ROOTS - THE
HIDDEN PROVIDER

EDITED BY: Janin Riedelsberger and Michael R. Blatt
PUBLISHED IN: Frontiers in Plant Science

SN
AL “\’) RS XA
AVESE I Sty

SR
s

\\

?0\\ ;‘\
\""u
NN
N\

frontiers Research Topics



http://journal.frontiersin.org/researchtopic/4054/roots---the-hidden-provider
http://journal.frontiersin.org/researchtopic/4054/roots---the-hidden-provider
http://journal.frontiersin.org/researchtopic/4054/roots---the-hidden-provider
http://journal.frontiersin.org/journal/plant-science

l‘ frontiers

Frontiers Copyright Statement

© Copyright 2007-2017 Frontiers
Media SA. All rights reserved.

All content included on this site,
such as text, graphics, logos, button
icons, images, video/audio clips,
downloads, data compilations and
software, is the property of or is
licensed to Frontiers Media SA
(“Frontiers”) or its licensees and/or
subcontractors. The copyright in the
text of individual articles is the property
of their respective authors, subject to
a license granted to Frontiers.

The compilation of articles constituting
this e-book, wherever published,

as well as the compilation of all other
content on this site, is the exclusive
property of Frontiers. For the
conditions for downloading and
copying of e-books from Frontiers’
website, please see the Terms for
Website Use. If purchasing Frontiers
e-books from other websites

or sources, the conditions of the
website concerned apply.

Images and graphics not forming part
of user-contributed materials may

not be downloaded or copied
without permission.

Indlividual articles may be downloaded
and reproduced in accordance

with the principles of the CC-BY
licence subject to any copyright or
other notices. They may not be
re-sold as an e-book.

As author or other contributor you
grant a CC-BY licence to others to
reproduce your articles, including any
graphics and third-party materials
supplied by you, in accordance with
the Conditions for Website Use and
subject to any copyright notices which
you include in connection with your
articles and materials.

All copyright, and all rights therein,
are protected by national and
international copyright laws.

The above represents a summary
only. For the full conditions see the
Conditions for Authors and the
Conditions for Website Use.

ISSN 1664-8714

ISBN 978-2-88945-244-6
DOI 10.3389/978-2-88945-244-6

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering
approach to the world of academia, radically improving the way scholarly research
is managed. The grand vision of Frontiers is a world where all people have an equal
opportunity to seek, share and generate knowledge. Frontiers provides immediate and
permanent online open access to all its publications, but this alone is not enough to
realize our grand goals.

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online
journals, promising a paradigm shift from the current review, selection and dissemination
processes in academic publishing. All Frontiers journals are driven by researchers for
researchers; therefore, they constitute a service to the scholarly community. At the same
time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing
system, initially addressing specific communities of scholars, and gradually climbing up to
broader public understanding, thus serving the interests of the lay society, too.

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative
interactions between authors and review editors, who include some of the world’s best
academicians. Research must be certified by peers before entering a stream of knowledge
that may eventually reach the public - and shape society; therefore, Frontiers only applies
the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly
publishing into a new generation.

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series:
they are collections of at least ten articles, all centered on a particular subject. With their
unique mix of varied contributions from Original Research to Review Articles, Frontiers
Research Topics unify the most influential researchers, the latest key findings and historical
advances in a hot research area! Find out more on how to host your own Frontiers
Research Topic or contribute to one as an author by contacting the Frontiers Editorial
Office: researchtopics@frontiersin.org

Frontiers in Plant Science

1 August 2017 | Roots — The Hidden Provider


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org
http://www.frontiersin.org/
http://journal.frontiersin.org/researchtopic/4054/roots---the-hidden-provider
http://journal.frontiersin.org/journal/plant-science

ROOTS - THE HIDDEN PROVIDER

Topic Editors:
Janin Riedelsberger, Universidad de Talca, Chile
Michael R. Blatt, University of Glasgow, United Kingdom

Citation: Riedelsberger, J., Blatt, M. R., eds. (2017). Roots — The Hidden Provider. Lausanne:
Frontiers Media. doi: 10.3389/978-2-88945-244-6

Frontiers in Plant Science 2 August 2017 | Roots — The Hidden Provider


http://journal.frontiersin.org/researchtopic/4054/roots---the-hidden-provider
http://journal.frontiersin.org/journal/plant-science

05

Table of Contents

Editorial: Roots —The Hidden Provider

Janin Riedelsberger and Michael R. Blatt

Nutrient uptake and signalling:

08

22

29

46

68

Comparison between Arabidopsis and Rice for Main Pathways of K* and Na*
Uptake by Roots

Manuel Nieves-Cordones, Vicente Martinez, Begona Benito and Francisco Rubio
Transporters Involved in Root Nitrate Uptake and Sensing by Arabidopsis
Meélanie Noguero and Benoit Lacombe

Calcium-Mediated Abiotic Stress Signaling in Roots

Katie A. Wilkins, Elsa Matthus, Stéphanie M. Swarbreck and Julia M. Davies
Accumulation and Secretion of Coumarinolignans and other Coumarins in
Arabidopsis thaliana Roots in Response to Iron Deficiency at High pH
Patricia Sisoé-Terraza, Adrian Luis-Villarroya, Pierre Fourcroy, Jean-Francois Briat,
Anunciacion Abadia, Frédéric Gaymard, Javier Abadia and Ana Alvarez-Fernandez
The ALMT Family of Organic Acid Transporters in Plants and Their Involvement
in Detoxification and Nutrient Security

Tripti Sharma, Ingo Dreyer, Leon Kochian and Miguel A. Pifneros

Plant root — microbe interactions:

80

102

Nod Factor Effects on Root Hair-Specific Transcriptome of Medicago truncatula:
Focus on Plasma Membrane Transport Systems and Reactive Oxygen Species
Networks

Isabelle Damiani, Alice Drain, Marjorie Guichard, Sandrine Balzergue, Alexandre Boscari,
Jean-Christophe Boyer, Véronique Brunaud, Sylvain Cottaz, Corinne Rancurel,

Martine Da Rocha, Cécile Fizames, Sébastien Fort, Isabelle Gaillard, Vincent Maillol,
Etienne G. J. Danchin, Hatem Rouached, Eric Samain, Yan-Hua Su, Julien Thouin,

Bruno Touraine, Alain Puppo, Jean-Marie Frachisse, Nicolas Pauly and Hervé Sentenac
Arabidopsis Mutant bik1 Exhibits Strong Resistance to Plasmodiophora brassicae
Tao Chen, Kai Bi, Zhangchao He, Zhixiao Gao, Ying Zhao, Yanping Fu, Jiasen Cheng,
Jiatao Xie and Daohong Jiang

Root system architecture responses to stress:

115

Roots Withstanding their Environment: Exploiting Root System Architecture
Responses to Abiotic Stress to Improve Crop Tolerance
ko T. Koevoets, Jan Henk Venema, J. Theo. M. Elzenga and Christa Testerink

Frontiers in Plant Science

3 August 2017 | Roots — The Hidden Provider


http://journal.frontiersin.org/researchtopic/4054/roots---the-hidden-provider
http://journal.frontiersin.org/journal/plant-science

134

150

Durum Wheat Roots Adapt to Salinity Remodeling the Cellular Content of Nitrogen
Metabolites and Sucrose

Maria Grazia Annunziata, Loredana F. Ciarmiello, Pasqualina Woodrow,

Eugenia Maximova, Amodio Fuggi and Petronia Carillo

Salt Stress Affects the Redox Status of Arabidopsis Root Meristems

Keni Jiang, Jacob Moe-Lange, Lauriane Hennet and Lewis J. Feldman

Root-shoot communication

160

175

188

Grafting: A Technique to Modify lon Accumulation in Horticultural Crops
Muhammad A. Nawaz, Muhammad Imtiaz, Qiusheng Kong, Fei Cheng, Wagar Ahmed,
Yuan Huang and Zhilong Bie

Photosynthate Regulation of the Root System Architecture Mediated by the
Heterotrimeric G Protein Complex in Arabidopsis

Yashwanti Mudgil, Abhijit Karve, Paulo J. P L. Teixeira, Kun Jiang, Meral Tunc-Ozdemir
and Alan M. Jones

Contributions of Root WSC during Grain Filling in Wheat under Drought
Jingjuan Zhang, Bernard Dell, Wujun Ma, Rudy Vergauwen, Xinmin Zhang, Tina Oteri,
Andrew Foreman, Damian Laird and Wim Van den Ende

Modelling of nutrient transport

199

217

231

The Thermodynamic Flow-Force Interpretation of Root Nutrient Uptake Kinetics:
A Powerful Formalism for Agronomic and Phytoplanktonic Models

Erwan Le Deunff, Pierre-Henri Tournier and Philippe Malagoli

Modeling Root Zone Effects on Preferred Pathways for the Passive Transport of
lons and Water in Plant Roots

Kylie J. Foster and Stanley J. Miklavcic

Cooperation through Competition—Dynamics and Microeconomics of a Minimal
Nutrient Trade System in Arbuscular Mycorrhizal Symbiosis

Stephan Schott, Braulio Valdebenito, Daniel Bustos, Judith L. Gomez-Porras,

Tripti Sharma and Ingo Dreyer

Frontiers in Plant Science

4 August 2017 | Roots — The Hidden Provider


http://journal.frontiersin.org/researchtopic/4054/roots---the-hidden-provider
http://journal.frontiersin.org/journal/plant-science

'," frontiers
in Plant Science

EDITORIAL
published: 13 June 2017
doi: 10.3389/fpls.2017.01021

OPEN ACCESS

Edited by:

Hans-Henning Kunz,
Washington State University,
United States

Reviewed by:
Hans-Henning Kunz,
Washington State University,
United States

Karen A. Sanguinet,
Washington State University,
United States

*Correspondence:

Janin Riedelsberger
Jriedelsberger@utalca.cl
Michael R. Blatt
michael.blatt@glasgow.ac.uk

Specialty section:

This article was submitted to
Plant Physiology,

a section of the journal
Frontiers in Plant Science

Received: 24 March 2017
Accepted: 29 May 2017
Published: 13 June 2017

Citation:

Riedelsberger J and Blatt MR (2017)
Editorial: Roots— The Hidden Provider.
Front. Plant Sci. 8:1021.

doi: 10.3389/fpls.2017.01021

Check for
updates

Editorial: Roots—The Hidden
Provider

Janin Riedelsberger’ and Michael R. Blatt®*

" Centro de Bioinformatica y Simulacion Molecular, Universidad de Talca, Talca, Chile, 2 Laboratory of Plant Physiology and
Biophysics, University of Glasgow, Glasgow, United Kingdom

Keywords: roots, ion transport, root system architecture (RSA), modeling biological systems

Editorial on the Research Topic
Roots—The Hidden Provider

Most plant roots are found hidden underground. They can form immense root systems with lengths
of several kilometers featuring an architecture with up to millions of branch roots. Their versatile
functions range from anchoring plants in soil via storing photosynthetic products to the vital
uptake of water and nutrients. Plants build the basis of a food chain that ends with more than
seven billion people who have to be fed every day. Therefore, it is vital to secure and enhance
crop production, especially in terms of prevailing agricultural threats and climate change. The
challenge must be to optimize plant’s nutrient acquisition and stress tolerance. Understanding plant
nutrition, homeostasis, and stress responses is a first step to directed and efficient manipulations
and adjustments to counterbalance stress and deficiency symptoms. This knowledge must be used
to optimize the use of fertilizer and water to achieve well-balanced nutrition acquisition as well
as the use of pesticides to treat biotic stress. Such optimization is desirable as the constant use of
fertilizer, irrigation, and pesticides is associated with negative long-term effects. Knowledge about
nutrient uptake and signaling as well as behavior in stress situations will be valuable if we are to
design adequate treatments to prepare plants for environmental challenges.

NUTRIENT UPTAKE AND SIGNALING

Nutrient uptake is the first step in the production of plant mass. It starts in the roots, which
represent the main entrance for macro- and micronutrients that are crucial for elementary cell
processes. Deficiency or excess nutrient uptake can result in severe damage to the point of yield loss
or even plant death. Therefore, a balanced nutrient supply and its uptake are essential for optimal
plant growth and crop production. Nutrient distribution in the soil is heterogeneous in space and
time and affected by many factors, including binding and sequestration, groundwater level, pH,
and salinity.

The three primary plant macronutrients are potassium, nitrate, and phosphorus. Over the course
of evolution, transport systems with differing affinities for nutrients evolved to cope with variations
in nutrient availability. Nieves-Cordones et al. and Noguero and Lacombe review high- and low-
affinity uptake systems for potassium and nitrate, respectively. The uptake of phosphorus, which
serves as well as nitrogen as constituent of macromolecules is reviewed by Gu et al. (2016).

Nitrate also acts as signaling molecule influencing lateral root primordia and root branching
(Noguero and Lacombe). A more extensive signaling system is built upon calcium. The specificity of
calcium signaling is determined by patterns of cytosolic calcium concentrations taking into account
at least the amplitude and duration of calcium increases. Cytosolic free calcium concentration
acts as a secondary messenger in the signaling of abiotic stress including nutrient deficiency. The
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comprehensive review of Wilkins and colleagues summarizes
the state of the art of calcium’s broad modes of operation.
Besides, calcium transport systems, that are still an active field
of investigation, are reviewed (Wilkins et al.).

Micronutrients often occur abundantly in solid earth but
mainly in an insoluble form that is not suitable for uptake,
meaning that plants may suffer nutrient deficiency despite their
presence in the soil. One example is iron. Plants exhibit a
number of special uptake strategies for iron. Poaceae use a
chelation strategy to uptake iron by secreting phytosiderophores
or precursors of phytosiderophores into the rhizosphere. Then,
the chelated iron(III)-phytosiderophore complex is taken up
into the plant by special transport systems. Non-Poaceae use an
acidification-reduction strategy, which acidifies the rhizosphere
to reduce iron(Ill) to iron(II), which can be taken up by
plant roots. Phenolic compounds like coumarins, especially
catechol coumarins, have been reported to play a role in iron
recruitment showing iron(III) reducing and iron(II) chelating
activity (Siso-Terraza et al.).

Generally, acidic soils stimulate the uptake of micronutrients
like iron. However, low pH also increases the solubility of toxic
metals like aluminum, which directly affects the root system
architecture (Rao et al., 2016). To control toxic metals plants
developed quite sophisticated defense mechanisms. For example,
plants chelate toxic aluminum ions with malate and export the
aluminum-malate complex (Sharma et al.). ALMT channels have
been identified to transport these malate-aluminum complexes.
Latest research showed that the ALMT anion channel family has
a far more versatile functional spectrum than initially thought.
Sharma and colleagues give an extensive overview on ALMT’s
variable physiological and structural aspects including their input
in mineral nutrition, ion homeostasis, and guard cell function
among others.

PLANT ROOT—MICROBE INTERACTIONS

The most important plant-microbe interaction is the mycorrhizal
symbiosis between plants and fungi. Plants benefit from
enhanced nutrient uptake and stress resistance, while the
fungi are provided with photosynthetical products. Schott and
colleagues described a minimal network of transporters that is
sufficient to describe realistically the bidirectional nutrient trade
system (Schott et al.).

Another important plant symbiotic relationship is that
between legumes and rhizobia, a type of nitrogen-fixing bacteria.
Here, the plant benefits from the biological nitrogen fixation that
is carried out by the rhizobial symbiont, while bacteria receive
photosynthetically fixed carbon. Establishing such interactions
between plant root hairs and microorganisms is initiated by
chemical communication. Bacterial symbionts respond to plant
signaling compounds with nod factor secretion that induces
broad changes in the plant root transport machinery (Damiani
et al.). Using high throughput RNA sequencing Damiani and
colleagues identified a set of transport systems that are likely to
be involved in early nodulation (Nod) factor signaling suggesting
substantial rearrangements in the nutrient transport machinery
after Nod factor perception.

Root exudates may also contain substances that function as
allelochemicals for plant’s defense. Infestation with pathogenic
microorganisms can lead to substantial yield losses. It is thus
essential to understand how plants are able to resist pathogen
invasion if we are to enhance these defense mechanisms. A
common signal on the part of bacteria is the bacterial protein
flagellin flg22 that is recognized by the plant receptor kinase
FLS2 and also induces ALMT transporter expression (Chen et al.;
Sharma et al.).

ROOT SYSTEM ARCHITECTURE
RESPONSES TO STRESS

Generally, plants are exposed to several stresses simultaneously.
Although much attention is drawn to the characteristics
of the shoot, effects on roots are often ignored. Though,
root plasticity is highly flexible and its development is
guided by environmental conditions like nutrient availability.
Koevoets et al. address this gap in focus and summarize
comprehensively the effects of nutrient deficiencies and other
abiotic stresses on the root system architecture plasticity. In
addition, the authors discuss challenges that have to be resolved
to implement root system architecture evaluation in crop
selection.

One of the major agricultural challenges is the increasing
salinization of agricultural land. The majority of crop plants
are salt-sensitive, which is why articles of this research topic
concentrate on glycophytes. Nieves-Cordones and colleagues
reviewed present knowledge on sodium uptake systems in
plant roots and their regulations (Nieves-Cordones et al.).
Sodium may be beneficial for plants, especially under
potassium shortage, but it is not an essential nutrient. At
high concentrations it causes stress that has far-reaching
impact. Annunziata et al. and Jiang et al. present examples
on how salt stress affects cytosolic metabolites and root
growth.

ROOT-SHOOT COMMUNICATION

For centuries the increase in crop yield raise and quality has
been achieved by transferring the scion of one plant to the
rootstock of another plant. This process, known as grafting, may
lead to increased nutrient uptake and stress tolerance among
other benefits. Despite long and still actively utilized practice
of grafting, physiological, and molecular bases are not fully
understood yet. Nawaz et al. summarizes grating effects on ion
uptake and accumulation. The authors discuss the enhanced
expression of transport-related genes and changes in hormonal
levels that influence the architecture of root systems.

The root structure not only responds to external stimuli,
but also to partitioning patterns of photoassimilates in
roots. Mudgil et al. discuss a possible signaling mechanism
of photosynthetically fixed sugars that affect root system
architecture. It is vital to understand root-shoot communication
since seed production, the origin of the coming generation,
depends on optimal grain filling that in part is achieved by
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root carbon sources especially under dry conditions (Zhang
etal.).

MODELING OF NUTRIENT TRANSPORT

Uptake and transport pathways of nutrients are well-organized
for every mineral. These pathways intersect and result in complex
networks that can be challenging to access experimentally.
Modeling of transport processes, nutrient exchange and uptake
processes have been subject to long-term investigations, which
aim to predict and describe experimental data. Le Deunff and
colleagues describe the advantage of the flow-force modeling
approach over the enzyme-substrate approach by reviewing
developments and advances carried out on modeling of nutrient
uptake (Le Deunff et al.). Water and nutrient uptake into roots
is non-uniform in space. Foster and Miklavcic illustrate root
zone effects on passive water and nutrient uptake. Modeling
approaches are advancing and more and more capable of
reflecting biological realities. Schott and colleagues successfully
reconstructed nutrient exchange processes between mycorrhizal
symbionts and plant root cells. Their model furthermore
permitted them to hypothesize about the potential mechanism
behind symbiont-plant interactions (Schott et al.).

Modeling approaches go beyond the description of nutrient
uptake and transport. Efforts have been made to simulate effects

REFERENCES

Gu, M., Chen, A, Sun, S., and Xu, G. (2016). Complex regulation of plant
phosphate transporters and the gap between molecular mechanisms
and practical application: what is missing? Mol. Plant 9, 396-416.
doi: 10.1016/j.molp.2015.12.012

Postma, J. A., Dathe, A., and Lynch, J. P. (2014a). The optimal lateral root
branching density for maize depends on nitrogen and phosphorus availability.
Plant Physiol. 166, 590-602. doi: 10.1104/pp.113.233916

Postma, J. A., Schurr, U, and Fiorani, F. (2014b). Dynamic root growth
and architecture responses to limiting nutrient availability: linking
physiological models and experimentation. Biotechnol. Adv. 32, 53-65.
doi: 10.1016/j.biotechadv.2013.08.019

Rao, I. M., Miles, J. W., Beebe, S. E., and Horst, W. J. (2016). Root adaptations
to soils with low fertility and aluminium toxicity. Ann. Bot. 118, 593-605.
doi: 10.1093/a0b/mcw073

on whole root system architectures in response to nutrient
availability (Postma et al., 2014a,b).

OUTLOOK

For future investigations it is crucial to combine studies of entire
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current experimental pipelines to refine and accelerate research.
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Comparison between Arabidopsis
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and Na* Uptake by Roots
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K* is an essential macronutrient for plants. It is acquired by specific uptake systems
located in roots. Although the concentrations of K™ in the soil solution are widely
variable, K+ nutrition is secured by uptake systems that exhibit different affinities for
K*. Two main systems have been described for root KT uptake in several species:
the high-affinity HAK5-like transporter and the inward-rectifier AKT1-like channel. Other
unidentified systems may be also involved in root Kt uptake, although they only
seem to operate when KT is not limiting. The use of knock-out lines has allowed
demonstrating their role in root KT uptake in Arabidopsis and rice. Plant adaptation
to the different KT supplies relies on the finely tuned regulation of these systems. Low
K*-induced transcriptional up-regulation of the genes encoding HAK5-like transporters
occurs through a signal cascade that includes changes in the membrane potential
of root cells and increases in ethylene and reactive oxygen species concentrations.
Activation of AKT1 channels occurs through phosphorylation by the CIPK23/CBL1
complex. Recently, activation of the Arabidopsis HAK5S by the same complex has been
reported, pointing to CIPK23/CBL as a central regulator of the plant’s adaptation to low
K*. Nat is not an essential plant nutrient but it may be beneficial for some plants. At low
concentrations, Na™ improves growth, especially under Kt deficiency. Thus, high-affinity
Na™ uptake systems have been described that belong to the HKT and HAK families of
transporters. At high concentrations, typical of saline environments, Nat accumulates
in plant tissues at high concentrations, producing alterations that include toxicity, water
deficit and KT deficiency. Data concerning pathways for Nat uptake into roots under
saline conditions are still scarce, although several possibilities have been proposed. The
apoplast is a significant pathway for Nat uptake in rice grown under salinity conditions,
but in other plant species different mechanisms involving non-selective cation channels
or transporters are under discussion.

Keywords: potassium, sodium, uptake, roots, Arabidopsis, rice

INTRODUCTION

Given the constant increase in world population, high-yield crop production has become a
necessity for agriculture. As that the nutrient sources of the land are limited, the input of nutrients
by the addition of fertilizers ensures a continuous supply for plants, circumventing reductions in
plant yield. The use of fertilizers has raised crop yield considerably, for example, from 50 to 80%
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of wheat and corn grain yield is attributable to nutrient
fertilization (Stewart et al., 2005). However, this practice comes
with high economic and environmental costs.

Potassium (K1) is an essential macronutrient that is required
by plants to complete their life cycle (Taiz and Zeiger, 1991).
K™ can make up to 10% of the total plant dry weight (Leigh
and Wyn Jones, 1984) and fulfills important functions for
metabolism, growth, and stress adaptation. Specifically, it acts as
an enzyme activator, protein synthesis stabilizer, neutralization
of protein negative charges, and it participates in cytoplasmic
pH homeostasis as well (Marschner, 2012). An optimal K*
concentration in the cytosol of around 100 mM is required for
the performing of the functions mentioned above (Wyn Jones
and Pollard, 1983), and plant cells maintain the cytosolic K*
concentration around this value (Walker et al., 1996).

K" constitutes about 2.9% of the earth’s crust but the
concentration of KT in the soil solution is highly variable, in
the 107 to 10~ M range (Barraclough, 1989; Marschner, 2012).
Since roots are able to take up K* at a higher rate than this cation
can diffuse from the bulk soil solution, a K depletion zone near
the root surface can be formed with K* concentrations of just a
few micromolar (Baldwin et al., 1973; Claassen and Jungk, 1982).
More importantly, increasing areas of the world are currently
described as being KT deficient for agricultural practices (Mengel
et al., 2001; Moody and Bell, 2006; Romheld and Kirkby, 2010;
Kirkby and Schubert, 2013).

K" deficiency has a negative impact on plant growth since
cellular expansion and photosynthesis are severely affected under
these conditions (Bednarz and Oosterhuis, 1999; Hafsi et al,,
2014). This deficiency also correlates with a decrease in protein
synthesis and subsequent decline in growth (Walker et al,
1996, 1998). K deficiency has been shown to inhibit lateral
root development in Arabidopsis (Armengaud et al., 2004; Shin
and Schachtman, 2004; Kellermeier et al., 2014) and in barley
(Drew, 1975) and in the up-regulation of genes involved in K*
uptake (Ashley et al., 2006; Nieves-Cordones et al., 2014). In
addition, K™ -deficient plants are more sensitive to abiotic and
biotic stresses such as drought, cold, salinity, or fungal attacks
(Marschner, 2012; Zorb et al., 2014).

Sodium (Na™) is not an essential element for plants but, for
some species it can be a beneficial element that stimulates growth
(Wakeel et al., 2010, 2011; Kronzucker et al., 2013). In these
cases, Nat can be regarded as a functional nutrient (Subbarao
et al,, 2003), that can partly replace KT in some functions such
as osmotic adjustment of the large central vacuole, cell turgor
regulation leading to cell enlargement, or long-distance transport
of anions (Subbarao et al., 2003; Horie et al., 2007; Gattward et al.,
2012; Battie-Laclau et al., 2013).

On the other hand, Nat has been extensively associated to
its negative impact on crop yield. Excess of Na™ salts in the soil
results in both reduced soil water availability (due to the decrease
in water potential) and ionic toxicity. When accumulated at high
concentrations in the cytoplasm, Na¥ results in deleterious effects
on cell biology, e.g., on photosynthetic activity or on membrane
integrity (due to displacement of membrane-bound Ca** ions)
(Cramer et al., 1985). Thus, Na™ is usually compartmentalized
outside the cytoplasm (Morgan et al., 2014), in vesicles such as the

vacuole, where it is used as an osmoticum. Estimates of the area
of salt-affected soils vary widely, ranging from 6 to 10% of the
earth’s land area (Eynard et al., 2005; Munns and Tester, 2008).
Importantly, 20% of irrigated lands are affected by secondary
salinization, limiting agriculture worldwide.

In the present review, we summarize recent advances in
the field of Kt and Na™ uptake in the plant root, with
special attention to the transport systems and their regulation
mechanisms. We believe that the studies performed on the model
plant Arabidopsis and the results of recent research in crops such
as rice suggest that the results obtained with model species cannot
be fully extended to other plant species.

K+ AND Na* UPTAKE BY ROOTS:
KINETIC FEATURES AND SENSITIVITY
TO OTHER CATIONS

K" and Na™ can enter the root apoplast and diffuse toward inner
cell layers (Sattelmacher et al., 1998). However, this pathway is
interrupted by the endodermis, where the Casparian strip, which
is impermeable to water and ions, is located (Schreiber et al.,
1999; Tester and Leigh, 2001; Marschner, 2012; Geldner, 2013;
Barberon and Geldner, 2014). To cross this impermeable barrier,
nutrient ions enter the cytosol of a root peripheral cell either
from the epidermis, cortex or endodermis and move from cell to
cell (symplastic pathway) through plasmodesmata (Burch-Smith
and Zambryski, 2012). Diffusion within the symplasm beyond the
endodermic barrier allows nutrient ions to reach the stele, where
they will initiate their travel toward the aerial parts within the
xylem vessels (Lauchli, 1972).

It is worth noting that the Casparian strip may be absent in
some places (Maathuis, 2014) allowing ions to reach the root stele
and xylem vessels through the apoplastic pathway via bypass flow
(Kronzucker and Britto, 2011). Since this flow is relatively low,
most of the ions that reach the root xylem vessels are probably
taken up across the plasma membrane of a root peripheral
cell (Tester and Leigh, 2001). Thus, their entry into the root
symplasm would have been mediated by membrane transport
systems, channels, transporters or cotransporters. It should be
noted that the bypass flow was observed in rice at Na™ external
concentrations as low as 25 mM (Yeo et al.,, 1987) and it may
contribute to salt stressing effects under high salinity by having an
effect in shoot Na™ content (Yeo et al., 1987; Faiyue et al., 2012;
Maathuis, 2014). Na™ bypass flow has been described in other
species, besides rice, such as mangroves (Krishnamurthy et al.,
2014), maize, and broad bean (Peterson et al., 1981), but not in
Arabidopsis (Essah et al., 2003).

More than 60 years ago, through the application of the
concept of enzyme kinetics for the study of root K* absorption
(Epstein and Hagen, 1952), Epstein et al. (1963) suggested that at
least two transport systems were involved in root K™ uptake: a
high-affinity system that operates at low external concentrations
and a low-affinity system at higher concentrations. A similar
scheme was also described for Nat uptake (Rains and Epstein,
1967a). This biphasic behavior has since been observed in many
plant species, with some exceptions. Maize, for example, shows

Frontiers in Plant Science | www.frontiersin.org

July 2016 | Volume 7 | Article 992 | 9


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Nieves-Cordones et al.

K+ and Nat Uptake in Plant Roots

a linear, non-saturating response to K in the low-affinity
range (Kochian and Lucas, 1982). More recently, it has been
shown that this linear response is dominated by the apoplastic
movement of K, and the “true” transmembrane flux saturates
at modest rates (Coskun et al., 2016). In the high-affinity range
of concentrations, K uptake is an active process that takes place
against the K™ electrochemical potential, most likely by a K*/H*
symport, whilst the low-affinity uptake can take place by passive
transport through inwardly rectifying Kt channels (Maathuis
and Sanders, 1996a; Maathuis et al., 1997; Rodriguez-Navarro,
2000). It should also be noted that the limits in KT concentrations
for the operation of a symporter or a channel depend on the
plasma membrane potential and the cytoplasmic pH and K*
concentrations. Thus, assuming, for example, that a cytoplasmic
K* concentration of 100 mM and a membrane potential of
—240 mV exists, Kt uptake could take place through a channel
from an external K* concentration as low as 10 WM, which falls
within the high-affinity system described by Epstein et al. (1963),
Hirsch et al. (1998) and Spalding et al. (1999). High-affinity
K* uptake becomes apparent when K™ tissue concentrations
decrease due to KT starvation (Glass, 1976; Kochian and Lucas,
1982; Siddiqi and Glass, 1986; Martinez-Cordero et al., 2005).
Providing NH4" to the nutrient solution used to grow the
plants, has a large influence on the NH4™ sensitivity of high-
affinity K™ uptake. In some species such as barley (Santa-
Maria et al., 2000), pepper (Martinez-Cordero et al., 2005), or
Arabidopsis (Rubio et al., 2008), the presence of NH4 in the
growth solution induced an NH, " -insensitive high-affinity K*
uptake component. In others, such as tomato (Nieves-Cordones
et al, 2007), high-affinity K™ uptake was dominated by an
NH,4 " -sensitive component, irrespectively of the presence or
the absence of NH4T in the growth solution. By contrast, both
Nat (Martinez-Cordero et al., 2005; Kronzucker et al., 2006,
2008; Nieves-Cordones et al., 2007, 2010; Aleman et al., 2009;
Cheng et al, 2015) and Cs* (Rubio et al., 2000; White and
Broadley, 2000; Qi et al., 2008) usually inhibit high-affinity K*
uptake.

Regarding low-affinity KT transport, the role of TEA™, Cs™,
and Ba%T, in blocking animal and plant Kt channels is well
known, as these inhibit low-affinity K* uptake, supporting the
idea of the channel-mediated nature of this transport (Ketchum
and Poole, 1991; Blatt, 1992; Hille, 1992; Very and Sentenac,
2002; Hoopen et al., 2010; Coskun et al., 2013). Unlike high-
affinity K uptake, low-affinity K uptake is not down-regulated
at high external K (Maathuis and Sanders, 1996b; Szczerba
et al., 2006) and it is NH4"-insensitive (Spalding et al., 1999;
Santa-Maria et al., 2000; Kronzucker et al., 2003; Szczerba et al.,
2006). Na*t suppresses KT uptake both in the low- and the
high-affinity ranges, with low-affinity K* uptake being more
sensitive to this inhibition (Epstein et al., 1963; Rains and Epstein,
1967a; Kronzucker et al., 2006, 2008). It is worth noting that K™
uptake seems to be insensitive to Ca** in barley and Arabidopsis
(Cramer et al., 1989; Caballero et al., 2012; Coskun et al.,
2013).

As for Na® uptake, it has been shown that root high-
affinity Na™ uptake is significant when plants are starved of
KT (Garciadeblas et al., 2003; Haro et al., 2010). Under these

conditions, Na™ is able to partially replace Kt and support plant
growth (Maathuis and Sanders, 1993; Garciadeblas et al., 2003;
Horie et al., 2007; Wakeel et al., 2011; Wakeel, 2013). High-
affinity Na™ uptake has been shown to be sensitive to Kt and
Ca’t in barley (Rains and Epstein, 1967b) and to K+ and Ba?t
in rice (Garciadeblas et al., 2003). By contrast, low-affinity Na™
uptake seems to be insensitive to Ca?* and K* in rice (Malagoli
et al., 2008) while it is sensitive to Ca>* in Arabidopsis, barley, and
wheat (Cramer et al., 1987, 1989; Essah et al., 2003; D’Onofrio
etal,, 2005). Na™ uptake can be reduced by the application of KT,
and such reduction can alleviate salt stress effects to some extent
(Wakeel, 2013). For example, a reduction in tissue Nat content
due to increased K application was observed in strawberry or in
Jatropha curcas (Khayyat et al., 2009; Rodrigues et al., 2012).

IDENTIFICATION OF K+ TRANSPORT
SYSTEMS IN PLANTS

The molecular approaches developed in the last 25 years have led
to the characterization of many K and Na* transport systems
in plants. The first K™ uptake system identified in plants, AKT1,
was isolated by complementing a K*-uptake deficient yeast
strain with an Arabidopsis cDNA library (Sentenac et al., 1992).
Sequence analysis and heterologous expression in Sf9-insect cells
showed that the AKT1 cDNA encoded an inward-rectifier K™
channel belonging to the Shaker family (Gaymard et al., 1996).
The gene encoding this channel showed specific constitutive
expression in epidermal root cells (Lagarde et al., 1996) and AKT1
was proposed as the system mediating low-affinity KT uptake in
the roots.

Later, a PCR-based approach led to the identification of a
cDNA from barley, HvHAK1, that mediated high-affinity K+
uptake in yeast (Santa-Maria et al., 1997). Specific expression
of its mRNA in K'-starved roots and its kinetic properties in
yeast prompted researchers to propose it as the system mediating
the high-affinity K™ uptake observed in barley roots (Epstein
et al., 1963). Subsequent studies led to the identification of an
Arabidopsis homolog of HvHAKI, that was named AtHAKS5
(Rubio et al., 2000).

In addition to AKT1 and AtHAKS5-like transporters, other K™
uptake systems could be involved in root K™ uptake and in trans-
membrane K movements in other plant organs. Moreover, the
sequence of whole genomes of plants evidenced the existence
of large gene families encoding putative K transport systems
(Grabov, 2007; Véry et al., 2014; Nieves-Cordones et al., 2016).

Initial Characterizations in Arabidopsis

The studies on heterologous systems and on gene expression
patterns for AKT1 and AtHAKS5 produced data suggesting that
these two systems played important roles in Kt acquisition by
the root. However, a demonstration for the proposed roles was
only possible when Arabidopsis knock-out mutants for these
two genes became available (Spalding et al., 1999; Gierth et al,,
2005; Rubio et al., 2008, 2010; Pyo et al., 2010). The studies
showed that while Arabidopsis wild-type (WT) and aktI plants
could deplete external K™ (Rb™) to values around 1 wM, the
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athak5 plants did not diminish its concentration below 30 WM.
In agreement with this, reduced growth was observed in athak5
plants grown in the presence of 1 uM K* (Qi et al., 2008) or
10 uM KT (Pyo et al., 2010; Ragel et al., 2015). Moreover, KT
(Rb*) uptake in athak5 plants was completely inhibited by the
presence of Ba?T in the external solution. By contrast, a complete
inhibition of KT (Rb™) depletion was observed in the presence
of NH4 ™ in the aktI line. An athak5 aktl double mutant did not
show K (Rb™) uptake at external concentrations below 50 LM,
and it could only promote K* (Rb™) uptake at concentrations
higher than 100 pM. All these results demonstrated that in
Arabidopsis plants, AtHAK5 was the only system mediating K
uptake at concentrations below 10 wM and that this system
was inhibited by NH;%. At concentrations between 10 and
200 pM, both AtHAKS5 and AKT1 contributed to KT uptake,
defining AKT1 as a Ba’"-sensitive component of KT uptake.
Above 500 uM AtHAKS contribution was negligible as the
AtHAKS5 gene was repressed at this external Kt concentration,
and AKT1 role became more relevant. Unidentified systems
could compensate for the lack of AKT1 since the aktl and
the athak5 aktl lines grew at similar rates than the WT
line when the external K™ concentration was sufficiently high
(~10 mM).

The studies described for Arabidopsis allowed for depicting a
model for the contribution of AtHAK5 and AKT1 to root K+
uptake (Aleman et al., 2011). They also allowed for extending the
studies to species where knock-out mutants were not available,
through the use of NH;* and Ba** as specific inhibitors of
HAKS and AKT1, respectively. Thus, it was shown that in tomato
and pepper plants grown in the absence of NH,*, an NH4"-
sensitive component, probably mediated by SIHAKS5 (formerly
LeHAKS5) and CaHAKI, respectively, dominated K uptake from
concentrations corresponding to the high-affinity component
(inhibition of KT uptake by NH4 T was close to 80% in tomato,
for example; Martinez-Cordero et al., 2005; Nieves-Cordones
et al,, 2007). These results contrast with those obtained for
Arabidopsis, where both AtHAKS5 and AKT1 contribute to K™
uptake within the range of the KT concentration assigned to the
high-affinity component, as demonstrated by the use of single
(Rubio et al.,, 2008), and double KO mutants (Rubio et al.,
2010) in AtHAK5 and AKTI. Therefore, it can be concluded
that the Arabidopsis model cannot be completely extended to
other plant species, crops included, and highlights the need for
the characterization of knock-out lines in each particular species
to address the relevance of the different K™ transport systems.
In addition, the availability of whole genomes for many plant
species revealed some differences with respect to Arabidopsis.
In Arabidopsis, AtHAKS5 is the only member that belongs to
the cluster Ia of HAK transporters, which are involved in high-
affinity Kt uptake in roots (Nieves-Cordones et al., 2016). In
tomato, a highly homologous gene to SIHAKS5 is located just
2580 bp downstream from it in the tomato genome (Fernandez-
Pozo et al., 2015). In rice, the OsHAK21 gene, also belonging
to cluster Ia is induced by salinity, something that has not
been described in other species for members of this cluster.
This transporter has been linked to rice tolerance to salinity
through the maintenance of Na®/K* homeostasis, although

the physiological mechanism remains unclear (Shen et al,
2015).

Rice Transport Systems Contributing to
Root K+ Uptake

The recent characterization of T-DNA insertion rice lines
knocked-out for K uptake systems such as OsHAK1, OsHAKS5,
and OsAKT1, has importantly contributed to increase our
understanding of the relative contribution of such systems to K+
uptake in a species different from Arabidopsis, which is of great
importance in agriculture.

A T-DNA insertion mutant with OsAKT1 knocked-out
(Golldack et al., 2003) showed reduced growth and decreased
root and shoot K* concentrations when grown in the presence
of 1 and 0.1 mM K* (Li et al, 2014). K" flux experiments
and electrophysiological approaches showed an impairment of
K" uptake in the osaktI line. Strong expression of OsAKTI
was detected in epidermal root cells, but it was also found in
cortex, endodermis, and vascular bundles, suggesting a direct or
indirect role in K translocation. In addition, slight expression
was detected in shoots.

Knock-out mutants of the gene encoding the high-affinity
K* transporter OsHAKI (Bafiuelos et al, 2002) were also
characterized. The studies with oshakl lines showed that
OsHAKI1 contributed about 50-55% of high-affinity Kt uptake
in the range of 0.05-0.1 mM external K* and about 30% of K*
uptake at 1 mM external K+ (Chen et al., 2015). Root and shoot
growth, cell size and internal KT concentrations were reduced in
the oshakl mutant at both 0.1 and 1 mM K and this deficient
phenotype could not be rescued at high external KT (5 mM
K™). Transcripts of OsHAKI are preferentially accumulated in
roots of K*-starved plants, as it is observed with AtHAKS5 in
Arabidopsis. In addition, OsHAKI is strongly expressed at the
xylem parenchyma and phloem of root vascular tissues, shoot
meristems and vascular bundles of leaf sheaths. Moreover, oshakI
plants show reduced KT translocation from root to shoot. In
addition, the osaktI and oshak]l lines were inhibited throughout
development, showing delayed grain filling and reduced grain
yield, suggesting that they may play an important role in rice
productivity.

OsHAKS5 was isolated and characterized as a high-affinity
transport system in heterologous systems (Horie et al.,, 2011).
Expression studies showed that OsHAKS5 localized to the
plasma membrane and that under normal K% supply its
transcripts were detected in root, root-shoot junction and
leaf sheath. K* starvation enhanced its expression in root
epidermis, parenchyma of stele tissue, primordials of lateral
roots, mesophyll, and parenchyma cells of the vascular bundle.
The expression pattern of OsHAKS supported its role in K+
uptake, but also in KT distribution between roots and shoots,
especially at low external K. The lower accumulation of K™ in
roots of overexpressing lines and the higher K accumulation
in the knock-out lines, grown in low KT, supported this idea
(Yang et al, 2014). These authors suggested that OsHAKS5
may mediate K+ accumulation in xylem parenchyma cells to
enable K* channels to release KT efficiently into the xylem
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sap. A role for OsHAKS5 in KT signaling is also proposed, as
K" in the phloem may act as a signal to convey the shoot
demand of K and K* xylem loading (Engels and Marschner,
1992), and OsHAKS5 is abundantly expressed in phloem tissue.
A role for the AKT2 channel in KT signaling by modulating
K™ in the phloem has been also proposed (Decken et al., 2002)
and AKT2 has been recently suggested as a pathway for Na™
entry into the roots (Salvador-Recatala, 2016). Since AKT2-
mediated Kt transport is Ca?T-sensitive (Latz et al., 2007),
interesting interactions between salt stress, Ca?*, and AKT2 may
emerge.

The differential abundance of OsHAKI, OsHAKS5, and
OsAKTI transcripts suggests that they play non-redundant
functions. OsHAKI and OsAKT1 are highly expressed in all cell
types of roots and at low levels in shoots. However, while the
OsHAKI gene was induced 8- to 12-fold by KT starvation (Chen
etal., 2015), OsAKT1I expression was not affected by the external
KT concentrations (Li et al., 2014). By contrast, OsHAK5 was less
expressed in roots and strongly in shoots (Yang et al., 2014). It has
been proposed that both OsHAK1 and OsAKT1 contribute to Kt
acquisition at low and high external concentrations. At low KT,
OsHAK1 dominates high-affinity K uptake over OsAKT1 and
OsHAKS. By contrast, OsHAKS5 dominates KT transport from
root to shoots (Yang et al., 2014).

The studies described above suggest that OsHAK1, OsHAKS,
and OsAKT1 are involved in K* uptake at low and high
concentrations as well as in KT translocation from root to
shoot. Contribution to K* uptake over a wide range of K*
concentrations by a unique system has been demonstrated for
the Arabidopsis AKT1 (Alemdn et al., 2011). For transporters of
the HAK family, the overexpression of AtKUP1 in Arabidopsis
suspension cells produced enhanced K* uptake at micromolar
and millimolar Kt concentrations (Kim et al., 1998). The rice
studies reviewed here suggest that OsHAK1 and OsHAK5 may
contribute to KT uptake at both low and high concentrations,
which would explain why the growth of oshakl and oshak5
lines is not rescued at high external K*. However, the idea of
dual affinity for HAK transporters should be taken with caution.
It is possible that, in addition to K' uptake, the knock-out
lines are affected in other processes. In fact, Yang et al. (2014)
highlight the role of some HAK/KUP/KT transporters in auxin
distribution, irrespective of K™ supply. At this stage, it cannot
be ruled out that OsHAK1 and OsHAKS5 play a part in this
process.

Role of HAK Transporters in K*/Nat

Homeostasis under NaCl Stress

K*/Na™ homeostasis has been shown to be crucial for tolerance
of plants to salinity (Maathuis and Amtmann, 1999). Maintaining
K" uptake rates at high external Na™ is crucial for K*/Na™*
homeostasis and salt tolerance (Munns and Tester, 2008;
Cuin et al, 2012; Cheng et al., 2015). However, in the
presence of high Na™ concentrations, the low-K* induction of
genes encoding high-affinity K transporters is not observed
(Nieves-Cordones et al, 2008, 2010). In addition, under
salinity, K™ transport through high-affinity HAK transporters is

competitively inhibited (Santa-Maria et al., 1997; Rubio et al,
2000). In fact, OsHAK1 has been defined as the Na'-sensitive
high-affinity K* pathway in rice (Chen et al., 2015). Nonetheless,
studies in low-K*-grown Arabidopsis and rice plants showed that
AtHAKS5 and OsHAKI1 function was still pivotal in maintaining
K™ uptake and plant growth in the presence of high Na™ (Nieves-
Cordones et al., 2010; Chen et al., 2015). In addition to OsHAKI1,
OsHAKS5 may also play a role in salt tolerance, as high salt
transiently enhances OsHAKS expression (Yang et al., 2014) and
the transporter mediates Na™ -insensitive Kt uptake (Horie et al.,
2011). In the presence of salinity, OsHAK5-overexpressing lines
accumulated more K* in shoots and showed enhanced growth
as compared to WT. In contrast, oshak5 lines accumulated more
Na™ in shoots and grew less than WT plants (Yang et al., 2014).
The authors propose that the higher accumulation of Na™ in
shoots in oshak5 may be due to a hyperpolarized membrane
potential of mesophyll cells in knock-out mutants that would
favor Na™ accumulation in shoots. Therefore, the K transport
systems that contribute to maintaining a depolarized membrane
potential of mesophyll cells to evade excessive Na* accumulation
under salinity may play a role in salt tolerance. The function of
another rice HAK transporter, OsHAK21, seems to be important
for salt tolerance (Shen et al., 2015). The gene encoding this
transporter is enhanced by salinity and the protein is localized
to the plasma membrane of xylem parenchyma and endodermal
cells (putative passage cells). It has been shown that the knock-
out oshak21 line is more salt sensitive because of a higher and
a lower accumulation of Nat and K respectively, which points
to OsHAK?21 as a key transporter needed for the maintenance of
Nat/K* homeostasis in rice under salt stress.

Other Systems That May Be Involved in

Root K+ Uptake

Recently, a T-DNA insertion mutant in the Arabidopsis KUP7,
which belongs to cluster V of the HAK family (Nieves-Cordones
et al., 2016) has been characterized (Han et al., 2016). The results
showed that the kup7 line was sensitive to low K (<100 pM),
showing lower internal K* concentrations. It could be rescued
by higher K™ concentrations or by complementing the mutant
with the WT gene. The KUP7 gene was ubiquitously expressed in
many organs and the KUP7 protein was localized to the plasma
membrane. KUP7 could complement a yeast strain deficient in
K™ uptake. K transport studies showed that KUP7 was involved
in root K* uptake and K* translocation to the shoot. It seemed
to operate at higher concentrations than AtHAKS5, and may be
an alternative system involved in Kt uptake in the athak5 aktl
Arabidopsis line (Caballero et al., 2012). The observed effect on
KT translocation may be an indirect effect of a reduced uptake.
However, Han et al. (2016) speculated that KUP7 may mediate
K™ release into the xylem sap. It should be noted that besides K
uptake, some HAK transporters have been shown to mediate K
efflux (Banuelos et al., 2002; Garciadeblas et al., 2002; Osakabe
et al, 2013). Thus, K release into the xylem sap could take
place through this type of transporters, if the electrochemical
potential for K* allows for this movement. It is well known that
K™ loading of the xylem is mainly mediated by SKOR channels
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and the possible specific contribution of HAK transporters to K
loading is yet to be determined.

All of the above described results can be summarized into two
different models for the Kt uptake systems in Arabidopsis and
rice roots, shown in Figure 1 and Table 1.

REGULATION OF K+ UPTAKE

In general terms, the genes encoding HAK transporters that
mediate high-affinity K uptake in roots are strongly induced
by K deprivation, whereas the genes encoding AKT1 channels
are not. Several elements in the signal transduction cascade
that results in the activation of HAK transcription have
been identified. One of the first events when a root faces
K" deprivation is the hyperpolarization of the cell’s plasma
membrane (Amtmann and Blatt, 2009). A positive correlation has
been found between the membrane potential and the expression
levels of SIHAK5 and AtHAKS, independent of the root’s Kt
concentration (Nieves-Cordones et al., 2008; Rubio et al., 2014).
Thus, it has been proposed that the hyperpolarization of the
membrane potential may be the first element in the low-K*

signal cascade. The mechanisms linking membrane potential
and gene expression are unknown but, changes in cytoplasmic
Ca?™ derived from the activity of hyperpolarization-activated
Ca?* channels, could provide a connecting mechanism (Véry
and Davies, 2000). Increases in ethylene (Jung et al., 2009)
and reactive oxygen species (ROS; Shin and Schachtman, 2004;
Hernandez et al., 2012) are also involved, probably acting
following the hyperpolarization of the membrane potential.
Other hormones such as jasmonic acid (Armengaud et al., 2004,
2010; Takehisa et al., 2013; Schachtman, 2015) and cytokinins
(Nam et al., 2012) may also play a role in Kt signaling. At
the end of the cascade, transcription factors such as DDF2,
JLO, bHLHI121, TFII_A for Arabidopsis AtHAK5 (Kim et al.,
2012; Hong et al., 2013), bind the gene’s promoter to activate its
expression.

Interestingly, some environmental conditions such as the lack
of N, P, or S, that hyperpolarize root cell membrane potential
(Rubio et al., 2014) and elevate ROS levels (Shin et al., 2005),
also activate the transcription of AtfHAKS5-type genes. However,
under such conditions, no HAK-mediated uptake is observed,
suggesting a post-transcriptional regulation for these HAK
transporters that is elicited specifically by K™ starvation (Rubio
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FIGURE 1 | Schematic comparison of the systems involved in K* and Nat movements in Arabidopsis and rice roots. The availability of knock-out
mutants in Arabidopsis and rice plants for specific transport systems has allowed for elucidating their roles in K+ transport. The figure shows the predicted function
of each system for which knock-out mutants have been studied. AtHAKS and AKT1 are the main systems for Kt uptake in Arabidopsis plants. In addition, a
member of the KT/HAK/KUP family, AtKUP7, seems to also be involved in Kt uptake. KT release into the xylem is mainly mediated by SKOR and also partially by
AtKUP7. In rice, AtHAKS and AKT1 functions are fulfilled by the rice homologs OsHAK1 and OsAKT1. An additional system, OsHAKS, partially contributes to
high-affinity K+ uptake, but at higher concentrations than OsHAK1. These three rice systems may directly or indirectly facilitate K* release into the xylem, with the
contribution by OsHAKS5 to K* release into the xylem being more relevant. It is not clear if such contribution is a direct (by mediating K* efflux into xylem vessels) or
indirect (by favoring K* accumulation in endodermal cells) outcome of the aforementioned transporters. Regarding Na* uptake, the genetic identity of Na™ uptake
systems in Arabidopsis remains to be elucidated. GLRs, CNGCs or other non-selective cation channels could be involved. In rice, OsHKT2;1 has been shown to
mediate Nat uptake during K* deficiency. In the presence of K or high external Na™ concentrations other unknown systems should take part in Na* uptake.
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TABLE 1 | Summary for K* and Na* uptake features observed in Arabidopsis and rice roots.

Species Cation  Type of uptake’ Km (M) Sensitivity Transport Reference
systems involved
Arabidopsis K+ High-affinity 24* (=) NHz*, Bat?, Cst (=) Cat? AtHAKS, AKT1 Spalding et al., 1999; Gierth et al.,
2005; Rubio et al., 2008; Coskun
etal.,, 2013
Low-affinity 3,991* (—)Bat?, Cst, TEA, La*3, Nat (=) AKT1 Spalding et al., 1999; Gierth et al.,
NH4*, Cat? 2005; Caballero et al., 2012
Na* High-affinity n.d. n.d. - -
Low-affinity Linear response  (—) Ca™2, Bat2, cyclic-nucleotides - Maathuis and Sanders, 2001;
(+) Lat®, GABA (=) TEA, Cst Essah et al., 2003
Rice K+ High-affinity 11-18 (=) NH4+ OsHAKT, OsHAKS, Banuelos et al., 2002; Li et al.,
OsAKTA 2014; Yang et al., 2014; Chen
etal.,, 2015
Low-affinity n.d. n.d. OsHAKT, OsAKT1 Li et al., 2014; Chen et al., 2015
Na* High-affinity 60 or 477-655¢ (—) K*, Bat? OsHKT2;1 Garciadeblas et al., 2003; Horie
et al., 2007; Haro et al., 2010
Low-affinity n.d. (=) KT, Ca2t OsHKT2;1 Horie et al., 2007; Malagoli et al.,

2008

T High-affinity uptake takes into account cation uptake observed at external concentrations <0.5 mM while the low-affinity one does so at >0.5 mM. *Obtained with Rb™
as an analog for K*. (+), (—), and (=) stand for activation, inhibition, or no effect on cation uptake, respectively. n.d., not determined. § Only one component was identified

in Horie et al. (2007) for external Nat concentrations up to 5 mM.

et al., 2014). Recently, it has been shown that the Arabidopsis
AtHAKS transporter is activated by complexes that contain the
CIPK23 kinase and CBL1, CBL8, CBL9, or CBL10 Ca** sensors.
AtHAKS5 phosphorylation by CIPK23 leads to increases in the
maximal rate of transport (Vyax) and the affinity for K transport
(Ragel et al., 2015). It can be assumed that a specific low-K*-
induced Ca®" signal is registered by the CBL Ca?* sensor,
that in turn promotes phosphorylation of the transporter by
CIPK23.

As a voltage-dependent inward-rectifier K™ channel, AKT1
activity is regulated by the membrane potential (Gaymard et al.,
1996; Xu et al, 2006). In addition, its activity is modulated
by interaction with other proteins. AKT1 forms tetrameric
channels by interacting with the AtKC1 subunit (Daram et al,,
1997; Pilot et al., 2003; Duby et al., 2008; Geiger et al., 2009).
Upon interaction with AtKC1 in root cells, the activation
potential for AKT1-containing channels becomes more negative,
in comparison with AKT1 homotetramers (Reintanz et al,
2002; Wang et al., 2010). Moreover, AtKC1 interacts, in turn,
with the SNARE proteins SYP121 (Honsbein et al.,, 2009) and
VAMP721 (Zhang et al., 2015). SYP121 was shown to activate
K" uptake through AKT1/AtKCl channels while VAMP721
negatively regulated this process. Phosphorylation also plays a
role in AKT1 regulation. AKT1 activity is enhanced at low K*
by the same regulators as AtHAKS, i.e., the CIPK23/CBL1/9
complex, supporting the putative role of Ca’™ as a secondary
messenger involved in low-K* signaling (Li et al, 2006; Xu
et al., 2006). Inactivation of the channel is achieved by the
AIP1 phosphatase (Luan, 2009). It is worth to note that CBL
proteins can also modify AKT1 activity in absence of CIPKs, as
it is the case of CBL10 which is a negative regulator of AKT1
(Ren et al.,, 2013). Recently it has been shown that CIPK23

and AtKC1 act synergistically and balance K™ uptake/leakage to
modulate AKT1-mediated responses of Arabidopsis to low K
(Wang et al., 2016). Finally, nitric oxide has recently been shown
to lower AKT1 activity by modulating vitamin B6 biosynthesis,
constituting a new mechanism for the regulation of K* uptake
(Xia et al., 2014).

The current model for the regulation of these two main
systems involved in KT uptake, i.e, AtHAKS5 and AKTI, is
depicted in Figure 2.

It is worth mentioning that CIPK23/CBL is also involved in
the regulation of NO3 ™~ uptake (Ho et al., 2009; Tsay et al., 2011;
Léran et al,, 2015), and that KT starvation significantly reduced
the NO3™ concentrations in tomato plants (Rubio et al., 2014)
and induced several genes for NO3 ™~ uptake (Armengaud et al.,
2004). This indicates that a cross-regulation between K* and
NO;3 ™ nutrition exists and that the CIPK23/CBL complex may
constitute one of the key elements for such regulation.

UPTAKE OF Nat AND CELL
MECHANISMS INVOLVED

As for the identities of genes involved in Na™ uptake from
external solutions, the scenario is far less clear than that for K™,
With respect to high-affinity Na™ uptake, despite this activity
being widely observed in roots from several species (Garciadeblas
et al., 2003; Haro et al, 2010), only a few transport systems
belonging to the HKT and HAK transporter families have been
shown to take up Na™ within this range of concentrations. High-
affinity K™ transporters (HKT) are related to fungal and bacterial
K™ transporters from the Trk/Ktr families (Corratgé-Faillie et al.,
2010). In plants, however, HKT transporters display varying
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FIGURE 2 | Main pathways for root K* uptake and their regulatory mechanisms. HAK5-type transporters are high-affinity K* transporters involved in K*
uptake at very low concentrations. When the external K+ concentration increases, the inward-rectifier K+ channel AKT1 together with HAKS, contributes to K+
uptake. At K+ concentrations above 200 M, HAKS is not present and AKT1 is the main system for low-affinity K* uptake. At very high concentrations, other
unknown systems can secure Kt supply if AKT1 is not functional. The HAK5 and AKT1 uptake systems are subjected to finely tuned regulation. At low K+
concentrations, a hyperpolarization of the plasma membrane induces HAKS transcription. The signal cascade of HAKS regulation is dependent on ethylene and ROS
production. In addition, low external K* likely produces a specific cytoplasmic Ca2+ signal that is registered by the Ca2+ sensor CBL1, which induces CIPK23
recruitment to the plasma membrane resulting in the phosphorylation and subsequent activation of HAKS and AKT1. The channel activity is downregulated through
dephosphorylation by the AIP1 phosphatase, and interaction with CBL10 and vitamin B6. Other subunits such as KC1 and the SNARE protein SYP121 also
cooperate in AKT1 regulation. It can be concluded that whereas HAKS is subjected to transcriptional and post-transcriptional regulation, K uptake through AKT1 is
mainly regulated post-transcriptionally. The CIPK23/CBL1 complex emerges as a key regulator of KT nutrition.

Na*/K* permeabilities. Phylogenetic and functional analyses
have led to the identification of two HKT subfamilies (Platten
et al., 2006): subfamily I, present in both monocotyledonous
and dicotyledonous species, and subfamily II, identified only in
monocotyledonous species so far. Subfamily IT HKT transporters
are expected to be all K™ -permeable and can operate as Na™/K*
symporters (Rubio et al., 1995; Jabnoune et al., 2009; Yao et al.,
2010; Oomen et al., 2012) or K*-selective uniporters (Horie
et al.,, 2011; Sassi et al., 2012) when heterologously expressed in
yeast and/or Xenopus oocytes. Subfamily I HKT transporters are
Na™-selective in Arabidopsis and rice and are mostly involved
in Na™ recirculation through vascular tissues (Maathuis, 2014;
Véry et al., 2014), thus falling beyond the scope of the present
review. In the rice cultivar Nipponbare, OsHKT2;1 provides a
major pathway for root high-affinity Nat uptake that supports
plant growth under limiting KT supply (Garciadeblas et al.,
2003; Horie et al., 2007; Figure 1). Plants lacking a functional
OsHKT2;1 gene have shown reduced growth and lower Na*
content when starved of KT in the presence of 0.5 mM Na™,
and under such conditions Na™ can partially compensate K*
demand (Horie et al., 2007). Besides Na™, OsHKT2;1 can also
transport K when expressed in Xenopus oocytes (Jabnoune et al.,

2009; Oomen et al., 2012), but K transport is not detected
when it was expressed in yeast or in tobacco BY2 cells (Horie
et al., 2001; Yao et al., 2010). In OsHKT2;1 expressing oocytes,
the shifts in reversal potentials induced by K depended on the
pre-treatment of oocytes. When the oocytes were pre-treated
in low-Na®™ (0.5 mM Na%) they showed smaller shifts that
when pretreated with high-Na™ (96 mM Na™; Yao et al., 2010).
Comparisons of RbT influx between WT and oshkt2;1 roots
did not reveal significant differences between these genotypes
(Horie et al., 2007). Thus, the possible involvement of OsHKT2;1
in root K* uptake remains to be verified. Another subfamily
II HKT transporter, OsHKT?2;2, is absent in the Nipponbare
(japonica) cultivar but present in the indica cultivar Pokkali.
The transporter obtained from the latter cultivar is permeable to
both Na™ and K™ at low external concentrations when expressed
in tobacco BY2 cells, yeast and Xenopus oocytes (Horie et al.,
2001; Yao et al.,, 2010; Oomen et al., 2012). It is important to
note that a natural chimera OsHKT2;2/1 present in the Nona
Bokra (indica) cultivar maintains high-affinity K™ uptake even
at high Na™t concentrations, something that is also observed for
Pokkali OsHKT?2;2 but not for Nipponbare OsHKT2;1 (Oomen
et al, 2012). Despite the lack of data concerning oshkt2;2
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knock-out mutants, it is tempting to speculate that OsHKT?2;2
contributes to both KT and Na't high-affinity uptake in rice
roots. As for HAK transporters, two members, none of them
from higher plants, have been shown to mediate high-affinity
Na® uptake: PpHAK13 from the moss Physcomitrella patens
and YIHAKI from the yeast Yarrowia lipolytica (Benito et al.,
2012). PpHAK13, which belongs to cluster IV (Nieves-Cordones
et al., 2016), transports Na*, but not K, and high-affinity Na*
uptake is abolished in pphak13 mutants plants which evidences
that PpHAK13 forms the major pathway for Na™ entry at low
external concentrations in P. patens plants. On the other hand,
YIHAKI1 is able to transport Nat and K when expressed
in yeast, but the latter cation is only transported when Na*
is not added to the experimental solution. High-affinity Na™
transporters from the HAK family in higher plants are still to be
identified.

Concerning low-affinity Na™ uptake, it is generally accepted
that Na™ can enter the plant through ion channels (Maathuis,
2014). Na™-permeable channels include glutamate-like receptors
(GLRs; Davenport, 2002) and cyclic nucleotide gated channels
(CNGCs; Assmann, 1995; Bolwell, 1995; Trewavas, 1997; Newton
and Smith, 2004) and possibly other, non-identified, non-
selective cation channels (NSCCs; Maathuis and Sanders, 1993;
Tyerman et al., 1997; Demidchik and Tester, 2002; Essah et al,,
2003). Voltage-independent NSCCs (VI-NSCC) may constitute
the main class of NSCCs involved in Na™ entry since they are
highly sensitive to Ca?T as observed for Nat uptake in roots
(Demidchik and Maathuis, 2007). Moreover, VI-NSCC blockers
such as quinine or lanthanides also inhibited root Na™ influx
(Essah et al., 2003; Wang et al., 2006). Despite these encouraging
observations linking VI-NSCCs and root Na®™ uptake, the
molecular identity of these channels remains obscure at present.
Several HAK and HKT transporters, which are expressed in roots,
are also permeable at millimolar Na™ concentrations (Santa-
Maria et al., 1997; Horie et al., 2001; Takahashi et al., 2007;
Mian et al., 2011; Oomen et al., 2012). It is worth to note that
OsHKT2;1 and HvHKT2;1 contribute to Na®™ uptake in the
millimolar range but they are downregulated in the presence
of salt stress or K. Thus, when taking into account other
experimental conditions and plant species, it remains unclear
which other type/family of transport systems constitute the major
pathway for low-affinity Nat uptake. It is likely that there is
a large redundancy between the aforementioned channels and
transporters. Insights into the identification of the contributing
transport proteins would be of extraordinary biotechnological
value since low-affinity Na* uptake allows for the massive entry
of Nat within the plant that gives rise to toxicity. Interestingly,
the secondary messengers cyclic AMP and GMP affect Na™
influx. Studies on Arabidopsis seedlings (Maathuis and Sanders,
2001; Essah et al., 2003) and on pepper plants (Rubio et al., 2003)
have shown that unidirectional Na™ influx is reduced by cGMP
addition. CNGCs have a cyclic-nucleotide binding domain and
their activity is modulated by cyclic-nucleotides (Gao et al., 2014,
2016). It can be expected that the cyclic-nucleotide regulation
of Na't fluxes occurs through direct cGMP (or cAMP) binding
to this domain as it is the case of animal CNGCs (Craven and
Zagotta, 2006).

Recently, it has been shown that salt stress triggers the
formation of endocytic vesicles via a clathrin-independent
mechanism (Baral et al, 2015). Such vesicles lead to the
formation of vacuole-like structures that may help plants
to better cope with salt stress. Endocytosis can modify the
transporter complement of the plasma membrane (Sutter et al.,
2007), thus affecting the Nat uptake pathways. But more
interestingly, the endocytic process involves bulk-flow entry into
root cells that may transport Na™ ions from the apoplast to
the vacuole-like structures. If this were true, it would constitute
a parallel pathway for Na™ uptake, independent from that
mediated by transmembrane proteins. Moreover, this direct Na™*
transport into vacuoles would prevent Na® accumulation in
the cytosol which leads to cell toxicity. Interestingly, vesicle
trafficking has been recently suggested to play a role in
plant adaptation to salt stress (Garcia de la Garma et al,
2015).

CONCLUDING REMARKS

K" is an essential macronutrient for plants while Na* may
be beneficial or detrimental at low or high concentrations,
respectively. Plant roots possess specific KT transport systems
that can function under a wide range of concentrations to secure
K™ ions. The studies with knock-out mutants of the model plant
Arabidopsis have led to the identification of two major pathways
for KT uptake: the high-affinity KT transporter AtHAKS5
and the inward-rectifying K* channel AKT1. These systems
operate at low (micromolar) and high (millimolar) external
K" concentrations, although an overlap in their operation is
observed in the 10-200 uM K™ range. Different mechanisms
that include transcriptional and post-transcriptional regulation
modulate the activity of these two systems in response to
K" supply. Importantly, the CIPK23/CBL1 complex activates
AtHAKS as well as AKT1, pointing to its role as a central
regulator of K* nutrition. Homologs of AtHAK5 and AKTI
have been found in many plant species, and in some of them,
paralog genes exist which suggest function redundancy. This
precludes assigning a function by only using sequence homology
or heterologous expression studies. The recent characterization
of rice knock-out plants has shed light on this matter. OsHAKI,
OsHAKS5, and OsAKT1 seem to contribute to root K* uptake
as well as K' release into xylem, and they probably play
additional unknown functions in the shoot. However, they
play non-redundant roles: (i) OsHAK1 is mainly involved in
root K™ uptake at low concentrations, (ii) OsAKT1 mostly at
high KT concentrations, and (iii) OsHAK5 is more relevant
for KT translocation to the shoot. These systems may also
play a role in salinity tolerance by maintaining the K*/Na*t
homeostasis.

