mutants show severe
developmental alterations, implying the importance of 5’mRNA decapping
(Deyholos et al., 2003; Goeres et al., 2007; Xu et al., 2006). Removal of 5’cap
structure leaves the mRNA unprotected from the exoribonucleitic activity of
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XRN4 (Kastenmayer and Green, 2000). Other proteins identified as putative
SnRK2.4 and SnRK2.10 interactors, VCR (VARICOSE-RELATED),
ATRRP44B
(RRP44
HOMOLOG
B)
and
TOPOISOMERASE
II-ASSOCIATED PROTEIN PAT1H1 (Table 1) are also involved in mRNA
metabolism processes, but their function is not well understood yet (Deyholos
et al., 2003; Kumakura et al., 2013; Roux et al., 2015; Xu et al., 2006; Zhang et
al., 2010).
The molecular function of identified proteins suggests they act
downstream of SnRK2.4 and SnRK2.10 and are putative substrates of these
protein kinases. All of the identified aforementioned putative SnRK2.4 and
SnRK2.10 interactors have been shown to colocalize to P bodies, cytoplasmic
foci, which are the site of mRNA decay (Maldonado-Bonilla, 2014; Sheth and
Parker, 2003). This may suggests that not all of the identified proteins interact
directly with SnRK2.4 and SnRK2.10. Moreover in our co-purification assay
in vivo phosphorylation sites were found only for VCS and VCR (Table 2).
The
phosphorylation
of
VCS
peptides:
TPpSADYSVDR,
ESITSApSpSVAQALSR, and TSGLPSQTSGAGSAYATLPQLPLpSPR, and
the TSpSADYFYVR peptide from VCR have previously been shown to be
affected by osmotic stress (Stecker et al., 2014). Direct phosphorylation of
VCS and VCR by SnRK2.10 was confirmed in in vitro kinase activity assay
(Table 3). Even though SnRK2.4 was able to phosphorylate MBP, the peptide
corresponding to its known autoactivation site was not detected (Stecker et al.,
2014; Vlad et al., 2010; Table 3, Table S3). Several MBP phosphorylation
sites were found in the reaction with SnRK2.10 and only one for SnRK2.4,
suggesting that these kinases have different activity. A similar difference in
activity was already observed in Arabidopsis protoplasts treated with
mannitiol, but not with NaCl (Boudsocq et al., 2004). No phosphorylation of
VCS and VCR peptides has been detected in the presence of SnRK2.4 in the in
vitro assay, but results obtained in planta suggest that SnRK2.4 and SnRK2.10
can redundantly phosphorylate VCS and VCR in response to salt stress
(Table 2, Table 3). It is also possible that SnRK2.4 phosphorylates VCS at
different serine residues than SnRK2.10, which were not covered by the
peptides used for in vitro assay, but were identified with in planta experiment
(Table 2). Another kinase from the SnRK2 subclass 1 subfamily, SnRK2.5,
was also able to phosphorylate 2 out of 3 tested VCS peptides, but not VCR,
which could possibly be because its lower activity compared to SnRK2.10
(Table 3, Table S4). A previous phosphoproteomic study identified VCS as
a putative substrate for ABA-dependent SnRK2 kinases, yet this interaction
was not confirmed (Umezawa et al., 2013). In our in vitro assay SnRK2.6 was
able to phosphorylate VCS and VCR at the same residues as SnRK2.10 (Table
3). Together our data suggest that VCS and VCR are substrates for both
ABA-dependent and independent SnRK2 protein kinases. VCR is
a non-functional homolog of VCS (Xu et al., 2006) and similar
phosphopeptides were found for both proteins, implying that VCS and VCR
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are likely to be targets of SnRK2.4, SnRK2.5, SnRK2.6 and SnRK2.10, but
only phosphorylation of VCS may have biological relevance. We hypothesize
that other co-purified proteins are not substrate for SnRK2.4 and SnRK2.10,
but rather indirect interactors, however this still requires confirmation.
Another protein that co-purified with SnRK2.4, but not SnRK2.10, is
the transcription factor ABA-RESPONSIVE ELEMENT BINDING PROTEIN
3 (AREB3), which was previously shown to be a substrate of SnRK2.6. This
could again suggest functional overlap between members of SnRK2 subclass 1
and 2 families, but might also present an interaction of AREB3 via SnRK2.6,
which was also identified in the TAP experiment (Table 1). Moreover,
co-purification of other SnRK2 protein family members (SnRK2.6, SnRK2.5,
SnRK2.9) may suggest that these kinases can regulate each other’s activity
(Table 1).
Altered sensitivity to osmotic and salt stress of mutants in mRNA
metabolism factors suggests that mRNA decapping and its subsequent 5’ decay
regulate plant responses to these stresses (Kawa and Testerink, 2016). It
remains unknown whether phosphorylation of VCS can modulate assembly or
activity of the decapping complex. Two serine residues in VCS, S660 and
S692, were also found to be phosphorylated in control conditions (de la Fuente
van Bentem et al., 2008). The phosphorylation of VCS in response to mannitol
occured at multiple serine residues, with some sites more and some less
abundant upon osmotic stress (Stecker et al., 2014). Most of the VCS
phosphosites identified here (Table 2) or in previous studies were found in the
region in between two domains responsible for protein-protein interactions
(Stecker et al., 2014; Umezawa et al., 2013; Wang et al., 2013). Importantly,
phosphorylation of other component of Arabidopsis decapping complex DCP1
and complex of Sm-like proteins LSM1-7, acting as a decapping activator, as
well as of human DCP1a and yeast DCP2 was linked to the responses to stress
responses (Xu and Chua, 2012). Phosphorylation of VCS upon osmotic stress
has been suggested to depend on SnRK2, MAP3K or MAP4K kinases and here
we confirm that VCS is phosphorylated by at least SnRK2.5, SnRK2.6 and
SnRK2.10 (Table 3).
To explore further the molecular events downstream of SnRK2
subclass 1 protein kinase signaling we analyzed the salt-induced transcriptional
changes in snrk2.4, snrk2.4/2.10 and snrk2.1/2.4/2.5/2.9/2.10. Salt treatment
resulted in differential expressions of genes of many functions and involved in
several biological processes (Table S7), but the role of single SnRK2 genes
seems not to be restricted to specific molecular processes (Fig. S3-S4).
From 10 selected SnRK2-dependent candidate genes, expression of
5 genes, upregulated by salt stress in Col-0, were not induced, or to a lower
extent, in the mutants (Fig. 3). Expression of water channel PIP2;5 seems to be
dependent solely on SnRK2.4, while for PIP2;3 both SnRK2.4 and SnRK2.10
may be required (Fig. 3A-B). PIP2;3 have been shown to be involved in LR
emergence, suggesting its involvement in the same process as SnRK2.10 (Peret
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et al., 2012). PIP proteins contributes to root cell hydraulic conductivity
making them possible downstream targets of SnRK2s signaling under osmotic
and salt stress (Alexandersson et al., 2010).
SnRK2.4 and SnRK2.10 were also required for salinity-dependent
induction of flavonol glucosyltransferase BGLU6 (Fig. 3C), which by
regulation of flavonol metabolism can contribute to scavenging reactive
oxygen species accumulating upon salt stress (Agati et al., 2012; Ishihara et al.,
2016). Also the salt-induced upregulation of cytosolic receptor-like kinase
(RLK) CRK45 was abolished in snrk2.4/2.10 and snrk2.1/2.4/2.5/2.9/2.10
mutants (Fig. 3E). Although CRK45 was previously implicated in ABA
signaling (Tanaka et al., 2012), our results indicate that it may be also involved
in ABA-independent responses to salt stress. Another gene for which induction
by salt stress was dependent on SnRK2.4 and SnRK2.10, encodes for the
cytochrome P450 protein CYP79B2 (Fig. 3D). Remarkably, CYP79B2 was
expressed at the sites of lateral root formation and similar localization was
found for SnRK2.10 (Ljung et al., 2005; McLoughlin et al., 2012). CYP79B2,
via the conversion of tryptophan to indole-3-acetaldoxime, is involved in local
biosynthesis of auxin, the key hormone regulating root development (Ljung et
al., 2005; Mikkelsen et al., 2000). Expression of BZIP3, not changed by
salinity in Col-0, was downregulated in all snrk mutants tested, suggesting that
in the presence of salt SnRK2 subclass 1 can activate an unknown negative
regulator of BZIP3 expression (Fig. 3F).
Data obtained so far with a vcs1 mutant imply that SnRK2-dependent
upregulation of PIP2;3 and CRK45 is guided via phosphorylation of proteins
other than VCS (Fig. 3B, E). Induction of PIP2;5, CYP79B2, BGLU6 and
BZIP3 was abolished not only in snrk mutants, but also in xrn4-5 line, which
may suggest that they are part of SnRK2.4 and SnRK2.10 signaling pathway
involving regulation of the 5’mRNA decay. On the other hand XRN4 has been
shown to affect transcripts abundance not only via their degradation but also
indirectly and observed differences in selected mRNAs may not be the effect of
5’->3’ cleavage (Rymarquis et al., 2011). Moreover it is still unknown whether
other regulators acting downstream of SnRK2s but upstream of selected
mRNAs are also involved in observed changes. It also has to be noted that
5’ mRNA decay processes are very dynamic and further characterization of the
abundance of transcripts selected here, as well as their stability, is required.
Results presented here suggest that SnRK2 protein kinases activated
via different mechanisms can show functional redundancy. However
phosporylation of VCS by SnRK2.6 still needs confirmation in planta.
P bodies, sites of the VCS localization resemble punctate structures, to which
SnRK2.4 relocalizes in root cells upon salt treatment (Goeres et al., 2007;
McLoughlin et al., 2012), but no subcellular localization was reported for
SnRK2.6 or SnRK2.5 so far. Expression of two aquaporins, PIP2;5 and PIP2;3
were shown to be dependent on SnRK2.4 and/or SnRK2.10 (Fig. 3).
Interestingly yet another aquaporin PIP2;1 was phosphorylated by SnRK2.6

58

(Grondin et al., 2015), suggesting that function of aquaporins can be regulated
by SnRK2 kinases via two mechanisms; ABA-dependent via direct
phosphorylation and indirectly by non-ABA dependent SnRK2s. Expression of
a subset of selected salt-induced genes was altered to the same extent in
snrk2.4/2.10 and snrk2.1/2.4/2.5/2.9/2.10, as well as in an xrn4 mutant,
suggesting regulation of the expression of these genes via 5’ mRNA decay
could rely mainly on SnRK2.4 and SnRK2.10 action (Fig. 3). Similarly,
activity of SnRK2.4 and SnRK2.10 was higher than other members of
subclass 1 (Fig. 1), suggesting higher relevance of SnRK2.4 and SnRK2.10
signaling over the other class 1 members. On the other hand several candidate
transcripts were found for snrk2.1/2.4/2.5/2.9/2.10, but not single and double
mutants, implying that SnRK2.1, SnRK2.5 and SnRK2.9 signaling can also
govern salt-induced changes in gene expression (Fig. S5B, Table S11).
Our results suggest that SnRK2.4 and SnRK2.10 can regulate root
growth in the presence of salinity by targeting 5’ mRNA decay machinery and
regulation of the expression of genes involved in water transport and auxin
biosynthesis, yet the exact connection between these processes remains to be
discovered.

Material and Methods
Identification of SnRK2.4 and SnRK2.10 interactors
The coding regions of SnRK2.4 and SnRK2.10 were cloned under CaMV 35S promoter for
fusion with GSrhino tag in pH7m24GW2 vector for N- and pH7m34GW2 for C-teminal fusion
with Multisite Gateway cloning as described in (Van Leene et al., 2015). Arabidopsis PSB-D cell
suspension cultures were transformed and tandem affinity purification (TAP) of SnRK2.4 and
SnRK2.10 protein complexes was performed according to the protocol described in (Van Leene
et al., 2015). Eluted proteins were identified on LTA OrbitrapVelos with two technical replicates
per bait. Proteins identified with at least two peptides were considered as significant. Most
abundant background proteins were subtracted and final list of the putative interactors is
presented in Table 1.
Protein expression and purification
GST fusions were obtained by cloning full-length coding sequence of SnRK2.4, SnRK2.5,
SnRK2.6 and SnRK2.10 into pGEX4T1 and DCP2 into pGEX-KG Gateway vector. All
constructs were transformed to E.coli BL21 DE3 and their expression was induced for 3 hours
with 1mM IPTG in 18°C. Recombinant proteins were purified with GST-Sepharose beads (GE
Healthcare, UK) as described in (Julkowska et al., 2015).
In vitro kinase activity assays
Peptides harboring putative phosphorylation sites were synthesized by GenScript (China).
Sequences of used peptides can be found in Table 3. 1 µM of each peptide was incubated with
0.1 µM of recombinant protein kinase in kinase reaction buffer (50 mM Tris-HCl, pH 7.5, 2 mM
MgCl2, 1 mM DTT, 1 mM ATP) in a final volume 60 µl for 6 hours in 30°C. 20 µl of each
reaction was used for direct trapping and collection of the synthetic peptides on 8 µg capacity
OMIX RP tip (Agilent Technologies). The trapped peptides were eluted in 10 µl 50% acetonitrile
(ACN), 0.1% trifluoroaceic acid (TFA) and 3-5 µl fraction was dried in a speedvac and
reconstitute in 6 µl 2% acetonitrile, 0.1% TFA for the analysis with LC-MS. Remained 40 µl of
each reaction was used for in-solution digestion. Samples were reduced with 10 mM DTT for
30 minutes at 60°C followed by alkylation with 20 mM iodoacetamide for 30 minutes at room
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temperature in darkness. An overnight digestion with 2 µg trypsin (Sigma) was performed at
37 °C, stopped with TFA and peptides were collected with 50% ACN, 0.1% TFA on 8 µg
capacity OMIX RP tip (Agilent Technologies), dried and reconstituted in 6 µl 2% ACN, 0.1%
TFA for the analysis with LC-MS. For the kinase activity assays with full-length protein as
a substrate, 0.4 µg of recombinant protein kinase and 2 µg of the substrate were used for the
same reactions as with peptides in a total volume of 30 µl, digested with trypsin, collected and
analyzed as described above. Myelin basic protein (MBP, Upstate) was used as a substrate for
a positive control of protein kinase activity.
Mass spectrometry analyzes
Mass spectrometry analyzes were done with the amaZon Speed Iontrap with a CaptiveSpray ion
source (Bruker) coupled to an EASY-nLC II (Proxeon, Thermo Scientific) chromatographic
system. Peptide samples were injected and separated with an eluent flow of 300 nL x min-1 on an
Acclaim PepMap100 (C18 75µM 25cm Dionex, Thermo Scientific) analytical column combined
with an Acclaim PepMap100 pre-column (C18 100µM 2cm Dionex, Thermo Scientific) using
a 30 minute gradient of 0–50% ACN and 0.1% formic acid. Peptide precursor ions above
a predefined threshold ion count were selected for low-energy collision-induced dissociation
(CID) to obtain fragmentation spectra of the peptides. Technical replicates were performed with
electron-transfer dissociation (ETD). MS/MS data were processed with Data Analysis software
(Bruker), and used for database searching with Mascot software (Version 2.5.1) in
a custom-made database containing all SnRK protein kinases, MBP and the synthetic peptides
sequence information. Searches were simultaneously performed against a common contaminants
database (compiled by Max Planck Institute of Biochemistry, Martinsried) to minimize false
identifications. Mascot search parameters were as follows: a fixed modification of
carbamidomethyl for cysteine, variable modification of oxidized methionine and Phospho(ST),
trypsin with the allowance of one missed cleavage, peptide charge state +2, +3, and +4. Peptide
and MS/MS mass error tolerances were 0.3 Da for ESI-trap or ETD-trap. For the sample with
synthetic peptides no fixed modification was applied. The identified phosphopeptides were
verified by manual inspection of MS/MS spectra in the raw data using the Data Analysis
software.
In-gel kinase activity assay
Arabidopsis thaliana seeds were surface sterilized with 20 ml thin bleach and 600 µL 37.5% HCl
for 3 hours and then placed for 1.5 hour in laminar flow to evaporate chlorine gas. Seeds were
stratified for 72 hours at 4°C and grown under long day conditions (21°C, 70% humidity, 16/8
light/dark cycle) in 100 ml liquid media containing 0.5xMurashi-Skoog basal salt, 0.5% sucrose,
1% M.E.S. monohydrate, pH 5.8 (KOH) with shaking (120 rpm). Ten days-old seedlings were
treated with 150 mM NaCl in 0.1xMS media (salt stress) or 0.1xMS media (control) for time
indicated separately per experiment. Seedlings were dried with paper towel and snap frozen in
liquid nitrogen. Tissue was ground and proteins were extracted with 1:3 v/w lysis buffer (50 mM
Tris-HCl pH 7.5, 5 mM EDTA, 5 mM EGTA, 2 mM DTT, 25 mM NaF, 1 mM Na3VO4, 50 mM
β-glycerophosphate, 1x complete protease inhibitor cocktail (Promega) and spun down at 26 000
g for 30 minutes. Protein concentration was determined with Bradford protein assay (Bio-Rad).
50 µg of crude protein extract was separated on 12% polyacrylamide gel containing 0.2mg/ml of
myelin basic protein (MBP, Upstate). Gels were washed 3 times for 30 minutes at room
temperature with washing buffer (25 mM Tris-HCl pH 7.5, 0.5 mM DTT, 0.1 mM Na3VO4, 5
mM NaF, 0.5mg/ml BSA, 0.1% Triton X-100) and then twice for 30 minutes and overnight at
4°C in renaturation buffer (25 mM Tris-HCl pH 7.5, 0.5 mM DTT, 0.1 mM Na3VO4, 5 mM
NaF). Gels were incubated in reaction buffer (25 mM Tris-HCl pH 7.5, 2 mM EGTA, 12 mM
MgCl2, 1 mM DTT, 1mM, 0.1 mM Na3VO4) for 30 min at 37°C and then brought to reaction
buffer containing 25 µM ATP and 50 µCi 32P γ-ATP for 1 hour. Gels were washed 6 times in 1%
Na2H2P2O7, 5% TCA, followed by 30 minute incubation in 3% glycerol, dried overnight and
exposed to Storage Phospho Screen (Fuji) for two weeks and scan by phosphoimager (Typhoon
FLA 7000, GE Healthcare, UK).
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Transcriptome profiling
Arabidopsis thaliana seeds were surface sterilized with 20 ml thin bleach and 600 µL 37.5% HCl
for 3 hours and then placed for 1.5 hour in laminar flow to evaporate chlorine gas. Seeds were
stratified for 72 hours at 4°C and grown under long day conditions (21°C, 70% humidity, 16/8
light/dark cycle) in 100 ml liquid media containing 0.5xMurashi-Skoog basal salt, 0.5% sucrose,
1% M.E.S. monohydrate, pH 5.8 (KOH) with shaking (120 rpm). Ten days-old seedlings were
treated with 150 mM NaCl in 0.1xMS media (salt stress) or 0.1xMS media (control) for time
indicated separately per experiment. Seedlings were dried with paper towel and snap frozen in
liquid nitrogen. 100 mg of tissue was ground and total RNA was extracted using Plant RNA
extraction kit (Qiagen) according to manufacturer’s instructions. RNA quality determination,
library preparation and sequencing with Illumina HiSeq 2500 was performed by Eurofins
Genomics (Germany). The reads were trimmed and cleaned using FastQC and Trimmomatic and
then aligned to Col-0 genome from TAIR 10.30 database using TopHat algorithm (Kim et al.,
2013). Transcripts were assembled and their abundance was quantified using Cufflinks where
significant changes in transcript abundance between samples were detected with Cuffdiff
(Trapnell et al., 2012). For the selected candidates, expression levels were confirmed by qPCR
on RNA extracted from an independent biological experiment performed under the same
conditions as used for RNAseq analysis. cDNA was synthesized with ReverAid Kit (Fermentas)
and 5 µl were used for each reaction with Eva-Green kit (Solis Biodyne). Three biological
replicates were used per line and two technical replicates were made. The sequences of primers
are indicated in Table S18. The transcript level was normalized by expression of the reference
gene MON1 (At2G28390) according to the following formula: ΔCt=2(Ct candidate gen)/2(Ct reference gene).
Root System Architecture Assay
Seeds were surface sterilized with 20 ml thin bleach and 600 µL 37,5% HCl for 3 hours followed
by 1.5 hour in laminar flow to evaporate chlorine gas. Seeds were stratified in 0.2% agar at 4°C
in the dark for 72 h. Seeds were germinated on half-strength Murashige-Skoog medium supplied
with 0.5% sucrose, 0.1% M.E.S. monohydrate and 1% agar, pH 5.8 (KOH). Seeds were
germinated on vertically positioned plates (70° angle) under long day conditions (21°C, 70%
humidity, 16/8h light/dark cycle). For days-old seedlings were transferred to 0.5xMS media
supplemented with 0, 75 or 125 mM NaCl. Root System Architecture of 8 and 10 days-old
seedlings from control and salt stress conditions, respectively, was quantified with EZ-Rhizo
Software (Armengaud et al., 2009). Three independent biological experiments with 18 replicates
were performed.
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Fig. S1. Spectra of the phosphorylated synthetic peptides identified in in vitro kinase
activity assays. Presented spectra correspond to the peptides phosphorylated by SnRK2.10 as
listed in Table 3.
Fig. S2. Transcriptional regulation of
SnRK2 protein kinases under salt
conditions. Ten days-old seedlings grown in
liquid 0.5xMS medium were subjected to
control (0.1xMS) and salt treatment (150
mM NaCl in 0.1xMS) for one hour. Values
presented are average fragments per kilobase
of transcript per million mapped reads
(fpkm) from 3 biological replicates. Error
bars represent standard error (SEM).
Significant changes according to Student-t
test are denoted with asterisk (p-<0.05).
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Fig. S3. Molecular function of genes up- or downregulated by salt stress minimum 2 times
in Col-0, snrk2.4, snrk2.4/10 and snrk2.1/4/5/9/10. Functional characterization by annotation
for GO Molecular Function was performed with GO annotation tool available at
https://www.arabidopsis.org/tools/bulk/go/. Numbers in brackets next to the category description
indicates percentage of the numbers of annotations in this category from the numbers of total
annotations within the genotype.
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Fig. S4. Biological process of genes up- or downregulated by salt stress minimum 2 times in
Col-0, snrk2.4, snrk2.4/10 and snrk2.1/4/5/9/10. Functional characterization by annotation for
GO Biological Process was performed with GO annotation tool available at
https://www.arabidopsis.org/tools/bulk/go/. Numbers in brackets next to the category description
indicates percentage of the numbers of annotations in this category from the numbers of total
annotations within the genotype.
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Fig. S5. Overlap of number of candidate genes with
altered salt-induced expression in snrk2.4, snrk2.4/10
and snrk2.1/4/5/9/10 in comparison to Col-0.
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Fig. S6. Expression of EXO, ATSZF1, MP3K17 and MP3K18 shown as a ratio of normalized
expression on salt stress and control condition. Values presented are averages of normalized
expression levels of 3 replicates and error bars denote standard error. Statistical comparison was
done by one-way ANOVA followed by LSD post-hoc test (p<0.05). Different letters indicate
significant differences. Lack of the letters within one graph means lack of the significant
differences. Vcs1 mutant should be compared with its background line Ler, while all the other
mutants are in Col-0 background.

