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Preface

Nutrient Use Efficiency in Plants: Concepts and Approaches is the ninth volume in
the Plant Ecophysiology series. It presents a broad overview of topics related to
improvement of nutrient use efficiency of crops.

Nutrient use efficiency (NUE) is a measure of how well plants use the available
mineral nutrients. It can be defined as yield (biomass) per unit input (fertiliser,
nutrient content). NUE is a complex trait: it depends on the ability to take up the
nutrients from the soil, but also on transport, storage, mobilization, usage within the
plant, and even on the environment. NUE is an important contributor to growth
control and yield; the same levels of nutrients may cause growth and yield penalty
in one species or variety but not in another one. NUE is of particular interest as a
major target for crop improvement. Improvement of NUE is an essential
pre-requisite for expansion of crop production into marginal lands with low nutrient
availability but also a way to reduce use of inorganic fertiliser. Aspects of NUE
have been covered in detail within the Plant Ecophysiology series, in the volumes
on nitrogen, phosphorus, sulfur, or root physiology. In this volume, the expanding
field of nutrient use efficiency is comprehensively discussed, with the aim to
present the current approaches, concepts, and ideas on how to better understand
the genetic control of NUE and how to use this knowledge for its improvement.

This volume, however, is special not only because of the new topic. It is also a
presentation of a Marie Curie Initial Training Network BIONUT-ITN (BIOchem-
ical and genetic dissection of control of plant NUTrition). BIONUT-ITN is a
network of eight research institutions and one company who came together to
provide state-of-the-art research training in different aspects of plant nutrient use
efficiency. The individual student’s projects have been linked to ensure that a fully
integrated approach is taken to get the whole picture of plant nutrition. This
integration is a key feature of the network, as it advances the science beyond
focusing on one mineral nutrient, such as nitrogen or sulfur, to look at the combined
nutritional needs of the plant using models and crops, in the laboratory as well as in
the field. BIONUT is also a hub for activities in plant nutrition field, organizing
conferences and fostering new collaborations. This volume is evidence of such
integration. The contributions of the eight students span a broad range of themes
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vi Preface

within NUE. There are detailed reviews focused on single nutrients — sulfur,
phosphorus, iron, and boron. Thus, macronutrients are discussed alongside
micronutrients needed in small quantities, but still essential. But these reviews
stress also the importance of interaction between different nutrients and the need for
integrative view on plant nutrition. Other chapters bring overviews of large and
complex topics or approaches — natural variation, autophagy, or effects of elevated
CO.. Included are contributions targeting nutrient deficiency on a molecular level
as well as its monitoring in the field. Together with a thorough introduction into the
NUE topic, the book presents ten chapters that wrap up the theme of NUE and the
potential for crop improvement.

We hope that this book will find broad audience. It is not only an overview of an
interesting and important research area; it is also a snapshot of current activities in
the field and introduction of new generation of scientists from the BIONUT-ITN.
We believe that it will be of interest to graduate students and researchers in a wide
range of disciplines including plant nutrition, plant physiology, plant biochemistry,
and agriculture.

Harpenden, UK Malcolm J. Hawkesford
Cologne, Germany Stanislav Kopriva
Groningen, The Netherlands Luit J. De Kok
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Chapter 1

Physiological Basis of Plant Nutrient Use
Efficiency — Concepts, Opportunities
and Challenges for Its Improvement

Martin Reich, Tahereh Aghajanzadeh, and Luit J. De Kok

Abstract Knowledge on the underlying physiological processes and variables
which bias their contribution to nutrient use efficiency (NUE) is crucial to develop
strategies for improvement in agroecosystems. This chapter aims to contribute to
the understanding of the physiological basis of NUE to develop strategies for
improvement by modern breeding, but also conceive the challenges and current
limits to do so. General concepts will be summarized briefly and broken down to the
main components before, in the main part of this chapter, the involved physiolog-
ical processes are reviewed and discussed in their relation to NUE. This is followed
by an identification of the factors that make the individual contributions of these
processes to NUE so variable and impede one general concept for all crops,
environmental conditions and nutrients. The last part of the chapter is dedicated
to a critical analysis of the opportunities and challenges to improve NUE, which
arise from physiological interactions and trade-offs on a whole plant level.

Keywords NUE (nitrogen use efficiency) ¢ Nitrogen ¢ Agroecosystem ¢ MRT
(mean residence time) * Crop yield « Oscillations ¢ Acquisition efficiency « Utilization
efficiency

Introduction

Plants are principally, as are all living organisms, chemical compartments, which
are in thermodynamic disequilibrium with their environment. This is actively
maintained by the utilization of solar energy for driving selective chemical
exchange with the environment. In addition to carbon dioxide and water, which
provide the structural and metabolic backbone elements C, O and H, the complex
functioning of plants requires the uptake of at least 13 additional essential nutrients
from the soil. Nutrients can be classified into two very distinct groups depending on
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their concentration in plant tissues (macro- and micronutrients), and the specific
roles they fulfil in the plant’s metabolism are as diverse as their physiochemical
properties (Marschner 2012).

Plant NUE is a term, which describes a highly complex, multigenic trait with
various interconnected physiological processes involved and modified by numerous
factors. Consequently, there are numerous approaches to define, analyse and pos-
sibly improve NUE. For a long time it has been known that the ability of plants to
utilize nutrients can differ substantially between species and cultivars, and that this
could be the basis for further improvement through breeding (Gerloff 1963; Shea
et al. 1968; Siddiqi and Glass 1981). In order to develop a common framework for
NUE, scientists started to formulate concepts and definitions that should serve as a
basis for comparison and discussion of research. Since then countless studies in
various scientific disciplines dealing with different plant species, in different
contexts, under different conditions and focusing on different nutrients failed to
find one definition of NUE that describes all cases satisfactory but rather revealed
that the issue is too complex to do so.

In this chapter the definition of NUE will be discussed from a whole plant
perspective. It starts with the transfer of NUE from an ecological to an agronomical
context and the different levels of organization on which it can be discussed. This is
followed by a brief introduction into the conceptual framework of NUE, especially
for nitrogen (N) and equipped with these theoretical concepts the attention of the
reader will be drawn to the concrete physiological basis of NUE. These processes
are the targets of potential improvement of NUE for agricultural production by
modern breeding. However, how relevant a certain physiological process is in a
particular cropping system depends on three main variables: environment, plant and
nutrient, which influence the physiological basis of NUE. The last parts of this
chapter are dedicated to the need to improve NUE in modern agriculture and ends
with a critical review of the chances and challenges to improve plant NUE from a
whole plant perspective.