Regarding Na™ transport systems, the information is scarcer.
High-affinity Nat uptake and high-affinity Na® transporters
have been described in some species, but they are lacking in
many others. The pathways for low-affinity Na™ uptake are not
clearly identified yet, and several families of transporters contain
members that could be good candidates. Recently, it has been
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described that salt stress induced a new endocytic pathway that is
clathrin-independent, non-discriminatory in its choice of cargo,
and that operates across all layers of the root. This new pathway
may contribute to the bulk Na™ uptake and distribution across
the root cells under saline stress conditions.

All of the above highlight the importance of characterizing
the function of each transporter in each particular species. The
studies with knock-out lines in Arabidopsis and rice evidence that
the conclusions drawn in model species cannot be always fully
extended to other, non-model species.
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Most plants use nitrate (NO3™) as their major nitrogen (N) source. The NO3z~ uptake
capacity of a plant is determined by three interdependent factors that are sensitive to
NOgz~ availability: (i) the functional properties of the transporters in roots that contribute
to the acquisition of NO3~ from the external medium, (i) the density of functional
transporters at the plasma membrane of root cells, and (jii) the surface and architecture
of the root system. The identification of factors that regulate the NO3~-sensing systems
is important for both fundamental and applied science, because these factors control
the capacity of plants to use the available NO3 ™, a process known as the “nitrate use
efficiency.” The molecular component of the transporters involved in uptake and sensing
mechanism in Arabidopsis roots are presented and their relative contribution discussed.

Keywords: nutrient sensing, transporters, nitrates, development, plants

INTRODUCTION

Nitrate (NO3 ™) is an essential source of nitrogen for plant development and metabolism. With
ammonium (NH4 ") and urea (CO(NH,),), it is the most used fertilizer in agriculture as a source
of nitrogen (N) (Kiba and Krapp, 2016). But, beside its role as a nutrient, nitrate is also a signal
molecule which is involved in the control of many physiological processes, plant growth and crop
yield (Crawford, 1995; Krapp et al., 2014; Vidal et al., 2014). For example, as other nutrients like
phosphate or ammonium (Drew et al., 1973; Drew and Saker, 1975), nitrate participates in the
regulation of lateral roots development and architecture (Remans et al., 2006a; Walch-Liu et al.,
2006b; Krouk et al., 2010a; Ruffel et al., 2011, 2014, 2016), leaf development (Chiu et al., 2004),
flowering induction (Castro Marin et al., 2011) and seed dormancy (Alboresi et al., 2005). As
a signal molecule, nitrate can induce the expression of a number of genes implicated in nitrate
transport and assimilation (Wang et al., 2004; Bi et al., 2007; Krouk et al., 2011; Medici and Krouk,
2014).

Nitrate is often a limited resource and its accessibility is modified in both time and space,
therefore plants must adapt nitrate inputs to the needs and availability in the soil. Nitrate can
be assimilated in the roots or translocated to aerial organs via the xylem. Nitrate is then reduced
to nitrite by nitrate reductase (NR) and further to ammonium by nitrite reductase (NiR) before
incorporation in amino acids (Stitt, 1999). Otherwise, nitrate could also be stored, mainly in the
vacuoles where concentration could vary from 5 mM to 75 mM (measured in roots of barley
seedlings; Miller and Smith, 2008), in roots or shoots for further remobilization when nitrate
availability became scarce.

To maximize uptake efficiency in a wide range of external nitrate concentration, plants own
transport system with different properties to adjust nitrate uptake capacity (Miller et al., 2007); two
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types of transport systems known as Low Affinity Transport
Systems (LATS) and High Affinity Transport Systems (HATS).
The LATS allows transport in high (> 0.5 mM) external nitrate
concentration whereas the HATS provide a capacity for nitrate
absorption at low (< 0.5 mM) external nitrate concentrations.
Within each of these transport systems both constitutive (c)
and inducible (i) forms co-exist. Expression of these four kinds
of transport systems is essential for an efficient uptake, and
expression could be constitutive or inducible function of the
external nitrate concentration perceived.

Four families of transporters participate in nitrate uptake,
distribution or storage: NITRATE TRANSPORTER 2 (NRT2)
transporters (Orsel et al., 2002; Krapp et al., 2014), NITRATE
TRANSPORTER 1/PEPTIDE TRANSPORTER FAMILY (NPF)
transporters (Léran et al, 2014), CHLORIDE CHANNEL
FAMILY (CLC) transporters (Barbier-Brygoo et al, 2011)
and SLOW ANION ASSOCIATED CHANNEL HOMOLOG
(SLAC/SLAH) (Negi et al., 2008). Because roots constitute the
main organ where exchange between plant and its environment
take place, this review focuses on transporters identified in
Arabidopsis root plasma membrane and contributing to nitrate
uptake from the soil (Figure 1). Transporters from the NPF
and NRT2 families are involved and interestingly some of these
transporters are also involved in nitrate sensing.

HIGH-AFFINITY NITRATE
TRANSPORTER: NRT2 FAMILY

Seven members have been described in the NRT2 family in
Arabidopsis and characterized as high-affinity nitrate transporters
(Krapp et al., 2014). The affinity for nitrate of these transporters
is in the range of microM, saturable around 0.2-0.5 milliM. The
role in nitrate influx in the root has been demonstrated for four of
them: NRT2.1, NRT2.2, NRT2.4, and NRT2.5 (Orsel et al., 2002;
Kiba et al., 2012; Lezhneva et al., 2014; Kiba and Krapp, 2016).

NRT2.1 expression is found in the epidermal and cortical
cells of mature roots (Figure 1) (Wirth et al, 2007) and
constitutes the most studied transporter in NRT2 family. NRT2.1
expression is dependent to nitrate availability and seems to
be regulated by different conditions: (i) induced by nitrate
(Filleur and Daniel-Vedele, 1999) and as a consequence the
representative of the iHATS (inducible high affinity transport
system, see Introduction), (ii) repressed in high nitrate or
nitrogen concentrations (Crawford, 1995), (iii) briefly expressed
in response to nitrate deficiency (Crawford and Glass, 1998;
Cerezo et al, 2001). Same regulation was observed in maize
(Sorgona et al., 2011). ZmNRT2.1 expression along the maize
primary root increases after 4 h of nitrate treatment coordinated
with elevation of nitrate uptake rate. These results reflect an
important role of NRT2.1 transporter in the regulation of
nitrate fluxes in roots. Water status is affected in nrt2.1 mutant,
suggesting that NRT2.1 also supports root hydraulic conductivity
(Lietal., 2016).

Despite its low expression level, NRT2.2 expression seems
to follow the same regulation (i.e., in response to nitrate
availability). Moreover, NRT2.1 and NRT2.2 genes are very close

in genomic region of chromosome 1 (AGI NRT2.1: At1g08090
and NRT2.2: At1g08100). atnrt2 KO mutants have been obtained
for both transporters NRT2.1 and NRT2.2, and are affected in
the high affinity nitrate transport activity, but not in the low
affinity. However, in this atnrt2 mutant, the deletion of both
transporters did not result in the complete disappearance of the
nitrate uptake ability in low nitrate concentration, and besides
a low aflinity transport activity, a residual high affinity nitrate
transport response was observed, probably due to the presence of
constitutive high affinity nitrate transporters (Cerezo et al., 2001;
Miller et al., 2007). In maize, an analysis of several NRT2 genes
expression in response to nitrate suggests that ZmNRT2.1 and
ZmNRT?2.2 are the main genes controlling high-affinity nitrate
uptake (Garnett et al., 2013).

Another NRT2 family transporter, NRT2.4, has been identified
to participate to nitrate transport in roots, additionally to its
contribution to nitrate distribution to shoot. Although a low
expression level compared to NRT2.1, NRT2.4 is expressed in the
epidermis of the lateral root (Figure 1; also expressed in leaves)
and is involved in nitrate uptake at very low nitrate concentration.
Interestingly, nitrate perception could control expression of
NRT2.4, induced in long-term starvation (Kiba et al., 2012).
At low external nitrate concentration (25 wWM), nrt2.1/nrt2.2
double mutant is deficient for high affinity nitrate uptake and
nitrate transport is severely affected but still occurs. NRT2.4
contribute to maintain a minimal transport activity in this
mutant. Kiba et al. (2012) have demonstrated that overexpression
of NRT2.4 in the nrt2.1/nrt2.2 double mutant partially restore
nitrate uptake activity. However NRT2.4 is not the only one to
provide this transport activity because nrt2.1/nrt2.2/nrt2.4 triple
mutant keep its ability to transport nitrate (7% relative to WT)
at very low concentration (20 M nitrate), suggesting existence
of others high affinity transporters. This role is partly shared
by NRT2.5 as quadruple mutant nrt2.1/nrt2.2/nrt2.4/nrt2.5 has
a stronger reduced high affinity nitrate transport (3% relative
to WT; Lezhneva et al,, 2014). Interestingly, added NRT2.4 loss
of function to nrt2.1/nrt2.2 double mutant impact much more
seedling growth under N deficiency than NRT2.5. Moreover,
NRT2.4 and NRT2.5 transcripts increase during N limitation,
suggesting significant implication of both in root nitrate uptake
(Lezhneva et al., 2014).

Interaction with a small protein NAR2/NRT3 seems to
be essential for nitrate uptake of some of the NRT2 (Orsel
et al., 2006; Li et al, 2007). Two members constitute NAR2
family in Arabidopsis, but only NAR2.1/NRT3.1 is necessary
for nitrate transport activity. Indeed, co-expression in oocytes
of NAR2.1/NRT3.1 and all (expect NRT2.7) NRT2 members
demonstrate the positive effect of NAR2.1 on NRT2 dependent
nitrate uptake (Kotur et al., 2012). Moreover, these NRT2 family
members interact with NAR2.1 in yeast two hybrids (Kotur
et al.,, 2012). The effect of NAR2.1/NRT3.1 on NRT2.4 nitrate
transport activity in xenopus oocyte is yet fully understood
(Kiba et al, 2012). Besides contribution to nitrate transport,
NAR2.1 seems to be implicated in NRT2.1 localization or
stabilization at the plasma membrane (Wirth et al., 2007).
NAR contribution to nitrate transport is also observed in
others species, like barley, maize or rice. Measurements of
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FIGURE 1 | Schematic representation of low- (light gray dots) and high- (dark gray dots) affinity nitrate transporters expressed in Arabidopsis root.
Three stages of root developement have been represented according to Birnbaum et al. (2003).
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the °N-nitrate enrichment in oocytes showed that co-injection
of HVNRT2.1 and HvNAR2.3 was able to provide significant
nitrate uptake (Tong et al, 2005). Lupini et al. (2016) show
that ZmNAR2.1 has an important implication in ZmNRT2.1
expression and localization along root axis correlated with
nitrate influxes (Lupini et al.,, 2016). In rice, the expression of
the OsNRT2.1, OsNRT2.2, and OsNRT2.3a genes seems to be
regulated by OsNAR2.1, itself transcriptionally induced by nitrate
(Yan et al., 2011).

LOW-AFFINITY NITRATE
TRANSPORTER: NPF FAMILY

In higher plants, NPF family includes a large number of
genes, divided into eight subfamilies, and able to transport
diversified substrates. However, no substrate selectivity correlates
with sequence homology, and consequently with each subfamily
(Léran et al., 2014). In Arabidopsis, NPF family consists of
53 members mainly characterized as low affinity transporters.
Herein, NPF6.3/NRT1.1/CHL1 was firstly identified as low
affinity nitrate transporter (Tsay et al., 1993). NPF6.3 is expressed
in several root tissues: epidermis, cortex and endodermis
(Figure 1; also expressed in young leaf and flower buds)
(Huang et al., 1996; Guo et al, 2002; Remans et al., 2006a).
Consequently, NPF6.3 allows nitrate uptake from soil (Crawford,
1995; Munos et al, 2004) and is also implicated in nitrate
translocation to aerials part (Boursiac et al., 2013; Léran et al.,
2013). NPF6.3 reveals also an ability to switch to high-affinity

activity in low nitrate conditions (Liu et al, 1999; Liu and
Tsay, 2003; Ho et al, 2009). When phosphorylated, Thr 101
confers to NPF6.3 high affinity nitrate transport behavior whereas
non-phosphorylated NPF6.3 acts as low-affinity transporter.
The protein complex CIPK23-CBL9 (CIPK: CBL-Interacting
Protein Kinase, CBL: Calcineurin-B like Protein) is implicated
in the dual affinity transition changes thanks to its ability
to phosphorylate Thr 101 residue. In low nitrate conditions,
CIPK23-CBL9 phosphorylates NPF6.3 Thr 101 residue and
promotes NPF6.3 high affinity nitrate transport (Liu and Tsay,
2003; Ho et al, 2009). Other proteins, namely ABI1 and
ABI2 belonging to protein phosphatase 2C family from the
clade A, contribute to NPF6.3 activity in xenopus oocytes
(Léran et al., 2015). In planta experiments demonstrate that
only ABI2 has a regulatory role on NPF6.3-dependent nitrate
transport. This protein was able to modulate transport activity
by preventing phosphorylation of CIPK23-CBL1 complex (Léran
etal., 2015).

Functional characterization and regulation of NPF6.3
transporters is still ongoing and many residues seem to be
implicated in nitrate transport ability. Recently, crystallization
studies of NPF6.3 reveal a crucial role of His 356 residue
in nitrate substrate binding and transport. In the presence
of nitrate, authors show that NPF6.3 H356A variant
loses its nitrate transport capacity compared to wild type
NPF6.3 protein (Parker and Newstead, 2014; Sun et al,
2014).

NPF4.6/NRT1.2/AIT1, another nitrate transporter belonging
to NPF family is involved in soil nitrate uptake. As for NPF6.3,
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NPF4.6 is also expressed in root epidermis (Figure 1), however,
NPF4.6 display a constitutive expression and activity is restricted
to low affinity nitrate transport (Liu et al., 1999). NPF4.6 is also an
ABA transporter implicated in seed dormancy and transpiration
(Kanno et al., 2012).

NPF2.7/NAXT1 is another member of the NPF family
expressed the cortex of mature roots (Figure 1) and implicated in
root nitrate uptake in Arabidopsis. However, it seems to be mainly
involved in nitrate efflux to the external media and consequently
participate in nitrate homeostasis (Segonzac et al., 2007). As for
others NPFs (i.e., NPF7.2, NPF7.3, and NPF2.3) expressed in
Arabidopsis roots and characterized to date, their role consist
mainly to nitrate translocation to xylem tissue for distribution to
aerial parts (Lin et al., 2008, Li et al., 2010; Taochy et al., 2015).

NITRATE SENSING BY TRANSPORTERS

Although it constitutes an essential nutrient, nitrate is also
known to be a signaling molecule involved in many physiological
processes including gene regulation (Wang et al, 2004) and
root development (Walch-Liu et al., 2006a). Within the different
proteins involved in nitrate sensing (Medici and Krouk,
2014), two transporters described above, namely NRT2.1 and
NPF6.3/NRT1.1, are key ones.

NRT2.1

Formation of lateral root is strongly affected by environmental
condition and nutrient signals as nitrate are essential to
influenced root architecture. Beside its role in high-affinity
nitrate transport, NRT2.1 is involved in nitrate-dependent lateral
root initiation (LRI). With genetic screen using the repression
of LRI in seedlings growing on high sucrose/low nitrogen
conditions, a lin] mutant has been isolated for its ability to
initiate a large number of lateral roots (Malamy and Ryan,
2001). Further characterization of linl mutant indicates a point
mutation in NRT2.1 gene that leads to G119R substitution in
the protein sequence is responsible for linl phenotype (Little
et al,, 2005). Loss of function linl mutant as well as three
others nrt2.1 mutants (nrt2.1-1, nrt2.1-2, and nrt2.1-3) exhibit
nitrate-independent increases lateral root formation suggesting
that NRT2.1 is implicated in LRI repression under specific
conditions (i.e., high sucrose/low nitrate). Nitrate influx in linl
(as nrt2.1 KO) mutant is significantly reduced compared to WT,
indicating that nitrate uptake and/or accumulation could be
correlated to inhibition of lateral root primordia (Little et al.,
2005; Remans et al., 2006b). However, LRI is not only regulated
by direct sensing of the external nitrate concentration and could
be influenced by long-term nitrate growth condition. Thus,
decrease in nitrate availability [seedling transferred from high
(10 mM) to low (0.5 mM) nitrate media] seems to stimulate
both lateral root length and LRI in WT plants (Remans et al.,
2006b).

These results indicate that NRT2.1 deals with nitrate
transporter activity independently from its nitrate sensors
activity in the root development control. Nitrate effect on root

development not only originates from current nitrate transport
but also from nitrate already available from the plant.

NPF6.3/NRT1.1/CHL1

In addition to its nitrate transport activity (Tsay et al., 1993),
NPF6.3/NRT1.1 functions as a nitrate sensor and is able to
promote physiological response in the control of root system
architecture and to modulate the expression level of many gens
implicated in nitrate signaling pathway (Wang et al, 2004;
Krouk et al., 2009, 2010b; Medici and Krouk, 2014; Medici
et al, 2015). The NPF6.3 dependent regulation of NRT2.1
expression has been studied and is modulated according to
nitrate concentration. Fast induction of NRT2.1 expression is
observed in response to brief exposure to nitrate concentration
(Ho et al, 2009; Bouguyon et al, 2015) whereas NRT2.1 is
down regulated in long-term high nitrate supply (Munos et al.,
2004; Krouk et al., 2006). Another nitrate dependent phenotype,
lateral root development, is also NPF6.3/NRT1.1-dependent
(Bouguyon et al., 2016). Thus in low nitrate condition, NPF6.3
acts as a repressor of lateral root primordia and it became
an activator of root branching in response to nitrate supply
(Remans et al., 2006a; Krouk et al., 2010a; Mounier et al,,
2014).

The definitive proof of the role of NPF6.3/NRT1.1 in nitrate
sensing has been given by the study of chlI-9, NPF6.3/NRT1.1-
P492L (Ho et al., 2009). Although a normal level of transcript
and protein expression, nitrate transport activity was suppressed
in chll-9 knockout mutant, demonstrating that the Pro 492
residue is essential for nitrate uptake. Interestingly, this mutant
is still able to induce NPF6.3/NRT1.1-dependent gene expression
measured through NRT2.1 expression level, indicating that
PNR is not affected in this mutant. This specific mutation
demonstrates that the roles of NPF6.3 in transport and signaling
belong to independent regulations (Ho et al.,, 2009; Bouguyon
etal., 2015).

NPF6.3 ability to modulate lateral root development is
mediated by its auxin transport capacity (Krouk et al., 2010a;
Bouguyon etal., 2015). Correlations have been suggested between
NPF6.3 auxin transport ability and nitrate sensing and signaling.
Indeed, P492L and T101A point mutations decrease auxin
transport capacity and plants expressing these mutants (i.e.,
chll-9 and NPF6.3-T101A) are affected in nitrate-dependent
lateral root development, suggesting that phosphorylated form of
NPF6.3 could be responsible for NPF6.3 dependent regulation of
both nitrate and auxin transport and consequently for lateral root
development (Bouguyon et al., 2015).

Finally, the NPF6.3/NRT1.1 regulators, the kinase CIPK23
and the phosphatase ABI2, are also involved in nitrate sensing
(Ho et al., 2009; Léran et al.,, 2015): CIPK23 being a negative
regulator of NPF6.3/NRT1.1 by phosphorylation, and then a
repressor of PNR whereas ABI2 being a positive regulator of the
negative regulator complex (CIPK23/CBL1). Recently, the NRG2
(Nitrate Regulatory Gene) gene has been described to impact
nitrate signaling via regulation of NPF6.3 in roots (and NPF7.2
in leaves). nrg2 mutant grown in nitrate media supplemented
with ammonium shows a lower expression of NPF6.3 expression
in roots as well as down regulation of many nitrate responsive
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genes. Consequently, theses mutants display a defect in nitrate
accumulation on roots (Xu et al., 2016).

CONCLUSION

Two transporters, NRT2.1 and NPF6.3/NRT1.1, as well as
their protein partners (NAR2, CBL1, CBL9, CIPK23, ABI2)
are involved in nitrate transport and sensing. Although theses
nitrate transporters are among the most studied, there are
still some missing parts to better interpret the transport
regulation and the modulation of root architecture, and as
well the adjacent mechanisms responsible for optimization
of nitrate use efficiency (NUE; O’Brien et al., 2016). Plant
nitrate uptake constitutes an important trait to take into
account to improve crop yield and NUE. Indeed in rice, plants
overexpressing the high affinity nitrate transporter NRT2.3b
have an increased nitrate uptake correlated to an improvement
in growth capacity, yield and NUE (Fan et al, 2016), just
like OsNRT1.1b also implicated in nitrate transport efficiency
and NUE (Fan et al, 2015; Hu et al., 2015). Thus, the
capacity of other NPF and NRT2 transporters to sense nitrate
will be determined in further experiments and will help us
to better understand how plant is able to cope with nitrate
heterogeneity. Furthermore, identification of proteins belonging
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Roots are subjected to a range of abiotic stresses as they forage for water and
nutrients. Cytosolic free calcium is a common second messenger in the signaling of
abiotic stress. In addition, roots take up calcium both as a nutrient and to stimulate
exocytosis in growth. For calcium to fulfill its multiple roles must require strict spatio-
temporal regulation of its uptake and efflux across the plasma membrane, its buffering
in the cytosol and its sequestration or release from internal stores. This prompts the
question of how specificity of signaling output can be achieved against the background
of calcium’s other uses. Threats to agriculture such as salinity, water availability and
hypoxia are signaled through calcium. Nutrient deficiency is also emerging as a stress
that is signaled through cytosolic free calcium, with progress in potassium, nitrate and
boron deficiency signaling now being made. Heavy metals have the capacity to trigger or
modulate root calcium signaling depending on their dose and their capacity to catalyze
production of hydroxyl radicals. Mechanical stress and cold stress can both trigger an
increase in root cytosolic free calcium, with the possibility of membrane deformation
playing a part in initiating the calcium signal. This review addresses progress in identifying
the calcium transporting proteins (particularly channels such as annexins and cyclic
nucleotide-gated channels) that effect stress-induced calcium increases in roots and
explores links to reactive oxygen species, lipid signaling, and the unfolded protein
response.

Keywords: abiotic stress, calcium, heavy metal, hypoxia, nutrition, salinity, signaling

INTRODUCTION

Plant roots are exposed to a variety of abiotic stresses as they navigate the soil, foraging for
nutrients and water. Cytosolic free calcium ([Ca2+]cy¢) is central to the response to these stresses,
acting as a second messenger but also driving exocytosis (Carroll et al., 1998). Specificity of
[Ca®* ]yt signaling is determined by the amplitude and duration (and possible oscillation) of
the [Ca2+]cyt increase, often referred to as the “signature” (McAinsh and Pittman, 2009), that
is elicited by the stimulus. This signature would be driven by the opening of plasma membrane
(PM) and endomembrane Ca? " -permeable channels and terminated by the activity of Ca* efflux
transporters in those membranes, plus Ca?*-binding proteins, to restore the resting [Ca**]cy of
100-200 nM. Use of organelle-targeted Ca>* reporting proteins has shown that the Ca?>* content
of the endoplasmic reticulum (ER) and Golgi increases after stress-induced transient increases in
[Ca2+]cyt, strongly suggesting that Ca’? is sequestered there to terminate the [Ca2+]cyt signal
(Ordenes et al,, 2012; Bonza et al., 2013). Transport of Ca?* into organelles is catalyzed by
Ca?t-ATPases. There are two distinct families: The Auto-inhibited Ca>T-ATPases, ACA (that also
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operate at the PM) and the ER Ca?*-ATPases, ECA; reviewed
by Bonza et al, 2016). The lower affinity CAX (Cation/H™
Exchangers) appear to be restricted to endomembranes but also
facilitate Ca®" sequestration (Connorton et al., 2012). Changes
in organelle free Ca>™ in roots could also play a part in signaling,
most notably in the formation of symbioses and cell death
(Stael et al., 2012; Zhao et al, 2013; Wagner et al., 2015).
Decoding the [Ca?*].y signature will be effected by specific
Ca?*-binding proteins. Calmodulins (CaMs) and Calmodulin-
like proteins (CMLs) are encoded by multi-gene families in
plants. They lack kinase domains, suggesting these proteins
must target others with enzymatic activity. CaMs modulate
transcription by binding to Calmodulin-binding Transcription
Activators (CAMTAs) (Virdi et al, 2015). Other multi-gene
families are also evident for Ca?*-Dependent Protein Kinases
(CPKs) and Calcineurin-B Like proteins (CBLs). The latter
target CBL-Interacting Protein Kinases (CIPKs) to effect cellular
responses (Thoday-Kennedy et al., 2015). Changes in [Ca2+]cyt
also have the potential to activate lipid signaling pathways.
A somewhat forgotten aspect of Ca®" signaling is the Ca’*
activation of members of the Phospholipase C and Phospholipase
D families (Qin et al., 1997; Hunt et al., 2004; Dressler et al., 2014;
Ruelland et al., 2015; Hou et al., 2016). Phospholipase C catalyses
production of diacylglycerol and inositol trisphosphate (InsP3)
while Phospholipase D catalyses production of phosphatidic
acid, thus [Ca2+]cyt would have the capacity to trigger distinct
lipid signals depending on the location and Ca®*-sensitivity of
the phospholipases. Targets of lipid signals have been reviewed
recently by Hou et al. (2016).

The vast majority of [Ca2+]cyt measurements are from
Arabidopsis thaliana seedlings and guard cells, achieved using
the luminescent Ca®T-interacting aequorin protein. Far fewer
studies have focused specifically on roots or utilized the greater
sensitivity and spatial resolution of ratiometric fluorescent dyes.
The genetically encoded YC3.6 Ca™ reporter is now being used
for both Arabidopsis and rice roots (Behera et al., 2015), holding
much promise for the future. It is now clear that an identical
stimulus can elicit markedly different root [Ca2+]cyt signatures
depending on genus. So far, rice root [Ca®* ]y signals have been
found to be lower in amplitude but of longer duration than those
of Arabidopsis (Behera et al., 2015).

Electrophysiological studies of root cell plasma membrane
(PM) have advanced our understanding of the Ca?* influx routes
that could generate [Ca2+]cyt signatures. There is a central role
for PM voltage in [Ca**].y signaling, as individual stresses can
hyperpolarize (render it more negative) or depolarize (render it
less negative). Manipulating PM voltage elicits distinct [Ca®* ¢y
signatures and resultant transcriptional responses (Whalley et al.,
2011; Whalley and Knight, 2013). Studies on root epidermal and
root hair PM have shown that this membrane harbors channels
that are activated by hyperpolarized voltage (Hyperpolarization-
Activated Ca?t Channels (HACCs); Véry and Davies, 2000;
Demidchik et al., 2002, 2009; Ma et al., 2012), Depolarization-
Activated Ca?t Channels (DACCS); Demidchik et al., 2002;
Miedema et al., 2008) and Voltage-Independent Ca>* Channels
(VICCs) (Demidchik et al., 2002). Thus changes in voltage would
activate specific suites of channels to generate a signature. An
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FIGURE 1 | Reactive oxygen species (ROS) regulation of PM Ca2+
channels in the Arabidopsis root elongation zone epidermis. NADPH
oxidases (RBOH) generate extracellular superoxide anion that can undergo
conversion to HyO, and hydroxyl radicals (OH') (Richards et al., 2015). HoO2
could activate HACC (orange) at the extracellular PM face or enter the cytosol
through aquaporins (blue) to activate at the cytosolic face (directly or indirectly)
(Demidchik et al., 2007). Extracellular hydroxyl radicals activate Annexin 1
(pink) (Demidchik et al., 2003; Foreman et al., 2003; Laohavisit et al., 2012).
Ca?* influx would depolarise the PM and if unopposed this could activate
DACCs (yellow) (Demidchik et al., 2002). Increased [Caz+]cy1 could further
activate RBOH.

additional tier of regulation of the PM Ca’* influx routes is
afforded by reactive oxygen species (ROS) that are produced
during development and stress responses (Figure 1). This
regulation depends on the specific ROS, its position, the cell
type and the cell's developmental state. In Arabidopsis roots,
sensitivity of PM Ca?* channel activation by extracellular H,O»
decreases as epidermal cells mature but is still greater than
that of the cortex (Demidchik et al., 2007). A similar picture
emerges for extracellular hydroxyl radicals, which elicit greater
PM Ca?7 influx currents in the epidermis and root hairs than
the pericycle (Demidchik et al., 2003; Foreman et al., 2003).
In epidermal PM of the elongation zone, extracellular hydroxyl
radicals elicit different Ca?* channel activity to extracellular
H,0, (Demidchik et al., 2003, 2007). Thus, ROS will play a
significant part of generating cell-specific [Ca** ]y signatures in
response to stress.

Stress-induced [Ca“]cyt elevation in roots remains poorly
understood in terms of the genes encoding the PM or endo
membrane Ca?" channels involved. Plants have multi-gene
families of Glutamate Receptor-Like channels (GLR; activated
by a range of extracellular nitrogenous ligands) and Cyclic
Nucleotide-Gated channels (CNGC; activated by intracellular
cyclic nucleotides), with each gene encoding a potential subunit
of a potentially tetrameric channel. Some members have been
characterized as having Ca?* channel forming ability (reviewed
by Swarbreck et al., 2013 and Weiland et al., 2016). Membrane
residency has yet to be determined for all proteins and while the
majority tested are in the PM, in Arabidopsis GLR3.5 has been
localized to both mitochondria and chloroplast, depending on
its splicing variant (Teardo et al., 2015), CNGCI19 to the vacuole
(Yuen and Christopher, 2013) and CNGC20 potentially to both
PM and vacuole (Fischer et al., 2013; Yuen and Christopher,
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2013). Mechanosensitive Ca?t channels of the PM have also
been identified (Nakagawa et al., 2007; Hou et al., 2014; Yuan
et al., 2014; Kamano et al., 2015), as has a vacuolar Ca2* efflux
channel TPC1 (Two Pore Channell; Peiter et al., 2005). Root
cells will express specific complements of these genes and their
transcription can change under abiotic stress (Dinneny et al.,
2008; Roy et al., 2008), with the implication that stress resets the
[Ca®" ]y signaling system.

The threat of abiotic stress is global. Drought threatens
plant productivity across continents, with water shortage not
only imposing an osmotic challenge but also leading to soil
hardness that roots must overcome. Changing weather patterns
are bringing greater rainfalls to some areas (particularly Northern
Europe) thus leading to the threat of hypoxic challenge from
waterlogged soil (Shabala et al., 2014). Salinity stress arising
from sodic soils is made worse by irrigation and counteracting
nutritional deprivation by fertilizer application comes with an
increasing economic and environmental cost. In this review, the
effects of salinity, water availability (including soil hardness),
nutritional deprivation, heavy metals and cold on root [Ca”]cyf
will be addressed. The candidate channels for elevating [Caz"']cyt
in roots will be introduced and the downstream consequences of
the signal will be reviewed.

SALINITY STRESS FROM CHANNEL TO
TRANSCRIPTION

The transporters for Nat influx into the root are not fully
known but include the PM cyclic nucleotide-gated channels
CNGC3 (Gobert et al., 2006) and CNGC10 (Guo et al., 2008;
Jin et al, 2015) in Arabidopsis. Na™ ingress is opposed by
the Annexinl protein and the AGBI1 heterotrimeric G protein
subunit in Arabidopsis roots (Laohavisit et al., 2013; Yu and
Assmann, 2015). The mechanisms for sensing the increase in
cytosolic Na™ remain obscure (Maathuis, 2014; Shabala et al.,
2015) however what is clear is that Na™ entry depolarizes the root
epidermal PM voltage (Maathuis, 2014). This is significant in that
it implicates depolarization-activated and voltage-independent
PM Ca’*-permeable channels in generating the transient
[Ca2+]cy1 increases observed in roots in response to NaCl
(Figure 2). Both channels types are present in Arabidopsis root
epidermal PM (Demidchik et al., 2002). However, involvement
of hyperpolarization-activated PM Ca?* channels should not
be dismissed because increasing [Ca2+]cyt shifts their activation
voltage to more depolarized values (Véry and Davies, 2000;
Demidchik et al., 2002) and they are implicated in the Arabidopsis
root response to NaCl (Ma et al., 2012; Laohavisit et al., 2013).

Na* cCa? ca*

e —————
-
~.

~-,

s
(2]
f o
s
D

et al., 2007; Quintero et al., 2011).

Apoplast
- H |—
4 ’ F-(:ahﬁ <aI:!Ez) I\N'q1
Cytoplasm 'Y ATP ADP & +
Nat e g b U NADP™  NADPH
-9 Ca™ Ca + o, &HY
yd + cAMP 2
Sow cGMP ca? “
1
1
\, p— 1
\ ARP2/3 v

FIGURE 2 | Ca2* transporters in salinity-stress signaling. Na*t enters root epidermis and depolarises the PM, possibly activating DACCs (yellow) with the
[Ca2+]cyt increase also possibly activating HACCs (orange). Na* sensing results in cGMP/cAMP production that could activate CNGC HACCs (Shabala et al., 2015).
InsP3 and cADPR production causes Ca?* release from stores by unknown channels (DeWald et al., 2001; Tracy et al., 2008; Zhang VY. et al., 2015; Zhang X. et al.,
2015). ARP2/3 restricts mitochondrial Ca2+ efflux (Zhao et al., 2013). [Ca2+]cyt activation of RBOH NADPH oxidase activity would promote extracellular hydroxy!
radical formation and activation of Annexin1-mediated Ca2* influx (pink) (Laohauvisit et al., 2013). We hypothesize that these are held in a microdomain (red). This
leads to SOST transcription (Lachavisit et al., 2013). CaM activation would restrict CNGC-mediated Ca2+ influx and promote efflux by ACA Ca2*-ATPase activation
(Boursiac and Harper, 2007). [Ca“]m elevation activates CBL4 and CIPK24 (purple) leading to SOS1-mediated Na* extrusion (Liu et al., 2000). CIPK24 activates
vacuolar V-ATPase to provide the driving force for NHX1 and CAX1 to sequester Nat and Ca?* respectively, also activated by CIPK24 (Cheng et al., 2004; Batell
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Critically, hyperosmotic stress hyperpolarizes root epidermal PM
voltage (Maathuis, 2014) and this would potentially be a basis for
generating a component of the [Ca”* ]y signal specific to the
hyperosmotic component of NaCl stress.

Ca2* Influx across the PM

Application of NaCl can cause a heterogeneous increase in
Arabidopsis and rice root [Caz"']cyt that depends on cell type,
external [Ca® "], and the bathing medium’s effect on PM voltage
(Kiegle et al., 2000; Tracy et al., 2008; Laohavisit et al., 2013; Choi
et al., 2014; Zhang Y. et al., 2015). Pericycle cells of Arabidopsis
have a lower amplitude of [Ca2+]cyt increase and a more variable
recovery phase than the surrounding tissues (Kiegle et al.,
2000), suggesting a cell-specific transporter complement. Block
of NaCl-induced [Ca**].y increase by lanthanides implicates
PM Ca?* influx channels in the response of both Arabidopsis
and rice roots (Tracy et al, 2008; Zhang Y. et al., 2015).
The anti-apoptotic protein Bcl-2 mimics lanthanides in that its
overexpression impairs the NaCl-induced [Ca2+]cyt increase in
rice roots (Kim et al,, 2014). Clearly, the [Ca2+]cyt increase
could lead to cell death if it were great enough and Bcl-2 may
interact directly with PM channels. The genetic identities of the
PM Ca?* influx channels initiating the NaCl-induced [Caz"']cyt
increase remain unknown. It has been suggested that they may
be Ca’T-permeable CNGCs (Shabala et al., 2015) as salinity
stress increased cytosolic cGMP in Arabidopsis seedlings within
seconds (Donaldson et al., 2004). The source of cGMP may prove
to be critical as only the [Ca2+]cyt response to low NaCl (50 mM)
was sensitive to inhibition of soluble guanylyl cyclase activity and
the signal evoked by an equivalent osmotic stress was insensitive
(Donaldson et al., 2004). It remains feasible that neither the
ionic nor osmotic components of the [Ca2+]cyt increase in
response to high [NaCl] require cGMP. The osmotic component
of NaCl stress could increase [Ca2+]cyt in Arabidopsis roots
through the PM mechanosensitive Ca’*-permeable channel
OSCA1 (Reduced Hyperosmolality-Induced [Ca2t]; increasel).
This channel mediates the [Ca“]cyt response to hyperosmotic
stress (Yuan et al., 2014). Its discovery through a screen of
aequorin-expressing mutants (Yuan et al., 2014) highlights the
potential of this approach for identification of channels (and their
families) involved in stress-induced [Ca”]cyt elevation.

The initial increase in [Ca2+]cyt could be amplified by the
production of ROS sourced ultimately by PM NADPH oxidases
(encoded by Respiratory Burst Oxidase Homolog genes), with
[Ca®"]eyt activating these enzymes through their EF hands
(Figure 2). In accordance with this, Arabidopsis root cortical cells
lacking RBOHD and F have much lower PM hyperpolarization-
activated Ca?* activity in response to NaCl challenge than
wild type (Ma et al., 2012). Mutant seedlings have an impaired
[Ca2+]cyt response. Arabidopsis RBOHD can be activated by
CIPK26/CBL1/9 (Drerup et al., 2013) but a direct link to stress
has not been shown. Extracellular hydroxyl radicals are likely
to be the ROS involved in [Ca**].y elevation (Chung et al,
2008; Demidchik et al.,, 2010; Laohavisit et al., 2013; Richards
et al., 2015). The extracellular superoxide anions produced by
NADPH oxidases are readily converted to H,O, and wall Fe/Cu
act as Fenton catalysts to generate hydroxyl radicals (Richards

etal, 2015). Their production by Arabidopsis roots is significantly
increased under NaCl stress (Demidchik et al., 2010) and RBOHC
is implicated as a driver for production (Chung et al., 2008).
Extracellular hydroxyl radicals activate a PM Ca’* influx in
Arabidopsis root epidermis (Demidchik et al., 2003; Foreman
etal.,, 2003) that has now been shown to be mediated by Annexinl
(Laohavisit et al., 2012).

Annexins are Ca’*-binding proteins that can bind to or
insert into membranes and are implicated in stress reactions
(Laohavisit and Davies, 2011; Davies, 2014). Critically, when root
epidermal protoplasts are challenged with NaCl, the resultant PM
hyperpolarization-activated Ca?* influx is lost in the annexinl
loss of function mutant and the [Ca2+]cyt signal is impaired
(Laohavisit et al., 2013). Hydroxyl radicals are potent but short-
lived so their effects must be close to the site of production
(Richards et al., 2015). As NADPH oxidases can be held in
lipid rafts it may be that hydroxyl radicals target co-resident
channels. Finally, extracellular ATP levels of Arabidopsis roots
increase in response to NaCl (Dark et al., 2011). Extracellular
ATP activates root epidermal PM hyperpolarization-activated
Ca?t influx channels via RBOHC (Demidchik et al., 2009),
suggesting the involvement of extracellular ROS in channel
activation. Whether these channels involve Annexinl remains to
be determined but both the annexinl and rbohc loss of function
mutants are impaired in [Ca2+]cyt-dependent transcriptional
responses under NaCl stress (Chung et al., 2008; Laohavisit et al.,
2013).

Calcium Release from Stores

Although not demonstrated in roots, the Arabidopsis Actin-
Related Protein2/3 (ARP2/3) acts to limit NaCl-induced
[Ca®T]eyt increase, partly by limiting Ca?" release from
mitochondria. In the arp2/3 mutant, the [Ca2+]cy1 increase is
greater than wild type and so is the extent of mitochondrial-
driven cell death (Zhao et al., 2013). Release of vacuolar Ca®™ to
the cytosol in Arabidopsis roots may be by a Na™/Ca?* exchanger
encoded by AtNCL (Na‘t/Ca** Exchanger-Like; Wang et al,
2012; Li P.H. et al, 2016). This tonoplast protein is thought
to sequester Na™ into the vacuole, coupled to the release of
vacuolar Ca?t. The concomitant increase in [Ca2+]cyt could
provide a negative feedback mechanism to limit further transport
as Ca’T binding to the exchanger’s EF hands has been shown
to be inhibitory in vitro (Li P.H. et al., 2016). Pharmacological
approaches have also implicated internal stores in the NaCl-
induced [Ca”]cyt increase in roots of both Arabidopsis and
rice. Inhibitors of store release of Ca?>* by cADPR (cyclic ADP
ribose) and inositol trisphosphate (InsP3) suggested involvement
of the InsP3 pathway in Arabidopsis roots (Tracy et al., 2008).
Moreover, salt and hyperosmotic stress in Arabidopsis roots
caused an InsP3 accumulation that correlated well with [Caz"']cyt
increase (DeWald et al., 2001). The rice [Ca2+]cyt signal was also
sensitive to disruption of putative InsP3-gated store release whilst
impairment by thapsigargin implicated the ER as a participating
store (Zhang Y. et al., 2015). However, using ER-targeted YC3.6,
Bonza et al. (2013) detected an increase in Arabidopsis root ER
[Ca?*] in response to salt stress. This followed the salt-induced
[Ca? "]y increase and critically, a drop in ER [Ca**] prior to
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the [Ca2+]cy1 increase was never observed. Therefore, with the
level of resolution available, it appears that in this system the
ER does not contribute to the [Ca2+]cyt signal through store
release but acts to return [Ca2+]cy1 to resting levels. Studies on
Populus euphratica cultured cells identified the vacuole as the site
of InsP3 and cADPR action (Zhang X. et al., 2015). Certainly,
Phospholipase C isoforms (as the source of InsP3) are firmly
implicated in salt stress responses (reviewed by Ruelland et al.,
2015).

The genetic identities of the endomembrane Ca?*-permeable
channels implicated by pharmacological studies remain elusive.
GLRs have recently been postulated to be involved in ER Ca?*
release (Weiland et al., 2016). The TPC1 vacuolar channel of
Arabidopsis would be capable of releasing Ca?* to the cytosol
and recent analyses of its crystal structure has thrown greater
light on its regulation by voltage and EF hands (Guo et al,
2016; Kintzer and Stroud, 2016). At current resolution afforded
by YC3.6, its loss does not appear to have a significant impact
on the magnitude of the Arabidopsis root [Ca2+]cyt increase to
salt, rather it slightly delays the response (Choi et al., 2014).
However, TPC1 has a significant part to play in the propagation
of a [Ca2+]cyt wave that travels from the root apex through the
cortical and endodermal tissue to signal the NaCl challenge to
the shoots and elicit a transcriptional response. ROS also relay
a salinity stress signal (reliant on RBOHD) in Arabidopsis leaves
(Miller et al., 2009) but whether this occurs in roots and is
involved in propagating the [Ca2+]cyt wave remains to be tested.

Decoding, Na* Clearance, Transcription

and the Unfolded Protein Response

Salinity-induced [Ca2+]cyt elevation in roots drives a
transcriptional response (Laohavisit et al., 2013; Zhang Y.
et al,, 2015) and post-translational modifications. The proteins
sensing the NaCl-induced [Ca2+]cyt increase are now being
elucidated. For example, the Arabidopsis vacuolar Two Pore K
channel 1 (TPK1) would bind Ca?, and open to release K* to
the cytosol to maintain a favorable Na™/K™ ratio (Latz et al.,
2013). This could be further enhanced by phosphorylation by
CPK3, which requires micromolar [Ca’*] for activity. CPK3
is present at both the PM and vacuole. It does not appear to
contribute to a transcriptional response under salt stress but has
a discrete set of protein targets to phosphorylate (Mehlmer et al.,
2010). On prolonged salt stress, CPK29 expression is induced.
This protein can phosphorylate TPK1 at sub-micromolar [Ca?*]
and is envisaged to be part of longer-term Kt homeostasis in
adapted roots (Latz et al., 2013). Also in Arabidopsis, CPK27
(present at the root PM) acts to promote Na™ efflux (Zhao
et al., 2015). Intriguingly, CPK7 acts to limit water transport in
Arabidopsis roots through lowering PIP1 aquaporin abundance
(Li et al,, 2015) but whether this is relevant to salinity or
osmotic stress is not yet known. It can be readily envisaged that
calmodulins will bind Ca?* and as these are negative regulators
of CNGC channels (Hua et al., 2003), would act to limit further
Nat or Ca’*t influx at the PM. Further, CaM activation of
ACAs (Autoinhibited Ca** ATPases) would restore [Ca®*]cy
to pre-stimulus levels (Boursiac and Harper, 2007). Expression

of ACAs varies with salt stress and, as shown by rice roots, can
relate to salt tolerance (Yamada et al., 2014).

The Salt Overly Sensitive (SOS) pathway lies downstream
of the root [Ca2+]cy1 increase. Delineated in Arabidopsis and
now acknowledged as operating in crops and trees (Thoday-
Kennedy et al., 2015), the SOS pathway leads to Na™t efflux
from the cytosol. Efflux across the PM is mediated by the SOS1
Na/H* antiporter. Salt stress induction of SOSI transcription lies
downstream of Annexinl in Arabidopsis roots and as SOSI is
required for adaptive adventitious root formation, the annexinl
loss of function mutant accordingly produces fewer of these
than wild type (Laohavisit et al., 2013). Additionally, the stability
of salt stress-induced SOSI transcript requires RBOHC (Chung
et al., 2008), further suggesting that this NADPH oxidase and
Annexinl may be in the same pathway. In Arabidopsis roots,
increased [Caz"']cyt is sensed at the PM by CBL4 (SOS3)
which can then react with the serine/threonine protein kinase
CIPK24 (SOS2) (Liu et al., 2000). The resultant CBL/CIPK
complex phosphorylates the PM Na/H* antiporter SOS1 at its
auto-inhibitory C-terminus to achieve activation of Na¥ efflux
(Quintero et al., 2011). Activation of SOS1 can also be achieved in
Arabidopsis by Mitogen Activated Protein Kinase6 (MPK6) and
loss of MPK6 function impairs root growth under salt stress (Yu
et al,, 2010). MPKS6 is activated by a phosphatidic acid produced
under salt stress by Phospholipase Dal (PLDal) (Yu et al., 2010).
As this PLD isoform contains a Ca?"-binding C2 domain for
its activation it is feasible that salt-induced [Ca2+]cyt increase
could activate SOS1 through this lipid-mediated pathway via
MPKG6 (Yu et al., 2015). This may help explain the importance
of activation of PLDs in salt-stressed crop roots such as barley
(Meringer et al., 2016). SOS2 may also promote activity of the
vacuolar V-type HT -ATPase to provide the driving force for Na™
sequestration (Batelli et al., 2007). The NHX1 Na*-H™ exchanger
may also be regulated by SOS2 to aid vacuolar Na* sequestration
(Qiu et al., 2004) and SOS2 activation of the vacuolar CAX1
Ca?*/H™ antiporter would help terminate a [Ca**]y signature
through Ca?™ sequestration (Cheng et al., 2004). Other CAX are
involved in root tolerance of salt stress and the pathways to their
induction and regulation now need to be identified (Yamada et al.,
2014).

Salt exposure puts the plant's ER under stress, leading
to an accumulation of unfolded or misfolded proteins that
could lead to cell death (Liu et al., 2007, 2011). Such ER
stress triggers upregulation of a suite of responses termed the
“Unfolded Protein Response” (UPR), in which folding capacity
is upregulated (including by Ca’*-regulated chaperones),
translation is curtailed and the ER-associated degradation
pathway acts to lower the aberrant protein load (Deng et al.,
2013; Ruberti et al., 2015; Hossain et al., 2016; Wan and
Jiang, 2016). Expression of the ER Ca?*-binding chaperones
Calnexin and Calreticulin has been shown to upregulated in
the Arabidopsis UPR (Christensen et al., 2008; Liu et al., 2011)
and it would now be interesting to test whether these are
involved in regulating levels of Ca?* in the ER under stress.
However, expression of rice’s only calnexin gene is decreased
under salt stress (Sarwat and Naqvi, 2013). It is not yet clear
whether the salt-induced [Ca2+]cyt signal in roots (or other parts
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of the plant) helps initiate or regulate the UPR. It is feasible
that the salt-induced [Ca2+]cyt increase activates the root PM
Phospholipase C2 (Hunt et al., 2004) because the Arabidopsis
loss of function mutant is hypersensitive to tunicamycin, which
can induce the UPR (Kanehara et al., 2015). With IP3 as the
product of Phospholipase C activity, this would implicate IP3-
mediated release of Ca?™ from stores. Indeed, for Arabidopsis
seedlings the application of 2-aminoethoxydiphenyl borate as
an inhibitor of IP3-mediated Ca?* release prevented salt stress-
induced transcription of BIP1/2 (encoding an ER chaperone) as
a diagnostic of a UPR response (Liu et al., 2011). Intriguingly,
application of La3>* as a blocker of PM Ca?* influx prevented
the upregulation of UPR gene expression which was produced
by application of spermine to Arabidopsis seedlings (Sagor et al.,
2015). Exogenous spermine (as with salt) can depolarise the
root epidermal PM (Pottosin et al., 2014) and can also attenuate
hydroxyl radical-induced cation fluxes at root epidermal PM
(Zepeda-Jazo et al, 2011). Whether spermine and salt stress
share a common pathway to the UPR response merits further
investigation.

WATER AVAILABILITY IS SIGNALED
THROUGH [Ca?+]¢yt

The hyperosmotic challenge in [Ca®T]. determinations is
acute and does not mimic the chronic, progressive drought
conditions that roots may face. Nevertheless, such studies have
proved fruitful. As described above, the Arabidopsis OSCA1
PM Ca?* influx channel drives the root’s initial hyperosmotic
stress [Ca2+]cy1 signal (Yuan et al.,, 2014). In an elegant study,
heterologous expression of Arabidopsis genes in Chinese Hamster
Ovary (CHO) cells containing the Fura-2 Ca’*-reporting dye
lead to the identification of Calcium-permeable Stress-gated
cation Channell (CSC1; Hou et al., 2014), a close relative of
OSCAL. CSC1 has been characterized in CHO cells as a PM
Ca?*-permeable channel that is activated by hyperosmotic stress.
It is resident in plant PM (Hou et al., 2014) and is expressed
in roots but to date an in planta role remains unreported.
Targeting aequorin to the cytosolic face of the Arabidopsis
vacuolar membrane has revealed the capacity of the vacuole
to release Ca’* in response to acute hyperosmotic stress,
with pharmacological intervention suggesting an involvement
of InsP3 (Knight et al., 1997). As with salt stress, hyperosmotic
stress-induced [Ca”*].y increase could activate Phospholipases
and initiate lipid signaling. Osmotic stress activates PLD in
barley roots (Meringer et al., 2016). Although not tested directly,
phosphatidic acid downstream of PLD could be involved in
the activation of two sucrose non-fermenting-1 related protein
kinase 2 proteins (SnRK2.4 and 2.10) in Arabidopsis roots under
hyperosmotic stress. These SnRK2s are also activated under salt
stress and relocate from the root epidermal cytosol to the PM; loss
of function impairs root growth (McLoughlin et al., 2012). Work
using Golgi-targeted aequorin in Arabidopsis seedlings has shown
that an increase in Golgi [Ca2™] follows the [Cazﬂcyt increase
induced by hyperosmotic stress, suggesting that this organelle
helps terminate the [Ca2+]cyt signal (Ordenes et al., 2012).

The ABA produced under drought stress inhibits primary root
growth and [Ca®* ]y is likely to play a role in the signaling
pathway as exogenous ABA elevates root [Ca?*]cy, which in
Arabidopsis roots is controlled by the PM Proline-rich Extensin-
like Receptor Kinase4 (PERK4) (Bai et al., 2009). PERK4’s
extracellular domain is wall associated and its intracellular
domain has kinase activity. PM HACCs lie downstream of ABA
and PERK4. The perk4 mutant is not only impaired in ABA-
induced HACC activity and [Ca2+]cyt activation but also in ABA
inhibition of primary root elongation (Bai et al., 2009). This
implies that [Ca®* ]y elevation acts to arrest growth. RBOHD/F
may lie downstream of PERK4 and upstream of HACCs in
the root ABA pathway if the HACCs were ROS-activated.
The rbohd/f mutant is impaired in both ABA-induced HACC
activation and [Ca®* ]y elevation (Jiao et al., 2013). Another
possibility is that CNGCs are involved as ABA can increase
cGMP levels (Isner et al., 2012.). GLRs are firmly implicated in
the drought response; overexpression of rice GLR1 and GLR2
enhances drought tolerance of both rice and Arabidopsis (Lu
et al., 2014). The [Ca2+]cyt increase is likely to lead to a
transcriptional response as Ca2+-sensing proteins are activated.
ABA increases abundance and activity of Arabidopsis CPK4
and CPK11 leading to phosphorylation of the ABA-responsive
transcription factors ABF1 and ABF4 and induction of drought
stress genes (Zhu et al., 2007). Drought leads to CAMTA1 activity
and the regulation of discrete gene sets including those for
drought recovery (Pandey et al., 2013). In maize roots, drought
stress triggers activity of CIPK8 (which interacts with CBLI,
4, and 9) and likely leads to adaptive transcription (Tai et al.,
2016).

Hypoosmotic stress also elevates [Ca2+]cyt and is relevant
to waterlogged soils. In Arabidopsis, root PM harbors two
mechanosensitive Ca?*-permeable channels, MCA1 and MCA2
(Mid1-Complementing Activity; Kamano et al., 2015). MCA1
responds to hypoosmotic stress to elevate [Caz"']cyt (Nakagawa
et al, 2007). Rice only harbors an MCAIl in the PM. It is
present in the root and mediates hypoosmotic shock-induced
[Ca2+]cyt expression in cultured cells, probably lying upstream of
NADPH oxidase activity (Kurusu et al., 2012). Abundant water
not only exposes roots to potential hypoosmotic stress but also
risks limiting their oxygen supply, the consequences of which are
reviewed in the following section.

MECHANISTIC BASIS OF [CAZ+].
RESPONSE TO O, DEFICIENCY
REMAINS POORLY UNDERSTOOD

Oxygen deficiency (hypoxia) or absence (anoxia) causes transient
increases in root [Ca2+]cyt but the signature is organ- and
species-dependent (reviewed by Shabala et al., 2014). For
example, when challenged by anoxia, root protoplasts from
hypoxia-tolerant rice display a greater [Ca**].y; signature than
hypoxia-intolerant wheat root protoplasts (Yemelyanov et al.,
2011). The location of the Ca?™ influx also varies; use of
pharmacological blockers showed that the rice signature was
generated by both PM influx and store release whilst wheat

Frontiers in Plant Science | www.frontiersin.org

August 2016 | Volume 7 | Article 1296 | 34


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Wilkins et al.

Root Stress Signaling

appeared to rely solely on stores (Yemelyanov et al, 2011).
The types of Ca?™ channels mediating the [Ca2+]cyt increase
have yet to be identified in any species. However, those
activated by PM voltage depolarization are implicated. As O,
deficiency lessens ATP production, activity of the PM HT-
ATPase can be compromised thus resulting in a less negative
(depolarized) PM voltage as HT efflux is curtailed. The extent
and duration of membrane depolarization varies with sensitivity
to O, deprivation and cell type. Values of —70 to —80 mV have
been reported for O,-deprived barley root cells (Zeng et al.,
2014) and theoretically these would be sufficient to activate
PM depolarization-activated Ca’?* influx channels (Miedema
et al, 2008) to contribute to an hypoxia/anoxia [Ca2+]cyt
signature. Downstream of the [Ca®*]cy signature, it is likely
that CaM and ROPs (Rho GTPase) are activated (reviewed by
Shabala et al., 2014). In Arabidopsis roots, hypoxia causes rapid
upregulation of CML38 expression and this protein appears to
require Ca™T to associate with the cytosolic stress granules that
form and store messenger RNA ribonucleoproteins (Lokdarshi
etal., 2016).

RBOH activity is firmly implicated in the response to low
O,. In Arabidopsis, RBOHD expression is induced by hypoxia
and is required for transcription of hypoxia-induced genes (Yang
and Hong, 2015). Hypoxia also induces ethylene production
and in wheat roots this causes RBOH induction (Yamauchi
et al., 2014). A further level of regulation has been found in
Arabidopsis; the Hypoxia Responsive Universal Stress Protein 1
(HRU1) interacts with GTP-bound ROP2 and RBOHD (Gonzali
etal., 2015). HRU1 is one of 44 putative universal stress proteins
in Arabidopsis. It exists as a cytosolic dimer but anoxia promotes
monomer formation and increased association with the PM.
There it is thought to be part of a mobile complex with ROP2 and
AtRBOHD leading to activation of that NADPH oxidase (Gonzali
etal,, 2015). Although RBOH activity has been linked to PM Ca?™
channel activation in several abiotic stress scenarios, hypoxia and
anoxia have yet to be tested.

Ethylene has been shown to activate PM Ca’*-permeable
channels (with a weak voltage dependence) in tobacco suspension
cells (Zhao et al., 2007) and it remains a possibility that
these may play a part in the root hypoxia [Ca**]cy signal
with RBOH as an intermediary. Oxygen deprivation (and also
sulfur and phosphate, Pi, deprivation) triggers programmed cell
death (PCD) in mid-cortical cells for aerenchyma formation
(Fagerstedt, 2010). This PCD is stimulated by ethylene and ROS
and involves Ca?* (Xu et al., 2013; Petrov et al., 2015). In wheat
roots, anoxia causes mitochondria to release their Ca?* and
high [Caz"']cyt causes cytochrome c release (Virolainen et al.,
2002). The abnormal mitochondrial ultrastructure in Arabidopsis
caused by hypoxia is partially phenocopied by loss of GLR3.5
from the inner mitochondrial membrane, suggesting that this
channel must be deactivated during PCD (Teardo et al., 2015).
Further channels must now be identified to understand the
hypoxic/anoxic response. Recent work on Arabidopsis roots has
shown distinct, cell-specific levels of [Ca2+]cyt after 24 h of
hypoxia and highlighted the importance of CAX11 in controlling
meristem [Ca®*]cy (Wang et al,, 2016). Loss of CAX4 function
resulted in lower tolerance of hypoxia thus further demonstrating

the importance of Ca’t sequestration in this stress response
(Wang et al., 2016).

CAZ2+ SIGNALING IN NUTRIENT
DEPRIVATION IS AN EMERGING AREA

Investigating [Ca2+]cy1 elevation in response to nutrient
deprivation or resupply is technically challenging, particularly if
using aequorin. Nevertheless it is now clear that nutrient levels
can induce [Ca2+]cyt changes and that downstream Ca?™ sensors
regulate appropriate responses. The nutritional status of the root
will have a part to play in determining the [Ca2+]cyt signatures,
particularly of the endodermis as the extent of suberization is
set by nutrition (Barberon et al., 2016) and suberin lamellae
determine endodermal [Ca?*].y responses (Moore et al., 2002).
To date, potassium, nitrate and boron have been studied.

Potassium

Plants must maintain cytosolic KT at around 80 mM for
optimal growth even though soil concentration may be sub-
millimolar and they deploy a multigene family of KT transporters
in homeostatic control (Shabala and Pottosin, 2014). As
extracellular KT decreases, the root epidermal PM hyperpolarizes
and [Caz"']cyt increases (Demidchik et al., 2002). This increase
can be abolished by gadolinium, implicating PM Ca?* influx.
The genetic identities of the PM Ca?*-permeable channels
that would effect the [Caz"']cyt increase remain unknown.
The hyperpolarised PM correlates with induction of HAK5
expression in tomato root (Nieves-Cordones et al., 2008).
HAKS5 encodes the PM High Affinity KT transporter that
facilitates K* uptake from low external concentrations that are
thermodynamically unfavorable for channel-mediated influx. In
Arabidopsis roots, low K*-induction of HAK5 expression (and
other K*-deprivation genes) has been shown to depend on
RBOHC activity and ROS (Shin and Schachtman, 2004). At
present it is unclear whether the hyperpolarization of the PM
directly activates RBOHC (which as an electron exporter may be
voltage-dependent) or whether ROS-activated PM Ca? ™ channels
are involved in the K'-deprivation [Ca?"]; signal. HAKS
activity in Arabidopsis roots is regulated by CIPK23-mediated
phosphorylation, downstream of CBL1, CBL8, CBL9, and CBL10
(Ragel et al., 2015). The extent to which the transcriptional
response to low K™ availability is governed by [Ca? ¥ ]y is unclear
but deficiency does result in upregulation of transcripts of Ca?™
signaling proteins (CaM, CBL, CIPK) in Arabidopsis seedlings
(Armengaud et al., 2004) and sugarcane roots (Zeng et al., 2015).
At higher external [KT], the AKT1 channel (Arabidopsis Kt
Transporterl) facilitates uptake and its activity is promoted by
CIPK23-mediated phosphorylation, downstream of CBL1 and
CBL9 (Li et al., 2006; Cheong et al., 2007). This regulation is
recapitulated in rice roots where CIPK23/CBL1 activate AKT1 (Li
etal, 2014).

Nitrate

Nitrate is the most important form of nitrogen for agriculture
and deprivation triggers significant transcriptional and
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developmental responses. The effect of nitrate withdrawal
on [Cazﬂcyt has yet to be reported but recently it was shown that
nitrate-starved Arabidopsis roots responded to nitrate resupply
with a rapid, monophasic transient increase in [Ca2+]cyt that was
sensitive to lanthanides and phospholipase C (PLC) inhibition
(Riveras et al., 2015). Lanthanum also blocked nitrate-induced
InsP; production, suggesting that Ca?" influx across the
PM activated a PLC. The [Ca2+]cyt and InsP; increases were
entirely dependent on the PM nitrate influx transporter NRT1.1
(Nitrate Transporterl.1; Riveras et al., 2015). By using the nrt1.1
mutant and pharmacological blockers, nitrate-induced gene
transcription was also found to lie downstream of NRTI1.1,
and [Ca2+]cyt elevation from PM influx and InsP3-gated
store release. Calcium is also key to the regulation of nitrate
uptake capacity as CIPK23, which is activated by CBL9 and
CBL1, and dephosphorylated by ABI2 (a member of the PP2C
protein phosphatase family; Léran et al., 2015,), phosphorylates
NRT1.1 under low nitrate condition, thus converting it from
a low to high affinity transporter (Ho et al., 2009). By contrast
CIPK8 positively regulates the low-affinity phase of the nitrate
primary response which includes transcriptional regulation,
but its regulation of primary root elongation is concentration
independent in Arabidopsis (Hu et al, 2009). CBL7, which
is upregulated under nitrate deprivation, positively regulates
the nitrate-dependent induction of NTR2.4 and NTR2.5 gene
expression (Ma Q. et al,, 2015). Given the lack of a [Ca?T ]y
reporter line available in crops up until recently for rice, little is
known about nitrate deficiency-induced [Ca®* ]y signaling but
CaM protein abundance of wheat roots declines under nitrate
deficiency, suggesting a remodeling of signaling systems (Jiang
etal., 2015).

Boron
Boron deficiency is widespread worldwide and particularly
prevalent in China (Shorrocks, 1997). As B plays a dominant
role in co-ordinating cell wall structure (Kobayashi et al., 1996),
changes in cell wall stability are likely to influence the signal
relayed into the cell upon B deprivation and indeed a rapid
change in cell wall modulus has been observed (Goldbach et al,,
2001). Early work in Vicia faba showed a release of membrane-
bound Ca’™ into the apoplast (Miihling et al., 1998), raising
the possibility of Ca?>* signaling during the early stages of B
deficiency. Increased levels of both [Ca2+]cy1 and ROS have been
suggested to lead to the increased root hair growth known to
occur under B deprivation (Gonzalez-Fontes et al., 2016). In
cultured tobacco cells, transcriptional changes in response to
short-term B deprivation (1 h) were abolished when withdrawing
Ca%* from the growth medium or upon treatment with the Ca?™
channel blocker lanthanum, thus implicating PM Ca?™ influx
channels in generating a [Ca2+]cyt signal (Koshiba et al., 2010).
However, a transient [Ca2+]cyt signal in direct response to B
withdrawal has yet to be reported. Rather, work has focused on
the possible remodeling of Ca®* transport and signaling as a
consequence of B deprivation.

Challenging cultured tobacco cells with Ca’* resulted in
a higher amplitude of [Ca®T]y transient in B-deprived cells
(1 h deprivation) than those grown under replete conditions

(Koshiba et al., 2010). This suggests that B deprivation rapidly
“resets” the PM’s Ca?™ transport systems to generate altered
[Ca“]cyf responses. The [Ca”]cyt response of B-deprived cells
was sensitive to lanthanum and diphenyleneiodonium, pointing
to the involvement of PM Ca?* channels and NADPH oxidases
respectively (Koshiba et al., 2010). Arabidopsis roots expressing
the YC3.6 [Ca®* ]y reporter exhibited higher levels of [Ca®* ]y
at the apex than controls after 6 and 24 h of B deprivation
(Quiles-Pando et al., 2013). This time course of B deprivation
also resulted in significant upregulation of CNGC19 (encoding
a vacuolar channel), four genes of the ACA family of Pyp-type
Ca?t-ATPases (ACA1,10,12,13) and CAX3 encoding a vacuolar
cation-H™ antiporter (Quiles-Pando et al., 2013). This suite of
transporters could effect Ca?* efflux from the vacuole (CNGC19)
to increase [Ca**]cy with clearance to the apoplast by ACA10-
13 and sequestration to the vacuole by CAX3. How they are
regulated remains to be determined, as does the involvement of
the structurally compromised wall and the consequence of this
higher level of apical [Ca2+]cyt. The area of higher [Ca2+]cyt
reported appears to correspond with the zone of inhibition of
primary root elongation and the induction of cell death (Oiwa
etal., 2013; Camacho-Cristobal et al., 2015). Once again, ethylene
production appears to be upstream of NADPH oxidase-driven
ROS production in growth arrest and death (Oiwa et al., 2013;
Camacho-Cristobal et al., 2015).

Eight CML genes were also significantly upregulated after
a day’s B deprivation of Arabidopsis roots (CMLI11,12,23,24,
30.37,45.47), as were three CPK genes (CPK1,28,29) all
suggesting a distinct change in intracellular Ca** signaling
(Quiles-Pando et al, 2013). This B deprivation also
caused upregulation of WRKY transcription factors (TF)
(WRKY38,40,46), two three MYB family TF (MYBI4,15,78)
and downregulation of two BZIP family TFs (bZIP34,61)
(Gonzalez-Fontes et al., 2016). B deprivation has also been found
to promote the senescence-associated WRKY6 TF in the root
tip (Kasajima et al., 2010). It has been suggested that the CMLs
and CPKs upregulated by B deprivation are part of the chain of
events leading to TF activation in the nucleus (Gonzélez-Fontes
et al., 2016) and this now requires direct testing. CIPK8 also
positively regulates nitrate induced up-regulation of BORI,
a gene encoding a boron transporter responsible for xylem
loading (Hu et al., 2009), suggesting that root signaling results in
preservation of shoot B supply.

HEAVY METAL STRESS HAS THE
CAPACITY TO DISTORT Ca?+
SIGNALING

At the opposite end of nutritional deprivation is heavy metal
stress. Industrial activity, mining and modern agricultural
practices can lead to soil contamination by heavy metals (defined
here as 7 g/cm? and above). Although some of these metals (such
as Zn, Cu) are required as micronutrients they can be damaging
in excess whilst others (such as Cd) have no physiological
role and can be deleterious even at low concentrations, often
impairing mineral nutrition. The consequences of heavy metal
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exposure have been reviewed recently by Singh et al. (2016)
and these authors explore signaling pathways (although not
explicitly addressing Ca®™), intersects with hormonal responses
and detoxification.