Supplemental Data Available On-line
Table S1. List of putative SnRK2.4 and SnRK2.10 interactors and their features. Proteins
identified by LC-MS/MS after TAP procedure from Arabidopsis suspension cultures. GSgreen
N- and C-terminal fusions with SnRK2.4 and SnRK2.10 were used as baits with two technical
replicates. Table presents proteins identified with at least 2 peptides for each sample. Green font
indicates baits, while blue stands for proteins that are common background, but can still be
possible interactors. Normalized Spectral Abundance Factor was based on the total number of
spectra identifying each protein, normalized by the length of the protein and the total number of
identified spectra in the sample.
Table S2. Peptides identified with MS/MS analysis of the in vitro kinase activity assay with
SnRK2.10 and MBP as a substrate. Peptide in italics was also found in MBP protein in the
absence of the kinase.
Table S3. Peptides identified with MS/MS analysis of the in vitro kinase activity assay with
SnRK2.4 and MBP as a substrate. Peptide in italics was also found in MBP protein in the
absence of the kinase.
Table S4. Peptides identified with MS/MS analysis of the in vitro kinase activity assay with
SnRK2.5 and MBP as a substrate. Peptide in italics was also found in MBP protein in the
absence of the kinase.
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Table S5 Peptides identified with MS/MS analysis of the in vitro kinase activity assay with
SnRK2.6 and MBP as a substrate. Peptide in italics was also found in MBP protein in the
absence of the kinase.
Table S6. Peptides identified with MS/MS analysis of the in vitro kinase activity assay with
SnRK2.10 and DCP2 as a substrate.
Table S7. List of genes with expression changed by salt. Ten days old seedlings grown in
liquid cultures were treated with mock or 150 mM NaCl for 1 hour. List includes genes with
expression changed minimum 1-fold upon salt treatment.
Table S8. List of genes with expression changed in Col-0 upon 1 hour treatment with 150
mM NaCl, but not affected in snrk2.4 mutant. Ten days old seedlings grown in liquid cultures
were treated with mock or 150 mM NaCl for 1 hour. List includes genes with expression
changed minimum 1-fold comparing to Col-0.
Table S9. List of genes with expression changed in Col-0 upon 1 hour treatment with 150
mM NaCl, but not affected in snrk2.4/2.10 mutant. Ten days old seedlings grown in liquid
cultures were treated with mock or 150 mM NaCl for 1 hour. List includes genes with expression
changed minimum 1-fold comparing to Col-0.
Table S10. List of genes with expression changed in Col-0 upon 1 hour treatment with 150
mM NaCl, but not affected in snrk2.1/2.4/2.5/2.9/2.10 mutant. Ten days old seedlings grown
in liquid cultures were treated with mock or 150 mM NaCl for 1 hour. List includes genes with
expression changed minimum 1-fold comparing to Col-0.
Table S11. Overlap of the genes with expression changed by salt stress in snrk2.4,
snrk2.4/10 and snrk2.1/4/5/9/10.
Table S12. List of genes which expression was regulated in snrk2.4 mutant, but to a
different degree or in an opposite manner than in Col-0.
Table S13. List of genes which expression was regulated in snrk2.4/10 mutant, but to a
different degree or in an opposite manner than in Col-0.
Table S14. List of genes which expression was regulated in snrk2.1/4/5/9/10 mutant, but to a
different degree or in an opposite manner than in Col-0.
Table S15. Transcripts selected from the low variance subset of genes as a putative targets
of molecular events downstream SnRK2.4.
Table S16. Transcripts selected from the low variance subset of genes as a putative targets
of molecular events downstream SnRK2.4 and SnRK2.10.
Table S17. Transcripts selected from the low variance subset of genes as a putative targets
of molecular events downstream all SnRK2 subclass 1 protein kinases.
Table S18. List of the primers used for qPCR.
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Abstract
Nutrient availability and salinity of the soil affect growth and development
of plant roots. Here, we describe how inorganic phosphate availability
affects root system architecture (RSA) of Arabidopsis and how phosphate
levels modulate responses of the root to salt stress. Phosphate (Pi)
starvation reduced main root length and increased the number of lateral
roots of Arabidopsis Col-0 seedlings. In combination with salt, low Pi
dampened the inhibiting effect of mild salt stress (75mM) on all measured
RSA components. At higher NaCl concentrations, the Pi deprivation
response prevailed over the salt stress only for lateral root elongation. The
Pi deprivation response of lateral roots appeared to be oppositely affected
by abscisic acid (ABA) signaling compared to the salt stress response.
Natural variation in the response to the combination treatment of salt and
Pi starvation within 330 Arabidopsis accessions could be grouped into four
response patterns. When exposed to double stress, in general lateral roots
prioritized responses to salt, while the effect on main root traits was
additive. Interestingly, these patterns were not identical for all accessions
studied and multiple strategies to integrate the signals from Pi deprivation
and salinity were identified. By Genome Wide Association Mapping
(GWAS) 13 genomic loci were identified as putative factors integrating
responses to salt stress and Pi starvation. From our experiments, we
conclude that Pi starvation interferes with salt responses mainly at the
level of lateral roots and that large natural variation exists in the available
genetic repertoire of accessions to handle the combination of stresses.

Introduction
To optimize their performance in constantly changing conditions, plants need
to adjust their developmental program to their environment. A plant’s final
phenotype is highly dependent on external signals and the level of plasticity
can facilitate responses to stresses (Pierik and Testerink, 2014). Recently, the
importance of root adaptations has received increasing attention. Root
morphology can be affected by nutrient availability (Giehl et al., 2014),
osmotic stress (Malamy, 2005), salinity (Galvan-Ampudia and Testerink, 2011)
and light (Kellermeier et al., 2014) Root development is controlled by auxin
and cytokinin signaling (Petricka et al., 2012) and it is modulated by external
stimuli through other hormones and alterations in the auxin or cytokinin
sensitivity (Jung and McCouch, 2013). Modulation of RSA by environmental
cues is a result of independent changes of individual RSA traits that may
exhibit different sensitivities to the same factor (Gruber et al., 2013; Julkowska
and Testerink, 2015). For example, under salt stress growth of the main root
(MR) of Arabidopsis Col-0 is affected more severely than lateral root (LR)
formation and elongation (Julkowska et al., 2014). Responses of both MR and
LRs are guided by abscisic acid (ABA) but through different mechanisms
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(Duan et al., 2013). Upon salt exposure, increased ABA synthesis causes
stabilization of DELLA proteins (Achard et al., 2006). In this way ABA,
through suppression of gibberellic acid signaling, inhibits cell divisions in the
root tip. However at the later phases of salt stress, low ABA concentrations
promote MR growth recovery (Geng et al., 2013), while in LRs, ABA
maintains the quiescent state at early stages of their development (Duan et al.,
2013). Elongation of LRs in salt conditions is also dependent on the activity of
ABA-independent SnRK2.10 protein kinase (McLoughlin et al., 2012).
In natural habitats plants are usually exposed to multiple stress factors
and one stress can modulate the effect of the other. Nutrient levels have been
already proposed to influence salt-induced changes in RSA (Duan et al., 2013;
Pierik and Testerink, 2014). Contradicting reports on the effect of salinity on
LR density might be explained by different nutrients concentrations used in
basal media (Duan et al., 2013; Julkowska et al., 2014). However, these
modulations have been not narrowed down to the level of a particular nutrient
and there is no consensus on the direction of this interaction. One of the most
scarce nutrients for plant demands is inorganic phosphate (Pi; Lynch, 2011),
which has a significant effect on root morphology (Gruber et al., 2013). Low Pi
availability reduces MR growth, but at the same time LR formation and
elongation as well as root hair formation increase (Williamson et al., 2001;
Lopez-Bucio et al., 2002; Al-Ghazi et al., 2003; Muller and Schmidt, 2004).
In saline soils phosphate ions tend to form insoluble precipitates, that are not
available to plants, exposing them to the combination of salt stress and Pi
starvation (Russell and Wild, 1988; Naidu and Rengasamy, 1993). Phosphate
homeostasis can be modulated by salt stress, for example in some species,
including cotton, melon and lupin, salt stress reduced phosphate uptake, while
an opposite trend was observed for maize (Navarro et al., 2001). Increased
phosphate levels had a negative effect on salt tolerance of soybean (Phang et
al., 2009).
Arabidopsis accessions of various origins are a useful resource for
genetic studies on responses to stress. Exploring natural variation has
contributed to identification of QTLs controlling RSA development under
control and abiotic stress conditions (Mouchel et al., 2004; Rosas et al., 2013;
Meijon et al., 2014; Slovak et al., 2014). Root growth under potassium, iron or
phosphate starvation has been linked to allelic polymorphisms (Reymond et al.,
2006; Pineau et al., 2012; Kellermeier et al., 2013), whereas salt-induced
changes in RSA have partially been explained by differences in sensitivity to
ABA within Arabidopsis accessions (Julkowska et al., 2014). However, natural
variation in root responses to combinations of stresses has not been studied
before.
In this study we present a detailed description of how salt stress and
phosphate starvation signals affect root architecture. By comparing growth
dynamics of main and lateral roots in the Arabidopsis accession Col-0 we show
that responses to salt are modulated by Pi starvation (double stress).
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Comprehensive analysis of a panel of 330 Arabidopsis accessions revealed that
not all the components of RSA are affected in the same way by double stress.
We classified RSA traits regarding their responses to a combination of salinity
and Pi starvation into 4 major patterns. Combination of salt and phosphate
starvation reduced LR development in a similar way as salt stress alone; while
growth of MR was reduced more severely compared to single stress conditions.
Main root apical zone size was affected in the same manner for salt, Pi
deprivation and their combination, while basal zone size response showed an
intermediate level. We show that the contrasting type of regulation of LR
elongation by salt and Pi starvation could be explained by a differential effect
of abscisic acid. Finally, with Genome Wide Association Mapping we
identified 12 candidate loci putatively involved in responses to the combination
of salt and Pi starvation. Our results demonstrate how salt-induced changes in
RSA can be dependent on Pi availability and identify putative genetic
components in integration of salt stress and Pi starvation signals.

Results
Phosphate starvation modulates main root growth, lateral root emergence
and elongation in a different manner
Phosphate (Pi) availability is known to influence root growth and development.
Due to limited ways of quantifying RSA of Arabidopsis in soil, most of the
reports use agar media-based plate assays. However, various experimental
setups have resulted in different phenotypes (Ristova and Busch, 2014). In
order to define the most suitable conditions to capture RSA changes caused by
Pi starvation, a dose-response experiment was conducted. Four days-old
seedlings of Arabidopsis accession Col-0 were transferred from control media
(Pi-sufficient, 625 µM KH2PO4) to Pi-free media supplemented with different
KH2PO4 concentrations (0, 1, 10, 50, 100, 625 µM) (Fig. 1A). For KH2PO4
concentrations lower than 625 µM (control), starvation symptoms were
observed, including inhibition of root and shoot growth. Surprisingly, 10 µM
KH2PO4 restricted the MR growth more than 1 µM or total starvation (0 µM).
Remarkably, for the other Pi insufficient concentrations used, the level of MR
length inhibition was similar, suggesting its high sensitivity to Pi availability.
On the other hand, modulations of LR emergence and growth were observed
only at KH2PO4 concentrations below 10 µM.
To study the dynamics of Pi starvation effect on root growth in our
plate assay we selected media containing 0, 1 and 10 µM KH2PO4 as the Pi
starvation condition and followed the MR length, number of LRs and average
LR length from the day of the transfer up to 12 days after germination (Fig. 1B,
Fig. S1A). For all Pi deficient conditions applied, MR growth was found to
slow down earlier than LR growth (Fig. 1B, Fig. S1A). Almost complete
cessation of MR growth 10 days after germination observed only in Pi deficient
conditions suggests Pi to be involved in MR growth maintenance.
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In order to get a more detailed picture of Pi starvation impact on RSA
we quantified 17 RSA traits (Table 1) at a single time point. Four days-old
seedlings were transferred to either control (Pi sufficient, containing 625 µM
KH2PO4) or Pi starvation (1 µM KH2PO4) media. When comparing control and
Pi starved seedlings from the same day it has to be noted that early restriction
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of the MR growth induced by Pi starvation may lead to underestimation of its
effect on root zonation and LR traits. Therefore RSA traits were quantified at 8
or 10 days after germination for control or Pi starvation, respectively, with
EZ-Rhizo software (Armengaud et al., 2009). With this approach we were able
to minimize the differences between MR length between Pi sufficient and Pi
deprived seedlings (Fig. 1C). Number, density, total length of LRs and total
root size were higher on Pi starvation than on the control conditions (Table 1,
Fig. 1C). Root zonation changed from apical oriented towards a more branched
phenotype. (Table 1, Fig. 1C). This experimental set up allowed us to
compensate for inhibition of MR growth and capture the changes in RSA
induced by Pi starvation.
Table 1. Overview of Root System Architecture traits measured for control and Pi
starvation conditions. Average values and standard errors of the traits for Arabidopsis thaliana
accession Columbia (Col-0). Values presented are averages for 16 replicates. Statistical analysis
was performed with Student’s t-test. Significant differences are denoted with stars (*** p<0.001;
** p<0.01; *p<0.05).
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Availability of phosphate modulates RSA responses to salt
The importance of nutrient levels for RSA responses to salinity has recently
been proposed (Duan et al., 2013; Pierik and Testerink, 2014). In order to
verify how Pi availability affects root development on salt, five NaCl
concentrations (0, 50, 75, 100, 125 mM) were combined with Pi sufficient
(625 µM KH2PO4) or Pi starvation (0, 1, 10 µM KH2PO4) media (Fig. 2A). The
same trend was observed for all three Pi starvation conditions (Fig. S1) and
1 µM KH2PO4 was selected as a representative concentration for further
experiments.
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To compare the impact of Pi levels on salt sensitivity of MR growth
and LR emergence and elongation we applied the ROOT-FIT model
(Julkowska et al., 2014). This model uses a set of quadratic functions to
compare salt sensitivity between MR length (MRL), LR number (#LR) and
average LR length (aLRL). Increase in #LR and LRL at all conditions applied
could be described with quadratic functions (Table S1). However Pi starvation
led to linear MR growth (Table S1, Fig. S2). To be able to compare the effect
of different stresses we used a modified ROOT-FIT model to describe each
RSA trait separately with the appropriate function that can best fit RSA under
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all conditions tested; control, Pi starvation, salt and their combination. Thus,
MRL sensitivity was fitted with a linear function, and #LR and aLRL with
quadratic functions (Table S1).
Calculated relative growth factors (normalized to the 0 mM NaCl of
the same Pi level) allowed us to compare the effect of salinity on growth rates
of MR and LRs and its dependency on Pi availability (Table S1, Fig. 2B). The
inhibitory effect of salt was alleviated when Pi was limited, in case of 50 and
75 mM NaCl for MRL and 75mM for #LR. At higher salt concentrations (100
and 125 mM) Pi starvation did not influence the salt-induced inhibition of MR
growth and LR emergence, suggesting that only below a certain threshold Pi
starvation can diminish the inhibitory effect of salinity. Interestingly, for aLRL
the relative growth factors at 75, 100 and 125 mM NaCl were increased by Pi
starvation. It suggests that LR elongation is less sensitive to combination of Pi
starvation and high salt concentrations than LR emergence.
Although salt stress did not affect LR density in Pi sufficient media
application of 100 and 125 mM NaCl under Pi deficient conditions did
decrease LR density (Fig. 3A). On both Pi regimes the dynamics of LR density
fitted the quadratic model (Table S1). The calculated rate of changes in LR
density was clearly not affected by salt in Pi sufficient media, while a gradual
decrease was observed under low Pi availability (Fig. 3A, B). Pi starvation
alone on the other hand increased LR density (Fig. 3B). Together, these data
show that the effect of salt on LR density is highly dependent on Pi availability.
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Natural variation in RSA integration of salt and phosphate starvation
responses
Natural variation in root morphology adjustments was recently reported for salt
(Julkowska et al., 2014) as well as for Pi starvation (Chevalier et al., 2003;
Reymond et al., 2006), yet never for their combination. To describe natural
variation in responses to the joint effect of salt stress and Pi starvation, changes
in RSA of 330 Arabidopsis accessions from the HapMap population (Atwell et
al., 2010) were followed. Four days-old seedlings were transferred to control
(625 µM KH2PO4), salt (75 mM NaCl), Pi starvation (1 µM KH2PO4) or double
stress (1 µM KH2PO4, 75 mM NaCl) media. Root growth was monitored from
6 to 14 days after germination (Fig. S3). 17 RSA traits (Table 1) were
quantified with EZ-Rhizo software (Armengaud et al., 2009) for all accessions
at 8 and 10 days after transfer for control and all stress conditions, respectively.
In order to get an overview of the effect of the double stress on the whole
HapMap population for each individual RSA trait we calculated the average
from 330 accessions studied. The impact of each stress (salt, Pi starvation,
double stress) was analyzed by checking the statistical significance of
difference of each individual RSA trait on stress conditions from the control
(Table S3). All studied RSA traits were affected by at least one stress
condition. #LR decreased in the presence of salt for Col-0, but was not
influenced at the level of the whole population (Fig. 2B; Table S3). LRD, not
affected by salinity for Col-0, decreased in case of HapMap population
(Fig. 2B; Table S3). This implies that the picture obtained by studying Col-0 is
not representative for a wider selection of accessions. For the HapMap
population, double stress had no effect on MRPL, Apical zone size and LRD,
even though both salt and Pi starvation alone affected these traits. Lack of the
influence of double stress on #LR and TRS was consistent with the same trend
for salt stress. Interestingly, we did not find any RSA traits that were affected
only by double stress (Table S3).
To be able to compare the relative effect of all treatments for each
accession separately as well as for the HapMap population, values of the RSA
traits were normalized to the corresponding values under control condition. The
differences in RSA responses between each tested conditions for the entire
population and for selected accessions are presented by spider webs (Fig. 4).
These illustrate that overall responses of the HapMap population show high
impact of low Pi availability on LR parameters reflected by eight times higher
response of #LR to Pi starvation than to salt or double stress (Fig. 4A,
Table S3). All of the accessions studied showed an increase in #LR on Pi
starvation, but only half of them were able to maintain this response in double
stress conditions.
Despite using different media and germinating them on control
condition before applying stress, we confirmed that the reduction of MR was
more severe for Sha than for Bay-0 on Pi starvation as well as on a double
stress (Fig. 4B-C). Interestingly, the MR of Sha was inhibited the most by Pi
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starvation, while on double stress this effect was masked and the response was
similar as for salt. MR growth of Bay-0 responded to salt and Pi starvation in
a similar way, but the response to their combined effect was lower than in case
of single stresses. This suggests that Bay-0 and Sha possess different adaptive
strategies not only to Pi starvation, but also for salt on two different Pi
concentrations. Nd-1 identified previously to decrease MRL, #LR and aLRL in
the presence of salt, showed a positive response for these traits on Pi starvation,
while double stress response value was in between the single stresses one
(Fig. 4D).
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We also selected two accessions with responses to Pi starvation that
deviated from the rest of the population. Despite the huge inhibitory effect that
Pi starvation has on the MR of most accessions, Ka-0 (Fig. 4E) was able to
maintain MR growth on Pi starvation as well as on double stress, while
a decrease in MR was observed in case of salt stress. Another type of extreme
phenotype was represented by Kas-1, showing the typical Pi starvation
“brushy” root with highly inhibited MR and numerous LRs, not maintained on
double stress (Fig. 4F).
Additionally we selected two accessions with contrasting responses to
double stress. The spider web representation of the responses of PHW-26
illustrates that all lateral root traits increased, but degree of the response varied
(Fig. 4G). On the contrary, the response of An-2 to double stress did not
resemble changes made by individual stresses and showed a unique pattern of
response (Fig. 4H).
Our results suggest that next to the natural variation in responses to
single action of salinity and Pi starvation, the way how RSA responses to their
combined effect differs between accessions. The different shapes of the spider
webs illustrate a myriad of various stress integration responses for all RSA
components. RSA modulation induced by double stress could not have been
predicted by studying these two stresses separately.
RSA responses to combination of salt and phosphate starvation can be
classified into 4 patterns
To analyze the RSA changes to the combined action of salt and Pi starvation,
we classified responses to single and double stresses at the level of the whole
population studied. Based on hierarchical clustering of the average HapMap
population responses we classified separate RSA traits based on the integration
of salt stress and Pi starvation into four patterns. The effect of salt stress and
double stress was similar for all of the LR related traits, while Pi starvation
alone resulted in a positive response for these traits (Fig.5B-C, Table S4). It
seems that the inhibitory effect of salt on LRs is dominant and Pi starvation
cannot overcome it. In that way root tends to prioritize their response to salt
(pattern 1). An additive effect was found for traits describing MR features for
which the responses to double stress were lower than ones to salt or Pi
starvation alone (pattern 2, Fig 5B-C, Table S4). Apical zones size and
straightness responded in a similar way to both single and double stresses
(pattern 3, Fig. 5B-C, Table S4). Finally, double stress had an intermediate
effect on basal zone, relative to the responses to salt and Pi starvation (pattern
4, Fig. 5B-C, Table S4). Interestingly, we did not find any traits for which the
double stress response would resemble the response to Pi starvation alone. This
approach enabled us to discover that individual RSA components integrate salt
stress and Pi starvation in a different way, with a dominant effect of salinity on
LRs for most of the accessions tested.
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To determine whether the four identified patterns would be
representative for all accessions, we next clustered all the individual accessions
based on their response to salt, Pi starvation and double stress for each
individual RSA trait. Indeed, the majority of the accessions integrated salt and
Pi starvation signals according to the pattern found for the whole HapMap
population (Fig. S4, Table S5). Interestingly, we also identified rare accessions
with different integration patterns: NFA-10, PAR-5, Rsch-4, Ta-0,
UKSE06-272 prioritized the response to Pi starvation over salt for LRL
(Table S5).
Root responses to double stress partly rely on RSA phenotypes on salt and
Pi starvation
Next we asked to what extent RSA on double stress is dependent on single
stress phenotypes. Accession-specific correlations between double stress and
single stresses were studied for each RSA trait (Table S6). All phenotypes,
except apical zone size as a ration of MR length, showed a significant
correlation between double stress and both single stresses. The strongest
correlations were observed for total root size, MR length, number and length of
LRs and their values were similar for salt stress and Pi starvation. This
indicates that responses to double stress are related to phenotypes on single
stresses. Therefore we clustered 330 accessions based on MRL, #LR and aLRL
separately for salt, Pi starvation and double stress. Five groups of accessions
were identified for salt conditions (Fig. 6A), with the majority of accessions
showing high MRL and intermediate #LR and aLRL (group 5), and the
smallest number of accessions clustered in group 4, representing the highest
MRL, #LRs and aLRL. For Pi starvation, two groups were identified. Only 4
accessions, Ömö 2-1, Rsch-4, Cen-0, T1040, showed a distinct phenotype of
low MRL, #LRs and aLRL (group 1), all others responded to Pi starvation with
higher #LR and aLRL (group 2). Four groups were found for double stress with
most of the accessions in group 1 showing the highest total root size for this
conditions.
We examined the relationship between the groups on double stress
compared to salt or Pi starvation (Fig. 6B, Table S7). Accessions with the most
developed RSA on salt (group 4) were mostly found in similar RSA on double
stress (group 1). In accordance, the highest proportion of members of salt
group 1 and 2 with the lowest MRL, #LRs and aLRL belonged to double stress
group 4 and 3, respectively. Accessions with poorly developed RSA on Pi
starvation (group 2) were likely to have even fewer and shorter LRs on double
stress (group 3 and 4). All together it suggest that, in general, root phenotypes
on salt and Pi starvation determine the phenotypes on double stress. However,
for almost 30% accessions developing high #LR and aLRL on Pi starvation
(group 2) this ability was masked on double stress conditions (group 3 and 4).
Moreover 10 accessions (Belmonte-4-94, Co-2, LI-OF-095, MIB-22, MIB-84,
N4, PAR-5, TDr-1, Tottarp-2, UKNW06-460) showed high overall root size on
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both salt (group 5) and Pi starvation (group 2), but were not able to maintain it
when two stresses were combined (group 3, Table S7).
Accessions previously described as salt tolerant (Tsu-0, Bur-0, Wl-5)
were found in the same salt and double stress RSA response groups as those
previously shown to be salt-sensitive (Col-0, Cvi-0; Rus et al., 2006; Katori et
al., 2010). Moreover, we tested correlation of our data from MRL, #LRs and
aLRL with earlier reports on rosette size and water content in salt conditions
(Table S8; Julkowska et al., 2016). The only significant, but still very low
(r2=0.23) correlation was found between #LRs on double stress and rosette size
in salt stress. Nevertheless it has to be noted that the setup of these experiments
differed greatly from our setup.