Nutrient Use Efficiency — Contexts and Concepts

A general definition of “efficiency” is: The achievement of an intended outcome
with a lowest possible input of costs. While the input in the concept of NUE
obviously is nutrients, the intended outcome needs to be further specified. This
can happen in different ways, which leads to many different versions of what NUE
actually means and how it can be improved. Very fundamental is the difference
between an ecological and agronomical context. Understanding this difference is
crucial to develop strategies of improving a plant with its complex ecophysiological
background in the straightforward input-output system of agriculture.

The environment of a plant is far from being a stationary equilibrium. Arising
from the way our planet turns around its own axis and follows its orbit around the
sun, all abiotic and biotic factors on its surface underlie oscillations over time and
all forms of living organisms are forced to adapt to the local oscillations in their
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respective habitat in order to reach a lifespan of hours, days, weeks, months, years
or decades and finally produce successful offspring. This is especially true of plants
which being sessile, have evolved strategies to synchronize their internal processes
with the external oscillations of their environment to their best advantage. This
synchronization includes life cycle, developmental program, morphology, diurnal
physiological rhythms (Somers et al. 1998; McClung 2006) and also uptake and
assimilation of nutrients (Zhang et al. 1991; Bot and Kirkby 1992; Delhon
et al. 1995; Haydon et al. 2011) on different timescales. A well-adjusted synchro-
nization with the environment will increase the performance of a plant and increase
competiveness. From this ecological and evolutionary point of view plants can be
called “nutrient efficient”, if they use the temporal and spatial availability of
nutrients for an optimal and balanced vegetative and reproductive growth, which
is most suitable to survive and compete in their respective habitat and niche.

In an agricultural context, however, the quality of the intended outcome shifts.
Instead of offspring the plant produces a desired yield product, which can be
utilized for food production and other economically relevant purposes. With agri-
cultural practice and plant breeding to increase the production of this agronomic
intended outcome the plant is detached from its ecological and evolutionary con-
text. No longer exposed to the natural selection pressure but the artificial selection
by man, plants are reshaped for agriculture: development, morphology and fluxes of
resources are rerouted towards increased production of whatever yield is desired.
Even after thousands of years of breeding, plants still bear their ecological heritage,
which may conflict with agricultural interests and may limit the potential for
traditional plant breeding to improve NUE. Bringing these two contexts together
is one of the main tasks for plant scientists to understand the functioning of a plant
in the semi-natural system of agriculture. In this way, ecophysiological potentials of
plants might be further exploited for agricultural production and the limits for
improving plants with traditional breeding might be identified and overcome. A
profound understanding of the physiological background of NUE is the basis for
modern plant breeding using molecular techniques.

In an ecological context, NUE can be examined at the level of individuals,
populations, species, communities or entire ecosystems (Nardoto et al. 2006). NUE
in agronomy can also be discussed on several levels (Fig. 1.1). On each level, input
and output differ in kind, and different components have to be considered to
adequately calculate the NUE of the respective system. In scientific discussions it
is important to consider the same level to avoid confusion and misunderstanding.
During the past few decades, scientists have become increasingly aware that
agricultural systems can be regarded as ecosystems in which the role of soil
composition and fertility, the influences of biotic interactions as well as abiotic
environmental factors should not be underestimated. This is brought together in the
concept of agroecology (Gliessman 1990; Schnug and Haneklaus 1998; Francis
et al. 2003). In this holistic approach, not only the intended outcome but also the
input of costs becomes very complex, as negative impacts of fertilisation, pesticides
etc. have to be considered. In modern approaches many different benefits that an
intact ecosystem delivers to society are assessed. These “ecosystem services”
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Input/costs Level Intended
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Fig. 1.1 NUE can be analysed and discussed on different levels of organization. On each level
input and intended outcome differ in quality and a different terminology is used. Agroecologists
regard the agricultural system with all associated ecosystems and society as the entity with a
particular NUE, whereas agronomists put the field into focus. Plant physiologists deal with the
plant as a complex input-output system with an inherent NUE. To avoid confusion in comparative
research it helps to clarify on which level NUE is assessed

(Daily 1997) include delivery of agricultural goods as well as indirect beneficial
properties such as the protective role of an intact forest against flooding or its
capacity to purify water and bind carbon dioxide (Costanza et al. 1997; Daily
et al. 2000; Tilman et al. 2002). Although it is difficult to assess the actual monetary
value of all the components of an ecosystem, this concept is the only one that
adequately expresses the efficiency of an agricultural system for a society in the
long term by including all detrimental effects to the environment and to public
health in the input of costs side of the calculation.
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From the less holistic perspective of agronomy, the field is usually the level of
choice for calculations of NUE. For farmers, the field represents an economic
entity, where the inputs are the costs for labour and materials while the output is
the harvest, usually measured by criteria such as “harvest index” (Donald and
Hamblin 1976). In addition to NUE the term “fertiliser efficiency” is often used
to describe how efficiently the applied fertiliser is used by the agronomic system:
how much yield is produced, the quantity of nutrients which remains in the soil and
how much is lost from the system by leaching and emission (Saurbeck and Helal
1990; Oenema et al. 2009). However, NUE can also be discussed at the plant level
where a single plant instead of a whole field is regarded as an input-output system
and in the present chapter we will deal with the individual plant and its NUE to
discuss all the other dimensions and factors in relation to it. Improvement of NUE at
the plant level also has the potential to improve NUE at higher levels and therefore
has strong agronomic and environmental implications.

A common conceptual framework ensures a consistent use of terminology and
definitions. As was noted above, NUE can be discussed in an ecological as well as
an agronomical context. One context again can be divided into a sub-set of different
levels of organization. By coming down to the level of an individual plant in an
agronomical context, much of the universality of the term has been reduced. As
already mentioned, the term efficiency implies the achievement of an intended
outcome with a lowest possible input of costs. Therefore a very simplified definition
for the efficiency of a given system can be expressed in the equation:

Efficiency = Output/Input

If values for input and output are competitive, the maximum value of efficiency
is 1, in an ideal case where input equals output. Either decreasing the input or
increasing the output might achieve higher efficiency. Every economical concept,
which has to generate profit, in principle follows this simplified equation and
agronomy is no exception. In all sectors of an industrialized economy it is desirable
to make working processes less costly while maintaining or increasing the output.
Technical innovation leads to more sophisticated techniques and methods, which
also revolutionized the efficiency of agricultural practice at the field level. There is,
however, an essential difference in improving an inanimate machine or process,
which has been planned and constructed by man and improving a living organism
such as a plant whose functioning is still far from being fully understood.