Cadmium

Cadmium is a particular threat to Ca?*-based processes because
of its similar size. A recent review by Chmielowska-Bak et al.
(2014) summarized the effects of Cd on ROS accumulation, NO
accumulation, MAP kinase activation and downstream responses
in a wide range of plant systems and, importantly, did this as a
function of Cd exposure. With regards to Ca’* a key question is
whether Cd (as a Ca>* “substitute”) generates a signal in its own
right or whether its impairment of Ca>* homeostasis will be, in
effect, the signal. Certainly Cd depolarises the rice root epidermal
PM, which would impair Ca?t influx and results in inhibition of
root elongation (Li et al., 2012). Cd can permeate guard cell PM
Ca?t channels (Perfus-Barbeoch et al., 2002) and may compete
with Ca?™* for entry into rice root hairs through PM HACC, thus
limiting Ca?* influx (Li et al., 2012). Competitive effects appear
likely given the ability of exogenous Ca?T addition to alleviate Cd
inhibition of root growth of both terrestrial and aquatic plants,
implying competition for uptake (Zhang et al., 2012; Rodriguez-
Hernandez et al., 2015). Additionally, competitive inhibition
by Cd of Ca?* uptake through the wheat LCT1 transporter
expressed in yeast has been observed (Clemens et al., 1998). Root
hair growth in Arabidopsis is inhibited by Cd; it inhibits Ca?™
influx and so dissipates the apical [Ca?* ], gradient needed for
growth (Fan et al.,, 2011). This could reflect block of root hair
Ca’* influx channels or Cd outcompeting Ca?* for that influx
pathway. However, Yeh et al. (2007) observed an increase in rice
root [Ca2+]cyt following 15 min of Cd exposure, with a more
tolerant variety sustaining a greater increase than a sensitive
variety. In roots of the aquatic plant Typha latifolia, Cd exposure
increases transcription of TPCI which suggests that vacuoles
might release Ca?™ to the cytosol (Rodriguez-Hernandez et al.,
2015). Inhibitor treatments indicated involvement of NADPH
oxidases, hydroxyl radicals and CIPK upstream of a MAP kinase
induction that linked to tolerance (Yeh et al., 2007). Cd stimulates
expression and activity of NADPH oxidases in cucumber roots
but it is not known if these responses are Ca’*-dependent
(Jakubowska et al., 2015). It is worth noting that it is not only
an increase in [Ca2+]cyt that could stimulate NADPH oxidase
activity but that also the restriction of Ca?>* entry to the cytosol
could cause stimulation (Mortimer et al., 2008). It seems likely
that in Arabidopsis roots it would be CAXs predominating in
terminating a Cd-induced increase in [Ca2+]cyf. CAX4 mediates
Cd and Ca’* transport into Arabidopsis thaliana vacuoles and
is needed for correct growth under Cd stress (Mei et al.,
2009). CAX1 expression is higher in roots of the Cd-tolerant
A. halleri compared to the sensitive A. thaliana (Baliardini et al.,
2015).

A key point for future studies is the intersect between
Cd and hormones in relation to [Ca®"]cy. Exogenous Ca**
can ameliorate Cd’s inhibition of Arabidopsis root growth by
counteracting effects of NO on auxin homeostasis (Hu et al,
2013; Li P. et al., 2016; Yuan and Huang, 2016). Cd also interferes

with auxin homeostasis in barley roots (Zelinova et al., 2015).
Auxin itself can increase Arabidopsis root [Ca2+]cyt and this
increase is mediated by CNGC14 at the PM, downstream of
an unidentified auxin receptor (Shih et al., 2015). This begs
the question of whether CNGC14 is an entry route for Cd and
the pathway to disrupted auxin homeostasis. Additionally, Cd
has been described as a “metallohormone” in that it triggers
expression of brassinosteroid-regulated genes in Arabidopsis
roots (Villiers et al., 2012). Brassinosteroids are themselves
capable of transiently elevating [Ca®"]cy in Arabidopsis roots
(through PM Ca?™ influx) and activate a possible DACC in wheat
root PM (Straltsova et al., 2015). Again this raises the question
of channel identity to help elucidate the relationship between
Cd and brassinosteroid signaling and combat the effects of this
potent soil contaminant.

Copper, Gadolinium and Lead

In contrast to Cd, transition heavy metals could be capable
of generating ROS directly and so perturb [Ca2+]cyt signaling.
Transition metals can catalyze production of hydroxyl radicals
from superoxide anion and hydrogen peroxide through the
Haber-Weiss reaction, with Cu™ and Fe?T catalyzing hydroxyl
radical production from hydrogen peroxide through the Fenton
reaction (Richards et al., 2015). Unless levels of these catalytic
metals are tightly controlled, production of hydroxyl radicals
(the most potent of the ROS) could inflict significant oxidative
damage. Taking Cu as the exemplar, it plays a positive role in
hydroxyl radical-activated cell wall loosening for root elongation
(Fry et al., 2002) and this could be coupled in Arabidopsis
roots to hydroxyl radical-activation of PM Annexinl-mediated
Ca’" influx to stimulate exocytosis and growth (Foreman et al.,
2003; Laohavisit et al., 2012). This model proposes regulation
by extracellular hydroxyl radicals while Rodrigo-Moreno et al.
(2013) have proposed that Cut binding at the intracellular face
of the PM in Arabidopsis root tips catalyzes hydroxyl radical
production to regulate ion flux. This would allow coupling of
Cu transport into the root to regulation of PM Ca?* influx
channels. Certainly, low levels of Cu can promote elongation
of Arabidopsis primary root and this effect is diminished by
blocking PM Ca?* influx channels (Demidchik et al., 2003). The
effects of extracellular Cu on PM Ca?* channels and therefore on
[Ca2+]cy1 signaling are likely to be complex. Electrophysiological
analysis of Arabidopsis root epidermal PM has shown that
Cu not only activates Ca>* channels through ROS production
(Annexin 1; Laohavisit et al., 2012) but also blocks channels, the
molecular identity of which remains unknown (Demidchik et al.,
2003).

Catalytic production of ROS by Cu is not the only route
to modulating [Ca2+]cyt. Longer-term exposure to Cu can
stimulate exocytosis-mediated ROS production. Lin et al. (2013)
found that inhibiting vesicle traffic with brefeldin also inhibited
Cu-stimulated ROS production in rice roots. Whether this
involved NADPH oxidase or other ROS generators remains to
be determined. Rice root [Ca”]cyt increases in response to Cu
addition and could link to NADPH oxidases and CIPK activity
leading to MAP kinase activation (Yeh et al., 2007). It triggers
oxidative stress in Populus roots that leads to regulation of
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CaM genes, implicating perturbation of [Ca2+]cyt (Guerra et al.,
2009).

In common with Cd, excess Cu also alters auxin homeostasis
in roots and interferes with NO signaling (Lequeux et al., 2010;
Kolbert et al., 2012). In excess, Cu stunts Arabidopsis root and
root hair elongation and can inhibit lateral root outgrowth
(Kolbert et al., 2012). Accumulation of lignin has been observed
in both Arabidopsis and rice roots (Lequeux et al., 2010; Liu
et al., 2015) and in the former accumulation is associated with
the endodermis. It would now be interesting to ascertain whether
such wall modification changes [Ca2+]cyt signals in central cells
or affects [Ca2+]cyt propagative signaling to the shoot. Root tip
cell death has also been observed (Huang et al., 2007; Lequeux
et al,, 2010; Rodrigo-Moreno et al., 2013). Cu-induced cell death
in rice roots was attenuated by chelating extracellular Ca* thus
implicating Ca?™ influx across the PM (Huang et al., 2007)
while in Arabidopsis roots cell death was attenuated by addition
of Gd** or verapamil as PM Ca?™ channel blockers (Rodrigo-
Moreno et al., 2013).

Gd3* is routinely used as a PM Ca?* channel blocker, for
example with proven efficacy against Arabidopsis root epidermal
and root hair HACC, DACC and VICC (Véry and Davies,
2000; Demidchik et al., 2002; Miedema et al., 2008). It is
also effective against the root PM hydroxyl radical-activated
and H,0;-activated Ca?7T influx channels (Demidchik et al.,
2003, 2007) and the Annexinl-mediated pathway (Laohavisit
et al, 2012). As a consequence Gd>* lowers Ca’* influx
(measured with >Ca; Demidchik et al., 2002). From this it can be
anticipated that Gd*>* would have the capacity to dampen stress-
induced [Ca**].y signaling in roots, including that mediated
by oxidative stress (Demidchik et al., 2003, 2007) and elicited
by NaCl (Laohavisit et al., 2013). Pb is less well studied in
terms of [Ca2+]cyt. Exogenous Ca?t can protect against root
Pb accumulation, suggesting competitive uptake (Rodriguez-
Hernandez et al., 2015). However, Pb was found to evoke Ca?*
accumulation and diphenyleneiodinium-sensitive ROS increase
in rice roots, the latter leading to MAPK activation (Huang
and Huang, 2008). Entry of Pb into Arabidopsis roots involves
CNGCI1 as its deletion confers greater tolerance but whether Pb
permeates this channel is unknown (Sunkar et al., 2000). Pb has
also been shown to increase expression of TPCI in Typha roots
(Rodriguez-Hernandez et al., 2015) but whether this results in
increased [Ca2+]cyt in this or other roots is not known yet.

MECHANICAL STRESS

Roots experience a range of mechanical stimuli, induced as they
encounter soil particles or neighboring roots. An increase in
[Ca2+]cyt together with an apoplastic alkanisation are early effects
induced by mechanical stimuli. One of the known downstream
events from the increase in [Ca®"]cy is the upregulation of
touch-sensitive genes such as CMLI12 and CML24 (Braam, 1992).
Mechanically triggered [Ca?* ]y changes are dependent on the
type of stimulus and the responding tissue (Legue et al., 1997;
Monshausen et al., 2009). For example, manually bending an
Arabidopsis root induces a rapid, biphasic increase in [Ca**]cy

on the convex side of the roots where cells are stretched
(Monshausen et al., 2009) while previously compressed cells on
the concave side of the roots show a monophasic and less intense
increase in [Ca2+]cyt upon return to their resting position. The
source of Ca?t is likely to be extracellular (Monshausen et al.,
2009; Richter et al., 2009; Kurusu et al., 2012); with internal stores
being mobilized to amplify the response (Chehab et al., 2009;
Toyota and Gilroy, 2013).

Over-expressing MCA1 in Arabidopsis lead to an enhanced
[Ca2+]cy1 transient post mechanical stimulation by the addition
of a membrane crenator, however, the mcal mutant showed
no difference from the wild type (Nakagawa et al, 2007).
Accordingly, Shih et al. (2014) showed no change in mcal
apoplastic alkalinisation following root bending, which is
closely related to the [Ca®" ]y signature. Thus some levels of
compensation occur in mutants deficient in mechanosensitive
Ca?t channels. In contrast to the MCAs, MSLs (MscS-Like)
were identified in Arabidopsis due to their sequence similarity
to the bacterial Mechanosensitive channels of small conductance
(MscS) (Haswell et al., 2008). These are encoded by a multiple
gene family of 10 members, with MSL9 and MSL10 found
in the PM of root cells and required for a mechanosensitive
channel activity. They are predominantly anion channels and
their relationship to mechano-stimulated [Ca2+]cyt increase has
yet to be shown but may be through PM voltage regulation.
At this point, it is unclear whether these channels represent
mechano-sensors or act downstream of yet unknown mechano-
Sensors.

Recently, the PM receptor-like kinase FERONIA has been
implicated in regulating the Arabidopsis mechano-stimulated
[Ca2+]cyt increase and downstream transcriptional regulation
(Shih et al.,, 2014). feronia mutants lack the second peak of
the biphasic increase in [Ca2+]cyt elicited in stretched cells by
manual bending. However, the mechanism by which FERONIA
can regulate [Ca2+]cy¢ remains unclear as its kinase activity
is not essential and targets are unknown. As far as we know,
this study was the first in which a mutant with an aberrant
mechano-stimulated [Ca2+]cyt increase also showed a root
skewing phenotype. Root skewing (deviation from the vertical
when grown on vertical or inclined agar) may be influenced by
mechano-sensing. At this point, it is unclear whether FERONIA
also plays a role in the mechanical induction of lateral root
formation (Richter et al., 2009).

Cold Stress

Cold plays a key role in the regulation of physiology and
development; the signaling processes relaying non-stressful
temperatures (12°C and above) have been reviewed by Wigge
(2013). The signaling cascades activated by cold stress (typically
4°C experimentally) and their relations with hormonal signaling
have been reviewed by Knight and Knight (2012), Jeon and Kim
(2013), Shi et al. (2015) and Eremina et al. (2016). Most studies
on the effect of cold stress on [Ca2+]cyt report on seedlings or
leaves. From these it is well established that [Ca2+]cy1 elevation
involves both Ca?* influx across the PM and release from
predominantly vacuolar stores (e.g., Knight et al., 1996; Mazars
et al, 1997; Knight and Knight, 2000: Zhu et al., 2013). By
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using an extracellular Ca? T -reporting microelectrode, Sulaiman
et al. (2012) confirmed that Ca?* influx from the extracellular
space is a component of the Arabidopsis root response to cold
stress. For Arabidopsis roots, the [Ca2+]cyt response to cold
stress measured using aequorin is lower in amplitude and of
much shorter duration than leaves (Zhu et al., 2013). Using
aequorin Plieth et al. (1999) determined that the faster the rate
of cooling Arabidopsis roots, the greater the [Ca2+]cyt response.
Sensitivity and magnitude of the [Ca®*]ey cooling response
were enhanced by low temperature but repeated exposure to
cold lead to desensitizing of the response. These results imply
the existence of Ca?* transport systems that could be regulated
at the post-translational and possibly transcriptional levels. In
Arabidopsis, cold-induced [Ca2+]cy¢ elevation would activate
a root PM calcium/calmodulin-regulated receptor-like kinase
(CRLK1; Yang et al., 2010). This would then activate a specific
mitogen-activated protein kinase kinase kinase (MEKKI) that
then targets protein kinase kinase2 (MKK2; Furuya et al,
2013). This pathway leads to gene activation and freezing
tolerance (Furuya et al.,, 2014). [Ca®" ]y elevation would also
activate CIPK3, that acts an intersect with ABA signaling (Kim
et al, 2003). Part of the transcriptional response to cold in
Arabidopsis could be activated by increased [Ca2+]cyt through
CAMTA3 regulation of the transcriptional regulator CBF2
(C-Repeat/Dehydration Responsive Element Binding Factor2)
(Doherty et al., 2009).

Cold stress has been found to depolarise the PM of root cells
from cucumber and Triana bogotensis (Lyalin and Ktitorova,
1969; Minorsky and Spanswick, 1989), consistent with the effect
of Ca?* influx across the PM. A modeling exercise revealed
the possible importance of a PM DACC in cold stress-induced
[Ca®* ]y elevation of roots (White, 2009). Cold has been shown
to activate a PM DACC in leaf protoplasts (Carpaneto et al.,
2007) but this has not yet been shown for roots. As microtubule
destabilization activates the Arabidopsis root PM DACC (Thion
et al, 1998), this could link to the increased cold-induced
[Ca2+]cyt signal observed when microtubules are disrupted in
Nicotiana plumbaginifolia leaf protoplasts (Mazars et al., 1997).
Actin depolymerization is implicated in cold-induced Ca?™
influx across the PM into Medicago sativa suspension cells
(Orvar et al, 2000). This in turn could relate to the cold-
induced activation of pear pollen PM HACC that involves actin
depolymerization (Wu et al., 2012). It would be timely therefore
to investigate root PM for cold effects on HACC and DACC,
exploring also the involvement of the cytoskeleton. In common
with mechanical stress, cold stress could perturb the PM bilayer
sufficiently to change Ca?™ channel activity. Work on M. sativa
suspension cells showed that increasing membrane fluidity at 4°C
prevented the Ca?* influx across the PM that is necessary to
trigger gene expression for freezing tolerance (Orvar et al., 2000).
Conversely, imposing membrane rigidity at normal temperature
triggers activation of the Ca’*-dependent MEKKI-MKK2-
MPK4 pathway in Arabidopsis seedlings (Furuya et al., 2014).
The possibility that mechanosensitive channels are involved in
cold-induced [Ca®* ]y signaling merits investigation. However,
recent work on rice roots indicates another route to Ca?*
influx. COLD1 has been identified as a PM activator of the

heterotrimeric G protein subunit o (Ma Y. et al., 2015). It is
required for cold-activated Ca™ influx to roots (measured using
extracellular Ca?*-reporting microelectrode) and elevation of
root [Ca2+]cyt (aequorin and cameleon determinations). This
indicates that heterotrimeric G proteins lie upstream of PM
Ca’?* channels in the cold response. In common with other
stress responses, NADPH oxidase activity also appears in cold
stress and needs to be placed in relation to Ca?T channels.
Arabidopsis roots exposed to cold stress use AtSRC2 (Soybean
gene Regulated by Cold2) to enhance Ca?™t activation of the
AtRBOHF NADPH Oxidase (Kawarazaki et al., 2013). This
suggests that NADPH oxidase activity can lie downstream
of Ca** channel activity. Curtailing cold-induced [Ca?" ]y
elevation could involve vacuolar CAX1 activity in Arabidopsis
(Catala et al., 2003).

CONCLUSION AND FUTURE
PROSPECTS

A repeated message from this review is how incomplete
our knowledge is of the channels mediating stress-induced
[Ca®T ]yt increases, and by extension those of organelles. Many
members of channel gene families still await characterization. The
identification of new families of channels is challenging and will
require different approaches linking forward and reverse genetics
to electrophysiology. Targets of Ca>*-binding and interacting
proteins also require further study. Components common to
different abiotic stresses are emerging such as Arabidopsis
CIPK23 in K and nitrate deprivation. These common regulatory
components are likely to represent critical steps where complex
stress signals encountered in the soil are integrated in unified
responses. Receptor like kinases such as FERONIA or PERK4
have emerged as new components in [Ca2+]cyt signaling and
perhaps other related proteins will be found to have a role
in abiotic stress signaling. Remodeling of calcium signaling
machinery after stress is also apparent with the possibility
of components common to different stresses. For example,
Arabidopsis CNGCI9 is upregulated under B limitation and
salinity stress (Kugler et al., 2009). Finally, [Cazﬂcyt-dependent
transcriptional responses can be delineated and future work
could include the impact of stress-induced calcium signaling
on epigenetic inheritance (Sani et al., 2013; Probst and Scheid,
2015).
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Root secretion of coumarin-phenolic type compounds has been recently shown to
be related to Arabidopsis thaliana tolerance to Fe deficiency at high pH. Previous
studies revealed the identity of a few simple coumarins occurring in roots and exudates
of Fe-deficient A. thaliana plants, and left open the possible existence of other
unknown phenolics. We used HPLC-UV/VIS/ESI-MS(TOF), HPLC/ESI-MS(ion trap) and
HPLC/ESI-MS(Q-TOF) to characterize (identify and quantify) phenolic-type compounds
accumulated in roots or secreted into the nutrient solution of A. thaliana plants in
response to Fe deficiency. Plants grown with or without Fe and using nutrient solutions
buffered at pH 5.5 or 7.5 enabled to identify an array of phenolics. These include several
coumarinolignans not previously reported in A. thaliana (cleomiscosins A, B, C, and D
and the 5'-hydroxycleomiscosins A and/or B), as well as some coumarin precursors
(ferulic acid and coniferyl and sinapyl aldehydes), and previously reported cathecol
(fraxetin) and non-cathecol coumarins (scopoletin, isofraxidin and fraxinol), some of
them in hexoside forms not previously characterized. The production and secretion of
phenolics were more intense when the plant accessibility to Fe was diminished and
the plant Fe status deteriorated, as it occurs when plants are grown in the absence
of Fe at pH 7.5. Aglycones and hexosides of the four coumarins were abundant in
roots, whereas only the aglycone forms could be quantified in the nutrient solution.
A comprehensive quantification of coumarins, first carried out in this study, revealed that
the catechol coumarin fraxetin was predominant in exudates (but not in roots) of Fe-
deficient A. thaliana plants grown at pH 7.5. Also, fraxetin was able to mobilize efficiently
Fe from a Fe(lll)-oxide at pH 5.5 and pH 7.5. On the other hand, non-catechol coumarins
were much less efficient in mobilizing Fe and were present in much lower concentrations,
making unlikely that they could play a role in Fe mobilization. The structural features of
the array of coumarin type-compounds produced suggest some can mobilize Fe from
the soil and others can be more efficient as allelochemicals.
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INTRODUCTION

Iron (Fe) is required for many crucial biological processes,
and is therefore essential for all living organisms. A sufficient
supply of Fe is necessary for optimal plant productivity and
agricultural produce quality (Briat et al., 2015). Iron is the fourth
most abundant element in the earth’s crust, but its availability
for plants is influenced by pH and redox potential, as well as
by the concentration of water-soluble Fe-complexes and the
solubility of Fe(III)-oxides and oxyhydroxides (Lindsay, 1995).
In calcareous soils, which cover more than 30% of the earth
surface, the high soil pH and low soil organic matter content
lead to Fe concentrations in the bulk soil solution far below
those required for the optimal growth of plants and microbes
(104-107? and 10~°-10~7 M, respectively; Guerinot and Ying,
1994). Since plants and microbiota have evolved in soils poor
in available Fe, they have active mechanisms for Fe acquisition,
often relying on the synthesis and secretion of an array of
chemicals that modify the neighboring environment and reduce
competition for Fe (Crumbliss and Harrington, 2009; Jin et al.,
2014; Mimmo et al., 2014; Aznar et al., 2015). Some of these
chemicals are capable to mine Fe from the soil via solubilization,
chelation and reduction processes, whereas others can serve as
repellants and/or attractants that inhibit or promote the growth
of concomitant organisms.

In plants, two different Fe uptake mechanisms have been
characterized (Kobayashi and Nishizawa, 2012). Graminaceae
species use a chelation-type strategy (Strategy II) based on the
synthesis of phytosiderophores (PS), metal-chelating substances
of the mugineic acid family: PS are released by roots via specific
transporters, mine Fe(III) from the soil by forming Fe(III)-PS
complexes, and then complexes are taken up by transporters
of the Yellow Stripe family. Non-graminaceous species such
as Arabidopsis thaliana use a reduction-type strategy (Strategy
I), based on the reduction of rhizospheric Fe(III) by a Fe(III)
chelate reductase (FRO, ferric reduction oxidase) and the uptake
of Fe(Il) by root plasma membrane transporters (IRT, iron-
regulated transporter). Other items of the Strategy I toolbox are
an enhanced H*-ATPase activity, an increased development of
root hairs and transfer cells and the synthesis and secretion into
the rhizosphere of a wide array of small molecules, including
flavins, phenolic compounds and carboxylates (Cesco et al., 2010;
Mimmo et al., 2014). Recent studies have unveiled direct roles
in root Fe acquisition for flavin secretion in Beta vulgaris (Sis6-
Terraza et al., 2016) and phenolics secretion in Trifolium pratense
(Jin et al., 2006, 2007) and A. thaliana (Rodriguez-Celma et al,,
2013; Fourcroy et al., 2014, 2016; Schmid et al., 2014; Schmidt
etal., 2014).

The phenolic compounds category, including ca. 10,000
individual compounds in plants (Croteau et al., 2000), has been
long considered to be one of the major components of the
cocktail of small molecules secreted by roots of Fe-deficient plants
(Cesco et al,, 2010). In particular, the coumarin compounds
class (O-containing heterocycles with a benzopyrone backbone;
Figure 1A), which includes at least 1,300 compounds in plants
(Borges et al., 2005) has been the focus of recent studies
with A. thaliana. Upon Fe deficiency, there is a transcriptional

up-regulation in roots both of the central phenylpropanoid
pathway (from phenylalanine ammonia lyase, one of the
upstream enzymes in the pathway, to the coumarate:CoA ligases
4CL1 and 4CL2 that mediate its last step) and of a crucial step
of a phenylpropanoid biosynthetic branch, the 2-oxoglutarate-
dependent dioxygenase enzyme feruloyl-CoA 6'-hydroxylasel
(F6'H1) (Garcia et al., 2010; Yang et al., 2010; Lan et al., 2011;
Rodriguez-Celma et al, 2013; Fourcroy et al, 2014; Schmid
et al., 2014; Schmidt et al., 2014), which is responsible for the
synthesis of the highly fluorescent coumarin scopoletin (Kai et al.,
2008). Up to now, a total of five coumarins, esculetin, fraxetin,
scopoletin, isofraxidin and an isofraxidin isomer have been
described in Fe-deficient A. thaliana roots in both glycoside and
aglycone forms (Figure 1A, Supplementary Table S1; Fourcroy
et al., 2014; Schmid et al., 2014; Schmidt et al., 2014).

Root exudates from Fe-deficient A. thaliana plants contain
the same coumarins that are found in root extracts, with the
aglycone forms being more prevalent (Supplementary Table
S1; Fourcroy et al., 2014; Schmid et al., 2014; Schmidt et al,
2014). These exudates have been shown to solubilize 17-fold
more Fe from an Fe(III)-oxide (at pH 7.2) when compared to
exudates from Fe-sufficient plants, and this was ascribed to the
formation of Fe(III)-catechol complexes (Schmid et al., 2014).
It is noteworthy that the catechol moiety in two of the five
coumarins found to increase with Fe deficiency (esculetin and
fraxetin) confers affinity for Fe(III) at high pH and therefore
capability for Fe(III) chelation in alkaline soils. In the remaining
three coumarins found so far (scopoletin, isofraxidin and its
isomer), the catechol moiety is capped via hydroxyl (-OH) group
methylation (Figure 1A), whereas in the glycoside forms of
esculetin (esculetin 6-O-glucoside, known as esculin) and fraxetin
(fraxetin 8-O-glucoside, known as fraxin) the catechol is capped
via hydroxyl group glycosylation (Figure 1A). When coumarin
synthesis is impaired, as in the A. thaliana f6'h1 mutant, plants
are unable to take up Fe from insoluble Fe sources at high pH
(Rodriguez-Celma et al., 2013; Schmid et al., 2014; Schmidt et al.,
2014), root exudates are unable to solubilize Fe from insoluble
Fe sources, and supplementation of the agarose growth media
with scopoletin, esculetin or esculin restores the Fe-sufficient
phenotype (Schmid et al., 2014). However, in in vitro tests only
esculetin (with a catechol moiety), was found to mobilize Fe(III)
from an Fe(III) oxide source at high pH (Schmid et al., 2014).

The secretion of coumarins by Fe-deficient roots involves an
ABC (ATP-binding cassette) transporter, ABCG37/PDR9, which
is strongly over-expressed in plants grown in media deprived of
Fe (Yang et al., 2010; Fourcroy et al., 2014, 2016) or containing
insoluble Fe(III) at high pH (Rodriguez-Celma et al., 2013). The
export of scopoletin, fraxetin, isofraxidin, and an isofraxidin
isomer was greatly impaired in the mutant abcg37 (Fourcroy
et al., 2014), which, as it occurs with f6'hl, is inefficient in
taking up Fe from insoluble Fe(Ill) at pH 7.0 (Rodriguez-
Celma et al.,, 2013). The root secretion of fluorescent phenolic
compounds in A. thaliana also requires the Fe deficiency-
inducible p-glucosidase BGLU42 (Zamioudis et al., 2014). On the
other hand, the IRT1/FRO2 high-affinity root Fe uptake system
is necessary for the plant to take up Fe once mobilized, since
irt] and fro2 plants grown with unavailable Fe and in presence
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FIGURE 1 | Chemical structures of some of the phenolic compounds cited in this study. The plant compounds include coumarins and their glucosides (A),
coumarin precursors and monolignols (B) and coumarinolignans derived from the coumarin fraxetin (C). The fraxetin moiety is highlighted in blue in the
coumarinolignan structures. Compounds used as internal standards (D) include a methylenedioxy-coumarin and a lignan.

of phenolics develop chlorosis (Fourcroy et al., 2016). The co-
regulation of ABCG37 and coumarin synthesis genes with FIT,
IRT1, FRO2 and AHA2 (Rodriguez-Celma et al., 2013) as well
as the requirement of FIT for F6’HI up-regulation upon Fe
deficiency (Schmid et al., 2014) support that all these components
act in a coordinated mode.

Limitations inherent to the analytical procedures used and/or
difficulties in compound structure elucidation have prevented
the full characterization of the changes in coumarin composition
promoted by Fe deficiency. First, HPLC coupled to fluorescence
detection and mass spectrometry (MS and MS") identification
was used, therefore focusing only on fluorescent coumarin
compounds changing in response to Fe deficiency (Fourcroy
etal., 2014); a similar approach was taken later on by Schmid et al.

(2014). In a second approach, the use of full chromatographic
MS profiles permitted the detection of dozens of compounds
changing with Fe deficiency, but only the same coumarins
already found with the fluorescence detection approach could be
identified (Schmidt et al., 2014).

The aim of this study was to gain insight into the phenolic
composition of A. thaliana root exudates in response to Fe
deficiency, a necessary step for a thorough understanding of the
function of phenolics in plant Fe acquisition. Root extracts and
exudates from Fe-sufficient and Fe-deficient A. thaliana plants
grown at pH 5.5 and 7.5 have been analyzed by HPLC coupled to
five different detectors: fluorescence, photodiode array, MS-time
of flight (TOF), MS-ion trap and MS-MS tandem quadrupole
(Q)-TOF, and identification and quantification of phenolics was
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carried out in roots and exudates. Up to now, quantification of
coumarins in roots and exudates from Fe-deficient A. thaliana
plants had been done only for the two fluorescent compounds
esculetin and scopoletin (Schmid et al., 2014). We report
herein the identification and quantification of coumarinolignans,
coumarin precursors and additional coumarin glycosides, among
an array of phenolics accumulated and/or secreted by A. thaliana
roots in response to Fe deficiency. The root accumulation and
secretion of coumarins and coumarinolignans was much higher
in plants grown at pH 7.5 than those grown at pH 5.5, and
the catechol coumarin fraxetin was predominant in nutrient
solutions but not in root extracts. These findings demonstrate
the inherent chemical complexity involved in the survival of
A. thaliana in conditions of high competition for Fe, and give
clues for the possible roles of some of the phenolic compounds
found.

MATERIALS AND METHODS

Plant Culture and Experimental Design
Arabidopsis thaliana (L.) Heynh (ecotype Col0) seeds were
germinated, pre-grown and grown as indicated in Fourcroy et al.
(2014) with several modifications. Germination and plant growth
took place in a controlled environment chamber (Fitoclima
10000 EHHE, Aralab, Albarraque, Portugal), at 21°C, 70% relative
humidity and a photosynthetic photon flux density of 220 pmol
m~2 s~! photosynthetic active radiation with a photoperiod of
8 h light/16 h dark. Seeds were sown in 0.2 ml tubes containing
0.6% agar prepared in nutrient solution 1/4 Hoagland, pH 5.5.
Iron was added as 45 pwM Fe(III)-EDTA. After 10 d in the
growth chamber, the bottom of the tubes containing seedlings
was cut off and the tubes were placed in opaque 300-ml plastic
boxes (pipette tip racks; Starlab, Hamburg, Germany), containing
aerated nutrient solution 1/2 Hoagland, pH 5.5, supplemented
with 20 uM Fe(III)-EDTA. Plants were grown for 11 d and
nutrient solutions were renewed weekly. After that, plants (12
plants per rack) were grown for 14 days in nutrient solution
1/2 Hoagland with 0 or 20 pM Fe(III)-ethylendiaminedi(o-
hydroxyphenylacetate) [Fe(III)-EDDHA; Sequestrene, Syngenta,
Madrid, Spain]. Solutions were buffered at pH 5.5 (with 5 mM
MES) or at 7.5 (with 5 mM HEPES) to maintain a stable pH
during the whole treatment period. Nutrient solutions were
renewed weekly. Two batches of plants were grown and analyzed.
Pots without plants, containing only aerated nutrient solution
(with and without Fe) were also placed in the growth chamber
and the nutrient solutions sampled as in pots containing plants;
these samples were later used as blanks for root exudate analyses.
Roots were sampled 3 days after the onset of Fe deficiency
treatment, immediately frozen in liquid N, and stored at —80°C
for RNA extraction. Nutrient solutions were sampled at days 7
and 14 after the onset of Fe deficiency treatment, and immediately
stored at —20°C until extraction of phenolic compounds. Shoots
and roots were sampled separately at the end of the experimental
period. Leaf disks (0.1 cm x 0.1 cm) were taken from young
leaves and stored at —20°C for photosynthetic pigment analysis.
Roots were washed with tap water and then with type I water,

dried with filter paper, and then frozen immediately (in aliquots
of approximately 300 mg) in liquid N, and stored at —80°C until
extraction of phenolic compounds. Roots and shoots from 12
plants per treatment and replication were processed for mineral
analysis as in Fourcroy et al. (2014).

Photosynthetic Pigment Composition

Leaf pigments were extracted with acetone in the presence of
Na ascorbate and stored as described previously (Abadia and
Abadia, 1993). Pigment extracts were thawed on ice, filtered
through a 0.45 wm filter and analyzed by HPLC-UV/visible as
indicated in Larbi et al. (2004), using a HPLC apparatus (600
pump, Waters, Mildford, MA, USA) fitted with a photodiode
array detector (996 PDA, Waters). Pigments determined were
total chlorophyll (Chl a and Chl b), neoxanthin, violaxanthin,
taraxanthin, antheraxanthin, lutein, zeaxanthin and B-carotene.
All chemicals used were HPLC quality.

Mineral Analysis

Plant tissues were ground and digested as indicated in Fourcroy
et al. (2014). Iron, Mn, Cu, and Zn were determined by flame
atomic absorption spectrometry using a SOLAAR 969 apparatus
(Thermo, Cambridge, UK).

Extraction of Phenolic Compounds from
Roots and Nutrient Solutions

Phenolic compounds were extracted from roots and nutrient
solutions as described in Fourcroy et al. (2014), with some
modifications. First, extraction was carried out without adding
internal standards (IS) to identify relevant compounds, including
those increasing (or appearing) with Fe deficiency. This extract
was also used to check for the presence of the compounds used
as IS and other endogenous isobaric compounds that may co-
elute with them, since in both cases there will be analytical
interferences in the quantification process. The extraction was
then carried out adding the following three IS compounds:
artemicapin C (Figure 1D), a methylenedioxy-coumarin, for
quantification of the coumarins scopoletin, fraxetin, isofraxidin
and fraxinol; esculin (Figure 1A), the glucoside form of the
coumarin esculetin, for quantification of coumarin glycosides;
and the lignan matairesinol (Figure 1D), for quantification of
coumarinolignans.

Frozen roots (ca. 100 mg) were ground in liquid N, using a
Retsch M301 ball mill (Restch, Diisseldorf, Germany) for 3 min
and then phenolic compounds were extracted with 1 ml of 100%
LC-MS grade methanol, either alone or supplemented with 20 pl
of a IS solution (37.5 M artemicapin C, 50 .M esculin and
37.5 WM matairesinol) by homogenization in the same mill
for 5 min. The supernatant was recovered by centrifugation
(12,000 x g at 4°C and 5 min), and stored at —20°C. The
pellet was re-suspended in 1 ml of 100% methanol, homogenized
again for 5 min and the supernatant recovered. The two
supernatant fractions were pooled, vacuum dried in a SpeedVac
(SPD111V, Thermo-Savant, Thermo Fisher Scientific, Waltham,
Massachusetts, MA, USA) and dissolved with 250 nl of a
solution containing 15% methanol and 0.1% formic acid. Extracts
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were filtered through poly-vinylidene fluoride (PVDF) 0.45 pm
ultrafree-MC centrifugal filter devices (Millipore) and stored at
—80°C until analysis.

Phenolic compounds in the nutrient solutions (300 ml of
solution used for the growth of 12 plants) were retained in a
SepPack Cg cartridge (Waters), eluted from the cartridge with
2 ml of 100% LC-MS grade methanol, and the eluates stored at
—80°C. Samples were thawed and a 400 pl aliquot was dried
under vacuum (SpeedVac) alone or supplemented with 10 pl of
a IS solution (80 WM artemicapin C and 150 LM matairesinol).
Dried samples were dissolved in 15% methanol and 0.1% formic
acid to a final volume of 100 1, and then analyzed by HPLC-
MS. No determinations could be made in nutrient solutions of
Fe-sufficient plants due to the presence of Fe(III)-EDDHA, that
causes the overloading of C;g materials.

Extraction of Cleomiscosins from
Cleome viscosa Seeds

Cleomiscosins were extracted from Cleome viscosa seeds (B & T
World Seeds, Paguignan, France) as described by Chattopadhyay
et al. (2008). Seeds were ground using a Retsch M400 ball mill
and 25 g of the powder was defatted by homogenization with
50 ml petroleum ether at 25°C for 48 h. The defatting procedure
was repeated three times. The solid residue was extracted with
50 ml methanol for 48 h at 25°C, and the extraction was repeated
three times. The methanolic extracts were pooled, dried with a
rotavapor device and the residue dissolved in 15% methanol and
0.1% formic acid.

Phenolic Compounds Analysis by
HPLC-Fluorescence and
HPLC-UV/VIS/ESI-MS(TOF)

HPLC-fluorescence analyses were carried out using a binary
HPLC pump (Waters 125) coupled to a scanning fluorescence
detector (Waters 474) as in Fourcroy et al. (2014). Separations
were performed using an analytical HPLC column (Symmetry®
Cis, 15 cm x 2.1 mm i.d., 5 wm spherical particle size, Waters)
protected by a guard column (Symmetry® C;g, 10 mm x 2.1 mm
i.d., 3.5 pm spherical particle size, Waters) and a gradient mobile
phase built with 0.1% (v/v) formic acid in water and 0.1% (v/v)
formic acid in methanol (Elution program 1; Supplementary
Table S2). The flow rate and injection volume were 0.2 ml min~!
and 20 pl, respectively. Phenolic compounds were detected using
Nexc 365 and Aem 460 nm.

HPLC-UV/VIS/ESI-MS(TOEF) analysis was carried out with
an Alliance 2795 HPLC system (Waters) coupled to a
UV/VIS (Waters PDA 2996) detector and a time-of-flight mass
spectrometer [MS(TOF); MicrOTOF, Bruker Daltonics, Bremen,
Germany] equipped with an electrospray (ESI) source. Two
HPLC protocols were used, the one described above and a
second one with a different elution program (Elution program 2;
Supplementary Table S2) designed to improve the separation of
the phenolic compounds of interest. The ESI-MS(TOF) operating
conditions and software used were as described in Fourcroy
et al. (2014). Mass spectra were acquired in positive and negative
ion mode in the range of 50-1000 mass-to-charge ratio (m/z)

units. The mass axis was calibrated externally and internally
using Li-formate adducts [10 mM LiOH, 0.2% (v/v) formic acid
and 50% (v/v) 2-propanol]. The internal mass axis calibration
was carried out by introducing the calibration solution with
a divert valve at the first and last 3 min of each HPLC run.
Molecular formulae were assigned based on exact molecular
mass with errors <5 ppm (Bristow, 2006). Phenolic standards
used are shown in Supplementary Table S3. Concentrations of
phenolic compounds were quantified using external calibration
with internal standardization with the exception of ferulic acid
hexoside and the cleomiscosins. Ferulic acid hexoside was
quantified as fraxin because there is no commercially available
authenticated standard. The levels of the cleomiscosins are
expressed in peak area ratio, relative to the lignan matairesinol
used as IS. For quantification, analytes and IS peak areas were
obtained from chromatograms extracted at the m/z (0.05) ratios
corresponding to [M+H]™ ions, with the exception of glycosides,
where the m/z ratios corresponding to [M-hexose+H]™ ions
were used.

Phenolic Compounds Analysis by
HPLC/ESI-MS(Q-TOF) and by

HPLC/ESI-MS(lon Trap)

Phenolic compounds were also analyzed by HPLC/ESI-MS(Q-
TOF) using a 1100 HPLC system (Agilent Technologies) coupled
to a quadrupole time-of-flight mass spectrometer (Q-TOF;
MicroTOF-Q, Bruker Daltonics) equipped with an ESI source.
The HPLC conditions were described in Fourcroy et al. (2014)
(see above and Supplementary Table S2). The ESI-MS(Q-TOF)
operating conditions were optimized by direct injection of 50 uM
solutions of phenolic compound standards at a flow rate of
250 wl h™!. Mass spectra (50-1000 m/z range) were acquired
in positive ion mode, with capillary and endplate offset voltages
of 4.5 and —0.5 kV, respectively, and a collision cell energy of
100-2000 eV. The nebulizer (N;) gas pressure, drying gas (N2)
flow rate and drying gas temperature were 1.0 bar, 4.0 L min~!
and 200°C, respectively. The mass axis was calibrated externally
and internally as indicated above for the HPLC/ESI-MS(TOF)
analysis. Molecular formulae for the product ions were assigned
based on exact molecular mass with errors <5 ppm (Bristow,
2006).

HPLC/ESI-MS(ion trap) analysis was carried out with an
Alliance 2795 HPLC system (Waters) coupled to an ion-trap mass
spectrometer (HCT Ultra, BrukerDaltonics) equipped with an
ESI source. The HPLC conditions were as described in Fourcroy
et al. (2014) and Supplementary Table S2 (Elution program 2).
ESI-ion trap-MS analysis was carried out in positive and/or
negative ion mode, the MS spectra were acquired in the standard
mass range mode and the mass axis was externally calibrated
with a tuning mix (Agilent). The HCT Ultra was operated with
settings shown in Supplementary Table S4. The ions of interest
were subjected to collision induced dissociation (CID; using the
He background gas present in the trap for 40 ms) to produce a
first set of fragment ions, MS/MS or MS?. Subsequently, some
of the fragment ions were isolated and fragmented to give the
next set of fragment ions, MS® and so on. For each precursor
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ion, fragmentation steps were optimized by visualizing fragment
intensity changes.

RNA Extraction and Quantitative RT-PCR
Analysis

Total RNA was extracted from roots using the RNeasy Plant
Mini Kit (Quiagen). One microgram RNA was treated with
RQ1 DNase (Promega) before use for reverse transcription
(Goscript reverse transcriptase; Promega) with oligo (dT)18 and
0.4 mM dNTPs (Promega). The cDNAs were diluted twice
with water, and 1 pl of each cDNA sample was assayed by
qRT-PCR in a LightCycler 480 (Roche Applied Science) using
Lightcycler 480 SYBR Green master I (Roche Applied Science).
Expression levels were calculated relative to the housekeeping
gene PP2 (Atlgl3320) using the AACT method to determine
the relative transcript level. The primers used for qRT-PCR
were those described in Fourcroy et al. (2014) and indicated in
Supplementary Table S5.

Dissolution of Fe(lll)-oxide Using

Coumarins

Ten milligrams of poorly crystalline Fe(III)-oxide was incubated
(in the dark at 25°C and 300 ppm in a Eppendorf Thermomixer
Comfort, Eppendorf AG, Hamburg, Germany) for 6 h
with 1.5 ml of an assay solution containing appropriated
concentrations (in the range of 0-100 M) of different coumarins
(fraxin, fraxetin, scopoletin, and isofraxidin) and 600 wM of
bathophenanthrolinedisulphonate (BPDS) -as Fe(II) trapping
agent- and buffered at pH 5.5 (with 5 mM MES-KOH) or pH 7.5
(with 5 mM HEPES-KOH). Afterward, the assay medium was
filtered through PVDF 0.22 pm centrifugal filters (Millipore) at
10,000 g for 1 min. Absorbance was measured at 535 nm in the
filtrates and then the Fe(II) concentration determined as Fe(II)-
BPDS; using an extinction coefficient of 22.14 mM~! cm™!. The
filtrates were also measured for total Fe by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, Agilent 7500ce, Santa
Clara, CA, USA) after diluting a 50 pl aliquot with 65% ultrapure
HNOj3 (TraceSELECT Ultra, Sigma-Aldrich).

Statistical Analyses

Statistical analysis was carried out with SPSS for PC (v.23.0,
IBM, Armonk, NY, USA), using ANOVA or non-parametric tests
(p < 0.05), and a Levene test for checking homogeneity
of variances. Post hoc multiple comparisons of means
corresponding to each one the four different treatments were
carried out (p < 0.05) using Duncan test when variances were
equal and Games-Howell’s test when variances were unequal.

RESULTS

Changes in Leaf Photosynthetic Pigment
Concentrations, Fe Contents and
Biomass with Fe Deficiency and High pH

Arabidopsis thaliana plants grown for 14 days in zero-Fe nutrient
solution, buffered at either pH 5.5 or pH 7.5, had visible

symptoms of leaf chlorosis (Figure 2A). The Chlorophyll (Chi)
concentration in young leaves decreased by 56% in response
to Fe deficiency, but was unaffected by the nutrient solution
pH (Figure 2B). The concentrations of other photosynthetic
pigments (neoxanthin, violaxanthin, lutein and B-carotene) in
young leaves also decreased upon Fe deficiency (in the range
of 48-60%) and were unaffected by the plant growth pH
(Supplementary Table S6).

Iron deficiency decreased shoot biomass by 32% only when
plants were grown at pH 7.5, whereas root biomass did not
change significantly (Figure 2C). Shoot Fe content decreased
significantly with Fe deficiency only in plants grown at pH 5.5
(by 61%; Figure 2C), whereas root Fe content was markedly
decreased by 92% in plants grown at both pH values (Figure 2C).
Iron deficiency also affected the contents of other micronutrients
in plants, and this occurred mainly in shoots (Supplementary
Table S7). The largest change found was a sixfold increase over
the control value in the shoot Cu content of plants grown at pH
5.5.

Changes in the Expression of Genes
Involved in Fe Root Uptake and the
Phenylpropanoid Pathway with Fe
Deficiency and High pH

The transcript levels of IRTI, FRO2, ABCG37, F6’H1, the caffeic
acid/5-hydroxyferulic acid O-methyltransferase (COMT) and
the trans-caffeoyl-CoA 3-O-methyltransferase (CCoAMT) were
assessed by quantitative RT-PCR in control (Fe-sufficient) and
Fe-deficient roots from both plants grown at pH 5.5 or at pH 7.5
3 days after treatment onset (Figure 2D). Under high Fe supply,
the only pH effect observed was for FRO2, whose transcript
abundance was 12-fold higher in plants grown at pH 7.5 than
in those grown at pH 5.5. Under Fe deficiency conditions, IRT1
and FRO?2 gene expression increased in plants grown both at pH
5.5 and pH 7.5; the increases were ninefold for IRT1 and 15-fold
for FRO2 in plants grown at pH 5.5, and 20-fold for IRT1 and 5-
fold for FRO2 in plants grown at pH 7.5. Other genes studied,
ABCG37 and F6’HI, also showed increases in their expression
in response to Fe deficiency when compared to the Fe-sufficient
controls, although they were smaller than those observed for IRT1
and FRO2. The increases in ABCG37 gene expression were 2-
(although this change was not statistically significant) and 4-fold
in plants grown at pH 5.5 and pH 7.5, respectively, whereas those
of F6’HI were 4- and 8-fold in plants grown at pH 5.5 and pH
7.5. On the other hand, COMT and CCoAMT gene expression in
roots was only increased by Fe deficiency at pH 7.5 (twofold).

Arabidopsis Roots Accumulate and
Secrete an Array of Fluorescent and
Non-fluorescent Phenolic-Type
Compounds with Fe Deficiency and

High pH

Methanolic extracts of roots of A. thaliana plants and their

nutrient solutions were analyzed using the reverse phase Cg
HPLC-based method used in Fourcroy et al. (2014) (Elution
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FIGURE 2 | Effects of Fe deficiency and high pH on plant Fe status, root Fe uptake machinery and phenylpropanoid pathway components in
Arabidopsis thaliana. Plants were pre-grown for 11 days in the presence of 20 uM Fe (lll)-EDTA at pH 5.5, and then grown for 14 days in a medium with O (—Fe) or
20 uM (+Fe) Fe(lll)-EDDHA in nutrient solutions buffered at pH 5.5 (with 5 mM MES-NaOH) or 7.5 (with 5mM HEPES-NaOH). (A) Plants at day 14 after imposing
treatments. (B) Leaf chlorophyll concentration in young leaves of plants at day 14 after imposing treatments; data are means + SE (n = 3) and significant differences
among treatments (at p < 0.05) are marked with different letters above the columns. (C) Dry weights and Fe contents in shoots and roots at day 14 after imposing
treatments. Data are means + SE for biomass (n = 5) and for Fe contents (n = 2-5), and significant differences among treatments (at p < 0.05) are marked with
different letters above the columns. (D) Abundance of IRT1, FRO2, ABCG37 (PDR9), F6'H1, COMT and CCoAMT transcripts in roots at day 3 after imposing
treatments. RNAs were extracted from roots and analyzed by gRT-PCR, using PP2 (At1g13320) as housekeeping gene. The A ACT method was used to determine

the relative transcript level. Data are means + SE (n = 3-5). For each gene, significant differences among treatments (at p < 0.05) are marked with different letters
above the columns.
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program 1), using both UV/VIS detection in the range 200-
600 nm and fluorescence detection at hexc 365 and hem 460 nm
(only the latter was used in the original study). Fluorescence
alone cannot detect all phenolic compounds, since many of them
emit little or no fluorescence. However, all phenolic compounds
absorb light in the UV region; coumarins, their derivatives
and precursors (e.g., ferulic and other cinnamic acids) have
absorption maxima in the range 290-330 nm.

This is illustrated by the absorbance chromatograms of
A. thaliana root extracts and growth media at 320 nm, which
show many additional peaks to those found in fluorescence
chromatograms obtained with the same samples (Figure 3).
Each of the peaks in the chromatogram may contain one or
more compounds (either fluorescent and/or non-fluorescent;
see sections below for identification). In the control root
extracts, fluorescence chromatograms showed only two peaks
at approximately 10 and 15 min, whereas the absorbance
chromatograms show several small peaks at two retention time
(RT) ranges, 9-16 and 19-24 min, as well as a large peak at
approximately 18 min (Figure 3). In the root extracts from Fe-
deficient plants, increases were found in fluorescence in the area
of the 15 min peak and in absorbance in the 18 min peak. In
the control nutrient solution, the fluorescence chromatogram
showed peaks at 10, 15, and 19 min, whereas the absorbance
chromatogram showed peaks at 18 and 19 min (Figure 3). Iron
deficiency caused large increases in the areas of all these peaks,
with further absorbance ones appearing at 13, 14, 15, 16, and
17 min. This shows that Fe deficiency induces the synthesis,
root accumulation and secretion to the growth media not only
of fluorescent coumarins, as described by Fourcroy et al. (2014)
and Schmid et al. (2014), but also of a number of previously
unreported non-fluorescent phenolic compounds.

Identification of Phenolic Compounds
Induced by Fe Deficiency as Coumarins,
Coumarin Precursors and

Coumarinolignans

To identify the compounds found in the A. thaliana root extracts
and growth media, samples were analyzed using four different
HPLC-UV/VIS/ESI-MS(TOEF) protocols, including two Elution
programs (1 and 2; Supplementary Table S2) and two electrospray
(ESI) ionization modes (positive and negative). The newly
designed Elution program 2 led to a better separation of phenolic
compounds than that obtained with the original Elution program
1 used in Fourcroy et al. (2014). With the new elution program,
RTs for a selected set of phenolics standards ranged from 8.4
(for esculin, the glucoside form of the coumarin esculetin) to
51.7 min (for the flavone apigenin) (Supplementary Figures S1
and S2). These HPLC/ESI-MS(TOF) analyses provided highly
accurate (error below 5 ppm) measurements of the mass-to-
charge (m/z) ratio of the detected ions, therefore allowing for
accurate elemental formulae assignments (Bristow, 2006).

Raw MS(TOF) datasets (time, m/z and ion intensity) from
the root extracts and nutrient solutions from Fe-deficient and
Fe-sufficient plants were first analyzed with the DISSECT
algorithm (Data Analysis 4.0; Bruker) to obtain mass spectral

features attributable to individual compounds. From a total
of approximately 180 possible mass spectral features analyzed
per run and sample, only 18 complied with the following
two requirements: (i) occurring at chromatographic RTs where
absorbance at 320 nm was observed, and (ii) showing peak area
increases (or appearing) with Fe-deficiency. Then, associated
ions coming from adducts (with salts or solvents), dimers and
trimers were discarded (with some exceptions, see below), and
the ion chromatograms of all major remaining ions (including
non-fragmented ones as well as fragment ions produced in the
ESI source) were extracted with a precision of +0.02 m/z. From
these, we selected major ions showing large changes in peak areas
in response to Fe deficiency, without considering fragments and
minor ions. The localization in the chromatograms of the 18
selected compounds is depicted in Figure 3, and the RT, exact
m/z and assigned elemental formulae are shown in Table 1. These
18 compounds were never detected in nutrient solutions of pots
without plants, and include some coumarins already known to
occur and others not previously reported, as explained in detail
below.

Coumarins and Related Compounds Previously
Reported in A. thaliana upon Fe-Deficiency
As expected, some compounds (five out of 18) have RTs and m/z
values matching with those of coumarins previously found in
roots and exudates from Fe-deficient A. thaliana plants (Fourcroy
et al., 2014; Schmid et al., 2014; Schmidt et al., 2014). These
include compounds 1, 7-9, and 11 (Figure 3; Table 1), and were
assigned to scopoletin hexoside, fraxetin, scopoletin, isofraxidin
and fraxinol (an isofraxidin isomer), respectively (Supplementary
Table S1). These annotations were further confirmed using the
RT and m/z values of standards (Table 1 vs. Table 2). A sixth
compound, 2, was assigned to ferulic acid hexoside based on the
presence of a major ion at m/z 195.0656 in its positive MS(TOF)
spectrum, which is consistent with the elemental formula of
ferulic acid [M+H]™" ion (Table 2) and with the neutral loss of
a hexosyl moiety (162.0528 Da, CsH}Os) from the [M-+H] " ion
(with an absolute error of 1.2 ppm). We could not confirm the
identity using a ferulic acid hexoside standard because to the best
of our knowledge no such standard is commercially available.
The remaining 12 compounds were subjected to further
MS-based analyses to obtain structural information. First, low
resolution HPLC/ESI-MS(ion trap) analyses were carried out,
including MS? and/or MS® experiments with the [M+H]* or
[M-H]~ ions.

Coumarins and Coumarin-Precursor Hexosides Not
Previously Reported in Arabidopsis upon
Fe-Deficiency

Three of the compounds (10, 12, and 13) were identified
as ferulic acid, coniferyl aldehyde and sinapyl aldehyde
(three phenylpropanoid precursors; Figure 1B), respectively, by
comparing the MS spectra of the analytes and those of standards:
there was a good match of the RT values and exact m/z ratios of
the [M+H]" and [M—H]~ ions (Tables 1 and 2) as well as of the
MS? spectra of the [M+H] ™" ions (Tables 2 and 3).
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FIGURE 3 | Chromatographic separation of a range of phenolic-type compounds produced in response to Fe deficiency by Arabidopsis thaliana
roots. Typical fluorescence (at hexe 365 and rem 460 Nm) and absorbance (at 320 nm) chromatograms for root and growth media extracts from plants grown as
described in Fourcroy et al. (2014): plants were pre-grown for 29 days in the presence of 45 uM Fe (lll)-EDTA at pH 5.5, and then grown for 7 days in a medium with
0 (—Fe) or 45 uM Fe (ll)-EDTA (+Fe) (the pH was not readjusted to 5.5, with the final pH being ¢. 7.0 in all pots). Chromatograms were obtained using Elution
program 1. The encircled numbers above each peak correspond to the phenolic compounds listed in Table 1. RU, relative units, AU, absorbance units, and RT,
retention time.

Four more compounds (3-6) were first confirmed to be
hexoside-type compounds from the RT, exact m/z values and
MS? spectra of the [M-H]™ ions. The RT values of these
compounds (12.3-14.9 min) were close to those of known
coumarin glucosides (10.3 and 13.0 min for scopolin and fraxin,
respectively), and lower than those of coumarin aglycones (16.4-
25.1 min for fraxetin, scopoletin, isofraxidin and fraxinol),
phenylpropanoids (e.g., 23.0 and 25.1 min for ferulic acid
and sinapyl aldehyde), and glycoside and aglycone forms
of other phenolics (e.g., 27-52 min for flavonoids, stilbenes
and lignans) (Supplementary Figures S1 and S2). Therefore,
the RTs indicate that compounds 3-6 are likely to be polar
(i.e., hexoside) forms of coumarins and/or phenylpropanoids.
Furthermore, in the MS(TOF) spectra, ions (positive/negative)
at m/z179.0707/177.0544, 209.0450/207.0289, 223.0600/221.0447
and 209.0801/207.0648 for 3, 4, 5, and 6, respectively, were
consistent with the loss of a hexosyl moiety (162.05 Da) from
their corresponding [M-+H]*/[M-H]~ ions (see m/z values in
Table 1). This was confirmed using the low resolution MS?
spectra obtained with the ion trap: major fragment ions (100%
relative intensity at m/z 177, 207, 221 and 207 in the MS? spectra
of 3-6, respectively; Table 3) corresponded to the [M-H] ™ ions
(m/z 339, 369, 383 and 369 for 3, 4, 5, and 6, respectively)
after a mass loss of 162 Da. The same mass loss was also
observed in the MS? spectra of authenticated standards of the
coumarin glucosides scopolin and fraxin described above, with
major ions at m/z 193/191 (scopolin) and 209/207 (fraxin),
corresponding with the m/z of their aglycones, scopoletin and

fraxetin, respectively (Table 2). The rest of ions in the MS? spectra
of compounds 3-6, scopolin and fraxin showed significantly
lower relative intensities (<40%), indicating the hexosyl loss is
favored.

The aglycon moieties of compounds 3-6 were identified taking
advantage of having the dehexosylated ions in the MS(TOF)
spectra and also carrying out low resolution MS? experiments
on the ion trap. First, from the positive and negative MS(TOF)
spectra, the m/z values for dehexosylated ions (see above) of 3,
4, 5, and 6 were assigned to the elemental formulae C;oH;¢0O3,
C10HgOs, C11H19Os5 and C;1H 204, respectively (with absolute
errors <4 ppm). Two of these elemental formulae, C1oH1003
and Cy1H;204, were consistent with coniferyl and sinapyl
aldehydes, involved in coumarin synthesis (Kai et al., 2008)
(Table 2), whereas the other two, C19HgOs and C11H;(Os5, were
consistent with two coumarins already identified in the samples
(compounds 7 and 9, respectively) (Table 1). Finally, compounds
3-6 were confirmed as the hexoside forms of coniferyl aldehyde,
fraxetin, isofraxidin and sinapyl aldehyde, respectively (Table 1)
from the good fit between the MS® ion trap spectra of 3-6
(339—177, 369—207, 383—221 and 369—207, respectively)
(Table 3) and the MS? spectra of the corresponding aglycone
standards (Table 2).

Coumarinolignans: Newly Identified Compounds
Synthesized in Response to Fe-Deficiency

The last five compounds (14-18 in Table 1) are very hydrophobic,
since they elute later (RTs 31-39 min) than compounds 1-13 (RTs
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TABLE 1 | Phenolic compounds secreted and accumulated by Arabidopsis thaliana roots in response to Fe deficiency: retention times (RT), exact

mass-to-charge ratios (m/z), molecular formulae and error m/z (in ppm).

Compound # RT (min) RT (min) Measured Molecular Calculated Error m/z Annotation
program 1 program 2 m/z formula m/z (ppm)

1 9.8 10.3 355.1028 CieH190g™ 355.1024 1.1 7-hydroxy-6-methoxycoumarin hexoside
353.0877 C1gH170g™ 353.0867 2.8 (scopolin, scopoletin hexoside)

2 10.0 10.6 357.1182 CigHo1Og™ 357.1180 0.6 Ferulic acid hexoside
355.1030 C1eH1909™ 355.1024 1.7

3 10.4 12.3 363.1055 CigHopOgNa™ 363.1050 14 Coniferyl aldehyde hexoside
339.1079 C1sH1908~ 339.1074 -1.5

4 11.3 13.0 371.0975 CigH19010" 371.0973 0.5 7,8-dihydroxy-6-methoxycoumarin hexoside
369.0827 C16H17010~ 369.0816 3.0 (fraxetin hexoside)

5 12.1 14.7 407.0949 C17Ho001oNa* 407.0949 0.0 7-hydroxy-6,8-dimethoxycoumarin hexoside
383.0992 C17H19010~ 383.0973 5.0 (isofraxidin hexoside)

6 12.3 14.9 409.0893 C17HopOgK* 409.0895 -0.5 Sinapy! aldehyde hexoside
369.1194 C17H2109™ 369.1180 3.8

7 13.0 16.4 209.0446 C1oHgOs* 209.0445 0.5 7,8-dihydroxy-6-methoxycoumarin (fraxetin)
207.0282 C1oH705~ 207.0288 -2.9

8 14.5 20.0 193.0502 C1oHgO4 193.0495 3.6 7-hydroxy-6-methoxycoumarin (scopoletin)
191.0341 C1oH704~ 191.0339 1.0

9 14.8 21.6 223.0604 C11H1105" 223.0601 1.3 7-hydroxy-6,8-dimethoxycoumarin (isofraxidin)
221.0442 C11HgOs ™~ 221.0445 -1.4

10 15.6 23.0 195.0649 CioH11047* 195.0652 -1.5 Ferulic acid
193.0504 C1oHgO4 ™~ 193.0495 4.7

11 15.6 23.8 223.0604 Cq1H1105% 223.0601 1.3 6-hydroxy-5,7-dimethoxycoumarin (fraxinol)
221.0442 C11HgOs™ 221.0445 -1.4

12 16.1 24.6 179.0708 CioH1103+ 179.0703 2.7 Conyferyl aldehyde
177.0551 C1oHgO3™~ 177.0546 2.8

13 16.5 251 209.0809 C11H1304 209.0808 0.5 Sinapy! aldehyde
207.0660 C11H1104™ 207.0652 3.9

14 16.5 30.7 408.1018 CooH1909™ 403.1024 —-1.5 5’-hydroxycleomiscosins A and/or B
401.0877 CooH1709™ 401.0867 2.5

15 18.0 35.5 4171175 Co1Ho1Ogt 417.1180 —-1.2 Cleomiscosin D
415.1022 C21H1909™ 415.1024 -0.5

16 18.5 37.0 4171173 Co1Ho1Ogt 417.1180 1.7 Cleomiscosin C
415.1022 Ca1H1909™ 4151024 -0.5

17 18.5 37.0 387.1073 CooH190g™" 387.1074 -0.3 Cleomiscosin B
385.0930 CooH170g~ 385.0918 3.1

18 19.0 38.6 387.1073 CooH190g™ 387.1074 -0.2 Cleomiscosin A
385.0922 CooH170g™ 385.0918 1.0

The m/z ratios for [M+H]" and [M-H]~ were determined from the HPLC/ESI-MS(TOF) data obtained in positive and negative mode, respectively. For compounds 3, 5,
and 6 in positive mode, the m/z shown are those measured for the Na (IM+NaJt) or K ([M+K]*) adducts, because they were more intense than those for [M+HJ*.

Common names for coumarins are also indicated in brackets.

10-25 min), and have m/z values supporting elemental formulae
with a high number of C atoms (20-21 vs. 10-17 for compounds
1-13). In fact, the RTs of 14-18 are in line with those of phenolics
bearing either C;5 (Cg-C3-Cg; as in flavonoids and stilbens)
or Cijg (Ce-C3-C3-Cq; as in lignans) skeletons (27-52 min;
Supplementary Figures S1 and S2), whereas compounds 7-13
(coumarins and phenylpropanoids) share a Cy (C3-Cg) skeleton
and compounds 1-6 (hexose conjugates of 7-13) share a Cis
(C3-Cg-Cg) skeleton (Table 1).

The MS(TOF) spectra show that compounds 15-18 are two
pairs of isomers, with elemental formulae Cy;H»0O9 for 15-16
and CyH;30g for 17-18, with the difference between formulae
being consistent with a single methoxy (—OCH3) group. The
elemental formula of compound 14, CyoH;30o, is consistent with

the addition of both a hydroxyl (—OH) group to 17-18 or the
addition of a methyl (—CH3) group to 15-16. The presence of
these structural differences are common among phenolics, since
part of the phenylpropanoid biosynthesis proceeds via a series
of ring hydroxylations and O-methylations. The low resolution
MS? spectra from 14 to 18 (Figure 4A) indicate that these
five compounds have highly related chemical structures: (i) the
spectra of 15-16 show the same ions with only some differences
in their relative intensity, and the same was also observed for
17-18; (ii) most of the ions in the 15-18 spectra were either
common (m/z 263, 233, 209, 161) or consistent with common
mass losses from the [M+H]™" ion (e.g., m/z 367 and 337 in the
15-16 and 17-18 MS? spectra, corresponding to a mass loss of
50 Da; Supplementary Table S8), and (iii) the spectrum of 14
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TABLE 2 | Phenolic compound standards used for identification purposes: retention times (RT), exact mass-to-charge ratios (m/z), molecular formulae

and error m/z (in ppm).