Figure 6. Natural variation reveals relationship between RSA on double stress and single
stresses. 330 accessions were clustered with Ward Linkage method based on their MRL, #LRs
and aLRL on salt, Pi starvation and double stress. (A) MRL, #LRs and aLRL of identified
groups. The boxplots present the median trait value observed for all accessions within a group.
The whiskers extend to data points that are less than 1.5x from interquartile range (IQR) away
from 1st and 3rd quartile. Notches represent 1.58 x IQR / sqrt (n) and give 95% confidence that
two medians differ. (B) Relationships between individual groups found for double stress (DS1DS4) and salt (S1-S5) or Pi starvation (PS1-2) are represented in circular layout. The outer circle
shows percentage of the accessions that were found in clusters from other conditions represented
by colors corresponding to the inner circle. The size of the circles corresponds to number of the
accessions found in each group. Ribbon size encodes number of the accessions from single stress
clusters that were found in each double stress groups. Graphical visualization of average RSA is
presented for each group shown in (A).
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Identification of the genetic components of responses to double stress by
GWAS
Phenotypic data of 17 RSA trait responses to salt, Pi starvation and double
stress obtained for 330 accessions were used for association mapping with
a panel of 250k SNP markers (Atwell et al., 2010). GWAS was performed with
the scan_GLS algorithm (Kruijer et al., 2015), which includes correction for
population structure (Cao et al., 2011). Together, 22 SNPs were found to be
associated with double stress responses, the majority of these associated with
the trait lateral root length (LRL). Linkage Disequilibrium (LD) was calculated
for each SNP and gene selection was extended with markers in LD with
mapped SNPs (Kooke et al., 2016). Eleven loci containing 19 genes were
mapped specifically with responses to double stress and one locus containing
17 genes in LD with the identified SNP was found to be associated with
responses to salt, Pi starvation and double stress (Table 2). Among the selected
candidates four protein kinases were found: At5g11400 and At5g11410 in the
locus associated with responses to salt, Pi starvation and double stress, and
At2g44830 and SERK2 as a putative factors guiding responses specific for
double stress. SERK2 is leucin-rich repeat receptor-like kinase that has been
shown to be involved in brassinosteroid signaling (Gou et al., 2012). The
identified loci also included regulators of abscisic acid signaling (SOAR1; Mei
et al., 2014) and auxin biosynthesis (YUC4; Cheng et al., 2006), genes engaged
with sugar signaling (TPPC; Schluepmann et al., 2004), cell division
(CYCA2;2; Vandepoele et al., 2002), microtubule functioning (At2g188876)
mRNA metabolism (At5g28220, At5g11412) and endosomal sorting (ISTL1;
Buono et al., 2016).
Abscisic acid sensitivity underlies different responses of LRs to salt and
phosphate starvation
One of the important components of salt signaling in roots is ABA (De Smet et
al., 2003; Duan et al., 2013). Despite the huge overlap between transcripts
regulated by Pi starvation and ABA (Woo et al., 2012), the exact influence of
ABA on responses to Pi limitation has never been confirmed (reviewed in
Chiou and Lin, 2011) and this question was never addressed to roots
specifically. In order to verify whether the opposite effect of salt and Pi
starvation (Table S3) on LR growth can be due to different ABA sensitivity
and to elucidate whether ABA can take part in integrating combined effects of
salinity and Pi limitations we tested the RSA of the abi1-1 mutant on salt, Pi
starvation and double stress. The abi1-1 mutation leads to constitutive
activation of the protein phosphatase ABA-insensitive 1 (ABI1) causing
complete abolishment of ABA responses (Bertauche et al., 1996; Leung et al.,
1997).
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Table 2. Candidate loci associated with responses to the combination of salt and Pi
starvation identified with GWAS. The candidate genes were selected based on LOD-score
and different thresholds of Minor Allele Frequency (MAF) of the SNP associated with RSA
phenotype. For loci containing SNPs in Linkage Disequilibrium (LD) with associated marker,
the SPN initially associated with RSA trait is indicated with asterisk.
Locus Chromosome Marker

Position

LOD Phenotype MAF

Gene

Gene description

1

m13374

7841617

6,85

aLRL
LRL/MRL

AT1G22210

TPPC, TREHALOSE-6-PHOSPHATE PHOSPHATASE C

12461353
12461560
12461977
12462722
12464518
12464689
12465407
12470273
12472127

SERK2, SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE 2

m64345

8047170

m64548
m64560
m64583
m64591
m64600

8152277
8155450
8166012
8169986
8177544

m68418

10952801

m78909
m82851
m138169

18487046
1350879
7153336

5,86
6,50
6,07
6,07
6,02
6,02
6,02
6,46
6,27
6,12
5,96
6,14
6,01
6,85
5,89
5,71
7,16
6,97
5,64
6,12
5,86

AT1G34210

2

m22386
m22387
m22389
m22392
m22399
m22400
m22403
m22415
m22422

1

3
4
5
6

2

7
8
9
10

3
4

LRL

MRPL
MRVL
LRL
LRL
LRL
MRVL
MRPL
aLRL
LRL
LRL

0,01
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,1
0,01
0,01
0,01
0,05
0,01
0,1
0,1
0,1
0,01
0,1

AT1G34220

5

m167447

m181370
12

3649667

10180694

6,97
6,42

MRPL
MRVL

hAT-like transposase family
EPF2, EPIDERMAL PATTERNING FACTOR 2

AT2G18540 mlC-like cupins superfamily protein; FUNCTIONS IN: nutrient reservoir activity
AT2G18820

non-LTR retrotransposon family (LINE)

AT2G18876
AT2G18880

Encodes a microtubule-associated protein
VEL2, VERNALIZATION5/VIN3-LIKE 2,

AT2G25710

HCS1, HOLOCARBOXYLASE SYNTHASE 1

AT2G44830
AT3G04903
AT4G11900
At5G11280
At5G11290
At5G11300

Protein kinase superfamily protein
Encodes a defensin-like (DEFL) family protein.
S-locus lectin protein kinase family protein;
unknown
Encodes plant protein of unknown function
CYCA2;2, MITOTIC-LIKE CYCLIN 3B FROM ARABIDOPSIS
SOAR1, SUPPRESSOR OF THE ABAR OVEREXPRESSOR 1- negative,
regulator of ABA signalling
ATYUC4, YUC4, YUCCA4
FAD/NAD(P)-binding oxidoreductase family protein
Acyl-CoA N-acyltransferases (NAT) superfamily protein
DNAse I-like superfamily protein
Interleukin-1 receptor-associated kinase 4 protein
FBD / Leucine Rich Repeat domains containing protein
1-DEOXY-D-XYLULOSE 5-PHOSPHATE (DXP) SYNTHASE 3
WIT1, WPP DOMAIN-INTERACTING PROTEIN 1
Protein kinase superfamily protein
Protein kinase superfamily protein
RNA-binding (RRM/RBD/RNP motifs) family protein
unknown

At5G11320
At5G11330
At5G11340
At5G11350
At5G11360
At5G11370
At5G11380
At5G11390
At5G11400
At5G11410
At5G11412
At5G11420

11

IST1-LIKE 1, ISTL1

AT1G34240
AT1G34245

At5G11310

0,01 At5G11430*

5,99 aLRL/MRL 0,01

Remarks

AT5G28210
AT5G28220
*
AT5G28232
AT5G28235
AT5G28240
AT5G28263

specific for
responses to
double stress

common for
responses to
double stress,
salt and Pi
starvation

SPOC domain / Transcription elongation factor S-II protein
mRNA capping enzyme family protein
Protein prenylyltransferase superfamily protein
Mutator-like transposase family
Ulp1 protease family protein
similar to Ulp1 protease family protein
Mutator-like transposase family

specific for
responses to
double stress

In control conditions abi1-1 developed shorter MRL in comparison to
the background line Ler (Fig. S5A). Consistent with previous studies, abi1-1
seedlings failed to inhibit LR growth in response to salt stress (Fig. 7B; Duan
et al., 2013). On the other hand abi1-1 developed shorter LR under Pi deficient
conditions (Fig. 7A-B), suggesting that ABA has a positive role in maintaining
LR elongation in limited Pi conditions. Double stress had an additive effect on
MRL for both Ler and abi1-1, since their MR was shorter on double stress than
on individual stresses (Fig. S3A). Ler seemed to prioritize its LRL responses to
salt (Fig. S5B, Fig. 7B), since the increase in LRL made by Pi starvation was
completely masked in the presence of salt. In the case of abi1-1, the LRL
response to double stress was also suppressed (Fig. S5A-B). Taking into
account differences in MRL observed already in control condition, the
responses of MRL to double stress were similar for Ler and abi1-1 (Fig. S5A).
The latter showed a slight increase in LRL responses comparing to Ler, but this
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difference was not significant (Fig. 7B). This suggests that the contrasting
effect of salt and Pi starvation on LRs might be explained by differential ABA
influence, but the integration of responses to combination of these stresses does
not rely on ABA signaling or requires multiple factors.
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Discussion
Root growth and development is strongly dependent on a plant’s environment.
Surviving in heterogeneous soil conditions relies on root plasticity that enables
a plant to forage for scarce nutrients or water but also to avoid unfavorable
factors such as salinity (Galvan-Ampudia et al., 2013; Giehl and von Wiren,
2014). Root morphology changes caused by environmental factors were
identified previously by studying the effect of individual stresses. In their
natural habitats plants are exposed to multiple stresses and responses to them in
general differ from the responses to single stresses or a sum of the individual
stresses. Transcriptomics and proteomics studies were the first to reveal
complexity of response to multiple stresses (Rizhsky et al., 2002; Koussevitzky
et al., 2008; Rasmussen et al., 2013; Rivero et al., 2014; Sewelam et al., 2014).
Besides the transcriptional responses to multiple stresses, their physiological
consequences have only been studied recently. RSA modulation by multiple
nutrient deficiencies was found to be controlled by signaling modules
controlling nutrients interactions (Kellermeier et al., 2014). The existence of
marker RSA traits for individual nutrients and their combinations was proposed
(Kellermeier et al., 2014).
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Here we first describe the RSA modulations in response to Pi
starvation alone and then reveal how Pi levels can modulate responses to salt.
Phosphate availability is known to influence root growth and development. The
tendency of accumulation of inorganic phosphate in upper parts of the soil
results in establishment of shallow root systems, with strongly inhibited MR
and numerous, long LRs (Peret et al., 2011). In Col-0 Arabidopsis seedlings,
phosphate starvation reduces MR growth and increases elongation of LRs,
while there is no agreement on its effect on LR density (Williamson et al.,
2001; Linkohr et al., 2002; Lopez-Bucio et al., 2002; Al-Ghazi et al., 2003). In
the experimental set up we chose here, all LR traits (#LR, LRL and LRD)
increased under phosphate-limited conditions (Fig. 1C, Table 1). We observed
that 4 days after germination the growth of MR on low Pi media slows down,
suggesting that the Pi reservoir in 4 days-old seedlings is consumed by that
time (Fig. 1B). Similar results were observed previously (Svistoonoff et al.,
2007), where MR growth was arrested 2 days after transfer when 3 days-old
seedlings were transferred to Pi deficient media. Low Pi availability decreases
cell elongation and proliferation in the root tip, where Pi levels are sensed
(Sanchez-Calderon et al., 2005; Svistoonoff et al., 2007). The similar
magnitude of MR inhibition found in our assays for severe and mild Pi
starvation together with almost complete restriction of MR growth 8 days after
transfer (Fig. 1B) supports earlier studies suggesting that Pi is one of the most
important external factors regulating MR growth (Gruber et al., 2013;
Kellermeier et al., 2014).
Modulation of LR growth is one of the most important aspects of
nutrient foraging strategies (Giehl and von Wiren, 2014). The increase in LR
development under Pi deficient conditions was explained by up-regulation of
the auxin receptor TIR1, leading to higher sensitivity to this hormone
(Perez-Torres et al., 2008). LR responses to Pi starvation have been shown to
be independent of MR growth arrest (Lopez-Bucio et al., 2002; Perez-Torres et
al., 2008). By following LR growth in a time course, we observed a negative
impact of Pi starvation on number and length of LRs from 6 or 8 days after
transfer, respectively (Fig. 1B). This suggests that there is a certain hierarchy
of responses to Pi deprivation, with MR affected first, followed by changes in
LRL and finally decrease in LR number. It has to be noted that precise
quantification of RSA is feasible only for young seedlings, and therefore we
cannot exclude entirely that our observations are affected by developmental
stage. Applying an experimental setup where Pi starved plants were quantified
2 days later than control seedlings, allowed us to capture the increase not only
in LR number and aLRL, but also in LR density or apical zone size at a similar
MR length (Fig. 1C), consistent with most previous studies (Fig. 1C, Fig. 3B)
(Williamson et al., 2001; Linkohr et al., 2002; Lopez-Bucio et al., 2002). This
supports the reliability of LRD as a marker trait for Pi starvation. Moreover the
high impact of Pi deprivation on LR traits was observed not only for Col-0, but
also at the level of the whole population of Arabidopsis accessions we studied
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(Fig. 4A). Pi starvation increased #LR and LRD of all of the accessions
studied. We found that increasing concentrations of NaCl had a negative effect
on LRD, but only when levels of Pi were limited (Fig. 3), explaining seemingly
contradictory findings (Zolla et al., 2010; Julkowska et al., 2014). Pi starvation
also could partially alleviate the negative effect of salt on MRL, #LR and aLRL
(Fig. 2). Interestingly, LR emergence and elongation showed different
sensitivity to the integration of their response to the combination of Pi
limitation and salt stress.
By studying responses to salt, Pi starvation and their combination at
the level of whole RSA we identified substantial natural variation in RSA
modulation induced by different stresses (Fig. 4). A strong effect of Pi
starvation on MR growth together with a decrease in number of LR was
reported previously for 50 % of the 73 accessions studied by (Chevalier et al.,
2003). Our experimental set up was optimized to capture remodeling of RSA
rather than changes made by growth inhibition. Despite quantifying MR
growth 2 days later than for control conditions, still 12% of Arabidopsis
HapMap population showed reduction of the MRL, but none of the accessions
studied showed a decrease in both MRL and #LRs. The typical Pi starvation
“brushy” phenotype with highly restricted MR growth and numerous LRs was
confirmed in crops to be the best ideotype for Pi foraging in soil (Giehl and
von Wiren, 2014). This kind of morphological adaptation was observed for
Kas-1 (Fig. 4F). Interestingly, this accession was also identified as having an
RSA strategy correlating with lower sodium uptake (Julkowska et al., 2014),
which may indicate its adaptive potential to multiple stresses. The different
degree of MR restriction by Pi starvation of Bay-0 and Sha were already
explained by the variation in the LPR1 gene (Reymond et al., 2006). Moreover
on double stress, Sha prioritized salt responses, while Bay-0 showed an
additive effect of salt and Pi deprivation (Fig. 4B-C). Using Bay-0xSha RIL
populations may provide QTLs controlling specific combinations of salinity
and Pi starvation.
In general, RSA phenotypes on combined stress were partly dependent
on their RSA on salt and Pi starvation (Fig. 6B). The ability to maintain higher
total root size on single stresses in most cases resulted in more complex RSA
on double stress, while accessions with shorter MR and LRs on salt conditions
were also not able to develop high total root size on double stress conditions.
Interestingly, few accessions with complex RSA on both single stresses
showed a severe decrease in MR length, number and length of LRs on double
stress. The contribution of RSA to salt tolerance is still not fully understood.
An RSA response type with short LRs was linked to lower sodium uptake
based on a study of 10 accessions (Julkowska et al., 2014), but no data are
available for larger populations. We found no correlations of our RSA data
with published results on the effect of salt on the rosette size, survival or Na+
levels in the leaf (Table S8; Rus et al., 2006; Katori et al., 2010; Julkowska et
al., 2016). However, differences in experimental set ups and NaCl
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concentrations used could be the main reason for the lack of correlations.
Further research collecting data from RSA and shoot performance from
a single experimental setup would be crucial to address this issue.
Next, we asked the question whether a plant would prioritize responses
to one of the stresses. Analysis done at the level of the HapMap population of
330 natural accessions revealed that LR traits are generally influenced by the
combined effect of Pi starvation and salinity similar to their response to salt
stress alone (Fig.5), implying the salt stress dominates the LR response. We
also found that length of the apical root zone was modulated by double stress
similar to the effect of Pi deprivation and salt (Fig.5). Apical zone size has
been already found to be under strong control of Pi levels and combining Pi
starvation with other nutrient deficiencies did not have any additional effect
(Kellermeier et al., 2014). Our results suggest that it is also not affected by
salinity (Fig.5). In the HapMap population studied here, all MR traits showed
an additive response to the combination of salt and Pi starvation (Fig.5).
Although the RSA phenotypes on double stress correlated with single stress
phenotypes (Fig. 6), the majority of changes induced by double stress would
not have been captured either by studying responses to the single action of
these stresses or by studying only the Col-0 accession. It has to be noted that
these patterns were observed for the 330 accessions that we analyzed and may
differ for other populations and be specific for our experimental conditions
imposing severe Pi starvation and mild salt stress.
The identified patterns were representative for the majority of the
accessions, but still we were able to identify rare accessions with responses that
were not found at the level of the whole HapMap population (Table S5, Figure
S4). Further studies on accessions identified to prioritize responses to Pi
starvation in terms of lateral root elongation could help to understand how the
inhibitory effect of salt could be overcome. Studying lateral root traits,
exhibiting a salt prioritizing pattern, can contribute to our understanding how
responses to Pi starvation can be masked by salt stress, while main root traits,
showing an additive effect, can help to explain how signals form these two
stresses can be amplified and reveal possible cross-talk between the two
signaling pathways. Through GWAS we mapped 11 loci putatively involved in
responses to the combination of salt and Pi starvation. Importantly, genes
mapped with traits from the prioritizing pattern (LRL, aLRL/MRL, aLRL) did
not overlap with these associated with an additive pattern (MRPL, MRVL),
supporting separate mechanisms of stress integration for main root and lateral
roots (Table 2). Interestingly, we found one loci associated with both single
and double stress responses of main root traits, suggesting involvement of the
same factors in main root growth restriction induced by salt and Pi starvation
alone, while for the double stress their function may be accelerated, which
could explain the additive effect found for this trait (Fig. 5). Growth dynamics
data suggest existence of different mechanisms of main root growth retardation
for salt stress and Pi starvation (Fig. 1, Fig. 2, Fig. S1), but we cannot exclude
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the possibility of involvement of the same genetic factors. Complex regulation
of responses to multiple stresses has also been shown for RSA modulations by
other nutrient combinations as well as for multiple abiotic and biotic stresses at
the transcriptional level (Rasmussen et al., 2013; Kellermeier et al., 2014).
Validation and further characterization of identified candidates will contribute
to understanding mechanisms of multiple stress integration for main root and
lateral roots.
Different levels of sensitivity to ABA of main and lateral roots have
been shown (Duan et al., 2013). Here, we showed that contrasting responses of
lateral roots to salinity and Pi starvation could be a result of a differential role
of ABA (Fig. 7B). In the presence of salt, ABA promotes quiescent phase at
the very early stages of LR formation, while at the latter stages the same
hormone maintains recovery of LR growth (Duan et al., 2013; Geng et al.,
2013). We observed that on Pi starvation media, ABA had a positive effect on
growth of lateral roots, (Fig. 7B). However it has to be noted that although
abi1-1 response to Pi starvation was lower than the Ler wildtype, it did show
a significant response compared to control, suggesting possible crosstalk with
other pathways. Possibly, ABA signaling functions as a negative feedback loop
in auxin-dependent LR growth on Pi starvation (Perez-Torres et al., 2008).
LRL of abi1-1 responded to double stress in additive manner, while Ler
prioritized responding to salt (Fig. S5B). Taken together our data suggest that
integration of signals from Pi starvation and salt may partially rely on ABA. So
far responses to Pi starvation were mostly consider as independent from ABA
(Chiou and Lin, 2011). However many Pi deprivation responsive genes are also
under control of ABA (Woo et al., 2012) and ABA transport through xylem in
bean, as well as stomata sensitivity in cotton, was increased by Pi starvation
(Radin, 1984; Jaschke et al., 1997). Our results show that LR responses to low
Pi may also be regulated by ABA.

Conclusions
The presented work illustrates how root responses to salinity are dependent on
Pi availability. Using a modified ROOT-FIT model we show that the effect of
mild salinity stress on Col-0 main root growth, lateral root emergence and
elongation can be partially rescued by Pi starvation. Detailed analysis of RSA
for the whole HapMap population revealed complex RSA modulation by
combination of salt and Pi starvation, where LRs prioritize responses to salt
and main root growth is affected more severely by double stress than by single
stresses. We identified candidate genomic loci putatively involved in responses
to combination of salt and Pi starvation. Our study suggests that main root
growth inhibition can be guided by different mechanisms for salt and Pi
starvation and lateral roots may exhibit different ABA sensitivity on salt stress
and Pi starvation. Further research using the natural variation in RSA plasticity
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presented here and validation of candidates mapped with GWAS could lead to
better understanding of the control of root adaptation to stresses.

Material and methods
Plant material and growth conditions
Seeds of accessions from the Arabidopsis thaliana HapMap population were available from
previous research (Julkowska et al., 2016). In order to ensure the same seed quality all lines were
propagated together under long day conditions (21°C, 70% humidity, 16/8h light/dark cycle)
with 8 weeks of vernalization in 4°C from 3rd week after sowing. Accessions that did not
germinate, flower or show poor growth in following experiments were excluded from further
analysis. The final dataset consisted of 330 accessions (Table S2).
Seeds were surface sterilized with 20 ml thin bleach and 600 µL 37.5% HCl for
3 hours followed by 1.5 hour in laminar flow to evaporate chlorine gas. Seeds were stratified in
0.2% Bactoagar at 4°C in the dark for 72 h. Seeds were germinated on half-strength MurashigeSkoog medium (Caisson labs) supplied with 0.5% sucrose, 0.1% M.E.S. monohydrate and
1% Bactoagar (Difco), with pH 5.8 (adjusted with KOH). Seeds were germinated on vertically
positioned plates (70° angle) under long day conditions (21°C, 70% humidity, 16/8h light/dark
cycle). For days-old seedlings were transferred to square petri dishes containing 40 ml of media.
Each plate contained 4 seedlings of two different genotypes. Number of replicates was as
indicated per different experiment. For phosphate starvation media Murashige-Skoog basal salt
without phosphate (Caisson labs) supplemented with 0, 1, 10, 50, 100 µM of KH2PO4 was used.
Phosphate rich media was obtained with 0.5 x Murashige-Skoog medium (Caisson labs)
containing 625 µM KH2PO4. Salt stress media contained 50, 75, 100 or 125 mM NaCl. All plates
were dried for 1.5 hour. Plates were placed in the growth chamber in random manner.
Stress-induced modulations of Root System Architecture
Plates were scanned every second day up to 10th day after transfer with Epson Perfection V700
scanner at 200 dpi resolution. Phenotypes were analyzed from images from different days as
indicated per experiment. The entire HapMap population was screened in 7 separate experiments
with Col-0, Bay-0, Mz-0, Sha, Ws used as internal controls. RSA was quantified with software
Ez-Rhizo (Armengaud et al., 2009). All datasets were cleared from outliers or accessions that
showed high variation between replicates and the final dataset consisted of 330 accessions listed
in Table S2. Statistical analyses were done with Graph Pad Prism version 5.0a or R Studio
software using test indicated separately per experiment. Accession-specific correlations between
average value of each RSA trait on double stress and salt or Pi starvation as well as between
MRL, #LRs and aLRL and previously published data were calculated with Pearson correlation.
Hierarchical clustering of 330 accessions based on their MRL, #LRs and aLRL on salt, Pi
starvation and double stress was performed with Ward Linkage method in R software (ward.d2).
The same value of dissimilarity cutoff was used for each condition. Relationships between
clusters found on salt or Pi starvation with ones from double stress were visualized with Circos
on-line tool, http:// circos.ca/ (Krzywinski et al., 2009).
Descriptive model of stress-induced modulations of Root System Architecture
Four days-old seedlings of Col0 were transferred on media supplemented with different
concentrations of NaCl (0, 50, 75, 100, 125 mM) with o combination of 1 µM or 625 µM
KH2PO4. Plates were scanned every second day up to 10th day after transfer with Epson
Perfection V700 scanner at 200 dpi resolution. RSA was quantified with software EZ-Rhizo
(Armengaud et al., 2009). All datasets were cleared from outliers. Statistical analyses were done
with Graph Pad Prism version 5.0a and Excel.
Changes in MRL, #LRs, aLRL and LRD were calculated with quadratic functions from
ROOT-FIT model as described in (Julkowska et al., 2014). Additionaly MRL was described with
a linear function: MRL=MRLSTART + GROWTHMR x t, where MRLSTART is the Main Root Length
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4 days after germination, t is time in days after transfer and GROWTHMR is growth rate
(cm x day-2). The growth factors for linear model were calculated per seedling using “linest”
function in Excel and then averaged. Relative growth factors were calculated by dividing
individual growth factors for each NaCl concentration separately by average growth rate for
0 mM NaCl at the same Pi regime and then averaged. Fit of the obtained growth functions was
tested on average of raw data measured by calculating the coefficient of determination
(Table S1).
Patterns of RSA responses to single stresses and Pi starvation
Four days-old seedlings were transferred to control (625 µM KH2PO4, 0 mM NaCl), salt (625
µM KH2PO4, 75 mM NaCl), Pi starvation (1 µM KH2PO4, 0 mM NaCl) and double stress
(625µM KH2PO4, 75 mM NaCl) media. Plates were scanned every second day up to 10th day
after transfer with Epson Perfection V700 scanner at 200 dpi resolution. RSA was quantified
with software Ez-Rhizo (Armengaud et al., 2009) from images obtained 4 days after transfer for
control media and 6 days after transfer in case of stress media. All datasets were cleared from
outliers. Statistical analyses were done with Graph Pad Prism version 5.0a. Responses to salt, Pi
starvation and double stress were calculated for every RSA trait measured per each accession as
a ratio of raw value from particular stress and average of the corresponding value on control
condition and then averaged for the whole population. Obtained values were used for
hierarchical clustering analyses performed in R software with Ward linkage method (ward.d2).
Four major patterns of integrating salt and Pi starvation signals were described as: prioritizing
when S=DS<P; additive when DS<S<P; similar when S=DS=P; intermediate when S>DS>PS,
where DS is combined effect of salt and Pi starvation (double stress); S represents salt and P
stands for Pi starvation. Hierarchical clustering of all the accessions based on their response to
salt, Pi starvation and double stress for each individual RSA trait was performed with Ward
linkage method.
Genome Wide Association Mapping
Averages of each RSA trait responses were associated with a publicly available panel of 250k
SNPs (Atwell et al., 2010). GWA mapping was performed with the scan_GLS algorithm using
EMMA-X model (Kruijer et al., 2015). Multiple GWA were used with α of 0.01 or 0.05 with all
SNPs available as well as with subset of SNP with minimal Minor Allele Frequency (MAF) of
0.01, 0.05 and 0.1. Two corrections for multiple testing were applied: BT=1, where threshold is
determined by –log10(α x p-value-1) and BT=4, where number of markers were replaced by the
number of effective tests approach as in (Gao, 2011). Selection of candidate loci was performed
based on LOD score, MAF and the trait heritability. The threshold for association LOD score (10log(p-value)) was determined with Gao-correction (Gao, 2011). Traits with heritability lower
than 0.2 were excluded from further analysis and only SNPs with a minor allele frequency higher
that 0.01 were taken into account. For each selected marker Linkage Disequilibrium (LD) was
checked with LD-SNP tool with LD cutoff 0.8 (Kooke et al., 2016). Identified associated SNPs
were assigned to the closest gene based on TAIR10 and selection of candidate genes was
extended to the LD region. Selected candidate genes are presented in Table 2.

Acknowledgements
The authors would like to thank Jose Dinneny for seeds of Ler and abi1-1,
Jiorgos Kourelis and Yu-Jia Chu for technical assistance and Huub Hoefsloot
for advice on data analysis.