From a whole plant perspective NUE consists of several components and by
regarding a plant as an input-output system, physiologists have established equa-
tions that put these components into context in relation to NUE. In the most
universal approach, NUE at a plant level can be divided into two main components:
the efficiency of nutrient acquisition (NACE) and the efficiency with which the
nutrient is utilized to produce the desired yield (nutrient utilization efficiency,
NUtE):
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NUE = NAcE x NUtE

While Chapin (1980) defined NUE simply as the inverse of the tissue nutrient
concentration, NUtE can be further sub-divided into nutrient productivity (NP) and
mean residence time, the period in which a certain nutrient can be used for
production (MRT; Berendse and Aerts 1987). In the 1980s, Vitousek and
co-workers (Vitousek 1982; Birk and Vitousek 1986) defined the nitrogen use
efficiency (NitUE) of perennials as the amount of organic matter, which is lost
from a plant or permanently stored in wood, divided by the amount of N lost or
permanently stored. It was shown that NitUE of Pinus taeda L. stands decreased
with increasing N availability. A more general definition was suggested by
Berendse and Aerts (1987), who identified MRT and nitrogen productivity (NitP)
as the main components of NitUE:

NitUE = NitP x MRT

According to Berendse and Aerts (1987), NitP describes the instantaneous rate
of carbon fixation or biomass production per unit N present in the plant while MRT
is a measure for the period in which N can be used for carbon fixation. This concept
of MRT can theoretically be extended to other nutrients and plant species. In
fertilisation models NP can be used to calculate the nutrient flux density that is
necessary to maintain an optimal nutrient concentration in the plant (Ingestad 1988)
but this again refers to the field and not to NUE at the plant level.

It is well known that plant species and ecotypes, which naturally grow in
nutrient-poor soils possess mechanisms to increase the MRT of nutrients e.g.
slow growth, high accumulation of nutrients and efficient remobilization of such
storage capacities or a reduction of nutrient loss (Vazquez de Aldana and Berendse
1997). In soils where nutrients are available in excess or at least where nutrient
availability is not the limiting factor, there is less selective pressure on developing
such mechanisms. It is more important to have a high NP to grow fast and compete
with neighbouring individuals for space and light and one way to reach this might
be having a high nutrient throughput rather than a long MRT. Studies under
controlled conditions with plants from both soil types showed that in the short
term fast growing species were the better competitors in both optimal and limiting
N conditions while in the longer term, plants from nutrient-poor soils outcompeted
fast growing species under limiting conditions (Chapin 1980; Wedin and Tilman
1990; Berendse et al. 1992). It is considered that these differences in NUE between
plants, which originated from soils with different nutrient concentrations, are due to
differences in the underlying physiology, morphology and development. Van der
Werf et al. (1993) showed how important morphological traits are for adapting
NUE to the respective nutrient concentration in the soil. For instance, a high
investment in root mass served for the high NP of fast growing species, though it
should be noted that the majority of these studies on NUE dealt with wild species
and N.
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Expression of NP as unit biomass produced per unit nutrient may not always be
the most suitable measure. The desired product in an agricultural system is not
always biomass, consisting of structural or non-structural carbohydrates, but more
often seeds that are rich in proteins or oil. It is thereby not only important how a
nutrient contributes to growth but also how it improves the yield and quality of the
desired product. Therefore, the respective nutrient can itself be a substrate for the
production (e.g. as N and sulfur (S) for proteins) or a facilitator of the production
(e.g. by being a component of an enzyme involved). Consequently NP on the basis
of biomass may not always be the best measure and a more general indicator may be
yield productivity (YP), which includes quantity and quality of the desired yield
product per unit nutrient in the plant tissue. However, in agriculture and in general
for all nutrients, NP (or YP) and MRT can be seen as sub-components of NUtE.

Physiological Processes Involved in NUE

After the derivation of a conceptual framework the key physiological processes
involved in the complex trait NUE will be briefly summarized (Fig. 1.2). As
described above, NACE is one main component of NUE and consequently nutrient
uptake is one of the key processes involved. Although some nutrients can be
derived from the atmosphere (viz. N and S; Faller 1972; Stulen et al. 1998; De
Kok et al. 2007), the plant largely depends on mineral nutrients taken up from the
soil (Mengel and Kirkby 1987; Marschner 2012). These are either derived from
weathering of parental rock material or biological breakdown of organic matter and
the chemical availability to the plant depends on soil-specific properties which in
turn determine the proportion of nutrients dissolved in the soil water (usually less
than 0.2 %), bound to organic detritus (around 98 %) or adsorbed by soil colloids
(Larcher 1995).

There has been much discussion on the significance of NACE in explaining
differences in NUE between plants. Most studies were focussed exclusively on N
and came to different conclusions. For corn (Zea mays L.) it has been concluded
from a study with different hybrids that NAcE is only relevant for differences in
NitUE if the outside N concentrations are high, while NUtE of accumulated N was
the driving variable if the supply was low (Moll et al. 1982). Whereas in pumpkin
NACE was not a possible target to improve NUE at either high or low N concen-
trations (Swiader et al. 1994). However, recent studies have suggested that an
increased acidification capacity of the rhizosphere could be targeted to increase
nitrate uptake and improve NUE (Paez-Valencia et al. 2013). In addition, the NUE
of an agricultural system may be improved if plants could maintain internal nutrient
concentrations and optimal growth with a lower outside concentration in the soil.
Therefore understanding the response mechanisms of NACE to nutrient deficiencies
may improve the ability of crops to tolerate lower nutrient concentrations in the soil
and thereby save fertiliser and reduce potential pollution.
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Fig. 1.2 Plant NUE has a OUTPUT
complex physiological basis
with interacting cellular and
whole plant processes. After
the acquisition of a nutrient
it contributes directly or
indirectly to the production
of biomass and the final
yield. Storage and
remobilization are
important processes that
buffer asynchronies in
nutrient demand and
availability and the efficient
reallocation of nutrients
between different plant
organs is a crucial process
during plant development.
Especially in cereals the
translocation of nutrients to
the finally harvested sink
organ, the grains, is of
particular importance.
Nutrient loss can happen in
several ways and displays a
general constraint for NUE

Nutrient storage is another process of importance and can be functionally
sub-divided into accumulation, reserve formation and recycling (Chapin
et al. 1990). Accumulation summarizes the increase of compounds that are not
directly related to growth. They accumulate simply because the availability exceeds
the demand of the plant metabolism for these compounds. Reserve formation in
contrast describes metabolically controlled storage in designated storage com-
pounds. In this way compounds that otherwise would promote growth are stored
in a form that does not. The formation of these storage compounds directly
competes with growth and other processes that would use the compound in its
original form as a substrate. In the process of recycling, compounds that originally
contributed to growth promotion or other physiological functions but which would
be lost are actively broken down to be used for future growth (Chapin et al. 1990).
The significance of nutrient storage and remobilization for NUE depends on
nutrient availability. A study with a number of hybrids of corn (Zea mays L.)
revealed that under low N supply differences in NitUE between hybrids are related
to variation in the utilization of stored N. However if N supply was high, acquisition
efficiency became more important (Moll et al. 1982). A low ability to remobilize N
leads to a lowered N harvest index in Brassica napus (Rossato et al. 2001). Sim-
ilarly for S the limits of storage capacity and remobilization efficiency of sulfate are
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regarded as a constraint to NUE and a possible target for its improvement
(Hawkesford 2000).