Name RT (min) Measured Molecular Calculated  Error m/z ESI-MS" m/z (Relative intensity, in %)
program 2 m/z formula m/z (ppm)
7-hydroxy-6-methoxycoumarin 10.3 355.1021 CieH190g* 355.1024 -0.8 MS? [355]: 337 (11), 245 (3), 193 (100), 149 (1),
7-glucoside (scopolin, 165 (1), 133 (12), 105 (5)
scopoletin 7-O-glucoside) MS3 [355—193]: 178 (16), 165 (21), 149 (11), 137
(6), 133 (100)
353.0876 C16H1709~ 353.0867 25 MS? [353]:191 (100), 176 (9)
MS® [353—191]: 176 (100)
7,8-dihydroxy-6- 13.0 371.0956 CieH19010™ 371.0973 —4.6 MS? [371]: 368 (11), 362 (13), 357 (12), 355 (66),
methoxycoumarin 8-glucoside 353 (35), 340 (13), 327 (23), 326 (25), 325 (195),
(fraxin) 309 (15), 300 (17), 288 (10), 269 (19), 268 (11), 265
(11), 262 (14), 261 (17), 221 (12), 209 (100), 187
(19), 177 (14), 170 (19), 156 (15), 133 (24)
MS® [371—209]: 194 (100)
369.0825 C16H17010~ 369.0816 2.4 MS? [369]: 207 (100), 192 (20)
MS? [369—207]: 192 (100), 163 (0.2)
7,8-dihydroxy-6- 16.4 209.0444 CioHgOs™* 209.0445 -0.5 MS? [209]: 194 (31), 181 (52), 177 (15), 165 (7),
methoxycoumarin (fraxetin) 163 (80), 153(9), 149 (100), 135 (13), 107 (18)
207.0291 C1oH705~ 207.0288 1.4 MS?2 [207]: 192 (100), 163 (0.3)
7-hydroxy-6-methoxycoumarin 20.0 193.0494 CioHgO4* 193.0495 -0.5 MS? [193]: 178 (8), 165 (31), 149 (12), 137 (12),
(scopoletin) 133 (100), 117 (2), 105 (3), 89 (3), 63 (6)
191.0346 C1oH704~ 191.0339 3.7 MS? [191]: 176 (100), 148 (0.4)
7-hydroxy-6,8- 21.6 223.0594 Cy1Hy10s* 223.0601 —-3.1 MS? [223]: 208 (100), 207 (7), 195 (14), 191 (8),
dimethoxycoumarin 190 (49), 179 (7), 163 (72), 162 (6), 135 (19) 107
(isofraxidin) (45)
221.0443 C11HgOs5™ 221.0445 -0.9 MS? [221]: 206 (100), 209 (0.5), 191 (5), 162 (0.8)
Ferulic acid 23.0 195.0657 CioH11047 195.0652 2.6 MS? [195]: 177 (100), 153 (4), 145 (3)
193.0504 C1oHgO4~ 193.0495 4.7 MS? [193]: 178 (70), 149 (100), 139 (80)
6-hydroxy-5,7- 23.8 223.0594 Cy1Hy105% 223.0601 -3.1 MS? [223]: 208 (100), 195 (11), 190 (40), 179 (6),
dimethoxycoumarin (fraxinol) 163 (54), 135 (19), 107 (39), 91 (4)
221.0440 C11HgOs5™~ 221.0444 -1.8 MS? [221]: 206 (100), 191 (5), 209 (0.5), 162 (0.2)
Coniferyl aldehyde 24.6 179.0706 CioH1103t 179.0703 1.7 MS? [179]: 161 (100), 147 (97), 133 (18), 119 (7),
105 (10)
177.0554 C1oHgO3~ 177.0546 4.5 MS? [177]: 162 (100), 163 (1), 158 (0.3)
Sinapy! aldehyde 251 209.0810 Cy1H1304" 209.0808 1.0 MS? [209]: 191 (47), 181 (10), 177 (100), 153 (7),
149 (20), 145 (15), 131 (12), 121 (17), 103 (5)
207.0662 C11H1104™~ 207.0652 4.8 MS? [207]: 192 (100), 191 (0.3), 177 (2), 147 (0.2),

133 (0.2)

The m/z ratios of parent and fragment ions were determined from the data in the HPLC/ESI-MS(TOF) and HPLC/ESI-MS(ion trap) chromatograms, respectively, working
in both positive and negative mode. Common names for coumarins and their glucosides are indicated in brackets. The parent ion m/z ratios correspond to [M-+H]™ and

[M-H]~. The major ion of the MS? and MS® spectra is indicated in bold.

also has some of these features, including an ion at m/z 209 and
a mass loss of 30 Da from the [M+H]* ion (Supplementary
Table S8). When the MS? spectra of 14-18 were obtained on
a high resolution Q-TOF mass analyzer, which allows for an
accurate mass determination of fragment ions, all spectra showed
a common fragment ion at m/z 209.0435, consistent with the
elemental formula C;oHoOs™ (with an error of —4.7 ppm)
(Supplementary Figure S3) of the dihydroxymethoxycoumarin
fraxetin (compound 7). The presence of a fraxetin moiety in
compounds 14-18 was further confirmed by their MS® spectra
(403—209, 417—209, 417— 209, 387—209 and 387—209 for
14, 15, 16, 17 and 18, respectively; Figure 4B), which match
perfectly with the fraxetin MS? spectrum.

Among the plant-derived fraxetin derivatives known so far
(Begum et al., 2010; Zhang et al., 2014), six coumarinolignans

have elemental formulae consistent with those of compounds
14-18, including cleomiscosins A, B, C (also known as
aquillochin) and D, first isolated and identified in seeds
of Cleome viscosa (a common weed of the Capparidaceae
family), and 5'-hydroxycleomiscosins A (also known as 5'-
demethylaquillochin) and B, first isolated from Mallotus
apelta roots and Eurycorymbus cavaleriei twigs, respectively.
Cleomiscosins C and D (regioisomers -also called constitutional
isomers- arising from the fusion of fraxetin and the monolignol
sinapyl alcohol through a dioxane bridge; Figure 1C) have a
formula identical to that of 15-16 (C1H90Oy), cleomiscosins
A and B (regioisomers arising from the fusion of fraxetin and
the monolignol coniferyl alcohol through a dioxane bridge;
Figure 1C) have a formula identical to that of 17-18 (C0H;30s),
whereas 5'-hydroxycleomiscosins A and B (regioisomers arising
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TABLE 3 | MS/MS data for some of the compounds secreted and accumulated by Arabidopsis thaliana roots in response to Fe deficiency: m/z ratios of

the fragment ions and their relative intensity.

Compound #  Annotation Parent ion lon type ESI-MS" m/z (Relative intensity, in %)
m/z
3 Coniferylaldehyde hexoside 339.1 M-H]~ MS? [339]: 295 (6), 275 (8), 250 (6), 249 (3), 188 (3), 177 (100), 162 (3)
MS? [339—177]: 162 (100)
4 7,8-dihydroxy-6-methoxycoumarin 369.1 [M-H]~ MS? [369]: 325 (7), 323 (5), 223 (11), 215 (8), 207 (100), 193 (5), 192
hexoside (fraxetin hexoside) (20)
MS? [369—207]: 192 (100)
5 7-hydroxy-6,8-dimethoxycoumarin 383.1 [M-H]~ MS? [383]: 365 (13), 347 (24), 341 (12), 339 (10), 337 (22), 323 (24),
hexoside (isofraxidin hexoside) 322 (18), 303 (14), 270 (20), 268 (25), 266 (18), 252 (9), 251 (30), 221
(100), 215 (38), 207 (7), 206 (11), 203 (11), 199 (15), 187 (8), 177 (20),
173(8), 156 (11), 131 (17), 129 (30), 125 (6), 114 (24)
MS? [383—221]: 206 (100)
6 Sinapy! aldehyde hexoside 369.1 M-H]~ MS? [369]: 351 (33), 325 (11), 289 (10), 254 (5), 253 (6), 246 (11), 245
(8), 239 (9), 237 (11), 217 (6), 207 (100), 192 (18), 159 (11), 128 (10)
MS? [369—207]: 192 (100)
10 Ferulic acid 193.1 M-H]~ MS? [193]: 178 (70), 149 (100), 134 (72)
12 Coniferyl aldehyde 1791 M+H]* MS? [179]: 161 (86), 147 (100), 133 (17), 119 (10), 105 (8)
13 Sinapy! aldehyde 209.1 M+H]* MS? [209]: 191 (41), 181 (17), 177 (100), 149 (22), 145 (13), 131 (5),

121 (18)

Numbers in italics (Compound #) refer to the labels used for each compound in Table 1. All data were taken from the HPLC-ESI-MS/MS(ion trap) analysis. The major ion

of the MS? and MS® spectra is also indicated in bold.

from the fusion of fraxetin and the monolignol hydroxyconiferyl
alcohol, Cheng and Chen, 2000, Figure 1C), have a formula
identical to that of compound 14 (CyH;30g). The structural
differences among these coumarinolignans -corresponding to the
monolignol moiety (Figure 1B)- are identical to those found
among the elemental formulae of 14-18: (i) a methoxy group
differentiates coniferyl from sinapyl alcohols and the elemental
formula of 17-18 from that of 15-16; (ii) a hydroxyl group
differentiates hydroxyconiferyl from coniferyl alcohols and the
elemental formula of 14 from that of 17-18; and (iii) a methyl
group differentiates hydroxyconiferyl and sinapyl alcohols and

the formula of 14 from those of 15-16.
To confirm the identification of 15-18 as cleomiscosins,

we isolated coumarinolignans from C. viscosa seeds. The seed
isolate was analyzed by both HPLC-UV/VIS/ESI-MS(TOF) and
HPLC/ESI-MS(ion trap) using Elution program 2 and positive
ESI ionization. The HPLC/ESI-MS(TOF) chromatogram for
m/z 417.12 £ 0.02, corresponding to the cleomiscosins C
and D [M+H]" ions, showed only two peaks, at 35.4 and
37.0 min, matching with the RTs of 15 and 16 (Figure 4C;
Table 1). Similarly, the HPLC/ESI-MS(TOF) chromatogram for
m/z 387.11 £ 0.02, corresponding to the cleomiscosins A and
B [M+H]™" ions, showed only two peaks, at 37.0 and 38.4 min,
matching with the RTs of 17-18 (Figure 4C; Table 1). Peaks
were assigned to cleomiscosin isomers according to the elution
order reported in the literature (Chattopadhyay et al., 2008;
Kaur et al,, 2010). These annotations were confirmed by the full
match between the MS? spectra of the cleomiscosins D, C, B,
and A, and those of compounds 15, 16, 17 and 18, respectively
(Figure 4C). Compound 14 eluted at shorter times than the
cleomiscosins (30.7 vs. 35.5-38.6 min), as expected from the
structural differences between 5'-hydroxycleomiscosin A and
B and cleomiscosins (see above). Furthermore, compound 14
shares elemental formula and the presence of a fraxetin moiety

with 5'-hydroxycleomiscosins A and B, and its MS? spectrum
showed a loss of 18 Da from the [M+H]" ion (Figure 4B;
Supplementary Table S8), which was previously reported for 5'-
hydroxycleomiscosin A (Cheng and Chen, 2000) but does not
occur in cleomiscosins. Therefore, 14 was putatively annotated
as 5’-hydroxycleomiscosin A and/or B (Table 1).

Coumarin and Coumarinolignan

Concentrations in Root Extracts

Quantification of phenolic compounds was carried out using
the [M+H]" and [M-hexoside+H]" signals in the HPLC/ESI-
MS(TOF). Coumarins and their hexosides were quantified
using authenticated standards, whereas coumarinolignan
concentrations estimated using peak/area ratios
relative to that of the IS lignan matairesinol (Figure 1D),
because of the lack of commercially available authenticated
standards.

The phenolic compound profiles in root extracts included
coumarins and coumarinolignans, and were markedly dependent
on the plant growth pH (Figure 5); no phenolics of the flavonoid
and stilbene families were found. Under sufficient Fe supply,
root extracts from plants grown at pH 5.5 had mainly scopoletin
hexoside (scopolin) and its aglycone (scopoletin) as well as the
coumarin precursor hexoside of ferulic acid. When Fe-sufficient
plants were grown at pH 7.5, no significant changes were found
for ferulic acid hexoside, scopolin, scopoletin and fraxetin and
isofraxidin hexosides, and the coumarinolignans cleomiscosins
A, B, C, and D, whereas other coumarins increased (including
fraxetin and isofraxidin).

Iron deficiency changed markedly the coumarin/-
coumarinolignan profiles in root extracts (Figure 5). In
plants grown at pH 5.5 the profiles were similar under Fe
deficiency or sufficiency conditions, with moderate increases

were

Frontiers in Plant Science | www.frontiersin.org

November 2016 | Volume 7 | Article 1711 | 57


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Siso-Terraza et al.

Coumarins in Fe-Deficient Arabidopsis Plants

A : B
Intensﬂy
1.2x10° | 14 372.9
Do (<]
S 5 RENE 2 3 403.0 6000 | Fraxetin 1489
E=R ] ; 0 - L 4 162.9
3 £ Intensity 4000 - ]
3 8 15 ax10s | 17 5 o 22
? 5 4x10* 2210 2630 263.0 e B 28
e o s ol - Q 2000 - @ 2
= = B ; 59 5 209.0
&2 2 5o 55 2o &3 [
.g ' RN B c"’!*':»:17’0 » B { 337.1 387.0 0 | b 1 L
= 0 Tl 1 Lt 0 L LI" L 14
16 28z 18 337.0 L uso 2
4x10° ol & T
= BT E 10 oN o9 = 75 = g F |3
- 882 8417.0 5E RY,.,, |Buw g 7 I ]ﬂzos.o
0 = :_ l i\l 263-0 I I 0 ‘:;l l 1 ) I I 0 . L =
263.0 15
ax105 | CMA 50 CmB 40 135.0 149.0
c — 2630 _ 5x10° ) 162.8
o= > o = T Q ocoko = 4
= &Y o © B e ] N 20 8
§ o enyQ BBa17.0 2% ‘é_v’]“‘ @ 815 387.0 = 9.3 =
o E 0 JAI‘l]l L. ,lll- 0 Liab s lll Iu. o 0 | ] i 229'0
> ra
g 2 cmce 367.1 cmD 337.0 £ 16 e
@ 108 2x108 100 o5
(@] - = 2 o = o oo &
-2 G2 = (=} S o =) 5 0w o2 -
SB°8 se0 | Barmo 2 YRt || i 50 ot T |2
i = el . L 0 ke LE E go3 { ‘ 1209_0
100 200 300 400 100 200 300 400 0 L L 2 L
m/z m/z 17 162.9
c 300 149.0
° 180.8
& m/z403.10 m/z417.12 m/z387.11 150 W g 1938
O £ |ntensi l
= % . | 16 18 0 L J i U .J 20.9.0
=) i 14’ 8x108 4x107
2] 8x108 | X 18
o @ 200 149.0 162.9
- L 15
= 17 2 | |1e0s
1071 @ !
0 : 0 /\ 0 , 100 l ks jma.?
[ J 209.0
? . 2107 G 5x107 EmA 0 L dhool 28
3o 410 cmD 100 150 200 250
QL © CmB
€ O m m/z
o .2
o 0 A 0 ) = - . .
25 30 35 40 30 35 40 45 30 35 40 45
RT (min)
FIGURE 4 | Identification of compounds 14-18, produced by Fe-deficient Arabidopsis thaliana roots, as coumarinolignans derived from fraxetin.
(A) MS? spectra of compounds 7478 and the cleomiscosins A (Cm A), B (Cm B), C (Cm C) and D (Cm D) isolated from Cleome viscosa seeds. (B) MS? spectra of
fraxetin and MS® spectra of m/z 209 ion from the corresponding [M-+H]* ions of compounds 74-78. Spectra were obtained from the HPLC/ESI-MS(ion trap)
analyses of growth media extracts from Fe-deficient plants and a cleomiscosin isolate. (C) Typical HPLC-ESI-MS(TOF) chromatograms for growth media extracts
from Fe-deficient plants and for the cleomiscosin isolate, extracted at m/z 403.10, 417.12 and 387.11 and with a precision of £+ 0.02 m/z units. The encircled
numbers in the spectra and above each chromatographic peak correspond to the phenolic compounds listed in Table 1.

(not always significant) in fraxetin and isofraxidin hexosides
and their aglycones (fraxetin, isofraxidin and fraxinol), as well
as of the cleomiscosins A, B, C and D. However, in plants
grown at pH 7.5 Fe deficiency caused a marked increase of all
coumarin hexosides, their aglycones and all coumarinolignans.
When compared to their concentration in Fe-sufficient plants
at pH 7.5, the largest increase was 18-fold for cleomiscosin D,
followed by 13-fold for isofraxidin, 12-fold for fraxinol and the
cleomiscosins A, B, and C, 9-fold for the hexoside of isofraxidin,
7-fold for the hexoside of fraxetin and the aglycone fraxetin,
5-fold for scopoletin, and 2-fold for both scopolin and ferulic
acid hexoside.

The most abundant coumarin in root extracts, irrespective of
the growth conditions, was scopoletin (Figure 6A). Summing
up the two forms detected, the hexoside and aglycone,
scopoletin was 90-100% of the total coumarins, depending
on the root conditions, with the aglycone form being always
predominant (85-93%) (Supplementary Figure S4B). In the
case of fraxetin, the aglycone was also the predominant form
(at least 73-76%) in root extracts from plants grown at
pH 7.5, whereas in plants grown in absence of Fe at pH
5.5, only 24% of the total fraxetin occurred in the aglycone
form. In the case of isofraxidin the hexoside form was
predominant, with the aglycone accounting for 23-46% of
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FIGURE 5 | Effects of Fe deficiency and high pH on the concentrations (in nmol g~ root FW) of coumarins (A) and coumarinolignans (B) in
Arabidopsis thaliana roots. Plants were pre-grown as indicated in Figure 2 and grown for 14 days with O (—Fe) or 20 M Fe (+Fe) in nutrient solution buffered at
pH 5.5 (with 5 mM MES-NaOH) or 7.5 (with 5 mM HEPES-NaOH). Ferulic acid hexoside was quantified as fraxin. The levels of the cleomiscosins are expressed in
peak area ratio, relative to the lignan matairesinol used as internal standard. Data are means + SE (n = 3-5). For each compound, significant differences among
treatments (at p < 0.05) are marked with different letters above the columns.

the total depending on the growth conditions (Supplementary
Figure S4B).

Coumarin and Coumarinolignan

Concentrations in the Nutrient Solution

The concentrations of coumarins and coumarinolignans were
determined in the nutrient solution of Fe-deficient plants after
7 and 14 days after imposing Fe deficiency (nutrient solutions
were renewed on day 7) (Figure 7). No determinations could
be made in nutrient solutions of Fe-sufficient plants due to
the presence of Fe(III)-EDDHA, which causes the overloading
of Cjg materials. Coumarin hexosides were only occasionally
detected at trace levels (data not shown). When plants were

grown at pH 5.5, the growth media at day 7 contained low
concentrations of aglycones (scopoletin, fraxetin, isofraxidin,
and fraxinol; Figure 7) and coumarinolignans (cleomiscosins
A, C, and D as well as the putative 5'- hydroxycleomiscosin;
Figure 7). After 14 days of Fe deficiency no significant changes
were observed. In contrast, when plants were grown at pH
7.5, the concentration of coumarins and coumarinolignans in
the nutrient solution were much higher than that found in the
culture medium of plant grown at pH 5.5 (Figure 7). When
compared to the concentrations found with Fe-deficient plants
at pH 5.5, increases were large for scopoletin (6- and 12-fold
at days 7 and 14, respectively) and very large for the rest of
phenolics (in the range from 17- to 537-fold). In addition, when
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The absolute values are shown in Figures 5 and 7.

Fe-deficient plants were grown at pH 7.5, the concentrations of
coumarins (with the exception of fraxinol) and coumarinolignans
in the nutrient solution increased with time. When compared to
the concentrations at day 7, increases at d 14 were 12-fold for
isofraxidin, 9-fold for fraxetin, 5-fold for cleomiscosin A, 3-fold
for 5’-hydroxycleomiscosins and the cleomiscosins B and D, and
2-fold for scopoletin and cleomiscosin C.

Scopoletin was the predominant coumarin only at pH 5.5
after 7 days of Fe deficiency (86% of the total coumarins),
whereas at 14 days scopoletin and fraxetin accounted for 58
and 41% of the total, respectively (Figure 6A). At pH 7.5
scopoletin and fraxetin were the major coumarins at day 7

(57 and 31%, respectively), whereas at d 14 scopoletin, fraxetin
and isofraxidin accounted for 26, 53, and 20% of the total,
respectively.

Allocation of Coumarins to the Roots

and the Nutrient Solutions

The allocation of coumarins produced by Fe-deficient plants
was affected by the growth media pH. In plants grown at pH
5.5, only 19% of the total amount of coumarins was allocated
to the nutrient solution, whereas for plants grown at pH 7.5
coumarins were allocated equally between nutrient solutions
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FIGURE 7 | Effects of time of Fe deficiency and high pH treatments on the concentrations (in nmol g~ root FW) of coumarins (A) and
coumarinolignans (B) in the nutrient solution of iron (Fe)-deficient Arabidopsis thaliana. Plants were pre-grown as indicated in Figure 2 and grown for 7 or
14 days with O wM Fe in nutrient solution buffered at pH 5.5 (with 5 mM MES-NaOH) or 7.5 (with 5 mM HEPES-NaOH). The levels of the cleomiscosins are
expressed in peak area ratio, relative to the lignan matairesinol used as internal standard. Data are means + SE (n = 3-5). For each compound, significant
differences among treatments (at p < 0.05) are marked with different letters above the columns. *5’-Hydroxycleomiscosins A and/or B should be considered since
separation of these isomer compounds might have not been achieved.

(51% of the total per plant) and roots (49%) (Figure 6B). Fraxetin
was preferentially allocated to the nutrient solution at both pH
values, whereas isofraxidin and fraxinol did only so at pH 7.5.

Mobilization of Fe from Fe(lll)-Oxide

Promoted by Coumarins
In order to understand the role that coumarins could play in Fe
plant nutrition, their ability to mobilize Fe from Fe(III)-oxide

was measured in in vitro incubation assays. The experiments
were carried out with a poorly crystaline Fe(III)-oxide and
1.5 ml of an assay medium containing 0 (blank) or 100 M
of coumarin and buffered at pH 5.5 or 7.5. Three out of the
four coumarins assayed (scopoletin, isofraxidin and fraxin) have
a catechol moiety capped via hydroxyl group methylation or
hydroxyl group glucosylation, whereas the fourth coumarin,
fraxetin, bears an available catechol moiety (see structures
in Figure 1A). Coumarolignans could not be used in these
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experiments because of the lack of commercial authenticated
standards. Assays were run in the presence of the Fe(II)
trapping agent BPDS to monitor the reductive dissolution
of Fe(Ill)-oxide, and the concentration of Fe(II)-BPDS; was
termed Fe(II). The overall mobilization of Fe was assessed by
determining the total Fe in solution using ICP-MS (Figure 8).
The Fe mobilized by the buffer solutions (blanks) was on
the average 0.2 nmol Fe g=! Fe(Ill)-oxide min~—!. When the
assay medium contained the non-catechol coumarins fraxin,
scopoletin and isofraxidin, the total Fe mobilized was in the
range 0.9-1.2 nmol Fe g—! Fe(III)-oxide min~! (depending on
the coumarins and the assay pH) and statistically significant
differences were found when compared to the blank (Figure 8A).
However, when the assay medium contained the catechol
coumarin fraxetin, the amounts of Fe mobilized (5.8 and
9.4 nmol Fe g~! Fe(Ill)-oxide min~! for the assays at pH
5.5 and pH 7.5, respectively) were significantly higher than
the rest (Figure 8A). Furthermore, the total mobilization of
Fe promoted by fraxetin at pH 7.5 increased linearly when
the concentration of fraxetin increased from 10 to 100 WM.
A relevant fraction (40-44%) of the mobilized Fe was trapped
by BPDS and this fraction also increased linearly when the
concentration of fraxetin increased from 10 to 100 uM
(Figure 8B).

DISCUSSION

Arabidopsis thaliana plants produce and secrete an array
of phenolics in response to Fe deficiency when the pH of
the nutrient solution is high. Phenolics found in this study
include several coumarinolignans not previously reported
in A. thaliana (cleomiscosins A, B, C, and D and the 5'-
hydroxycleomiscosins A and/or B), as well as other previously
reported coumarins (scopoletin, fraxetin, isofraxidin and
fraxinol) and some coumarin precursors (ferulic acid and
coniferyl and sinapyl aldehydes). The identification of all these
phenolic compounds was achieved through an integrative
interpretation of analytical data, including exact molecular
mass-to-charge ratios (m/z), low and high-resolution MS"
spectra, chromatographic RTs and fluorescence/UV-VIS
data. Furthermore, we report here for the first time on
the quantification of all identified coumarins, revealing
that Fe deficiency mainly induced the root accumulation
and exudation of the non-catechol coumarin scopoletin
and the catechol coumarin fraxetin, with the exudation
of fraxetin being more prominent when Fe chlorosis was
intense. Also, we show for the first time that fraxetin, but not
scopoletin, was effective to mobilize Fe from an scarcely soluble
Fe(III)-oxide.

pH 5.5 pH 7.5

Fe total
Blank
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Isofraxidin *

*
*
*
* *
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FIGURE 8 | Iron mobilization from an scarcely soluble Fe(lll)-oxide as affected by coumarins. (A) Structure-activity relationship of coumarins on Fe
mobilization activity. The assays consisted in the incubation of 10 mg of Fe(lll)-oxide with a solution of O (blank) or 100 wM of the indicated coumarins and 600 uM
BPDS at two different pH values, 5.5 and 7.5. Total Fe and Fe(ll)-(BPDS)3 in solution were determined by ICP-MS and spectrophotometry, respectively. (B) Effects of
the fraxetin concentration on the Fe mobilization activity at pH 7.5. Scatter plot of the concentration of fraxetin vs. the total Fe mobilized and the Fe(ll), with linear
regression lines in black and their corresponding equations. In all cases (A,B), data are means + SE (n = 3-12) and asterisks denote a statistically significant
difference between blank and a coumarin-containing assay medium as determined by Student’s t- test (o < 0.05).
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This is the first time cleomiscosins and 5'-
hydroxycleomiscosins have been reported in A. thaliana.
Cleomiscosins were found in both roots and nutrient solutions,
whereas 5'-hydroxycleomiscosins were found only in nutrient
solutions (Figures 5B and 7B). All coumarinolignans found
have a fraxetin moiety linked to different phenylpropanoid
units (Figure 1C). Non-conventional lignans, including
coumarinolignans and other hybrid ones, harbor a single
phenylpropanoid unit, whereas conventional ones consist in
phenylpropanoid dimers. The common coumarin moiety in
the coumarinolignans found, fraxetin, has been consistently
reported to increase with Fe deficiency in roots and growth
media of A. thaliana (Figures 5 and 7; Fourcroy et al., 2014;
Schmid et al., 2014; Schmidt et al., 2014). The phenylpropanoid
units found are the primary lignin precursors coniferyl (in
cleomiscosins A and B) and sinapyl alcohols (in cleomiscosins C
and D), and the non-canonical monolignol 5-hydroxyconiferyl
alcohol (in 5'-hydroxycleomiscosins A and B) (Begum et al.,
2010) (Figure 1C). Previously, two other coumarinolignans,
composed of esculetin and either coniferyl alcohol or sinapyl
alcohol, were tentatively identified in A. thaliana root exudates
(Strehmel et al., 2014). Until now, cleomiscosins have been only
reported in seeds and stem wood and bark of various plant
species, whereas 5'-hydroxycleomiscosins A and B were found
in Mallotus apelta roots (Xu et al., 2008) and Eurycorymbus
cavaleriei twigs (Ma et al., 2009), respectively. Cleomiscosin A
has been reported in 22 plant species belonging to 12 families
(e.g., Sapindaceae and Simaroubaceae), whereas cleomiscosins
B, C, and D, although less common, have been found in
6-10 plant species belonging to 5-9 families (Begum et al.,
2010).

Besides coumarinolignans, ferulic acid and other related
metabolites were found to accumulate in roots of Fe-
deficient A. thaliana plants when grown at high pH (Table 1;
Figure 5A). This is consistent with Fe-deficient A. thaliana
root transcriptomic (Rodriguez-Celma et al., 2013), proteomic
(Lan et al., 2011) and metabolite data (Fourcroy et al., 2014): (i)
ferulic acid can be converted to feruloyl-CoA by the action of
4-coumarate:CoA ligases (4CL1 and 4CL2), two enzymes that
have been found to be robustly induced by Fe deficiency (Lan
et al,, 2011; Rodriguez-Celma et al., 2013), (ii) feruloyl-CoA is a
key precursor in the biosynthesis of scopoletin (Kai et al., 2008),
which accumulates in roots of Fe-deficient plants (Figures 5A
and 7A; Fourcroy et al, 2014; Schmid et al, 2014; Schmidt
et al., 2014), and (iii) ferulic acid hexoside has been reported
to occur in Fe-deficient roots (Fourcroy et al, 2014). Also,
two other metabolites, coniferyl and sinapyl aldehydes, were
occasionally found in Fe-deficient roots (in the aglycone and
hexoside forms, Tables 1 and 3). Coniferyl aldehyde can either
lead to scopoletin biosynthesis via oxidation to ferulic acid
(Kai et al., 2008) or be reduced to coniferyl alcohol (Fraser and
Chapple, 2011), a precursor of lignin and lignans (Barros et al.,
2015), including cleomiscosins A and B. Sinapyl aldehyde is an
intermediate metabolite in the synthesis of lignin and lignans
such as cleomiscosins C and D (Barros et al., 2015), and may
(assuming that isofraxidin synthesis is analogous to that of
scopoletin, as proposed by Petersen et al., 1999) be a precursor

of the coumarin isofraxidin, which accumulates consistently in
Fe-deficient roots (Figure 5A).

Coumarins also accumulate in A. thaliana roots along with
coumarinolignans and are secreted to the growth media in
response to Fe deficiency, especially when pH was high. Four
coumarins (scopoletin, fraxetin, isofraxidin and the isofraxidin
isomer fraxinol) were found in both root extracts and nutrient
solutions (Tables 1 and 2) confirming previous results (Fourcroy
et al., 2014; Schmid et al, 2014; Schmidt et al., 2014)
(Supplementary Table S1). We could identify fraxinol (annotated
in a previous study as methoxyscopoletin; Fourcroy et al,
2014), using an authenticated standard. Aglycones and hexose
conjugates of the four coumarins were found in roots (Figure 5;
Supplementary Figure S4B), whereas only the aglycone forms
were quantifiable in nutrient solutions, with hexoside forms
being detected only occasionally and in low amounts (Figure 7).
We did not detect three more coumarins, esculetin, isofraxetin
and dihydroxyscopoletin, previously found as aglycones and/or
glycoside forms by Schmid et al. (2014) and/or Schmidt et al.
(2014) in roots or exudates of Fe-deficient A. thaliana. This
could be due to differences in protocols for exudate collection
and isolation of organic compounds from the growth/exudation
media or plant growth conditions. In any case, from the
published data it seems that the relative amount of these three
coumarins was very low: in the only study where quantification
of some coumarins was carried out, the amount of esculetin was
0.1% (roots) and <1% (exudates) when compared to those of
scopoletin (Schmid et al., 2014). Assuming similar ratios in our
study, the concentration of esculetin would be approximately
0.2-0.5 nmol g~! root FW in roots and nutrient solutions,
respectively, values still lower than those of fraxinol, the least
abundant of the coumarins detected in this work (Figures 5 and
7). Regarding the other two coumarins not detected in this study,
isofraxetin and dihydroxyscopoletin, they were only detected in
Schmid et al. (2014) and Schmidt et al. (2014), respectively,
indicating that their occurrence in Fe-deficient plants is not
consistent.

High pH induces by itself a certain Fe stress that results
in the synthesis of phenolics in roots. The increase in the
production of some phenolic compounds was already observed in
Fe-sufficient plants grown at high pH (Figure 5; Supplementary
Figure S4A), along with decreases in root and shoot Fe contents
(Figure 2C) and increases in FRO2 expression (Figure 2D),
even when leaf Chl and biomass were not affected (Figures 2A-
C). It was already known that high pH compromises the root
Fe acquisition from Fe(III)-chelates, with FCR activities being
much lower at pH 7.5 than at the optimal pH range of 5.0-
5.5 (in A. thaliana and other species; Moog et al., 1995; Susin
et al., 1996), and FCR rates are known to be especially low with
highly stable chelates such as Fe(III)-EDDHA (Lucena, 2006).
When plants were grown in absence of Fe at pH 7.5 the Fe
stress was much more intense and the synthesis of phenolics
in roots was fully enhanced (when compared with Fe-sufficient
plants grown either at high or low pH): concentrations of all
phenolics in roots were much higher (Figure 5; Supplementary
Figure S4A), the concentration of phenolics in the nutrient
solution increased markedly with time (Figure 7; Supplementary
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Figure S4A), and there were marked decreases in leaf Chl
(Figures 2A,B), shoot biomass and shoot and root Fe contents
(Figure 2C). The high pH/zero Fe effect is rapid, since only
after 3 days roots already showed an increased expression of
genes coding for root coumarin synthesis (COMT, CCoAMT
and F6'HI) and Fe acquisition components (IRT1 and FRO2)
(when compared with Fe-sufficient plants grown either at high
or low pH) (Figure 2D). In contrast, when plants were grown
in absence of Fe at pH 5.5, there was no effect on biomass
(Figure 2C) and the decreases in leaf Chl and shoot and root
Fe contents (when compared with Fe-sufficient plants grown
either at high or low pH) were as large as those found at high
pH (Figures 2A-C), and only moderate effects were found with
respect to phenolics, including: (i) increases of some phenolics
in roots (fraxetin, isofraxidin, fraxinol, cleomiscosins A, C, and
D) (Figure 5; Supplementary Figure S4A); (ii) time dependent
increases in the concentration of all phenolics in the nutrient
solution, although concentrations were always lower than those
found at high pH (Figure 7; Supplementary Figure S4A), and
(iii) a rapid (at 3 days) root increased expression of genes for
Fe root uptake, although to a much lower extent than at high
pH, without any change in the expression of genes involved in
coumarin synthesis (Figure 2D).

Iron-supply and nutrient solution pH affect the relative
coumarin concentrations in root extracts and growth media.
Whereas the non-catechol coumarin scopoletin was initially the
most abundant coumarin in root extracts and growth media,
the catechol coumarin fraxetin was progressively more abundant
with time in the growth media of plants grown with zero Fe
(Figure 6). When other authors used HPLC-fluorescence for
quantification, scopoletin was found to be the most abundant
coumarin in the growth media of Fe-deficient A. thaliana
(Schmid et al., 2014); fraxetin was not quantified in that study,
possibly due to the very low fluorescence rate of this compound.
The extremely low fluorescence of fraxetin in comparison with
those of other coumarins (scopoletin, isofraxidin and esculetin)
in the growth media of Fe-deficient A. thaliana plants is shown
in Supplementary Figure S5. Interestingly, in the roots of Fe-
deficient plants grown at pH 7.5 the coumarins that have a
larger aglycone fraction (scopoletin and fraxetin; Supplementary
Figure S4B), likely due to the action of a glucosidase, were
also the prevalent ones in the growth media, supporting that
the aglycone forms are likely to be the substrate for the
plasma membrane transporter ABCG37. In this respect, the
B-glucosidase BGLU42 is induced by Fe deficiency in roots
(Garcia et al., 2010; Yang et al., 2010; Lan et al., 2011; Rodriguez-
Celma et al, 2013), and the roots of Fe-deficient bglu42
A. thaliana mutant plants apparently fail to secrete coumarins
(Zamioudis et al., 2014). However, coumarin glucosides such
as scopolin have been reported to occur in the exudates of Fe-
deficient A. thaliana in other studies (Schmid et al., 2014; Schmidt
etal., 2014).

The structural features of each coumarin-type compound
may confer specific roles that contribute to the adaptation of
A. thaliana to low Fe availability in alkaline conditions. The
catechol moiety enable coumarins to mobilize efficiently Fe from
an Fe(IlI)-oxide (Figure 8A). Fraxetin, a coumarin bearing a

catechol moiety and a methoxy substituent, mobilized much
more Fe than any of the non-catechol coumarins tested at the
same concentration (100 wM; scopoletin, isofraxidin and fraxin)
at physiologically relevant pH values (5.5 and 7.5). Specific
structural features of the non-catechol coumarins tested, such
as the O-glucosyl moiety (in fraxin) and one or two methoxy
groups (in scopoletin/fraxin and ixofraxidin, respectively) do not
appear to affect to the Fe mobilization ability of the coumarin,
since these three coumarins mobilized similar amounts of Fe
(Figure 8A). This confirms what has been reported previously
(at pH 7.2) with the catechol coumarin esculetin (no methoxy
substituent) and the non-catechol coumarins scopoletin (one
methoxy and one hydroxy substituents) and esculin (one
O-glucosyl and one hydroxy substituents) (Schmid et al., 2014).
In addition, the present study revealed that the mobilization of
Fe from Fe(III)-oxide promoted by fraxetin involves a significant
reduction of Fe(IIl) to Fe(II) and appears to be controlled by
the fraxetin concentration and the medium pH. Approximately
42% of the Fe mobilized by fraxetin was trapped by BPDS,
regardless of the assay pH and the fraxetin concentration
(Figure 8). The Fe(II) produced may be directly taken up by
root cells, chelated by other natural ligands and/or re-oxidized
to Fe(III). The amount of Fe mobilized by fraxetin was 1.6-
fold higher at pH 7.5 -typical of calcareous soils- than at
pH 5.5 (Figure 8A). Also, increases in fraxetin concentration
(from 10 to 100 wM) led to a marked enhancement in Fe
mobilization rates (Figure 8B). Most of the fraxetin produced
by Fe-deficient plants (80-90%) was allocated to the nutrient
solution regardless of the growth media pH, in contrast with
the small amount of the non-catechol coumarin, scopoletin,
allocated to the nutrient solution (12-23%) (Figure 6B). Taking
also into account the concentrations estimated for scopoletin
(21 M), fraxetin (43 wM), isofraxidin (14 wM) and fraxinol
(0.5 pM) in the soil solution surrounding the root (apex) of
A. thaliana growing without Fe at pH 7.5 (calculated as in
Romheld, 1991, for phytosiderophores), it seems likely that
fraxetin could play a role as an Fe mobilizer in natural conditions.
A catechol group is also present in the coumarinolignans 5'-
hydroxycleomiscosins A and B (Figure 1C) that were found only
in exudates (Table 1; Figure 7). Therefore, not only fraxetin but
also 5-hydroxycleomiscosins A/B may have a role in mining Fe
from soil Fe sources at high pH, providing soluble Fe for plant
uptake. Unfortunately, no authenticated standards exist in the
market for these compounds. On the other hand, coumarins,
having or not catechol groups, play a well-established role in
plant defense, serving as allelochemicals against a broad array
of organisms (e.g., bacteria, fungi, nematodes, insects, etc),
with their synthesis being activated in plants after infection
(Weinmann, 1997; Bourgaud et al., 2006). Therefore, the array
of coumarin-type compounds found in the growth media could
play multiple roles, achieving different benefits for Fe-deficient
plants.

Accumulating experimental evidences suggest that the Fe
deficiency-elicited production of coumarin-type phenolics allows
A. thaliana plants interacting with the rhizosphere microbiome,
including beneficial and pathogen organisms. On one hand,
Fe-deficient A. thaliana plants display reduced susceptibility
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to infection with the necrotrophic fungus Botrytis cinerea and
the bacterial plant pathogen Dickeya dadantii, with an Fe
supplementation restoring symptoms severity (Kieu et al., 2012).
On the other hand, the activation of immunity toward broadly
diverse pathogens and even insects and herbivores in A. thaliana
elicited by the beneficial rhizobacteria Pseudomonas fluorescens
WCS417 and mediated by the root-specific transcription factor
MYB72 (Van der Ent et al, 2008; Segarra et al., 2009),
also required for the induction of Fe deficiency responses
(Palmer et al, 2013), involves not only the production of
F6’H1-dependent coumarins but also their secretion (Zamioudis
et al., 2014). In fact, two Arabidopsis mutants failing in the
production and/or secretion of coumarins, myb72 and bglu42,
did not show, when grown in the presence of WCS417,
enhanced resistance against two biotrophic pathogens (the
Gram-negative bacterium Pseudomonas syringae pv. tomato
DC3000 and the pseudo-fungus Hyaloperonospora arabidopsidis;
Zamioudis et al., 2014). Also, BGLU42 overexpression led
to a significantly enhanced resistance against B. cinerea,
H. arabidopsidis and P. syringae pv. tomato DC3000 (Zamioudis
et al, 2014). The enhanced disease resistance of A. thaliana
against different pathogens can be associated with the structure
of the coumarin-type compounds produced, since different
substituents in the backbone of coumarins and lignans can
influence biological activity (Weinmann, 1997; Apers et al., 2003;
Borges et al., 2005; Zhang et al., 2014; Pilkington and Barker,
2015).

Certain structural features of  coumarins and
coumarinolignans produced by roots of Fe-deficient A. thaliana
plants may confer specific roles in shaping the rhizosphere
microbiome. In fact, the existence of differences in inhibitory
potential against specific microorganisms may be expected in
Fe deficiency-induced coumarins. First, all coumarins detected
in Fe-deficient A. thaliana root extracts and exudates are highly
oxygenated and with hydroxyl/methoxy substituents: scopoletin
and esculetin are di-oxygenated and fraxetin, fraxetin isomer,
isofraxidin and fraxinol are tri-oxygenated (Figure 1A). A high
number of oxygen-containing substituents in the benzopyrone
coumarin backbone (Figure 1A) appears to be determinant for
broadening the antibacterial spectrum (Kayser and Kolodziej,
1999), whereas the presence of simple substituents (e.g., hydroxy,
methoxy) instead of bulkier chains may aid bacterial cell
wall penetration. Second, an oxygenation pattern consisting
in two methoxy substituents and at least one additional
hydroxyl substituent is present in the minor tri-oxygenated
coumarins isofraxidin and fraxinol produced by Fe-deficient
A. thaliana roots. This oxygenation pattern seems to confer to
tri-oxygenated coumarins a strong and wide inhibitory activity
against Gram-positive and Gram-negative bacteria (Kayser and
Kolodziej, 1999; Smyth et al., 2009). Furthermore, the estimated
concentrations of scopoletin, fraxetin, isofraxidin and fraxinol
in the soil solution surrounding the root (apex) of A. thaliana
growing without Fe at pH 7.5 (see above) are close or above the
minimum inhibitory concentration of di- and tri-oxygenated
coumarins against Gram-positive and Gram-negative bacteria
(1.3-11.2 and 0.9-4.5 pM, respectively; Kayser and Kolodziej,
1999).

Regarding plant coumarinolignans, the current knowledge
on their biological activities is mostly pharmacological, derived
from the ethno-medical utilization of some plant species
(Begum et al., 2010; Zhang et al, 2014; Pilkington and
Barker, 2015). Known activities of cleomiscosins include liver
protection, cytotoxicity against lymphocytic leukemia cells,
immunomodulation, and others. In plants, the defense roles for
conventional lignans have been studied, and certain structural
features appear to affect the activities against specific organisms.
First, coumarinolignans are more aromatic than conventional
lignans, suggesting they may have a higher effectiveness. For
instance, increased antifungal activities were observed when
the phenyl ring in a monomeric phenylpropanoid derivative
was replaced by naphthyl or phenanthryl rings, whereas no
or very low antifungal activity is associated to the monomeric
phenylpropanoid moieties in conventional lignans (Apers et al.,
2003). Second, the occurrence of methoxy substituents in lignans
appear confer stronger insecticide and fungicide activities,
whereas the presence of polar substituents, especially hydroxy
or glycoside groups, sometimes reduced them (Harmatha and
Nawrot, 2002; Harmatha and Dinan, 2003; Kawamura et al,
2004). Since cleomiscosin structures differ in the methoxy and
hydroxy substituents (Figure 1C), their possible insecticide and
fungicide activities is likely to be different.

Results presented here highlight that Fe deficiency elicits the
accumulation in roots and secretion into the growth media of an
array of coumarin-type compounds, including coumarinolignans
(cleomiscosins A, B, C, and D and the 5’'-hydroxycleomiscosins A
and/or B) and simple coumarins (scopoletin, fraxetin, isofraxidin
and fraxinol) in A. thaliana. The phenolics response was much
more intense when the plant accessibility to Fe was decreased
and Fe status deteriorated, as it occurs when plants are grown in
the absence of Fe at pH 7.5. The structural features of the array
of coumarins and lignans produced and their concentrations
in roots and growth media suggest that they may play dual,
complementary roles as Fe(III) mobilizers and allelochemicals.
Fraxetin, a catechol coumarin, was the most prominent coumarin
found in the growth media of Fe-deficient A. thaliana plants
grown at high pH and was especially effective in mobilization of
Fe from an Fe(III)-oxide. In contrast, the rest of coumarins were
non-catechols and were present in much lower concentrations,
and therefore their role in mobilizing Fe is unlikely, although they
can still be efficient as allelochemicals. Therefore, the production
and secretion of phenolics by roots in response to Fe deficiency
would promote an overall decrease in the competition for Fe in
the immediate vicinity of roots, resulting in improved plant Fe
nutrition. Results also suggest that Fe deficiency could be a good
experimental model to understand the ecological dynamics of the
biotic interactions in the plant rhizosphere.
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About a decade ago, members of a new protein family of anion channels were
discovered on the basis of their ability to confer on plants the tolerance toward toxic
aluminum ions in the soil. The efflux of Al®t-chelating malate anions through these
channels is stimulated by external A+ ions. This feature of a few proteins determined
the name of the entire protein family as Aluminum-activated Malate Transporters (ALMT).
Meanwhile, after several years of research, it is known that the physiological roles
of ALMTs go far beyond Al-detoxification. In this review article we summarize the
current knowledge on this transporter family and assess their involvement in diverse
physiological processes.

Keywords: anion channel, ALMT, aluminum tolerance, nutrient transport, malate transport, citrate transport,
review

INTRODUCTION

Organic Acids in Plants - Production, Importance, and Function
Organic acids play pivotal roles in plant primary metabolism. These acids are mainly produced
and involved in central metabolic pathways, such as the tricarboxylic acid cycle, C3-, C4-, and
CAM-photosynthesis and, to lesser extent, in the glyoxylate cycle in plants. Organic acids, such
as malate, fumarate, lactate, and citrate, are of fundamental importance at the cellular level for
several biochemical pathways, including energy production, formation of precursors for amino-
acid biosynthesis, and at the whole plant level in modulating adaptation to the environment
(Igamberdiev and Eprintsev, 2016). They are involved in stomatal function, phosphorous
acquisition, aluminum tolerance, and temporary carbon storage, interchange of reductive power
among subcellular compartments, pH regulation, and the response to biotic and abiotic stresses
(Meyer et al., 2010a). Some organic molecules also function as signaling molecules, not only as
allosteric regulators of many key enzymes, but also as modulators of gene expression (Lopez-Bucio
et al., 2000).

Research carried out in the past two decades revealed the importance of organic acid exudation
for plants encountering/tolerating metal and nutritional stress at the root-soil interface. The roots
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of rape (Brassica napus), for instance, excrete citric and malic
acids into the rhizosphere and solubilize P from rock phosphate
(Hoffland et al., 2006). Root exudation of citrate may play an
important role in supplying Fe to dicotyledonous plants (Brown,
1978). Organic acids have also been found to modulate nitrate
uptake. Malate moves down the phloem, accumulates in the root,
and stimulates the uptake of nitrate by the roots of intact soybean
plants (Touraine et al.,, 1992). Plants growing in alkaline soils,
where calcium is abundant, often reduce the excess of cellular
calcium by precipitating it in the form of calcium oxalate in
vacuoles of roots, stems, leaves, flowers, fruits, and seeds (Webb,
1999). Likewise, the most ubiquitous tolerant mechanism in the
plant kingdom is the exclusion of Al from the root apex via root
exudation of organic acids.

Historical Perspective — Al Tolerance as a
Gateway for the Discovery of a New

Family of Anion Transporters

Electrophysiological approaches in the 1990’s and early 2000
established the existence and early biophysical characterization
of a variety of predominantly plasma membrane- and tonoplast-
localized anion channels in plant cells (Tyerman, 1992; Roberts,
2006). Contrary to expectations, the molecular identity of
most of these anion channels remained elusive, when the
genome of Arabidopsis thaliana became accessible. This was
predominantly due to the fact that the identified homologs of
animal counterparts were mainly constituted by members of the
CLC channel family (Hechenberger et al., 1996; Jentsch et al.,
1999; Chen, 2005; Jentsch, 2008). Consequently, seven CLC
homologs were identified in the Arabidopsis genome, and have
been shown to localize to cellular endomembranes (tonoplast,
golgi, and chloroplast). As some of their animal counterparts,
they functionally encode HT/Cl™ exchangers [reviewed by
(Barbier-Brygoo et al,, 2011)], but they are also involved as
nitrate/proton antiporters in the nitrate accumulation in plant
vacuoles (De Angeli et al., 2006). Paradoxically, the molecular
identity of a new family of anion channels involved in a large
variety of in planta roles, was revealed by studies in the field of Al-
tolerance. Classical plant physiology studies provided evidence
that several monocot and dicot plant species exclude phytotoxic
AIP* from entering the cells of the root tip by exuding di- and
tri-carboxylic acids (e.g., citrate, malate, and/or oxalate), thereby
chelating and immobilizing the soluble AI** at the root surface
by forming stable, non-toxic complexes (Delhaize et al., 1993a,b;
Ma et al, 1997). The thermodynamic nature of the transport,
i.e., a large electrochemical gradient of organic acids from the
cytosol to the apoplasm, suggested anion channels mediated
the organic acid efflux. This prompted the implementation of
electrophysiological techniques, the patch clamp technique for
instance, to further characterize the transport process. With such
an approach Ryan and coworkers (Ryan et al, 1997; Zhang
et al, 2001) provided the first proof of an Al’T-dependent
plasma membrane anion (malate selective) conductance in
wheat root protoplasts from an Al-tolerant line. Evidence for
the existence of similar types of channels in protoplasts from
Al-resistant maize roots was reported soon after (Kollmeier

et al., 2001; Pifieros and Kochian, 2001; Pifieros et al., 2002),
further indicating that these single anion channels could be
activated by AI** in outside-out excised membrane patches
in the absence of additional cytosolic factors. The similarities
between the transport and activation properties reported in
these electrophysiological studies and the Aluminum-activated
organic acid exudation observed in intact wheat and maize
roots provided the first indication that this novel type of anion
channel was likely underlying the Al-activated organic acid
release observed at the whole root level. Further elucidation of the
molecular nature of these transporters came from a subtractive
hybridization approach, using a pair of near-isogenic wheat
lines differing at a single Al tolerance locus. This approach led
to the identification of the TuALMTI gene (formerly named
ALMTI), the founder of the so called ALMT (Aluminum-
activated Malate Transporters) family (Sasaki et al, 2004).
Heterologous expression of this gene in roots of transgenic
rice seedlings and tobacco suspension cells conferred an Al-
dependent exudation of malate. Consistently, functional analysis
in Xenopus oocytes indicated that this transporter mediated
an inward current caused by a malate efflux, which strongly
depended on the presence of extracellular AI’T. Transgenic
barley (Hordeum vulgare) expressing TaALMT1 also showed
an increase in Al-resistance in roots (Delhaize et al., 2004).
Although TaALMT1 is functionally active in the absence of
extracellular AI**, this unique functional property of Al-
mediated enhancement of transport activity (awkwardly referred
to as Al-activation) is responsible for the sometimes misleading
historical name comprising all members of this transporter family
as ALMT. To date ‘Al activation’ has only been reported in a
small subset of ALMTs members, while in planta the functions
of a large number of members have been shown to be highly
diverse and transcend beyond root Al-resistance responses. Soon
after its discovery in wheat, Al tolerance-related studies led to
the identification of AtALMT1I, the first out of 14 Arabidopsis
ALMT members to be functionally characterized, as well as
the homologs BnALMTI and BnALMT?2 from rape, GmALMT]I
in soybean, and ScALMTI in rye. They all shared similar
functional characteristics consistent with their involvement in
mediating the organic acid exudation in Al-tolerance response
in these plant species (Hoekenga et al., 2006; Ligaba et al,
2006, 2007). Likewise, MSALMTI from Medicago sativa and
HIALMTI from the grass Holcus lanatus have been described
as crucial genes involved in Al resistance (Figure 1) (Chen
Q. et al, 2013; Chen Z.C. et al,, 2013). Subsequent studies in
relation to the role of the novel and emerging ALMT family
in mediating Al-resistance responses led to the identification of
the maize homolog ZmALMT1. However, although ZmALMT1
was shown to function as a plasma membrane transporter
capable of mediating a selective anion efflux and influx, the gene
expression data as well as biophysical transport characteristics
provided the first indication in the literature that the in planta
function of some members of this ALMT family might extend
beyond Al tolerance to a variety of physiological processes
(Pineros et al., 2008b). Since then an increasing number of
studies have clearly indicated that ALMTs underlie a variety of
processes, including metal toxicity avoidance, mineral nutrition,
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ZmALMT1

TaALMT1

AtALMT1 BnALMT1 BnALMT2
ZMALMT1 ZmALMT2 GmALMT1
HvVALMT1 ScALMT1 HIALMT1

FIGURE 1 | Tissue localization of Aluminum-activated Malate
Transporters (ALMTs) from different plant species. AtALMT1, BnALMT1,
BnALMT2, GmALMT1, HIALMT1, SCALMT1, TaALMT1 are plasma membrane
channels expressed in roots and are functionally involved in providing AR+
tolerance to the plant. ZmMALMT1 is found at the plasma membrane of cells
throughout the plant, while ZmALMT2 is localized at the plasma membrane in
root cells; both are also involved in anion homeostasis. In guard cells,
AtALMT6 and AtALMTO are targeted to the tonoplast, while AtALMT12 and
HVALMT1 are localized at the plasma membrane; all play crucial roles in guard
cell movement and thus stomatal opening and closure. HVALMT1 is
expressed in guard cells and in root cells, where it is involved in turgor
regulation in expanding cells. MdMA1 and VWALMT9 are tonoplast channels
with expression in guard cells; they are involved in fruit flavor development in
apple and grapes, respectively.

ion homeostasis, turgor regulation, fruit quality, and guard cell
function.

PHYSIOLOGICAL ROLES

Root Abiotic Stress Responses -
Adaptation to Acid Soils

Aluminum-activated Malate Transporters proteins play pivotal
roles in the adaptation to acid soils. The main challenge of
acid soils is the increased mobility of aluminum ions and their
tendency to form highly stable complexes with phosphorus. Thus,
a plant faces not only the toxicity of AI>* ions but also a poor
bioavailability of phosphate. By releasing organic acids both
problems are tackled: The carboxylates chelate AI>* ions and set
phosphates free. However, the plant has to find a balance between
the positive effects of organic acid release and the disadvantages
of losing valuable carbon sources. Consequently, ALMT proteins
are regulated at the transcriptional and functional level. The
expression of AtTALMT1, for instance, is under control of assorted
signal inducers like abscisic acid (ABA) and indol-3-acetic acid
(IAA) along with low pH and hydrogen peroxide (Kobayashi
et al., 2013; Sukweenadhi et al., 2015). Elevated expression of

AtALMT]1 at low pH and in the presence of H,O; coincides with
the observation that Al treatment results in H;O, accumulation
in the root tips and in a reduction of the pH (Kobayashi
et al,, 2013). In soybean also phosphorus has been identified as
signaling molecule (Liang et al., 2013). Root malate exudation
appears to be critical for soybean adaptation to both Al toxicity
and P deficiency on acid soils and the underlying channel
GmALMT1 is coordinately regulated by pH, aluminum, and
phosphorus.

Guard Cell Regulation

Regulation of CO;, uptake and water loss in plants is achieved
through the regulation of the stomatal aperture via osmotically
driven guard cell movements (Kollist et al., 2014). Plasma
membrane anion channels play an important role in stomatal
movements by releasing anions and contributing to the
depolarization of the guard cell plasma membrane (Barbier-
Brygoo et al., 2011; Kollist et al., 2011; Roelfsema et al., 2012).
Early electrophysiological studies in guard cells established the
existence of two types of plasma membrane anion channels
with distinct activation and deactivation kinetics, thereby named
rapid (R)-type (QUAC) and slow (S)-type channels (SLAC;
Hedrich et al.,, 1990; Linder and Raschke, 1992; Schroeder and
Keller, 1992). Although less studied, malate permeable tonoplast
channels were also identified in early studies (Pantoja et al,
1989).

Following the identification and characterization of the
Arabidopsis root plasma membrane-targeted AtALMT1 channel
(Hoekenga et al., 2006), studies evaluating the cellular localization
of GFP-tagged AtALMT proteins, as well as promoter-GUS
fusion experiments, indicated that two other channels of this
protein family, AtALMT9 and AtALMT6, were localized to
the tonoplast of guard cells, albeit not exclusively, proposing a
role of these channels in vacuolar malate transport (Figure 2)
(Kovermann et al., 2007; Meyer et al., 2011). Although Atalmt9
KO plants were reported to show no visible phenotype, the
malate flux across the membrane of vacuoles isolated from the
Atalmt9 KO appeared to be reduced compared to that recorded
on wild type vacuoles (Kovermann et al., 2007). Consistently,
heterologous expression of AtALMT9 in Nicotiana benthamiana
leaves and Xenopus oocytes resulted in an enhancement of
the malate current density across the mesophyll tonoplasts
and oocyte plasma membrane, respectively. A more detailed
analysis of AtALMT in its native environment, as well as after
heterologous expression, however, has indicated that AtALMT9
is a chloride channel, which is activated by physiological
concentrations of cytosolic malate (De Angeli et al., 2013b). Based
on its functional characteristics it has been proposed that this
channel plays an important role in fast and complete opening of
stomata, while having no effect on stomatal closure. Consistently,
Atalmt9 KO plants showed a drought resistant phenotype, which
is in line with the findings of impaired stomatal opening due to
decreased uptake of chloride in guard cells.

Electrophysiological characterization of vacuoles isolated
from AtALMT6-GFP over expressing Arabidopsis plants revealed
in patch clamp experiments large, calcium-activated, inward-
rectifying malate currents, i.e., a malate flux from the cytosol
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FIGURE 2 | Schematic representation of the role of ALMTs in stomatal opening and closure. During stomatal closure K* is released from the guard cell
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along with the release of malate via ALMT12 and CI~ and NOz~ ions via SLAC1 channels. This loss of osmolytes culminates in loss of water from the cell resulting in
guard cell shrinking and stomatal closure. On the contrary, during stomatal opening, K* enters the cells, starch is degraded to malate balancing the charges. Upon
increased malate concentrations it is transported to the vacuole by ALMT6. Besides, also ALMT9 is activated to facilitate the transport of CI~ into the vacuole. This
accumulation of solutes in the vacuole of guard cells decreases the water potential; water enters the cell causing the swelling of the guard cell, which finally results in

stomatal opening.

to the vacuole. Atalmt6 loss of function plants showed
reduced malate currents in comparison to wild type Arabidopsis
vacuoles. But presumably due to functional redundancy of
malate transporters in guard cells, Atalmt6 plants do not show
phenotypic differences from the wild type (Meyer et al., 2011).
AtALMT®6 is regulated by changes in cytosolic Ca, being activated
with increased levels in the micromolar range. Additionally,
vacuolar pH and cytosolic malate are other key players of
a regulatory mechanism imposing a threshold level for the
activation of AtALMT6.

Expression analysis revealed also high expression of
AtALMTI2 in guard cells. However, in contrast to AtALMT6
and AtALMTY9, this protein is targeted to the guard cell plasma
membrane. Comprehensive studies demonstrated AtALMT12 to
function as a rapidly/quickly activating (R-type) anion channel
(QUAC), which carries mainly chloride and nitrate currents
(Figure 1) (Meyer et al., 2010b; Sasaki et al., 2010). The Atalmt12
loss of function mutant showed impaired ABA, CO,, and dark-
induced stomatal closure. These results were further supported
by patch clamp analyses of guard cell protoplasts from the knock
out plant. There, a diminished R-type current in the presence of
malate in the bath medium was observed, when compared with
the wild type. Functional expression of the AtALMT12 protein
in Xenopus oocytes further confirmed its role as an R-type
channel.

Anion Homeostasis

The maize gene ZmALMTI encodes a plasma membrane-
localized protein that, unlike its counterparts in wheat,
Arabidopsis, and rape, is not involved in Al-activated organic acid
exudation; it rather mediates anion influx and efflux. Transport of
anions by ZmALMT1 is only feebly enhanced by Al and remains
unchanged on changing internal citrate or malate concentrations
(Pineros et al., 2008b). Another member of the same family,
ZmALMT2, is also localized on the plasma membrane and
mediates large constitutive malate and citrate currents and is
also permeable for the physiologically relevant anions Cl~ and
NO;3;~. As ZmALMT]1, it does not play a big role in Al tolerance
response (Ligaba et al., 2012). Instead, both ZmALMTI1 and
ZmALMT?2 are involved in plant nutrition and ion homeostasis
(Figure 1). A similar role is played at the vacuolar level by
AtALMTY which mediates vacuolar malate uptake (Kovermann
etal., 2007; Meyer et al., 2010a; Sasaki et al., 2010; De Angeli et al,,
2013b).

Fruit Quality

Sequestration of organic acids in fruits has a major impact on
their taste, smell, and flavor, thereby strongly influencing their
agronomic value. In apples, the varieties in flavor/acidity are
determined by differences in accumulation of malic acid in the
mature fruit. Genetic studies indicated that variation in fruit
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acidity is controlled by the major quantitative trait locus Ma
(malic acid), which underlies an ALMT-like gene closely related
to the Arabidopsis vacuolar AtALMT6 (Bai et al., 2012; Xu et al.,
2012; Khan et al., 2013). Transient expression of Mal:GFP
in onion epidermal cells confirmed its vacuolar localization
(Figure 1) (Ma et al., 2015). Likewise, the increased malic acid
content in yeast cells overexpressing Mal is consistent with its
putative role as an anion channel that mediates vacuolar malate
accumulation in planta. Interestingly, the Ma locus consists of
two different alleles, namely Mal and mal, the latter coding for a
truncated version of the protein due to a premature stop codon
as a result of a single nucleotide substitution in the last exon.
Further functional studies are required to figure out whether the
allelic variants are functionally distinct, and thereby underlie the
phenotypic differences in malic acid content.

In grapes, the sequestration of organic acids, in particular
malic acid and tartaric acid, is a key determinant for berry
development and a deciding factor for wine quality and
production (Conde et al., 2007). Phylogenetic analyses indicate
the Vitis vinifera genome to contain 12 members of the ALMT
family (Figure 3). Based on cellular localization studies of
ALMT:GFP chimeras transiently expressed in tobacco leaves,
De Angeli et al. (2013a) identified the vacuolar VWVALMT9::GFP
as a suitable AtALMT9 homolog that could potentially underlie
the unidirectional movement of organic acids into grape berry
vacuoles (Figure 1). VWALMTY9 is constitutively expressed
in berry mesocarp tissue, and its expression is upregulated
during fruit maturation. Electrophysiological analyses of
vacuoles isolated from tobacco leaves transiently expressing
the VWVALMT9::GFP protein indicated that VWVALMT9 mediates
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V. vinifera. ZMALMT1, ZMALMT2, HVALMT1, SCALMT1, and HIALMT1 cluster with

FIGURE 3 | Evolutionary relationship of ALMTs from Arabidopsis thaliana, Oryza sativa and Vitis vinifera. ALMTs of higher plants segregate into five
different clades. Figure adapted from Dreyer et al. (2012). Nomenclature of ALMTs from V. vinifera according to De Angeli et al. (2013a). For better illustration, only
TaALMT1 from Triticum aestivum was included in the tree as an example for functionally characterized ALMTs from species different from A. thaliana, O. sativa, and

AtALMT1 in clade 1; GmALMTT1 clusters with AtALMT8 and VWALMTS in clade 1; and MdMAT clusters with AtALMT4, AtALMT5, AtALMT6, and VWALMT®G in clade 2.
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the selective flux of malate and tartrate into the vacuole. This
suggests that VWVALMT? facilitates the accumulation of malate
and tartrate in the vacuole of grape berries.

Seed Development

HvALMT1 from barley shows large sequence similarity to
TaALMT]1 but it is not involved in Al tolerance. It is expressed
in guard cells and mature root cells (Gruber et al.,, 2010). It
is localized on the plasma membrane and unidentified motile
vesicles in the cytosol mediating malate efflux and influx
(Figure 1). Overexpression of HYALMT1 slows down the process
of stomatal closure. These plants have a reduced growth rate
in comparison to WT plants (Gruber et al., 2011). HVALMT1
helps in turgor regulations and balancing the osmoticum in
expanding cells. Besides, it plays a crucial role in the acidification
of the endosperm which is required for the activity of a-amylase,
cysteine proteases, and ribonucleases that hydrolyze starch and
storage proteins. HYALMT1 contributes to the release of malate
in aleurone layers during seed germination (Xu et al., 2015).

GABA - Receptor

In an interesting study, Ramesh et al. (2015) showed that
y-aminobutyric acid (GABA) acts as negative regulator of
TaALMT]I, resulting in altered root growth and tolerance to
Al, acidic, or alkaline pH. Stress conditions such as extreme
pH, temperature, or salinity result in increased accumulation
of GABA in plant tissues, which in turn prevents the release
of malate from the root. This mechanism would help the plant
to avoid excessive loss of reduced carbon which is crucial for
plant growth and development under stress. Down-regulation of
ALMT by GABA tends to hyperpolarize the membrane potential
and therefore to decrease membrane excitability (Hedrich et al.,
2016). Successful plant fertilization also needs a GABA gradient
as it regulates growth of pollen tubes and directs it to the
ovary. Upon analyzing other proteins of the ALMT family from
different species, it was found that GABA also regulates anion-
activated currents mediated by other members of this family.
All ALMT proteins conserve a 12 aa long motif required for
GABA regulation (Figure 4). This motif contains residues that
have been associated with GABA binding in GABA, receptors
(Boileau et al., 1999). However, GABA-induced inhibition of
ALMT protein activities is not completely abrogated by site-
directed mutagenesis in this motif, hinting toward the existence
of multiple GABA-binding sites. GABA fluxes are observed in
and out of wheat roots, which appears to be futile but might be
legitimized if GABA is essential for cell-to-cell communication
and biotropic interactions (Gilliham and Tyerman, 2016).

Microbe Interactions

Biotic factors, such as a pathogen attack, also regulate ALMT1
protein expression. In the study by Lakshmanan et al. (2012), a
synthetic microbe-associated molecular pattern-peptide, flagellin
22 (flg 22) was found to induce AtALMT1 expression. A similar
observation was made by Rudrappa et al. (2008), who showed
increased release of malate via the induction of AtALMT1, when
the aerial plant tissue was infected by pathogenic bacteria. As a
consequence of the malate exudate, the plant defense mechanism
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FIGURE 4 | Topological models for ALMTs. (A) Topological model
proposed by Motoda et al. (2007) based on immunocytochemical data.

(B) Reconciliation of Motoda’s model with hydrophobicity analyses of the
entire ALMT family and with experimental findings (Dreyer et al., 2012). (C) Ad
hoc model proposed by Zhang et al. (2013) for vacuolar ALMTs by analogy
with voltage-dependent K* channels. Figures adapted from (Dreyer et al.,
2012; Zhang et al., 2013). The frames in yellow indicate regions that are
involved in Al-sensing (Ligaba et al., 2013; Sasaki et al., 2014), the frames in
red the conserved GABA-binding site (Ramesh et al., 2015), and the frames in
green the fifth transmembrane domain that was found to contribute to the
permeation pathway (Zhang et al., 2013).

strengthens by constituting a biofilm of beneficial bacteria at the
root surface.

In Lotus japonicus the ALMT protein LjALMT4 is highly
expressed in nitrogen fixing nodules. Heterologous expression of
this protein in Xenopus laevis oocytes revealed that LJALMT4
mediates efflux of dicarboxylates. Since the protein is expressed
in nodule vascular bundles, it is not involved in transport at the
peribacteriod membrane, but is involved in efflux and influx of
dicarboxylates and inorganic ions in Lotus nodule vasculatures
(Takanashi et al., 2016).
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STRUCTURE - FUNCTION

Molecular Evolution

The plant model organism A. thaliana has 14 genes that could be
assigned to code for proteins belonging to the ALMT family. On
the basis of amino acid sequence similarity these 14 members can
be grouped into four different clades (Figure 3). Cladel includes
AtALMT1, 2, 7, and 8 (Atlg08430, Atlg08440, At2g27240,
At3g11680), AtALMT10 (At4g00910) is member of clade 4,
whereas clade 2 includes AtALMT3, 4, 5, 6, and 9 (Atl1gl8420,
At1g25480, At1g68600, At2g17470, and At3g18440). The protein
family members AtALMTI11, 12, 13, and 14 (At4gl7585,
At4g17970, At5g46600, At5g46610) belong to clade 3. It should
be noted, however, that AtALMT11 is apparently not a full length
protein. AfALMTI1 could be a truncated gene that does not
encode a functional protein. In a larger evolutionary context,
ALMTs are grouped into the Aromatic Acid Exporter (ArAE)
family, which consists of bacterial and eukaryotic members
from plants, yeast and protozoans (Transporter Classification
Database 2.A.85"). The ALMTs, however, differ strongly from
the non-plant members justifying the statement that ALMTs are
unique to the plant kingdom. Systematic phylogenetic analyses
showed that the ALMT family found today in higher plants
can be subdivided into five clades (Figure 3) (Barbier-Brygoo
et al.,, 2011; Dreyer et al., 2012). Clade 2/3 separated from clade
1/3/4 after the onset of bryophytes but before the appearance
of lycophytes. After the emergence of lycophytes, first clade
3 separated from clade 1/4, then clade 1 and 4 diverged
and finally clade 2 and 5 separated from each other (Dreyer
et al., 2012). Arabidopsis does not have ALMTs that belong to
clade 5.