95

4

References:
Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, Moritz T, Van Der Straeten D,
Peng J, Harberd NP (2006) Integration of plant responses to environmentally
activated phytohormonal signals. Science 311: 91-94
Al-Ghazi Y, Muller B, Pinloche S, Tranbarger TJ, Nacry P, Rossignol M, Tardieu F,
Doumas P (2003) Temporal responses of Arabidopsis root architecture to phosphate
starvation: evidence for the involvement of auxin signalling. Plant Cell and
Environment 26: 1053-1066
Armengaud P, Zambaux K, Hills A, Sulpice R, Pattison RJ, Blatt MR, Amtmann A (2009)
EZ-Rhizo: integrated software for the fast and accurate measurement of root system
architecture. Plant J 57: 945-956
Atwell S, Huang YS, Vilhjalmsson BJ, Willems G, Horton M, Li Y, Meng D, Platt A,
Tarone AM, Hu TT, Jiang R, Muliyati NW, Zhang X, Amer MA, Baxter I, Brachi
B, Chory J, Dean C, Debieu M, de Meaux J, Ecker JR, Faure N, Kniskern JM,
Jones JD, Michael T, Nemri A, Roux F, Salt DE, Tang C, Todesco M, Traw MB,
Weigel D, Marjoram P, Borevitz JO, Bergelson J, Nordborg M (2010) Genomewide association study of 107 phenotypes in Arabidopsis thaliana inbred lines. Nature
465: 627-631
Bertauche N, Leung J, Giraudat J (1996) Protein phosphatase activity of abscisic acid
insensitive 1 (ABI1) protein from Arabidopsis thaliana. Eur J Biochem 241: 193-200
Buono R, Paez-Valencia J, Miller N, Goodman K, Spitzer C, Spalding EP, Otegui MS
(2016) Role of SKD1 regulators LIP5 and IST1-LIKE 1 in endosomal sorting and
plant development. Plant Physiol 171: 251-264
Cao J, Schneeberger K, Ossowski S, Gunther T, Bender S, Fitz J, Koenig D, Lanz C, Stegle
O, Lippert C, Wang X, Ott F, Muller J, Alonso-Blanco C, Borgwardt K, Schmid
KJ, Weigel D (2011) Whole-genome sequencing of multiple Arabidopsis thaliana
populations. Nat Genet 43: 956-963
Cheng Y, Dai X, Zhao Y (2006) Auxin biosynthesis by the YUCCA flavin monooxygenases
controls the formation of floral organs and vascular tissues in Arabidopsis. Genes Dev
20: 1790-1799
Chevalier F, Pata M, Nacry P, Doumas P, Rossignol M (2003) Effects of phosphate
availability on the root system architecture: large-scale analysis of the natural variation
between Arabidopsis accessions. Plant Cell and Environment 26: 1839-1850
Chiou TJ, Lin SI (2011) Signaling network in sensing phosphate availability in plants. Annu
Rev Plant Biol 62: 185-206
De Smet I, Signora L, Beeckman T, Inze D, Foyer CH, Zhang H (2003) An abscisic acidsensitive checkpoint in lateral root development of Arabidopsis. Plant J 33: 543-555
Duan L, Dietrich D, Ng CH, Chan PM, Bhalerao R, Bennett MJ, Dinneny JR (2013)
Endodermal ABA signaling promotes lateral root quiescence during salt stress in
Arabidopsis seedlings. Plant Cell 25: 324-341
Galvan-Ampudia CS, Julkowska MM, Darwish E, Gandullo J, Korver RA, Brunoud G,
Haring MA, Munnik T, Vernoux T, Testerink C (2013) Halotropism is a response
of plant roots to avoid a saline environment. Curr Biol 23: 2044-2050
Galvan-Ampudia CS, Testerink C (2011) Salt stress signals shape the plant root. Curr Opin
Plant Biol 14: 296-302
Gao X (2011) Multiple testing corrections for imputed SNPs. Genet Epidemiol 35: 154-158
Geng Y, Wu R, Wee CW, Xie F, Wei X, Chan PM, Tham C, Duan L, Dinneny JR (2013) A
spatio-temporal understanding of growth regulation during the salt stress response in
Arabidopsis. Plant Cell 25: 2132-2154
Giehl RF, Gruber BD, von Wiren N (2014) It's time to make changes: modulation of root
system architecture by nutrient signals. J Exp Bot 65: 769-778
Giehl RF, von Wiren N (2014) Root nutrient foraging. Plant Physiol 166: 509-517

96

Gou X, Yin H, He K, Du J, Yi J, Xu S, Lin H, Clouse SD, Li J (2012) Genetic evidence for an
indispensable role of somatic embryogenesis receptor kinases in brassinosteroid
signaling. PLoS Genet 8: e1002452
Gruber BD, Giehl RF, Friedel S, von Wiren N (2013) Plasticity of the Arabidopsis root
system under nutrient deficiencies. Plant Physiol 163: 161-179
Jaschke WD, Peuke AD, Pate JS, Hartung W (1997) Transport, synthesis and catabolism of
abscisic acid (ABA) in intact plants of castor bean (Ricinus communisL.) under
phosphate deficiency and moderate salinity. Journal of Experimental Botany 48: 17371747
Julkowska MM, Hoefsloot HC, Mol S, Feron R, de Boer GJ, Haring MA, Testerink C
(2014) Capturing Arabidopsis root architecture dynamics with ROOT-FIT reveals
diversity in responses to salinity. Plant Physiol 166: 1387-1402
Julkowska MM, Klei K, Fokkens L, Haring MA, Schranz ME, Testerink C (2016) Natural
variation in rosette size under salt stress conditions corresponds to developmental
differences between Arabidopsis accessions and allelic variation in the LRR-KISS
gene. Journal of Experimental Botany 67: 2127-2138
Julkowska MM, Testerink C (2015) Tuning plant signaling and growth to survive salt. Trends
Plant Sci 20: 586-594
Jung JK, McCouch S (2013) Getting to the roots of it: Genetic and hormonal control of root
architecture. Front Plant Sci 4: 186
Katori T, Ikeda A, Iuchi S, Kobayashi M, Shinozaki K, Maehashi K, Sakata Y, Tanaka S,
Taji T (2010) Dissecting the genetic control of natural variation in salt tolerance of
Arabidopsis thaliana accessions. J Exp Bot 61: 1125-1138
Kellermeier F, Armengaud P, Seditas TJ, Danku J, Salt DE, Amtmann A (2014) Analysis of
the Root System Architecture of Arabidopsis Provides a Quantitative Readout of
Crosstalk between Nutritional Signals. Plant Cell 26: 1480-1496
Kellermeier F, Armengaud P, Seditas TJ, Danku J, Salt DE, Amtmann A (2014) Analysis of
the Root System Architecture of Arabidopsis Provides a Quantitative Readout of
Crosstalk between Nutritional Signals. Plant Cell
Kellermeier F, Chardon F, Amtmann A (2013) Natural variation of Arabidopsis root
architecture reveals complementing adaptive strategies to potassium starvation. Plant
Physiol 161: 1421-1432
Kooke R, Kruijer W, Bours R, Becker FF, Kuhn A, Geest HV, Buntjer J, Doeswijk T,
Guerra J, Bouwmeester HJ, Vreugdenhil D, Keurentjes JJ (2016) Genome-wide
association mapping and genomic prediction elucidate the genetic architecture of
morphological traits in Arabidopsis thaliana. Plant Physiol 170: 2187-2203
Koussevitzky S, Suzuki N, Huntington S, Armijo L, Sha W, Cortes D, Shulaev V, Mittler R
(2008) Ascorbate peroxidase 1 plays a key role in the response of Arabidopsis thaliana
to stress combination. J Biol Chem 283: 34197-34203
Kruijer W, Boer MP, Malosetti M, Flood PJ, Engel B, Kooke R, Keurentjes JJ, van
Eeuwijk FA (2015) Marker-based estimation of heritability in immortal populations.
Genetics 199: 379-398
Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ, Marra MA
(2009) Circos: an information aesthetic for comparative genomics. Genome Res 19:
1639-1645
Leung J, Merlot S, Giraudat J (1997) The Arabidopsis ABSCISIC ACID-INSENSITIVE2
(ABI2) and ABI1 genes encode homologous protein phosphatases 2C involved in
abscisic acid signal transduction. Plant Cell 9: 759-771
Linkohr BI, Williamson LC, Fitter AH, Leyser HM (2002) Nitrate and phosphate availability
and distribution have different effects on root system architecture of Arabidopsis. Plant
J 29: 751-760
Lopez-Bucio J, Hernandez-Abreu E, Sanchez-Calderon L, Nieto-Jacobo MF, Simpson J,
Herrera-Estrella L (2002) Phosphate availability alters architecture and causes

97

4

changes in hormone sensitivity in the Arabidopsis root system. Plant Physiol 129: 244256
Lynch JP (2011) Root phenes for enhanced soil exploration and phosphorus acquisition: tools
for future crops. Plant Physiol 156: 1041-1049
Malamy JE (2005) Intrinsic and environmental response pathways that regulate root system
architecture. Plant Cell Environ 28: 67-77
McLoughlin F, Galvan-Ampudia CS, Julkowska MM, Caarls L, van der Does D, Lauriere
C, Munnik T, Haring MA, Testerink C (2012) The Snf1-related protein kinases
SnRK2.4 and SnRK2.10 are involved in maintenance of root system architecture
during salt stress. Plant J 72: 436-449
Mei C, Jiang SC, Lu YF, Wu FQ, Yu YT, Liang S, Feng XJ, Portoles Comeras S, Lu K, Wu
Z, Wang XF, Zhang DP (2014) Arabidopsis pentatricopeptide repeat protein SOAR1
plays a critical role in abscisic acid signalling. J Exp Bot 65: 5317-5330
Meijon M, Satbhai SB, Tsuchimatsu T, Busch W (2014) Genome-wide association study
using cellular traits identifies a new regulator of root development in Arabidopsis. Nat
Genet 46: 77-81
Mouchel CF, Briggs GC, Hardtke CS (2004) Natural genetic variation in Arabidopsis
identifies BREVIS RADIX, a novel regulator of cell proliferation and elongation in the
root. Genes Dev 18: 700-714
Muller M, Schmidt W (2004) Environmentally induced plasticity of root hair development in
Arabidopsis. Plant Physiol 134: 409-419
Naidu R, Rengasamy P (1993) Ion Interactions and Constraints to Plant Nutrition in Australian
Sodic Soils. Australian Journal of Soil Research 31: 801-819
Navarro JM, Botella MA, Cerdá A, Martinez V (2001) Phosphorus uptake and translocation
in salt-stressed melon plants. Journal of Plant Physiology 158: 375-381
Peret B, Clement M, Nussaume L, Desnos T (2011) Root developmental adaptation to
phosphate starvation: better safe than sorry. Trends in plant science 16: 442-450
Perez-Torres CA, Lopez-Bucio J, Cruz-Ramirez A, Ibarra-Laclette E, Dharmasiri S,
Estelle M, Herrera-Estrella L (2008) Phosphate availability alters lateral root
development in Arabidopsis by modulating auxin sensitivity via a mechanism
involving the TIR1 auxin receptor. Plant Cell 20: 3258-3272
Petricka JJ, Winter CM, Benfey PN (2012) Control of Arabidopsis root development. Annu
Rev Plant Biol 63: 563-590
Phang TH, Shao G, Liao H, Yan X, Lam HM (2009) High external phosphate (Pi) increases
sodium ion uptake and reduces salt tolerance of 'Pi-tolerant' soybean. Physiol Plant
135: 412-425
Pierik R, Testerink C (2014) The art of being flexible: how to escape from shade, salt, and
drought. Plant Physiol 166: 5-22
Pineau C, Loubet S, Lefoulon C, Chalies C, Fizames C, Lacombe B, Ferrand M, Loudet O,
Berthomieu P, Richard O (2012) Natural variation at the FRD3 MATE transporter
locus reveals cross-talk between Fe homeostasis and Zn tolerance in Arabidopsis
thaliana. PLoS Genet 8: e1003120
Radin JW (1984) Stomatal responses to water stress and to abscisic Acid in phosphorusdeficient cotton plants. Plant Physiol 76: 392-394
Rasmussen S, Barah P, Suarez-Rodriguez MC, Bressendorff S, Friis P, Costantino P, Bones
AM, Nielsen HB, Mundy J (2013) Transcriptome responses to combinations of
stresses in Arabidopsis. Plant Physiol 161: 1783-1794
Reymond M, Svistoonoff S, Loudet O, Nussaume L, Desnos T (2006) Identification of QTL
controlling root growth response to phosphate starvation in Arabidopsis thaliana. Plant
Cell Environ 29: 115-125
Ristova D, Busch W (2014) Natural variation of root traits: from development to nutrient
uptake. Plant Physiol 166: 518-527

98

Rivero RM, Mestre TC, Mittler R, Rubio F, Garcia-Sanchez F, Martinez V (2014) The
combined effect of salinity and heat reveals a specific physiological, biochemical and
molecular response in tomato plants. Plant Cell Environ 37: 1059-1073
Rizhsky L, Liang H, Mittler R (2002) The combined effect of drought stress and heat shock on
gene expression in tobacco. Plant Physiol 130: 1143-1151
Rosas U, Cibrian-Jaramillo A, Ristova D, Banta JA, Gifford ML, Fan AH, Zhou RW, Kim
GJ, Krouk G, Birnbaum KD, Purugganan MD, Coruzzi GM (2013) Integration of
responses within and across Arabidopsis natural accessions uncovers loci controlling
root systems architecture. Proc Natl Acad Sci U S A 110: 15133-15138
Rus A, Baxter I, Muthukumar B, Gustin J, Lahner B, Yakubova E, Salt DE (2006) Natural
variants of AtHKT1 enhance Na+ accumulation in two wild populations of
Arabidopsis. PLoS genetics 2: e210
Russell EJ, Wild A (1988) Russell's soil conditions and plant growth. Longman Scientific &
Technical, Burnt Mill, Harlow, Essex, Eng
Sanchez-Calderon L, Lopez-Bucio J, Chacon-Lopez A, Cruz-Ramirez A, Nieto-Jacobo F,
Dubrovsky JG, Herrera-Estrella L (2005) Phosphate starvation induces a
determinate developmental program in the roots of Arabidopsis thaliana. Plant Cell
Physiol 46: 174-184
Schluepmann H, van Dijken A, Aghdasi M, Wobbes B, Paul M, Smeekens S (2004)
Trehalose mediated growth inhibition of Arabidopsis seedlings is due to trehalose-6phosphate accumulation. Plant Physiol 135: 879-890
Sewelam N, Oshima Y, Mitsuda N, Ohme-Takagi M (2014) A step towards understanding
plant responses to multiple environmental stresses: a genome-wide study. Plant Cell
Environ 37: 2024-2035
Slovak R, Goschl C, Su X, Shimotani K, Shiina T, Busch W (2014) A Scalable Open-Source
Pipeline for Large-Scale Root Phenotyping of Arabidopsis. Plant Cell 26: 2390-2403
Svistoonoff S, Creff A, Reymond M, Sigoillot-Claude C, Ricaud L, Blanchet A, Nussaume
L, Desnos T (2007) Root tip contact with low-phosphate media reprograms plant root
architecture. Nat Genet 39: 792-796
Vandepoele K, Raes J, De Veylder L, Rouze P, Rombauts S, Inze D (2002) Genome-wide
analysis of core cell cycle genes in Arabidopsis. Plant Cell 14: 903-916
Williamson LC, Ribrioux SP, Fitter AH, Leyser HM (2001) Phosphate availability regulates
root system architecture in Arabidopsis. Plant Physiol 126: 875-882
Woo J, MacPherson CR, Liu J, Wang H, Kiba T, Hannah MA, Wang XJ, Bajic VB, Chua
NH (2012) The response and recovery of the Arabidopsis thaliana transcriptome to
phosphate starvation. BMC Plant Biol 12: 62
Zolla G, Heimer YM, Barak S (2010) Mild salinity stimulates a stress-induced morphogenic
response in Arabidopsis thaliana roots. J Exp Bot 61: 211-224

99

4

Supplemental Material
A

#LR
30

625 μM KH2PO4
10 μM KH2PO4
1μM KH2PO4
0μM KH2PO4

# emerged LR x MR-1

length (cm)

MRL
10
9
8
7
6
5
4
3
2
1
0

25
20
15
10
5

4

6

8

10

0

12

4

6

8

10

12

days after germination

days after germination

aLRL
1.2

length (cm)

1
0.8
0.6
0.4
0.2
0

4

6

8

10

12

days after germination

B

#LR 75 mM NaCl

MRL 75 mM NaCl

16

5
4

625 μM KH2PO4
10 μM KH2PO4
1μM KH2PO4
0μM KH2PO4

# emerged LR x MR-1

length (cm)

6

3
2
1
0

14
12
10
8
6
4
2

4

6

8

10

0

12

days after germination

4

6

8

10

12

days after germination

aLRL 75 mM NaCl
1
0.9

length (cm)

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

4

6

8

10

12

days after germination

Figure
S1.TheThe
growth
dynamics
of(MR)
main
rootnumber
(MR)of length,
number
of average
lateralLRroots
Figure S1.
growth
dynamics
of main root
length,
lateral roots
(#LRs) and
length(#LRs)
(aLRL)
fromaverage
2 to 8 days LR
after length
transfer to(aLRL)
Pi sufficient
(625 µM
KH82PO
Pi starvation
(0, 1 and 10 µl
KH2PO
and
from
2 to
days
after transfer
tomedia
Pi sufficient
(625
µM
4,) or multiple
4)
supplemented with (A) 0 mM or (B) 75 mM NaCl. Error bars represent standard error. Values presented are averages for 16
KH
PO
,)
or
multiple
Pi
starvation
media
(0,
1
and
10
µl
KH
PO
)
supplemented
with
(A)
2
4
2
4
replicates.
0 mM or (B) 75 mM NaCl. Error bars represent standard error. Values presented are averages
for 16 replicates.

100

12

8

9

MRL Pi sufficient

7

6
4

6
5
4
3
2

2
0

MRL Pi starvation

8

raw data
model quadratic
model linear

length (cm)

length (cm)

10

1
4

6

8
10
days after germination

0

12

4

6

8
10
days after germination

12

Figure S2. Main root length fits a quadratic model on Pi sufficient, while on Pi starvation

Figure S2. Main root length fits a quadratic model on Pi sufficient, while on Pi starvation the linear model presents the best
linear
model
presents
the best(625
fit.µM
14KH
days-old
seedlings grown on Pi sufficient (625 µM
fit. 14 the
days-old
seedlings
grown
on Pi sufficient
2PO4) or Pi starvation (1 µM KH2PO4) media. Solid lines denote raw
KH2PO
Pi starvation
µM KH
Solid lines
denote
rawrespectively.
data, while
dashed
4) or
4) media.
data, while
dashed
green
and blue line(1indicate
data2PO
modeled
with quadratic
or linear
model,
Error
bars represent
green
blue
line indicate
data for
modeled
with quadratic or linear model, respectively. Error bars
standard
error.and
Values
presented
are averages
16 replicates.

represent standard error. Values presented are averages for 16 replicates.

Days after germination
2

4

6

8

10

4

control

salt

Pi starvation

double stress

Figure S3. Root System Architecture (RSA) of Col-0 on control, salt, Pi starvation and
Figure S3.stress.
Root Phenotypes
System Architecture
(RSA) seedlings
of Col-0 on
Pi starvation
and Four
combined stress. Phenotypes of 14
combined
of 14 days-old
on control,
control salt,
and stress
conditions.
days-oldseedlings
seedlingswere
on control
and stress
conditions.
Four
seedlings
were
transferred
to control (625 µM KH2PO4), salt
days-old
transferred
to control
(625 µM
KHdays-old
PO
),
salt
(625
µM
KH
PO
,
75
mM
2
4
2
4
(625 µM
KH2PO4, 75
(1 µM(1KH
µM KH
, 75 mM NaCl) media and scanned
2PO
4), 2double
2PO4and
NaCl),
Pi starvation
(1 mM
µM NaCl),
KH2POPi4),starvation
double stress
µM
KH
PO4, 75stress
mM(1NaCl)
media
every second
day up to
theupday
scanned
every second
day
to 14.
the day 14.

101

TRS

LRD

LRL

prioritizing additive prioritizing
salt
Pi starvation

prioritizing prioritizing additive independent
salt
Pi starvation

prioritizing additive prioritizing
salt
Pi starvation

MRPL

additive

prioritizing
one stress

intermediate

Figure S4. Natural variation within patters of salt stress and Pi starvation integration.

Figure S4. Natural variation within patters of salt stress and Pi starvation integration. Hierarchical clustering of 330
Hierarchical
clustering
330
based on
RSA
traits patterns.
on salt,Graphs
Pi present
accessions
based on their
individual of
RSA
traitsaccessions
on salt, Pi starvation
andtheir
doubleindividual
stress revealed
additional
starvation
and
double
stress
revealed
additional
patterns.
Graphs
present
proportion
of
the
proportion of the accessions found within each pattern. For each trait, the pattern found for the average HapMap population is
accessions
found within each pattern. For each trait, the pattern found for the average HapMap
represented
in bold letters.

population is represented in bold letters.

A

B

b

b

LRL

b
c

c

length (cm)
3
4

a

4

a

b

c

c
d
de
e

1

2

d

# emerged LR x MR-1
1
2
3

5

6

MRL

f

0

0

f
Ler

abi1-1

control

Ler

abi1-1
salt

Ler

abi1-1

Pi starvation

Ler

abi1-1

Ler
abi1-1
control

double stress

Ler

abi1-1
salt

Ler
abi1-1
Pi starvation

Ler
abi1-1
double stress

Figure S5. Insensitivity to ABA results in altered main root and lateral roots growth on
Figure
in altered
main
root days-old
and lateral seedlings
roots growthof
on Ler
salt, Pi
starvation
double stress.
salt, S5.
PiInsensitivity
starvationto ABA
and results
double
stress.
Four
and
abi1-1and
were
Four
days-old seedlings
of Ler(625
and abi1-1
werePO
transferred
to control (625 µM KH PO4), mM
salt (625
µM KH
2PO4, 75 mM NaCl),
transferred
to control
µM KH
NaCl),
phosphate
2
4), salt (625 µM KH2PO42, 75
phosphate starvation (1 µM KH2PO4), double stress (1 µM KH2PO4, 75 mM NaCl) media. (A) Main Root Length (MRL) and
starvation (1 µM KH PO4), quantified
double stress
(1 µM KH2PO4, seedlings
75 mM for
NaCl)
media. (A) Main Root
Lateral Root Length (LRL)2 were
from 8 and 10 days-old
control and stresses, respectively. Values
Lengthare
(MRL)
andforLateral
Root Length
(LRL)
were
quantified
8 and
10 days-old
seedlings
presented
averages
18 replicates.
Error bars
represent
standard
error. from
Statistical
comparison
was done
by 2 way-Anova
for control
and
stresses,
respectively.
Values
presented
are averages
for 18 replicates. Error bars
followed
by LSD
post-hoc
test (p<0.05).
Different
letters indicate
significant
differences.

represent standard error. Statistical comparison was done by 2 way-Anova followed by LSD
post-hoc test (p<0.05). Different letters indicate significant differences.

102

Table S1. Values of RSA growth factors and r2 values used in ROOT-FIT model.
Root growth factors were calculated as an average of 16 replicates by using LINEST function.
Coefficients
of determination
(r2) were
calculated
individual
Table S1. Values
of RSA growth factors
and r2 values
used inper
ROOT-FIT
model.replicates and averaged per
Root growth
calculated
as an average
of 16 replicates
using LINEST
function. Coefficients
determination
condition.
Forfactors
MRLwere
growth
factors
were calculated
forbylinear
and quadratic
function, of
while
for
(r2)aLRL,
were calculated
per individual
replicates
and averaged per condition. For MRL growth factors were calculated for linear
#LR,
LRD only
for quadratic
one.
and quadratic function, while for #LR, aLRL, LRD only for quadratic one.
MRL
Growth factor
(quadratic: cm*day -2
linear: cm*day -1 )

r2

#LR

Growth factor
(#LR*day -2 )

r2

aLRL

Growth factor
(cm*day -2 )

r2

LRD

Growth factor
(#LR*cm-1 *day -2 )

r2

NaCl (mM)
0
50
75
100
125
0
50
75
100
125
NaCl (mM)
0
50
75
100
125
0
50
75
100
125
NaCl (mM)
0
50
75
100
125
0
50
75
100
125
NaCl (mM)
0
50
75
100
125
0
50
75
100
125

Pi sufficient
quadratic
linear
0.1568
0.8328
0.1317
0.6533
0.0977
0.4379
0.0791
0.3186
0.0472
0.1192
0.9803
0.9284
0.9764
0.9582
0.9674
0.9588
0.9666
0.9623
0.9833
0.9678

Pi starvation
quadratic
linear
0.1136
0.5303
0.1028
0.4609
0.0972
0.4277
0.0620
0.2099
0.0408
0.0814
0.9672
0.9810
0.9611
0.9774
0.9635
0.9818
0.9697
0.9722
0.9129
0.9159

Pi sufficient Pi starvation
0.3058
0.2383
0.1280
0.1133
0.0737
0.9195
0.8833
0.8857
0.9230
0.9704

0.2566
0.2169
0.1620
0.0741
0.0419
0.9678
0.9435
0.9614
0.9774
0.9360

Pi sufficient Pi starvation
0.0111
0.0071
0.0060
0.0056
0.0052
0.8800
0.7375
0.6584
0.6232
0.6524

0.0075
0.0050
0.0052
0.0051
0.0049
0.9718
0.9665
0.9785
0.9661
0.9717

Pi sufficient Pi starvation
0.0366
0.0434
0.0383
0.0382
0.0476
0.9743
0.9477
0.9703
0.9315
0.9573

0.0555
0.0523
0.0421
0.0346
0.0314
0.9268
0.8732
0.7883
0.6070
0.5295
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Table S3. Overview of Root System Architecture traits measured. Average values and
Table
S3. Overview
traits measured.
Average
values(330
and standard
errorsBonferroni
of the traits for the
standard
errorsofofRoot
theSystem
traitsArchitecture
for the whole
population
studied
accessions).
whole
population
studiedtest
(330was
accessions).
Bonferroni
multiple
comparison test
was performed
between all
treatments.
multiple
comparison
performed
between
all treatments.
Significance
of changes
from
Significance of changes from control media is presented for all stress conditions (*** p<0.001; **p<0.01;* p<0.05, ns control media is presented for all stress conditions (*** p<0.001; **p<0.01;* p<0.05, ns nonsignificant changes).

nonsignificant changes).