For biomass production plants convert inorganic carbon dioxide from the atmo-
sphere to organic carbohydrates via photosynthesis. Fuelled by the energy of the
sun, this process is the primary generator of all biomass on earth. Although N is
most directly linked to photosynthesis, all the essential nutrients contribute in some
form to growth promotion i.e. biomass production. This can happen directly if the
nutrient is part of the carbon-assimilating apparatus or indirectly if it plays a role in
energy transfer, defence, homeostasis, tolerance and other processes that facilitate
optimal plant functioning. Consequently for every nutrient a respective NP can be
assigned which is a measure for the biomass produced per unit of the nutrient in the
plant. However, the mechanisms underlying this component of NUE and how the
NP (and consequently the NUtE) of a certain nutrient can be improved are manifold
and depend on the specific role that a nutrient plays in plant metabolism.

Again N is studied most intensively, and due to its direct link to photosynthesis
and biomass production, there is a clear cut correlation with the NP of N and (i) the
amount of total N invested in the photosynthetic tissue, (ii) the N efficiency of
photosynthesis and (iii) relatively low loss of carbon due to respiration (Agren
1985; Poorter et al. 1990). The carbon-assimilating enzyme Rubisco is currently
one of the most prominent targets for possible genetic improvement of photosyn-
thesis (Loomis and Amthor 1999; Parry et al. 2011), largely due to its apparent
catalytic inefficiency in carboxylation and its consequent high abundance. The idea
is that a higher efficiency would lead to less Rubisco being needed to maintain the
same rate of photosynthesis and consequently, as this enzyme contains high
amounts of N, a higher NUE of N. One intriguing approach is the attempt to express
the Rubisco of some non-green algae, which have a greater specificity for CO,, into
higher plants (Whitney et al. 2001).

However, is the biochemical inefficiency of photosynthesis really the bottleneck
that hinders higher biomass production and NUE? Although photosynthetic effi-
ciency is in theory one of the key limiting factors for increasing biomass and crop
yields (Long et al. 2006; Parry et al. 2011), supportive correlations in practice are
not easy to assess and studies come to different conclusions. Studies on closely
related germplasm of wheat showed a correlation of photosynthetic rate and yield
(Watanabe et al. 1994), while comparisons of cultivated crops with their wild
ancestors showed that the latter have a higher photosynthetic rate (Evans and
Dunstone 1970). The potential limiting role of photosynthesis apparently depends
to a greater extent on other processes with negative feedback on photosynthesis. If
the capacity of the sink declines and the flux of photosynthates into sink products
stagnates, this results in a compensating down-regulation of photosynthesis. Con-
sequently the strength of the sink is just as important if not more so for yield as the
efficiency of the source (Zelitch 1982; Borras et al. 2004; Reynolds et al. 2005).
According to these studies an increased sink capacity is required to increase
photosynthesis and not the other way around. However, field studies with C;
plant species under exposure to elevated levels of carbon dioxide (eCO,) suggested



10 M. Reich et al.

that an increase in yield is, indeed source-limited or at least that sink capacity is
stimulated by the increased source activity (higher net photosynthetic rate under
eCO,). These studies suggested that sink capacity is not necessarily a constraint to
increase yield production by means of improving photosynthesis (Kimball
et al. 2002; Ainsworth et al. 2004).

Apart from the question of how source and sink, or in other words supply and
demand, determine and influence each other, the duality of photosynthesis and
photorespiration makes the issue more complex. Up to one third of C fixed by the
carboxylation activity of Rubisco is again lost by photorespiration. While some
authors propose that photorespiration is of vital importance for plant functioning
(Kozaki and Takeba 1996), others see these functions as at least partially redundant
and suggest that a reduction of the C lost by this process would improve the
efficiency of photosynthesis and biomass production (Long et al. 2006; Peterhansel
and Maurino 2011). However, knowledge about the different roles of photorespi-
ration in plant metabolism and NUE is still limited.

Another important process involved in NUE is the reallocation of nutrients.
Re-use of nutrients from senescing leaves reduces nutrient loss and thereby
increases NUE. Once more N is tightly coupled to C gain and its efficient allocation
from one leaf to another contributes to optimal C fixation (Field 1983). In this
process older leaves with declining photosynthetic N efficiency are exploited as a
source for N, which is reallocated to young leaves to promote their growth. In this
way N is used efficiently for photosynthesis at a whole plant level (Westoby
et al. 2002; Escudero and Mediavilla 2003) and also NUE is increased, as loss is
reduced. Resorption of nutrients from senescing leaves has also been studied for P
(Lajtha 1987; Chapin and Moilanen 1991; Killingbeck 1996). It is generally
assumed that the costs of this process are very low for the plant (Givnish 2002),
which further supports reallocation of nutrients as a key process for the improve-
ment of NUE. However, nutrients, which are efficiently recycled within the plant
and thereby are not lost during senescence, will also not end up in the decomposi-
tion cycle in the soil. Whether this has negative feedback consequences for the plant
and NUE is not fully understood and much will depend on the particular system.
However, there are speculations about a general trade-off between efficient nutrient
re-sorption in plants and the decomposability of litter (Aerts 1997).

The translocation of nutrients to the harvestable yield organ follows the same
principles as the allocation to other plant organs. For obvious reasons it is, however,
the most crucial allocation process for yield production and therefore regarded as a
special case that is worthy of additional attention. Plant breeding has resulted in a
wide diversity of crops in which virtually any part of a plant might serve as a yield
organ: roots, stems, leaves, seeds, fruits. However, the six most important crops in
terms of worldwide food and feed production are all grain crops (corn, rice, wheat,
soybean, barley and sorghum) with seeds being the plant organ of interest and grain
filling as a crucial step for yield production (Borras et al. 2004; Foulkes et al. 2011).
The reallocation of N from senescing leaves to the developing seeds is of particular
importance in determining the quality of the crop and thus increasing the efficiency
of reallocating N from leaves to grains is a potential target for improving NUE
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(Barbottin et al. 2005). While N translocation to grain determines its quality, on
improving NUE of P could be achieved by decreasing its translocation to the grain
(Rose et al. 2010). Additionally it should be noticed that the efficient translocation
of nutrients (as well as C) to yield organs is not only determined by the efficiency of
the exploitation of the sink organs but also by the sink strength (e.g. for wheat:
Reynolds et al. 2005; for rice: Ntanos and Koutroubas 2002).