Secondary Structure and Topology

In the absence of a crystal structure that is suitable for
generating homology models of ALMTs, their structural and
topological analyses remain challenging and controversial.
Sequence alignments and secondary structure predictions
indicate that all members of the ALMT family share a high
degree of structural similarity within the N-terminal half of the
proteins, while the C-terminal half is more variable. Hydrophobic
analyses suggest that the N-terminal part builds the hydrophobic
core with 6-7 transmembrane domains (TMDs). The C-terminal
part is mostly hydrophilic but may contain additional two
TMDs or membrane-anchored domains (Figure 4B) (Dreyer
et al, 2012). An earlier immunocytochemical study probing
the topology of TaAALMT1 suggested the transport protein to
consist of six transmembrane domains, such that the N- and
C-terminus face the extracellular side of the plasma membrane
(Figure 4A) (Motoda et al., 2007). However, inconsistencies
of this topology with the functional characteristics reported
for some of the ALMT members [e.g., compare (Motoda
et al, 2007; Ryan et al, 2011) with (Meyer et al., 2010b;
Dreyer et al., 2012; Ligaba et al., 2013; Mumm et al., 2013)],
as well as measurements of the pH-dependent fluorescence
intensity of N- or C-terminally tagged ALMT:YFP chimeras

Thttp://www.tcdb.org/

expressed in Xenopus oocytes (Mumm et al., 2013) argue in
favor of an opposite topology, where the N- and C-terminus
face the cytoplasmic environment (Figure 4C) (Zhang et al,
2013).

Function-structure analysis aimed at characterizing changes
in ALMT functionality upon structural modifications, including
protein truncation, domain swapping, and single point mutations
start to provide insight into the functional role of the N- and
C-terminal domains (Furuichi et al, 2010; Ligaba et al,
2013; Mumm et al., 2013; Zhang et al,, 2013; Sasaki et al.,
2014). For example, a structurally modified TaALMT1 lacking
the entire C-terminal region is functionally resembling the
transport/permeation properties of the unmodified wild
type, but lacks the Al-responsiveness that is typical of this
transporter (Ligaba et al., 2013). These observations indicate
that the TMD-containing N-terminal domain comprises and
assembles the permeation pathway, whilst the hydrophilic
C-terminal domain underlies regulatory properties. The
regulatory nature of the C-terminus of AtALMTI12 (also
named as QUAC) has been shown to be a key determinant
of the voltage-dependent gating of this channel (Mumm
et al., 2013). However, in contrast to the voltage-independent
TaALMT1, removal of the C-terminus in AtALMT12 hindered
its functionality. Although these types of mutagenesis studies
have provided a wuseful tool to probe structure-function
relations of ALMTs, the interpretation of the outcomes should
be treated cautiously, and within a phylogenetic context.
For example, single point mutations of a glutamate residue
(position 276 in TAALMT1 and 284 in AtALMT12, respectively)
that is part of the characteristic WEP fingerprint motif
(Trp-Glu-Pro) present in all ALMTs (Dreyer et al, 2012),
results in total loss of electrogenic transport (Ligaba et al.,
2013; Mumm et al, 2013). As exemplified by these studies,
significant functional changes might result from alterations
of family-wide structural integrity, rather than modification
of residues specifically associated with a particular functional
characteristic. Finally, biochemical approaches on AtALMT9
have proven the multimeric nature of the ALMTs suggesting
that AtALMT9 putatively assembles as a tetramer (Zhang et al.,
2013).

Selectivity - Permeability

Functional analyses, for instance with electrophysiological
techniques, have shown that members of the ALMT family are
permeable to organic and inorganic anions and therefore mediate
both their influx and their efflux. The malate permeability of
TaALMT1 and the nomenclature (i.e., malate transporter)
for this entire family of transporters was first established by
two-electrode voltage-clamp experiments in Xenopus oocytes,
whereby increasing the intracellular malate concentration
experimentally by microinjecting malate resulted in an
increase in inward current (i.e., anion efflux) in TaALMT1
expressing cells (Sasaki et al., 2004; Piferos et al., 2008a).
Various members of the ALMT family have also been shown
to mediate efflux of inorganic anions when expressed in
Xenopus oocytes, showing a general permeability sequence
of NO3;~ > CI7, (Pineros et al., 2008a,b; Ligaba et al., 2012;
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Sasaki et al., 2016). Patch clamp experiments, allowing access
to ionic composition of both, the intracellular and extracellular
environments of TAALMT1 expressed in tobacco protoplasts
indicated that the inward current was highly selective to malate
over nitrate and chloride, with a permeability sequence of
mal>~ >> NO;~ >> CI~ and a permeability ratio Pp,.1/Pc)
larger than 18 (Zhang et al., 2008). Likewise, ion substitution
experiments in Xenopus oocytes indicated a Py,,,)/P¢; between 10
and 30, depending on the external Cl~ concentration (Pifieros
et al,, 2008a). Noticeably, P,1/Pc; as low as one have also
been reported for other ALMT members [e.g, ZmALMT2
(Ligaba et al., 2012)]. Although various permeability/selectivity
sequences have been reported for some ALMTs [e.g,
malate > fumarate > Cl~ for AtALMT9 (Kovermann et al.,
2007) and fumarate > malate >> citrate > CI~ > NO3~
for ALMT6 (Meyer et al., 2011)], the relative permeability of
a given anion (as well as the channel activity, see “Voltage-
Dependence”) is highly dependent on the ionic composition of
permeating anions on both sides of the membrane, and should
therefore be expected to represent only an approximation
of those expected under physiologically relevant ionic
concentrations.

Regulation

Enhancement by Extracellular AI3+

Several members of the ALMT family, including the family
founder TAALMTY, have been associated with in planta responses
to Al-stress (Figure 1). Typically, exposure to Al results both in
an upregulation of genes encoding these transporters and a so
called “Al-induced” release of organic acids to the rhizosphere.
This “Al-induced” release of organic acids in planta is the product
of either increased protein levels and/or a direct regulatory effect
of AI*T on the transporter. Investigations of various members
of the ALMT family in heterologous expression systems indicate
that only a few of them, namely TaALMT1, AtALMT1, and
BnALMT]1 are not just functionally active in the absence of
extracellular A>T, but also undergo conformational changes
that lead to an enhancement of transport activity (i.e., malate
release) upon exposure to extracellular AI’T. This direct Al-
activation occurs with high affinity within 3-5 min; it is specific
to Al, suggesting that it involves direct interaction of AI**
with the ALMT protein (Sasaki et al., 2004; Hoekenga et al.,
2006; Pifieros et al., 2008a; Zhang et al., 2008). The latter
functional fingerprint, ambiguously referred to Al-activation,
is the unfortunate basis for the existing nomenclature (ie.,
ALMT: Al-activated malate transporter) of the entire family of
transporters, as only these three ALMTs (and HVALMT to a
smaller degree) have been reported to undergo “Al activation,” or
rather AI*"-induced enhanced transport activity upon exposure
to AT, These members are primarily localized on the plasma
membrane of plant root cells; they are involved in the Al-
regulated release of organic acids and underlie the far-reaching
mechanism of Al-resistance in plant species. Along with Al,
these proteins are also under tight regulation by different
other factors. The current lack of suitable structural models
has limited structural/functional and topological understanding
of this transporter family (see “Secondary Structure and

Topology”), hindering the understanding of the conformational
changes undergone by the ALMTs upon interaction with
APT. Nonetheless, several studies have started to elucidate
the nature of some of the potential molecular interactions
underlying this process. Neutralization of negatively charged
residues in the C-terminal domain has abolished the Al-
enhancement of the TAALMT1 protein (Furuichi et al.,, 20105
Ligaba et al., 2013), originally suggesting that a subgroup of
residues (particularly Glu274, Asp275, and Glu284) were the key
determinants of the transport enhancement process. However,
in light of the uncertainty and the controversy regarding the
exact topology of ALMTs, the uniqueness of these residues
remains questionable. A detailed structure-function study cross-
referenced with a phylogenetic analysis of the ALMT proteins,
re-assessed the role of protein domains and negatively charged
residues in terms of overall conservation and structural integrity,
as well as their potential role in the molecular mechanism
leading to the Al-dependent response (Ligaba et al., 2013).
In this study, neutralization of negative residues throughout
the entire TaALMT1 protein weakened or even abolished
transport enhancement by AI**. This study also highlighted
the importance of integrating function-structure studies with
a comprehensive phylogenetic analysis, as changes in protein
functionality might result from alterations of residues involved
in family-wide structural integrity, rather than the modification
of residues specifically associated with a particular functional
characteristic (e.g., transport enhancement by AI**). Overall,
these studies suggest that not only potential domains in the
C-terminus, but rather domains present throughout the protein
are likely to be involved in Al-mediated enhancement of
transport activity. Another report support this inference by
functionally characterizing ALMT chimeras, where N-terminal
and C-terminal domains of Al-responsive ALMTs have been
swapped (Sasaki et al., 2014).

Transcriptional Regulation

The promoter of the AFALMT1 gene contains several cis acting
elements. One of these is recognized by the transcription
factor AtSTOP1 that is crucial for Al-induced higher
expression of AtALMTI1 (luchi et al, 2007; Tokizawa et al.,
2015). Likewise, the expression of the H. lanatus HIALMTI
gene is also regulated through the number of cis-acting
elements in its promoter region that are targeted by the Al
responsive transcription factor HIART1 (Chen Z.C. et al,
2013). In contrast to these positive regulators, the WRKY46
transcription factor acts as a negative regulator or repressor
of AtALMT1. wrky46 loss of function mutants show higher
ALMT1 expression along with increased malate exudation
resulting in better Al tolerance in mutant plants (Ding et al,,
2013).

Voltage-Dependence

In spite of structural similarity, the members of the ALMT
family show diverse current-voltage (I-V) relationships. The
voltage-dependent properties of ALMTs are best described so
far for AtALMT12 (clade 3), and AtALMT6, AtALMTY, and
VVALMT?Y (all clade 2). AtALMT12 is open at positive voltages
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and closes with hyperpolarization. Upon voltage steps, current
amplitudes relax within ~100 ms into a new voltage-dependent
equilibrium (Meyer et al., 2010b; Imes et al., 2013; Mumm
et al., 2013). The vacuolar channels AtALMT6, AtALMT?Y, and
VVALMT?Y are more active at negative voltages than at positive;
they need several seconds to reach a new steady state after
a voltage-step (Kovermann et al., 2007; Meyer et al, 2011;
De Angeli et al., 2013a). Channels belonging to clade 1, in
contrast, do not show pronounced signs of voltage-dependence.
Upon voltage-steps, the current follows instantaneously the
altered driving force (Sasaki et al., 2004; Hoekenga et al., 2006;
Pifieros et al., 2008a,b; Ligaba et al, 2012). In some cases
(e.g, ZmALMTI, TaALMT1, GmALMTI), a slight voltage-
dependent inactivation of the currents is notable at sustained
hyperpolarization. The reason for the voltage-dependence of
some ALMTs is rather unclear; these channels do not comprise
a region with clustered charges that may serve as a voltage-
sensor. Instead, for AtALMT12 it was shown that the C-terminal
end of the channel is involved in voltage-dependent gating.
Fusion of GFP to the C-terminus rendered this channel
voltage-insensitive. Therefore, it is speculated that a flexible
C-terminus might block the channel in a “ball at a chain”
manner (Mumm et al., 2013). Additionally, ALMTs react on
intracellular and extracellular (or vacuolar) conditions. Detailed
analysis of tonoplast-localized AtALMT6 showed regulation of
channel activity through pH and cytosolic malate. These two
factors determine whether ALMT6-conducted currents would
be inwardly or outwardly rectifying depending on the vacuolar
membrane potential (Meyer et al., 2011). In particular, the
permeating ion malate increases channel activity from the
cytosolic and from the extracellular (or vacuolar) site (De
Angeli et al., 2013a,b). Also guard cell R-type anion channel
activity is modulated by permeating anions on both sides of
the membrane (Hedrich and Marten, 1993, Hedrich et al., 1994;
Dietrich and Hedrich, 1998; Frachisse et al, 1999; Diatloft
et al, 2004). It is thus speculated that ALMTs comprise
two independent (so far not identified) malate-binding sites
that contribute to the voltage-sensing process (Mumm et al.,
2013).

Nucleotides/Phosphorylation

An apparent voltage-dependence of ALMTs can also be caused
by cytosolic nucleotides that modulate/inhibit the channel
activity by a reversible block of the pore region in a voltage-
dependent manner (Zhang et al., 2014). Regulation of guard
cell anion channels by cytosolic nucleotides has been reported
previously (Hedrich et al., 1990; Schulz-Lessdorf et al., 1996;
Thomine et al., 1997). Cytosolic nucleotides are centrally
involved as substrates in phosphorylation processes that regulate
channel activity. However, further analysis of R-type/QUAC
channels proposed also a direct effect of cytosolic nucleotides
as a ‘voltage-dependent gate’ that blocks the channel pore at
hyperpolarized potentials (Colcombet et al., 2001). Thinking
along the same line, the I-V relationship of AtALMT9 was
studied and it was found that the channel is also regulated
by cytosolic nucleotides. The block of AtALMT9 in the
presence of ATP is voltage-dependent and it changes the

monotonic I-V curve into a bell-shaped curve. The non-
hydrolysable ATP analog AMPPNP was found to induce an
even stronger inhibitory effect as compared to ATP confirming
that the block of the channel activity is due to direct
occlusion of the permeation pathway and not a secondary
effect of phosphorylation. Mutation of Lys-193 in the putative
pore region of the channel completely nullifies the effect
of cytosolic nucleotides. The mechanism of voltage gating
in plasma membrane and vacuolar channels based on the
physical occlusion of the channel permeation pathway occurs at
physiological ATP concentration at negative resting potentials
and is orchestrated by the anion concentrations on both
sides of the membrane (Zhang et al., 2014; De Angeli et al.,
2016).

Cytosolic nucleotides appear to exert a bimodal regulation on
ALMTs. Besides serving as voltage-dependent blockers they are
essential as co-factors of kinases that phosphorylate and activate
these channels (Ligaba et al., 2009; Imes et al., 2013). The activity
of AtALMT12/QUACI is regulated by phosphorylation through
the kinase Open Stomata 1 (OST1), which in turn is activated
by ABA under stress conditions. Patch clamp studies on guard
cells from the wild type and an ostI loss of function mutant show
activation of R-type/ALMT12 currents in the wild type, which
is considerably diminished in ost1. Co-expression of ALMT12
and OST1 in Xenopus oocytes resulted in a noticeable increase in
R-type/ALMT12 activity (Imes et al., 2013). In the wheat channel
TaALMT1 the amino acid S384 was identified as key residue
for regulating channel activity via direct protein phosphorylation
(Ligaba et al., 2009), a finding that fueled the discussion on the
topology of ALMTs (Figure 4) (Motoda et al., 2007; Dreyer et al.,
2012).

CONCLUSION

The historical protein family name “ALMT” could be largely
misleading as meanwhile it is clear that many ALMTs are not
involved in aluminum tolerance. Their physiological roles go far
beyond, and up to now we have just got a small glimpse on this
diversity. Future research will certainly be boosted when reliable
structural data are available that allow to correlate structural
motifs with functional properties. We should be prepared for
more surprises from this protein family.
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Root hairs are involved in water and nutrient uptake, and thereby in plant autotrophy.
In legumes, they also play a crucial role in establishment of rhizobial symbiosis. To
obtain a holistic view of Medicago truncatula genes expressed in root hairs and of their
regulation during the first hours of the engagement in rhizobial symbiotic interaction, a
high throughput RNA sequencing on isolated root hairs from roots challenged or not with
lipochitooligosaccharides Nod factors (NF) for 4 or 20 h was carried out. This provided a
repertoire of genes displaying expression in root hairs, responding or not to NF, and
specific or not to legumes. In analyzing the transcriptome dataset, special attention
was paid to pumps, transporters, or channels active at the plasma membrane, to other
proteins likely to play a role in nutrient ion uptake, NF electrical and calcium signaling,
control of the redox status or the dynamic reprogramming of root hair transcriptome
induced by NF treatment, and to the identification of papilionoid legume-specific genes
expressed in root hairs. About 10% of the root hair expressed genes were significantly
up- or down-regulated by NF treatment, suggesting their involvement in remodeling
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plant functions to allow establishment of the symbiotic relationship. For instance,
NF-induced changes in expression of genes encoding plasma membrane transport
systems or disease response proteins indicate that root hairs reduce their involvement in
nutrient ion absorption and adapt theirimmune system in order to engage in the symbiotic
interaction. It also appears that the redox status of root hair cells is tuned in response
to NF perception. In addition, 1176 genes that could be considered as “papilionoid
legume-specific” were identified in the M. truncatula root hair transcriptome, from which
141 were found to possess an ortholog in every of the six legume genomes that we
considered, suggesting their involvement in essential functions specific to legumes. This
transcriptome provides a valuable resource to investigate root hair biology in legumes
and the roles that these cells play in rhizobial symbiosis establishment. These results
could also contribute to the long-term objective of transferring this symbiotic capacity to
non-legume plants.

Keywords: Medicago truncatula, root hairs, deep-RNA sequencing, Nod factors (lipochitooligosaccharides),

legume-rhizobium symbiosis, plasma membrane transport systems, reactive oxygen species

INTRODUCTION

Root hairs are long tubular outgrowths that project into the
soil from root epidermal cells named trichoblasts. Together with
the pollen tube in plants, axons in animals, and hyphae in
filamentous fungi, they provide one of the very rare models of
cell types displaying polarized “tip” growth. Root hair elongation
results in an increased area of the root-soil interface. At this
interface, root hairs contribute to plant autotrophy by taking up
nutrient ions and water from the soil solution.

Root hairs are also involved in beneficial interactions with
soil microorganisms. They exudate compounds that act as a
chemotactic signal or promote the growth of symbiotic fungi and
bacteria (Bais et al., 2006). Moreover, they are directly involved
in the formation of nitrogen-fixing nodules in legumes. The
plant secretes signaling flavonoid compounds that are perceived
by the rhizobial symbiont, which responds to this message by
secreting specific lipochitooligosaccharides, named Nod factors
(NF; Oldroyd and Downie, 2008). NF are signal molecules whose
binding to root hair receptors triggers complex signaling events
leading the root hair to curl and thereby to entrap rhizobia.
Then, an infection thread develops, allowing rhizobia to migrate
through the root cortex toward the nodule primordium.

With respect to the initial signals triggered by NF perception,
the earliest events that have been reported so far involve reactive
oxygen species (ROS) and ion fluxes across the cell membrane.
ROS signals have been recorded within seconds after addition
of NF on growing root hairs (Cardenas et al., 2008). In contrast,
several minutes after NF perception, the production of hydrogen
peroxide (H,O,) appears to be inhibited (Shaw and Long, 2003;
Lohar et al., 2007). Several hours later, a gradual increase in
ROS production occurs in root cortical cells of inoculated plants,
which peaks at 24 h after rhizobial inoculation and remains high
48 h after inoculation (Ramu et al., 2002; Peleg-Grossman et al.,
2007, 2012). Thus, ROS play a role in the early signaling leading
to establishment of the symbiotic partnership (Montiel et al.,
2012) as well as later on, when rhizobia invade the root hair via

progression of the infection thread (for review, see Puppo et al.,
2013).

Tons whose transport across the root hair plasma membrane
has been shown to be rapidly modulated during the initial root
hair response to NF are HT, Ca?*, CI~, and Kt (Felle et al.,
1996, 1998, 1999; Kurkdjian et al., 2000). In summary, the present
model is that NF perception leads to a transient inhibition of
plasma membrane HT-ATPases (proton pumps), an activation
of Ca?" channels, allowing a depolarizing influx of Ca*,
immediately followed by an activation of anion (CI~ permeable)
channels, mediating an efflux of anions that further depolarizes
the cell membrane. In turn, this depolarization activates voltage-
gated KT channels, giving rise to a repolarizing efflux of K*.
This series of events is thought to generate electrical and calcium
signals that play a major role in the initial dialogue between root
hairs and rhizobia (Felle et al., 1996, 1998, 1999; Kurkdjian et al.,
2000). It might be connected to the first ROS signals triggered
by NF perception since ROS production by NADPH oxidases
has been shown to stimulate plasma membrane Ca?t channel
activity in Arabidopsis root hairs (Foreman et al., 2003). Also,
based on results obtained in Arabidopsis, ROS could play a role
in control of K channel activity involved in electrical signaling
(Garcia-Mata et al., 2010; Tran et al., 2013) as well as in control of
annexins involved in Ca?" signaling (Richards et al., 2014). The
decision of the plant to engage in rhizobial symbiosis is strongly
dependent on the availability of nutrient ions in the soil solution,
in particular of nitrate and ammonium (Barbulova et al., 2007).
Hence, by routing nutrient ions, transport systems are likely to
impact the plant decision to establish symbiosis. ROS signals are
likely to play a role in this process since nutrient ion deprivation
has been shown to lead to altered levels of ROS in Arabidopsis
and M. truncatula roots (Schachtman and Shin, 2007; Bonneau
et al., 2013), and NADPH oxidases genes are necessary for up-
regulation of genes in response to nutrient deficiency (Shin and
Schachtman, 2004).

The multiple and essential functions of the root hair clearly
establish this cell type as a system biology model to investigate
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plant cell development, uptake of water and nutrients, and
response to abiotic and biotic signals. Indeed, a number of
genome-wide studies have been published using root hairs from
several model and crop plants (Hossain et al., 2015; Wang
et al., 2016). The present paper is conceived as a contribution
to improved understanding of the molecular mechanisms
underpinning the roles of root hairs in legumes. We used
M. truncatula as a model legume. A detailed analysis of gene
expression in M. truncatula root hairs from young seedlings
(without lateral roots) and of their responses to NF treatments
for 4 h (to get information on early NF signaling events) or 20 h
has been carried out using a high throughput RNA sequencing
strategy (RNA-seq). This is likely to provide the first RNA-
seq dataset from M. truncatula root hairs, thereby the most
exhaustive transcriptome available to date for this cell type,
and thus a valuable resource to investigate root hair functions
in legumes. Expert gene analyses have been focused in order
to uncover ROS networks and pump, transporter and channel
machineries likely to play a role in two major functions of
root hairs, namely nutrient ion uptake and early molecular
dialogue with rhizobia following NF perception. Moreover, using
whole genome comparisons, we identified legume-specific genes
expressed in root hairs, responding or not to NF. Altogether,
these results constitute a promising dataset for researchers
interested in plant mineral nutrition, rhizobial symbiosis, and
legume specificities.

RESULTS

Preparation of Root Hair Libraries

Root hairs were obtained from excised root segments (Figure 1).
Before excision, the root systems were treated with 10 nM
NF solution for 4 or 20 h, or with pure H,O as a control
treatment (NF 4 h, NF 20 h, and control treatments, respectively).
Microscopic observation of root segment samples before root
hair isolation indicated that the two NF treatments had actually
induced the expected root hair morphological changes, i.e., root
hair tip swelling in the case of the NF 4 h treatment, and
reoriented root hair growth and branching in the case of the
NF 20 h treatment (Figure 2A). Root hairs in the H,O treated
control plants did not display such features (Figure 2A). RT-
PCR analyses performed on root segments free from root hairs
(material remaining after root hair isolation) provided further
evidence that the NF treatments had been effective by showing
a strong accumulation of MtENODII transcripts (Figure 2B),
one of the earliest markers induced by NF perception in
root epidermal cells (Journet et al., 2001). Finally, absence of
transcripts from the MtSUNN gene, which is known to be
specifically expressed in root stele tissues (Schnabel et al., 2005),
indicated that the root hair RNA pools were not substantially
contaminated by RNA from inner root cells, and thus from whole
root segments.

General Features of the M. truncatula Root

Hair Transcriptome
RNA sequencing was carried out on two independent biological
replicates for each of the three treatments (H,O, NF 4 h,

Before root hair isolation

Excised root segment
for root hair isolation

FIGURE 1 | Root hairs isolation from Medicago truncatula. (A) Five-day
old seedling just before root hairs isolation (Scale bar = 1 cm). Root hairs were
isolated by vortexing frozen excised root segments long of about 4 cm and
free from the root tip (0.5 cm) as displayed by the dotted line rectangle. (B,C)
Representative photographs of root material before (B) and after (C) root
vortexing, showing the absence of root hairs in the remaining material at the
end of the isolation procedure (Scale bar = 100 wm).

NF 20 h), yielding six root hair transcriptomic datasets. We
generated ~366 million high-quality paired-end reads, which
were mapped to the M. truncatula predicted transcriptome
(Mt4.0v1). About 266 million (ca. 73%) of paired-end reads
were unambiguously mapped (Table S1). In order to assess
the experimental variability, the two replicates obtained for a
given treatment were compared by plotting the expression levels
(expressed in Count per Million Reads) found in one dataset
against those found in the second dataset (Figure S1). Linear
regression analysis yielded R? coefficient of 0.99, 0.99, and 0.97
for the control, NF 4 h, and NF 20 h treatments, respectively. For
a large majority of genes (>65% whatever the treatment), the fold
change in expression level between the two repetitions was lower
than 1.5. As could be anticipated, we noticed that the biological
variability in terms of expression level fold change was larger for
genes displaying low expression levels. In order to further assess
consistency among biological replicates for the transcriptome
datasets, we subjected the expression data derived from the six
datasets to principal component analysis (PCA; Figure S2). The
first component (Dim1) clearly separated the control from the
NF treated samples (Figure S2A) and the overall distribution
confirmed that there was no biological repetition bias (Figure
S2B).

To validate RNA-seq based differential gene expression in
response to NF treatments, quantitative real-time RT-PCR (RT-
qPCR) tests were also carried out. A set of 20 genes was
selected (Table S11), amongst which receptors, pumps, and ion
channels differing in their levels of expression. The expression
level provided by the RT-qPCR experiments for the NF 4 h and
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B Control

FIGURE 2 | Root responses to Nod factor treatments. (A) Root hair morphological responses. Representative photographs of root hairs from roots subjected to
a control treatment with pure HoO or treated with 10 nM Nod factors (NF) for 4 h or 20 h (left, middle, and right panel, respectively; Scale bar = 100 um). (B) Gene
expression response to NF highlighted by increased MtENOD11 transcript accumulation. Differences in MtENOD11 transcript levels were revealed by RT-PCR
experiments performed in parallel on control roots or roots pretreated by Nod factors for 4 or 20 h (left, middle, and right lane of the electrophoresis gel, respectively).

NF 20 h treated samples were divided by the level of expression
determined for the control samples, and the resulting ratios were
compared to those obtained from the corresponding data derived
from the RNA-seq experiments (from Table S2). The resulting
plots (Figure S3) reveal some variability between the RNA-seq
and RT-qPCR results, but no conflicting discrepancy.

To describe the M. truncatula root hair transcriptome and to
explore the relative expression levels of the different genes, the
expression level of each gene was calculated in FPKM (Fragments
Per Kilobase of exons per Million fragments mapped) values,
from alignment of the paired-end reads to the improved M.
truncatula genome release (Tang et al., 2014). For these analyses,
only the longest transcript isoform has been considered. The
genes with a FPKM higher than or equal to 1 were considered
as expressed in root hairs. Sorting these genes into three classes
of expression level (1-10, 10-50, and >50 FPKM) resulted in
a similar distribution for the three treatments (Figure 3). In
absence of NF treatment, 16,069 transcripts were identified as
expressed in root hairs (Table S2), representing 31.5% of the
predicted genes in the Mt4.0vl genome assembly. The total
number of expressed genes was only slightly affected by the
NF treatments (16,077 and 16,170 for NF 4 h and NF 20
h, respectively; Table S2). Compiling the data from the three
different treatments leads to a total of 16,810 non-redundant
genes identified as expressed in M. truncatula root hairs in at least
one of the tested conditions (Table S2).

Impact of the NF Treatments on Gene

Expression
Transcriptional reprogramming in response to the NF 4 h and NF
20 h treatments was studied by assessing statistically significant
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7000 -
4
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FIGURE 3 | Distribution of genes based on expression level in FPKM.
Three classes have been defined from weakly expressed [(1-10) FPKM] to
highly expressed (>50 FPKM).

differential gene expression between conditions, using EdgeR
tool (Robinson et al., 2010). About 10% of the genes expressed in
M. truncatula root hairs were thereby identified as significantly
responding to NEF, either being up- or down-regulated (with an
adjusted p < 0.05; Table S3) 4 h and/or 20 h after the onset of
the NF treatments. When compared with the expression data
observed in the control root hairs, about 779 genes (614 up-
regulated and 165 down-regulated) responded to the NF 4 h
treatment, and 1525 genes (896 up-regulated and 629 down-
regulated) to the NF 20 h treatment (Table S3). Among the
genes identified as significantly responding to the 4 or 20 h
NF treatments, 184 were specifically sensitive to the shorter
treatment, 128 displaying up-regulation and 56 down-regulation,
and 867 were specifically sensitive to the longer treatment, 349
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displaying up-regulation and 518 down-regulation (Table S3).
Thus, amongst the genes identified as responding to the NF 4 h
treatment, a large majority (about 80%) displayed up-regulation.
Amongst the genes identified as responsive to the NF 20 h
treatment, up-regulation was again the more frequent case, but
the corresponding percentage was then lower (60%). The Venn
diagrams shown in Figure 4 indicate that about 45% of the genes
were significantly up-regulated at both time points, 4 and 20 h,
and that there is less overlap (ca. 16%) for the down-regulated
genes.

A Single Enrichment Analysis (SEA) of GO terms (Du
et al, 2010) within the list of NF-responsive genes was
performed (Table S4). Considering the “biological process”
category (Figure5), we noticed some common enriched
terms in response to NF 4 h and NF 20 h treatments
such as “oxidoreduction,” “transmembrane transport, and
“anion/inorganic anion transport.” It is also worth to note that for
both treatments (NF 4 h and NF 20 h), the analysis of the down-
regulated gene list gave rise to about twice more significantly
enriched GO terms than the up-regulated gene list. Over-
represented semantic terms in the description of differentially
expressed genes list was generated using the Gene Cloud software
(Krouk et al., 2015). This analysis also identified the words
“transporters” (or transport, uniport, symport) and “redox” (or
oxydation, reduction, oxydoreductase) as amongst the enriched
terms, especially in the description list of down-regulated genes at

NF 4h

NF 20h

NF 4h NF 20h

FIGURE 4 | Overview of significantly regulated genes identified in
Medicago truncatula root hairs after Nod factor treatment. \Venn
diagram summarizing the number of differentially expressed genes in the two
time points following NF treatment, and their respective overlaps. (A)
Up-regulated genes (6.1% of the genes expressed in root hairs). (B)
Down-regulated genes (3.9%).

time 4 h with respect to the terms related to membrane transport
(Figure S4).

Plasma Membrane Transport Systems

Involved in Macro-Nutrients Uptake

Many homologs of genes identified in Arabidopsis thaliana
or other species as playing a role in membrane transport
of macronutrient ions were found to be expressed in M.
truncatula root hairs. Candidate genes potentially involved in
nitrate (NO3 ), ammonium (NHI), orthophosphate (Pi), sulfate
(SOi_), or potassium (K™) transport are indicated in Figure 6.
The A. thaliana-M. truncatula phylogenetic relationships of the
corresponding gene families or subfamilies, named NPF (Nitrate
transporter 1/Peptide transporter Family), NRT2, and NRT3 for
NOj3, AMT (ammonium transporter) for NHI, PHOI, and
PHT]1 for Pi, SULTR for SOif, HAK/KUP/KT, AKT1 (Shaker
K" channel subfamily 1), and AtKC1 (Shaker subfamily 4) for
K" are shown in Figures S5-S12, respectively. The expression
level of these genes in the three conditions (control, NF 4 h
and NF 20 h) are provided in Table S5. Interestingly almost
half of the genes, expressed in root hair and potentially involved
in nutrition functions, are regulated by NF 4 h or 20 h after
NF treatment (17 up- and 10 down-regulated; Table S5). This
proportion is significantly higher than that observed at the whole
transcriptome level (ca. 10%; see above), indicating that the
expression of the macronutrient transport machinery is especially
reprogrammed following NF perception.

lon Channels and Pumps Likely to Play a
Role in Early Electrical and Calcium
Signaling Following NF Perception

Early events triggered by NF perception are changes in ion fluxes
through the root hair plasma membrane, resulting in electrical
and calcium signals (Ehrhardt et al., 1992; Felle et al., 1998;
Kurkdjian et al., 2000). The first events observed are an inhibition
of HT secretion and an activation of Ca’" influx and CI~
efflux, resulting in plasma membrane depolarization. Candidate
proton pumps, calcium channels, anion channels, and potassium
channels that could play a role in these early signaling events (see
Discussion) are indicated in Figure 7.

In M. truncatula as well as in Arabidopsis and probably in all
plant species, the plasma membrane proton pumps (H*-ATPase)
are encoded by the AHA family (Falhof et al., 2016). Regarding
the ion channel candidates, presently available information
on gene families encoding such transport systems in plants,
essentially gained in Arabidopsis, would lead to the following
hypotheses: K™ channels could be encoded by the Shaker
family, anion channels by the SLAC (Slow Anion Channels),
ALMT (ALuminium-induced Malate Transporter), and/or MSL
(mechano-sensitive MscS-like channels) families, and calcium-
permeable channels by the CNGC (Cyclic Nucleotide-Gated
Channels), GLR (Glutamate Receptor-Like), ANN (Annexin),
MCA (Midl-Complementing Activity), and CSC/OSCA
(reduced hyperosmolarity-induced Ca?*  increase/Calcium
permeable Stress-gated cation Channel). Genes belonging to
these families and displaying expression in M. truncatula root
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FIGURE 5 | Significantly enriched GO terms among genes whose expression is sensitive to Nod factor treatment. (A) Up-regulated genes. (B)
Down-regulated genes. One thousand seventy genes were annotated using agriGO toolkit (http://biocinfo.cau.edu.cn/agriGO/index.php). GO terms identified with an
adjusted p < 0.05 are enclosed into boxes. Red and blue boxes refer to the changes in expression levels induced by the NF 4 h and NF 20 h treatments, respectively.
Dashed arrow indicates that all the GO levels have not been represented.

hairs are listed in Table S5. Arabidopsis—Medicago phylogenetic
relationships obtained for the Shaker, AHA, SLAC, ALMT,
MSL, MCA, CSC/OSCA, CNGC, GLR, and ANN families are
displayed in panel A of Figures S12-S19, respectively. The
expression levels (in FPKM, obtained from the control root
hair dataset) of genes belonging to these families are provided

in panel B of these figures. It is noteworthy that among the 60
candidate genes selected as likely to encode membrane transport
systems playing a role in early electrical and calcium NF signaling
in root hairs following NF perception, only a few of them are
found to be induced (10) or repressed (5) by the NF treatments
(Table S5). Thus, these 60 candidate proteins are already present
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FIGURE 6 | Plasma membrane transport systems likely to play a role in transport of macronutrient ions in Medicago truncatula root hairs. Candidate
genes potentially involved in nitrate (NOS’), ammonium (NHI), orthophosphate (Pi), potassium (K*) or sulfate (SOi’) transport are represented. The corresponding
acronyms in Arabidopsis are provided. NRT, NitRate Transporter. AMT, AMmonium Transporter. HAK, High Affinity K+ transporter. AKT, Arabidopsis K transport
system (from the Shaker channel family). AtKC1, Arabidopsis thaliana Kt channel 1 (member from the Shaker channel family). PHO1, PHOsphate 1. PHT1,

Transporter. CPKI and CPKIl, Calcium-dependant Protein Kinase | and II.
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FIGURE 7 | Plasma membrane transport systems and regulatory kinases likely to play a role in early electrical and calcium signals triggered by NF
perception. AHA, Autoinhibited Ht-ATPase. CNGC, Cyclic Nucleotide-Gated Channels. GLR, Glutamate Receptor-Like. MCA; Mid1-Complementing Activity. OSCA;
Reduced hyperosmolarity-induced Ca?*t increase. MSL, Mechano-Sensitive MscS-Like channel. SLAC, Slow Anion Channel. ALMT, ALuminium-induced Malate

in root hairs before NF perception and their contribution (if
any) to the signaling events triggered by NF perception would
involve direct modifications of their transport activity rather
than transcriptional responses.

A Repertoire of the Root Hair Redox
Network

Genes  involved in  redox  buffering or  ROS
synthesis/detoxification, according to the ROS network
described by Mittler et al. (2004), were identified in the M.

truncatula root hair transcriptome (Table S6; Figure 8). Among
the well documented ROS producing systems, NADPH oxidases
and peroxidases have been described as major sources of O, and
H,0,, respectively, during plant development and in response
to biotic and abiotic stresses (Marino et al., 2012; O’brien et al.,
2012. Plant NADPH oxidases are named Respiratory Burst
Oxidase Homologs (Rbohs). In M. truncatula, the Rboh family
comprises 10 genes, among which eight are expressed in root
hairs (Figure 8A; Figure S20). The most highly expressed gene
is RbohD (FPKM > 200; Table S6). One member of this family,
RbohG, is slightly down-regulated following 20 h NF treatment.
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FIGURE 8 | Medicago truncatula ROS network in root-hairs. (A) RBOH
(Respiratory Burst Oxidase Homolog) proteins catalyze the formation of
superoxide anion, which is rapidly dismutated in hydrogen peroxide (HoO»)
either spontaneously or by Superoxide Dismutase (SOD). HoO» can regulate
ion channels, which in turn modulate directly or indirectly RBOH activity
possibly via calcineurin B-like-CBL-interacting protein kinase
(CBL-CIPK)-mediated Ca?t signaling. (B) Peroxidases (Prx), Glutaredoxins
(Grx), Thioredoxins (Trx), catalases (CAT), and superoxide dismutases (SOD).
For each gene family, the number of genes expressed in root hairs (over the
total number of members of the corresponding family) is indicated. Dark gray,
red, or green points or background: genes expressed in M. truncatula root
hairs (FPKM value > 1; see Table S6) that are insensitive, induced or repressed
by NF treatment, respectively.

In the M. truncatula genome (Mt4.0v1l), 130 genes have been
annotated as peroxidases (Figure 8B), among which 54 are
expressed in the root hair transcriptome including 14 (9 up and
5 down) and 20 (12 up and 8 down) responding to the 4 h and 20
h NF treatments, respectively (Table S6).

Enzymes involved in ROS detoxification, namely superoxide
dismutases (SODs) and catalases, are also expressed in M.
truncatula root hairs. Indeed, five out of the six SOD genes
present in the M. truncatula genome, together with one of the two

catalase genes (Table S6), are found as expressed in the control
root hair transcriptome.

Legume Specific Genes Expressed in Root

Hairs

We investigated whether part of the ca. 16,000 M. truncatula
genes identified as expressed in root hairs were specific to legume
plant species. We defined legume-specific genes as protein-
coding genes that have no predicted ortholog in any of the
25 non-legume species considered in our comparative analysis
(Table S7). It should be noted that all the legume species
included in this comparative analysis belong to the papillionid
subfamily, which is the largest and most widespread legume
family (Wojciechowski et al., 2004). We used the OrthoMCL
software (Li et al., 2003; Fischer et al., 2011) to define groups
of orthologous proteins among the predicted whole protein sets
from 31 plant genomes (Table S7), including six legume genomes
(three from the Phaseoloid clade, i.e., tropical or warm season
legumes, and three from the Galegoid clade, i.e., temperate or
cool season legumes). We identified 1176 M. truncatula genes
expressed in root hairs and specific to legume species (Table S8).
Among them, 138 genes were conserved in all the six considered
legume species genomes. Comparison of the control, NF 4 h
and NF 20 h transcriptomes identifies 26 and 74 legume-specific
root hair expressed genes as responsive to the 4 and 20 h NF
treatments, respectively, with a fold change >2 and an adjusted p
< 0.05 (Table S8). Up-regulation was observed in a large majority
(84%) of the genes identified as displaying sensitivity to the NF 4
h treatment, and in only 43% of the genes displaying sensitivity
to the NF 20 h treatment.

DISCUSSION

A Valuable Resource to Investigate Root

Hair Functions in Legumes

Polarized tip growth, nutrient uptake, and communication with
microsymbionts are three interconnected aspects of legume
root hair biology. For instance, curling of the root hair upon
NF perception involves re-orientation of polarized tip growth
(Esseling etal., 2003). Also, root hair elongation can be stimulated
by reduction in nutrient ion availability (Giehl and Von Wiren,
2014), inoculation with rhizobacteria (Vacheron et al., 2013)
or addition of isolated lipochitooligosaccharides (Dazzo et al.,
1996).

The present study has been mainly focused on the roles of
legume root hairs in mineral nutrition and communication with
symbiotic rhizobia. It is well-known that proteins likely to play
a role in these functions, like ion channels, can be expressed
at very low levels. In the case of ion channels, low expression
levels are likely to result from the fact that such proteins mediate
very high transport rates. In this context, our objective has been
to get a deep description of the root hair transcriptome by
carrying out RNA-seq analyses since this methodology allows
detection of very lowly expressed transcripts (Wang et al., 2009).
RNA-seq analyses have previously been reported for several M.
truncatula tissues, including roots (Boscari et al., 2013; Camps
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et al., 2015; Larrainzar et al., 2015) and nodules (Boscari et al.,
2013; Cabeza R, et al,, 2014; Cabeza R. A, et al.,, 2014; Roux
et al, 2014; Avenhaus et al,, 2015). To our knowledge, the
present report is likely to provide the first RNA-seq transcriptome
for M. truncatula root hairs and thereby the most exhaustive
transcriptome available to date for this cell type. The effects of NF
perception on root hair gene expression have been investigating
at 4 and 20 h post-NF application.

We identify more than 16,000 genes expressed in M.
truncatula root hairs (FPKM >1; Table S2), i.e., about 55 and 60%
of the number of genes expressed in nodule tissues (ca. 30,000)
or in whole root tissues (25,000-27,000; Boscari et al., 2013;
Roux et al., 2014), respectively. Although, an FPKM cutoft value
of one as a threshold to assess expression might be questionable,
it is interesting to note that a similar proportion between the
numbers of genes expressed in root hairs and in whole roots
has been reported in Arabidopsis (Becker et al., 2014). About
10% of the ~16,000 genes expressed in root hairs were found to
be significantly responsive to the NF treatments (787 and 1533
genes to the NF 4 h and NF 20 h treatments, respectively). In
another legume model, Glycine max, Libault et al. (2010b)
have investigated root hair responses to the symbiotic
bacterium Bradyrhizobium japonicum using two complementary
transcriptomic strategies (gene chip and RNAseq). This work
led to the identification of 1973 genes that were differentially
expressed in response to bacterial inoculation (Libault et al.,
2010b). We also compared the present data with previous
analyses of gene expression in M. truncatula roots (Czaja et al.,
2012) or root hairs (Breakspear et al., 2014) carried out at 24
h post-NF application and performed using gene chip method
(Table S10). From the 1050 and 849 genes identified as sensitive to
NF treatment by Czaja et al. (2012) and Breakspear et al. (2014),
respectively, about 35 and 42% display the same expression
profile in our transcriptome analysis. Further, comparison with
the single previous report on root hairs (Breakspear et al,
2014) is not straightforward since both the transcriptomic
methods (gene chips vs. RNA-seq) and plant culture conditions
were different. Indeed, Breakspear et al. (2014) used culture
medium supplemented with aminoethoxyvinylglycine (AVG), an
inhibitor of ethylene biosynthesis, probably leading to changes
in hormone balance and root growth when compared with
our experimental conditions. For instance, the two cytokinin
response regulator genes MtRR4 (Medtr5¢036480) and MtRR9
(Medtr3g015490) have been recently shown to be induced by
NF treatment in presence of AVG, while only MtRR9 is induced
in absence of AVG (Van Zeijl et al., 2015). In agreement with
this result, only MtRRY is identified as induced by NF in our
transcriptome dataset (Table S2).

From the 1814 candidate genes proposed to play a role
in polarized tip growth in Arabidopsis root hairs (Becker
et al, 2014), we identified 1339 orthologous counterparts in
the M. truncatula genome, among which 1089 are expressed
in root hairs (Table S9). This suggests that the mechanisms
underlying root hair tip growth are strongly conserved between
M. truncatula and Arabidopsis. Providing further support
to this hypothesis, 36 genes identified as crucial for root
hair development and/or growth in Arabidopsis (Kwasniewski

et al, 2013) are also found to be expressed in the present
M. truncatula root hair transcriptomes. This includes genes
involved in cell wall dynamics (e.g., expansin, pectate lyase,
pectinesterase), in transcription regulation (bHLH) or in
signaling (LRR-RLK, protein kinase; Table S10). It is also worth
to note that M. truncatula root hairs expressed two homologs
(Medtr6g034030 and Medtr6g045200) of an Arabidopsis anion
channel (AtSLAH3) known to play a role in pollen tube tip
growth (Gutermuth et al., 2013). Altogether, these results provide
evidence that the present transcriptome datasets constitute a
valuable resource to further investigate major functions of root
hair biology in M. truncatula.

A Panoply of Nutrient lon Transporters that

Includes Unexpected Systems

In silico mining of the transcriptome dataset in order to identify
plasma membrane transport systems likely to play a role in plant
mineral nutrition revealed candidate genes displaying significant
expression levels in root hairs, whatever the nutrient ion we
considered. The present results complete previous analyses
establishing a genomic inventory of M. truncatula transporters
(Benedito et al., 2010). Altogether, the results indicate that the
M. truncatula root hair is a cell type particularly dedicated to
plant mineral nutrition. Candidate genes likely to play a role in
uptake from the soil solution of the macronutrients potassium,
nitrate, ammonium, phosphate, and sulfate are listed in Figure 7;
Table S5.

Two families of K* transport systems, named Shaker and
HAK/KUP/KT, have been identified in Arabidopsis as playing
a major role in KT uptake from the soil solution (Véry and
Sentenac, 2003). The Shaker K* channel family is strongly
conserved in plants, as well as its regulatory network that
comprises protein kinase from the CIPK (CBL-Interacting
Protein Kinase) family (Cuellar et al., 2013; Sharma et al., 2013;
Véry et al., 2014). In Arabidopsis, two Shaker inward Kt channel
genes are expressed in root hairs, AtfAKTI and AtKC1, giving rise
to heteromeric KT channels involved in passive “low affinity”
K* uptake from the soil solution (Sharma et al.,, 2013). The
present transcriptome datasets indicate that only two inward
Shaker channel genes are expressed in M. truncatula root hairs
too, Medtrd4gl13530 and Medtr3g108320, which are the closest
relatives of the Arabidopsis AtfAKTI and AtKCI (Figure S11).
This suggests that these two genes encode Shaker subunits able
to form heteromeric K channels like in Arabidopsis. It has also
been shown that phosphorylation of AtAKT1 channel subunits
plays a crucial activating role in regulation of inward K channel
activity in roots (Sharma et al., 2013). The two calcineurin B-like
calcium sensors CBL1 and CBL9 bind to the CBL-interacting
protein kinase CIPK23, which then in turn phosphorylates AKT1
(Sharma et al, 2013). Interestingly, close homologs of these
proteins (MtCIPK23: Medtr2g049790; MtCBL1: Medtr3g091440;
MtCBL9: Medtr4g099210) are expressed in M. truncatula root
hairs (Table S2). Regarding the HAK/KUP/KT transporter family,
phylogenetic and transcriptome analyses (Figure S12) identify
one gene, Medtr4g099260, that encodes a close homolog of the
K" transporter AtHAKS5, shown to be a major contributor to
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active “high affinity” K* uptake in Arabidopsis roots (Gierth
et al,, 2005). Thus, in our experimental conditions (0.7 mM
external K*), M. truncatula root hairs seem to express both
passive low affinity and active high affinity Kt uptake systems.
Last, regarding K' transport, in silico analyses reveal that M.
truncatula root hairs express a transport system dedicated to
KT secretion into the external medium, Medtr5g077770, which
is, within the M. truncatula Shaker family, the single ortholog
of the two Arabidopsis outwardly rectifying K™ channels
GORK and SKOR (Figure S12), the latter one being known
as displaying activation by ROS (Garcia-Mata et al., 2010).
Potential involvement of the Medtr5g077770 Shaker channel
in establishment of nitrogen-fixing symbiosis will be discussed
below.

Three families of membrane transport systems, named NPF
(Nitrate transporter 1/Peptide transporter Family; Leran et al,
2014), NRT2 (Orsel et al., 2002), and NRT3 (Okamoto et al.,
2006) in Arabidopsis, have been identified as playing a major role
in nitrate uptake from the soil solution. The extensively studied
AtNRT1.1/NPF6.3 “transceptor” is a dual affinity, bidirectional
NO;3 transporter (Liu et al., 1999; Leran et al., 2013) as well as
a NOj sensor mediating NO3 regulated auxin transport, which
thereby plays an important role in root development (Krouk
etal, 2010a). In the root stele, AtNRT1.1/NPF6.3 is also involved
in NOj3 secretion into the xylem sap toward the shoots (Leran
et al,, 2013), together with other NPF members (Lin et al., 2008;
Taochy et al, 2015). A close homolog of AtNRT1.1/NPF6.3,
Medtr5¢012290, is the most highly expressed NPF member in M.
truncatula root hair (Figure 7; Figure S5). Within the same NPF
family, Medtr5g093170 (MtNRT1.3/MtNPF6.8), which encodes
a dual-affinity nitrate transporter similar to AtNRT1.1/NPF6.3
and demonstrated to play a role in control of root growth
under N limitation (Morere-Le Paven et al.,, 2011), does not
display expression in root hairs in our experimental conditions.
NIP/LATD (Medtr1g009200), another NPF member from M.
truncatula, is a high affinity NO3 transporter (Bagchi et al,
2012) involved in lateral root and nodule development as well
as primary root meristem maintenance (Bright et al, 2005).
NIP/LATD is required for ROS homeostasis and cell elongation
in roots (Zhang et al., 2014). We found this gene expressed in
M. truncatula root hairs, although at a level ~6 times lower than
that of Medtr5¢012290 (Figure S5B). Medtr5¢093170/MtNRT1.3,
which is a dual-affinity NOj transporter able to transport ABA
and to mediate NOJ inhibitory effects on primary root growth
(Morere-Le Paven et al., 2011; Pellizzaro et al., 2014), was not
expressed in root hairs in our experimental conditions.

In the NRT2 family, AtNRT2.1 is a NOj3 inducible-, high
affinity NO; transporter (Li et al, 2007) and plays a key
role in coordinating root development with NO; availability
(Remans et al., 2006). Medtr4g057890 and Medtr4g057865,
close homologs to AtNRT2.1 (Pellizzaro et al., 2014), are
expressed in M. truncatula root hairs (Figure7; Figure
S6). Within the Arabidopsis NRT3 family, AtNRT3.1 has
been shown to physically interact with AtNRT2.1 to form
functional heteromeric transport systems that provide the
major contribution to high affinity NO; uptake from the
soil (Yong et al, 2010). Medtr4gl04730/MtNAR2.1 and

Medtr104700/MtNAR2.2, the two Medicago homologs of
AtNRT3.1, were by far most highly NO3 transport-related genes
expressed in Medicago root hairs in our study, suggesting a
major role for these genes in NOj transport in M. truncatula
root hairs.

Within the M. truncatula ammonium transporter family
named AMT, the two members recently shown to have the
highest levels of expression in roots as well as in shoots,
MtAMT1;1/Medtrig045550 and  MtAMT2;1/Medtr7g069640
(Straub et al., 2014), are both expressed in root hairs (Figure 6;
Figure $8). In contrast, the ammonium transporter MtAMT2;3
(Medtr8g074750), which has been proposed to play a role
in the uptake of NH] ions released by the fungus in plants
engaged in arbuscular mycorrhizal (AM) symbiosis with Glomus
intraradices (Breuillin-Sessoms et al., 2015), is not expressed in
root hairs.

Evidence is available that root Pi uptake and transport is
mainly mediated by transporters belonging to the PHT1 family
(Nussaume et al., 2011). At least five members from the PHT1
family (out of 13) are expressed in M. truncatula root hairs
(Figure 6; Table S5). This is in agreement with the hypothesis that
root hairs play an essential role in plant Pi nutrition. It should also
be noted that root hairs do not express MtPT4/Medtr1g028600
and MtPT8/Medtr5g068140, two members from the PHT family
shown to be induced upon AM symbiosis and then to contribute
to the uptake of Pi ions released by the fungal membrane (Javot
et al,, 2011; Breuillin-Sessoms et al., 2015). Thus, it is tempting
to speculate that, within large families of membrane transport
systems such as the AMT and PHT families, some members have
been specialized, maybe in terms of sensitivity to external pH,
membrane polarization, or substrate concentration, in order to
cope with the external conditions prevailing in either the soil
solution or the apoplastic medium at the plant-microorganism
interface.

M. truncatula root hairs can be assumed to also provide
a major contribution to sulfate nutrition since they express
MSULTRI.1/Medtr2g008470 and MtSULTRI.2/Medtr3g073780,
which encode the closest homologs of the Arabidopsis AtSultI;1
and AtSultl;2 (Figure 7; Figure S10), the major contributors to
high affinity sulfate uptake from the soil in Arabidopsis roots
(Rouached et al., 2009). It is worth to note that while these genes
are down-regulated in root hairs following NF treatment (Table
S5), they are highly induced in mycorrhized M. truncatula roots
as compared to non-mycorrhized roots whatever the growth
medium S content (Gao etal., 2014; Wipfetal., 2014). In contrast,
MtSULTR3.4b/Medtr4g011970, which has not been considered as
expressed in control root hairs (FPKM < 1), is highly induced
following NF treatment by almost 20 times. Thus, the route for
sulfate nutrition appears different under normal condition or
upon mycorrhiza or nitrogen-fixing symbiosis.

Two families of genes encoding membrane transporters,
PHO1 and HKT, comprise members whose expression in
M. truncatula root hairs could not be anticipated based
on the present knowledge available in Arabidopsis or other
plant species. The corresponding genes for the PHOI family
are Medtr7g011330 and Medtrig075640 (Figure 6; Figure S9).
Indeed, in Arabidopsis members from the PHOI1 family (11
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members), mainly PHO1 and PHOI1; HI, are involved in Pi
translocation into the xylem sap toward the shoots (Poirier
et al,, 1991; Hamburger et al, 2002; Stefanovic et al.,, 2007).
Furthermore, direct evidence has been obtained that PHO1 is
endowed with the capacity to mediate Pi secretion into the
external (apoplasm) medium (Stefanovic et al., 2011; Arpat et al.,
2012). It is thus tempting to speculate that the close homologs
of PHOLI that are expressed in M. truncatula root hairs mediate
secretion of Pi ions previously taken up by members from the
PHT phosphate transporter family.

The HKT family comprises a single member in Arabidopsis,
like in poplar and many dicots (Véry et al, 2014).
Electrophysiological ~characterization of the Arabidopsis
HKT, AtHKT]I, the founder of plant HKT subfamily 1, has
revealed a strong selectivity for Na® against K™ and other
cations, and no current rectification (Berthomieu et al., 2003).
In other words, this transporter has the capacity to mediate Na™
uptake as well as secretion. It has been shown to be expressed
in the plant vasculature, where it plays a role in desalinization
of the ascending xylem sap in roots and recirculation of Na™
ions from shoots to roots via the phloem sap. Loss of function of
this transporter results in increased plant sensitivity to salinity
(Berthomieu et al, 2003). It is intriguing that the dicot M.
truncatula possesses 4 HKT transporters, one of which displays
expression in root hairs (Medtr6g092840; Figure 6; Figure S21).
One may wonder whether such a number of HKT transporters
contribute to M. truncatula tolerance to salt stress. This raises
also the question of the actual roles of HKT transporters in root
hairs and whether these roles involve Na™ uptake or secretion.

Finally, regarding nutrient ion transport in M. truncatula root
hairs, it is worth to note that the equipment of this cell type in
plasma membrane transporters or channels is likely to confer
on it the capacity to secrete all the above considered nutrient
ions, including Pi. Secretion of K™ and NOj into the external
medium could play a role in the control of transmembrane
electrical gradient and/or of internal water potential or pH upon
abiotic stresses (Ivashikina et al., 2001; Segonzac et al., 2007).
The physiological meaning of Pi secretion toward the external
medium is however more difficult to decipher. A hypothesis
would be that such equipment in secretion systems plays a direct
role in the overall process allowing translocation of nutrient
ions toward the inner tissues. This would involve polarized
localization (or polarized activity) of the systems dedicated to
secretion of nutrient ions, allowing root hairs to secrete ions
into the root apoplasm toward neighboring cortical cells and
not toward the external solution. Such an apoplastic step in the
migration of ions toward the stele and xylem sap would make
sense if diffusion through root hair plasmodesmata toward the
cortical cells was a limiting step in the overall radial transport
process.

A Repertoire of Plasma Membrane
Transport Systems Likely to Play a Role in
Early NF Signaling

Early signaling events triggered by NF perception are changes in
ion fluxes across the cell membrane, resulting in electrical and

calcium signaling. The current model is that NF perception by
root hair membrane receptors leads to an inhibition of the rate
of HT excretion by plasma membrane proton pumps and to an
activation of calcium and anion channels, allowing Ca** influx
and anion efflux. These events induce a strong depolarization of
the cell membrane. This depolarization activates voltage-sensitive
K™ channels, giving rise to an efflux of K™ ions, which results in
membrane repolarization (Felle et al., 1996, 1998, 1999; Bouteau
et al., 1999; Kurkdjian et al., 2000; for review, Oldroyd, 2013).
At the molecular level, the present knowledge about the systems
involved in these early NF signaling events is very low. Candidate
genes listed in Figure 7 would however deserve to be tested by
genetic and physiological analyses for a role in this signaling.

Plant plasma membrane proton pumps are encoded by the
AHA gene family (Nguyen et al., 2015), which comprises five
subfamilies in higher plants (Falhof et al., 2016). Eleven AHA
genes are present in Arabidopsis and 13 in M. truncatula. Our
data indicate that M. truncatula express five from these 13
genes in root hairs (Figure S13). Three genes, Medtr4gl127710,
Medtr2¢036650, and Medtr6g011310, which have been recently
named MtAHA4, MtAHAS5, and MtAHA6 (Nguyen et al,
2015), respectively, display much higher expression levels than
the others. Interestingly, phosphoproteomic analyses of M.
truncatula whole roots have revealed that 1 h treatment with
NF leads to an increase in the phosphorylation status of
the auto-inhibitory C-terminal domain of MtAHA5 pumps
(Rose et al,, 2012). Further, analyses have revealed that such a
phosphorylation is likely to result in an increase in H" pumping
activity of these proteins (Nguyen et al, 2015). This could
play a role in repolarization of the cell membrane following
the initial NF-induced depolarization. On the other hand,
this report does not provide information about the molecular
mechanisms underpinning the initial inhibition of HT secretion
and membrane depolarization triggered by NF perception (Felle
et al., 1996, 1998). Since the depolarization has been shown to
occur very rapidly after NF perception, within a few minutes,
it should essentially involve post-translational regulation. It is
however worth to note that the present transcriptome data reveal
a significant inhibition of MtAHAS5 expression (5 fold) as well as
an increase in MtAHAI expression (80 fold) in response to NF
treatment. MtAHAT had already been reported to be induced by
both NFs and S. meliloti (Breakspear et al., 2014). MtAHAI has
been shown to be specifically expressed in arbuscule-containing
root cells and to be required for development of functional
arbuscules (Krajinski et al., 2002, 2014; Wang et al., 2014). In our
analyses, MtAHA1 is not expressed in the control condition but
strongly induced in the NF conditions (with a strongest induction
at 4 h). Clearly, further genetic and biochemical analyses of the
regulation and roles of the AHA pumps displaying expression
in root hairs would be very useful. For instance, constitutively
hyper-active AHA mutant pumps (genetically engineered based
on the knowledge available in the Arabidopsis AHA family:
Merlot et al., 2007) could be expressed in M. truncatula root hairs
to assess the role of cell membrane depolarization in the early NF
transduction pathway.

Regarding Ca?T, several gene families, amongst which the
CNGC, GLR, ANN, MCA, and CSC/OSCA families, might
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encode channels involved in the initial Ca?* influx and signals.
The fact that, in animals, the CNGC, and GLR families play
central roles in major signaling pathways has constituted a strong
stimulus motivating extensive investigations of the roles of these
systems in plants (Hedrich, 2012). Unfortunately, expression
and functional characterization of plant CNGC and GLR has
remained difficult or even unsuccessful in classical heterologous
systems such as Xenopus oocytes, and the present knowledge
about the transport activities of these systems is still quite
unsatisfactory (Hedrich, 2012). It is thus very likely that progress
in their functional characterization will essentially come from
in planta investigations based on (electro) physiological and cell
imaging analyses in mutant plants. Nonetheless, the fact that the
plant CNGC and GLR families are relatively large, e.g., 20 CNGC
and 20 GLR in Arabidopsis, 22 and 18 in M. truncatula, is likely
to result in strong redundancy;, at least in standard environmental
conditions, and thus to render such analyses highly challenging.
For instance, our present data identify 8 CNGC and 10 GLR
(Table S5) genes as significantly expressed in M. truncatula root
hairs. Interestingly however, for each of these two families, the
expression levels of the genes expressed in this cell type vary
within a very large range, by two orders of magnitude. It should
also be mentioned that only few of them are regulated following
20 h NF treatment and none at the early time point. In this
context, reverse genetics approaches to decipher the roles of these
channels in early electrical signaling following NF treatment
could be targeted to the genes displaying the highest levels of
expression in root hairs. In plants, annexins are described as
potential Ca?T-permeable channels involved in Ca?* and ROS
signaling (Laohavisit et al., 2010, 2012). In addition, annexins
displayed phospholipid and F-actin binding activity suggesting
a role in cytoskeleton rearrangements, membrane trafficking
processes, and cell expansion. The Medicago genome contains
20 Ann genes, and about half of them are expressed in root
hairs (Figure S19). Our data indicate that four from these genes
are up-regulated by NF and one (Medtr8g038210/MtAnnl) is
specifically expressed under NF treatment (Table S5) as it has
already been reported (Breakspear et al, 2014). Interestingly,
a close association between ANNI1 expression and rhizobial
infection has been previously shown (De Carvalho Niebel et al.,
1998). MtAnnl protein displays a cytoplasmic localization but
preferentially accumulates at the nuclear periphery of rhizobia-
activated outer cortical cells, suggesting a role in the induction
of Ca?* spiking observed in rhizobial symbiosis (De Carvalho-
Niebel et al., 2002).

With respect to the depolarizing efflux of anions, two
candidate gene families can be thought about, the SLAC
(Figure S14) and ALMT (Figure S15) families (Hedrich, 2012).
Two members from the SLAC family, Medtr6g045200 and
Medtr6g034030, display high levels of expression in M. truncatula
root hairs (Figure S14B) and they both are close homologs of
the Arabidopsis AtSLAH3, which has been proposed to mediate
anion efflux in Arabidopsis pollen tubes (Gutermuth et al., 2013).
It is worthy to note that the genes encoding their regulatory
kinases CPKI and II are also expressed in the root hair (Figure 7).
In Arabidopsis, SLAC anion channels are activated by kinases
from CPK (Caz+—Dependent Protein Kinase) subfamilies I and

II (Negi et al, 2008; Geiger et al,, 2010). At least 13 CPK
(7 from the CPK I subfamily and 6 from CPK II subfamily)
potentially involved in SLAC channels activation are expressed
in M. truncatula root hairs (Figure 7). Three ALMT genes
are expressed in M. truncatula root hairs. In Arabidopsis, the
ALMT family comprises 14 members, which are distributed
into four clades, as also found in M. truncatula (Figure S15).
ALMT are active either at the plasma membrane or at the
vacuolar membrane (Barbier-Brygoo et al., 2011). In our study
we found three ALMT genes expressed in root hairs, two of these,
Medtr7g094770 and Medtr1gl15190, are up-regulated at 20 h
post-NF application. They are homologous to AtALMT12 which
is shown to encode a component of the R-type/QUAC anion
current involved in guard cell signaling and requiring malate for
activation (Meyer et al., 2010).

K" channel activity encoded by the Shaker family is thought
to dominate the plasma membrane conductance to K™ in most
cell types in Arabidopsis (Lebaudy et al., 2007). Although this
family is highly conserved in plants (Véry et al, 2014), the
M. truncatula genome harbors a single outwardly rectifying
Shaker K* channel gene, Medtr5¢077770, while two channels
of this functional type have been identified in Arabidopsis,
GORK, and SKOR. GORK is expressed in guard cells, where
it mediates K* efflux involved in stomatal closure (Hosy et al.,
2003). It is also expressed in Arabidopsis root hairs, where its
physiological role is still rather mysterious (Ivashikina et al,
2001). SKOR is expressed in root stele tissues where it contributes
to K secretion into the xylem sap toward the shoots (Gaymard
et al, 1998). Thus, the K* channel encoded by Medtr5g077770
is the single candidate from the Shaker family that can be
proposed to play a role in cell membrane repolarization
during the early electrical response to NE besides being
involved in stomatal movements and in K* secretion into the
xylem sap.

The presence of mechanosensors (MS) channels in the root
hair plasma membrane, able to rapidly transduce mechanical
forces into ion fluxes and electrical signals, is worth considering
since adhesion of the microsymbiont and curling of root hair
might elicit local mechanical constraints. In plants, MS channels
are encoded by at least four small gene families, MscS-like (MSL;
Haswell and Meyerowitz, 2006), Mid1-Complementing Activity
(MCA; Kurusu et al., 2013), Piezo (Coste et al., 2012), and one
larger family, CSC/OSCA (Hou et al.,, 2014; Yuan et al,, 2014).
Arabidopsis displays 10 MSL genes, which are distributed into
two clades. Clade I comprises genes encoding proteins localized
in endomembranes while clade II comprises proteins predicted
or shown to be targeted to the plasma membrane (Haswell
and Meyerowitz, 2006; Haswell et al., 2008). Two MtMSL of
clade II are expressed in M. truncatula root hairs (Figure S16),
Medtr3g104940 and Medtr1gl13850. They encode close relatives
of the well-described Arabidopsis AtMSL10 and AtMSL8, which
have been shown to be gated by membrane stretching. AtMSL10
is more permeable to anions (CI~ and NO5) than to cations
(Haswell et al., 2008; Maksaev and Haswell, 2012). The pollen-
specific AtMSL8 channel has been proposed to be involved in
sensing of mechanical stress induced by hypoosmotic shock
(Hamilton et al., 2015).
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MCA channels have been initially identified in Arabidopsis
and exhibit 10% identity to yeast Mid1l (Nakagawa et al., 2007).
M. truncatula, like Arabidopsis, possesses two MCA genes, and
one of them (Medtr5g022670) is expressed in root hairs (Figure
S16). Available information on plant MCA provides support to
a model wherein these proteins either are themselves MS Ca?*
channels or are closely associated with the activity of an MS
calcium channel (Nakagawa et al., 2007; Yamanaka et al., 2010;
Kurusu et al., 2012). It is noteworthy that the Arabidopsis MCA1
is likely to play a role in root mechanosensing and growth as
suggested by a defect in root entry into hard agar of mcal mutant
plants (Nakagawa et al., 2007; Yamanaka et al., 2010).