RSA trait

Description

Control

Salt

(8 days)

(10 days)

Unit

Phosphate
starved
(10 days)

Double stress (10 Significance of differences from
days)
control

average SEM average SEM average SEM average
MRPL
MRVL
Straightness
Depth
Basal
Branched
Apical

Main Root Path Length
cm
3.681 0.038 4.082 0.038 4.437 0.050
MR Vector Length
cm
3.165 0.032 3.588 0.032 3.840 0.043
MRPL/MRVL
Ratio 0.861 0.002 0.880 0.002 0.867 0.001
Depth
cm
3.076 0.032 3.502 0.032 3.774 0.042
Basal Zone Length
cm
0.396 0.010 0.345 0.015 0.242 0.008
Branched Zone Length
cm
0.906 0.030 1.056 0.043 2.292 0.039
Apical Zone Length
cm
2.110 0.033 1.934 0.047 1.862 0.029
Branched Zone Length per Main Root Path
Branched/MR
Ratio 0.232 0.007 0.244 0.009 0.510 0.006
Length
Apical/MR Apical Zone Length per Main Root Path Length Ratio 0.568 0.007 0.464 0.010 0.418 0.005
#LR
Number of Lateral Roots
#LR 4.834 0.146 4.603 0.197 11.767 0.234
LRD
LR density per Main Root cm
#LR/cm 1.270 0.036 1.080 0.044 2.645 0.046
LRD/BZ
LR density per Branched Zone cm
#LR/cm 4.979 0.134 3.181 0.115 5.075 0.062
aLRL
Average Lateral Root Length
cm
0.131 0.004 0.091 0.004 0.214 0.004
LRL
Lateral Root Length
cm
0.772 0.035 0.583 0.038 2.718 0.094
LRL/MRL
Lateral Root Length per Main Root Length
Ratio 0.197 0.008 0.136 0.009 0.591 0.017
Average Lateral Root Length per Main Root
aLRL/MRL
Ratio 0.035 0.001 0.023 0.001 0.049 0.001
Length
TRS
Total Root Size
cm
4.453 0.064 4.671 0.063 7.150 0.131

Phosphate Double
starvation Stress

SEM

Salt

3.790
3.337
0.882
3.281
0.298
1.084
1.993

0.039
0.034
0.002
0.033
0.011
0.042
0.039

***
***
***
***
*
*
**

***
***
ns
***
***
***
***

0.270

0.009

ns

***

**

0.521
4.971
1.250
3.975
0.088
0.550
0.134

0.009
0.193
0.044
0.114
0.003
0.030
0.007

***
ns
**
***
***
ns
***

***
***
***
ns
***
***
***

***
ns
ns
***
***
*
***

0.023

0.001

***

***

***

4.337

0.061

ns

***

ns

ns
**
***
*
***
**
ns

Table
Four
major
patterns
of responses
to double
forcalculated
each treatment
Table S4.S4.
Four
major
patterns
of responses
to double stress.
Responsesstress.
for eachResponses
treatment were
by normalizing
values from
salt, Pi starvation
and double stress
(10 day-old
corresponding
from stress
control condition
(8 days-old
were
calculated
by normalizing
values
from seedlings)
salt, Pi for
starvation
andvalues
double
(10 day-old
seedlings). Values
are averages
and standard
errors from
the responses
whole population
studied.Values
Traits were
seedlings)
for presented
corresponding
values
from control
condition
(8 ofdays-old
seedlings).
classified into different patterns based on hierarchical clustering.
presented
are averages and standard errors from the responses of whole population studied.
Traits were classified into different patterns based on hierarchical clustering.
RSA Trait
Number of Lateral Roots
Average Lateral Root Length
Average Lateral Root Length per Main Root Length
Branched Zone Size
Branched Zone Size per Main Root Length
Lateral Root Size
Lateral Root Size per Main Root Length
Lateral Root Density
Lateral Root Density on Branched Zone
Main Root Path Length
Main Root Vector Length
Depth
Total Root Size
Apical Zone Size
Apical Zone Size per Main Root
Straightness
Basal Zone Size

salt
average SEM
1.056
0.035
0.864
0.065
0.831
0.089
1.528
0.081
1.248
0.051
1.188
0.118
1.014
0.101
0.899
0.027
0.687
0.021
1.133
0.007
1.158
0.007
1.167
0.008
1.082
0.009
0.973
0.021
0.850
0.018
1.023
0.002
1.073
0.041
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Responses
Pi starvation
average SEM
3.484
0.116
2.215
0.080
1.850
0.064
3.766
0.132
3.115
0.108
8.234
0.809
6.280
0.443
2.891
0.092
1.159
0.020
1.220
0.007
1.229
0.007
1.244
0.007
1.627
0.014
0.948
0.015
0.778
0.011
1.007
0.001
0.721
0.026

double stress
average SEM
1.194
0.042
0.812
0.035
0.790
0.033
1.424
0.060
1.344
0.053
1.101
0.112
1.024
0.098
1.136
0.037
0.877
0.027
1.046
0.006
1.072
0.006
1.088
0.007
0.996
0.007
1.005
0.019
0.957
0.017
1.025
0.001
0.895
0.033

Pattern
prioritizing
prioritizing
prioritizing
prioritizing
prioritizing
prioritizing
prioritizing
prioritizing
prioritizing
additive
additive
additive
additive
similar
similar
similar
intermediate

Table
S6.Accession-specific
Accession-specific
correlations
between
average
eachstress
RSA
Table S6.
correlations
between average
value of
each RSAvalue
trait onofdouble
andtrait
salt oron
Pi starvation
2
(r2-Pearson
correlation
coefficients).
Significance (r
of the
correlations
is indicated
with stars (*** Significance
p<0.001; ** p<0.01;
*p<0.05).
double
stress
and salt
or Pi starvation
-Pearson
correlation
coefficients).
of the
correlations is indicated with stars (*** p<0.001; ** p<0.01; *p<0.05).

RSA trait
MRPL
MRVL
Straightness
Depth
Basal
Branched
Apical
Branched/MR
Apical/MR
#LR
LRD
LRD/BZ
aLRL
LRL
LRL/MRL
aLRL/MRL
TRS

r 2 (double stress vs single stress)
salt stress
Pi starvation
0.62***
0.65***
0.58***
0.61***
0.60***
0.38***
0.27***
0.57***
0.34***
0.21***
0.59***
0.59***
0.42***
0.59***
0.54***
0.42***
0.23***
0,09
0.61***
0.65***
0.60***
0.50***
0.60***
0.25***
0.45***
0.47***
0.56***
0.65***
0.61***
0.56***
0.43***
0.35***
0.60***
0.71***
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Table S8. Accession-specific correlations between MRL, #LRs and aLRL on salt conditions
described in here and projected rosette area (PRA), fresh weight (FW), dry weight (DW)
Table S8. Accession-specific correlations between MRL, #LRs and aLRL on salt conditions described in here and projected
and
water
content
reported
in (Julkowska
etand
al.,water
2016).
Values
represent
Pearson
correlation
rosette
area (PRA),
fresh
weight (FW),
dry weight (DW)
content
reported
in (Julkowska
et al.,
2016). Values
coefficients.
Significance
of the correlations
stars with
(***starsp<0.001;
** p<0.01;
represent Pearson
correlation coefficients.
Significance of is
theindicated
correlations with
is indicated
(*** p<0.001;
** p<0.01;
*p<0.05).
*p<0.05).
PRA_salt
FW_salt
DW_salt
WC_salt

MRL_salt
-0.12
0.08
0.08
0.1

#LR_salt aLRL_salt MRPL_double stress
0.1
0.06
-0.02
0.01
0.04
0.07
0
0
0.08
0.01
0
0.1

#LR_double stress aLRL_double stress
0.23**
0.14
0.07
0.15
0.04
0.09
0.04
0.08

Supplemental Data Available On-line
Supplemental Table S2. List of Arabidopsis thaliana accessions screened for RSA responses to
salt, Pi starvation and their combined effect.
Supplemental Table S5. Accession-specific patterns of salt and Pi starvation integration.
Supplemental Table S7. List of the accessions found in each group derived from hierarchical
clustering of 330 accessions based on their MRL, #LRs and aLRL on salt, Pi starvation and
double stress.
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Abstract
Salt stress has detrimental effects on plant growth and productivity. The
root is the first organ to perceive salinity and one of the strategies of plants
to respond to salt stress relies on modulations of Root System Architecture
(RSA). Soil salinization leads to a decrease in phosphate (Pi) availability
and Pi depletion has been shown to modulate the impact of salinity on
RSA. It is unknown whether the same genetic components would guide
root responses to salt stress under different Pi levels. Arabidopsis
accessions from the worldwide HapMap population were screened for
RSA modulations induced by salt stress under two Pi regimes. A Genome
Wide Association Study (GWAS) identified 22 and 17 candidate genes for
root responses to salinity on high and low Pi conditions, respectively. Two
of these candidate genes were shown to be involved in root architecture
changes upon salt stress. CIP111 (CALMODULINE INTERACTING
PROTEIN 111) was confirmed to act in lateral root (LR) responses to salt
stress under optimal Pi conditions using knock-out mutants. Allelic
variation in the CIP111 promoter region corresponded to differences in
salt-induced CIP111 expression and correlated with LR length under salt
stress. LBD16 (LATERAL ORGAN BOUNDARIES-DOMAIN 16) was
shown to be involved in LR development in saline environment on both Pi
levels and its expression was induced specifically by salt stress. The results
presented here show that responses to environmental cues can be guided
by genes involved in developmental processes. Levels of functional gene
redundancy may differ depending on the environment and genetic
background, therefore extending GWAS to multiple conditions can greatly
facilitate identification of novel loci.

Introduction
Roots are the interface between plants and their soil environment, involved in
sensing external conditions and adapting growth and metabolism towards an
ever-changing environment. Root System Architecture (RSA) is determined to
a large extent by the degree of branching and lateral roots (LRs) play a pivotal
role in water and nutrient uptake (Nibau et al., 2008).
The mechanisms controlling lateral root development have been
extensively studied in Arabidopsis. LRs develop postembronicaly from the
main root (MR; Peret et al., 2009). LRs are established from xylem pole
pericycle cells and four steps can be distinguished in their formation: priming,
LR initiation, LR primordia (LRP) formation and LR emergence, with auxin
acting as a major regulator of all these steps (Lavenus et al., 2013). The exact
location of LR formation on the MR is primed by auxin maxima in the basal
meristem, which mark the site of LR founder cell establishment (MorenoRisueno et al., 2010). Auxin accumulation results in de-repression of
auxin-responsive transcription factors, ARF7 and ARF19 (AUXIN
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RESPONSE FACTOR 7/19), that subsequently activate other transcriptional
regulators, LBD16 and LBD18 (LATERAL ORGAN BOUNDARIES
DOMAIN 16/18) leading to LR initiation (Okushima et al., 2007; Okushima et
al., 2005). LR emergence from the pericycle requires traversing outer tissue
layers. Further divisions of LR founder cells are accompanied by the decrease
in volume of endodermal cells and loss of the adhesion of cortical and
epidermal cells, forming a passage for emerging LRs (Fukaki et al., 2002;
Swarup et al., 2008; Vermeer et al., 2014). Endodermal cell deformation
assisted by local degradation of the Casparian strip is regulated by transcription
factor SHY2 (SHORT HYPOCOTYL 2). In cortex and epidermal tissues, LR
emergence is governed by another transcription factor SLR (SOLITARY
ROOT), which allows pectinase gene expression, crucial for cell wall
loosening (Fukaki et al., 2002). Spacing between newly formed LRs is
controlled by cytokinins inhibiting the auxin-induced division of founder cells
in close proximity of already formed LRPs (Laplaze et al., 2007).
LR formation and growth can be also regulated by external signals and
thus contribute to the morphological adaptations of plants to their local
environment (Malamy, 2005). Low phosphate (Pi) availability, through
upregulation of the auxin receptor TIR1 in pericycle cells, modulates auxin
sensitivity resulting in an increased number of LRP (Perez-Torres et al., 2008).
Salinity has a dual effect on LRs. While mild salt stress (50 mM NaCl)
promotes LRP development, higher concentrations inhibit transition of LRP
into LRs (Deak and Malamy, 2005; McLoughlin et al., 2012; Zolla et al.,
2010). LR emergence was shown to be regulated by SnRK2.10 protein kinase,
as the knock-down snrk2.10 mutant showed arrested LRs (McLoughlin et al.,
2012). Endodermal abscisic acid (ABA) signaling induced by salt was shown
to influence early LR responses to salinity by promoting their growth
quiescence (Duan et al., 2013).
A decrease in Pi availability is very often a consequence of soil
salinization, meaning that plants have to cope with both salinity and Pi
starvation (Naidu and Rengasamy, 1993; Russell and Wild, 1988). The level of
available Pi has been shown to modulate responses to salt in terms of root
growth and development (Kawa et al., 2016). Both salinity and Pi starvation
inhibit MR growth and combining them resulted in an additive inhibitory
effect. On the other hand, the effect of salt stress on LRs was able to mask
enhanced LR formation and growth, normally induced by Pi depletion (Kawa
et al., 2016). Phenotyping natural variation in RSA responses to the combined
effect of salinity and Pi starvation (double stress) followed by GWAS (Genome
Wide Association Studies) yielded candidate loci associated with integration of
signals from these two stresses (Kawa et al., 2016). RSA responses to double
stress were shown to be partly dependent on the effects of single stresses, but
the question to what extent they rely on phenotypes in control conditions
remains unanswered.
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Here we present a GWAS screen aimed to identify novel candidate
genes involved in responses to salinity under conditions of either high or low Pi
availability, as well as to Pi starvation alone. We identified in total 161 SNPs
associated with RSA changes in all conditions studied. For four selected
candidate genes, SSA1, IVD, CIP111 and LBD16, we confirmed their role in
lateral root growth or formation under control, Pi starvation and salt stress
under different Pi levels, respectively. Our data suggest that LBD16 could be
an important transcription factor involved in the modulation of the root
developmental program in response to a saline environment.

Results
Natural variation in RSA modulation under environmental stresses largely
corresponds to developmental differences in control conditions
Root development is highly dependent on the environment. Natural variation in
root plasticity upon salt, Pi starvation and their combination (double stress) was
studied before for 330 Arabidopsis accessions from the HapMap population
(Table S1). Previously, response types to salt, Pi starvation and their
combination as well as candidate loci involved have been reported (Kawa et
al., 2016). Here, we re-analyzed the raw RSA data from that study. The entire
population was screened in 7 experimental batches each one including Col-0,
Bay-0, Sha and Mz-0 as internal controls. Four days old seedlings were
transferred to control (625 µM KH2PO4), salt (75 mM NaCl), Pi starvation
(1 µMKH2PO4) or double stress (1 µM KH2PO4, 75 mM NaCl) media (Fig. 1).
17 RSA traits (Table 1) were quantified with Ez-Rhizo software (Armengaud
et al., 2009) at 4 and 6 days after transfer for control and stress conditions,
respectively. No significant differences between batches were found for RSA
of 4 control accessions (Col-0, Bay-0, Sha, Mz-0), confirming high
reproducibility between independent experiments (Fig. S1).
Substantial natural variation was found for all RSA traits measured on
all conditions and the largest span of natural variation was observed in the case
of Pi starvation for LR traits (Fig. S2). Phenotypes resulting from the
simultaneous application of salinity and Pi starvation were previously shown to
be partly dependent on the responses to single effects of salt or Pi deprivation
(Kawa et al., 2016). To check whether observed stress-induced phenotypes are
also determined by basic developmental programs, for all individual RSA traits
correlations between each stress treatment and control condition were tested
(Table 1). All traits, except Apical Zone Length per Main Root Length
(Apical/MR) on salt, showed a correlation between stress and control
phenotypes. Among all the stresses, the highest correlations were observed in
case of Pi starvation for almost all RSA traits. Apical Zone Size, Apical/MR
and LR density per Branched Zone (LRD/BZ) showed a low correlation with
control condition across all used conditions. Moreover, correlations between
individual RSA traits were calculated for each condition (Fig. S3, Table S2).
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Table 1. RSA traits measured across Hap Map population. Accessions specific correlations
between average value of each trait on salt, Pi starvation or double stress and control conditions
(r2-Pearson correlation coefficients). Significance of the correlations is indicated with asterisks: *
p-value<0.05; ** p-value<0.01; *** p-value<0.001.

MRPL

Main Root Path Length

cm

Correlation with control conditions
salt
Pi starvation double stress
0.45***
0.63***
0.53***

MRVL

MR Vector Length

cm

0.41***

0.61***

0.49***

Straightness

MRPL/MRVL

Ratio

0.20***

0.59***

0.32***

Depth

Depth

cm

0.35***

0.61***

0.44***

Basal

Basal Zone Length

cm

0.19**

0.33***

0.30***

Branched

Branched Zone Length

cm

0.43***

0.54***

0.55***

Apical

Apical Zone Length

cm

0.16**

0.31***

0.22***

Ratio

0.37***

0.35***

0.48***

RSA trait

Description

Unit

Branched/MR Branched Zone Length per Main Root Path Length
Apical/MR

Apical Zone Length per Main Root Path Length

Ratio

0.06

0.12*

0.15*

#LR

Number of Lateral Roots

#LR

0.54***

0.62***

0.59***
0.54***

LRD

LR density per Main Root cm

#LR/cm

0.54***

0.52***

LRD/BZ

LR density per Branched Zone cm

#LR/cm

0.15*

0.26***

0.17**

aLRL

Average Lateral Root Length

cm

0.43***

0.54***

0.50***

LRL

Lateral Root Length

cm

0.54***

0.64***

0.56***

TRS

Total Root Size

cm

0.50***

0.63***

0.59***

LRL/MRL

Lateral Root Length per Main Root Length

Ratio

0.57***

0.65***

0.53***

aLRL/MRL

Average Lateral Root Length per Main Root Length

Ratio

0.44***

0.53***

0.45***

LRL/TRS

Lateral Root Length per Total Root Size

Ratio

0.56***

0.64***

0.55***

Salt stress decreased the correlation between MRL and aLRL (average
LR length) or #LR, as reported previously (Julkowska, 2015), while salinity in
combination with Pi starvation or Pi starvation alone did not influence the
correlation between these RSA traits. In general, application of salt stress
decreased the correlation between RSA traits, whereas low Pi availability
resulted mostly in stronger correlations (for example for Apical Zone with
MRL, Table S2). Combining salt stress with Pi starvation led to higher
correlation between LRD and MRL, which was not affected by the single
stresses (Fig. S3). These data suggest that salinity and Pi starvation remodel
root development in a different manner and that stress-induced changes in RSA
are dependent on the basal root developmental program of individual
accessions.
Genome Wide Association Mapping and candidate genes selection
The RSA phenotypic data collected for 330 accessions were used for
association mapping with a panel of 250 000 SNP markers (Atwell et al.,
2010). Previously, values of RSA traits for salt stress, Pi starvation and double
stress were normalized by their corresponding values on control condition
(Kawa et al., 2016). Here raw data were used to map new loci underlying
responses to all conditions. GWAS was performed with the scan_GLS
algorithm (Kruijer et al., 2015) including correction for population structure
(Cao et al., 2011). The threshold for association LOD score (-10log(p-value))
was determined with Gao-correction (Gao, 2011). The heritability of all RSA
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traits was above 0.2, indicating their reliability for association mapping (Table
S3). The RSA traits that most of the significant associations were identified
with were Basal Zone Size, Straightness and LRL (Table S4). In total 161
associations were mapped: 51, 58, 20, 32 for control, salt, Pi starvation and
double stress, respectively (Table S4). None of the identified SNPs overlap
between different conditions, indicating that mapped associations are specific
for each condition.
To decrease the possibility of false positive associations, a Bonferroni
correction for multiple testing was applied (Johnson et al., 2010) and we
selected SNPs that were mapped both with individual values and their averages
per accession for each RSA trait, and had a minor allele frequency (MAF)
higher than 0.01 (Fig. 1). Identified SNPs were assigned to the adjacent gene.
Applying these criteria resulted in set of candidate genes for RSA development
on control condition (Table S5), salt (Table S6), Pi starvation (Table S7) and
double stress (Table S8).

Fig. 1. Experimental set up. Effect of stresses on RSA was studied in an agar plate assay setup.
(A) Upon 3 days stratification in 4°C seeds were germinated on control plates. Four days-old
seedlings were transferred to control (625 µM KH2PO4), salt (75 mM NaCl), Pi starvation (1 µM
KH2PO4) and the double stress (1 µM KH2PO4, 75 mM NaCl) media. 8 days-old (4 d.a.t.; 4 days
after transfer) seedlings from control and 10 days-old (6 d.a.t.) seedlings from stress conditions
were used for RSA quantification (B) Nine major RSA traits and 8 ratios were quantified. Trait
descriptions can be found in Table 1. (C) Phenotypic data were used as an input for GWAS.
From 161 associations found, 64 were selected based on being mapped with both individual
values and their averages, using a method including correction for multiple testing (MTC) and
with minor allele frequency (MAF) threshold not lower than 0.01 and are presented in
Supplemental Tables S5-7.
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Among genes putatively associated with RSA in control conditions we
mapped SDG2 (At4g15180), with an already reported role in root growth (Yao
et al., 2013), supporting the reliability of our experimental approach. The
selection of the genes for further validation was based on the strength of the
SNP association, their MAF and number of SNPs that the gene was mapped
with (Table 2). Loci mapped with the highest LOD score value and MAF not
lower than 0.1 were selected from salt (At4g21070) and Pi starvation
(At3g45300) conditions (Table 2). In case of salt stress, we additionally
selected a genomic region consisting of 3 loci (At3g56670, At3g56680,
At3g56690) carrying 15 out of the total 36 SNPs mapped with salt stress
(Table 2, Table S6). From double stress conditions 3 candidates (At2g42430,
At3g19200, At5g43950) were chosen based on the highest LOD score and
MAF not lower than 0.05 (Table 2, Table S8). No additional adjacent genes in
Linkage Disequilibrium were found for the selected SNPs (Kooke et al., 2016)
restricting our selected mapped loci to eight candidate genes. Below we
describe further characterization of these genes.
Table 2. List of candidate genes mapped with GWAS. The candidate genes were selected for
further validation based on the –log10(p-value), association and Minor Allele Frequency (MAF).
Condition

Locus

Gene description

Chromosome

control

AT4G15180

SDG2 (SET DOMAIN PROTEIN3) -histone
methyltransferases(H3-K4 specific)

4

IVD (ISOVALERYL COA DEHYDROGENASE)

AT4G21070

AtBRCA1 (ARABIDOPSIS THALIANA BREAST
CANCER SUSEPTIBILITY)

AT3G56670

unknown (BEST Arabidopsis thaliana protein match is: Fbox and associated interaction domains-containing protein )

Pi starvation AT3G45300

salt

AT3G56680

3

Position
8651483
8652463
8652736
8655356
8655725
8656503
8657529
8657663
8658663
8660010
8661262
16624333

LOD
6.79
5.76
6.35
6.64
6.65
5.84
5.97
6.46
5.76
6.35
6.05
7.55

MAF
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Straightness

4

11250817

8.53

0.1

aLRL/MRL

20989113
20989528

5.75
7.24

0.1
0.1

20989995

7.24

0.1

20991960
20992693
20993278
20994335
20994697
20995843
20996036
20996885
20997244
20997342
20997467
20998019

6.93
7.05
5.93
6.27
6.95
7.07
7.10
6.94
7.14
7.06
6.89
6.68

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Single-stranded nucleic acid binding R3H protein
3

RSA trait

Basal

Straightness

AT3G56690

CIP111 (CAM INTERACTING PROTEIN 111)

AT2G42430

LBD16/ASL18 (LATERAL ORGAN BOUNDARIESDOMAIN 16, ASYMMETRIC LEAVES2-LIKE 18)