The loss of nutrients to the outside may be the most obvious constraint to NUE.
There are several paths by which nutrients can be lost by plants to their environ-
ment. Leaves lose nutrients by leaching, in some cases as gases or other volatile
compounds (Eichert and Fernandez 2012) and finally by litter fall, i.e. senescence.
These processes of nutrient loss can either be a way for the plant to balance its
nutritional status or may be unavoidable, for example due to wash-off by rain or
evaporation due to a trade-off with stomatal conductance. In the latter case, a
reduction of nutrient loss from the plant to its environment before harvest may be
a target for the improvement of NUE, particularly in crop systems where litter and
its nutritional status play a minor role. Further research is required to more fully
understand the physiological significance of these losses in order to distinguish
between avoidable leaks and metabolic valves, which assure internal nutrient
balance and thereby optimal plant functioning.

Factors Affecting NUE

The complex physiological basis of NUE becomes even more complex in reality, as
the contribution of these processes is modified by numerous factors, which can be
categorized into plant, environment and nutrient (Fig. 1.3). Numerous studies and
reviews have pointed out that concrete definitions of NUE depend to a great extent
on plant species and growth type. Again it should be stated that NUE is an artificial
term based on a hypothetical input-output concept. The diversity of NUE in nature,
however, reflects the diversity of plant strategies to survive and produce successful
offspring in their very different niches. How they perform if we apply the agricul-
tural standard of NUE does not reflect their ecological and evolutionary fitness.
Despite breeding the strong influence of the respective phylogenetic background of
a cultivated plant on its performance and peculiarities in the field adds another
degree of difficulty when defining one general concept for NUE. Fundamental
differences between crops can be metabolic in nature, e.g. between C; and C4
plants (Brown 1978) or arise from different growth forms such as trees which are
harvested after decades, and herbaceous crop species which produce their yield
within months. Processes such as nutrient storage and reallocation function very
differently and have different significance for NUE in annual and perennial species
(Aerts and Chapin 1999), as well as in deciduous and evergreens (Chapin and
Kedrowski 1983; Aerts 1990; Franklin et al. 2009). This variability in plant growth
strategy makes it hard to derive one concept and set of definitions for NUE and its
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Fig. 1.3 The complexity of NUE — In an agronomical context the plant is regarded as an input-
output system with an inherent efficiency that shall be improved (a). Numerous physiological
processes are determining the NUE of a plant (b) and the actual contribution of each process to the
NUE of the plant is biased by many factors of the three variables plant, environment and nutrient
(¢). To develop strategies for the improvement of NUE in an agricultural system both the
physiological processes involved and the factors that influence their contribution to NUE have
to be considered

improvement for all species (and even cultivars). To identify the physiological
processes whose modification could increase the NUE of a respective crop, the
particular characteristics should be carefully taken into account and adequate
comparisons of NUE are often only possible within cultivars or strains of the
same species. However, the repertoire of physiological strategies in nature can
also serve as a pool of mechanistic possibilities to improve NUE, e.g. by transfer-
ring beneficial traits within distantly related species via transgenic methods.

Another plant-specific variable is the kind of yield the crop will produce. As
described in the introduction the intended outcome in agriculture is a maximum
quantity of yield. However, the specific NUE and the way to improve it will differ
fundamentally depending on the desired yield guality. The relevance of the phys-
iological processes described above for NUE shifts completely if the desired yield
is starch or sugar and not proteins or oil. While for the former efficient biomass
production and C storage will be important, for the latter allocation to the seeds
increases in relevance. Furthermore, virtually all morphological parts can be the
yield organ into which the desired compounds are allocated before it is finally
harvested.

Environment is the second variable that has an important impact on NUE.
According to Evans and Fischer (1999) yield potential (Yp) can be defined as
‘the yield of a cultivar when grown in environments to which it is adapted, with
nutrients and water non-limiting, and with pests, diseases, weeds, lodging and other
stresses effectively controlled’. The yield of a crop depends largely on the envi-
ronmental conditions during the growing period. Nutrients are not always the
limiting factor for plant growth and crop yield. Environmental factors such as
temperature, light and rain or soil-specific factors such as soil composition, pH or
pollution with salts or heavy metals may also be of great significance. If this is the
case, there are more urgent steps to be taken to increase productivity than increasing
NUE (Boyer 1982). Even if nutrient availability is the limiting factor, the
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physiological processes that are involved in NUE may be modified by environmen-
tal conditions. For instance, drought has numerous implications for the mineral
nutrition of plants. As the uptake of many nutrients is depending on the mass flow of
water there is a direct relationship between water availability and the uptake of
mobile nutrients such as nitrate (Smika et al. 1965; Buljovcic and Engels 2001). In
turn, an optimal N supply was shown to alleviate detrimental effects of drought in
Zea mays (Zhang et al. 2007). However, not only the uptake but also the translo-
cation to the shoot via the xylem is impaired during drought stress, which may
affect all nutrients but which has been shown for P (Rasnick 1970). Even moderate
drought stress might cause P deficiency in crops, which is an explanation for the
often-observed positive effect of increased P fertilisation under dry conditions
(Turner 1985; Garg et al. 2004).

It is known that growth rate and the uptake of certain nutrients (e.g. P but not N)
may show a strong decline under low light compared to high light conditions, if the
nutrient supply is adequate (Bloom 1985; Chapin 1991). The same is true for both
low and high temperatures (Tindall et al. 1990). This dependency of growth and
nutrient uptake on temperature and light leads to a different relevance of these
processes for NUE in different patches of a field, during different seasons and in
different climatic regions of the world.

The mineralization and cycles of essential nutrients such as N are mainly driven
by the properties of the soil. Litter decomposition plays a crucial role in overall
nutrient cycling in an ecosystem as well as in an agroecosystem. Globally the extent
of litter decomposition depends mainly on temperature, while on a regional scale
the chemical composition of the litter becomes most important (Aerts and Chapin
1999). In this way the soil not only plays a crucial role in the NUE of a field or a
whole agroecosystem but also at plant level where NUE is partly governed by soil
specific factors. Nutrient uptake is the process, which is affected most obviously. In
natural ecosystems nutrient uptake is ultimately dependent on the nutrient supply
rate by the parental rock material. Its mineral composition, age and weathering rate
determine the nutritional status of a soil (Lambers et al. 2008). In an agricultural
system the nutrient composition of the soil is mainly controlled by fertilisation.
However, there are other factors with an impact on nutrient uptake, which are
usually under much less control. One is the pH of the rhizosphere, which has a
tremendous impact on the ability of the plant root to acquire different nutrients. In
addition the soil is much more than just part of the plant’s abiotic environment. It
hosts a still widely unknown diversity of microbial life. Interactions with arbuscular
mycorrhiza and rhizobacteria that increase the uptake surface of plant roots and
provide nutrients to it may alter the NUE of crops, increase yield significantly and
improve fertiliser management on a field scale (Smith et al. 1992; Adesemoye
et al. 2008; Adesemoye and Kloepper 2009).