The present knowledge on the CSC/OSCA family (Hou et al.,
2014; Yuan et al, 2014), which comprises 15 members in
Arabidopsis and 13 members in M. truncatula, is still rather
low. The two members identified in Arabidopsis, AtCSC1 (Hou
et al,, 2014), and AtOSAC1 (Yuan et al., 2014), have been
shown to be activated upon hyperosmotic shocks and then to
behave as poorly selective cation channels permeable to Ca?*.
Among the 13 members of this family in M. truncatula, nine
are expressed in root hairs (Figure S16; Table S5). Finally, the
functional properties and physiological roles of Piezo family
are still unknown in plant. The Piezo channel protein initially
identified in mouse is an essential component of a cationic
non-selective MS channel (Coste et al., 2012). M. truncatula
has two homologs of the mouse Piezo, both expressed in
root hairs (Figure S20) while only one homolog is present in
Arabidopsis.

A Promising View of the ROS Network in

Root-Hairs

NADPH oxidases (RBOHs) have been shown to be important
actors involved in ROS production in plants (Marino et al.,
2012; O’brien et al, 2012. In M. truncatula, 8 out of its 10
Rboh genes are expressed in root hairs (Figure 8; Figure S21;
Table $6), including the highly expressed gene (FPKM > 200)
MtRbohD, which is the closest ortholog of Arabidopsis AtRbohC
(Foreman et al., 2003), and MtRbohF, whose expression in root
hairs was already reported (Marino et al., 2011). MtRbohF is
the closest homolog of the two Arabidopsis NADPH oxidases
AtRbohH and AtRboh]. In Arabidopsis tip-growing pollen tubes,
these two NADPH oxidases generate pulsating tip-localized
H, 0, production that functions, possibly through Ca?* channel
activation, to maintain a steady tip-focused Ca’" gradient during
growth (Boisson-Dernier et al., 2013). Loss of function of
AtRbohC in Arabidopsis (Foreman et al., 2003) and of a monocot-
specific Rboh gene in maize plants (Nestler et al., 2014) has been
reported to result in root-hairless phenotype. In M. truncatula,
none of the investigations performed so far into the effects of
loss-of-function mutations in Rboh genes (RbohA, Marino et al.,
2011; RbohC, Zhang et al., 2014; RbohE, Belmondo et al., 2016)
has revealed any root hair phenotype, suggesting strong gene
redundancy. However, such analyses have not yet targeted the
two genes, MtRbohD and MtRbohF, which are identified by
our transcriptome data as the most highly expressed in root
hairs.

In addition to NADPH oxidases, other enzymes, namely class
III peroxidases (PRXs), are involved in H,O, production during
plant-pathogen interaction (Kadota et al., 2015). PRXs that are
mainly localized in cell wall have been shown to play a role in cell
wall remodeling (Francoz et al., 2015). The present transcriptome
data identify more than 50 PRX genes as displaying expression
in root hairs (Figure 8; Table S6). Sensitivity of such peroxidases
to NF treatment in our experimental conditions is discussed
later.

Transcription factors regulating the expression of peroxidases
have been identified (Tsukagoshi et al., 2010; Sundaravelpandian
et al., 2013). UPBEAT1, a basic helix-loop-helix (bHLH) root
transcription factor, has been shown to regulate the expression of
several peroxidases that fine-tune ROS accumulation between the
zone of cell proliferation and cell elongation where differentiation
begins (Tsukagoshi et al, 2010). A putative ortholog of
UPBEAT1 is found in M. truncatula (Medtr1g096530), and
our transcriptome data reveal expression of this gene in
root hairs (Table S2). More recently, mutations in the
Mediator subunit MED25/PFT1 gene, which encodes part
of a complex that docks transcription factors bound to
enhancers with core promoter components, have been shown
to result in compromised root hair development, due to altered
expression of a set of H,O;-producing class III peroxidases
(Sundaravelpandian et al, 2013). An M. truncatula PFT1
ortholog, Medtr5g054680, is expressed in root hairs (Table S2).
With UPBEAT/Medtr1g096530, MtPFT1/Medtr5g054680 may
be another transcription factor playing a role in controlling
peroxidase expression, and thus ROS levels, in M. truncatula root
hairs.

Many genes encoding enzymes involved in ROS
detoxification, namely superoxide dismutases (SODs) and
catalases, are expressed in M. truncatula root hairs (Figure 8;
Table S6). The present data indicate that almost all SOD genes
are expressed in root hairs. This result, together with the fact
that the NADPH oxidases, which synthesize O, are also almost
all expressed in root hairs, suggest that the management of O,
production and detoxification is of major importance and highly
complex. Furthermore, it is now well established that ROS are
important signals (Apel and Hirt, 2004) playing an essential role
in Ca’>* channel activation in root hairs (Foreman et al., 2003;
Takeda et al., 2008; Monshausen et al., 2009). Considering that
the root hair is the entrance of the rhizobial symbiosis, these
M. truncatula genes may be involved in steady state control of
a tip-focused cytosolic Ca?* gradient allowing fine tuning of
calcium-regulated proteins, modification of the cytoskeleton,
and localized vesicle exocytosis.

Finally, the presence in M. truncatula root hair transcriptome
of sequences from at least 24 glutaredoxin (out of 63 in
the genome) and 38 thioredoxin (out of 54) genes (Table
S6) also provides evidence of the importance of redox
control in root hair biology. Many Grxs and Trxs are
present in plant genomes, but only a few of them have
been shown to be expressed and characterized in root hairs
among which the thioredoxin h5 (Atlig45145) has been
shown to be induced by pathogens and oxidative stress
(Reichheld et al., 2002; Laloi et al., 2004).
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NF Effects on Expression of Plasma
Membrane lon Transport Systems and ROS

Network

As discussed above, it makes sense that NADPH oxidases and
most transport systems listed in Figure7 as likely to play a
role in the early electrical and calcium responses to NF are
already significantly expressed in root hairs before NF arrival, i.e.
that their expression in root hairs pre-exists to NF perception.
However, enrichment analysis of GO terms indicates that, at a
global level, NF treatments impact the transcription of genes
belonging to categories related to membrane transport and redox
activity (Figures 7, 8).

Various candidate genes encoding transport systems likely
to contribute to nutrient ion uptake from the soil solution
by root hairs, as hypothesized in Figure 6, are rapidly down-
regulated at the transcriptional level upon NF perception
(Table S5). For instance, this is the case for the two high
affinity sulfate transporter genes SULTRI;1 (Medtr2g008470)
and SULTRI1;2 (Medtr3g073780) as indicated above, and
of the high affinity phosphate transporter genes MtPT1
(Medtrig043220) and MtPT6 (Medtr3g082700). Such results
suggest that the root hair rapidly reduces its contribution to
plant mineral nutrition a few hours after NF perception, at least
regarding the uptake of nutrient ions such as phosphate and
sulfate.

In contrast, M. truncatula homologs of Arabidopsis major
representatives from the three families of NOj transport systems
in Arabidopsis (NPE, NRT2, and NRT3) are not down-regulated
upon NF treatments in M. truncatula root hairs, some of
them being even up-regulated. This may suggest that nitrate
fluxes are involved in plant response to NF. However, it is
also worth to note that, in addition to their nitrate transport
capacity, some Arabidopsis homologs of these M. truncatula
transporters display other activities, leading to reprogramming of
root architecture and modification of hormone fluxes or signaling
events that may be of importance in the plant response to NF. For
instance, both NO3 transporters AtNRT1.1 and AtNRT2.1 are
involved in NOj sensing and coordination of root development
with NO3Z availability (Little et al, 2005; Remans et al,
2006; Krouk et al., 2010b). Interestingly, AtNRT1.1, the closest
homolog in Arabidopsis of the Medtr5¢012290 transporter, also
transports auxin (Krouk et al., 2010b), and control of auxin
transport and accumulation is known to be involved in early
nodule development (Mathesius et al.,, 1998; De Billy et al,
2001). Data on Pseudomonas syringae/Arabidopsis interactions
suggest that AtNRT2.1 also participates in down-regulating
biotic stress (salicylic acid-dependent) defense mechanisms
through modifications in hormone pathways and sensitivity
to the bacterial effector (Camanes et al.,, 2012). In addition,
AtNRT2.1 was recently found to play a major role in control
of root hydraulic activity (Li et al., 2016), a function which,
in M. truncatula, may facilitate root hair development upon
NF perception. In this context, it is worth noting that the two
M. truncatula AtNRT2.1 homologs (Medtr4g057865/MtNRT2.2
and Medtr4g057890/MtNRT2.1) are highly expressed in root
hairs and significantly stimulated by NF treatments (Figure

S6). Since MtNRT2.2 was found hardly detectable in total
roots even by RT-qPCR (Pellizzaro et al, 2015), it is likely
that M. truncatula root hairs are particularly enriched in
MINRT2.2, suggesting a specific role of this transporter in this
cell type.

Seven out of eight Rboh genes expressed in root hairs display
no significant transcriptional regulation upon NF perception
(Figure 8; Table S6). One root hair expressed Rboh, MtRbohG,
is weakly repressed (Figure 8; Table S6). On the other hand,
several RBOH proteins, including MtRBOHD, have been found
to be phosphorylated after NF application (Rose et al., 2012). In
Arabidopsis, RBOHD is controlled by Ca?* via direct binding
to EF-hand motifs and phosphorylation by Ca?*-dependent
protein kinases (Kadota et al., 2014, 2015; Li et al., 2014).
Moreover, as mentioned above for AtAKT1 (Sharma et al,
2013), a direct interconnection between CBL-CIPK-mediated
Ca’* signaling and ROS signaling in plants provides evidence
for a synergistic activation of the NADPH oxidase RBOHF.
This activation would occur by direct Ca?*-binding to its EF-
hands and Ca?*-induced phosphorylation by CBL1/9-CIPK26
complexes (Drerup et al., 2013). It is tempting to speculate that
similar regulation mechanisms occur in M. truncatula root hairs
too, giving rise to interactions between ROS and Ca’* signaling
pathways, since close homologs of Arabidopsis CBL1/9 and
CIPK26 can be identified in the present transcriptome dataset
(Table S2; Figure 8A). This would make sense with the fact that
ROS signals and Ca*>* influx are very rapidly induced upon NF
treatment, within a few seconds and then decreased (for review,
see Felle et al., 1998; Puppo et al., 2013).

Except within the peroxidase family, only few genes involved
in the ROS network as described by Mittler et al. (2004) are
identified by the present data as sensitive to NF treatment (Table
S6). The previous transcriptome data identified 10 “Rhizobially
Induced Peroxidases” (RIPI to RIPI0) genes, shown to be
induced in root hairs by both S. meliloti and NF (Breakspear
et al.,, 2014).0ne of these, MtRipl, was shown to be induced by
H,0, (Ramu et al,, 2002). Interestingly, the expression patterns
of these genes overlap with the sites of production of superoxide
in infected root hairs, in nodules and roots (Chen et al., 2015).
The present data (Table S6) reveal a set of 16 peroxidases genes
displaying up-regulation upon NF perception, amongst which are
8 of the 10 previously identified RIP genes (Breakspear et al.,
2014). All 16 of these peroxidases have a predicted secretion
signal peptide, providing further support to the hypothesis of
increased production of ROS in root hair apoplast during early
NF signaling (Breakspear et al., 2014).

Papilionoid Legume Specific Genes
Expressed in Medicago truncatula Root

Hairs: Roles in Symbiosis Initiation?

We identified 1176 papilionoid legume-specific genes (LSGs)
expressed in M. truncatula root hairs (Table S8). Previously, only
861 EST contigs had been identified as legume-specific in M.
truncatula (Graham et al., 2004). Several classes of LSGs have
been identified in M. truncatula including over 300 cysteine
cluster proteins, 63 proline-rich proteins, and 21 glycine-rich
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proteins (Benedito et al, 2008). Within the present list of
LSGs expressed in root-hairs (Table S8), about 4% (i.e., 46
genes), encode putative disease resistance proteins. Furthermore,
most of the papilionoid legume-specific genes displaying high
levels of expression in root hairs (FPKM > 50) are putatively
involved in defense mechanisms. It is noteworthy that many
of these papilionoid legume-specific defense genes, such as
Medtr5g088770 and Medtr7g093820, which encode a cysteine
protease inhibitor (cystatin) and a disease resistance response
protein, respectively, are down-regulated following NF treatment
(Table S8). Such a down-regulation of defense genes might be
required to allow the initiation of symbiosis. With respect to this
hypothesis, GO analysis indicates that the semantic categories
“response to stimulus” and “response to stress” are over-
represented within the set of genes displaying up-regulation in
response to the 4 h NF treatment (Figure 5; Table S4). In contrast,
later on, 20 h after NF application, these categories are over-
represented within the set of down-regulated genes. Altogether,
these results provide further support to the hypothesis that the
plant cannot straightforwardly welcome rhizobia as beneficial
partners and engage in symbiosis without rapidly altering
and adapting its immune/defense system. Also supporting this
hypothesis are transcriptomic and phosphoproteomic studies
that have revealed rapid induction of defense related genes
and phosphorylation of proteins known to be involved in
plant immune system (Libault et al., 2010a; Rose et al., 2012;
Nguyen et al., 2015). Interestingly, about 50% of the legume
specific disease resistance genes expressed in M. truncatula root
hairs possess orthologs in all the legume genomes selected for
the present analysis. It is thus tempting to assume that such
genes contribute to central root hair functions common to
all legumes, and that some of them play a role in rhizobial
symbiosis.

Actin nucleation facilitated by the ARP2/3 complex plays
a central role in plant cell shape development where the
SCAR/WAVE complex is shown to be an essential upstream
activator of ARP2/3 function in plants (Jorgens et al,
2010). The Suppressor of cyclic AMP receptor/WASP family
verprolin homologous (SCAR/WAVE) complex is conserved
from animals to plants and, generally, is composed of the
five subunits SCAR/WAVE, PIR121 (p53-inducible protein-
121), NAP125 (NCK-associated protein-125), BRICK, and
ABI (Abl-interacting protein). Recently, several studies have
shown the importance of these proteins in legumes (NAPI:
NCK-ASSOCIATED PROTEIN, (Miyahara et al., 2010); PIR1:
121F-SPECIFIC P53 INDUCIBLE RNA, Yokota et al., 2009;
LjSCARN, Qiu et al, 2015). Medtr7g116710 gene, encoding
an ABl-like protein (ABIL1) is early induced by NF (Table
$10). This gene has also been reported to be induced by
rhizobia (Breakspear et al, 2014). Interestingly, this gene
has also been shown to be regulated by H,O, (Andrio
et al, 2013) and was found to be specific to papilionoid
legumes in our OrthoMCL comparative genomics analysis
(Table S3). It may be speculated that this ABIL1-like protein
could have a function in linking SCAR/WAVE-dependent actin
nucleation with ROS during the establishment of the rhizobial
symbiosis.

CONCLUSION

The present RNA-seq data provide the most exhaustive
information available so far about gene expression in M.
truncatula root hairs, before and after NF perception. These
data have been analyzed by focusing mainly on genes likely to
play a role in macronutrient ion transport across the root hair
plasma membrane or in ROS signaling and early communication
with rhizobia. These processes are of major importance for
plant growth in natural ecosystems, when nutrient availability is
limited. Hypotheses derived from the present transcriptome data
identify candidate genes for reverse genetics investigation of a
possible role in these processes and, more generally, provide a
valuable resource for root hair systems biology.

MATERIALS AND METHODS
Plant Growth and Nod Factor Treatments

The whole experimental procedure was adapted from Sauviac
et al. (2005). M. truncatula (ecotype Jemalong A17) seeds were
scarified with sulfuric acid (99%) for 10 min and sterilized in 6%
sodium hypochlorite solution for 3 min. After 3 h imbibition in
sterile water, seed coats were removed and seeds were disposed
on inverted 0.8% agar plates. The plates were kept for 48 h in
the dark at 4°C. They were thereafter transferred at 21°C during
15 h for germination. Seedlings with a radicle long of about 2
cm were then transferred onto a sterile sheet (12 x 8.5 cm)
of chromatography paper (Rogo-Sampaic, France) laid on solid
Fahrdeus medium in a Petri dish (12 x 12 cm, for 10 seedlings).
Plantlets were grown in a growth chamber (70% humidity, 70
pnE.m-2.s-1 light intensity) with a photoperiod of 16 h light
(25°C) and 8 h dark (21°C) for 5 days in total before root hair
isolation. Treatments with synthetic NF (Rasmussen et al., 2004)
were performed either 4 or 20 h before root hair isolation (NF 4 h
and NF 20 h treatments, respectively), by using 50 pl of 10 nM
Nod factor solution per plant NodSm-IV(C16:2, A, S), gently
deposited along of the root hair region (Figure 1A). Control
roots were similarly treated with 50 pl of sterile water (Control
Treatment). Root hairs were collected during the 7th hour of the
light period on day 5. Two independent biological repeats were
performed for all treatments, in each case with 100 plants.

Root Hairs Isolation and RNA Extraction
Root hairs were obtained from 4 cm-long root segments
(Figure 1A) corresponding to the youngest part of the root
hair zone. The root tip (ca. 0.5 cm) was excised to avoid
contamination by root cap cells. Root hairs were isolated by
freezing and vortexing the root segments in liquid nitrogen
(Sauviac et al., 2005). About 60 mg of root hairs were obtained
from 100 root segments.

RNA was extracted using the Qiagen RNeasy Plant Mini
kit according to the supplier’s instructions. DNA was removed
using RNAse-free DNAse I (Qiagen) added directly onto the spin
column. About 2.5-3 pug of RNA (measured using NanoDrop
1000 spectrophotometer, Thermo Scientific) were obtained from
each root hair sample prepared from 100 plants. Total RNA were
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checked for their integrity on RNANano chip, using Agilent 2100
bioanalyzer (Agilent Technologies, Waldbroon, Germany).

Transcriptome Studies

RNA-seq experiments were carried out at the POPS-
transcriptomic  platform (IPS2-Saclay, France) using an
IG-CNS Illumina Hiseq2000 machine to perform paired-
end 100 bp sequencing on cDNA libraries performed by
TruSeq_Stranded_mRNA_SamplePrep_Guide_15031047_D
protocol (Illumina®, California, USA). The 6 libraries have been
sequenced in paired-end (PE) with a sizing of 260 bp and a read
length of 100 bases. The multiplexing rate was three libraries per
lane of Hiseq2000 machine (two lanes in total) to obtain around
50 million reads per sample.

RNA-seq Bioinformatic Treatment and

Analysis

Each RNA-seq sample was subject to the same pipeline from
trimming to count of transcript abundance as follows. The raw
data (fastq) were trimmed to keep only bases with Phred Quality
Score >20 and sequence read length >30 bases. Bowtie v2 was
used to map reads to the M. truncatula transcriptome (Mt4.0v1
with—local option). The abundance of mRNAs was calculated
by a local script which parses SAM files and counts only paired-
end reads for which both reads map unambiguously to the same
gene (i.e., reads mapping to multiple positions were discarded).
According to these rules, around 73% of PE reads aligned to
transcripts, in each RNA seq sample (Table S1). Differential
gene expression across samples was analyzed using the EdgeR
package (Version 2.4.6) in the statistical software “R” (Version
2.15.0). Raw read counts normalization was carried out with the
EdgeR (v 2.4.6) software [with the Counts Per Million (CPM)
function]. This method allows normalizing the data as a function
of the size of the library. For each experimental treatment
(control, NF 4 h, and NF 20 h) the libraries corresponding
to the two replicates were normalized together, both libraries
having the same normalization factor. For variability analyses,
only genes with an average CPM >0 were considered. To control
the false discovery rate, adjusted p-values were calculated using
the Benjamini and Hochberg procedure (Storey and Tibshirani,
2003). Genes with an adjusted p < 0.05 were considered as being
differentially expressed. In a complementary, we also wanted to
explore the relative expression levels of the different genes with
FPKM values. To achieve this, we aligned the quality checked
reads to the M. truncatula annotated genome (Mt4.0v1) using
TopHat (version tophat-2.0.10). Here again, reads mapping to
multiple positions were discarded. As many as 85% of the read
pairs aligned unambiguously to the genome. We then used
Cufflinks (Trapnell et al., 2012) to estimate transcript abundance
and generate FPKM values for all the corresponding genes
(Table S2).

Assignment of Gene Ontology (GO) terms to
differentially expressed genes was performed using agriGO
(http://bioinfo.cau.edu.cn/agriGO/index.php) toolkit (Du et al,,
2010). GO enrichment analysis of differentially expressed genes
at 4 and 20 h following NF treatment was implemented using
Singular Enrichment Analysis (SEA) with default parameters

and M. truncatula genome locus (v4) as a background (Du et al,,
2010). Briefly, a Fisher’s exact test with a Benjamini-Yekutieli
(FDR under dependency) adjustment method was used to
classify the GO categories (Table S4). The significant GO terms
were defined as having an adjusted p < 0.05.

Orthomcl Analyses

Predicted proteins from 31 fully sequenced plant genomes
were collected from different sources (Table S7). This collection
of plant proteomes included six legume species (Medicago
truncatula, Cicer arietinum L., Lotus japonicus, Glycine max,
Phaseolus vulgaris, and Cajanus cajan) as well as 23 other
angiosperms (including monocots and dicots), one gymnosperm
and a spikemoss (Selaginella moellendorffii) as an outgroup.
An all against all comparison of all these 31 proteomes was
performed using BLASTp (Altschul et al., 1997) with an e-value
cutoff of le-5 and no SEG filter. The results of the all-against-
all BLASTp analysis were fed to OrthoMCL v2.0 (Li et al., 2003;
Fischer et al., 2011), which was run with a percentMatchCuttof
of 50 and an inflation value of 1.5 for clustering granularity to
create clusters of orthologous and in-paralogous plant proteins.
Raw results of the OrthoMCL clustering analysis were parsed to
identify clusters specific to legume species (clusters containing
only legume genes). This list of legume-specific genes was crossed
with the list of M. truncatula genes shown to be expressed in
the root hairs. We then checked whether some of these legume-
specific genes were conserved in all 6 legume species (included in
our comparative proteome analysis).

Phylogeny Analyses

Except for the MSL family, polypeptide sequences were first
aligned with Muscle (V3.8.31) and phylogenetic tree was
generated with PhyML software (substitution model, LG
matrix) using maximume-likelihood method and 1000 bootstrap
replicates on Mobyle Pasteur website (http://mobyle.pasteur.fr/
cgi-bin/portal.py#welcome). For MSL family, sequences were
first aligned with Muscle using the conserved MscS domain as
template to force the alignment around it (Jensen and Haswell,
2012). Phylogenetic trees were drawn with Dendroscope (http://
ab.inf.uni-tuebingen.de/software/dendroscope/). Bootstrap
values are indicated in gray at the corresponding nodes.
The length of scale bar indicates the number of nucleotide
substitutions per site.

Data Deposition

RNA-seq data from this article were deposited at Gene
Expression ~ Omnibus  (http://www.ncbi.nlm.nih.gov/geo/,
accession no. GSE67921) and at CATdb (http://urgv.evry.
inra.fr/CATdb/; Project: NGS2013_04_POIL) according to
the “Minimum Information About a Microarray Experiment”
standards.

RT-qPCR Validation

For RT-qPCR validation, cDNA were obtained from root
hair RNA extracted and treated as described above. The
experiments were performed using three independent samples
(biological replicates) for each treatment (control, NF 4 h,
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and NF 20 h), different from the samples used for the RNA-
seq analyses and obtained in another laboratory than the
one having prepared the latter RNA samples. The integrity
of RNA was checked on agarose gel and RNA quantity and
quality was assessed using NanoDrop 1000 spectrophotometer
(Thermo Scientific). Total RNA (500 ng) was reverse-transcribed
by Superscript III reverse transcriptase (Invitrogen, Paisley,
UK) according to the manufacturer’s instructions. Real-time
RT-qPCR was carried out using the GoTaq master mix
(Promega; www.promega.com) according to the manufacturer’s
instructions. Reactions were run on the Chromo4 Real-
Time PCR Detection System (Bio-Rad; www.qiagen.com),
and quantification was performed with the Opticon Monitor
analysis software version 3.1 (Bio-Rad). Data were analyzed
with RqPCRBase, an R package working in the R computing
environment (Hilliou and Tran, 2013). The mRNA levels were
normalized against two constitutively expressed endogenous
genes (a38: Medtr4gl09650; a39: Medtr4g046877). PCR for each
biological replicate was performed in three technical replicates.
For each reaction, 5 pl of 60-fold-diluted ¢cDNA and 0.3
WM primers were used. The initial denaturing time was 10
min, followed by 40 cycles at 95°C for 10s and 60°C for 1
min. Specificity of amplification was confirmed by observing
a single peak in the dissociation curves at the end of the
PCR procedure. The gene-specific primers used are listed in
Table S11.
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Botrytis-induced kinase1 (BIK1), a receptor-like cytoplasmic kinase, plays an important
role in resistance against pathogens and insects in Arabidopsis thaliana. However, it
remains unknown whether BIK1 functions against Plasmodiophora brassicae, an obligate
biotrophic protist that attacks cruciferous plants and induces gall formation on roots.
Here, we investigated the potential roles of receptors FLS2, BAK1, and BIK1 in the
infection of R brassicae cruciferous plants. Wild-type plants, fis2, and bak1 mutants
showed typical symptom on roots, and the galls were filled with large quantities of
resting spores, while bik7 mutant plants exhibited strong resistance to P brassicae.
Compared with that of the wild-type plants, the root hair and cortical infection rate of
bik1 mutant were significantly reduced by about 40-50%. A considerable portion of bik1
roots failed to form typical galls. Even if some small galls were formed, they were filled with
multinucleate secondary plasmodia. The bik7 plants accumulated less reactive oxygen
species (ROS) at infected roots than other mutants and wild-type plants. Exogenous
salicylic acid (SA) treatment alleviated the clubroot symptoms in wild-type plants, and
the expression of the SA signaling marker gene PR1 was significantly increased in bik7.
Both sid2 (salicylic acid induction-deficient 2) and npr1-1 [non-expresser of PR genes that
regulate systemic acquired resistance (SAR)] mutants showed increased susceptibility to
P, brassicae compared with wild-type plants. These results suggest that the resistance
of bik1 to R brassicae is possibly mediated by SA inducible mechanisms.

Keywords: Arabidopsis thaliana, Plasmodiophora brassicae, BIK1, SA, ROS, SAR, Clubroot

INTRODUCTION

The soil-borne obligate pathogen Plasmodiophora brassicae causes clubroot disease in species of
Brassicaceae, including Arabidopsis. P. brassicae plunders nutrients from host roots to complete
their life cycle, and causes the formation of root galls. Clubroot occurs in more than 60 countries
and results in a 10-15% reduction in the yields of Cruciferae crops on a global scale (Dixon,
2009). P. brassicae has a complex but not completely understood infection process. A primary
zoospore is released from each resting spore, which reaches the surface of a root hair and penetrates
the cell wall, forming primary plasmodia in the root hair. After a number of nuclear divisions,
the plasmodia cleave into zoosporangia, and the zoosporangia form clusters in the root hair or
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penetrate root cortex cells, in which the pathogen develops into
secondary plasmodia (Kageyama and Asano, 2009). Plasmodia
provoke abnormal cell enlargement and uncontrolled cell
division, leading to the development of club-shaped galls on
the roots and the above-ground symptoms, such as wilting,
stunting, yellowing, and premature senescence compared with
healthy plants (Hwang et al., 2012). Each gall contains millions
of resting spores that persist in the soil for up to 15 years
even in the absence of a suitable host, making it difficult to
manage clubroot diseases (Donald and Porter, 2009). The resting
spores of P. brassicae are easily transmitted to elsewhere with
contaminated soil, including farm machinery, boots, grazing
animal hooves, infected transplants, and surface floodwater
(Donald and Porter, 2009). Crop rotation, increased soil pH,
improved drainage conditions, and fungicide application provide
certain protection against the disease; however, under high
clubroot pressure, these measures are generally not effective
(Abbasi and Lazarovits, 2006). Besides, government policies
concerning human health and environmental safety have led to
the restriction or deregistration of a large number of previously
useful active ingredients. Genetic resistance is the most effective
and economical approach to clubroot management, and several
resistant cultivars against clubroot have been previously reported
(Hirai et al., 2004; Rocherieux et al., 2004; Chu et al., 2014).
However, new races of the pathogen can rapidly appear
(Fahling et al., 2003). Using Arabidopsis thaliana as a model
system has facilitated the application of available genetic and
molecular tools and has thus advanced our understanding of
this economically important plant disease (Siemens et al., 2002).
In clubroot-infected Arabidopsis, it is thought that perturbation
in phytohormone content plays important roles in disease
development (Malinowski et al, 2012), but little has been
known about which genes are involved in the plant defense
response.

Salicylic acid (SA) is an important secondary phenolic
metabolite in a wide range of prokaryotic and eukaryotic
organisms, including plants. SA regulates a multitude of
developmental processes, such as plant cell growth, seed
germination and development, thermo-tolerance, respiration,
stomatal aperture, fruit yield, nodulation in legumes, and leaf
senescence. More importantly, SA serves as a key signaling and
regulatory molecule in plant defense responses, and it is regarded
as the key plant immune hormone (Spoel and Dong, 2012; Liu
et al.,, 2015). The biosynthesis of SA on pathogen detection is
essential for local and systemic acquired resistance (SAR) and the
accumulation of pathogenesis-related (PR) proteins (Boatwright
and Pajerowska-Mukhtar, 2013). SA has long been recognized
as a central component of defense in plants against a number
of biotrophic pathogens and viruses (Vlot et al, 2009). The
development of disease in a susceptible host and its molecular
basis has been recently examined using an Arabidopsis model
(Agarwal et al, 2011). In two Arabidopsis genotypes Col-0
(susceptible) and Bur-0 (partially resistant) which were infected
with the virulent P. brassicae, clubroot development was partially
inhibited by camalexin, SA and jasmonic acid (JA) signaling
pathway (Lemarié et al., 2015a,b). Exogenous SA in B. oleracea

enhances resistance to clubroot (Lovelock et al., 2013, 2016). SA
methyltransferase gene PbBSMT was identified from P. brassicae,
which can methylate SA in host cells (Ludwig-Muller et al.,
2015).

Basal resistance, the first step in plant defense response,
involves  perception  through surface-localized pattern
recognition receptors (PRRs) of conserved molecules
characterized by pathogen-associated molecular patterns
(PAMPs) or microbe-associated molecular patterns (MAMPs)
(Monaghan and Zipfel, 2012). A well-known PRR is Arabidopsis
receptor kinase FLS2, which recognizes a conserved 22 amino
acid N-terminal sequence of the bacterial flagellin protein
(flg22) (Gomez-Gomez and Boller, 2000). FLS2 serves as an
excellent model to understand plant innate immune signaling,
and heterotrimeric G proteins are directly coupled to the
FLS2 receptor complex to regulate immunity (Macho and
Zipfel, 2014; Liang et al., 2016). The extracellular leucine-rich
repeat domain of FLS2 perceives flg22 and rapidly recruits
another LRR receptor-like kinase called BAK1, which plays a
role in brassinolide signaling (Chinchilla et al., 2007; Schulze
et al, 2010). BIK1, a receptor-like cytoplasmic kinase, is
directly phosphorylated through BAKI and is associated with
the FLS2/BAK1 complex in modulating PAMP-mediated
signaling (Lu et al., 2010; Zhang et al., 2010). The inactivation
of BIK1 causes severe susceptibility to necrotrophic fungal
pathogens but enhances the resistance against a virulent
strain of the bacterial pathogen Pseudomonas syringae pv
tomato (Veronese et al, 2006), and bikl plants displayed
enhanced antibiosis and antixenosis toward aphids through
inducing the up-regulation of PAD4 expression (Lei et al,
2014).

In the present study, we investigated the potential roles
of the receptors FLS2, BAK1 and BIK1, which have different
levels of basal resistance to the compatible strain ZJ-1 of
the clubroot pathogen P. brassicae. We challenged these loss-
of-function mutants with P. brassicae. bikl exhibited strong
resistance to P. brassicae, and the root hair and cortical
infections were significantly decreased. Besides, the development
of P. brassicae was inhibited in the infected bikI plants.
We attempted to explain the mechanism underlying the
resistance of bikl mutants against P. brassicae. bikl plants
were reported to have a higher basal SA level than wild
type plants (Veronese et al., 2006; Lei et al., 2014), and SA
suppresses the formation of clubroots in broccoli (Lovelock
et al.,, 2013, 2016). The obtained results showed that exogenous
SA treatment could alleviate the symptoms of clubroot. In
the mutant line sid2 and nprl-1 mutants, which had blocked
SA biosynthesis and were SAR-deficient respectively, clubroot
symptoms were found to be clearly more severe compared
with in Col-0. These findings indicate that the Arabidopsis
mutant bikl exhibits strong resistance to P. brassicae possibly
because SA inducible mechanisms enhance the resistance to
clubroot disease. However, the bikI sid2 double mutant showed
strong resistance to P. brassicae, suggesting that this resistance
is possibly attributable to SA pathway and other unknown
pathways.
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MATERIALS AND METHODS

Plant Materials, P. brassicae Inoculation

and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0), which was used
as the wild-type control in the present study, was kindly provided
by Dr. Yangdou Wei at the University of Saskatchewan, and the
mutants fls2, bikl, bak1-4, bik1 sid2 were kindly donated by Dr.
Libo Shan (Texas A & M university). sid2 was bought from the
Arabidopsis Biological Resource Center. The bikl mutant line
was further identified as a homozygous mutant. The RT-PCR
results showed that the bik] mRNA could not be detected in
homozygous mutant plants (Figure S1), suggesting that these
plants represent knockout mutants at the BIK1 locus. The bikI
sid2 double mutant line was identified as a homozygous mutant.
The RT-PCR results showed that the bik1 and sid2 mRNA could
not be detected in homozygous mutant plants (Figure S2).

P. brassicae strain ZJ-1 was originally isolated from a diseased
plant in a rapeseed field in Zhijiang County, Hubei Province, P
R China. The virulence of single-spore isolated from P. brassicae
strain ZJ-1 was tested on the differential hosts of Williams,
showing the single-spore isolate derived from race 1 (Williams,
1966; Fihling et al., 2004). Resting spores of P. brassicae were
extracted from clubroot galls (Asano et al, 1999), surface
disinfested by freshly prepared 2% chloramine-T solution at
room temperature for 20 min, washed twice with sterile water,
adjusted to a concentration of 1.0 x 107 spores per mL, and were
then stored at 4°C. P. brassicae was proliferated using the stored
resting spores in greenhouse with rapeseed. Arabidopsis Col-0
and mutant seeds were germinated on the surface of vermiculite
in small pots. The seedlings were transplanted to the soil at
14 days post-germination. After growing of 7 days in a growth
chamber, plants were inoculated with 1 mL of the resting spore
suspension (1 x 107 spores per mL) by injecting the soil around
each plant. Arabidopsis and mutant plants grown in the 50 holes
plate (54cm x 28cm x 5cm), each seeding planted in one
hole, the wild type and mutants Arabidopsis were planted in the
same holes plate to reduce errors. The plants were grown in a
plant growth chamber maintained at 70% humidity and 23°C
with a 16/8-h day/night cycle. For all the mutants analyzed, gene
expression was verified at 21 or 28 days post inoculation. Disease
severity was assessed using a scoring system of 0-4 modified from
Siemens reported (Siemens et al., 2002). A score of 0 indicated no
disease; 1, very small galls mainly on lateral roots that did not
impair the main root; 2, small galls covering the main root and
few lateral roots; 3, medium to large galls, also on the main root;
and 4, severe galls on lateral root, main root or rosette, with fine
roots completely destroyed. Disease index (DI) was calculated
using the five-grade scale according to the formula: DI = (1n;
+ 2n; + 3n3 + 4n4) x 100/4N¢, where ny-n4 is the number of
plants in the indicated class and Ny is the total number of plants
tested.

ROS Determination

Reactive oxygen species (ROS) production was detected using
the nitroblue tetrazolium (NBT) staining method (Montiel et al.,
2012; Arthikala et al., 2014). The plants grown in the soil

pot for 21 days after infection were used to determine O
concentrations. The healthy roots and the galled roots were
incubated for 5 h in dark at room temperature, and the roots were
cleared in 90% ethanol.

DAB Staining

To estimate the produced H,O, in situ, the roots were
hand-sectioned using a double-edged razorblade. The sections
were subsequently rapidly immersed in 1mg/ml of 3/, 3'-
diaminobenzidine (DAB) solution, vacuum infiltrated for 2 min,
and incubated for 2-3 h at 25°C in darkness (Gorska-Czekaj and
Borucki, 2013).

SA and MeSA Exogenous Treatment

A stock solution of SA (99.5%, Sigma Aldrich, dried substance)
was prepared in ethanol/ddH,O (v/v1:1), and diluted with sterile
water at 2.5 x 10™°mol/L concentration for spraying (Lovelock
etal.,2013). MeSA (99%, VETEC) was diluted in 10% ethanol and
was sprayed at the 2.5 x 10~>mol/L concentration. SA and MeSA
were used for three times of exogenous treatments. The first
treatment was conducted 2 days prior to the inoculation, while
the second treatment was carried out 2 days after inoculation,
and the last was performed 10 days after inoculation. The total
volume of each spraying was 2 L, and the remaining water was
gently poured into the holding tray for slow absorption through
the roots. Approximately 30 plants were treated for each sample
(Lovelock et al., 2013).

Quantification of P. brassicae DNA Content

in Infected Roots

DNA was extracted from root samples using the cetyl
trimethyl ammonium bromide (CTAB) method (Allen et al,
2006). Quantitative PCR was performed on a CFX96 real-
time PCR system (BioRad) using iTaq Universal SYBR Green
supermix (BioRad) to quantify the P. brassicae target actin gene
AY452179.1. Each reaction was performed with 2.5ng of total
DNA as template, and Arabidopsis actin gene AT3G18780 was
used as an internal control for data normalization. Standard
curves were constructed using serial dilutions of DNA extracted
from the roots of Col-0 at 21 days after inoculation with
P. brassicae, which was defined as a reference condition.
Quantitative results were then expressed as the % of the
P. brassicae mean DNA content in this reference condition
(Lemarié et al., 2015a,b).

RNA Isolation and Quantitative Real-Time
PCR

Total RNA was isolated from control roots, and the roots were
inoculated with P. brassicae using TRIZOL reagent (Invitrogen).
RNA samples were treated with DNase I to remove potential
contaminating genomic DNA, followed by extraction with
phenol:chloroform. First-strand cDNA was prepared using oligo
(dT) primer. Quantitative PCR was performed on a CFX96 real-
time PCR system (BioRad), using iTaq Universal SYBR Green
supermix (BioRad). The following cycling conditions were used:
95°C for 305, 95°C for 55, 60°C for 155, and 72°C for 12s. The
reaction was performed for 40 cycles, followed by a step at 72°C
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for 5s. Each amplification used 3 technical replicates the results
of which were averaged to give the value for a single biological
replicate. The primer sequences are provided in Table S1. We
tried using the two Arabiodopsis genes (actin and ubiquitin) for
qRTPCR, and the results were similar. The data shown in this
paper selected Arabidopsis ubiquitinl0 (AT4G05320) served as
an internal control for normalization.

Microscopic Analysis

Fluorescent and transmission electron microscopy (TEM)
were performed using the following protocol. For fluorescent
microscopy, the healthy roots or galled roots were treated with
Nile red solution (10 pg/ml Nile red in acetone) for 3-5s, and
excess dye was removed after brief rinsing in H>O. The root
samples were subsequently observed using Nikon fluorescence
microscopy. Nile red emits fluorescence over a broad range of
wavelengths, but observation using a filter set for B excitation
(used for FITC, Cy2, Alexa488, or GFP) generates the best images
(Suzuki et al,, 2013). For electron microscopy analysis, the roots
were fixed in 2.5% glutaraldehyde for 4 h, and were subsequently
postfixed in 1% osmium tetroxide for 3 h, washed, dehydrated
through an ethanol series, and embedded in London resin white.
Ultrathin sections were examined through TEM (HITACHI, H-
7000).

Transverse Root Sectioning

Wild-type and mutant Arabidopsis were infected with P.
brassicae for 21 days, and uninfected roots were used as the
control. The healthy root tissues and galls were carefully washed
with tap water and embedded in a frozen embedding medium
(Sakura Finetek USA, Inc., Torrance, CA) at —23°C overnight.
Transverse root sections (50 um thick) were sliced using a
freezing microtome (Leica CM1950, Germany) and attached
to the slides. A drop of water was added, and the specimens
were covered with cover glass. The plant cells and spores were
observed using a Nikon light microscope.

Statistical Analysis

Statistical analysis was performed using SPSS (13.0) and a
statistics package (Microsoft Excel 2010). In all experiments,
One-way ANOVA, specifically Tukey’s test with a P = 0.05, was
used to analyze significant differences between treatment groups.

RESULTS

bik1 Exhibited Strong Resistance to

P. brassicae

The symptoms of P. brassicae-infected plants included the
formation of club-shaped galls on the roots, and the wilting,
yellowing and premature senescence of the shoots. The plant
defense response upon P. brassicae infection is often reflected
by reduced gall size, root condition, and reduced resting spore
production. To determine whether several known receptor-like
kinases have function in clubroot-associated defense responses,
we observed the infection and colonization of P. brassicae on the
roots of the loss-of-function mutants (Figure 1). The roots of
wild-type Arabidopsis infected by P. brassicae were formed of a

typical galled, resulting in few rootlets; besides, the infected plants
were yellowing (Figure 1A and Figure S3), and the ratio of gall
formation was 100% (Figure 1B). The symptoms of fIs2 and bak]1
infected by clubroot-pathogen were similar to those of the wild
type (Figure 1A and Figure S3), with a gall formation ratio of
nearly 100% (Figure 1B). Interestingly, in bik1, the gall formation
was inhibited as 79% of the plants that did not form a gall,
and the root systems of P. brassicae-inoculated bikl plants still
developed with plentiful lateral roots (Figures 1A,B). The bikI
mutant line was identified as a homozygous mutant, and the RT-
PCR results showed that the bik] mRNA could not be detected
in homozygous mutant plants (Figure S1), suggesting that these
plants were the knockout mutants at the BIK1 locus. To evaluate
P. brassicae production in the galls, the actin gene expression
levels of P. brassicae were measured using quantitative real-time
PCR. For the phenotype of no gall formation on bikI-infected
roots due to the largely reduced P. brassicae production (by
99.78%), and for the phenotype of mid gall formation, root spore
production was reduced by approximately 92% (Figure 1C). The
relative amount of P. brassicae DNA in total root-extracted DNA
was evaluated through quantitative PCR (Figure 1D). The results
indicated that root pathogen density was not reduced within
the infected roots of fIs2 and bakl mutants compared with Col-
0, suggesting that fIs2 and bakl mutants had no significant
change of pathogen density within the root samples. However,
the density of P. brassicae in the infected roots with and without
the formation of small galls in bik1 mutant was approximately 40
and 90% less than that in Col-0, respectively (Figure 1D). Taken
together, the results showed that bikl plants exhibited strong
resistance to P. brassicae.

To observe the P. brassicae development state in the galls of
the infected roots, longitudinal sections of Arabidopsis control
and loss-of-function mutant roots were observed. There was
no zoospores in the negative control (uninfected wild type
Arabidopsis root cells), and many resting spores were found in
infected wild type, fIs2 and bakI root cells. No obvious zoospores
were observed on the infected roots of bikl, which showed
no gall formation phenotype (Figure2A). TEM was used to
clearly demonstrate the zoospore developmental stages in the
very small galls on bikl root. The development of P. brassicae
was in the state of multinucleate secondary plasmodium during
cell division on bikI root (Figure 2Bb), while the wild-type root
cells were filled with resting spores and the cell division was
completed (Figure 2Ba). These observations suggested that bik1
had inhibited development of P. brassicae, which explains the
results that the wild-type roots showed severe galls with a high
production of resting spores, while the bikI roots had fewer and
smaller galls with less P. brassicae.

Suppression of Root Hair and Cortical

Infections by the Loss of BIK1 Function

The life cycle of P. brassicae consists of three stages: survival
in soil, root hair infection, and cortical infection (Schwelm
et al,, 2015). To investigate the potential involvement of BIK1
in the infection process, we compared the root hair and
cortical infections between the wild-type and bikl mutant
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FIGURE 1 | Phenotypes and P. brassicae DNA contents in Arabidopsis control and several loss-of-function mutant roots. (A) Arabidopsis Col-0 roots (a)
and several loss-of-function mutant RLKs, including FLS2 (b), BAK1 (c), and BIK1 (d,e) infected with P brassicae; the root images were captured at 21 days after P
brassicae infection. The red arrows show the galls, and bik7 showed two phenotypes: formation of small galls and no gall formation on the roots. Bar = 0.5cm. (B)
Disease symptoms of Arabidopsis control roots and several loss-of-function mutants for gall comparison. Clubroot symptoms were quantified for three biological
replicates, each containing 30 plants per genotype. However, for some mutants especially the bik1 mutants several plants were excluded before statistics due to a
poor growth (with very small shoots and roots). The error bars represent the SD of the experimental values obtained from three biological replicates. (C) Real-time
PCR analysis was performed to assess the expression levels of P brassicae at 21 days after inoculation. bik7-7 showed no root gall formation, and bik7-2 showed
root gall formation. Root sample is a mixture of roots from different plants of the same mutant (over 3 plants). The error bars represent the SD of the experimental
values obtained from three technical replicates. (D) Pathogen DNA quantification (Pb) by quantitative PCR, expressed the percentage of the mean Pb content in
inoculated roots of Col-0, fls2, bak1, and bik1 at 21 days after inoculation with P. brassicae. At least 3 plant roots were taken as mixed sample. bik7-7 showed the
formation of small galls on the roots, and bik7-2 and bik7-3 showed no formation of galls on the roots. Root sample is a mixture of roots from different plants of the
same mutant (over 3 plants). The error bars represent the SD of the experimental values obtained from three technical replicates.

plants, including the colonization rate of primary plasmodia,  secondary plasmodia) (Figure 3B). Thus, root hair and cortical
zoosporangia, and secondary plasmodia (Figures 3A,B). Nile infections appeared to be impaired by the knockout of BIK1
red was used to label P. brassicae for convenient and rapid  expression in the mutant.

detection of the stages of infection. The roots of more than . .

15 plants were selected for the control and bikl mutants High Level of ROS Accumulated in the

and sliced into 1-2 cm segments. A total of approximately Infected Roots of Arabidopsis

100 root segments per sample were observed and counted to  ROS plays dual roles in plants, both as toxic compounds
determine the presence of infection. Compared with root hair ~ and as the key regulators of many biological processes,
infection of the control (100% primary plasmodia and 87.17%  such as growth, cell cycle, programmed cell death, hormone
zoosporangia, respectively), the root hair infection ratio of bikI  signaling, development, stress, and defense responses (Mittler
mutant roots was reduced, showing 40.40% primary plasmodia et al, 2004). Pathogen infection may elicit ROS production.
and 54.47% zoosporangia, respectively (Figure 3B). Compared ~ We used nitroblue tetrazolium (NBT), a reagent that allows
with the control roots (85.70% secondary plasmodia), the bikl  the visualization of superoxide accumulation, to evaluate the
mutant roots showed a reduced cortical infections ratio (43.17%  ROS production in P. brassicae-infected roots of wild type
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FIGURE 2 | Longitudinal sections and TEM of Arabidopsis control and loss-of-function mutant roots infected with P. brassicae. (A) Longitudinal sections
of Arabidopsis control and loss-of-function mutant roots infected with P brassicae after 21 days. Bar = 20 um. (B) Transmission electron microscopy of Col-0 (a) and
bik1 (b) infected with P brassicae for 21 days. Selected clearly visible clubs to section (— = uninoculated roots, + = inoculated roots). RS = resting spores; PC =
plant cell; PCW = plant cell wall; SP = secondary plasmodium, white arrow. Bar = 1 pm.

Arabidopsis, flIs2, bakl, and bikl mutants. NBT-formazan
precipitates within the roots of all the mutants and control wild
type were localized to the places of gall formation (Figure 4), and
the NBT-formazan precipitates were much less abundant in the
infected roots of bik!I than in the roots of wild type or fIs2 and
bak1 mutant plants (Figure 4). We further observed the galls of P.
brassicae-infected Brassica rapa through 3-3’-diaminobenzidine
(DAB) staining. The results showed that the galled roots had
much higher H,O, accumulation than healthy roots in the
cortex, which was filled with millions of P. brassicae resting
spores (Figure S4). These results indicated that ROS might be an
indicator of defense responses.

Treatment of Roots with SA Alleviated the
Symptoms of Clubroot

SA is a central component of defense in plants against a
number of biotrophic pathogens (Catinot et al., 2008; Vlot et al.,
2009). Thus, we investigated the potential of SA to stimulate
defense in Arabidopsis against P. brassicae, and methyl salicylate
(MeSA) was used as the control. The formation of root galls
was assessed at 3 weeks after three repeated treatments with
SA or MeSA. SA treatment significantly reduced gall formation,

and the proportion of galling was decreased by 90% (from
100 to 10%). MeSA treatment resulted in no reduction of gall
formation (from 100 to 100%) (Figures 5A-C). The disease
symptoms associated with P. brassicae were observed to be
decreased in the roots treated with SA, but no observable
change was found in shoot morphology (Figure5D). Nile
red staining clearly showed that a very small amount of
spores were observed in SA-treated roots (Figures 5E-G). These
results indicate that SA enhances the resistance against P.
brassicae.

P. brassicae Altered the Expression of
Defense Genes in bik1, Particularly PR1

P. brassicae-induced plant defense pathways are often regulated
through certain plant hormones, JA pathway, and SA pathway
(Lemarié et al., 2015b). The loss of BIK1 function resulted in
higher basal SA levels and PRI gene expression than wild-
type Col-0 Arabidopsis (Veronese et al, 2006; Lei et al,
2014). To determine whether the resistance to P. brassicae was
conferred through the loss of BIK1 function involving defense-
related plant hormones, we detected the expression levels of
the SA-signaling marker gene PRI and the ET/JA marker genes
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FIGURE 3 | Root hair and cortical infection stages in the roots of
Arabidopsis control and bik1 mutant plants. (A) The images show the key
steps of P, brassicae infection in Arabidopsis control and bik7 mutant plants,
including root hair and cortical infections stages. Primary plasmodia of root
hair infection were observed in the roots stained with Nile red for 3 days post
inoculation. Zoosporangia of root hair infection and secondary plasmodia of
cortical infection were observed in the roots stained with Nile red for 12 days
post inoculation. The pictures were under light microscopy. Arrows indicate
primary plasmodia, zoosporangia or secondary plasmodia. (B) Mean rate
(100%) of primary plasmodia, zoosporangia and secondary plasmodia per root
of the control and bik7 mutant. The roots of more than 15 plants were selected
for the control and bik7 mutants and sliced into 1-2 cm segments. A total of
approximately 100 root segments per sample were observed and counted to
determine the presence of infection. The error bars represent the SD of the
experimental values obtained from three biological replicates. Bar = 10 um.

ERF1 and PDF1.2 at 21 days after infection of P. brassicae
(Figure 6). In wild-type roots, the expression levels of PRI,
PDF1.2, and ERFI1 were 6.5, 9.4, and 2.2-folds up-regulated
after infection, respectively. Similar results were obtained for
fls2 mutant plants. However, the transcript level of the SA-
responsive gene PRI in bikl mutant roots was 48.4-folds higher
before P. brassicae infection and 11.5-folds higher after the
infection compared with that in the wild type roots. These data
implied that BIK1 might function as a negative regulator of SA
accumulation both in the presence and absence of P. brassicae
infection.

bik1 sid2 Double Mutant Failed to Restore

the Susceptibility to P. brassicae

The loss of SID2 function blocks SA biosynthesis (Wildermuth
et al, 2001). To assess the role of SA in bikl resistance to
P. brassicae, bikl, sid2, and bikl sid2 double mutant plants
were used for infection (Figure7). The non-inoculated sid2
mutant did not show any observable change in morphology

Uninoculated Inoculated

FIGURE 4 | Analysis of ROS production. Visualization of 02_ production in
representative NBT-stained control, and fis2, bak1 and bik7 mutant roots at 21
days post inoculation with P brassicae. Dense blue forazan precipitates were
observed at the site of HoO» production. Bar = 1cm.

compared with the wild type (Figures 7A,D, Figure S5). Besides,
the severity of clubroot symptoms induced by P. brassicae
was similar to that of wild-type plants: both of them showed
yellowing leaves, severely galled and rotten taproots, and
similar density of P. brassicae were detected (Figures 7A-C,E).
These results are consistent with those reported previously
(Lovelock et al., 2016). Apparently, bikl reduced the clubroot
symptom and density of P. brassicae (Figures 7A-E). These
results indicated that the elevation of SA accumulation was
required for bikl resistance. Surprisingly, in the bikl sid2
double mutant with reduced SA accumulation (Laluk et al.,
2011; Lei et al,, 2014), the phenotypes were similar to those
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FIGURE 5 | Effect of SA treatment in the pot on gall reduction in 3-week-old infected plants. (A-C) Gall phenotype of Arabidopsis Col-0 infected with

P, brassicae for 21 days in 3 different treatments, including Ho O (left), SA 2.5 x 10~5mol/L for 3 times (middle), and 2.5 x 10~°mol/L MeSA for 3 times (right). The
number on the picture showed the gall formation events. (D) Images of whole plants of Arabidopsis Col-0 infected with P, brassicae for 21 days and treated with SA
2.5 x 10~5mol/L for 3 times (right) or not (left). (E) Nile red staining for infected Col-0 clubroots. (F,G) Nile red staining for infected Col-0 clubroots treated with SA.

of bikl plants. These plants showed leaves with serrated
margins and wrinkled surfaces, occasional curling, partial
recovery to wild type, and strong resistance to P. brassicae
similarly to bikl (Figure?7 and FigureS5). The bikl sid2
double mutant line was identified as a homozygous mutant
(Figure S2), which showed partial resistance to clubroot possibly
due to an epistatic effect or some other unknown signal
pathways that contribute to the resistance of bikl against
P. brassicae.

SAR-Deficient Mutant npr1-1 Was More

Susceptible to P. brassicae than Col-0
SA and the SA-dependent signaling pathways play a major
role in modulating SAR. In Arabidopsis plants defective in SA

accumulation, SAR is significantly impaired, and in plants where
SA is either over-expressed or externally supplied, enhanced
SAR is typically observed (Fu and Dong, 2013). The bikl
mutant plants showed higher SA level and up-regulated PRI
gene expression compared with Col-0, indicating that the bik1
mutant plants had enhanced SAR. To examine whether SAR
is important for Arabidopsis to resist P. brassicae, the npri-1
mutant was inoculated with P. brassicae. The results showed
that at 21 days post inoculation, the symptoms of nprl-I
were more severe than those of Col-0 (Figure 8). The infected
nprl-1 leaves turned yellow and showed root rot, while the
control plants showed galls on the roots (Figures 8A-C). We
then evaluated the disease index in infected Col-0 and npri-
I plants (Figure 8D), and the index for Col-0 was 69.4, while
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that for nprl-1 was 88.1. These results indicated that npri-
I was more susceptible to P. brassicae than Col-0. Thus, the
SAR of Arabidopsis also contributed to the resistance against
P. brassicae.

level

col-0- col-0+ fls2- fls2+ biki- biki+

PDF1.2

col-0- col-0+ fls2- fls2+ biki- biki+

ERF1

col-0- col-0+ fls2- fls2+ biki- biki+

FIGURE 6 | Relative expression of SA, JA, and ET marker genes PR1,
ERF1, and PDF1.2 in response to infection with P. brassicae for 21 days
— = uninfection, + = infection). P brassicae infection up-regulated the
expression of these genes in both wild-type and mutant plants.

DISCUSSION

In the present study, we investigated the role of PAMP/MAMP
signal receptors in the resistance of Arabidopsis against the
infection of clubroot pathogen, and we found that Arabidposis
mutant flIs2 and bakl were as susceptible to P. brassicae as wild-
type plants; however, mutant bikI displayed strong resistance
to P. brassicae, and exhibited suppressed root hair and cortical
infections. The bik1 mutant plants were reported to have a higher
level of SA than wild-type plants (Veronese et al., 2006; Lei et al.,
2014), and real-time PCR proved that the infection of P. brassicae
induced PRI gene expression. bikl plants showed higher PRI
gene expression than Col-0 both in the presence and absence
of P. brassicae infection. Unsurprisingly, exogenous treatment
with SA could enhance the resistance of wild type plants since
similar findings were reported by other groups recently (Lovelock
et al.,, 2013, 2016; Lemarié et al., 2015b). However, we found that
bik1 sid2 double mutant with reduced SA accumulation also had
strong resistance to P. brassica. If it was not due to epistatic effect,
the resistance of bikI could be attributed to both SA-mediated
signal pathway and other unknown factors.

BIK1 is an immediate convergent substrate of several different
pattern recognition receptors, including FLS2 (which binds
bacterial flagellin), EFR (which binds bacterial elongation factor
Tu), PEPR1 (which binds endogenous AtPep peptides), CERK1
(which binds fungal chitin), and BAK1 (which phosphorylates
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FIGURE 7 | Effect of sid2 mutation on bik1-mediated resistance against P. brassicae. (A) Mature shoot phenotypes of wild type and mutant plants. The top of
the picture shows uninoculated plants, while the bottom shows plants inoculated with P brassicae. (B) Real-time PCR analysis was performed to assess the
expression levels of P brassicae at 28 days after inoculation with R brassicae. (C) Phytopathological analysis of wild type and mutant plants. The percentages of
plants in the individual disease classes are shown. 0, no symptoms; 1, very small galls mainly on lateral roots and that do not impair the main root; 2, small galls
covering the main root and few lateral roots; 3, medium to large galls, also including the main root; and 4, severe galls on lateral root, main root or rosette; fine roots
completely destroyed. For each treatment, 26-30 Arabidopsis plants were analyzed. The qualitative disease assessment data were initially analyzed using spss and
subsequently further analyzed after comparing the mean rank differences. The asterisk indicates a significant difference at P < 0.01. The disease index for each
sample is shown as a number above the respective histograms. (D) Images of the shoots without inoculation are shown in (A). (E) Clubroot symptoms in plants.
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FIGURE 8 | Gall phenotype and phytopathological analysis of the wild type compared with npr1-1 mutant plants at 21 days post inoculation with P.
brassicae. (A) Mature shoot phenotypes of wild-type and mutant plants. The top of the picture shows uninoculated plants, and the bottom of the picture shows
plants inoculated with P brassicae. The left two panels show Arabidopsis Col-0 plants, while the right two panels show npr7-1 mutant plants. (B) Gall phenotype of
Arabidopsis Col-0. (C) Gall phenotype of npr1-1 mutants. (D) Phytopathological analysis of wild type and mutant plants. The percentages of plants in the individual
disease classes are shown. For each treatment, 40 Arabidopsis plants were analyzed. The qualitative disease assessment data were initially analyzed using spss and
subsequently further analyzed after comparing the mean rank differences. The asterisk indicates a significant difference at P < 0.01. The disease index for each
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several immune receptors), and is a key component of the
plant immune system (Monaghan et al., 2015). Plants lacking
functional BIK1 and related proteins such as PBL1 (bikl pbll
mutants) are strongly impaired in PTI signaling and are more
susceptible to bacterial and fungal pathogens (Veronese et al.,
2006; Lu et al., 2010; Feng et al., 2012). Inactivation of BIKI
causes severe susceptibility to necrotrophic fungal pathogens B.
cinerea and Alternaria brassicicola, but enhances resistance to
biotrophic bacterial pathogen P. syringae pv tomato. BIK1 acts
as a negative regulator of basal resistance to virulent bacterial
pathogens (Veronese et al., 2006). BIK1 is highly induced by
B. cinerea and P. syringae (Veronese et al., 2006). Here, we
did not detect any significant change in BIK1 (Figure S6A).
The strong resistance mediated by bikI to aphids depends on
the suppression of PAD4 expression (Lei et al., 2014). PAD4
was induced in response to aphid feeding, but was significantly
reduced in response to clubroot infection (Figure S6B), Thus,
BIK1 acts as a negative regulator of the defense response
against the infection of P. brassicae, and the mechanism may be
different from that of the resistance of BIK1 against biotrophic
bacterial pathogens and phloem sap-feeding aphids. P. brassicae
infection alters the phytohormone contents in Arabidopsis, and
the plant hormone brassinosteroids (BR) plays a role during gall
formation; besides, the BR synthesis inhibitor propiconazole and
the BR receptor mutant bril-6 reduce gall formation (Schuller
et al., 2014). However, phenotypic, molecular, and biochemical

data suggested that BIKI negatively regulates BR-mediated
responses and signaling via the phosphorylation through BRI1,
and the bik]l mutant possesses enhanced BR signaling (Lin et al.,
2013). These results suggest that resistance to P. brassicae in bik1
mutant is unlikely to be caused by the plant defense-associated
hormone BR; on the contrary, the mutant bikl needs partial
compensation for the negative effect caused by the enhanced BR
signaling.

SAR is one mechanism of induced defense that confers long-
lasting protection against a broad spectrum of microorganisms
(Durrant and Dong, 2004). SA and the SA-dependent signaling
pathways play a major role in modulating SAR. In Arabidopsis
plants defective in SA accumulation, SAR is significantly
impaired, and in plants where SA is either over-expressed or
externally supplied, enhanced SAR is typically observed (Fu
and Dong, 2013). The Arabidopsis NPR1 is a key regulator in
the signal transduction pathway that leads to SAR (Kinkema
et al., 2000), and nprl mutant fails to respond to various SAR-
inducing agents (SA, INA, and avirulent pathogens), displaying
little expression of PR genes (PR5 was 5-fold lower and PRI
was 20-fold lower than the wild type), and exhibiting increased
susceptibility to bacterial and fungal infections (Cao et al., 1994).
We found that nprI-1 mutant was more susceptible to P. brassicae
than wild-type plants, suggesting that SAR might be involved in
the defense of plants to deal with the infection and colonization
of P. brassicae. In dicotyledonous plants, SA is necessary and
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sufficient SA induces SAR (Vernooij et al., 1994). The bikl
mutant plants showed higher SA levels and up-regulated PRI
gene expression compared with Col-0, indicating that SAR was
activated in bikl mutant plants, which is consistent with the
results of Veronese et al. (2006). The bikl mutation affects the
expression of defense-related genes ERFI and PDF1.2 (Figure 6).
These results indicate that bikl mutants had some changes in
certain plant hormones, including SA, JA, and ET, which is
consistent with the results of Veronese et al. (2006). Both the
JA and the SA pathways contribute to the resistance against the
biotrophic clubroot agent P. brassicae in Arabidopsis (Lemarié
et al., 2015b). Further studies are needed to examine whether
elevated JA and ET signaling in bik1 plays a role in the resistance
against P. brassicae.

Root hair infection is the first step for the colonization of
P. brassicae on host roots. When we examined the infection
of P. brassicae on bikl mutant, the root hair infection and
cortical infection were reduced by nearly 50% compared with
wild-type plants. This result suggests that the resistance of bik1
mutant also occurred as early as at primary infection stage. The
possible explanation is that BIK1 produces some unknown active
compounds to inhibit the infection, or the structure of root hairs
is likely to be slightly changed compared with that of the wild-
type plants. A previous study showed that the root system of
bikl was different from that of wild-type plants: bikl mutant
was rich in root hairs, and its root hairs were longer than those
of wild-type plants (Veronese et al., 2006). We also found that
the developmental process of P. brassicae in cortical cells of
bik]l mutant was significantly suppressed. In the galls of wild-
type plants, numerous resting spores were observed, while in the
infected-roots of bikl mutant, only a few resting spores could be
observed, and most of them were plasmodia. Furthermore, based
on the quantity analysis of the expression of P. brassicae actin
gene, the density of P. brassicae in bikl mutant was significantly
reduced. Whether it is SA-meditated signal pathway or other
factors that are involved in this suppression of primary infection
and the development of P. brassicae in cortical cells needs further
clarification.

ROS is important for counteracting against the invasion
of other organisms. ROS is used to trigger cell death to
prevent pathogens from establishing parasitic relationships with
their hosts; besides, ROS also could kill pathogens directly.
As a biotrophic pathogen, P. brassicae depends on host living
cells for nutrients and proliferation. In this study, we found
high level ROS accumulation at the place where P. brassicae
colonized in the roots of wild-type plants, fIs2 and bakl, while
relatively low level of ROS accumulation was observed in the
roots of P. brassicae-inoculated bikI. These results suggest that
oxidative stress induced by clubroots is an important immune
response against invasion of pathogens. However, it is still
largely unknown whether these ROS are generated by the
host or by P. brassicae. NADPH oxidase (respiratory burst
oxidase homologs) genes can be found in the P. brassicae
genome; by analyzing the transcripts within specific life stages,
NADPH oxidase genes were found to be expressed at every
stage of development. We may use Arabidopsis knockout
mutants without ROS production or with ROS overproduction

to investigate the role of ROS during P. brassicae infection in th
future.
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Figure S1 | Phenotype and identification of the homozygous bik1 mutant.
(A) Phenotype of 5- (a,b) and 10-week-old (c) Arabidopsis plants and bik7
mutants. (B) Identification of the homozygous bik7 mutant. (a) Diagram showing
primer and T-DNA insertion sites. Genomic PCR (b) and RT-PCR (c) of
homozygous bik1 lines. Ubiquitin PCR product was used as an internal control.

Figure S2 | Identification of the homozygous bik1 sid2 double mutant.
Genomic PCR (A) and RT-PCR (B) of homozygous bik1 sid2 lines. Ubiquitin PCR
product was used as an internal control. Primer bik1(3) indicates the 3 primers
used once, BIK1-LB, BIK1-LP, and BIK1-RP. Primer sid2 (3) indicates the 3
primers used once, SID2-LB, SID2-LP, and SID2-RP.

Figure S3 | Mature shoot phenotypes of various Arabidopsis genotypes
used in the present study. Shoot images were acquired at 21 days after P
brassicae infection. Bar = 2 cm.

Figure S4 | DAB staining for production of HyO5 in P. brassicae-inoculated
plants. Production of HoO» in mock-inoculated (A-C) or P, brassicae-inoculated
(D-E) plants at 21 days after infection. The roots were stained with DAB as
described in the Methods section. (A,D) Were root phenotype, bar = 5mm. (B,E)
Were the root slices, the red arrows showed the resting spores, bar = 20 um.
(C,F) were the roots stained with DAB. The brown precipitate shows DAB
polymerization at the site of HoO» production, Bar = 20 wm. The experiments
were repeated three times with similar results.