2

17663484

6.89

0.05

Basal

double stress AT3G19200

unknown

3

6649470

AT5G43950

unknown

5

17688392

6.54
8.51
6.66
5.74
5.89

0.05
0.05
0.05
0.05
0.05

aLRL/MRL
LRL
LRL/MRL
Branched
TRS
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Alterations in Isovaleryl CoA Dehydrogenase (IVD) protein sequence lead
to a decrease in lateral root growth on Pi starvation
The selected SNP associated with Straightness on Pi starvation was located in
the second exon of the IVD gene (Table 2), coding for an isovaleryl CoA
dehydrogenase, an enzyme involved in catabolism of branched amino acids
(Gu et al., 2010). Expression of IVD was measured in 5 days-old seedlings of
42 accessions and natural variation in the expression of IVD was found for both
shoot and root tissue, although most of the accessions showed very low
expression in both organs (Fig. 2A-B). Accessions Hs-0 and Can-0 had the
highest expression of IVD in both root and shoot, while in Ga-0 and Pent-1 IVD
was expressed highly in the root only, with minor expression in the shoot
(Fig. 2B). No correlation between expression level and any RSA traits in
control condition was found (Table S9). Two T-DNA insertion lines in Col-0
background, knock-down mutant ivd1-2 (GK_756G02, Gu et al., 2010) and
overexpression (OE) line ivd1-3 (SAIL_586_C09; Fig. 2C), did not show any
alteration in RSA on control or Pi starvation conditions (Fig. 2D). We next
tested the ivd1-1 mutant in Ler background, carrying a point mutation resulting
in a non-functional IVD protein (Gu et al., 2010). The ivd1-1 line had
decreased MR Straightness on control condition, while under conditions of Pi
starvation this mutant had a lower LRD than wild type (Fig. 2D). Alignment of
the IVD protein sequences from 150 accessions revealed that accessions
lacking fragments of the protein show lower LRD in Pi starvation conditions
than Col-0 (Fig. 2E, Supplemental dataset 1). Similarly, amino-acid
substitutions in the domain crucial for acyl-CoA dehydrogenase activity (Gu et
al., 2010) resulted in a decrease in LRD in limited Pi conditions (Fig. 2E).
Together, this suggests that observed phenotypic variation is caused by changes
at the protein rather than transcript level of IVD.
The association of a SNP in the BRCA1 gene with aLRL/MRL in saline
conditions cannot be confirmed by analysis of T-DNA insertion mutants
Among the loci mapped in salt conditions under optimal Pi availability
conditions the strongest association (LOD score=8.5) was found for a SNP
associated with aLRL/MRL. The SNP was located in the coding region of
BRCA1 gene (BREAST CANCER SUSEPTIBILITY 1; At4g21070; Table 2).
Expression of BRCA1 was checked in roots and shoots of 4 days-old seedlings
of 41 accessions exposed to 0 or 75mM NaCl for 24 hours. BRCA1 was
upregulated by salt in both root and shoot (Fig. S4A). The highest range of
natural variation was observed in the shoot under salt stress (Fig. S4A) with the
highest expression in accessions CUR-3 and Can-0 (Fig. S4B). A significant
but weak correlation was found for BRCA1 expression in the root on control
conditions with LRL (r2=0.33) and between shoot on salt stress and MRL on
salt (r2=-0.35; Table S10). Two knock-out T-DNA lines were obtained:
brca1-1
(SALK_014731;
Reidt
et
al.,
2006),
brca1-2
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B
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Fig. 2. Phenotypic variation in LR density corresponds to changes in IVD catalytic domain.
(A) Natural variation in IVD gene expression in root and shoot tissue of 5 days-old seedlings.
Boxplots present the median and span of natural variation within 42 accessions. (B) Expression
of the IVD gene in root and shoot for individual accessions is visualized with a heat map.
Accessions were sorted according to the expression level in root under control conditions. The
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variation in expression is represented with different colors normalized with z-Fisher
transformation. (C) Structure of IVD gene. The dashed line indicates the position of a SNP
associated with Straightness on Pi starvation conditions. Triangles denote the position of two
T-DNA insertion lines ivd1-2 (GK_756G02) and ivd1-3 (SAIL_586_C09) and asterisk shows the
position of a point mutation in the ivd 1-1 mutant. Expression of IVD in 14 days-old whole
seedlings of Col-0 and ivd mutants was measured with qPCR and normalized to the expression of
the MON1 gene. Presented values are averages from 3 biological replicates and error bars
represent standard error. (D) LR density (LRD) and Straightness of ivd mutants and
corresponding wild types on control and Pi starvation condition. Four days-old seedlings were
transferred to control and Pi starvation (1 µM KH2PO4) media. Eight days-old seedlings from
control and 10 days-old seedlings from stress conditions were used for RSA quantification.
Values presented are averages for 18 replicates confirmed with 3 independent biological
experiments. Error bars represent standard error. Statistical comparison was done by 2
way-Anova followed by LSD post-hoc test (p<0.05). Different letters indicate significant
differences. (E) LR density (LRD) on Pi starvation of accession with alteration in IVD protein
sequence. Purple bars represent amino acid deletions while green bars indicate accessions with
single amino acid change. Values presented are averages for 4 replicates. Error bars represent
standard error. Statistical comparison was done by Student’s t- test significant differences of
each accession from Col-0 are denoted with stars (*** for p-value<0.001; **<0.01; *<0.05,
ns-non-significant).

(SALK_137767) and one line brca1-3 (SALK_12911) that overexpresses
BRCA1 (Fig. S4C). None of the lines showed any significant differences in
aLRL/MRL (Fig. S4D) or any other RSA traits (not shown). Taken together,
a putative role of BRCA1 in root responses to salt stress could not be confirmed
using the available mutants in Col-0 background
CIP111 and SSA1 are novel candidates for lateral root growth regulation
under control conditions and salt stress
Fifteen SNPs, mapped within a Linkage Disequilibrium window on
chromosome 3, were found to be associated with Straightness of the MR on
salt stress with sufficient Pi conditions (Table S6). This locus contains 3 genes:
At3g55670, At3g56680 and At3g56690 (CIP111). Nine of the SNPs were
annotated to the CIP111 gene, coding for calmodulin interacting protein, for
which two T-DNA insertion lines were available: cip111-1 (SAIL_378_B02)
located in the last exon and cip111-2 (WiscDsLoxHs212_11C) with the
T-DNA insertion in the ninth intron (Fig. 3A). Expression of CIP111 was very
low in Col-0 and both cip111-1 and cip111-2 were found to be knock-out lines
(Fig. 3A). Both lines have a shorter MR than Col-0 in control condition as well
as in salt stress condition, while a decrease in LRL was observed only in the
presence of salt (Fig. 3B). No alteration in LRD was found for any of the
conditions (Fig. 3B). The response of MRL to salt was similar for all
genotypes, indicating that decreased MRL of cip111-1 and cip111-2 observed
on salt stress reflects developmental alteration, while LRL responsiveness of
cip111-1 and cip111-2 to salt was lower than Col-0, confirming it is
a salt-specific change (Fig. 3B). On average, 24 hours treatment with 75 mM
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Fig. 3. CIP111 has a putative role in lateral root growth under saline conditions. (A)
Structure of CIP111 gene. Dashed lines indicate positions of SNPs associated with Straightness
on salt stress conditions. Triangles denote position of two T-DNA insertion lines: cip111-1
(SAIL_378_B02) and cip111-2 (WiscDsLoxHs212_11C). Expression of CIP111 in 14 days-old
whole seedlings of Col-0, cip111-1 and cip111-2 was measured with qPCR and normalized to
the expression of the MON1 gene. Presented values are averages from 3 biological replicates and
error bars represent standard error. (B) MR length (MRL), LR density (LRD) and length (LRL)
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of Col0, cip111-1 and cip111-2 on control and 75 mM NaCl. Four days-old seedlings were
transferred to control or salt (75 mM NaCl). Eight days-old seedlings from control and 10
days-old seedlings from stress conditions were used for RSA quantification. Values presented are
averages for 18 replicates confirmed with 3 independent biological experiments. Error bars
represent standard error. Statistical comparison was done by 2 way-Anova followed by LSD
post-hoc test. Different letters indicate significant differences. Numbers above indicate response
to salt of each genotype calculated as a ratio of average value of the trait on control and its
average value under salt stress. (C) Natural variation in the expression of CIP111 gene in 4
days-old root and shoot tissue subjected to 75 mM NaCl for 24 hours. Boxplots present the
median and span of natural variation within 41 accessions. (D) Expression of CIP111 gene in
root and shoot for individual accessions is visualized with a heat map. Accessions were sorted
according to the expression level in root under control conditions The variation in expression is
represented with different colors normalized with z-Fisher transformation (E) Salt-induced
changes in RSA of the accessions with extreme CIP111 expression were re-tested. LRL under
salt conditions correlated with CIP111 expression in root tissue after 24 hours exposure to 75
mM NaCl for 7 accessions with extreme CIP111 expression (F) Graphical representation of the
CIP111 promoter sequence of the accessions presented in (E) with indicated SNPs found for all
accessions with extreme LRL on salt stress. Numbers at the bottom denote SNP position relative
to the start codon.

NaCl did not have a major effect on the CIP111 expression in root or shoot for
the 41 accessions studied (Fig. 3C). However, substantial natural variation was
observed in CIP111 expression in root and shoot in both conditions (Fig. 3D).
Next, accessions with the highest (Ha-0, Col-0, Van-0, Tscha-1) and
the lowest (Hs-0, Wl-0, Baa1-2, Oy-0, Sei-0, Tsu-0) expression of CIP111 in
root under salt stress were retested for salt-induced changes in RSA. Although
no correlation was found between expression of CIP111 in the root and RSA
traits at the level of 41 accessions (Table S11), a positive correlation (r2=0.74)
was found between expression of CIP111 in the root under salt stress and LRL
when using the data for only the high- and low expressing accessions (Fig. 3E).
We compared the publicly available sequences of CIP111 from accessions with
extreme expression of CIP111 in the root under salt stress and identified 5
SNPs present only in the low expressing accessions (Fig. 3F, Supplemental
dataset 2). No known cis-regulatory motives were found within the sequences
flanking these SNPs, nor were any polymorphisms found in the protein
sequences of the accessions with extreme values of MRL in both conditions or
of LRL in salt treatment. Together our data suggest that observed natural
variation in CIP111 expression results from new sequence polymorphisms in
the promoter region, which might contribute to phenotypic divergence in LRL
under salt stress.
Another gene from the same locus, At3g56680, encoding for a singlestranded nucleic acid binding RH3 protein that has been named SALT STRESS
ASSOCIATED 1 (SSA1, Table 2). From the available T-DNA insertion lines
ssa1-1 (SAIL_828_D09) was identified as a knock-down and ssa1-3
(WiscDsLoxHs206_09C) as an OE line, while ssa1-2 (GK_357G03) showed
slightly lower expression of SSA1 (Fig. 4A).
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Fig. 4. SALT STRESS ASSOCIATED 1 (SSA1) has a putative role in lateral root growth
(A) Structure of SSA1 gene. Dashed lines indicate positions of SNPs associated with Straightness
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replicates and error bars represent standard error. (B) Straightness and number of LR (#LR) of
Col-0 and all ssa1 mutants on control and 75 mM NaCl. Four days-old seedlings were
transferred to control or salt (75 mM NaCl). Eight days-old seedlings from control and 10 daysold seedlings from stress conditions were used for RSA quantification. Values presented are
averages for 18 replicates confirmed with 3 independent biological experiments. Error bars
represent standard error. Statistical comparison was done by 2 way-Anova followed by LSD
post-hoc test (p<0.05). Different letters indicate significant differences. Numbers above indicate
response to salt of each genotype calculated as a ratio of average value of the trait on control and
its average value under salt stress. (C) Natural variation in the expression of SSA1 gene in 4
days-old root and shoot tissue subjected to 75 mM NaCl for 24 hours. Boxplots present the
median and span of natural variation within 42 accessions. (D) Expression of SSA1 gene in root
and shoot for individual accessions is visualized with a heat map. Accessions were sorted
according to the expression level in root under control conditions. The variation in expression is
represented with different colors normalized with z-Fisher transformation (E) Correlation
between #LRs under salt conditions and SSA1 expression in shoot tissue after 24 hours exposure
to 75 mM NaCl for 7 accessions with extreme SSA1 expression. The values of #LRs presented in
this figure are from original RSA phenotyping screen used as an input for GWAS. (F) Graphical
representation of the SSA1 promoter and gene sequence of the accessions with the lowest (Hs-0,
Alc-0, MNF-Che-2) or the highest expression (Col-0, T1110, Gr-5, TOU-I-2) with substitutions
identified in promoter region and non-synonymous mutations in coding regions of accessions
with low expression of SSA1. Amino acid changes caused by identified SNPs are indicated in
pink. Numbers at the bottom denote SNP position relative to the start codon.

The ssa1-1 mutant showed increased Straightness on 75 mM NaCl, but
its response to salt did not differ from Col-0 (Fig. 4B). Moreover, the number
of LRs in salt stress of lines ssa1-1 and ssa1-2 was lower than for Col-0, while
ssa1-1 showed also a decrease in #LR on control conditions. (Fig. 4B). The
number of LRs of ssa1-1 under salt stress was lower than Col-0, suggesting
that its developmental defect in the formation of LR results in altered response
to salinity stress (Fig. 4B). No alterations in RSA were found for the ssa1-3 OE
line (Fig. 4B).
Expression of SSA1 showed substantial variation among 42 accessions
studied (Fig. 4C-D). No correlation was found between expression of SSA1 and
RSA traits at the level of 42 accessions (Table S12), however accessions with
the lowest expression of SSA1 in the shoot on salt conditions (Hs-0, Alc-0,
MNF-Che-2) had a lower #LRs on salinity stress, compared to the accessions
with high expression (T1110, Col-0, Gr-5, TOU-I-2; Fig. 4E, Supplemental
dataset 3). Genomic sequences of SSA1 from accessions that were publicly
available (Hs-0, Alc-0, MNF-Che-2, T1110, Col-0, Gr-5) were aligned. Huge
deletions covering almost 50% of the SSA1 promoter sequence were found for
Alc-0 and Hs-0 and single amino acid changes were present in MNF-Che-2,
while 3 accessions highly expressing SSA1 (Col-0, Gr-5, T1110) showed
a higher level of conservation (Supplemental dataset 3). Four SNPs were
distinguished between accessions with low and high expression of SSA1, but no
cis-regulatory motives were found in their flanking regions (Fig. 4F). Five
SNPs in introns and 8 in exon sequences were found in accessions with low
SSA1 expression and low #LR, but not in Col-0–like accessions with higher
SSA1 expression and #LR (Supplemental dataset 3). Among the SNPs within
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the coding regions, four cause non-synonymous mutations and 3 of them were
located in the region coding for RNA-binding SUZ domain, as annotated by
PROSITE database (Sigrist et al., 2013; Fig. 4F, Supplemental dataset 4).
Together, it suggests that observed differences in #LR could be caused by
polymorphisms in the region carrying RNA-binding domain or rely on
different levels of SSA1 expression, which can be caused by SNPs found in the
promoter region. The analysis of Col-0 T-DNA insertion lines clearly shows
involvement of SSA1 in lateral root growth on control and saline conditions
(Fig. 4B).
For the third gene, At3g56670, coding for an unknown protein with a
putative F-box domain, two T-DNA insertion lines were available: ssa2-1 (salt
stress associated 2-1, SALK_125436) with knock-out expression, and
a knock-down line ssa2-2 (SALK_119287; Fig. S5A), but neither of these
showed any alterations in RSA on control conditions or on salt stress
(Fig. S5B).
DSA1 restricts root growth under control conditions
Three candidate genes were selected from loci associated with RSA
phenotypes on salt stress under low Pi availability (double stress; Table 2). A
gene of unknown function (At5g43950) was mapped with multiple traits
describing lateral roots (LRL, aLRL/MRL, LRL/MRL, Branched Zone Size
and TRS) was named DOUBLE STRESS ASSOCIATED 1 (DSA1). Three
T-DNA insertion lines were selected, one in the intron-exon boundary (dsa1-1:
SALK_025848) two with an insertion in the second exon (dsa1-2:
SALK_124965, dsa1-3 SALK_019382), all showing decreased levels of DSA1
expression (Fig. S6A). An increase in total root size (TRS) under salt
conditions was observed for dsa1-1 and dsa1-3, but not for dsa1-2 and to
a lesser extent in control conditions (Fig. S6B). However differences in the
responsiveness of the mutants were minor, suggesting that observed
phenotypes are a consequence of a slightly lower TRS under control
conditions. No differences from Col-0 were found for Pi starvation or double
stress (Fig. S6B). Natural variation in the expression of DSA1 was observed for
both root and shoot material within 40 accessions (Fig. S6C-D). Positive
correlations were found between DSA1 expression in root after exposure to salt
and MRL (r2=0.33) and Apical Zone Size (r2=0.34) on salt.
DSA1 expression in the shoot on salt conditions correlated with
Branched Zone Size (r2=0.33) and aLRL (r2=0.43) of plants exposed to 75 mM
NaCl (Table S13). These data suggest that DSA1 may act as a negative
regulator of root growth under control conditions, while its contribution to salt
stress responses cannot be excluded.
Another SNP associated with aLRL/MRL under double stress was
annotated to a second unknown gene, At3g19200, DSA2. All available T-DNA
insertion lines (dsa2-1, double-stress associated 2-1: SALK_064758, dsa2-2:
SALK_098731, dsa2-3 SALK_145828) were located in the promoter of DSA2
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(Fig. S7A). RSA analysis did not reveal any changes in aLRL in mutant lines
(Fig. S7B). The dsa2-3 line with slightly decreased level of DSA2 expression
showed significantly higher Branched Zone Size under salt conditions, while
the OE line dsa2-1 did not differ from Col-0 (Fig. S7B). Exposure of 4
days-old seedlings to 75 mM NaCl for 24 hours resulted in high upregulation
of DSA2 in the root examined in 38 accessions, with substantial variation
between studied accessions (Fig. S7C). DSA2 expression in the root on salt
stress positively correlated with Branched Zone Size on salt (r2=-0.45; Table
S14), which does not correspond with the phenotypes of the T-DNA lines.
Taken together the analyses do not confirm a role of DSA2 in root responses to
environmental stresses.
LBD 16 is involved in lateral root formation under salt stress
Finally, a SNP in the promoter region of LBD16 (LATERAL ORGAN
BOUNDARIES-DOMAIN16, At2g42340) was associated with the Basal Zone
Size on salinity under low Pi level conditions (double stress, Table 2). The
knock out line lbd16-2 (Fig. 5A) showed increased Basal Zone Size, on salt
stress and double stress, and to a lesser extent in control conditions while no
difference was observed for Pi starvation (Fig. 5C). LR number in control
conditions appeared slightly but not significantly lower for the lbd16-2 mutant,
while under salt and double stress an almost 2 times decrease was observed.
The difference in LR number was not a consequence of a shorter MR since LR
density was also lower for the lbd16-2 mutant (Fig. 5B-C). The #LRs in
lbd16-2 mutant was not changed by salt or double stress as in Col-0 and their
length suggests that they were formed before transfer to stress media (Fig.
5B-C). Together, RSA phenotyping results imply that LBD16 has a role in LR
growth under salt stress, probably at the stage of LR formation rather than their
elongation.
Expression of LBD16 was determined in 42 accessions. In all of the
accessions LBD16 was expressed only in roots and substantial natural variation
in its expression level was found in control conditions and under salt stress
(Fig. 6A-B). Interestingly, expression of LBD16 was differentially regulated in
individual accessions (Fig. 6B); 24 hours treatment with 75mM NaCl resulted
in a slight upregulation of LBD16 in root tissue for more than half of the
accessions tested with a 1.4-fold increase in Col-0 and the highest induction
(around 2-fold) for Kr-0 and Vår2-1 (Fig. 6C). However, in nine accessions
(Co-4, Cvi-0, No-0, Hs-0, Ga-0, Gr-5, MIB22, Sei-0, TOU-H-13) expression of
LBD16 was downregulated by salt stress and in case of six accessions (Sav-0a,
Löv-5, Jl-3, Wl-0, Gu-1, Db-0), not affected (Fig. 6C). Only weak, but
significant, negative correlation (r2=-0.33) was found between Basal Zone Size
on salt stress under low Pi level and the salt stress/control ratio of LBD16
expression in the root (Table S15).
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quantification. Values presented are averages for 18 replicates confirmed with 3 independent
biological experiments. Error bars represent standard error. Statistical comparison was done by 2
way-Anova followed by LSD post-hoc test. Different letters indicate significant differences.
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Since LBD16 was previously shown to be redundant with LBD18 (Lee
et al., 2015; Lee et al., 2009), expression of both genes was measured in root
tissue of 25 day-old plants treated with 75 mM NaCl or 150 mM sorbitol for 3
or 24 hours (Fig. 6E). Expression of LBD18 was not influenced by NaCl or
sorbitol. Expression of LBD16 on the other hand was increased 5 times by 3
hours salt stress, while only a 2 times increase was observed after 24 hours
(Fig. 6E). Osmotic stress applied in the form of sorbitol did not affect
expression of LBD16 (Fig. 6E), suggesting that LBD16 is upregulated
specifically by salinity (ionic stress).
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Fig. 6. Upregulation of LBD 16 is salt specific and differentially regulated between
Arabidopsis accessions. (A) Natural variation in the expression of LBD16 gene in 4 days-old
root tissue subjected to 75 mM NaCl for 24 hours. Boxplots present the median and span of
natural variation within 42 accessions. (D) Expression of LBD16 gene in root on control and salt
stress conditions for individual accessions is visualized with a heat map. Accessions were sorted
according to the expression level in root under control conditions. The variation in expression is
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represented with different colors normalized with z-Fisher transformation (C) The relative effect
of salt stress on the expression of LBD16 was calculated as ln(expression on salt
stress/expression on control) for all accessions tested. (D) Natural variation in the sequence of
LBD16. Sequence divergence was studied for 162 Arabidopsis accession from HapMap
population, for which sequence data are publicly available. Red line represents level of missing
data, green denotes deletions in the accessions other than Col-0, while blue presents the degree of
the similarity to Col-0. Gene structure is shown in the lowest panel. Dashed line denotes Auxin
Response Element (AuxRE, TGTCTC). (E) Expression of LBD16 and LBD18 was checked in
roots of 25 days-old plants grown hydroponically and treated with 75 mM NaCl or 150 mM
sorbitol for 3 or 24 hours. Three hour mock treatment was used as a control. Values above the
bars show change in the expression upon each treatment. Data represents average from
3 replicates grown at the same time consisting of roots from 3 plants and error bars show
standard error. Results were confirmed with independent biological repetition.