While the below ground part of the plant is surrounded by soil, the above-ground
part is exposed to the atmosphere and although almost 100 % of its volume is equal
in composition around the globe, there are traces of gases which fluctuate in their
local concentrations (Kraus 2006). Some of these gases can have a significant
impact on plant metabolism. Most of these N- and S-containing gases are usually
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referred to as pollutants, as they originate to a great extent from anthropogenic
activities but also from volcanic activities. It has, however, been shown that some of
these gases have an ambivalent mode of action on plants, as they are not only toxic
if too high in concentration but can also serve as nutrients (De Kok et al. 2002,
2007). This can either happen by wet deposition, i.e. a deposition to the soil by rain,
or by dry deposition via the stomata of plants. This additional nutrition from the
atmosphere and predictions for changes in the concentration of these gases should
be included in future calculations of NUE and fertilisation regimes.

The third variable that complicates efforts to define one general concept for NUE
is the nutrient itself, as nutrients differ not only in their physiochemical properties
but also in their uptake by and function in the plant. For each of them, the relevance
of the underlying physiological processes for NUE differs and so do the necessary
strategies for the improvement of NUE. For one nutrient the capacity of storage
might be crucial, while for another the uptake or the allocation to the sink organ
limits production. For this reason, studies on NUE in which different nutrients are
used are often difficult to compare. More specific definitions and components have
to be developed to accommodate this diversity. A recent study suggested three
components for NitUE: N uptake efficiency, grain-specific N efficiency and grain N
concentration (Weih et al. 2011). S for example is involved in plant defence and
thereby using less S while maintaining the same defence status should increase S
use efficiency. Some micronutrients are co-factors of particular enzymes so conse-
quently a higher efficiency and decreased amount of these enzymes could increase
the NUE of these micronutrients. Furthermore, some nutrients are of nutritional
value, which again increases the relevance of translocation to the yield organ, e.g.
the grain, while other nutrients are not desired to be part of the yield but play a role
in its production. Conclusively the NUE of a given nutrient depends on its impor-
tance for yield production and its value for human nutrition, i.e. its concentration in
the yield. Each case needs a different set of strategies for an improvement of NUE.

Improvement of NUE

Although controlled by man, agriculture remains a semi-artificial environment,
which is still subject to oscillations, particularly from outside the agroecosystem.
These oscillations may be entirely different from those in the ancient, natural
habitat of the plant species and thus transferring it to an agricultural system may
lead to sub-optimal growth and yield. Since the beginning of agricultural practice
(ca. 11,000-13,000 years ago; Allard 1999) farmers have tried to solve these
problems with two different approaches:

(i) By reducing the amplitude of environmental oscillations either by growing
plants only in a certain season to avoid extremes in weather (e.g. cold winter, dry
summers or rainy seasons) or by creating more stable conditions in the field (e.g. by
using hedges as wind protection and digging moats to avoid flooding or, in modern
times, building partially closed and controlled environments such as greenhouses).
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Another important factor is the nutrient content of the soil, which was controlled by
deploying manure before the revolutionary discovery of Liebig’s law of the min-
imum and the advent of modern fertilisers. (ii) By reducing all kinds of
unfavourable dynamics and traits in the plant’s phenotype, which are relics of
adaptation to its ancient habitat and/or part of its developmental program but no
longer needed in cultivation. This is done by breeding, which makes use of the same
mechanisms as evolution (variation and selection). Plants are selected for traits of
agricultural interest with a main focus on bigger sink organs and higher concentra-
tions of the compounds of interest at the expense of traits and adaptations that are no
longer necessary.

In theory a combination of (i) and (ii) could result in a stable farming system in
which environment and plant are under full control and no unfavourable oscilla-
tions and dynamics should occur anymore. Nutrient loss from the system would be
at a minimum resulting in an optimal input-output ratio. The result would be to
equal out all the variables that make NUE such a complicated trait: plant, environ-
ment and nutrient specific factors (see above). In reality, however, this is an ideal
scenario and is presently far from being achievable. First, the technological effort to
control all environmental factors and their respective oscillations is uneconomical
and second the complex ways in which plant functioning is still largely unknown.
Consequently the compromise that has developed over thousands of years of plant
domestication is the attempt to synchronize the oscillations of environment and
plant as well as possible. This is especially true for fertilisation because the
discrepancy between demand of the plant and availability of nutrients in the soil
is an important factor that can hinder optimal growth. Nutrient storage can buffer
this discrepancy only to some extent and matching nutrient supply by fertiliser
application to plant demand is regarded as one of the most promising ways to reach
higher fertiliser use efficiency (Cassman et al. 1993; Frink et al. 1999; Tilman
et al. 2002).

Without a deeper understanding of the biochemical and physiological processes
involved, traditional breeding managed for more than 10,000 years of agriculture to
develop plants with massive yield organs containing high protein, starch or oil
content, compared to their ancestors (Mazoyer and Roudart 2006). At the same time
major steps towards increasing output-input-ratios have been made by the progress
of agricultural practice, technology and science (Russell 1966; Thompson 2011).

With Liebig’s postulation of the “law of the minimum” (see review Browne
1942) and its resolution in terms of N supply by industrial production of relatively
cheap nitrogenous fertilisers (mainly by the Haber-Bosch process in which N and
hydrogen are directly converted to ammonia, see e¢.g. Tour 1920), the modern age of
agriculture began and led to a historical change of paradigms, also named the
“Green Revolution” (Borlaug 1972). Instead of trying to have an optimal input-
output ratio, as it is necessary if fertiliser is a rare commodity, the highest possible
output became the primary aim and remains so in present agricultural practice. The
increased growth of cereals due to super-optimal N supply led to another factor
becoming a major constraint for yield, namely the damage caused by lodging. The
solution was the breeding of “dwarf cultivars” of wheat and rice in the 1960s by
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deployment of dwarfing genes. This in turn was only possible with better weed
control through the development of herbicides so that the smaller cereals were not
overgrown by wild weeds. This innovative trinity of the Green Revolution made it
possible to neglect the input-output ratio and exclusively focus on maximum output
(Evans 1998). As a result, yield per hectare increased tremendously during the last
century and enabled an explosion of human population counting billions instead of
millions. However, it has become more and more apparent that this practice cannot
continue in the future. Parallel to a linear increase of global yields since the 1960s,
the NUE of agricultural system (measured as unit yield per unit fertiliser applied)
continuously declined. This “law of diminishing returns” implies that further
increases in fertiliser application will not lead to higher yields in the same propor-
tion as in the past (Tilman et al. 2002). High levels of nutrient input have resulted in
pollution of the environment on the one hand and anticipated shortages of
non-renewable resources such as inorganic P on the other. Furthermore, the benefits
of these high outputs are very unevenly distributed over the world and with some
production wasted in Europe and North America, spikes in food prices and hunger
crises are expected to occur more frequently in developing countries. The aware-
ness of this alarming trend led policymakers to put “food security” on the top of
political agendas and consequently also into scientific focus (Rosegrant and Cline
2003; Vitousek et al. 2009; Godfray et al. 2010; Hawkesford et al. 2013).