Figure S5 | Phenotypes of various Arabidopsis genotype mutants. Growth
morphology of Arabidopsis wild type and mutant plants in the present study
without infection with P brassicae.

Figure S6 | Relative expression of BIK1 (A) and PAD4 (B) in wild type with
or without P. brassicae inoculation for 21 days. (— = uninoculated roots, + =
inoculated roots).

Table S1 | Primers used in this study.
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To face future challenges in crop production dictated by global climate changes,
breeders and plant researchers collaborate to develop productive crops that are able
to withstand a wide range of biotic and abiotic stresses. However, crop selection
is often focused on shoot performance alone, as observation of root properties is
more complex and asks for artificial and extensive phenotyping platforms. In addition,
most root research focuses on development, while a direct link to the functionality of
plasticity in root development for tolerance is often lacking. In this paper we review
the currently known root system architecture (RSA) responses in Arabidopsis and a
number of crop species to a range of abiotic stresses, including nutrient limitation,
drought, salinity, flooding, and extreme temperatures. For each of these stresses, the
key molecular and cellular mechanisms underlying the RSA response are highlighted.
To explore the relevance for crop selection, we especially review and discuss studies
linking root architectural responses to stress tolerance. This will provide a first step
toward understanding the relevance of adaptive root development for a plant’s response
to its environment. We suggest that functional evidence on the role of root plasticity
will support breeders in their efforts to include root properties in their current selection
pipeline for abiotic stress tolerance, aimed to improve the robustness of crops.

Keywords: abiotic stress tolerance, root system architecture (RSA), salinity, drought, nutrient limitation, flooding,
temperature stress tolerance, crop breeding

INTRODUCTION
From Optimal to Suboptimal Conditions - Closing the Yield Gap

The world population is growing rapidly and this is accompanied by an increased food demand.
In past decades, this growing food demand has been addressed by plant breeding consistent with
optimal conditions for plant growth. In agricultural practices, the use of fertilizers, irrigation,
pesticides, and other inputs can create these optimal conditions on the short-term. However,
increasing evidence exists for the negative consequences of these practices on the long-term.

First of all, irrigation accounts for almost 70% of all freshwater usage in the world (FAO and
ITPS, 2015). Freshwater scarcity is a big threat to the human population and the current water
usage for agriculture is not sustainable (Rosegrant et al., 2009). Furthermore, irrigation causes
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salinization of soils (Smedema and Shiati, 2002) and increases
leaching of fertilizer. This leaching, together with excess use
of fertilizer and deep tilling leads to higher greenhouse gas
emissions (Snyder et al., 2009).

These problems illustrate the unsustainability of creating the
optimal conditions our crops are selected for. In addition, climate
change will further increase this challenge. Agriculture will have
to deal with growing crops under suboptimal conditions, creating
a gap between the yield potential and the currently reached yield -
the so-called yield gap. An extensive research field tries to map
the current yield gap (Lobell et al., 2009; Licker et al., 2010;
Van Ittersum et al., 2013) with much focus on improving land
management practices (Lobell et al., 2009; Mueller et al., 2012).
In concert, plant breeding is shifting from creating “specialist”
cultivars that require optimal conditions for their performance
toward creating “robust” cultivars that can perform optimal in a
broad range of suboptimal conditions, with the ultimate goal of
closing the yield gap.

Crop vyield is driven by the combination of climate, soil,
management, and genetics. Under optimal circumstances the soil
provides plants with stability, water, and nutrients. However,
soils are heterogeneous environments, strongly influenced by
outside factors. Nutrient deficiency, drought, salinity, flooding,
and temperature are major drivers of the current and future
yield gap. Researchers and breeders work together to develop
crops that are able to withstand these stresses (as reviewed
in Mickelbart et al., 2015). However, current crop selection
is mainly focused on the shoot, whereas most major drivers
of the yield gap affect soil properties, directly influencing the
root system. This paper will therefore focus on the potential
of optimizing root systems for improving crop abiotic stress
tolerance.

Roots Bridging the Yield Gap

Breeding efforts to improve crop yield are in general focused
on aboveground, shoot-related phenotypes, whereas the roots
as ‘hidden half’ of the plant are still an under-utilized source
of crop improvement (Den Herder et al, 2010; Wachsman
et al., 2015). Trials aimed to select for new cultivars with
improved crop yield are in general performed under optimal
nutrient concentrations, which has often led to selection for
smaller and less plastic roots (White et al., 2013). Moreover,
modern cultivars develop in general faster and the earlier
initiation of shoot sinks stimulates the investment of biomass
into the shoots rather than into the roots. Modern wheat
cultivars indeed have smaller root sizes and root:shoot ratios
than older ones (Siddique et al., 1990; Waines and Ehdaie,
2007). Given the crucial role roots play in the establishment
and performance of plants, researchers have started ‘the
second green revolution’ to explore the possibility of yield
improvements through optimization of root systems (Lynch,
2007).

Because water and nutrients are not evenly distributed in the
soil, the spatial arrangement of the root system is crucial for
optimal use of the available resources. This spatial arrangement
of the root and its components is referred to as root system
architecture (RSA). Length, number, positioning, and angle of

Axial roots Lateral roots

1st order

3rd

1st order
Seminal root

Shoot-born roots Embryonic roots

Primary root
. Post-embryonic roots

FIGURE 1 | An overview of the different root types that together form
the root system. A dicot root system consists only of one primary root and
several orders of lateral roots. In addition, dicots can produce special
stress-induced shoot-born roots called adventitious roots. A monocot root
system produces additional axial roots, which can be separated in embryonic
seminal roots and non-embryonic shoot-born roots. There are several types of
shoot-borne roots, such as nodal and crown roots, often distinguished by the
exact place they develop and their increasing thickness. In monocots, the
primary and seminal roots are especially important during early seedling
establishment, but shoot-born roots soon take over and are responsible for
most of the water and nutrient uptake. All axial root types can produce several
orders of lateral roots.

root components (as described in Figure 1) together determine
RSA (Figure 2). These traits determine the soil volume that
is explored. In addition, the root surface area depends on
root hair development and root diameter. The ability to adjust
RSA is an important aspect of plant performance and its
plasticity to a large variety of abiotic conditions (Smith and
De Smet, 2012). Root development is guided by environmental
information that is integrated into decisions regarding how fast
and in which direction to grow, and where and when to develop
new lateral roots (Malamy, 2005). The limits of root system
plasticity are determined by intrinsic pathways governed by
genetic components (Pigliucci, 2005; Smith and De Smet, 2012;
Gifford et al., 2013; Jung and McCouch, 2013). Understanding
the development and architecture of roots, as well its plasticity,
holds thus great potential for stabilizing the productivity under
suboptimal conditions in the root environment (de Dorlodot
et al,, 2007; Den Herder et al., 2010; Zhu et al., 2011). Although,
plants are capable of adjusting a wide range of developmental and
molecular processes in the root to cope with abiotic stress, this
review will mainly focus on the plasticity of RSA, their proposed
adaptive values, and its use in the selection and breeding of more
robust crops.
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FIGURE 2 | RSA is defined as the spatial configuration of root
components and determines the soil volume that can be explored by
the roots. Dicot roots consist of a main root and several orders of lateral
roots. Monocot roots contain in addition seminal roots and shoot-borne roots.
Each plant species has genetically defined limits to its RSA. Within these
limits, the RSA is plastic and external (abiotic stress) factors modulate the
length, number, positioning and angle of root components. The RSA plasticity
varies strongly among and within plant species. This figure illustrates the
modulations in RSA for a typical dicot root system.

NUTRIENT LIMITATION: ADAPTING RSA
FOR OPTIMAL FORAGING

Plants use macronutrients as the basis of proteins and nucleic
acids. Especially the availability of phosphorus (P) and nitrogen
(N) determine plant performance. Other nutrients are used
as co-factors for enzymes or to drive membrane transport.
Complications in nutrient acquisition can arise because of
nutrient shortage in the soil, but other factors such as pH, the
balance of different nutrients and soil composition also play a
role. For examples, high salinity can decrease the solubility and
thus availability of phosphate (Grattan and Grieve, 1998; Hu and
Schmidhalter, 2005).

Nutrient deficiencies are responsible for the major part
of currently observed yield gaps worldwide. Mueller et al.
(2012) estimated that for 73% of the areas with a vyield
gap bigger than 25%, solely improving nutrient balances in
the soil could close this gap. This illustrates the impact of
nutrient imbalances and deficiencies on plant productivity.
If we also consider the high use of fertilizer in agriculture,
improving plants’ capability of dealing with nutrient deficiencies
and increasing their of nutrient acquisition is of major
importance.

Nutrients are distributed heterogeneously and often have a
strong vertical distribution pattern. Leaching on the one hand
and plant cycling on the other hand influence the nutrient
distribution pattern. Leaching is caused by vertical water flow
and takes nutrients down to lower soil layers, were water flow
decreases and nutrients accumulate. Plant cycling is based on
nutrients taken up from and cycled back to the soil, which
causes nutrients to deplete in the root zone and accumulate
in the topsoil. Horizontal distribution of nutrients is mainly
dependent on the plant distribution aboveground, leading to
higher nutrient accumulation underneath canopies. Vertical
distribution depends on the balance between leaching and plant
cycling, which differs strongly between nutrients. Low mobile
nutrients with a prominent role in plant growth, such as
phosphate and potassium, undergo high plant cycling, leading
to topsoil accumulation. In contrast, mobile nutrients, such
as nitrate and chloride, are subject to leaching leading to
accumulation in deeper soils (Jobbdgy and Jackson, 2001, 2004).
The challenge for plants is to cope with this heterogeneous
and sometimes contrasting distribution of nutrients and other
resources. In agriculture, plant cycling is often reduced, due
to harvesting of plant material, increasing leaching and loss of
nutrients. To cope with this heterogeneity, plants can adapt their
RSA to specifically forage those parts of the soils where nutrient
availability is high.

Recently, RSA changes upon a wide range of nutrient
deficiencies have been mapped in Arabidopsis growing on agar
plates (Gruber et al., 2013). Each deficiency led to a distinct
response in RSA development, which is consistent with the
fact that not all nutrients have the same accumulation pattern
and thus ask for a different response. For example, the readily
available forms of the two most limiting nutrients, nitrate (NO3 ™)
and phosphate (PO,4>~), have an almost opposite accumulation
pattern in the soil (Jobbagy and Jackson, 2001). Whereas
immobile phosphate accumulates in the topsoil, mobile nitrate
quickly leaches to deeper soils. This challenges the plant to
respond differently to a deficiency of these nutrients. Fortunately,
the RSA responses to these deficiencies have been mapped
extensively in both Arabidopsis and crop species, offering us many
insights in functional RSA development.

Topsoil Foraging for Phosphate

Phosphate is a building block of, for example, nucleic acids
and membrane phospholipids. Because of the high phosphate
demand of plants, limitation in phosphate has a strong effect on
plant growth (as reviewed in Péret et al., 2011; Lopez-Arredondo
et al., 2014). Efficient uptake of phosphate is therefore essential.
High plant cycling, in combination with low mobility, leads to
accumulation of phosphate in the topsoil. To optimally forage the
soil for phosphate, plants need to develop a shallow root system
(as reviewed in Lynch and Brown, 2001). The RSA response
to phosphate deficiency in Arabidopsis is well-characterized (as
reviewed by Péret et al., 2011). A strong shift from main root
growth to lateral root growth is observed, which leads to a short
root with a high number of long laterals (Figure 3A; Williamson,
2001; Linkohr et al., 2002; Lopez-Bucio et al., 2002; Gruber et al.,
2013). In addition, a strong proliferation of root hairs is observed.
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FIGURE 3 | The RSA responds to abiotic stress in different ways. This figure illustrates for dicots how length, angle and number of primary (blue) and lateral
roots (grey) change in response to phosphate deficiency (A), nitrate deficiency (B), drought (C) and salinity (D). The arrows indicate an either positive (to the right) or

negative effect (to the left).

- +
S
&
o
=
Nitrate deficiency -

- e +
Length Length
$ Y
S ®
- +

D - +
s
&
% o
=
. Salinity
i d— - - Y
Length / Length
>
s
& %
& %
- +

These changes result in a shallow root system, optimal for topsoil
foraging.

For maize, a series of papers was published in which the value
of certain root traits for phosphate acquisition was evaluated
using a set of RILS distinctly different in these root traits.
Shallow rooting maize varieties showed increased net phosphate
acquisition, corrected for possible higher phosphate investments
(Zhu et al., 2005b). A big screen of 242 accessions of maize on
high and low phosphate availability confirmed the importance of
root plasticity under low phosphate conditions (Bayuelo-Jiménez
etal., 2011). Yield and biomass was increased for accessions with a
higher number of nodal and lateral roots. In addition, dense root
hair formation also correlated with higher biomass under low P
conditions.

Shallow root system development is a result of strong
investment in lateral root growth. Zhu and Lynch (2004)
confirmed that in maize enhanced lateral root formation is
beneficial for net phosphate acquisition. In comparison to
the primary root and other components of the root system,
lateral roots are cheap in terms of phosphate use. Similar
results were found for enhanced seminal root growth, which
is especially important for phosphate acquisition during early
seedling development (Zhu et al., 2006). Several studies show
that strigolactones are key regulators of both root and shoot
responses to the level of available phosphate (Koltai, 2011;
Ruyter-Spira et al., 2011; Mayzlish-Gati et al., 2012; Matthys

et al,, 2016). The effect of strigolactones on RSA depends on
phosphate availability. Whereas strigolactones inhibit lateral root
emergence and elongation and promote primary root elongation
when phosphate is sufficient (Kapulnik et al., 2011a; Matthys
et al., 2016), the opposite is observed when phosphate is depleted
(Ruyter-Spira et al., 2011). Interestingly, a similar phosphate
dependent effect of ABA on lateral root development has recently
been observed (Kawa et al., 2016). The contrasting effect of
strigolactones is a result of modulation of auxin distribution and
sensitivity (Koltai et al., 2010; Ruyter-Spira et al., 2011; Mayzlish-
Gati et al,, 2012), both underlying the strong shift from primary
to lateral root growth (Lopez-Bucio et al., 2002; Nacry, 2005;
Pérez-Torres et al., 2008a,b; Miura et al., 2011). Addition of the
synthetic auxin NAA doubled expression levels of genes involved
in the cell cycle specifically during phosphate starvation (Pérez-
Torres et al., 2008b). Increased auxin sensitivity during phosphate
starvation appears to be explained by increased expression of the
auxin receptor TRANSPORT INHIBITOR RESPONSEI (TIR1),
leading to increased degradation of AUX/IAA and released
repression on auxin response modules (Pérez-Torres et al,
2008a). Interestingly, strigolactones have been shown to be
responsible for the increase of TIR1 expression during phosphate
limitation (Mayzlish-Gati et al., 2012).

The inhibition of primary root growth in Arabidopsis
(Col-0) in response to phosphate starvation has been shown
to be strong and irreversible (Sanchez-Calderén et al., 2005).
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During phosphate starvation, primary root development changes
drastically, shifting from indeterminate growth to determinate
growth (Sanchez-Calderén et al, 2005; Kawa et al., 2016).
Preceding this drastic shift, changes in the quiescence center
are observed, suggesting an important role during phosphate
starvation. Consistently, Svistoonoff et al. (2007) show that
specifically exposing the root cap to low phosphate is sufficient
to induce growth arrest in the primary root. Mutants lacking
determinate growth in low phosphate conditions show reduced
activation of the phosphate starvation rescue system (Sanchez-
Calderon et al., 2006). These findings suggest an important role
for the root cap in sensing environmental conditions.

During phosphate limitation, Arabidopsis develops a high
number of long root hairs (Bates and Lynch, 1996). Compared
to mutants lacking root hairs, wild type plants have a higher
phosphate uptake resulting in more plant growth (Bates and
Lynch, 2000). Gahoonia and Nielsen (1998) measured phosphate
uptake of root hairs by providing the radioisotope **P to root
hairs of rye plants in the soil. The root hairs contributed
to a substantial amount of 63% of total phosphate uptake.
Consistently, a mutant of barley lacking root hairs took up half
the amount of phosphate compared to the wild type (Gahoonia
et al., 2001). Under low phosphate conditions, cultivars of barley
with long root hairs are able to sustain high yields, whereas
cultivars with short root hairs produce substantially less yield
(Gahoonia and Nielsen, 2004). Interestingly, no disadvantage
of root hair development under high phosphate availability is
found for either Arabidopsis and Barley (Bates and Lynch, 2000,
2001; Gahoonia and Nielsen, 2004). As for other root traits,
strigolactones seem to play a major role in the regulation of the
number and length of root hairs (Koltai et al., 2010; Kapulnik
et al.,, 2011a,b; Mayzlish-Gati et al., 2012).

Next to length and number of root components, the angle
of the roots also determines whether a root system develops
shallow or deep. Roots are able to sense gravity, allowing
the main root to grow down into the soil, a response called
gravitropism. Although lateral roots are also gravitropic, they
typically show a gravitropic setpoint angle (GSA; Rosquete
et al., 2013; Roychoudhry et al., 2013), resulting in non-vertical
emergence from the main root (see also salinity and drought
sections). Under low phosphate conditions, gravitropism could
be expected to counteract development of a shallow root system
ideal for topsoil foraging. In accordance, in common bean,
development of a shallow root system depends on the ability to
adjust the gravitropic offset angle. This ability indeed correlated
with its ability to cope with low phosphate conditions (Bonser
et al., 1995). Subsequent investigation of RILs with contrasting
root gravitropic offset angles showed a strong correlation with
phosphate acquisition and plant growth (Liao et al., 2004).

Deep Rooting and Selective Root
Placement for Nitrate

In contrast to phosphate, nitrate is highly mobile in soils and
is therefore prone to leaching. In environments where nitrate
is limiting, deeper soil layers can often offer nitrogen supplies.
Consistently, availability of phosphate and nitrate has contrasting

effects on RSA. Low nitrate availability in general limits plant
growth. However, low nitrate availability does not limit primary
and lateral root elongation, enabling the root system to reach
deeper layers of the soil (Figure 3B; Linkohr et al., 2002; Gruber
et al, 2013). This shift in investment results in an increase
in root:shoot ratio. For maize, a monocot species, reaching
greater rooting depth requires the development of a lower
number of crown roots. Maize genotypes with lower crown
root number showed 45% greater rooting depth, which was
accompanied with higher N acquisition (Saengwilai et al., 2014).
The biggest difference in N acquisition was found in deeper
layers, emphasizing the importance of a deep root system for
nitrogen acquisition.

Lateral root density is not affected by homogeneous nitrate
limitation. Interestingly, in a heterogeneous environment, a
strong increase in lateral root density in nitrate patches is
observed in both Arabidopsis and maize (Linkohr et al., 2002;
Dina in 't Zandt et al., 2015). When plants are exposed to nitrate
patches, lateral root elongation rates outside the patches were
strongly decreased, indicating a shift of investment of resources.
Plants are thus able to selectively place their roots to efficiently
forage the soil. The mechanism of utilization of heterogeneously
distributed nutrients by selective placement of lateral roots in
or near nutrient enriched patches is best studied for nitrogen.
However, selective root placement for a wide range of nutrients
was already illustrated in 1975. A limited part of the root system
of barley was exposed to high concentrations of phosphate,
nitrate, ammonium, and potassium (Drew, 1975). For all of these
nutrients a strong proliferation of lateral roots in the zone of
high availability was observed. Growth of lateral roots in other
zones was strongly limited. This emphasizes the importance of
investigating this response for other nutrients.

The nitrate transporter NRT1.1 plays an important role in
perceiving nitrate levels in the soil. The nrtl.I mutant displays
no increase in lateral root proliferation in nitrate rich patches
(Remans et al., 2006a), while the RSA response to homogeneous
nitrate limitation is not affected in this mutant, indicating that
this is not an effect of reduced nitrate uptake. Interestingly,
NRT1.1 has the ability to transport auxin and this transport is
inhibited by nitrate (Krouk et al., 2010). Mounier et al. (2014)
showed that in nitrate patches, nitrate inhibits auxin transport
by NRT1.1 out of lateral root tips and primordia, leading to
auxin accumulation and stimulation of lateral root growth.
Outside these patches, nitrate levels are low and NRT1.1 prevents
accumulation and thus lateral root growth.

NRT1.1 has been shown to affect expression of several
downstream genes involved in nitrate starvation responses,
including NRT2.1 (Muiios et al., 2004). NRT2.1 is a major
component of high-affinity nitrate uptake in the root (Wirth
et al,, 2007). NRT1.1 and NRT2.1 seem to be responsible for
repression of lateral root growth outside nitrate patches, based
on their mutant phenotypes (Little et al., 2005; Remans et al.,
2006b; Krouk et al., 2010). Nitrate starvation can trigger ethylene
production, a phytohormone that influences root growth (Tian
etal., 2009). NRT2.1, also induced by nitrate starvation, seems to
stimulate ethylene production (Zheng et al., 2013). Conversely,
ethylene inhibits NRT1.1 and NRT2.1 expression, possibly

Frontiers in Plant Science | www.frontiersin.org

August 2016 | Volume 7 | Article 1335 | 119


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Koevoets et al.

RSA Associated Abiotic Stress Tolerance

providing a negative feedback loop important for fine tuning
responses (Leblanc et al., 2008; Tian et al., 2009).

DROUGHT: SEARCHING FOR WATER
SUPPLIES

Besides nutrient limitation, water limitation is the biggest driver
of the yield gap. Mueller et al. (2012) have shown that in
16% of the areas with a current yield gap bigger then 25%,
improving irrigation can solely close the gap. In addition, for all
investigated areas improving irrigation would decrease the gap.
This illustrates the importance of water availability for plants.
Plants need water for transport, structure and photosynthesis
among other processes. Most crops have high water requirements
and are poorly drought resistant. However, irrigation is already
responsible for 70% of the total use of available freshwater (FAO
and I'TPS, 2015). The present focus of plant breeders therefore is
on improving water use efficiency of crops.

When water availability is limited, the soil osmotic potential
decreases and plants are confronted with osmotic stress. Plants
cannot take up water and sometimes even loose water to the
soil. The high surrounding osmotic potential leads to loss of
turgor, starting in the root. The combination of rapid sensing
and signaling, followed by adjustments on both cellular and organ
level, can enable the plant to limit water loss and survive drought
stress (as reviewed in Robbins and Dinneny, 2015). Drought
stress leads to distinct changes in RSA, both on whole-root system
and sub-organ level.

Whole-Root Level: Deeper Rooting for
Water

Water is generally stored in deeper soil layers, because the topsoil
dries more quickly. Plants that develop deeper root systems will
have access to water stored in these deeper layers. Among other
traits, deeper rooting has been shown to be beneficial for plant
production and survival under water limiting conditions (as
reviewed in Comas et al., 2013). For example, the generally deeper
rooting mutant extremely drought tolerant1 (edt1) in Arabidopsis
shows high drought tolerance (Yu et al., 2008). This is explained
by the ectopic overexpression of the HD-ZIP transcription factor
HDGI11, which directly promotes the transcription of genes
encoding cell wall loosening proteins. These proteins promote
cell elongation in the root, leading to an extended root system (Xu
et al,, 2014). Interestingly, expression of HDGI1 in other species
such as rice, poplar and cotton, also confers drought tolerance
(Yuetal, 2013, 2016).

Reaching deeper soils requires a shift from investment
in lateral roots to investment in axile roots (Figure 3C).
Arabidopsis shows a strong inhibition of lateral root emergence
and elongation when grown on agar medium containing an
osmoticum, such as sorbitol or mannitol, mimicking osmotic
stress (Deak and Malamy, 2005; Xiong et al., 2006). Importantly,
Xiong et al. (2006) showed a possible link between inhibition of
lateral root growth on agar and drought tolerance in soil. Mutants
performing well under drought conditions in soil, showed high
sensitivity to ABA leading to strong inhibition of lateral root

length on agar media. In comparison, less tolerant mutants
showed no inhibition of lateral root length. ABSCISIC ACID
INSENSITIVE4 (ABI4), enhanced by ABA during drought stress,
can inhibit PIN1 expression, leading to decreased polar auxin
transport and decreased lateral root formation (Shkolnik-Inbar
and Bar-Zvi, 2010; Rowe et al., 2016). This mode of action of ABA
provides a possible mechanistic explanation for the effect of ABA
on lateral root formation.

Polar auxin transport by influx and efflux carriers determines
auxin distribution in the root, which is not only important
for LR formation, but also for bending of plant organs by
differentially affecting cell elongation. This bending is essential
for gravitropism of the main root. Positive gravitropism, growing
in the direction of gravity, orientates the root downward and
enables penetration of the soil. However, other root components,
such as lateral, seminal and crown roots can display very different
growth angles, partly suppressing gravitropism. The angle of
these roots strongly determines whether RSA develops shallow
or deep. In lateral roots PINs determine auxin distribution
and thus the GSA (Rosquete et al, 2013). The magnitude
of the difference in auxin concentration between the upper
and lower side of the lateral root determines how strong a
lateral root will bend (Roychoudhry et al., 2013). As previously
described, auxin transport is inhibited during drought stress
due to the inhibition of PIN1 expression (Liu et al, 2015),
which might facilitate increased downward bending of the
roots.

In several crop species increased downward bending of the
roots is correlated with drought tolerance. In rice, a strong
correlation between the angle of roots and drought tolerance is
observed (Kato et al., 2006). High expression of the DEEPER
ROOTING1 (DRO1) gene in rice, responsible for increased
downward bending of the roots by altering the auxin distribution,
results in maintained high yield under drought stress (Uga
et al., 2013). This example indicates that adapting RSA, in this
case both using genetic and transgenic approaches, can result
in increased drought tolerance. Similar to rice, the angle of
seminal roots in wheat cultivars also correlates with drought
tolerance (Manschadi et al, 2008). Drought tolerant wheat
cultivars develop seminal roots with a narrow angle, growing
deeper into the soil.

Sub-organ Level: Hydrotropism and
Hydropatterning

Although a strong vertical distribution pattern of water exists,
soil heterogeneity in water content exists and sensing of available
water is crucial for optimal water uptake. It has been shown
that plants are able to partially repress gravitropism and grow
toward water, the so-called hydrotropism response (as reviewed
in Eapen et al., 2005; Takahashi et al., 2009; Cassab et al., 2013).
To investigate hydrotropism in Arabidopsis, different growth
systems have been used, in which either salt solutions or agar
with sorbitol created a gradient in osmotic potential and thus
a gradient in water availability. Arabidopsis was able to redirect
growth of its main root away from a low osmotic potential and
thus low water availability (Takahashi et al., 2002; Kaneyasu et al.,
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2007; Moriwaki et al., 2013). This moisture-driven hydrotropic
response has also been observed in other species including maize
(Takahashi and Scott, 1991), cucumber (Mizuno et al., 2002), and
pea (Takahashi and Suge, 1991; Takahashi et al., 1996).

As described previously, the distribution of auxin, driven
by polar auxin transport, has a central role in regulating
bending of plant organs and response to gravity. Interestingly,
hydrotropism seems to be independent from polar auxin
transport, as the repression of influx and efflux carriers of auxin
do not inhibit the response (Kaneyasu et al., 2007). Recently,
auxin distribution during hydrotropism was measured with the
DII-VENUS SENSOR (Shkolnik et al., 2016). Indeed, during
the first 2 h of hydrotropic response, no change in auxin
distribution was observed. In the presence of NPA, an inhibitor
of auxin transport, hydrotropic bending was not inhibited. The
involvement of auxin through changes in auxin sensitivity or
biosynthesis remains ellusive due to contrasting results showing
either positive, negative or no effects of inhibition of auxin
responses or sensitivity (Takahashi et al., 2002; Kaneyasu et al,,
2007; Shkolnik et al., 2016).

It has been shown that Arabidopsis roots can distinguish a wet
from a dry surface and selectively favor development of roots in
these wet places over development in dry places (Bao et al., 2014).
These wet surfaces determine where new lateral root founder cells
are formed. Deak and Malamy (2005) have shown that under
dry conditions lateral root primordia develop at similar rates
as under control conditions. These primordia can subsequently
be rapidly induced in zones with high water availability. The
combination of formation and emergence of primordia leads to
specific root proliferation at sites of high water availability, so-
called hydropatterning. This process seems to be independent
of the major drought stress hormone, ABA (Bao et al., 2014).
Further research on this new topic is required to provide more
knowledge on how plant roots sense moisture and adjust RSA
accordingly.

SALINITY

Salinity is a major and increasing problem for agriculture
(Rengasamy, 2006). Most crop species are salt sensitive and
grow poorly on salinized soils (Sairam and Tyagi, 2004; Munns
et al., 2006; Munns and Tester, 2008). In 1992, the extent of
salinity-affected soils was estimated at 410 billion ha. Although
an adequate mapping of the current extent of salinized soils is
lacking, over 100 countries are confronted with soil salinization.
On a yearly basis between 0.3 and 1.5 million ha of arable
land are lost to salinization and another 20-40 million ha are
strongly affected by salinity (FAO and ITPS, 2015). Although
some of these are naturally occurring saline soils, current
observed salinization is often the result of irrigation practices.
Irrigation in arid zones, accounting for approximately 40% of
irrigation worldwide, mobilizes salts stored in the deeper soil
layers (Smedema and Shiati, 2002). In addition, due to freshwater
scarcity, an increased use of brackish irrigation increases salt
levels even further. The increasing losses of arable land due to
salinization ask for the development of salt tolerant crops.

Similar to drought, salinity can cause problems due to the
high osmotic potential in the soil, leading to osmotic stress. In
addition, salinity affects plant growth due to the toxicity of high
sodium Na™ levels. Na™ toxicity especially causes problems in
the shoot by inhibiting photosynthesis among other processes
(Munns, 2002). Na™ is chemically similar to K* and can interfere
with processes in which K plays an essential role (Benito et al.,
2014). The capacity to maintain a low Nat/K* balance in the
shoot has been shown to be closely linked to salt tolerance (Moller
et al., 2009). Preventing Na™ transport to the shoot is thus
very important. The root system is responsible for water uptake,
accompanied by dissolved ions including Na™, and thus plays
an essential role in preventing Na™ from entering the vascular
system and reaching the shoot.

Remodeling of the Root System during
Salt Stress

Salt has a distinct effect on root growth (as reviewed in Galvan-
Ampudia and Testerink, 2011). Although, low salt concentrations
up to 50 mM can promote plant growth in Arabidopsis
(Zolla et al., 2010; Zhao et al., 2011; Julkowska et al., 2014),
higher salt concentrations have severe negative effects. Both
primary and lateral root growth is inhibited during salt stress
(Figure 3D; Julkowska et al., 2014). In addition, lateral root
number specifically decreases in the root zone developed after
exposure to salt stress (Figure 3D; Julkowska et al., 2014). Most
studies show no effect of salt stress on lateral root density,
indicating that the decrease in number of lateral roots is related
to the inhibition of primary root growth (Julkowska et al., 2014).

Within seconds after exposure to salt stress, plant signaling
is activated. This early signaling leads to adjustments in plant
growth (as reviewed in Julkowska and Testerink, 2015), starting
with a quiescence of growth in all plant organs. The quiescence
phase is caused by a temporary inhibition of mitotic activity,
leading to lower cell division rates (West et al., 2004). After the
quiescence phase, growth recovers again. However, growth rates
only recover to a certain extent, because the inhibition of the cell
cycle during the quiescence phase results in fewer cells in the
meristem (West et al., 2004). In addition, mature cell length is
smaller in salt stressed roots.

Quiescence is induced by abscisic acid (ABA), which is
rapidly up-regulated under salt stress due to the decrease in
osmotic potential (Jia et al., 2002; Duan et al., 2013; Geng
et al., 2013). ABA in general inhibits both gibberellin (GA) and
brassinosteroid (BR) signaling (Achard et al,, 2006; Gallego-
Bartolome et al., 2012) and stress-induced reduction of growth
has been shown to benefit the plant (Achard et al., 2006). It is thus
proposed that the quiescence phase is essential to induce changes
to cope with salt stress. The quiescence phase is followed by a
partial growth recovery, that is mainly guided by an increase in
GA and BR levels (Geng et al., 2013).

The length of the quiescence phase differs strongly between
root components. Whereas quiescence in the main root takes
approximately 8 h, this phase can take up to 2 days in lateral
roots (Duan et al,, 2013; Geng et al., 2013). In a similar way, the
recovery extent of different organs differs. Although overall an
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inhibition of root growth is observed, there is a distinct difference
between the effects of salt on primary in comparison to lateral
root growth. Julkowska et al. (2014) have shown that in Col-0
the relative growth rate of the primary root was more strongly
affected than the growth rate of the lateral roots. This indicates
that the RSA is remodeled during salt stress. The adaptive value
of this remodeling with respect to salinity tolerance is still unclear
and requires further research.

In a screen of 32 Arabidopsis accessions, a first indication
for a relation between remodeling of RSA during salt stress
and salt tolerance was found (Julkowska et al, 2014). The
screen revealed four distinct growth strategies during salt stress,
depending on the relative inhibition of the number of lateral
roots, main root and lateral root growth rates. One of these
strategies was correlated with a much lower Na™/K™ level in the
shoot, indicating less Nat uptake and thus a higher tolerance.
This strategy is characterized by a strong inhibition of lateral root
growth rates, while main root growth rates and number of lateral
roots are much less affected (Figure 3D).

Besides remodeling of the root system during salt stress,
plants also show reduced gravitropism under saline conditions
(Sun et al., 2007). Galvan-Ampudia et al. (2013) showed that
plants can specifically redirect growth away from higher salt
concentrations, a response called halotropism. This response
was observed in Arabidopsis, tomato and sorghum seedlings,
both on agar media and in soil. Similar to gravitropism, auxin
redistribution is central in regulating halotropism. Endocytosis
of PIN2, an auxin efflux carrier, at the side of high salt
concentrations, redistributes auxin in the root (Galvan-Ampudia
et al., 2013). The redistribution of auxin is supported by auxin-
induced expression of AUXI, an auxin influx carrier (van den
Berg et al., 2016). Both mathematical modeling and experimental
data have shown that these processes, together with a transient
PIN1 increase, are responsible for the root bending away
from salt (Galvan-Ampudia et al., 2013; van den Berg et al,
2016).

Part of the salinity response is also triggered by osmotic
stress and shows overlap with drought responses. However,
the changes in RSA show distinct differences. For example,
main root growth is strongly promoted during drought,
whereas it is inhibited during salt stress. It is not well-
known whether the above described quiescence phase is
also displayed during drought stress. Because the osmotic
component of salinity is believed to underlie this response,
it is worth investigating. For halotropism and hydrotropism,
although similar responses, the underlying mechanisms seem
to differ. In contrast to halotropism, hydrotropism has shown
to be independent of auxin transport (Kaneyasu et al.,, 2007).
Halotropism is dependent on auxin distribution and occurs
only in response to Na' ions, indicating it is a specific
response to high salinity (Galvan-Ampudia et al., 2013; Pierik
and Testerink, 2014). For drought stress, the function of
changes in RSA has been studied extensively, whereas salinity
research has been more focused on the underlying mechanistic
principles. In future research, studying the overlaps and
differences between these stresses can benefit knowledge in both
areas.

Most crop species are highly sensitive to salinity. Tomato
serves as a model crop that is widely used to study how salt
tolerance can be enhanced in crop species. For a wide range of
vegetables, including tomato, grafting is a very effective way to
increase crop resistance to biotic and abiotic stresses, without
affecting above ground characteristics (see also challenge 3 in
section on crop selection). For several salt sensitive commercial
tomato cultivars, grafting onto rootstocks of more tolerant
cultivars has positive effects on productivity when exposed to
high salinity (Estan et al., 2005; Martinez-Rodriguez et al,
2008). The Nat/K™* levels in the shoot (scions) indicated that
the tolerant rootstocks prevented Na't reaching the shoot,
illustrating the importance of the root system for salt tolerance.
Unfortunately, only little is known about RSA development of
crops during salt stress. In rice, rye, and maize inhibition of
root length has been observed under high salinity (Rodriguez
et al., 1997; Rahman et al., 2001; Ogawa et al., 2006). Similar
to Arabidopsis, maize shows a quiescence phase in response
to exposure to high salinity, followed by recovery (Rodriguez
et al,, 1997). In rye, the reduction in root growth is related to a
reduction in cell division and an increase in cell death (Ogawa
et al., 2006). Further research on remodeling of the root system
of crop species will be necessary to use our current knowledge in
Arabidopsis to improve crop tolerance to salinity.

FLOODING: ANAEROBIC STRESS

Already 10% of cultivated land surface is so poorly drained that
waterlogging, leading to anoxic conditions in the root zone,
causes crop yield losses. Twenty percent of agricultural land in
Eastern Europe and the Russian Federation and 16% in the USA
are too wet for optimal plant functioning (Setter and Waters,
2003). As climate change is expected to lead to more frequent
heavy precipitation during the plant growth season in some areas,
these problems will increase. Flooding and hypoxia impose an
immediate and dramatic limitation for root functioning. Limiting
the oxygen supply to root cells causes an almost instantaneous
arrest of root growth (as reviewed in Gibbs et al., 1998). Switching
from aerobic respiration to the glycolytic generation of ATP
leads to a severe reduction in energy available for maintenance,
growth and ion uptake. Of these three different functions, growth
takes 20-45% of ATP generated through respiration (Veen, 1981;
van der Werf et al., 1988; Poorter et al., 1991; Scheurwater
et al., 1998, 1999). Balancing the demand for energy with the
reduced production through glycolysis could therefore also cause
limiting root growth. Arrest of root growth could, however, also
be caused by accumulation of products of anaerobic metabolism.
A lethal drop in pH of the cytoplasm can occur when protons
accumulate in the cytoplasm and the vacuole (Gerendas and
Ratcliffe, 2002). In Phragmites australis addition of low molecular
weight monocarboxylic acids, such as acetic acid, propionic
acid, butyric acid and caproic acid, and sulfide, at concentration
levels that have been measured in situ, arrested root elongation
(Armstrong and Armstrong, 2001). As the rate of root elongation
is one of the most important parameters determining nutrient
uptake rate (Silberbush and Barber, 1983; Dunbabin, 2006),
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flooding-induced inhibition of root growth ultimately would lead
to nutrient limitation and negatively impact the survival of the
whole plant.

One of the best-studied adaptations of plants to flooding
conditions is the formation of aerenchymatic tissue in the root,
which provides an alternative pathway for the supply of oxygen
to the root tissue (Jackson and Armstrong, 1999; Gibberd et al.,
2001; Rubinigg et al., 2002). This requires that new, well-adapted,
adventitious roots are being formed (Visser et al., 1996). In these
roots, axial oxygen loss can be kept to a minimum so that the
root tip becomes a well-oxygenated micro-climate (Jackson and
Armstrong, 1999). Most of the disadvantages for root metabolism
imposed by the flooding-induced hypoxic conditions are thereby
ameliorated. In monocot plants the formation of new nodal roots,
replacing the old seminal roots and often containing aerenchyma,
can be stimulated, leading to superficial rooting patterns (Rich
and Watt, 2013). If plants are not capable of increasing their
oxygen supply through aerenchymous conducts in the root or by
placing new roots close to the soil surface where the oxygen level
might be higher, survival of flooding is unlikely.

TEMPERATURE

Temperature is a key abiotic factor involved in seed germination
and subsequent root system development during early seedling
establishment. The temperature of the soil fluctuates by
sinusoidal oscillations on a diurnal scale. However, depending
on soil depth, changes in soil temperature are delayed and
much lower in amplitude than variations in the atmospheric
temperature (Walter et al., 2009). The root-zone temperature
(RZT) thus fluctuates daily, seasonally, and with soil depth
(Fiillner et al., 2012). Depending on the season and the time of the
day, the temperature of the root environment can be significantly
different than the atmospheric temperature experienced by the
shoots. The RZT directly affects root development, uptake and
upward transport of water and nutrients (Aroca et al., 2001),
phytohormone production (Ali et al., 1996; Veselova et al., 2005),
which in turn affect water status (Bloom et al., 2004), stomatal
conductance (Dodd et al., 2000), photosynthesis (Hurewitz and
Janes, 1983), biomass partitioning (Delucia et al., 1992; Engels,
1994), leaf (Poiré et al, 2010), and shoot growth (Venema
et al., 2008; Sakamoto and Suzuki, 2015). Plant species clearly
differ in their optimal temperature range for root development;
e.g., oat 4-7°C (Nielsen et al., 1960), wheat 14-18°C (Porter
and Gawith, 1999), pea 15-20°C (Gladish and Rost, 1993),
tomato 22-25°C (Gosselin and Trudel, 1984), sunflower 25-
30°C (Seiler, 1998), and cotton 32-35°C (Mcmichael et al., 1993).
Root:shoot ratios usually increase under unfavorable RZTs as
long as temperature limits for root development are not reached
(Engels, 1994; Venema et al.,, 2008; Fiillner et al.,, 2012). This
adaptation in root:shoot ratio may overcome restrictions in water
and nutrient uptake due to increased water viscosity and/or
decreased root hydraulic conductance (Equiza et al., 2001; Aroca
et al., 2012). Global climate change is likely to exacerbate plant
abiotic stress in coming decades by increasing fluctuations in soil
temperature and (related) water availability (Lynch and Brown,

2012). Breeding crops with a broader root-zone temperature
optimum is therefore of significant importance to improve future
plant performance. Improved knowledge of the key regulators for
RSA optimization would support these breeding efforts.

Temperature Effects on RSA

The exposure of both mono- and dicot plant roots to
temperatures below or above their optimum temperature
generally decreases (i) primary root length, (ii) lateral root
density (numbers of lateral roots per unit primary root length)
and (iii) the angle under which lateral roots emerge from the
primary root, whereas the average lateral root length is unaffected
(Mcmichael et al, 1993; Seiler, 1998; Nagel et al., 2009).
In addition, roots suffering from supraoptimal temperature
stress start to initiate second and third order laterals (Pardales
et al, 1999) and are characterized by an increased average
root diameter (Qin et al., 2007). In general, the modulating
effect of sub- and supraoptimal RZTs on RSA development
reduces the volume that roots may access for the uptake
of water and nutrients. However, root temperature was kept
spatially uniform in all these studies. Remarkably, monocot
barley plants exposed to a vertical RZT gradient of 20-10°C
showed increased shoot and root dry masses of 144 and
297%, respectively, and a 161% increase in root:shoot ratio
compared with plants grown at a uniform RZT of 20°C (Fiillner
et al, 2012). Barley exposed to the vertical RZT revealed
also accelerated tiller formation. The higher root biomass of
plants grown at the vertical RZT gradient was not the result
of longer roots but was associated with a higher proportion
of thicker roots. Additionally, root systems developed under a
vertical RZT gradient were much stronger concentrated in the
upper 10 cm of the soil substrate gradient and their N and
C concentrations were significantly lower than under uniform
RZT conditions. These data clearly demonstrate that knowledge
gained from experiments with uniform RZTs cannot simply
be extrapolated to the field where roots experience vertical
temperature gradients.

The temperature dependence of RSA development shows
strong inter- (Mcmichael et al,, 1993; Lee et al, 2009) and
intraspecific variation (Seiler, 1998; Hund et al., 2007, 2008).
The temperature plasticity of the RSA is most extensively
studied in maize. In this monocot species, the total lateral root
length correlated significantly with improved photosynthesis-
related traits and dry matter accumulation at suboptimal growth
temperature (Hund et al., 2007). A high density of long lateral
roots was therefore regarded as a promising trait to improve
early seedling vigor at suboptimal soil temperatures (Hund
et al., 2008). Nevertheless, breeding has to focus on optimizing
RSA over a broad range of RZTs as roots also experience
temperatures in the optimal- or even supraoptimal range during
the entire growth season. At high (root-zone) temperatures the
development of long axile roots is of greater importance than
lateral roots to facilitate appropriate water uptake from the
lower soil layers in times of drought stress (Hund et al., 2008).
A schematic overview of general observed effects of non-optimal
temperatures on RSA and its adaptations to broaden the RZT
range for optimal plant performance are presented in Figure 4.
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FIGURE 4 | Schematic overview of the effect of root-zone temperature
on plant performance and underlying general changes in RSA (brown).
To broaden the temperature range for optimal plant performance (yellow),
plants should invest in lateral root formation (suboptimal temperature range)
and/or axile root length (supraoptimal temperature range). The adaptive value
of these RSA changes are, respectively, an increased root surface area to
improve resource uptake capacity and drought adaptation by penetration to
lower soil layers.

To optimize RSA over a broader temperature range, Hund
et al. (2012) provided the prove-of-concept that hybrids of
southern dent and northern flint maize inbred lines, which
contrast in temperature dependence of axile and lateral root
elongation rates, showed improved rooting potential across the
sum of all temperatures. Application of this heterosis effect can
lead to hybrids that can perform well in a broader range of
temperature conditions, thereby improving the robustness of
whole-plant performance.

Temperature Modulation of Root

Elongation

The primary stunting effect of sub- and supraoptimal
temperatures on RSA is caused by inhibition of root elongation
(Pahlavanian and Silk, 1988; Pritchard et al., 1990; Pardales et al.,
1992; Gladish and Rost, 1993; Nagel et al., 2009). In Arabidopsis
accessions, the relative decrease in root elongation rates after
transfer from 21 to 10°C were not significantly correlated with
the average temperature during the growing season of the specific
ecotype, suggesting that primary root growth at 10°C is not a key
factor in adaptation to colder habitats (Lee et al., 2009). Within

tomato, however, the relative inhibition of root elongation and
root growth rates at low temperatures were indicative for the
difference in chilling tolerance between domestic cultivars and
high-altitude accessions of the wild tomato Solanum habrochaites
(Zamir and Gadish, 1987; Venema et al, 2008). Dynamic
changes in temperature severely affect the elongation rate of
root cells rather than the length of the elongation zone (Nagel
et al.,, 2009). In the short-term (hours), inhibition in root cell
elongation by low temperature is related to a decrease in the
in vivo extensibility of the cell wall (Pritchard et al, 1990).
Gravitropism experiments with Arabidopsis roots demonstrated
that acute cold stress (4°C) selectively inhibits the basipetal auxin
transport due to blocking the intracellular trafficking of a subset
of proteins that include auxin efflux carriers (PIN2 and PIN3).
As a consequence, auxin accumulates to a level at which root
cell elongation is inhibited (Shibasaki et al., 2009). When plant
roots have enough time to acclimate to a constant low RZT
(weeks), cell elongation rates increase again and the length of
the elongation zone expands (Pahlavanian and Silk, 1988). This
may explain the strong linear relationship between temperature
and elongation rates of both primary and later roots directly
after germination and its disappearance later on during seedling
establishment (Aguirrezabal and Tardieu, 1996).

Variation in root elongation rates among Arabidopsis
accessions correlated at optimal temperature with the production
rate of cells within the root meristem (Beemster et al., 2002). Cell
production, in turn, was determined by variation in cell cycle
duration and, to a lesser extent, by differences in the number
of dividing cells. Cell production rates strongly correlated
with the activity of the cyclin-dependent kinase (CDKA).
Low temperature decreased the division potential of the root
meristem in Arabidopsis by reducing both the meristem size and
cell number (Zhu et al., 2015). The repression of the division
potential of root meristematic cells at a suboptimal temperature
of 16°C could be ascribed to a reduced accumulation of auxin
in the root apex. Long-term (7 days) exposure to 16°C inhibited
the expression of PINI1/3/7 and auxin biosynthesis-related
genes suggesting that auxin transport and biosynthesis both
contribute to the low-temperature mediated reduction of
auxin accumulation in roots tips. Root length and meristem
cell number of ARABIDOPSIS RESPONSE REGULATOR 1
(arr1-3) and 12 (arri2-1) cytokinin signaling mutants were
much less susceptible to low temperature than wild-type roots.
This difference was related to higher PIN1/3 expression in the
mutants, which in turn resulted in a less pronounced reduction
in auxin accumulation. These data, together with the results
obtained with the cytokinin signaling mutant ahpI-1 ahp2-1
ahp3, strongly suggest the involvement of cytokinin signaling in
the modulation of RSA development at low temperature (Zhu
etal., 2015).

High RZT (40°C) reduced the elongation and cell production
rate of Sorghum seminal roots with 14 and 26%, respectively,
for every 2 days of exposure (Pardales et al, 1992). In
contrast to low temperatures, the underlying inhibitory effects
of high temperatures and heat stress on root elongation are
poorly studied. The limited information that is available in the
literature excludes the involvement of altered IAA transport
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or levels (Gladish et al., 2000), but supports the involvement
of increased ethylene levels (Qin et al, 2007). Inhibitors of
ethylene biosynthesis partly alleviated the effect of high RZT
on root elongation, stomatal conductance and shoot water
status, however, they failed in ameliorating the negative effects
on photosynthesis and biomass accumulation. This points to
a non-stomatal limitation of photosynthesis mediated by high
temperature-induced changes in nutrient uptake (Qin et al,
2007).

CROP SELECTION ON RSA: THE
CHALLENGES

This review presents a number of examples in which plasticity
of RSA traits considerably impact a plants capability to cope
with one or more abiotic stresses. These examples emphasize
the great potential that selection on RSA traits holds for crop
improvement. However, the aboveground focus of crop selection
is not without reason. In this concluding section we will discuss
three major challenges breeders face when applying selection for
RSA in their crop improvement programs and possible ways to
tackle these.

Challenge 1: High Throughput
Belowground Screening

The most prominent challenge for crop selection on RSA is
uncovering the hidden world of plant roots. Whether crops are
grown in fields or in greenhouses, roots are usually grown in a
substrate, which prevents easily screening their properties. The
growth substrate also greatly affects how roots develop. The
currently most common method to investigate RSA, growth on
agar medium, is very artificial. Most often roots grow in light,
with an excess of sucrose, in 2D and the humidity inside the Petri
dish is almost saturated. Effort is taken to improve this system,
for example by shielding the roots from light (Silva-Navas et al.,
2015). Although agar media provide an easy, adequate and cheap
method that can be used for research on Arabidopsis in the lab, its
use in crop selection is not straightforward.

In the last decade a wide range of new and improved methods
to research roots in a more natural environment have been
developed (as reviewed in Zhu et al., 2011; Downie et al., 2015;
Judd et al., 2015; Kuijken et al., 2015). Most systems are based
on either a transparent growth medium or a medium from which
the roots can easily be removed without damage. Agar and other
gel-like mediums are suited for imaging during growth, although
the resistance of the medium influences root growth and the
humidity in these substances is very high. A good alternative
is hydroponics, in which the root is growing inside a nutrient
solution (Tocquin et al, 2003; Chen et al, 2011; Le Marié
et al., 2014; Mathieu et al., 2015). Hydroponics is also used in
greenhouse culture, making it highly relevant for crop selection.
This system also eases harvesting roots for different purposes
and measuring exudates of roots. However, roots develop very
differently, because resistance is lacking and humidity and
nutrients are dispersed homogeneously. In addition, a good
supply of oxygen is essential to prevent oxidative stress. A third

alternative which is also very promising for automated imaging
is aeroponics (Zobel et al., 1976; Ritter et al., 2001). In this
system roots are grown in water-saturated air created by for
example spraying with water and nutrients. This system lacks
any material to grow in, which eases imaging. However, without
much resistance, roots grow very vast and can have problems
extending their root system to the sides against gravity. Last,
root systems can be grown inside soil, which is of course most
realistic for field crops and many greenhouse crops. However,
non-destructive imaging inside soil asks for imaging methods
that reach further than a simple camera. Several groups have
recently reported the use of X-ray and MRI scans to image
roots inside the soil (Mooney et al., 2012; Mairhofer et al,
2013; Metzner et al., 2015; Wang et al., 2015). Although these
methods are more expensive, they offer great opportunities for
automated imaging. An alternative method is GLO-Roots, based
on luminescence genes expressed inside roots (Rellan-Alvarez
et al.,, 2015). This system visualizes the root system through a
thin layer of soil. For fundamental research labs, this is more
feasible and also offers the opportunities to image the expression
of certain genes in the root system. For root breeding, this is less
interesting, because the plants are genetically modified and grown
in 2D systems.

As more methods come available to study the root system
and also methods are developed suitable for high-throughput
screening of root systems, the need for good root image analysis
software is growing. A wide range of root image analysis software
exists (as reviewed in Lobet et al., 2013; Spalding and Miller,
2013; Kuijken et al., 2015). These tools range from automated
to non-automated. For a limited amount of data, non-automated
software prevents mistakes and gives the user a lot of freedom.
However, the analysis is very time consuming and is therefore
not suited for large datasets. Automated software can analyze
a large dataset rapidly, but especially in complex root systems
the analysis is limited to global data such as rooting depth and
width. In semi-automated software, such as SmartRoot (Lobet
et al,, 2011) and EZ-rhizo (Armengaud et al., 2009), the level of
user interactions is greater to ensure a lesser degree of analysis
errors. Again, this will be more time consuming for larger root
systems. In addition, when observing very large root systems, it
is even hard to separate roots by eye. Therefore, the development
of improved methods of root image analysis has high priority for
the field.

Above described methods are all suited for 2D images of
root systems. When simplifying root growth to a 2D system,
spatial orientation of roots gets lost. Therefore, new methods
such as growing roots in gel cylinders (Iyer-Pascuzzi et al., 2010)
and using X-ray to image through soil will offer sophisticated
opportunities to grow and image roots in 3D (as reviewed
in Piferos et al, 2016). Although only limited options for
reconstructing and analyzing 3D images are currently available,
it might eventually be easier to analyze 3D than 2D images,
because overlapping and clumping together of roots will be
much less common. Developing a good automated imaging
analysis set-up of root systems can offer great advancements in
crop selection and would be an entirely feasible investment for
breeding companies.
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Challenge 2: Dealing with the Complexity
of Interacting Stresses

Although the complexity of the combination of different biotic
and abiotic stresses is not restricted to the root system, it does
make selecting on RSA more challenging. The described RSA
responses are mostly known for single stresses and some of the
responses are very contrasting. A good example for this is that in
drought-tolerant cultivars with a deep-rooting water-conserving
phenotype, less root mass is available to forage for phosphorous
at shallow depths (Lynch and Wojciechowski, 2015). Certain
stresses tend to occur together often and therefore it might
be useful to further investigate the specific RSA response to
these conditions. A good example is salt stress and phosphate
starvation, as phosphate ions tend to precipitate in saline soils
and become unavailable to plants (Naidu and Rengasamy, 1993;
Grattan and Grieve, 1998). Both stresses have contrasting effects
on several RSA traits and the inhibiting effect of salt on
lateral root development might even further limit phosphate
uptake. Crucial in crop breeding aimed to optimize RSA is the
availability of variation and plasticity in RSA, as observed among
Arabidopsis accessions (Mouchel et al., 2004; Rosas et al., 2013;
Ristova and Busch, 2014), related tomato species (Ron et al,
2013) and wheat varieties (Pound et al., 2013). Recently, Kawa
et al. (2016) studied the natural variation in the response of
330 Arabidopsis accessions to the combination of salinity and
phosphate starvation. In general, responses to salt stress were
favored and especially lateral root growth was strongly inhibited.
However, not all accessions showed the same response and this
natural variation was associated with 13 genetic candidate loci for
integrating the plants’ response to combined stress (Kawa et al.,
2016). For many crops, however, the natural variation in RSA
is currently still underexploited. Moreover, we need to advance
our understanding of the adaptive value of genetically determined
differences in RSA on the level of crop performance, marketable
yield and fruit quality in targeted root environments and growth
conditions.

Because the complexity of experiments and screenings
increases with every additional variable, modeling can provide
very useful tools to support research and breeding. A wide range
of plant models on different scales is available to the community.
These models should now be integrated with a multiscale
modeling approach (Band et al., 2012; Relldn-Alvarez et al., 2016)
in which developmental processes, RSA, outside environmental
factors and plant performance are connected. Current models,
however, are often not easy to integrate. When developing
a model, the general challenge is to make it comprehensive,
widely applicable and simple. For models describing RSA, most
are falling short in one of these requirements. Some are only
applicable for a certain species or stage of life, which limits
the use for crop systems. As soon as models tend to be more
widely applicable or incorporate more conditions, they tend to
become more complex and the number of parameters increases.
This decreases the ease of interpretation and especially the ease
of integration into a larger model (including soil and plant
performance models). The last few years, a range of more simple
models have been published. These models are often based on

a few simple rules. For example, ArchiSimple bases root system
development on the fact that the growth rate of a root depends
on the thickness of the root (Pageés and Picon-Cochard, 2014;
Pagés et al., 2014). By using a simple and widely applicable model,
it will be possible to implement models of soil behavior and of
plant productivity. Some of the root models have already been
integrated with models for changes in the soil (as reviewed in
Pedersen et al., 2010; Dunbabin et al, 2013; Van der Putten
et al.,, 2013) and show to be very promising in predicting the
responses of the root system. One example is the ROOTMAP
model, which integrates soil-water-nutrient dynamics with root
growth responses in a three dimensional system (Dunbabin et al.,
2002). Simulations are based on a simple external supply/internal
demand principle. The model has shown its use in simulating the
efficiency of different RSA types in both heterogeneous phosphate
and nitrate supplies (Dunbabin et al., 2004; Chen et al., 2008).
A good example of how such a model can provide valuable
information is given by Chen et al. (2008), who show how the
model can guide the efficient placement of phosphorus fertilizer.
In a similar way, this kind of model could guide in selecting a
preferred RSA and potentially even predicting possibly involved
processes.

A model that integrates soil behavior, RSA and plant
performance will offer a lot of information to breeders. To
confirm whether a root system is advantageous under certain
stresses as predicted by the model, RILS with contrasting root
systems could be exploited (as illustrated in Liao et al., 2004;
Zhu and Lynch, 2004; Zhu et al., 2005a). If indeed the predicted
root system is advantageous, breeders could screen for this type
of root system in a high throughput phenotyping system as
described in the previous section. This screen can then be used
for determining genes that are associated with this trait and
can be used as targets for further selection. The model could
also predict whether changing certain root system characteristics
would negatively influence productivity. Of course, developing
such a model is a major challenge still, but investments in
developing a good model will be able to speed up crop selection
and could model complex combinations of stresses.

Challenge 3: Improving RSA without
Compromising Yields
Crop selection on aboveground traits has lead to high-yielding
cultivars and crop selection for a certain RSA may come with
costs. The root:shoot ratio is known to increase during almost
every abiotic stress that has been discussed in this review. On
the other hand, selection on RSA does not equal selection for a
bigger root system. Our examples show shifts between different
root organs, rather than shifts in biomass partitioning between
the shoot and the root. In this way, deeper rooting in rice, caused
by expression of HDG11, confers drought tolerance without any
yield penalty (Yu et al., 2013, 2016). However, unwanted side
effects of selection are not uncommon. An excellent tool to
address this problem is to make use of grafting.

Grafting is the process in which the root system (rootstock)
of one plant is connected to the shoot (scion) of another (as
reviewed in Warschefsky et al, 2016). This process naturally
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occurs in some tree species (Mudge et al, 2009) and this
phenomenon may have triggered the development of grafting
in Asia where it is now used in agriculture for over 2000 years
to improve plant production (Kubota et al,, 2008). In woody
perennial crops (Albacete et al., 2015; Warschefsky et al., 2016) as
well as in annual vegetable crops (Schwarz et al., 2010; Albacete
et al., 2015), the selection and breeding of suitable rootstocks
offers a powerful tool to sustain and expand the cultivation
under suboptimal growth conditions (Gregory et al., 2013).
Grafting has the advantage that not every cultivar needs RSA
optimization separately, allowing improvement of rooting and
(a)biotic stress tolerance of already existing elite cultivars. As
such, grafting is considered as a surgical and fast alternative
to breeding. Designing rootstocks for specific environments is
becoming a feasible target to face future cultivation problems all
around the world associated with global climate change (drought,
salinization, occurrence of temperature extremes; Gregory et al.,
2013). Important in this respect is to gain more knowledge of
(i) the natural variation in RSA that exists within crops, and (ii)
by what communication mechanisms the root(stock) modulates
the shoot (scion) phenotype and performance, and visa versa
(Warschefsky et al, 2016). In this way, grafting can rapidly
advance our understanding of the adaptive value of differences
in RSA on the level of shoot performance, marketable yield and
fruit quality under targeted growth conditions.

THE VALUE OF MODEL SPECIES

A key aspect for engineering better performing crops via
RSA optimization is improved understanding of the regulatory
processes and underlying genetic components that regulate root
growth. Root growth regulation, and its response to changing
environmental conditions, is a highly complicated process that
is controlled at many different levels by complex actions of
gene networks in both time and space. Advances in this area
are merely derived from work in Arabidopsis (as reviewed in
Wachsman et al., 2015; Slovak et al., 2016). It is expected
that due to the increasing number of highly efficient root
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Plants are currently experiencing increasing salinity problems due to irrigation with
brackish water. Moreover, in fields, roots can grow in soils which show spatial variation
in water content and salt concentration, also because of the type of irrigation. Salinity
impairs crop growth and productivity by inhibiting many physiological and metabolic
processes, in particular nitrate uptake, translocation, and assimilation. Salinity determines
an increase of sap osmolality from about 305 mOsmol kg~ in control roots to about 530
mOsmol kg~ in roots under salinity. Root cells adapt to salinity by sequestering sodium
in the vacuole, as a cheap osmoticum, and showing a rearrangement of few nitrogen-
containing metabolites and sucrose in the cytosol, both for osmotic adjustment and
oxidative stress protection, thus providing plant viability even at low nitrate levels. Mainly
glycine betaine and sucrose at low nitrate concentration, and glycine betaine, asparagine
and proline at high nitrate levels can be assumed responsible for the osmotic adjustment
of the cytosol, the assimilation of the excess of ammonium and the scavenging of ROS
under salinity. High nitrate plants with half of the root system under salinity accumulate
proline and glutamine in both control and salt stressed split roots, revealing that osmotic
adjustment is not a regional effect in plants. The expression level and enzymatic activities
of asparagine synthetase and A1-pyrroline-5-carboxylate synthetase, as well as other
enzymatic activities of nitrogen and carbon metabolism, are analyzed.

Keywords: osmotic adjustment, glycine betaine, asparagine, asparagine synthetase, P5CS, nitrate reductase

INTRODUCTION

Salinity affects more than 40% of soils in the Mediterranean basin (Nedjimi, 2014). In this area
seawater intrusion into freshwater aquifers and irrigation with brackish water highly contribute to
soil salinization (Rana and Katerji, 2000). Indeed, irrigation with salinized water and scarce winter
rainfall contribute to further increase the salt stress problems with a significant decrease in crops
productivity. In these conditions, crops have to cope with daily exposure to hyperosmotic stress
and seasonal effects due to salt accumulation in the roots (Maggio et al., 2011).

Soil salinity inhibits plant growth mainly due to osmotic stress and ion toxicity (Munns and
Tester, 2008; Gorham et al., 2010). High salinity decreases the capacity of roots to extract water
from soil, and high concentrations of salts within the plant itself can be toxic, resulting in plant
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nutritional imbalance and oxidative stress (Hasegawa et al., 2000;
Munns, 2002; Munns and Tester, 2008). This dual effect reduces
plant growth, development, and survival. However, the extent
of the damage to crops depends on the concurrent salt toxicity
levels and phenological stage sensitivity to salt stress (Lutts et al.,
1995; Hasegawa et al., 2000). Seedling stage, for example, is the
more vulnerable phase of durum wheat growth under salinity
(Carillo et al., 2008). This species, which is mainly cropped in
Mediterranean type climate, is more sensitive to salinity than
bread wheat (Gorham et al., 1990; James et al., 2006) and yields
poorly on saline soil (Munns et al., 2006; Rahnama et al., 2011)
partly due to the scarce ability of durum wheat to exclude sodium
(Colmer et al., 2006; James et al., 2011). Sodium has, in fact, a
damaging effect on cytosol and organelles metabolism because
it tends to replace potassium in key enzymatic reactions. For
this reason, the potassium to sodium ratio is more critical than
the absolute amount of sodium for the cell performance under
salinity (Maathuis and Amtmann, 1999; Shabala and Cuin, 2008;
Cuin et al., 2009). However, exposure to salinity triggers specific
strategies for cell osmotic adjustment and control of ion and
water homeostasis to minimize stress damage and to re-establish
growth (Hasegawa et al., 2000; Puniran-Hartley et al., 2014; Gao
et al., 2016; Woodrow et al., 2016). A ubiquitous mechanism
that plants have evolved to adapt to salinity involves sodium
sequestration in the vacuole, as a cheap osmoticum, and synthesis
and accumulation of compatible compounds, which have a much
higher cost in terms of energy needed for their synthesis (50-70
moles ATP for mole), both for osmotic adjustment and oxidative
stress protection in the cytosol (Raven, 1985; Cuin et al., 2009;
Shabala, 2013). Most of compatible solutes are N-containing
metabolites, such as amino acids, amines, and betaines (Mansour,
2000). Therefore, nitrogen availability is of pivotal importance
in plants under salinity. This is true not only for growth,
but also for the synthesis of these organic solutes involved
in osmoprotection (Krishna Rao and Gnanam, 1990; Silveira
et al., 2001). Nevertheless, salinity affects root nitrate influx
and loading of nitrate into the root xylem (Peuke and Jeschke,
1999), nitrate reductase activity (Abd-El-Baki et al., 2000; Carillo
et al., 2005), amino acid metabolism (Silveira et al., 2012), and
protein synthesis (Aslam et al., 1996). The imbalance between
nitrogen assimilation and protein synthesis under salinity could
be responsible for the increase of free amino acids in roots and
shoots of plants under salinity (Silveira et al., 2001). In particular,
salinity greatly increases the levels of proline and glycine betaine
in durum wheat (Munns, 2002; Carillo et al., 2008), as in other
Poaceae (Sairam and Tyagi, 2004; Carillo et al., 2005; Ashraf and
Foolad, 2007). In many halophytes, leaf concentration of proline,
GB or both contributes to the osmotic pressure in the cell as
a whole (Flowers et al., 1977). In glycophytes, proline and GB
have lower concentrations but, being partitioned exclusively to
the cytoplasm, which makes up about <10% of the volume of the
cell, they are able to determine significant osmotic pressure and
balance the vacuolar osmotic potential (Cuin et al., 2009).
Notwithstanding several studies have already been carried out
on durum wheat under salinity, most of them were performed
on leaves. Only few data concern the effects of salinity on root
metabolic profile, and how metabolite changes are related to

the physiology of cells and root tissues (Zubaidi et al., 1999;
Maggio et al., 2003; Carillo et al., 2005; Cuin and Shabala, 2007;
Cuin et al., 2008). Moreover, plant metabolic response to salt
stress can greatly differ depending on environmental factors in
the soil. One of these factors is that salinity in the fields is
normally distributed in patches (Richards, 1983) and therefore
heterogeneous (Sonneveld and de Kreij, 1999; Kong et al,
2012). Experiments carried out in hydroponics, a homogenous
environment, and in soils have given contrasting results. It has
been argued, thus, that it is more realistic to study the effects
of salinity in heterogeneous split root systems than by exposing
whole roots to specific levels of NaCl or at least comparing the
salt effect in the two different situations (Rahnama et al., 2011;
Bazihizina et al., 2012; Kong et al., 2012).