Discussion
Modulation of root morphology is one of the crucial adaptive responses of
plants towards environmental stresses, like salinity and Pi starvation
(Julkowska and Testerink, 2015; Peret et al., 2014). Natural variation within
Arabidopsis accessions in RSA responses to salt stress, Pi starvation or their
combination (double stress) has been recently described (Kawa et al., 2016)
(Fig. S2). When challenged with salinity accompanied with Pi depletion, most
of the accessions prioritized their LR responses to salinity, yet for several
accessions the inhibitory effect of salt on LR was masked by Pi starvation
responses. Similarly, while salt and Pi starvation had an additive effect on MR
growth for the majority of the accessions, intermediate responses or
prioritization of the response to one of the stresses was also observed (Kawa et
al., 2016). Expanding studies of natural variation in salinity-induced changes in
RSA with different Pi regimes can therefore facilitate mapping novel genetic
loci involved in stress responses.
Studying responses to double stress previously led to identification of
11 loci specific for double stress and one locus putatively linked to responses to
salt, Pi starvation and their combination (Kawa et al., 2016). To explore
broader the genetic basis of the RSA modulation caused by environmental cues
we performed a second GWAS on the raw data rather than responses in RSA
traits under control conditions, salt stress on high and low Pi levels and Pi
depletion alone. Among 161 associations mapped across all conditions studied
most of them were found for control and salt stress. Surprisingly, even though
the widest span of the natural variation was observed for Pi starvation (Fig. S2)
only 20 associated SNPs were found (Table S4). Most of the identified
associations were found for traits like Straightness, Basal Zone Size, LRD/BZ
and LRL/MRL (Table S4), indicating that complex RSA traits, which are
recently receiving more attention, are important indicators of root plasticity
(Julkowska et al., 2014; Kawa et al., 2016; Kellermeier et al., 2014). Because
of the strong correlation of the RSA phenotypes found in separate stress
conditions and control conditions (Table 1), overlap of mapped SNPs could be
expected between each of the stresses and control conditions. However none of
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the SNPs mapped with salt stress, Pi starvation or double stress were also
found for control conditions, which could be explained by the strict selection
criteria applied (Fig. 1). Only few accessions showed extreme RSA phenotypes
in both stress and control condition and most of the outlying accessions were
condition-specific (Fig. S2). It is therefore possible that responses to stresses
overlap with developmental processes at the level of the whole HapMap
population, but existence of the extreme accessions, in which these processes
are separated, identifies loci underlying these phenotypes associated with stress
responses only. Further studies should focus on accessions with these extreme
phenotypes.
SNPs associated with RSA phenotypes were found in loci containing
genes with a wide range of functions (Table S5-S8). Among the genes with
a putative role in root responses to salinity, SSA1 has capacity of mRNA
binding and two genes (3’->5’ exoribonuclease At3g07750 and putative
splicing factor ATSRL1) were found with an assigned function in mRNA
metabolism, a process receiving recently more attention in salt stress responses
(Kawa and Testerink, 2016). Another exoribonuclease, XRN4, has been shown
to participate in LR growth under salt stress (Chapter 3), while OE of ATSRL1
resulted in salt tolerance (Forment et al., 2002). The role of most of the
candidate genes putatively involved in RSA modulation on double stress is
unknown (Table S8). Two auxin inducible genes with an already reported role
in LR formation on control conditions, LBD16 and At2g04850 (Neuteboom et
al., 1999; Okushima et al., 2007), were mapped with RSA phenotypes on
double stress (Table S8), suggesting auxin as a possible factor integrating
stress responses caused by salinity and Pi starvation. Another hormone,
abscisic acid (ABA) has already been shown to contribute to LR growth on salt
stress under low Pi level, however its indirect effect, via, for example negative
feedback on auxin action, has also been proposed (Kawa et al., 2016).
Candidate loci with SNPs of highest association strength were selected for
further validation (Table 2). Multiple SNPs in the promoter and coding region
of SDG2 (SET DOMAIN GROUP 2) were found to be associated with Basal
Zone Size under control conditions. SDG2, via its H3K4 methyltransferase
activity, sustains the stem cell niche of main root and lateral roots and, as
a consequence, the sdg2 mutant has severely impaired root growth and very
few LRs (Yao et al., 2013). Although SDG2 was mapped with Basal Zone Size,
not #LRs, it has to be noted that these two traits are negatively correlated
(Table S2). The previously known role of SDG2 in root development supports
reliability of our selection pipeline.
A putative role for the selected candidate genes in RSA modulation
under salinity stress and Pi starvation was further examined by studying their
mutant phenotypes, and analyzing expression levels and sequence
polymorphism in multiple accessions. A SNP in the coding region of
isovaleryl-CoA dehydrogenase (IVD) was associated with root Straightness on
limited Pi conditions (Table 2). Difference in IVD expression did not lead to

126

any alterations in RSA (Table S9, Fig 2D), but the ivd1-1 allele with
a destructive point mutation exhibited a decrease in LRD on Pi starvation and
sequence polymorphisms in a region containing amino acids crucial for its
acyl-CoA dehydrogenase activity found in some accessions, correlated with
reduced LRD under low Pi level (Fig 2D-E). IVD is a mitochondrial protein
involved in branched-chain amino acid degradation, phytol metabolism and
alternative respiration pathways and its function has been recently linked to
survival in drought conditions (Araujo et al., 2010; Gu et al., 2010; Pires et al.,
2016). Alternative respiration pathways are part of metabolic adaptations to Pi
starvation, which, together with our results, indicates that IVD may be involved
in responses to low Pi (Plaxton and Tran, 2011). Leucine, isoleucine and
valine, which accumulate in the ivd1-1 mutant, provide substrates for the Krebs
Cycle (Peng et al., 2015). Depletion of Pi results in a decrease in adenosine
phosphate (ATP; Jones et al., 2015) which in turn, by the induction of the
activity of citrate synthase, may enhance excretion of citrate from root cells to
solubilize mineralized Pi (Plaxton and Tran, 2011). Investigating the effects of
Pi starvation on IVD activity and analysis of ivd1-1 root excretions would help
to understand IVD’s involvement in root responses to Pi starvation.
Seven genes mapped with phenotypes caused by salt stress under two
Pi regimes and one SNP associated with responses to Pi starvation were
selected for further confirmation (Table 2). KO lines in Col-0 background
could not provide confirmation of the role of BRCA1, SSA2 and DSA2
(Figure S4-S5), suggesting they are either false-positive associations, or
polymorphisms are only associated with phenotypes in other backgrounds than
Col-0.
Results of phenotyping the KO mutant cip111-1 and cip111-2 suggest
that CIP111 is involved in MR elongation in control conditions, while under
salt stress it can guide LR growth (Fig. 3B). CIP111 was found among the
genes enriched in the quiescent center of the root meristem, which is in line
with the decrease in MR length of KO mutants presented here (Fig. 3B; Nawy
et al., 2005). Allelic variation in the CIP111 promoter region was linked to its
differential expression and differences in LRL only on salt stress (Fig. 3B-F).
CIP111 possesses ATPase activity and binds to calmodulin, a Ca2+ sensor
acting as one of the key messengers in responses to salt stress (Buaboocha et
al., 2001; Reddy et al., 2011; Reddy et al., 2002).
Phenotypes of knock down lines of the other candidate, SSA1, suggest
its role in LR formation under control condition and salt stress (Fig 4B).
Surprisingly, OE of this gene did not show any alterations in RSA comparing
to Col-0 (Fig 4B). Very low response to salt of ssa1-1 mutant compared to
Col-0 can suggest that altered LR development in this mutant affects its salt
responsiveness. A positive effect of salt on the expression of SSA1 in a shoot
tissue was observed and accessions with highest expression formed more LRs
under salt stress, while in accessions with low expression levels very few LR
were observed (Fig 4D-E). For these accessions, polymorphisms in the coding
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region as well as in the promoter were found (Fig 4F) and an allelic
complementation experiment would be necessary to confirm whether observed
phenotypic variation is caused by differences in expression levels. SSA1 has an
R3H and SUZ domain and can bind RNA, but since little is known about its
role, it is difficult to hypothesize about its contribution to LR growth.
LBD16 was confirmed to be essential for alterations in RSA on salt
stress using the lbd16-2 KO mutant (Fig. 5). A decrease in LRL and
a concurring increase in Basal Zone Size were found in salt stress conditions
with high and low Pi levels, while during Pi starvation no difference was
observed (Fig. 5B-C), indicating that the double stress phenotype is caused by
the salt stress component. LBD16 is a member of the family of LATERAL
ORGAN BOUNDARIES DOMAIN proteins, of which several members are
involved in LR formation. LBD16, LBD18, LDB29 and LBD33 have been
shown to act at different stages of LR development, but their level of
redundancy is not clear yet (Goh et al., 2012; Lee et al., 2015; Lee et al., 2009;
Okushima et al., 2007; Okushima et al., 2005). So far, the function of LBD16
and LBD18 was studied most extensively. Expression of both genes is induced
by auxin via direct transcriptional activation by ARF7 and ARF19 and is
dependent on the auxin influx carriers AUX1 and LAX3 (Okushima et al.,
2007). LBD16 plays role in nuclear migration in LR founder cells and in
breaking their symmetry, but involvement of other LBDs at this stage was not
excluded (Goh et al., 2012). Both LBD16 and LBD18 promote the first
asymmetric founder cell division via upregulation of the cell cycle regulators
CDKA1 and CYCB1; LBD16 acting directly, and LBD18 indirectly via
activation of E2Fa transcription factor (Berckmans et al., 2011; Goh et al.,
2012). LBD18 also transcriptionally activates the expansin gene EXP14 in
cortex cells and by this regulates cell wall remodeling during LR emergence
(Lee et al., 2013). Inconsistent reports on the single lbd16-1 mutant showed
either no root phenotype or a slightly decreased number of emerged LRs on
control conditions, probably due to different experimental set-ups (Goh et al.,
2012; Lee et al., 2009; Okushima et al., 2007). Double lbd16-1lbd18-1 showed
severe LR number reduction, confirming functional redundancy of LBD16 and
LBD18 (Goh et al., 2012; Lee et al., 2009; Okushima et al., 2007). Our analysis
suggest that LBD16 is involved in LR development under salinity stress, since
the lbd16-2 mutant showed an almost 50% reduction in LR number in
comparison to Col-0, while on control conditions this difference was nonsignificant (Fig. 5C). LBD16 was strongly induced in roots by 75 mM NaCl
after 3 hours, but not affected by osmotic stress. LBD18 expression was almost
30 times higher than LBD16 in the control conditions, but neither salt nor
osmotic stress had any significant effect on its level (Fig. 6D). Additional
analysis of the effect of salt on lbd18 and higher order mutants root architecture
are necessary and should be expanded with studies of LR primordia stages.
Moreover, identification of downstream targets of LBD16 and related LBDs
should help to understand their role in LR development under salt stress.
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By analyzing raw data, significant correlations were found for
individual RSA traits under all stresses applied with basal, control conditions
(Table 1). Root phenotypes on the double stress have been previously shown to
be partly dependent on the responses to salt stress and Pi starvation alone
(Kawa et al., 2016) and these new results suggest their relationship to root
development in control conditions. Similarly, accessions with higher rosette
size under salinity stress were previously shown to be also bigger on control
conditions (Julkowska et al., 2016). Genes mapped with single stresses
conditions, IVD, CIP111 and SSA1, seem to have a role not only in stress
responses but also in development in non-stress situation (Fig. 2-4). This
implies that adaptations to environmental stresses are tightly related to
developmental processes, as was suggested previously (Dinneny, 2015;
Julkowska et al., 2016).
Our knowledge about plant responses to multifactorial stresses is still
fragmentary. In our GWAS screen for genes modulating specifically responses
to combination of salt stress and Pi starvation we identified 17 genes associated
only with double stress, not any other conditions (Table S4). None of the KO
mutants in the three genes selected for further confirmation showed RSA
alterations specific for double stress, yet the role of LBD16 in root growth and
LR formation under salt stress regardless of Pi availability, was confirmed
(Fig. 5). This suggests that studying combinations of salinity and Pi deprivation
can not only help us to understand how these two environmental signals are
integrated, but also contribute to identification of novel genetic loci, that could
not have been found by studying responses to salt only.

Material and methods
Plant material and growth conditions
Seeds of Arabidopsis thaliana accessions were obtained from the Nottingham Arabidopsis Stock
Centre (NASC, http://arabidopsis.info) and propagated together under long day conditions
(21°C, 70% humidity, 16/8h light/dark cycle) followed by 8 weeks of vernalization in 4°C from
3rd week after sowing.
Seeds were surface sterilized with 20 ml thin bleach and 600 µL 37,5% HCl for 3
hours and then placed for 1.5 hour in laminar flow to evaporate chlorine gas. After 72 hours of
stratification in 0.2% Bactoagar at 4°C seeds were germinated on half-strength Murashige-Skoog
medium (Caisson labs) containing 0.5% sucrose, 0.1% M.E.S. monohydrate and 1% Bactoagar
(Difco), with pH 5.8 (adjusted with KOH). Plates were placed in vertical position (70° angle) in
growth chamber with long day conditions (21°C, 70% humidity, 16/8h light/dark cycle) in a
random manner. For days old seedlings were transferred to square petri dishes with 40 ml of
media. Each plate contained 4 seedlings of two different genotypes and 4 replicates were used
per accession. For phosphate starvation media Murashige-Skoog basal salt without phosphate
(Caisson labs) supplemented with 1 µM of KH2PO4 was used. For phosphate rich media 0.5 x
Murashige-Skoog medium (Caisson labs) containing 625 µM KH2PO4 was used. Salt stress
media contained 75 mM NaCl. All plates were dried for 1.5 hour. Accessions that did not
germinate or showed poor growth were excluded from further analysis. Final dataset consisted of
330 accessions (Table S1).
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Stress-induced modulations of Root System Architecture
Plates were imaged every second day up to 8th day after transfer with Epson Perfection V700
scanner at 200 dpi resolution. RSA was quantified with software Ez-Rhizo (Armengaud et al.,
2009) from 4 and 6 days after transfer images, for control and stress condition, respectively. The
whole population of 330 accessions was screened in 7 separate experiments with Col-0, Bay-0,
Mz-0, Sha used as internal controls. All datasets were cleared from outliers. Pearson correlations
of each RSA traits on different conditions were calculated on average values for individual
accessions using R Studio software.
Genome Wide Association Mapping
Individual values and averages of each RSA traits were associated with of publicly available
panel of 250k SNP (Atwell et al., 2010). GWA mapping was performed with scan_GLS
algorithm using EMMA-X model. Multiple GWA were used with α of 0.01 or 0.05 with all
SNPs available as well as with subset of SNP with minimal Minor Allele Frequency (MAF) of
0.01, 0.05 and 0.1. Two corrections for multiple testing were applied: BT=1, where threshold is
determined by –log10(α x p-value-1) and BT=4, where number of markers were replaced by the
number of effective tests approach as in (Gao, 2011). Identified associated SNPs were assigned
to the closest gene based on TAIR10. Loci that were mapped with both individual and averaged
values with a method using correction for multiple testing and MAF not lower than 0.01 were
considered to be associated with RSA trait (Table S5-S8). For each selected marker, LD was
checked with the LD-SNP tool with an LD cutoff of 0.8 (Kooke et al., 2016).
T-DNA insertion lines characterization
All mutant lines were ordered from the Nottingham Arabidopsis Stock Centre (NASC,
http://arabidopsis.info). All lines used are listed in Table S16. DNA was extracted from leaf
tissue ground in liquid nitrogen by 15 minute incubation with 10% Chelex (Bio-Rad) at 99°C
followed by 10 minutes centrifugation at 13 000 rpm. Supernatant was used as a template for
PCR with primers listed in Table S16. The expression level of candidate genes was analyzed by
qPCR. RNA was extracted from 14 days-old seedlings grown on agar medium with Tri Reagent
(Sigma Aldricht) and subjected to TURBO DNase treatment (Ambion). cDNA was synthesized
with ReverAid Kit (Fermentas) and 5ug were used for each reaction with Eva-Green kit (Solis
Biodyne). Three biological replicated were used per line and two technical repetitions were
made. The sequences of primers are used in Table S16. The transcript level was normalized by
expression of the reference gene MON1 (AT2G28390) according to the following formula:
ΔCt=2(Ct candidate gen)/2(Ct reference gene). Phenotyping of RSA was performed as described for HapMap
population.
Expression analysis
Natural variation in the transcripts levels of candidate genes was studied in 42 accessions listed
in Table S17. 4 days-old seedlings were transferred to half-strength Murashige-Skoog medium
containing 0 (control) or 75 mM NaCl (salt stress). Root and shoot material was harvested
separately after 24 hours. RNA was extracted with Tri Reagent (Sigma Aldricht) and subjected to
TURBO DNase treatment (Ambion). cDNA was synthesized with ReverAid Kit (Fermentas) and
used as a template for specific target amplification (STA) followed by PCR on a Biomark genetic
analysis system on a 96x96 Dynamic array, according to producent instructions (Fluidigm).
Primers used for this analysis were designed to span two exons preferably at 3’ and sites with the
lowest natural variation in the gene sequence. Primer list can be found in Table S18. Expression
of At1g07920, At2g28390 and At5g46630 was used to normalize the data. To reduce
background noise Ct-values >30 were set to 30. The transcript level of each analyzed gene was
calculated according to the following formula: ΔCt=2-(Ct candidate gen)/2-(Ct reference gene) for each
reference gene separately and geometrical mean was calculated. Three biological replicated were
used per line per tissue per condition and two technical repetitions were made. Outlying values
were removed from the dataset and final number of the accessions is indicated per gene in figure
descriptions.
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Expression of LBD16 and LBD 18 was additionally measured in plants grown
hydroponically. Eleven days-old Col-0 seedlings germinated on half-strength Murashige-Skoog
media were transferred to pots containing Flora Series media (GHE, France). Plants were grown
under short day conditions (22°C, 70% humidity, 11/13 light/dark cycle). After 14 days of
growth in hydroponic conditions, plants were transferred to fresh Flora Series media (control), 75
mM NaCl or 150 mM sorbitol in Flora Series media. Roots were harvested after 3 and 24 hours.
RNA was extracted as mentioned before and expression of LBD16 and LBD18 was quantified
with qPCR and the transcript level was normalized by expression of the reference gene MON1
(At2g28390) according to the following formula: ΔCt=2(Ct candidate gen)/2(Ct reference gene)
Sequence analysis
Sequences of the candidate genes from multiple accessions were obtained from 1001 genome
browser (http://signal.salk.edu/atg1001/3.0/gebrowser.php). Sequences alignments were done
with MegAlign software with ClustalW algorithm. Sequences within identified deletions in
promoter regions were analysed for cis-regulatory patterns using PLANTCare database (Lescot
et al., 2002). Alignment for Fig. 6D was performed with ClustalO and comparisons of sequence
similarity level, gaps and missing data were plotted with Gnu-plot software package.
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Fig. S1. RSA of four accessions used as internal controls. Whole Hap Map population was
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Fig. S3. Differential effect of
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gene in root and shoot on control conditions and 75mM NaCl for individual accessions is
visualized with a heat map. Accessions were sorted according to the expression level in root
under control conditions. The variation in expression is represented with different colors
normalized with z-Fisher transformation. (C) Structure of BRCA1 gene. Dashed line indicates
position of a SNP associated with average LR length per MR length (aLRL/MRL) on salt stress
conditions. Triangles denote position of three T-DNA insertion lines: brca1-1: SALK_014731),
brca1-2 (SALK_137767) and brca1-3 (SALK_12911). Expression of BRCA1 in 14 days-old
whole seedlings of Col-0 and brca1 mutants was measured with qPCR and normalized to the
expression of the MON1 gene. Presented values are averages from 3 biological replicates and
error bars represent standard error. (D) aLRL/MRL of Col0 and brca1 mutants on control and
salt stress. Four days-old seedlings were transferred to control or 75 mM NaCl. Eight days-old
seedlings from control and 10 days-old seedlings salt stress were used for RSA quantification.
Values presented are averages for 18 replicates confirmed with 3 independent biological
experiments. Error bars represent standard error. Statistical comparison was done by 2
way-Anova followed by LSD post-hoc test (p<0.05). Different letters indicate significant
differences.
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(SALK_019382). Expression of DSA1 in 14 days-old whole seedlings of Col-0, and all dsa1
mutants was measured with qPCR and normalized to the expression of the MON1 gene.
Presented values are averages from 3 biological replicates and error bars represent standard error.
(B) Total Root Size (TRS) of Col-0 and all dsa1 mutants on control and salt stress (75 mM
NaCl), Pi starvation (1 µM KH2PO4) and double stress (75 mM NaCl and 1 µM KH2PO4) Four
days-old seedlings were transferred to control or salt (75 mM NaCl). Eight days-old seedlings
from control and 10 days-old seedlings from stress conditions were used for RSA quantification.
Values presented are averages for 18 replicates confirmed with 2 independent biological
experiments. Error bars represent standard error. Statistical comparison was done by
2 way-Anova followed by LSD post-hoc test (p<0.05). Different letters indicate significant
differences. Numbers above indicate response to salt of each genotype calculated as a ratio of
average value of the trait on control and its value under salt stress. (C) Natural variation in the
expression of DSA1 gene in 4 days-old root and shoot tissue subjected to 75 mM NaCl for 24
hours. Boxplots present the median and span of natural variation within 40 accessions. (D)
Expression of DSA1 gene in root and shoot for individual accessions is visualized with a heat
map. Accessions were sorted according to the expression level in root under control conditions.
The variation in expression is represented with different colors normalized with z-Fisher
transformation.
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(SALK_098731) and dsa2-3 (SALK_145828). Expression of DSA2 in Col-0, and all dsa2
mutants was measured with qPCR and normalized to the expression of the MON1 gene.
Presented values are averages from 3 biological replicates and error bars represent standard error.
(B) Average LR Length (aLRL) and Branched Zone Size of Col-0, and all dsa2 mutants on
control salt (75 mM NaCl), Pi starvation (1 µMKH2PO4) and the double stress (1 µM KH2PO4,
75 mM NaCl) media. Four days-old seedlings were transferred to control or salt (75 mM NaCl).
Eight days-old seedlings from control and 10 days-old seedlings from stress conditions were
used for RSA quantification. Values presented are averages for 18 replicates. Error bars represent
standard error. Statistical comparison was done by 2 way-Anova followed by LSD post-hoc test.
Different letters indicate significant differences. (C) Natural variation in the expression of DSA2
gene in 4 days-old root and shoot tissue subjected to 75 mM NaCl for 24 hours. Boxplots present
the median and span of natural variation within 38 accessions. (D) Expression of DSA2 gene in
root and shoot for individual accessions is visualized with a heat map. Accessions were sorted
according to the expression level in root under control conditions. The variation in expression is
represented with different colors normalized with z-Fisher transformation.

Supplemental Data Available On-line
Table S1. List of Arabidopsis thaliana accessions used in a screen for RSA changes on
control conditions, salt stress, Pi starvation and double stress.
Table S2. Correlations between individual RSA traits on different conditions. Numbers
represent Pearson correlation coefficients (r2) derived from average RSA trait values per
accession per condition. Significance of the correlations is indicated with asterisks: * pvalue<0.05; ** p-value<0.01; *** p-value<0.001.
Table S3. Heritability of measured RSA traits calculated on individual values.
Table S4. Number of significant associations identified with each RSA trait. SNPs associated
with 17 RSA trait for all conditions tested with –log10(p-value)>5.6.
Table S5. List of significant associations with RSA traits at control condition.
Table S6. List of significant associations with RSA traits at salt stress.
Table S7. List of significant associations with RSA traits at Pi starvation.
Table S8. List of significant associations with RSA traits at double stress.
Table S10. Correlation between expression of INV in root and shoot and all RSA traits
measured. Values represent Pearson correlation coefficients (r2). Significance of the correlations
is indicated with asterisks: * p-value<0.05; ** p-value<0.01; *** p-value<0.001.
Table S10. Correlation between expression of BRCA1 in root and shoot on control and salt
stress and all RSA traits measured. Values represent Pearson correlation coefficients (r2).
Significance of the correlations is indicated with asterisks: * p-value<0.05; ** p-value<0.01; ***
p-value<0.001.
Table S11. Correlation between expression of CIP111 in root and shoot on control and salt
stress and all RSA traits measured. Values represent Pearson correlation coefficients (r2).
Significance of the correlations is indicated with asterisks: * p-value<0.05; ** p-value<0.01; ***
p-value<0.001.
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Table S12. Correlation between expression of SSA1 in root and shoot on control and salt
stress and all RSA traits measured. Values represent Pearson correlation coefficients (r2).
Significance of the correlations is indicated with asterisks: * p-value<0.05; ** p-value<0.01; ***
p-value<0.001.
Table S13. Correlation between expression of DSA1 in root and shoot on control and salt
stress and all RSA traits measured. Values represent Pearson correlation coefficients (r2).
Significance of the correlations is indicated with asterisks: * p-value<0.05; ** p-value<0.01; ***
p-value<0.001.
Table S14. Correlation between expression of DSA2 in root and shoot on control and salt
stress and all RSA traits measured. Values represent Pearson correlation coefficients (r2).
Significance of the correlations is indicated with asterisks: * p-value<0.05; ** p-value<0.01; ***
p-value<0.001.
Table S15. Correlation between expression of LBD16 in root on control, salt and double
stress and their ratios and all RSA traits measured. Values represent Pearson correlation
coefficients (r2). Significance of the correlations is indicated with asterisks: * p-value<0.05; **
p-value<0.01; *** p-value<0.001.
Table S16. List of all the mutants used in this study and list of the primers used for
genotyping and qPCR.
Table S17.List of Arabidopsis accession used to check the expression of candidates genes.
Table S18. List of the primers used for studying natural variation in expression levels of
candidate genes.
Supplemental dataset 1. IVD (At3g45300) protein sequence. Alignment of IVD protein
sequence for accessions showed in Fig. 2E. The level of the conservation is denoted with
different colors, with red as the most conserved and blue as the less conserved.
Supplemental dataset 2. CIP111 (At3g56690) promoter sequence. Alignment of CIP111
promoter sequence for accessions with the highest (Ha-0, Ler-1, Col-0, Van-0, Gr-5,Tscha-1)
and the lowest (Tsu-0, Sei-0, Oy-0, Baa1-2, Wl-0, Hs-0) expression of CIP111. The level of the
conservation is denoted with different colors, with red as the most conserved and blue as the less
conserved. Polymorphism found between two group of accessions are denoted in yellow.
Supplemental dataset 3. SSA1 (At3g56680) promoter and genes sequence. Alignment of
SSA1 promoter sequence for accessions showed in Fig. 4E. The level of the conservation is
denoted with different colors, with red as the most conserved and blue as the less conserved.
SNPs identified in accession with low SSA1 expression, but not found in these with higher
expression is indicated in yellow. Exons are marked with purple brackets.
Supplemental dataset 4. SSA1 (At3g56680) protein sequence. Alignment of SSA1 protein
sequence for accessions showed in Fig. 4E. The level of the conservation is denoted with
different colors, with red as the most conserved and blue as the less conserved. Non-synonymous
SNPs are indicated in yellow.
Supplemental dataset 5. LBD16 (At2g42430) promoter sequence. Alignment of LBD16
promoter sequence for accessions with differential regulation of the expression of LBD16. The
level of the conservation is denoted with different colors, with red as the most conserved and
blue as the less conserved.
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Supplemental dataset 6. LBD16 (At2g42430) protein sequence. Alignment of LBD16 protein
sequence for 162 accessions from HapMap population. The level of the conservation is denoted
with different colors, with red as the most conserved and blue as the less conserved.
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Salinization of the soil is one of the major abiotic stresses that plants can be
exposed to during their life cycle. In this thesis, plant responses to salinity were
explored from different angles: from early salt stress signaling via protein
kinases (Chapter 3); gene expression control at the post-transcriptional level
(Chapter 2 and 3); to the phenotypic output in changes in root system
architecture and modulations of root responses to salt by phosphate availability
(Chapter 4 and 5). Finally, several novel genetic loci controlling root
responses to salinity, phosphate (Pi) starvation and their combination were
identified (Chapter 4 and 5). The major conclusions of the work presented
here are 1) salt stress causes changes in gene expression not only by induction
or repression of transcription, but also via 5’ mRNA decay; 2) salt-induced
changes in root system architecture depends on phosphate availability 3) root
responses to salt stress involves some of the same players that regulate basal
root architecture. Here I will discuss how these findings can provide
a framework for future studies on salt stress signaling in plants.
Different or similar - dissecting the functional redundancy of SnRK2
protein kinases
The family of SNF1-RELATED PROTEIN KINASES 2 (SnRK2) protein
kinases consists of 10 members classified into 3 subclasses: subclass 1 kinases
are activated independently of the growth hormone abscisic acid (ABA), while
subclass 2 and 3 are activated highly or to lower extent by ABA, respectively
(Kulik et al., 2011). Because of this clear distinction, one may expect that the
phosphorylation substrates and their subsequent downstream targets would be
also different for ABA-dependent and independent SnRK2s. Several substrates
of ABA activated subclass 2 SnRK2s have been found, yet many of them have
not been characterized and none were tested for the potential redundancy with
members of the others subfamilies. For the first time we identified a substrate
of SnRK2.4 and SnRK2.10: VARICOSE (VCS) and found that it can also
serve as a target for another ABA-independent kinase SnRK2.5, as well as for
the ABA-activated SnRK2.6 (Chapter 3). Our results suggest that a certain
level of functional redundancy may exist between SnRK2s activated by
different signals. It has to be noted that the classification “dependent on ABA
activation” was based on the phosphorylation studies with MBP (myelin basic
protein), a generic substrate for MITOGEN-ACTIVATED PROTEIN
KINASES (MAPK) and SnRK2 protein kinases, in Arabidopsis protoplasts
(Boudsocq et al., 2004), but phosphorylation of the SnRK2.4 upon ABA
treatment was detected with mass-spectrometry in protein extracts from whole
seedlings (Kline et al., 2010). Moreover autoactivation of SnRK2.4 is repressed
by the same phosphatases that repress activity of the ABA-dependent SnRK2s
(Krzywinska et al., 2016). Together these data suggest that ABA-independency
of the SnRK2.4 would need to be reconsidered.
Further studies on the tissue-specific expression and subcellular
localization of SnRK2s as well as their potential targets could possibly