To some extent the agriculture of the future has to come back to the old paradigm
of requiring a more optimal input-output ratio. However, maintenance of the
ongoing trend of increasing output in form of yield is an imperative due to the
still-growing world population and no concept, which reduces the output, can be
realistically considered (Evans 1998). Consequently, modifications of the input-
output ratio have to concentrate on the input side of the equation. At field level
(Fig. 1.1) the approaches to improve the input-output ratio may be categorized in
two dimensions: time and space. This is again based on the general conception of
plant and environment as two non-stationary, heterogeneous and oscillating sys-
tems. The supply with nutrients (fertiliser) can be adapted to the need of the plant
for growth over time to lose fewer nutrients from the system in times of a low crop
demand and to avoid concentrations being too low if the demand is high. In
addition, nutrient supply and its demand in the field are not homogenously distrib-
uted in space but instead graduated or patchy. A homogenous application of
nutrients thereby leads to excess supply in some parts of the field, resulting in
nutrient loss, and to a sub-optimal supply in other parts, resulting in a non-optimal
growth and yield. For both dimensions technological innovations have been devel-
oped, commonly summarized with the term “precision agriculture” (Pierce and
Nowak 1999; Stafford 2000; Zhang et al. 2002). However, in addition there might
be ways to breed or genetically manipulate the plant in a way that it uses nutrients
more efficient and consequently produces the desired yield with less nutrient input.
While transgenic and genetic techniques offer the possibility for accelerated
improvement through genetic modifications and marker assisted breeding, whole
plant physiology provides the knowledge to use these tools in an effective way. To
practically improve the NUE of a plant in a particular agricultural system, the
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relevance of the underlying physiological processes (Fig. 1.2) has to be analysed in
relation to the variables that modify it (Fig. 1.3). Once the limiting processes are
identified, breeding or transgenic methods might lead to further improvement of
NUE. For success, the physical and physiological trade-offs that limit an improve-
ment in NUE have to be identified. This will be the topic of the last part of this
chapter.

NUE - Challenges from a Whole Plant Perspective

As stated previously, NP and MRT can be seen as sub-components of NUE.
Consequently both could be targeted to improve NUE in cropping systems.
Berendse and Aerts (1987) have pointed out the apparent ecological trade-off of
NitP and MRT. While in nutrient-poor soils a long MRT is favourable, a high NitP
gives advantages in nutrient-rich soils. Plant species in nutrient-rich soils generally
possess a larger photosynthetic apparatus and can thereby rapidly make use of
higher N availability, while species in nutrient-poor soils are able to use spare
nutrients more economically. Theoretically, generalist species should combine both
traits, but evidence suggests that they are competitive (Berendse et al. 1987). A later
study on species with different life forms in a sub-arctic environment confirmed this
negative relationship of NitP and MRT (Eckstein and Karlsson 1997), and others
followed (Yasumura et al. 2002; Silla and Escudero 2004). Within the same
species, this trade-off also appears to be consistent, with higher N supply leading
to higher NitP but lower MRT (Yuan et al. 2005) or the other way around (Yuan
et al. 2008). High nutrient supply, however, may even lead to a decline of both
components in certain circumstances. A decline in NP can be caused by cross- and
self-shading and an accompanied decrease in photosynthetic activity and a lower
MRT can be the result of enhanced litter production or leaching (Meuleman
et al. 2002).

As studies have almost exclusively focused on natural systems, perennials
and N, it is difficult to assess if a strict trade-off between NP and MRT exists in
agricultural crops and for all nutrients. As litter decomposability is not an issue in
annual crop production, a high NP and long MRT at the same time are desired to
maximize yield output and minimize nutrient input. The fact that traits, which lead
to either a high NP or a long MRT, are not co-occurring in nature does not
necessarily mean that breeding could not combine them. More integrated research
on the described underlying physiological processes and their possible trade-offs
are needed, including research with nutrients other than N.

In general, NUE is only studied for one single nutrient. There are few studies,
which address the question whether improving the NUE for one nutrient will affect
the NUE of others. Given the interactive and competitive nature of nutrients in
many physiological processes, it seems likely that increasing NUE for one nutrient
will also alter the NUE of others in a positive or negative manner.
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On the level of nutrient uptake from the soil there are manifold co-influences
known, but their whole extent is still far from being understood. Many of these are
caused by the charged nature of ions when dissolved in water. If, for example, N is
taken up predominantly as positive charged ammonium, the uptake of other cations
such as magnesium and calcium is impaired, probably in order to maintain a
balance of charge (Haynes and Goh 1978). On the other hand, plants that are
supplied with nitrate absorb less phosphate than plants supplied with ammonium
(Riley and Barber 1971). Similarly, do sulfate or nitrate show a higher accumula-
tion in the plant if the other is missing in the root medium (Steingrover et al. 1986;
Koralewska et al. 2009), either due to a replacement as an osmolyte in the vacuole
or to a balance of anion-cation uptake, i.e. a balance of charge. This is a hint that
increasing the storage capacity of the vacuole for one nutrient could decrease the
capacity for others of the same charge. Interactions of the uptake of nutrients with
different charge have been observed, for example for sulfate and iron (Paolacci
et al. 2013). Here a direct interaction on the level of uptake does not seem likely. In
contrast a higher uptake of sulfate under iron deficiency is suggested to serve for the
production of S-containing defence compounds and a coupling of both nutrients
could be due to their combination in Fe-S clusters (Forieri et al. 2013). Another
example of the interactive effects of the uptake of different nutrients has been
shown for sulfate, nitrate and ammonium (Clarkson et al. 1989) and there are many
more reported. The direct linkage between the uptake of different nutrients, how-
ever, is under critical discussion. Studies in which plants were exposed to an
atmospheric S source while deprivation occurred in the rhizosphere show an
apparent uncoupling of sulfate and nitrate uptake (Westerman et al. 2000, 2001;
Stulen and De Kok 2012).