Since it is unquestionable that the elucidation of fundamental
molecular and physiological responses to salinity is instrumental
to improving crops salt tolerance, in the present study uniform
and non-uniform salinity have been simulated with a split-root
system in which the root system was divided into two equal
portions and each portion irrigated with 0 mM (control) or
100 mM NacCl (salt stress) solution and 10 mM KNO3. Moreover,
for the uniform salinity treatment (with the entire root system
grown at 0 or 100 mM NaCl), low and high nitrate concentrations
(0.1 and 10 mM KNOs, respectively) are applied.

These conditions are used to study physiological root
responses to salinity focusing on: (i) root ions accumulation
and effect on some physiological parameters; (ii) osmolytes
accumulation and contribution with ions to the osmotic balance
of the root cells; (iii) expression and activity of the main enzymes
involved in the synthesis of nitrogen-containing osmolytes; (iv)
antioxidant response.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of durum wheat (Triticum durum Desf. cv. Ofanto)
were supplied from the Center for Cereal Research of Foggia
(Ttaly) and germinated in the dark on filter paper moistened
with deionized water at 21°C. Thereafter, individual seedlings
were transferred to 4.5 L pots placed into a phytotron under
controlled conditions (16h photoperiod, 350 umol m~—2 s~!
PAR, thermoperiod 25:20°C day:night, 65% relative humidity).
Initially the pots contained distilled water, that was replaced
after 3 days with a modified (nitrogen-free) Hoagland medium
(Carillo et al., 2005), and then after other 3 days with Hoagland
medium containing 0.1 or 10 mM KNOj3. The nutrient solution
was continually aerated and replaced every 3 days.

Starting from day 10 of hydroponic culture, the medium was
supplemented with 50 mM NaCl, increased to 100 mM NaCl
1 day later. The gradual exposure of plants to the increasing
NaCl reflected that of field growing conditions, and prevented
salt shock (Woodrow et al.,, 2016). A subgroup of 10 mM KNOs3
grown plants was cultured in a split-root system with half of their
roots treated with or without 100 mM NaCl. The control plants in
the other pot from each group were grown without supplemented
NaCl. The root length of six replicate plants of each treatment
on days 5, 10, 15, and 20 of hydroponic culture was measured.
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The roots of 20-day-old plants were immediately used for the
determination of physiological and morphological parameters or
stored at —80°C.

Physiological and Morphological

Measurements

Roots were immediately weighed to obtain the fresh weight and
re-weighted after floating on deionized water for 24 h at 4°C in
the dark and after being dried at 70°C for 48 h. The relative water
content (RWC) was obtained as [(root fresh weight — root dry
weight)/(root turgor weight — root dry weight)] x 100. Water
potential was measured by using a pressure bomb (Scholander
etal., 1965). The root vigor index (RVI) was calculated as: RVI =
percentage germination (~88%) x average roots dry weight (in
mg) (Woodrow et al., 2016).

For light microscopy fresh root were cut in 2 mm or smaller
size pieces with a razor blade with the aid of a stereomicroscope.
Samples were placed on a glass slide in water, covered with a cover
slip and immediately examined. Microscopy was performed on
an Olympus BX51 microscope (Olympus Optical Co., Hamburg,
Germany) equipped with differential interference contrast (DIC).
Roots were examined at 20, 40, and 100 magnification; for
this latter a 100 oil-immersion objective was used. Images were
captured using a digital camera and CellPrism software.

lons, Osmolality, Hydrogen Peroxide, and

Metabolites Analysis

Ions were assayed according to Carillo et al. (2011). Root
sap osmolality was measured according to Cuin et al. (2009).
The amounts of hydrogen peroxide (H,O,) were determined
according to Baptista et al. (2007). Total proteins, starch and
sugars were evaluated according to Carillo et al. (2012). Total
fructans were measured according to Morcuende et al. (2004).
Fructan classes were determined according to Cimini et al.
(2015). Starch and total fructans were expressed as glucose
equivalents.

Primary amino acids, proline, and glycine betaine were
extracted and assayed according to Woodrow et al. (2016).
Ascorbic acid (ASCAc), dehydroascorbic acid (DHA), reduced
and oxidized glutathione (GSH and GSSG) were extracted as
described by Annunziata et al. (2012) and Woodrow et al.
(2012) and determined according to Queval and Noctor (2007).
Malondialdehyde was assayed according to Carillo et al. (2011).
Contribution of metabolites and ions to osmolality was calculated
according to Cuin et al. (2009) and Puniran-Hartley et al. (2014).

Enzyme Extractions and Assays

All the procedures for root enzyme extractions and assays
were carried out at 4°C. Enzymes were extracted according
to Gibon et al. (2004), except where differently indicated.
Asparagine synthetase (AS; EC 6.3.5.4) was extracted in roots
of 20-day-old plants and immediately desalted and assayed
in a solution containing 1 mM aspartate semialdehyde (an
inhibitor of asparaginase) and 1 mM amino(oxy)acetic acid
(an inhibitor of aspartate aminotransferase) according to Duff
etal. (2011). NADH-dependent glutamate synthase (Fd-GOGAT;
EC 1.4.1.14), glutamine synthetase (GS; EC 6.3.1.2), and

nitrate reductase (NR; EC 1.6.6.1) were assayed according
to Gibon et al. (2004). Phosphoenolpyruvate carboxylase
(PEPC; EC 4.1.1.31) was assayed according to Esposito et al.
(1998). Deaminating glutamate dehydrogenase activities (GDH;
EC 1.4.1.2) was determined according to Skopelitis et al.
(2007). Al-pyrroline-5-carboxylate synthetase activity (P5CS;
EC 2.7.2.11) was determined according to Parre et al. (2010).
For all assayed enzyme activities, parallel control experiments
were performed after desalting the extracts via centrifugal
filtration through Sephadex G-25 PD-10 columns (Amersham
Biosciences) equilibrated with Hepes-KOH 50 mM pH 7.5,
MgCl, 10 mM, dithiothreitol 1 mM and eluted by spinning at
1800 g for 1 min. The enzyme activities were expressed as jumol
h™! g7 Fw.

RNA Extraction and cDNA Synthesis

Total RNA was isolated from powdered roots according
to Woodrow et al. (2016). RNA quantity and quality were
determined spectrophotometrically using the NanoDrop
ND-1000 UV-VIS (Thermo Scientific, Wilmington, MA)
and separated on 1.5% agarose gel stained with SYBR
safe (Invitrogen). mRNA was purified from ~500 pg of
total RNA using a mRNA Isolation Kit (Roche) following
manufacturer’s instructions. First strand cDNA was synthesized
from 1 pg of mRNA by reverse transcriptase with both
random hexamer primers and anchored oligo dT according

to the instructions of the SensiFAST = cDNA Synthesis Kit
(Bioline).

RT-PCR and Gene Expression

Asparagine synthetase (Asnl, Asn2, Asn3), A-pyrroline-5-
carboxylate synthetase (P5CS), and nitrate reductase (NR) gene
expression analysis was carried out by semiquantitative RT-
PCR reactions, using Transcriptor High Fidelity cDNA Synthesis
Sample Kit (Roche). RT-PCR was performed in a total volume
of 50 pl containing 300 ng of the first strand cDNA reaction
products, 5 pl of FastStart Buffer with 20 mM MgCl,, 0.2
mM deoxynucleotides, 50 pmol of primers (Table S1), and 2
U of FastStart Taq DNA polymerase (Roche). RT-PCR analysis
was performed using gene-specific primers for Asnl, Asn2,
and Asn3 isoforms (Wang et al.,, 2005; Gao et al., 2016), NR
(Carillo et al., 2005; Wang et al., 2005), and degenerate primers
for P5CS (Woodrow et al., 2016) (Table S1). The amount
of TdAsnl, TdAsn2, TdAsn3, TdNR, and TdP5CS templates
mRNA levels were based on the comparison with the level
of the 190 bp mRNA for actin (Woodrow et al., 2010),
a constitutively expressed “house-keeping” gene. The semi-
quantitative PCR was used to estimate the transcript levels.
All PCR reactions included an initial denaturation step of 2
min at 95°C. Afterwards, in order to prevent amplifications
reaching the plateau phase, several dilution tests (1:5; 1:10;
1:15) were performed combined with various numbers of
cycles (30-35) with a denaturation step (30s at 95°C), an
annealing step (30s at 40-70°C), an extension step (2 min at
72°C), and a final extension for 7 min at 72°C. Finally the
experiments with a 1:5 dilution and 35 cycles were carried
out. Amplification products were visualized on 1.5% (w/v)
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agarose gels, using a UV light. Densitometric evaluation of DNA
bands was performed with the Imager 1D/2D software (Image
Lab v. 3.0, Bio-Rad). Band intensity was expressed as relative
absorbance units. Band signals were normalized using the actin
signals.

Cloning and Sequencing of P5CS cDNA

The 0.5 kb P5CS ¢cDNA amplification products were purified
from agarose gel and cloned into a pGEM-T Easy Vector system
II (Promega) by mixing 2 pL of amplified product with 25 ng of
pGEM-T Easy Vector, 3 U T4 ligase, and 1 pL ligation buffer in
10 pL volume. The ligation product was cleaned with sec-butanol
and precipitated with ethanol. The sample was resuspended in
10 wL of 0.5 M Tris-EDTA and transformed into Escherichia
coli cells. Twenty clones were sequenced by BMR Genomics
(Padova).

Statistical Analysis

Roots from six plants for each treatment were used for
determination of length, measurements of fresh and dry weight,
and water potential. The other analyses were performed on
four biological replicates for each treatment. The analysis of
variance (ANOVA) and the Pearson correlation analysis were
performed by SigmaPlot 12 software (Systat Software Inc.,
Richmond, CA, USA). The mean differences were compared to
their corresponding Least Significant Differences (LSD) at 0.05
and 0.01 confidence levels. A heat map generated in Excel (Carillo
etal., 2008) was used to summarize the plant responses to the salt
and light stresses. Results were calculated as log, (salt stress or
HL values/average of controls) and were visualized using a false
color scale, with blue indicating an increase and red a decrease
of values relative to those in control condition. No differences
were visualized by white squares. Principal component analysis
(PCA) on the different analyzed parameters was carried out
using Multibase 2015, an Excel add-in program for Windows
(http://www.numericaldynamics.com) according to Ciarmiello
et al. (2015).

RESULTS

Root Growth and Physiological Parameters
The extension rate of roots of wheat seedlings at low nitrate
(LNR) was higher than that of high nitrate roots (HNR) and
high nitrate split roots (HNSR) between day 10 and 15 either in
control and salt stressed plants (Figures 1A-C). Between day 15
and 20 in plants under salinity the extension rate of HNR and
HNSR strongly increased compared to LNR, and in particular in
HNSR it was significantly higher (P < 0.01) than in the other two
treatments (Figure 1C). Nonetheless, at day 20 the length of HNR
and HNSR was significantly lower (P < 0.05) than LNR either
under control or salinity treatment (Table 1). The fresh weight
of HNR was 1.4-fold higher than that of LNR, independently
of salinity. The fresh weight of HNSR in control conditions
did not differ significantly from HNR one, while that of HNSR
under salinity was about 3-fold smaller than that of salt stressed
HNR (Table 1). The root dry weight, showed a different pattern,
being similar in control and in salt stressed treatments (on
average 48.8 or 45.6 mg per plant, respectively), independently of
nitrogen treatment, with the exception of HNSR under salinity
that showed the lowest weight (14.6 mg per plant) (Table 1).

The RWC of control LNR and HNR and HNSR was about 92,
97, and 94%, respectively. Salinity halved the RWC in LNR and
decreased of about 8% that of HNR and HNSR (Table 1).

The root vigor index (RVI) was, on average, 43 in control
roots both at low and high nitrate. The RVI decreased by 22, 30,
and 70% of controls in LNR, HNR, and HNSR under salinity,
respectively (Table 1).

The root water potential (Y,,) was higher in control than in
salt stressed plants. Salinity reduced it from —0.40 and —0.25
MPa of control LNR and HNR, respectively, to values of about
—0.58 and —0.39. HNSR showed root Y, similar to that of LNR
either in control and salt stress treatment (Table 1).

lons and Hydrogen Peroxide Content
The concentration of chloride (Cl7) and sodium (Nat) in
roots of either control and salt stressed plants decreased when

(*p < 0.01; LSD-test).
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FIGURE 1 | Root extension rate of durum wheat roots cultured in 0.1 (LNR, A) and 10 mM KNO; with (HNR, B) or without (HNSR, C) split root system, under
control (O) or salt (100mM NaCl, @) conditions. Six replicate plants of each treatment were measured on days 5, 10, 15, and 20 of hydroponic culture. KNO3 was
added on day 5 and 100 mM NaCl was added from day 10. The values are means + SD (n = 6). Significant differences between treatments are indicated by asterisks

Time (d)
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TABLE 1 | Physiological parameters, ions and hydrogen peroxide, carbohydrates, MDA, ascorbic acid, and glutathione expressed per g fresh weight in
roots of durum wheat seedlings grown with 0.1 or 10 mM NO; (with or without root split system), under 0 or 100 mM NaCl.

0.1mM NOZ 10mM NO3 10mM NOj split
0mM NaCl 100 mM NaCl 0mM NaCl 100 mM NaCl 0mM NaCl 100 mM NaCl
PHYSIOLOGICAL PARAMETERS
Lenght (cm) 66.1 + 9.42 415 +3.7° 28.3 + 5.3¢d 22.8 + 2.5¢ 34.0 + 1.49 24.0 + 3.0°
Fresh weight (mg/plant) 544 + 642 402 + 34 750 =+ 63° 544 + 312 639 + 98° 139 + 169
Dry weight (mg/plant) 49.3 + 3.72 42.8 +1.6° 511 +4.32 481 + 4.6% 46.0 + 4.430 14.6 £ 1.0°
RWC 92.0 + 4.28° 43.4 +82P 96.9 + 3.42 88.9 + 1.3° 94.0 + 0.52 85.8 + 5.5°
Root vigor index 43.4 + 3.08° 37.7 + 1.04° 45.0 + 2,08 42.3 + 1,78 40.5 + 1.2¢ 13 + 0.7d
Root water potential (MPa) —0.40 + 0.092 —0.58 + 0.08° —0.25 + 0.04° —0.39 + 0.032 —0.30 + 0.06%° —0.56 =+ 0.05°
Sap osmolality (mOsmol kg=1) 343 + 362 575 4 55° 284 4 47° 543 + 61° 289 4 332 470 4 55°
Root/Shoot DW ratio 1.06 + 0.132 1.45 + 0.16P 0.55 + 0.04° 0.59 + 0.07°
IONS AND HYDROGEN PEROXIDE (.mol g~' FW)
Chloride 30.3 £ 2.72 111.8 £ 13° 23.6 & 2.0° 62.7 & 7.59 20.9 + 3.1¢ 59.7 + 1.6°
Nitrate 0.05 + 0.012 0.10 + 0.012 345 + 4.8° 23.4 + 4.9° 35.4 + 0.69 19.3 £ 0.5°
Potassium 119 + 132 87.3 + 6.4P 79.1 + 15.8° 113 £ 9.1@ 86.0 + 8.3° 98.0 + 10.0°
Sodium 19.2 & 1.722 101.3 & 140 10.5 & 1.1° 84.7 + 16.1° 14.1 + 2.6° 77.9 + 15.0°
Potassium:Sodium 6.22 + 0.702 0.86 + 0.11° 7.51 +0.622 1.33 & 0.14° 6.10 + 0.802 1.26 + 0.15°
Hydrogen peroxide 1.79 + 0.212 4.76 + 0.61° 1.18 & 0.24° 3.16 + 0.359 1.99 + 0.312 3.26 + 0.844
CARBOHYDRATES (wmol g=—! FW)
Starch (Geq) 16.6 & 2.62 14.4 + 3,52 13.0 £ 1.72 14.0 &+ 1.542 13.0 & 1.42 14.3 &+ 1.62
Hexoses 8.83 & 0.722 5.60 & 0.41P 6.06 & 0.87° 5.55 & 0.20° 6.04 & 0.61° 4.66 + 0.32°
Sucrose 5.11 + 0.312 8.60 + 0.91° 4.33 + 0.832 4.90 + 0.36° 6.17 + 0.702 5.86 + 0.842
Total fructans (Geq) 441 £ 5.32 30.9 £ 1.7P 9.13 & 3.27¢ 18.6 + 2.89 11.9 + 2.5C 14.5 + 1.7¢d
1-Kestose 5.69 + 0.272 4.85 + 0.32° 0.36 + 0.03° 0.89 + 0.124 0.46 + 0.07° 0.72 + 0.094
Inulin 0.38 + 0.062 0.63 + 0.10° 0.20 + 0.03° 0.158 =+ 0.02° 0.28 + 0.024 0.10 + 0.02¢
Nystose 1.216 + 0.0882 6.024 + 1.253° 0.533 = 0.045° 1.341 + 0.102 0.67 + 0.09° 1.10 £ 0.142
1-Fructofuranosylnystose 2.925 + 0.362 4.948 + 0.292° 1.652 + 0.2692¢  2.013 + 0.402 2.04 + 0.192 1,562 + 0.18°
Total fructans:Starch 2.83 + 0.332 214 + 0.24° 0.70 + 0.09° 1.33 + 0.119 0.92 + 0.13° 1.01 + 0.16°
MDA, ASCORBIC ACID, AND GLUTATHIONE (nmol g~ FW)
MDA 6.51 + 1.582 12.43 + 0.89° 18.2 & 1.8° 11.7 £ 1.3° 16.6 & 1.2¢ 14,5 + 2.96¢
AsAc 0.66 + 0.112 0.63 + 0.122 0.64 £ 0.12 0.77 £ 0.172 0.53 + 0.08? 0.85 + 0.13°
DHA 0.62 + 0.042 0.29 + 0.05° 0.64 + 0.082 2.45 + 0.36° 0.69 + 0.092 1.91 + 0.24°
AsAc +DHA 1.27 £ 0.102 0.92 + 0.14P 1.29 + 0.202 3.22 + 0.42° 1.22 £ 0.152 2.76 + 0.31P
DHA:AsAC 0.96 + 0.222 0.49 + 0.12° 1.00 & 0.152 317 +0.41° 1.30 & 0.222 2.25 + 0.354
GSH 20.2 + 1.62 4.0+0.3° 67.8 + 5.4° 70.3 + 5.6° 44.7 + 369 86.6 + 8.9°
GSSG 40.8 + 3.52d 9.5+ 2.0° 21.3 +1.7¢ 50.2 + 6.22 38.4 + 3.79 14.6 + 1.3°
GSH + GSSG 60.9 + 4.92 135 + 1.1° 89.1 £ 7.1° 120 + 114 83.1 + 6.7¢ 101 + 84
GSSG:GSH 2.02 +0.112 2.39 + 0.262 0.31 + 0.07° 0.71 + 0.06° 0.86 + 0.10° 0.17 + 0.019

Values are mean + SD (n = 4). Means in the same row with different letters are significantly different (p < 0.05, LSD-test). On the right a heat map summarizes the differences between

samples.

nitrate (NO3') concentration in the culture medium increased,
even though not significantly for Na™ under salinity, while
significantly for CI~. This latter was about 30 and 22 pmol g~}
FW in control LNR and HNR and HNSR and 112 and 61 pumol
g~! FW in salt stressed LNR and HNR and HNSR, respectively
(Table 1).

The Na™ content was 19.2 4 1.7 and 101 & 14 pmol g~! FW
in control and salt stressed LNR, and 10.5 £ 1.1 and 84.7 & 16.1
pwmol g=! FW in control and salt stressed oHNR, respectively.
The Na™ content of HNSR was similar to that of HNR (Table 1).

The NO3 concentration of roots at low nitrate was similar to
that of the nutrient solution, while in HNR and HNSR at 10 mM
KNOs it exceeded that of the nutrient solution by about 3.5- and
2.1-fold in control and salt stressed plants, respectively (Table 1).

Potassium (K') content ranged between about 87 and 110
pwmol g~! FW and was not significantly dependent on NO3
or salt treatment (Table1). The Kt to NaT content ratio,
which provides information about the potential of the plants to
discriminate the two ions (Gorham et al., 1990), was, on average,
6.7 in all control roots. This value was significantly decreased
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(p < 0.01) by the salt treatment to 0.86 and about 1.3 in salt
treated LNR and HNR, respectively (Table 1).

The hydrogen peroxide concentration of roots was 1.9 pumol
g-1 FW in control LNR and HNSR and 1.2 pmol g-1 FW
in control HNR. In response to salinity, its content increased
2.7-fold in LNR and HNR and 1.6-fold in HNSR (Table 1).

N-Containing Compounds

The total proteins of control roots of LNR and HNR and HNSR
were, on average, 3.3mg g~! FW. Salinity did not significantly
change their content (Table 2).

The total free amino acid concentration of roots of control
plants depended on nitrate nutrition, and was 3.6-fold higher
in HNR than in LNR (Table 2). Glutamate, proline, glutamine,
aspartate, and asparagine were quantitatively the major amino
acids representing about 58, 74, and 77% of total free amino
acids in LN, HN, and HNs control roots, respectively (Table 2).
Salinity significantly increased the free amino acid concentration
in LNR and HNR (1.5- and 1.4-fold, respectively, p < 0.01),
but not in HNSR. This result was mostly due to alanine,
asparagine, and aspartate which increased 2.8-, 2.8- and 2.5-
fold, respectively, in LNR, and to asparagine and proline which

TABLE 2 | Total proteins, free amino acids, glycine betaine (GB), and enzyme activities in durum wheat roots under 0.1 and 10mM NO; (with or without
root split system), under 0 and 100 mM NacCl.

0.1 mM NO3 10 mM NO3 10 mM NOj split
0mM NacCl 100 mM NacCl 0mM NacCl 100 mM NacCl 0mM NaCl 100 mM NaCl
Total proteins (mg g~ ' FW) 2.93 + 0.422 3.11 £ 0.50%0 3.45 + 0.36° 2.90 £ 0.212 3.62 + 0.29° 3.11 + 0.443
AMINO ACIDS AND GB (umol g—' FW)
Total free amino acids 2.57 4+ 0.142 3.85 + 0.22° 8.14 + 0.86° 11.3 + 0.84 10.1 + 0.9%d 9.22 + 0.66°
Alanine 0.11 +0.018 0.31 + 0.01° 0.75 + 0.06° 0.77 + 0.08° 0.59 + 0.004 0.63 + 0.06°d
Arginine 0.04 4 0.002 0.06 £ 0.00° 0.06 + 0.01° 0.09 £ 0.01¢ 0.07 £ 0.01° 0.06 £ 0.01°
Asparagine 0.11 4+ 0.012 0.31 £ 0.02° 0.27 + 0.05° 2.45 4+ 0.23° 0.72 + 0.069 0.75 + 0.11d
Aspartate 0.13 +0.012 0.32 £ 0.01° 1.23 + 0.13° 1.32 £ 0.12¢ 1.48 + 0.039 0.96 + 0.08°
Cysteine 0.03 + 0.002 0.04 + 0.00° 0.04 =+ 0.00° 0.05 & 0.00° 0.06 + 0.01¢d 0.07 £ 0.019
Glutamine 0.28 + 0.062 0.27 + 0.032 0.71 £ 0.13° 1.05 + 0.08° 1.51 + 0.01d 1.69 + 0.06°
Glutamate 0.56 + 0.032 0.94 £ 0.07° 3.26 + 0.48° 2.22 4 0.239 3.20 + 0.02° 2.45 + 0.199
Glycine 0.04 + 0.002 0.04 £ 0.002 0.06 £ 0.01° 0.06 = 0.00° 0.07 + 0.010¢ 0.09 =+ 0.01°
Histidine 0.08 + 0.012 0.09 + 0.012 0.13 & 0.02° 0.24 + 0.02° 0.16 + 0.009 0.13 + 0.01P
Isoleucine 0.11 +0.012 0.10 + 0.012 0.07 + 0.00° 0.13 + 0.01° 0.08 + 0.00° 0.06 + 0.004
Leucine 0.13 +0.012 0.11 +0.018 0.10 + 0.01P 0.13 + 0.012 0.10 + 0.00° 0.07 + 0.01°¢
Lysine 0.07 + 0.002 0.09 + 0.01° 0.03 + 0.01°¢ 0.07 + 0.012 0.05 + 0.01d 0.08 + 0.01°
Metionine 0.03 + 0.002 0.04 + 0.002 0.05 + 0.00° 0.05 + 0.00° 0.06 + 0.00° 0.05 + 0.00°
Phenilalanine 0.03 + 0.002 0.09 + 0.00° 0.19 + 0.06° 0.07 + 0.010¢ 0.08 + 0.01° 0.06 + 0.00°
Proline 0.41 4+ 0.032 0.54 + 0.02° 0.55 =+ 0.06° 1.50 + 0.10¢ 0.83 £ 0.11d 1.10 + 0.068
Serine 0.13 £ 0.012 0.18 & 0.00° 0.28 + 0.02° 0.39 + 0.044 0.32 £ 0.01° 0.41 £ 0.034
Threonine 0.09 + 0.022 0.09 + 0.012 0.16 £ 0.03° 0.20 + 0.02° 0.20 + 0.02° 0.17 £ 0.01°
Triptophane 0.06 + 0.002 0.07 + 0.022 0.03 = 0.00° 0.05 + 0.002 0.03 = 0.00° 0.02 + 0.00°
Tyrosine 0.02 + 0.002 0.02 + 0.002 0.05 & 0.01P 0.26 + 0.02° 0.28 + 0.04° 0.24 + 0.02°
Valine 0.11 +0.012 0.13 + 0.012 0.13 4 0.022 0.21 + 0.02° 0.17 +0.01°¢ 0.13 + 0.012
Glutamine:Glutamate 0.50 + 0.012 0.29 + 0.03° 0.22 + 0.03° 0.47 + 0.072 0.47 + 0.042 0.69 + 0.094
Amides 0.39 + 0.022 0.58 + 0.04P 0.98 + 0.07° 3.50 + 0.184 2.24 + 0.18° 2.44 + 0.03®
Minor amino acids 0.69 + 0.062 0.80 + 0.102 0.83 + 0.082 1.29 +0.11P 1.10 + 0.08P° 0.90 + 0.09°
BCAAs 0.36 + 0.042 0.34 + 0.032 0.30 + 0.022 0.47 + 0.040 0.35 + 0.032 0.25 + 0.02°
GB 0.86 4 0.132 2.58 + 0.30° 0.67 =+ 0.052 2.43 + 0.36° 0.70 £0.112 0.64 + 0.192
ENZYME ACTIVITIES (wmol h—1 mg=1 PROT)
AS 0.38 + 0.022 0.66 =+ 0.10° 0.73 £ 0.040 1.67 + 0.20¢ 1.02 + 0.159 0.96 + 0.12d
GDH 6.54 + 0.822 5.54 + 0.292 450 + 0.482 4.79 + 0.322 4.03 + 0.582 4.41 + 0.362
GOGAT 2.99 + 0.302 1.04 £0.11P 2.38 + 0.362 4.71 + 0.659 2.58 + 0.182 2.53 + 0.292
GS 18.1 + 1.7%¢ 19.6 + 1.12 9.82 + 0.75° 15.5 + 1.4° 9.49 + 1.05° 111 £ 1.3°
NR 5.81 + 0.612 3.77 + 0.36° 11.2 +1.87° 9.43 + 1.56° 9.40 + 1.51°¢ 8.57 + 0.66°
NiR 55.2 + 4.72 31.9 + 4.7° 63.6 + 2.8° 46.9 + 4.528d 53.6 + 4.42 411 +2.7d
P5CS 1.99 + 0.312 2.06 + 0.192 2.16 + 0.232 4.50 + 0.33° 3.35 + 0.42° 3.46 + 0.27°
PEPC 1.45 + 0.222 0.64 + 0.09° 2.08 + 0.17° 1.39 +0.132 1.569 + 0.152 1.26 + 0.182

Values are mean + SD (n = 4). Means in the same row with different letters are significantly different (p < 0.05, LSD-test).
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increased 9- and 2.7-fold, respectively, in HNR (Table 2). While
the slight decrease of free amino acids in HNSR under salinity
was mostly due to aspartate and glutamate which decreased
by 35 and 24%, respectively (Table 2). Glutamate content was
decreased by salinity by 32% in HNR, while increased by it
(1.7-fold) in LNR (Table 2, p < 0.01).

Salinity increased the glutamine to glutamate ratio by 2.2-
and 1.5-fold in HNR and HNSR, but reduced it by 42% in LNR
compared to respective controls (Table 2).

Salinity increased the minor amino acids content in HNR by
1.6-fold compared to respective control, and this increase was
mainly due to tyrosine and branched chain amino acids (BCCAs)
which increased 5.7- and 1.6-fold, respectively (Table 2).

The glycine betaine (GB) concentration in roots was highly
dependent on salinity except for HNSR, being, on average, 0.8
and 2.5 pmol g~! FW in control and salt stressed treatments
of LNR and HNR, independently of nitrogen nutrition. HNSR
showed a constant value of GB similar to that of LNR and HNR
control plants either in control and salt treated plants (Table 2).

Carbohydrates Content
Starch content, not significantly affected by nitrate nutrition and
salinity in roots, was, on average, 14 jtmol G g~! FW (Table 1).
Sucrose concentration was, on average, 5.2 wmol g~} FW
in all control roots and in salt treated HNR and HNSR, while
salinity increased its content by 1.7-fold in LNR (Table 1). Root
hexose content (glucose and fructose) was 8.83 & 14 pwmol g~*
FW in control LNR, while it significantly decreased (p < 0.05)
in all other treatments (on average, —37%) and in particular
in HNSR in which it almost halved (Table 1). Fructans content
was 44.1 and 10.5 pmol g’1 FW in control LNR and HNR
and HNSR, respectively (Table 3). Salinity significantly decreased
total fructans (—30%, p < 0.01) in LNR, while doubled them
in HNR. The total fructans to starch ratio had a similar trend
to fructans (Table 1). Among root fructans, nystose (GF4), 1-
Fructofuranosylnystose (GF4), and inulin (GF29 dahlia type)
increased under salinity of 5-, 1.7-, and 1.7-fold in control LNR,
respectively; while under salt stress only nystose was significantly
increased (p > 0.05) of 2.5- and 1.6- in HNR and HNSR,
respectively, but remaining at a concentration about 5-fold lower
than that found in LNR under salinity (Table 1).

Malondialdehyde, Ascorbic Acid, and

Glutathione

Malondialdehyde (MDA) levels were significantly higher (p <
0.01) in salt stress LNR compared to control ones. In HNR MDA
content was higher in control roots than in salt treated ones, while
HNSR shower a similar value that was, on average, 15.5 nmol g~
FW (Table 1).

Ascorbic acid (AsAc) level (Table 1) was, on average, 0.6 nmol
g~! FW in LNR and HNR, independently of salinity, and in
control HNSR. Salt stress HNSR showed an AsAc content 1.3-
fold higher than in the all other treatments. Dehydroascorbic acid
(DHA) was at the same concentration as GSH in control roots.
Salinity almost halved DHA in LNR, but strongly increased it in
HNR and HNSR by 3.8- and 2.8-fold, respectively. The ratio of
DHA/AsAc showed a similar trend to DHA (Table 1).

TABLE 3 | Relative contribution (%) of inorganic ions, amino acids, glycine
betaine, sucrose, fructans, and other metabolites toward the total
osmolality.

cLNR sLNR cHNR sHNR cHNRS sHNSR
Chloride 8.84 19.43 8.33 11.5 7.24 12.7
Nitrate 0.01 0.02 12.2 4.32 12.2 412
Potassium 34.7 16.2 27.9 20.8 29.8 20.9
Sodium 5.59 17.6 3.71 15.6 4.88 16.6
lons contribution 49.2 52.3 52.0 52.3 54.1 54.2
Total amino acids 0.75 0.67 2.87 2.08 3.49 1.96
Asparagine 0.03 0.05 0.10 0.45 0.25 0.16
Glutamine 0.08  0.05 0.25 0.19 0.52 0.36
Minor AA 0.10  0.06 0.11 0.09 0.12 0.05
Proline 0.12  0.09 0.19 0.28 0.29 0.23
Glycine betaine 0.25 0.45 0.24 0.45 0.24 0.14
Hexoses 257 097 2.13 1.02 2.09 0.99
Sucrose 1.49 1.50 1.52 0.90 2.14 1.25
Kestose 166  0.84 0.13 0.16 0.16 0.15
Inulin 0.11 0.11 0.07 0.03 0.10 0.02
Nistose 0.35 1.05 0.19 0.25 0.23 0.23
Fructofuranosyl nystose  0.85 0.86 0.58 0.37 0.71 0.32
Organic osmolytes 8.04 6.45 7.73 5.26 9.15 5.07
Other metabolites 428 413 40.2 425 36.7 40.7

Values are mean + SD (n = 4). The SD was lower than 13% of the average value.

Reduced glutathione (GSH) content was dependent on
nitrogen nutrition and salinity. In LNR, the GSH in control plants
was at the highest concentration in the HNR (67.8 nmol g~! FW)
compared with LNR (20.2 nmol g~! FW) and HNSR (44.7 nmol
g~ ! FW). GSH content was decreased by salt treatment in LNR
(—80%) while almost doubled in HNSR. Oxidized GSH (GSSG)
had a concentration of about 40 nmol g~! FW in LNR and HNSR
and of 21.3 nmol g~! FW in HNR under control conditions.
Salinity increased GSSG in HNR by 2.4-fold (p < 0.01), but
it strongly decreased its content in the other treatments. The
GSSG/GSH ratio was significantly higher (p < 0.01) in control
LNR, independently of salinity, compared to the other treatments
(Table 1).

lons and Metabolites Contribution to the
Root Osmolality

Durum wheat sap osmolality was, on average, 305 mOsmol kg~!
in all control roots, while it significantly increased (P < 0.01) after
salinity treatment, reaching a value about 1.7-fold higher than
that of the respective controls (Table 1). The relative contribution
of the inorganic ions to osmolality was on average 51.8 and
52.9% for control and salt stressed roots, respectively (Table 3).
In particular, the relative ion contribution toward osmolality
increased from 8.8 to 19.4% for chloride and from 5.6 to 17.6%
for sodium in LNR; while it varied from about 7.8-21.1% for
chloride and from 4.3 to 16.1% for sodium in HNR and HNSR.
On the contrary, the potassium contribution toward osmolality
decreased under salinity from 34.7 to 15.2% in LNR, and from
about 28.8-20.8% in HNR and HNSR. Only in HNR and HNSR,
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nitrate contribution toward osmolality decreased under salinity
from 12.2 to about 4.2%. It is interesting to note that the
contribution of nitrate and potassium together to osmolality was
of about 40% in controls while it decreased to 15 and 25% in LNR
and HN(S)R under salinity, respectively (Table 3).

The contribution of the measured organic osmolytes to
osmolality was, on average, 8.3 and 5.6% in control and salt
stressed roots, respectively. It was due for about 85 and 55% to
sugars in LNR and HN(S)R, respectively (Table 3).

According to Puniran-Hartley et al. (2014), it is possible to
speculate that other metabolites present in the cell can contribute
to osmolality, and their relative contribution can be calculated
as difference between the total sap osmolality (Table 1) and the
contribution of the measured major inorganic ions and organic
osmolytes shown in Table 3. The calculated organic osmolytes
contribution was therefore 50.8 and 48% in control LNR and
HNR, 47.7% in salt stressed LNR and HNR, and 45.8% for HNSR,
independently of salinity (Table 3).

lons and Metabolites Expressed in Terms

of Dry Weight

Given the salt stress induced-reduction of RWC in LNR and
of dry weight in HNSR, ions and metabolites results were also
expressed in terms of dry weight (Tables S2, S3). However, while
the data about LNR and HNR were in agreement with those
reported in literature, keeping almost unchanged the salt stressed
values to control values ratio (with fluctuations of <10%), the
amount of metabolites and ions in the salt stressed HNSR
samples were so concentrated to appear unlikely (about 3-fold
higher than other data previously reported). This finding made
difficult to carry out a proper effective comparison between
the concentrations of ions and metabolites when values were
expressed on a dry weight basis. In particular, the increase of ions
and metabolites concentrations coincided with a 4.6- and 3.1-fold
decrease of salt-treated HNSR fresh and dry weight compared
with the respective controls (Tables S2, S3).

Gene Expression

Nitrate reductase (NR), asparagine synthetase (Asnl, Asn2, Asn3)
and Al-pyrroline-5-carboxylate synthase (P5CS) genes showed
differential expression levels (Figure 2 and Figure S1).

Nitrogen increased the expression level of TdNR, being the
highest expression level found in HNSR independently of salinity
(Figure S1).

Three out of four isoforms of Asn present in wheat (Gao et al.,
2016) were considered (TdAsnl, TdAsn2, and TdAsn3), using
three different primer pairs, because they can be up-regulated
by nitrogen and/or salt stress (Wang et al., 2005; Antunes et al.,
2008; Gao et al., 2016). The three isoforms were expressed in all
treatments. TdAsnl and TdAsn3 expression was highly inducible
by nitrogen and salinity; it was detected at higher extent in HNR
and HNSR. While TdAsn2 was expressed at very low level in all
treatments (Figures 2A,C and Figure S1).

Using degenerate primers (formed of a mix of four
different combinations) we found an unique TdP5CS transcript
significantly up-regulated by salt stress independently of nitrogen
treatment (p < 0.01), even mainly expressed in HNR and HNSR.

In order to understand if also for P5CS different isoforms
are present in durum wheat, the PCR products were cloned
and the sequenced cDNA clones were used as a query in a
BLASTN search for all wheat A and B chromosomes with
the GrainGenes 2.0 database (http://wheat.pw.usda.gov/GG2/
index.shtml) and URGI database (https://wheat-urgi.versailles.
inra.fr/) (Barabaschi et al., 2015). T. durum is, in fact, an
allotetraploid plant with a AABB genome (2n = 4x = 28) formed
through hybridization between two separate but related diploid
species, T. monococcum or T. urartu (AA, 2n = 14) and T.
searsii or T. speltoides (BB, 2n = 14). Search results showed
an identity of 98-100% with the P5CS transcripts belonging to
T. durum cv. Strongfield, T. durum Cappelli, T. urartu, and
A. speltoideas plants. The alignment of the 20 P5CS transcript
sequences obtained (Figure S4) revealed two or three single point
mutations among clones, generating six different fragments of
similar size. These latter showed a high homology with four
nucleotide sequences identified on chromosomes 1B, 3A, 3B
(in two different locus) and 7A, according to Mayer et al.
(2014) which found that A and B sub-genomes contain very
similar proportions of genes (60.1-61.3%). The six different
transcripts were P5CS orthologs and paralogs (Wang et al,
2014).

Enzyme Activities

Nitrate reductase (NR) activity was dependent on nitrate
nutrition (Table 2). The NR activity was 5.8 & 0.6 and 11.2 +
1.9 wmol NO; h! mg’1 protein, respectively. Salt treatment
significantly reduced the NR activity only in LNR (—35%, p <
0.01). The activation state of NR in control roots was about 90%,
independently of nitrogen nutrition and salt treatment (Carillo
et al., 2005).

Nitrite reductase (NiR) activity was between 4.8- and 9.5-fold
higher than the NR activity in the same treatments. In particular
NiR activity was about 54 jtmol h™! mg~! protein in LNR and
HNR and HNSR and 64 pmol h~! mg~! protein in HNR. Salinity
decreased it by 42% in LNR and by about 23% in HNR and HNSR
(Table 2).

Glutamine synthetase (GS) activity, due only to the cytosolic
GS isoforms in durum wheat roots (Nigro et al., 2016), was,
on average, 18.9 pmol h™! mg™! protein in control and salt
stressed LNR. GS activity significantly decreased in control HNR
and control and salt treated HNSR (—46%, p < 0.01), while it
remained unvaried in salt treated HNR (Table 2).

Glutamate synthase (GOGAT) showed a similar activity in
control LNR and HNR and HNSR, that was, on average, 2.6
pmol h™! mg~! protein. Salinity significantly increased GOGAT
activity by 2-fold (p < 0.01) only in HNR, while significantly
decreased it in LNR (-65%, p < 0.01; Table 2).

Deaminating glutamate dehydrogenase (GDH) activity was,
on average, 6.0 and 4.4 jumol h™! mg! protein in LNR and HNR
and HNSR, respectively, independently of salinity (Table 2).

In response to salinity, AS activity increased of 1.8 and 2.3 in
LNR and HNR compared to the respective controls, reaching 0.66
and 1.67 pmol h™! mg~! protein, while it did not significantly
vary (p > 0.05) in HNSR independently of salinity (Table 2;
Figure 2E).
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0.05, LSD-test).
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FIGURE 2 | Asparagine synthetase (Asn1, Asn2, and Asn3) (A) and A1-pyrroline-5-carboxylate synthase (P5CS) (B) genes and their relative densitometric
quantification normalized using the actin signals (C,D), the AS (E) and P5CS (F) enzymatic activities, the content of asparagine (G), and proline (H) in roots of control
() and salt stressed (M) plants. Plants were subjected to salt stress starting from day 10 of culture. Control plants were grown without NaCl addition. Plants were
harvested after 20 days of hydroponic culture. The values are mean + SD (n = 4). Different letters above bars indicate significant difference between treatments (p <

Phosphoenolpyruvate carboxylase (PEPC) activity was about
1.5 wmol h™! mg™! protein in LNR and HNSR and 2.1 pmol
h~! mg~! protein in HNR. Salinity significantly decreased it in
LNR (—56%) and HNR (-33%) (p < 0.01; Table 2).

A1l-pyrroline-5-carboxylate synthetase (P5CS) activity was,
on average, 2.9 pmol h™! mg™! protein in control and salt
stressed LNR and control HNR, and 4.8 umol h=! mg™! protein
in HNSR. Salinity increased significantly HNR activity by 2.1-fold
(Table 2, p < 0.01).

Microscopy of Root Tips

Root tips of durum wheat plants were observed by DIC
microscopy (Figure 4). In Figure 1A, a salt stressed root tip was
divided in three zones pointing out the meristem (1), elongation
(2), and mature cells (3). The root tips from control plants were
characterized by densely packed tissues with small intercellular
spaces (Figure 4B). Root tips from salt stressed plants showed

extensive vacuolization and lack of typical organization of apical
tissue; moreover a slight plasmolysis due to a lack of continuity
and adherence between cells was present with a tendency to
the arrest of growth and differentiation (Figure 4C). At higher
magnification the presence of salt crystals between the wall and
the cell membrane, and in vacuoles (though smaller) and plastids
were observed (Figure 4D). The lack of cuticle in the roots
allowed to exclude the silicon nature of these aggregates. These
latter were not visible in control root tips (not shown).

Statistical Analysis

The principal component analysis (PCA) of all analyzed
parameters expressed for fresh weight showed a well-defined
separation among samples from the different treatments. The
first two principal components accounted for 63.5% of the
variation. The PCA scatter-plot split the samples into five main
groups. Nitrogen nutrition contributed to the clear separation
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on component 1 (PC1), which described 42% of the variability,
while salinity contributed to separation on PC2, which described
21.5% of the variability (Figure S2A). In the Figure S2B only the
top 10 contributors were highlighted. In particular, asparagine,
proline and minor amino acids highly influenced the salt stressed
HNR and HNSR samples grouped in the first quadrant. GB,
fructans to starch ratio and sucrose influenced the salt stressed
LNR samples in the second quadrant. While potassium to sodium
ratio and root Yy influenced control HNR, and nitrate and MDA
influenced control HNSR both present in the fourth quadrant.
In the Figure S3, the PCA of all analyzed parameters expressed
for dry weight showed an unforeseen separation among salt
stressed HNSR samples from all other different treatments. The

first two principal components accounted for 82.7% of the
variation. The PCA scatter-plot split the samples into three main
groups. Salt stressed HNSR clustered on the border between
the fourth and the first quadrant, fully separated from all other
HN(S)R samples grouped in the second quadrant, and the LNR
samples present in the third quadrant (Figure S3).

A heat map representing the changes in metabolite levels in
shoots under different treatments provided an integrated view
of the effect of nitrogen nutrition and salinity on durum wheat
roots (Figure 3). The most interesting result was the strong
increase induced by salinity of GB and sucrose in LNR and of
GB, asparagine and proline in HNR. While no differences were
found between control and salt stressed HNSR.
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FIGURE 3 | Heat map analysis summarizing the plant responses to nitrogen nutrition and salinity. Results were calculated as Logarithm base 2 (Logp) of salt
stressed values/control values (S/C) or high nitrogen/low nitrogen (HN/LN) for all the treatments, LN, HN, and HNgpjit (LNR, HNR, and HNSR). Results were visualized
using a false color scale, with blue indicating an increase and red a decrease of values relative to those in control condition. No differences were visualized by white
squares.
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DISCUSSION

Durum wheat, as other plants, displays elaborate root plastic
responses to a heterogeneous environment such as soil, in which
nutrients and salts concentration in the circulating solution
can be extremely spatially and temporally variable, actively
prioritizing growth toward nutrients, or trying to limit its
exposure to salinity (Bazihizina et al., 2012; Galvan-Ampudia
et al., 2013; Nacry et al,, 2013; Kiba and Krapp, 2016; Koevoets
etal., 2016).

Durum wheat root extension was, in fact, highly induced by N
limitation (Table 1) as already found in a wide range of species,
including maize and Arabidopsis (Roycewicz and Malamy, 2012).
Moreover, nitrogen affects the distribution of sugars across plant
organs (Lemoine et al, 2013), and in particular N-limitation
determined an accumulation of carbohydrates in LNR which
was correlated with higher root growth rate and root/shoot ratio
(Marschner, 1986; Stitt et al., 2002; Remans et al., 2006).

Since nitrogen is acquired entirely by the root system, the
increase in the root/shoot ratio allows plants to have more
chances to obtain nitrogen to sustain growth (Roycewicz and
Malamy, 2012). This is in agreement with the fact that plants,
in response to a shortage in mineral nutrition, allocate more
resources to the organs involved in mineral acquisition, for
increasing root surface and allowing a more efficient exploitation
of nutrients in relation to their spatial distribution in the
soil (Stitt, 1999; Stitt et al.,, 2002; Zhang and Pilbeam, 2011).
Moreover, high level of nitrate in the medium resulted in a
higher root weight but a decrease of root length and root/shoot
ratio, probably dependent on the accumulation of nitrate itself in
the plant (Stitt, 1999; Roycewicz and Malamy, 2012) (Table 1).
On the contrary, salinity and, even more, N-limitation and
salinity reduced not only durum wheat extension rate and
consequently root length, but also fresh and dry weight as well
as root vigor index in agreement with earlier studies (Neumann
et al, 1994). Reduction in root extension rates might come
from the marked lowering of root turgor and water potential
(Rodriguez et al., 1997), as also reported in other species (Qin
et al., 2010). However, Neumann et al. (1994) reported that
lower root extension in maize could be related to hardening
of cell walls and not to changes in water potential. Indeed, in
wheat roots the apical zone showed signs of wall hardening,
with a tendency to the arrest of growth and differentiation
(Figure 4).

Partial salt stress applied through split-root system affected at
the highest extent the part of the root exposed to salt. The strong
reduction of HNSR length and weight in the fraction of root
treated with salinity vs. the significant increase of control HNSR
ones is in agreement with the compensatory growth described
in non-stressed areas of root systems under stress (Schumacher
and Smucker, 1984). Plants with split roots probably make the
salt stressed part stop growing because there is the other root
part that can work for the uptake of water and nutrients. This
allows the salt stressed HNSR to accumulate large amounts of
organic compounds by spending all the available energy (also
that needed for growth) without jeopardizing shoot growth and
survival.

Whereas, the better conditions of salt stressed HNR compared
to LNR ones can be explained by the ability of these plants to
realize an osmotic adjustment that maintains a high RWC even
at low root water potential, resulting in maintenance of turgor
and prevention of tissue desiccation (Morgan, 1984). Osmotic
adjustment helps cells to withstand salt stress by maintaining
sufficient turgor for growth and metabolism to proceed and
involve transport, accumulation, and compartmentation of
inorganic ions and compatible solutes (Munns, 2002; Carillo
etal., 2008, 2011; Wu et al., 2015).

The increase of salinity not only increased the absolute
value for chloride and sodium in the sap, but also the relative
contribution of these ions to osmolality (Puniran-Hartley et al.,
2014), being the total contribution almost stable. In fact, since
the synthesis of osmolytes has a huge cost (50-70 moles ATP
for mole; Raven, 1985; Shabala, 2013), it is highly unlikely that
the cell could adjust the ion balance only by increasing de
novo synthesis of compatible metabolites (Shabala, 2013). On
the contrary, the increase in root sodium and chloride content
suggested that durum wheat cells could use these ions as a
cheap osmoticum for turgor maintenance by sequestering them
in vacuoles (Puniran-Hartley et al., 2014). At the same time
the osmolarity of cytosol was matched with that of vacuole by
the reshaping of few classes of metabolites (N-containing ones
and sugars) used for multiple purposes, that is as osmolytes
and for protection against oxidative stress. Indeed, an ~100
mOsm increase in organic osmolytes level between control and
salt stressed roots (Table 1) is enough to osmotic balance the
root cell, assuming most of them are located in the cytosol
and that the cytosol represents <10% of the root cell total
volume fraction (Cuin et al., 2009), while vacuoles and apoplast
occupy almost 85 and 5% of it, respectively (Munnich and
Zoglauer, 1979; Lee et al., 1990; Patel et al., 1990; Rodriguez et al.,
1997).

GB, one of the main nitrogen-containing compatible
osmolytes found in durum wheat under salt stress (Carillo
et al., 2005; Ashraf and Foolad, 2007; Carillo et al., 2008), was
accumulated at the same extent in LNR and HNR under salinity
being independent of nitrate treatment, but dependent on
salinity (Figure 1A). The lack of an influence of N nutrition
on GB accumulation in roots suggests that organic N reserves
within the plant can be mobilized to satisfy the demand resulting
from salt stress (Carillo et al., 2008). GB and sucrose, but not
proline, played a major role during osmotic adjustment of LNR
under salinity (Figure 3 and Figure S2).

In HNR proline contribution to the osmotic adjustment
increased while that of sucrose decreased (Table 3). A strong
correlation was found among proline content, P5CS activity,
TdP5CS transcript (r > 0.94; P < 0.001). This result suggested
that at high nitrate salt stress can induce TdP5CS gene expression
and activity causing a de novo synthesis and accumulation of
proline according to (Strizhov et al., 1997; Carillo et al., 2008).
Moreover, the presence of P5CS orthologs and paralogs could
satisfy the need for high amounts of proline or provide an
efficient means for a differential transcriptional regulation in
response to stress (Long and Dawid, 1980; Rai and Penna,
2013).
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point out the meristem, elongation, and mature root zones, respectively.

FIGURE 4 | Root tips of durum wheat grown in absence (B) or presence of 100 mM NaCl (A,C-E) observed using DIC microscopy. In A the numbers 1, 2, and 3

Fructans, which were highly concentrated in low nitrate
treatment independently of salinity, increased in HNR under
salinity compared to the respective control while the other
carbohydrates remained constant (Table1). One of the
advantages of accumulation of fructans in the protection against
abiotic stress is the high water solubility of these carbohydrates
(Livingston et al., 2009). Accumulation of fructans can contribute
to membrane stabilization (Valluru and Van den Ende, 2008)

and, even indirectly, to the release of sugars which can take part
in osmotic adjustment reducing the cytosol water potential and
allowing root cell expansion under salt stress (Krasensky and
Jonak, 2012).

Glutamate and glutamine highly increased in control HNR.
Their increase in roots in presence of nitrate as nitrogen source
is supported by several studies and explained by the nitrate
induction of the GS-GOGAT pathway specifically localized in
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the proplastids of roots. This latter is a pathway not available
for ammonium assimilation in the absence of nitrate (Britto and
Kronzucker, 2002). Glutamate decreased in HNR under salinity
according to Woodrow et al. (2016) (Table 2). The decrease
of glutamate could depend on its use as nitrogen donor in
biosynthetic transamination for the production of amides, in
particular asparagine which strongly increased in salt stressed
HNR (Forde and Lea, 2007) (Table2, Figures2G, 3). The
increase of asparagine was probably due to a de novo synthesis
catalyzed by the isoforms of asparagine synthetase TdAsnl and
TdAsn3, which were strongly induced by simultaneous salinity
and high levels of nitrogen metabolites (e.g., glutamine and
glutamate; Lam et al., 1994; Wang et al., 2005; Lea et al., 2007; Gao
et al,, 2016). In particular, a very strong correlation was found
between TdAsnl, AS, and asparagine (r > 0.92; P < 0.001). The
up-regulation of AS genes by salt and other abiotic stresses were
also reported in maize and Arabidopsis (Chevalier et al., 1996;
Wong et al., 2004).

The increase of asparagine, as well as glutamine, has
been previously reported in wheat leaves (Carillo et al,
2005; Wang et al, 2005), as well as its possible role in
osmotic adjustment, macromolecule protection and ammonium
detoxification (Herrera-Rodriguez et al., 2004). Minor amino
acids significantly increased only in salt treated HNR, potentially
functioning both as compatible compounds and antioxidant
(Woodrow et al., 2016). Their variations can depend on an
increase of carbohydrates and/or amides (Noctor et al., 2002;
Fritz et al., 2006) or on changes of glutamine to glutamate ratio
(Table 2).

The significant increase of total amino acids in salt stressed
HNR was not replicated in HNSR in the same conditions
(Table 2).

However, the total contribution of GB, amino acids and
soluble sugars to osmolality in root tissues was quite low,
about 5.6% in all roots under salinity. This means that different
compounds accounting for about 41.5% of total osmolality,
were accumulated in roots and participated to the osmotic
balance and oxidative stress protection of root cells under salt
stress.

Total ascorbate (AsAc) and glutathione (GSH), which are of
paramount importance in the prevention or repair of damages
deriving from ROS (Noctor and Foyer, 1998), increased only
in salt stressed HNR and HNSR, as well as GSSG to GSH
ratio and DHA to AscAc ratio, with the exception of GSSG to
GSH ratio in salt treated HNSR (Table 1). This indicates that
the ASC-GSH cycle did not play a crucial role for scavenging
ROS especially under simultaneous high nitrate and salinity
condition.

In LNR, MDA, a marker of lipid peroxidation and therefore,
indirectly, of cell damage, was significantly increased under
salt stress treatments and was well-correlated with hydrogen
peroxide accumulation (Table 1). Unexpectedly, high levels of
MDA were found in control HNR and HNSR where low
levels of hydrogen peroxide were present. Schmid-Siegert et al.
(2012) has reported that MDA in roots cannot derive from

lipid peroxidation of polyunsaturated fatty acids. The aldehyde
is pathogen-inducible in these regions and its level can be
increased by cellular mediators that are involved both in defense
and growth.

CONCLUSIONS

Durum wheat roots under salinity showed few changes in
selected metabolites which allowed the plant viability even at
low nitrate. This metabolic rearrangement was necessary to
meet the demand for anti-stress agents including compatible
solutes and antioxidants (Obata and Fernie, 2012). Thus, while
the sodium was used as osmoticum in the vacuole, mainly
glycine betaine, sucrose, nystose, and 1-fructofuranosylnystose
at low nitrate, and glycine betaine, asparagine and proline at
high nitrate were responsible for the osmotic adjustment, the
assimilation of the excess of ammonium and the scavenging
of ROS under salinity in the cytosol. The strong increase
of the sole asparagine and glutamine in HNSR, either
in control and salt stress conditions, suggests that the
stress-induced adjustment is not a regional effect. On the
contrary, the plant operates as an integrated system in which
metabolic stress-induced signals spread in the plant and
change the metabolism even in areas in which the stress
conditions are not present. Notwithstanding this, different
parts of plant root systems may behave as physiologically
autonomous units, differing their responses to environmental
signals (Gasparikova et al., 2002), and preserving their own
capability to supply the shoots with water, nutrients or assimilates
(Shani et al., 1993). In this way one part of the root system
can compensate the plant for a decreased supply or a loss of
functionality by the other part, optimizing plant viability under
heterogeneous water, nutrients or stressing conditions (Shani
etal, 1993).
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Salt Stress Affects the Redox Status
of Arabidopsis Root Meristems
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We report the redox status (profiles) for specific populations of cells that comprise the
Arabidopsis root tip. For recently germinated, 3-5-day-old seedlings we show that the
region of the root tip with the most reduced redox status includes the root cap initials,
the quiescent center and the most distal portion of the proximal meristem, and coincides
with (overlays) the region of the auxin maximum. As one moves basally, further into the
proximal meristem, and depending on the growth conditions, the redox status becomes
more oxidized, with a 5-10mV difference in redox potential between the two borders
delimiting the proximal meristem. At the point on the root axis at which cells of the
proximal meristem cease division and enter the transition zone, the redox potential
levels off, and remains more or less unchanged throughout the transition zone. As cells
leave the transition zone and enter the zone of elongation the redox potentials become
more oxidized. Treating roots with salt (50, 100, and 150 mM NaCl) results in marked
changes in root meristem structure and development, and is preceded by changes in
the redox profile, which flattens, and initially becomes more oxidized, with pronounced
changes in the redox potentials of the root cap, the root cap initials and the quiescent
center. Roots exposed to relatively mild levels of salt (<100 mM) are able to re-establish
a normal, pre-salt treatment redox profile 3-6 days after exposure to salt. Coincident
with the salt-associated changes in redox profiles are changes in the distribution of
auxin transporters (AUX1, PIN1/2), which become more diffuse in their localization. We
conclude that salt stress affects root meristem maintenance, in part, through changes in
redox and auxin transport.

Keywords: redox, auxin, root, meristem, Arabidopsis, salt-stress

INTRODUCTION

Increases in soil salinity present a notable challenge to agriculture. As a consequence of human
activities, many once fertile lands are becoming less productive due to increased salts. Additionally,
alterations in rainfall patterns, often associated with climate change, result in less rainfall and hence
less leaching from soils of accumulated salts and minerals. As well, the increasing use of more
marginal lands for farming often means that growers have to contend with naturally occurring
high levels of salts. In total, the FAO estimates that the accumulation of salts impacts on the
agricultural production of over 397 million hectares (FAO, 2005). The effects of salts on plant
growth and development are numerous, with the severity dependent on the concentration(s) of
the salts, the sensitivity of the crop to the salts, and on the capacity of the plants to tolerate or
mitigate the effects of the salts (Munns, 2005). Focusing specifically on the influences of salts on
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roots, typical salt-related effects include decreases in root
elongation (Potters et al., 2007; Bernstein, 2013), changes in
root architecture (Julkowska et al., 2014), changes in the root
gravity response (“halotropism”; Sun et al., 2008), and changes
in root anatomy, including decreases in cell size, a reduction in
cell division, and alterations in patterns of differentiation, as, for
example, the differentiation of the Casparian strip unusually close
to the root meristem (Hajibagheri et al., 1989). The inhibition
of root elongation by salt is most often linked to a decrease in
the amount of cell expansion in the root elongation zone (Zhong
and Lauchli, 1993; West et al., 2004; Bustos et al., 2008). But the
final length of a root is not only dependent on cell elongation
but also on how many cells are available to elongate. In this
regard West et al. (2004) show that the response of roots to salt
stress also involves an inhibition of the cell cycle, so that cells
comprising the meristem stop dividing at a smaller size, resulting
in cells elongating closer to the root tip. As a consequence, root
meristems in salt-stressed roots are generally reduced in size and
therefore produce fewer cells to elongate (Kurth et al., 1986;
Zidan et al., 1990; Azaizeh and Steudle, 1991). In summary,
as noted by Bernstein (2013) and others (West et al., 2004),
the available evidence suggests that salinity inhibits root growth
through a combination of the effects of salts on both cell division
and cell elongation.

Much of the work investigating the physiological, biochemical
and molecular bases for salt-associated changes in roots has
focused on the root meristem (Bernstein, 2013). Evidence points
to salinity, in part, affecting meristem structure and function as a
consequence of salt-induced changes in the distribution of auxin
transport proteins (members of the PIN protein family; Chavez-
Avilés et al., 2013), resulting in changes in the patterns of auxin
distribution at the root meristem. Recently, Iglesias et al. (2014)
advanced the notion that suppression in auxin signaling may
be a way in which plants modify (increase) their tolerance to
salinity, and these workers showed that this mechanism involved
a repression by NaCl of the Aux/IAA repressors. A more general
physiological response of roots to salinity is the onset of oxidative
stress, characterized by an increase in, and accumulation of
various reactive oxygen species (ROS), such as OH- and H,O;.
Toxicity is generally associated with the induction by ROS
of a cascade of reactions resulting in the initiation of a
variety of physiologically detrimental processes (Bernstein, 2010;
Hernandez et al., 2010). With regard to ROS toxicity, much effort
has been directed to understanding the antioxidant mechanisms
that plants use to mitigate the effects of salinity-induced ROS,
with a focus on the salt-stress-induced changes in the activities of
antioxidant (ROS-detoxifying) enzymes (Dat et al., 2000; Mittler,
2002; Apel and Hirt, 2004). Not surprisingly, salt-stress-induced
changes in the roots antioxidant response are reported to be
spatially and temporally variable, and likely also linked to the
developmental stage of the root tissues and cell types (Hernandez
etal., 2010).

Although ROS production is generally considered to be
detrimental, there is convincing evidence that ROS may also
have a dual role, and function positively to promote many
developmental processes, such as signaling and cell expansion
(Rodriguez et al., 2002; Foreman et al., 2003; Rubio et al.,
2009; Shoresh et al., 2011). Therefore, maintaining a balance,

or homeostasis in ROS 1is considered central to normal
development, as suggested earlier by Kerk and Feldman (1995)
and Jiang et al. (2003) for the organization of the root meristem.
Thus, based on an appreciation of this dual role for ROS, and
on the hypothesis that salt stress causes changes in root ROS
homeostasis, an important question to ask is, how is ROS status
affected in roots treated with varying levels/periods of exposure
to salinity? Surprisingly, little information addresses this central
question. Not only are data lacking on the redox status of salt-
stressed roots, but as well, little is known of the redox status
for non-stressed roots. Using redox sensitive dyes investigators
have demonstrated relative levels of particular species of reactive
oxygen, but these results are mostly qualitative, often specific for
one type of reactive oxygen species, and thus not a measure of
the overall redox state of the tissue (Shin et al., 2005). Here, we
report on the overall redox status in Arabidopsis roots in non-
stressed and also in saline environments. We focus on the root
meristem (terminal mm of the root) because it is here where
many salt-sensitive processes (e.g., cell division and elongation)
predominately occur. We report, for the first time, the redox
potentials for various regions of the root meristem in relation
to imposed salt stress. We show that different regions of the
root respond uniquely to salt stress, not only spatially, but
temporally as well. Moreover, the differing responses to varying
levels of salt point to mechanisms, and to limitations used by
roots to adjust (or not), to saline soils. For this effort we employ
Arabidopsis seedlings which express a redox-sensitive reporter
(roGFP) (Hanson et al., 2004) that we have previously described
(Jiang et al., 2006), and which has also been used recently for a
determination of redox status in plants exposed to drought stress
(Brossa et al., 2013).

MATERIALS AND METHODS
Plant Material

For measuring and monitoring redox potentials seed of
Arabidopsis thaliana transgenic line c-roGFP (Jiang et al.,
2006) were used. For auxin-related experiments the following
Arabidopsis transgenic marker lines were used: DR5:GUS
(Ulmasov et al., 1997), PIN1:GFP (Friml et al., 2002); PIN2:GFP
(Xu and Scheres, 2005), AUXI1:YFP (Swarup et al., 2004).
The expression patterns of each of these promoter lines were
visualized using a Zeiss LSM710 confocal microscope. For GUS
staining, seedlings were placed in the GUS solution (Ulmasov
et al., 1997) for 1 h at 37°C, after which time the roots were fixed
(ethanol:acetic acid, 3:1) and then mounted in chloral hydrate.

Salt-Stress Treatment

Seeds expressing the c-roGFP (Jiang et al, 2006) were
surface sterilized and plated on 0.5x MS agar (41% sucrose)
supplemented with varying concentrations of NaCl (0, 50, 100,
and 150 mM) and then incubated for 3 days at 4°C, following
which the plates were transferred to a growth chamber (16h
photoperiod, 23.5°C). After varying periods of time (3-9 days) on
the NaCl-supplemented agar media, the vertically-oriented Petri
dishes on which the seedlings were growing were re-oriented to
the horizontal and placed directly on the stage of the microscope.
A coverslip was affixed and measurements made of the redox
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status of the root meristem. For each time point (i.e., 3, 6, and
9 days) n = 16. The controls for all three time points (n = 48)
are averaged to give an overall control plot as seen in Figure 1.
(Supplementary Figure 1A shows the three individual plots used
to obtain the average shown in Figure 1). In order to assess the
effects of short periods of exposure to salt (3, 6, 12, and 24 h), the
experimental set-up had to be modified so that roots could reach
a developmental stage suitable for observation (at least 3-5 days
after germination). For these short time-exposures, salt-stress
experiments seeds were sterilized and plated on salt-free 0.5x MS
medium supplemented with 1% sucrose, incubated in cold for
3 days, and allowed to germinate with the Petri plate oriented
vertically for an additional 5 days (16 h photoperiod) at 23.5°C.
Subsequently the vertically-oriented plates were immersed in
150mM NaCl in 0.5x MS (no sugar) so that only the roots
were submerged in the salt-supplemented liquid medium. After
a 3h exposure to salt the redox status of the root, which
remained attached to the agar medium, was measured. After each
measurement the Petri dish was returned to the vertical position
and re-immersed in the same liquid salt solution, as before. Redox
measurements were again made on the same roots after 6, 12,
and 24 h additional exposure to salt. After the final measurement
(at 24 h) the roots were treated with H,O; followed by DTT, in
order to normalize for calculating redox potential (as described
in Jiang et al., 2006). A control curve, for short-term exposure
to salt (Figure 1) was obtained by averaging the four individual
control plots (immersion in 0.5x MS only) for 3, 6, 12, and 24h
(n = 8 for each time point; Supplementary Figure 1B).

Ratiometric Measurements of Redox
Status

Ratiometric measurements were made as described previously
(Jubany-Mari et al, 2010). Briefly, a Nikon Diaphot FN600
microscope fitted with Plan Fluor 10x/0.30NA dry objective
and a Chroma Technology Phluorin filter set (exciters D410/30
and D470/20, dichroic mirror 500DCXR, emitter HQ535/50)
microscope was used. Images were captured of the entire terminal
mm of the root using a Hamamatsu Orca-100 cooled CCD
camera (Hamamatsu Corp.). Emission data (fluorescence) were
collected over time and processed using MetaFluor 6.1 image
analysis software (Molecular Devices), which controlled both
filters and the data collection, as detailed by Jiang et al. (2006).

Measurements of redox status were performed by focusing
on the median plane of intact roots, which raises the
question of whether the redox values measured in this manner
provides accurate readings of median plane redox status. By
acquiring a “z” stack of optical sections using a Zeiss LSM710
confocal microscope, equipped with a 20x objective, we were
able to confirm that redox potentials measured using the
aforementioned Nikon microscope set-up accurately reflects
redox status as measured using a confocal microscope focused
on the median plane (data not shown).

Root Anatomy; Measurements of Internal

Cellular Characteristics
After various times on the salt-supplemented media root lengths
we