146

decipher the specificity of the members of SnRK2 protein kinase family. Upon
salt treatment SnRK2.4 re-localizes to cytoplasmic punctate structures of so far
unknown character (McLoughlin et al., 2012). These foci, speculated
previously to reflect the capacity of SnRK2.4 to bind phosphatidic acid (PA;
Julkowska et al., 2015), in the light of results presented in Chapter 3, are
likely to be processing bodies (P bodies). Importantly SnRK2.6 does not have
affinity to PA (Julkowska et al., 2015). SnRK2.4 localization study upon NaCl
treatment followed by the addition of cycloheximide, which can block
formation of P bodies (Goeres et al., 2007), should allow us to test this
hypothesis.
Piecing together components of SnRK2.4 and SnRK2.10 mode of action
In our current model VCS can be phosphorylated by members of both
ABA-dependent and independent SnRK2 protein kinases (Fig. 1). To date the
consequences of VCS phosphorylation remain unknown, but it is possible that
this posttranslational modification can affect assembly of the decapping
complex or activity of DECAPPING 2 (DCP2). Since the removal of the 5’ cap
exposes an RNA molecule to the exoribonucleitic activity of
EXORIBONUCLEASE 4 (XRN4), we hypothesize that SnRK2 protein
kinases, via phosphorylation of VCS, control 5’ mRNA decay by either
enhancing or inhibiting its action. This pathway may modulate the rate of
mRNA degradation, but current knowledge does not allow us to predict in
which direction. It is also possible that a subset of transcripts could be rapidly
degraded, while another group of mRNAs would be stabilized. Moreover the
possibility of XRN4 phosphorylation by SnRK2.4 and SnRK2.10 was not fully
excluded (Chapter 3, Fig. 1).
Our transcriptome profiling revealed that around 10% of salt-induced
changes in transcript abundance may rely on SnRK2 subclass 1 (Chapter 3).
Upregulation of the aquaporin PIP2;5 (PLASMA MEMBRANE INTRINSIC
PROTEIN 2;5) as well as cytochrome P450 protein CYP79B2
(CYTOCHROME P450, FAMILY 79, SUBFAMILY B, POLYPEPTIDE 2) was
identified to be downstream of one or more SnRK2 subclass 1 isoforms and
XRN4 action. However it remains to be determined whether the stability of
PIP2;5 and CYP79B2 transcripts is affected, or whether changes in their
mRNA abundance are an indirect consequence of the modulation of the decay
of other transcripts (Fig.1). Moreover upregulation of PIP2;5 and CYP79B2 by
salt stress was abolished in snrk and xrn4 mutants, which may also be a results
of phosphorylation of other SnRK2 subclass 1 substrates, that were not
identified in our experiments. A positive effect on lateral root (LR) formation
was reported for SnRK2.10, but not SnRK2.4, while other members of the
SnRK2 subclass 1 were never tested (McLoughlin et al., 2012). Aquaporins
have been already shown to facilitate water transfer to the LR primordium from
its overlying tissues and thereby controlling LR emergence (Peret et al., 2012),
suggesting that roles of PIP2;5 and SnRK2.10 overlap. Since another
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aquaporin, PIP2;1 is a phosphorylation target of SnRK2.6, it is likely that
multiple SnRK2 kinases could directly phosphorylate several aquaporins and
indirectly regulate their expression as part of a negative feedback loop.
Involvement of XRN4 in the intermediate steps of this pathway suggests that
PIP2;5 transcripts may show fast turnover in control conditions, while under
salt stress its mRNA may be stabilized. Expression of CYP79B2 in the vascular
tissue at the site of the LR formation overlaps with the SnRK2.10 expression
domain (Ljung et al., 2005; McLoughlin et al., 2012) and its induction by
salinity requires SnRK2 subclass 1 protein kinases (Chapter 3). It would be of
special interest to investigate CYP79B2 and PIP2;5 expression patterns in root
in the presence of salt in Col-0 and snrk mutants and analyze salt effect on the
root growth of their mutants. Data presented in this thesis suggest that
CYP79B2 and PIP2;5 may act as a functional link between SnRK2 subclass 1
protein kinases and LR formation suggesting a contribution of these kinases in
auxin-dependent processes. Since the mRNA decay processes are very
dynamic, further studies should be extended by a time-course salt treatment
and the half-lives and proportion of uncapped mRNA of the candidate
transcripts presented in Chapter 3 should be investigated.

Fig. 1. Mode of action of salt stress responses at the post-transcriptional level involves
SnRK2 protein kinases. SnRK2 protein kinases are autophosphorylated upon salt stress. Both
ABA-independent (in yellow) and ABA-dependent (in pink) SnRK2 protein kinases can
phosphorylate VCS. Additional targets were already identified for SnRK2.6 and for
ABA-independent SnRK2s other phosphorylation substrates might also exist. Phosphorylation of
VCS can affect proper functioning of the decapping complex and lead to either inhibition or
enhancement of 5’ mRNA decay by XRN4. Alternatively, XRN4 can be directly phosphorylated
by SnRK2s. Stability of transcripts of PIP2;5 and CYP79B2 may be altered directly, or as
a consequence of the decay of other mRNAs. PIP2;5 via control of water fluxes in lateral root
primordia (LRP), and CYP79B2 via local auxin biosynthesis, regulate formation and elongation
of lateral roots (LR). Transcripts for which decay is affected by salt stress and modulate main
root (MR) elongation remain unknown.
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Can stress-induced phosphorylation of 5’ mRNA decay proteins make
them selective?
Regulation of mRNA stability starts to emerge as an important step in the
regulation of gene expression upon osmotic and salt stress. Proper functioning
of the mRNA decay machinery is required for plant development as well for
responses to stresses. It seems that several different stresses target the same
mRNA degradation pathways, but the targeted transcripts are stress-specific
(Perea-Resa et al., 2016). Enhanced recruitment of DCP1, LSM1 (SM-LIKE 1)
and XRN4, proteins involved in mRNA decay processes, to P bodies was
observed in stress conditions (Merret et al., 2015; Motomura et al., 2015;
Perea-Resa et al., 2016), but the mechanism of the stress-induced P bodies
assembly and the localization dynamics of their components remains unknown.
It is hypothesized that phosphorylation of several members of the decapping
complex as well as decapping activators guide mRNA decay specificity (Kawa
and Testerink, 2016; Perea-Resa et al., 2016). It is possible that upon different
stresses the phosphorylation pattern of these proteins influences physical
interactions within the decapping complex. Alternatively, transcript selectivity
may be a result of the specificity in mRNA recruitment to the P bodies. Further
analysis of protein modifications of mRNA metabolism factors upon different
stresses should bring us closer to understanding the mechanism of a substratespecific mRNA decay.
What would be the functionality of this post-transcriptional mechanism
to control gene expression in response to stress? In terms of transcripts coding
for proteins with a negative impact on stress responses, it may serve as a very
quick way to prevent new synthesis of these proteins. Alternatively, specific
transcripts may be recruited to P bodies, and after plant deals with stress,
relieved to the cytoplasm and subjected to translation, for quick recovery. The
decay machinery may be also repressed by stress and this would stabilize
mRNA decay substrates. In this case mRNAs encoding for proteins with
a positive role in stress responses would be protected from degradation upon
stresses.
A tale of two stresses - is phosphate starvation the lesser of two evils?
A clear distinction of different modes of integration in the responses to salt
stress and Pi starvation were found for main root (MR) growth and lateral roots
(LRs; Chapter 4). Since both stresses inhibit MR growth it is not surprising
that their combination enhanced this effect. Normally Pi depletion promotes,
while salinity prevents LR growth, but when combined, LR responses to Pi
starvation were masked by salinity in most of the accessions tested
(Chapter 4). Finding the mechanism behind this effect would be of great
importance. It could be that the consequences of salinity are more detrimental
for a plant than Pi starvation. Sodium toxicity has a rapid lethal effect for
a plant cell, while Pi starvation is a state that gradually progresses, as Pi can be
remobilized from internal sources (Hasegawa, 2013; Plaxton and Tran, 2011).
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It is also possible that other responses facilitating Pi uptake are enhanced at the
same time, to compensate the lack of LR response. Relevance of
abovementioned responses to the whole plant performance and stress tolerance
level would be a crucial follow-up on this topic.
Our knowledge about plant responses to multiple stresses occurring at
the same time is still fragmentary. Studies on physiological and transcriptional
responses to the combination of stresses revealed very complex ways of
integrating signals from multiple stresses, especially for factors having
opposite effects on a certain trait (Kawa et al., 2016; Rivero et al., 2014;
Rizhsky et al., 2004; Sewelam et al., 2014). Transcriptome studies of 6
combinations of stresses showed that groups of genes with expression not
affected by single stresses are regulated by their combination (Rasmussen et
al., 2013). Given the fact that small adjustments of the RSA requires complex
gene interactions (Wachsman et al., 2015) responses to combinations of
stresses are likely controlled by complex mechanisms involving multiple genes
with small individual effect.
Our results of RSA quantification of the HapMap Arabidopsis
population suggest that responses to the combination of salt stress and Pi
starvation are partly determined by the phenotypic readout of the single action
of salinity or Pi deprivation (Chapter 4). This could suggest that responses to
this particular stress combination may require the same genes as responses to
the individual stress components. On the other hand, several loci were
associated specifically with the responses to double stress, and were not
mapped with responses to salt or Pi starvation alone. Although the role in stress
responses was not verified for any of them (Chapter 4), 3 other genes mapped
with double stress phenotypes were validated (Chapter 5). LATERAL ORGAN
BOUNDARIES-DOMAIN 16 (LBD16) does seem to be important for root
growth under salt stress only, DOUBLE STRESS ASSOCIATED 1 (DSA1)
likely restricts root growth in control conditions, while DSA2 could not have
been confirmed (Chapter 5). It is possible that the associations found for
double stress conditions cannot be confirmed under the same conditions by
studying mutants in Col-0 background, because underlying genes are involved
in double stresses responses only in accessions other than Col-0. Another
possibility is that because most of the candidate genes associated with double
stress responses were mapped with lateral root traits (Chapter 4 and 5), for
which responses to salt and to double stress overlap (Chapter 4), in Col-0 they
would be involved only in responses to salt stress.
It’s all relative - the environment shapes root development and
developmental potential shapes stress responsiveness
Our results suggest that root responses to stress are tightly related to basal
development (Chapter 5). Some mutants in the genes putatively involved in
stress responses showed alteration in RSA not only under stress, but also in
control conditions. For this type of mutants analyzing the responsiveness to
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stress, in a form of stress phenotype relative to the one on control conditions,
can help to assess whether developmental defects can influence responses to
stress. For example, the ssa1-1 mutant showed a lower number of lateral roots
(#LRs) under control and salt stress conditions, suggesting involvement of
SSA1 in lateral root formation in general (Chapter 5, Fig. 4). However the
responsiveness of ssa1-1 in #LR was lower than responsiveness of Col-0. This
suggests that the developmental defect caused by the mutation in SSA1 results
in altered stress responses. It is also possible that #LR of ssa1-1 mutant in
control conditions is the maximum that can be produced by this mutant and that
it does not have space to modulate #LR in response to salt stress.
Similarly, differences in total root size (TRS) were found for dsa1-1
and dsa1-3 under salt stress, but neither on Pi starvation nor with double stress
(Chapter 5, Fig. S6B). TRS was found among the traits with a salt prioritizing
pattern of integration of signals from salt stress and Pi starvation (Chapter 4)
but responses of DSA1 mutants to double stress did not resemble their
responses to salinity. DSA1 can be therefore involved in the mechanism of
masking the effect of Pi starvation on TRS by salt stress. The effect of the
double stress should be therefore analyzed relatively to the impact of the single
stresses.
Concluding remarks
The study of responses to salinity presented here has identified several novel
genes that play a role in plant development under control conditions as well as
stress. Presence of stress either modulates the level of the redundancy of factors
with a similar function, as we hypothesize for LBD transcription factors. The
same gene can also control different processes, dependent on the conditions, as
is the case for CIP111 (CALMODULIN INTERACTING PROTEIN 111) that is
involved in main root elongation in general and in lateral root growth in the
presence of salinity. Finally, transcript specificity of 5’ mRNA decay processes
depends on the specific stress applied. Thus, results presented in this thesis
describe not only responses to stress, but rather stress-induced modulations of
plant development. Most of the genes identified or characterized in this thesis
contribute to lateral root growth under salt stress. Salt stress is known to have
an inhibitory effect on lateral roots mostly at the stage of their emergence.
Studying the role of genes presented in here at the more detailed scale of lateral
root formation and elongation, together with its possible contribution to the
overall plant growth should provide us with a more global view on the role of
modulation of lateral root formation and outgrowth in salinity tolerance of
plants.
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Summary
Increasing soil salinization creates harsh conditions for plant cultivation and
contributes to a decline in arable areas worldwide. Most crops have high
sensitivity to salt stress, which impairs their growth and productivity. Soil
salinization often coincides with a decrease in the availability of inorganic
phosphate (Pi), a crucial nutrient for plant growth and development. This
means that in the field, plants subjected to salt stress suffer simultaneously
from Pi starvation. The root is the first organ that perceives the changes in soil
conditions and Root System Architecture (RSA) can be shaped by the
environment. The importance of root responses to stresses and signaling
components controlling RSA modulations with a focus on salinity and Pi
deficiency are presented in Chapter 1. We also summarize the progress in
studies of the influences of multifactorial stresses and present advances of
using natural variation to dissect genetic components of stress responses.
RSA changes are phenotypic output of complex network of stress
signaling pathways. A key step in stress responses is modulation of gene
expression, which can occur through activation or repression of transcription,
but also at post-transcriptional level, by control of pre-mRNA splicing or
mRNA decay. Chapter 2 presents an overview of mRNA metabolism
pathways that participate in responses to osmotic and salt stress. This
machinery targets a stress-specific subset of transcripts and we speculate that
phosphorylation state of the 5’ mRNA decapping complex can be responsible
for this selectivity. In Chapter 3 we present identification of VCS, a member
of the mRNA decapping complex, as a direct phosphorylation target of
SnRK2.4 and SnRK2.10 protein kinases, which are crucial components of early
salt stress signaling. Since other SnRK2 protein kinases were also able to
phosphorylate VCS, we suggest the existence of at least partial functional
redundancy within the SnRK2 kinase family. Mutants of 5’ mRNA decay
components and SnRK2.4 and SnRK2.10 showed alterations in root growth in
the presence of salinity, supporting the connection of these two pathways.
Analysis of the salt-induced changes in transcriptome identified the aquaporin
PIP2,5 and the auxin biosynthesis enzyme CYP79B2 as potential downstream
components of the SnRK2 subclass 1 signaling pathways, possibly as a result
of their effect on mRNA turnover.
Complexity of the plant environment urges the study of multiple
concurrent stresses. Nutrients have been suggested to modulate impact of
salinity. In Chapter 4 we focus on the effect of Pi on root responses to salt
stress. First, following the dynamics of root growth, Pi starvation was found to
decrease the mild salt stress effect on growth rate of main and lateral root,
while for high NaCl concentrations this effect was only observed for lateral
roots. To get a more global picture of interaction of salinity and Pi deprivation
we performed a detailed RSA quantification of changes made by salt, Pi
starvation and their combination (double stress) at one time point. Similarly to
the dynamics studies main and lateral roots responded in a different manner.
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The effect of Pi starvation was masked by the salinity for all traits describing
lateral roots, while the combination of Pi deprivation and salt stress had an
additive effect on the main root.
Soil conditions differ worldwide and enforce a natural selection and
genetic adaptations of plants, which are thought to result in interspecies
phenotypic diversity. Natural variation is a valuable genetic tool for
discovering genetic components guiding interactions with environment and
facilitating breeding programs. We observed natural variation within
Arabidopsis in modulation of RSA by salt stress, Pi starvation and their
combination (Chapter 4 and 5). The model of the integration of signals from
salt stress and Pi starvation was representative for a vast number of
Arabidopsis accessions but at the same time we identified accessions with
extreme responses, for example prioritizing responses of lateral roots to Pi
starvation over salt (Chapter 4).
Exploring the genetic basis of the natural variation in responses to
stresses can help us understand the evolution of phenotypic plasticity and be
used to mapping loci controlling responses to stress. RSA data collected in
Chapter 4 and 5 were used for Genome Wide Association Studies (GWAS). A
number of genetic loci was identified as putative components of root responses
to salt stress, Pi starvation and their combination. Selected candidate genes
were verified by studying their mutant lines or accessions with extreme
expression of these genes. Sequence polymorphisms in the promoter region of
CIP111 correlated with its expression, which was in turn correlated with lateral
root length under salt stress, as verified by knock-out mutants. LBD16 was
identified as a salt-stress specific transcription factor, promoting lateral root
formation in the presence of salinity.
Responses to the combination of salinity with low Pi availability were
partly dependent on the phenotypic responses to the individual action of NaCl
and Pi deprivation, which in turn were correlated with basal root development
on control conditions (Chapter 4 and 5). Our results suggest that stress
responses are controlled by the same genetic components as developmental
processes, implying that plant interactions with environment require adjustment
of the basal developmental processes.
In Chapter 6 results of this thesis are discussed in a framework of gaps
in our current understanding of plant responses to stress conditions and the new
avenues for further research that are opened by the work described in this
thesis.
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Samenvatting
Toenemende verzilting draagt jaarlijks bij aan een wereldwijde afname in
landbouwgrond en maakt de omstandigheden voor het groeien van planten
moeilijk. De meeste gewassen zijn gevoelig voor zoutstress, wat nadelig is
voor hun groei en productiviteit. Bodemverzilting leidt tot afname in de
beschikbaarheid van anorganisch fosfaat (Pi), een essentiële voedingsstof voor
plantengroei en ontwikkeling. Dit betekent in het veld dat planten die last
hebben van zoutstress tegelijk te maken hebben met Pi-beperking. De wortel is
het eerste orgaan dat veranderingen in bodemcondities waarneemt, en kan zich
in vorm aanpassen aan de omstandigheden. Hoofdstuk 1 gaat over het belang
van wortelstelselarchitectuur (RSA) voor plantresponsen op stress en
onderdelen van signalering die RSA-veranderingen aansturen, waarbij de
invloeden van zout en Pi-tekort centraal staan. Tevens worden de laatste
inzichten in de effecten van multifactoriële stressen samengevat, en de
vorderingen gepresenteerd in het gebruik van natuurlijke variatie om
genetische factoren in stressresponsen te ontrafelen.
Veranderingen in RSA zijn de fenotypische output van een complex
netwerk van stress-signaalroutes. Een belangrijke stap in stressresponsen is de
modulatie van genexpressie, wat kan plaatsvinden door activatie of remming
van transcriptie, maar ook, op post-transcriptioneel niveau, door het regelen
van pre-mRNA splicing of mRNA-afbraak. Hoofdstuk 2 presenteert een
overzicht van de componenten van de mRNA metabolisme-routes die
betrokken zijn bij responsen op osmotische en zout stress. Deze machinerie is
gericht op een stress-specifieke subset van transcripten en we vermoeden dat de
fosforyleringstoestand van onderdelen van het 5’ mRNA decapping complex
verantwoordelijk is voor deze selectiviteit. In Hoofdstuk 3 presenteren we de
identificatie van VCS, een onderdeel van het mRNA decapping complex, als
een direct substraat voor fosforylatie door SnRK2.4 en SnRK2.10 proteine
kinases, essentiële onderdelen van vroege zoutstress-signalering. Aangezien
ook andere SnRK2 protein kinases in staat waren VCS te fosforyleren,
suggereren we dat er in de SnRK2 kinase-familie tenminste gedeeltelijke
functionele redundantie bestaat. Mutanten van eiwitten in 5’ mRNA-afbraak,
en van SnRK2.4 en SnRK2.10 lieten veranderingen in wortelgroei bij zout
zien, wat het verband tussen deze twee routes ondersteunt. Analyse van zoutgeïnduceerde veranderingen in het transcriptoom identificeerde PIP2,5
aquaporin en het lokale auxine biosynthese enzym CYP79B2 als potentiële
downstream componenten van de SnRK2.4 en SnRK2.10 signaleringsroute, die
werkt door modulatie van mRNA turnover.
De complexiteit van de omgeving van planten noodzaakt tot onderzoek
van het effect van meerdere gelijktijdige stressen. Het idee dat voedingsstoffen
van invloed zijn op het effect van zoutstress bestaat al lang. In Hoofdstuk 4
richten we ons op het effect van Pi op zoutresponsen van de wortel. Allereerst
hebben we de dynamiek van wortelgroei bekeken. Een Pi-tekort verkleinde het
effect van milde zoutstress op de groeisnelheid van hoofd- en zijwortels, terwijl

157

SNL

in hoge zoutconcentraties dit effect alleen werd waargenomen bij zijwortels.
Om een meer compleet beeld te krijgen van de interactie tussen zoutstress en
Pi-tekort hebben we een gedetailleerde quantificering gemaakt van de
veranderingen in RSA onder invloed van zout, Pi-tekort en een combinatie van
die twee (dubbelstress) op één tijdspunt. Net als in de studies van de dynamiek,
reageerden hoofd- en zijwortels verschillend. Het effect van Pi-tekort werd
gemaskeerd door zoutstress in alle kenmerken die de zijwortels beschrijven,
terwijl de combinatie van Pi-tekort en zoutstress een additief effect had op de
hoofdwortel.
Bodemcondities verschillen wereldwijd en versterken de natuurlijke
selectie en genetische aanpassingen van planten, wat wordt gezien als oorzaak
van fenotypische diversiteit tussen soorten. Natuurlijke variatie voorziet in
waardevol genetisch gereedschap om genetische componenten te ontdekken die
interacties met de omgeving aansturen en veredelingsprogramma’s mogelijk
maken. We hebben natuurlijke variatie waargenomen in Arabidopsis in de
modulatie van RSA onder zoutstress, Pi-tekort en hun combinatie (Hoofdstuk 4
en 5). Het model van de integratie van signalen van zoutstress en Pi-tekort was
representatief voor een zeer groot aantal Arabidopsis accessies, maar
tegelijkertijd hebben we accessies gevonden met extreme responsen, waarbij
bijvoorbeeld de respons van zijwortels op Pi-tekort voorrang kreeg op de
zoutrespons (Hoofdstuk 4).
Onderzoek van de genetische basis van natuurlijke variatie in
stressresponsen kan ons helpen de evolutie van fenotypische plasticiteit beter te
begrijpen, en kan gebruikt worden bij het vinden van loci die stressreponsen
reguleren. De RSA-data verzameld in Hoofdstuk 4 en 5 zijn gebruikt voor
Genome Wide Association Studies (GWAS). Een aantal genetische loci is
geïdentificeerd als mogelijke componenten van de responsen van wortels op
zoutstress, Pi-tekort en de combinatie. Geselecteerde kandidaatgenen zijn
geverifieerd door hun mutante lijnen te onderzoeken en accessies met een
extreme expressie van deze genen. Sequentiepolymorfisme in de promoterregio
van CIP111 bepaalde de expressie van dit gen, en die was gecorreleerd met de
zijwortellengte onder zoutstress. LBD16 is geïdentificeerd als
zoutstress-specifieke transcriptiefactor die alleen in de wortel tot expressie
komt, en die zijwortelvorming in aanwezigheid van zout bevordert.
Responsen op een combinatie van zout en lage Pi-beschikbaarheid
waren gedeeltelijk afhankelijk van de fenotypische responsen op de individuele
effecten van NaCl en Pi-tekort, die zelf gecorreleerd waren met de basale
ontwikkeling van de wortel onder controle-condities (Hoofdstuk 4 en 5). Onze
resultaten suggereren dat stressresponsen gecontroleerd worden door dezelfde
genetische componenten als ontwikkelingsprocessen; dit betekent dat de
interacties van de plant met zijn omgeving aanpassingen vergen van basale
ontwikkelingsprocessen.
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In Hoofstuk 6 worden de resultaten van dit proefschrift kritisch
besproken in een kader voor verder onderzoek en in het perspectief van de
lacunes in het huidige begrip van plantresponsen op stresscondities.
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