Another potential conflict in the uptake of different nutrients arises if they use
the same uptake system. This may be true, for instance, for the transport of
phosphate and sulfate across the chloroplast membrane, which was reported to be
competitive (Gross et al. 1990). As well as Liebig’s “law of the minimum” states
that identifying and increasing the amount of the most limiting factor can increase
plant production, there is the far less popular but equally important “law of the
optimum” formulated by Liebscher (see review Browne 1942). It states that the
increase of such a limiting factor contributes more to the productivity of the system,
the closer all other factors are to their optimum. Liebscher studied N, P and K
nutrition of crops and was one of the first researchers to demonstrate the strong
interactive component of different nutrients and their contributions to yield. It does
not contradict Liebig’s “law of the minimum” but shows that reality is more
complex. Improvement of NUE for any of the three nutrients N, P and K requires
a balanced supply with the other two (Janssen 1998).

An important question for the future improvement of plant NUE is whether
interferences with other efficiencies exist, especially if those turn out to be real
physical trade-offs. Such trade-offs usually arise from the involvement of physio-
logical mechanisms in several efficiencies. Studies on different tree species showed
intraspecific inverse relationships between water use efficiency (WUE) and NitUE
(Field et al. 1983; Reich et al. 1989), which appear to explain the spatial distribution
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of species on either N-poor or water-deficient soils (Patterson et al. 1997) but also
have implications for the improvement of NUE in agriculture. This trade-off has
stomatal as well as non-stomatal components (Reich et al. 1989) depending on the
water and N status of the soil. How relevant it is for agricultural practice and crop
breeding towards an increased NUE has still to be clarified. It might help the case to
distinguish between the levels of NACE and NUtE. If water is a limiting factor
during crop growth, NACE usually increases in its relevance, as nutrient uptake is
physically coupled to water uptake. Climate change may mean seasonal droughts
appear more frequently in many regions of the world which further increases the
need for crops with a high WUE (Reynolds et al. 2011). For wheat, for example, it
has been shown that under water limiting conditions genotypes with a greater root
biomass produce more grains, probably due to both a high WUE and NAcE during
early growth due to enhanced ability to capture water and reduce nitrate leaching
(Ehdaie et al. 2010). Root traits are considered as a selection criterion especially
under drought conditions (Ren et al. 2012) but there are strong interactions with
NACE that have to be considered. For example, the responses of root architecture to
P and N deficiency are very different. While P deficiency leads to a shallow root
system, foraging for the immobile phosphate, N deficiency causes a deep, scarcely
branched root system. The latter is also associated with an efficient capture of water
during periodical drought (White et al. 2013) implying that the NAcE for N and an
efficient water uptake are not in competition but share a similar morphological trait.
How the shallow root system that leads to a higher NACE of P displays a constraint
to WUE needs to be further evaluated. However, there are also reports that show an
apparent negative interaction of N supply with WUE. High N supply leads to an
inhibition of the typical growth characteristics that lead to a higher WUE in
Sophora davidii while appropriate or low supply alleviated drought stress
(Wu et al. 2008).

NUE, NitUE and WUE show strong interactions due to their correlative effects
on stomatal conductance, gas exchange and photosynthesis. In wheat, a higher N
supply is reported to lead to an increase in WUE but at the same time to a decreased
NitUE (Shangguan et al. 2000; Cabrera-Bosquet et al. 2007). This trade-off
between NUtE and WUE is particularly noticeable if the N-to-grain price ratio in
an agricultural system is high (Sadras and Rodriguez 2010). How the NUE of
nutrients other than N interferes with WUE is still an open question.

Other studies have revealed a trade-off between N and light use efficiency (LUE)
in canopies (Niinemets and Tenhunen 1997; Hirose and Bazzaz 1998). This can be
explained by the fact that a high concentration of N in leaves leads to a high LUE
but low NitUE. The impact of this trade-off again depends on the factors described
above. It becomes more relevant under shading conditions and for trees because the
build-up of the desired timber strongly depends on exploiting light efficiently
during the growing season.

Again, it should be noted that inverse relationships between certain plant traits
observed in nature do not necessarily display real physical trade-offs that cannot be
overcome in plant breeding. They might just reflect genetic adaptations to different
habitats or an ecological disadvantage of the combination of both traits (Veneklaas
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et al. 2012). If this is the case traits, which never occur together in nature may still
be combined in one crop.

Finding plant traits, which improve Yp and NUE is a major aim of modern
breeding programs. The genetic variability of crops, as well as of the model plant
Arabidopsis thaliana, may serve as sources of diversity and promising traits may
then be incorporated into transgenic crop plants. Additionally future techniques
might enable the transfer of physiological traits such as C4 metabolism (Leegood
2002) or N fixation (Charpentier and Oldroyd 2010; Beatty and Good 2011)
between distantly related species. In this way, ecological but non-physical trade-
offs could theoretically be overcome faster, and crop plants could be complemented
with physiological properties that they would never gain through breeding. The
diversity present in nature is potentially a rich source of traits that could improve
the NUE of crops. There may be plant species that evolved mechanisms to use
nutrients much more efficiently than crops but which science has yet to exploit. In
particular species from nutrient-poor habitats are very promising candidates. Thus
transgenics could be a useful tool to engineer crops whilst ecophysiology delivers
the ideas of how these modifications will look.

Conclusions

Plant NUE is as complex and multi-dimensional as the plant itself. Conse-
quently the greatest challenge, but also the greatest opportunity for modern
plant nutrition research, is the integration of various disciplines and
approaches. Use of state-of-the-art methods in transcriptomics,
metabolomics, and proteomics give researchers unprecedented opportunities
to obtain huge amounts of information with high resolution (see the other
chapters of this book), not least enabled by the exponential increase of
computing performance since its emergence (Moore 1975; Kurzweil 2001).
The growing understanding of complex molecular networks and their holistic
responses to alterations in nutrient availability contributes to uncovering the
genetic basis of NUE and shows how complex metabolic pathways are
interacting on a molecular level. However, the real power of molecular
techniques for future crop breeding can only unfold if the complexity of the
underlying physiological processes and their contribution to NUE is to be
further understood.

Additionally there are physiological trade-offs that challenge the improve-
ment of NUE. It might be possible to overcome some of them by modern
molecular breeding techniques; others might be physically determined and
display a real limit for the improvement of NUE. Further investigation is
necessary to determine the physiological basis of these trade-offs before tools
such as genetic manipulation may be used to overcome them. As studies on
NUE usually focus on only one nutrient (and usually only N or P), there is
little data available on possible trade-offs between the NUE of different

(continued)
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nutrients. However, the compensatory and interactive nature of the uptake
and storage of different nutrients suggests that such inter-nutritional trade-
offs could exist. Adding to this complexity is the knowledge that all these
possible trade-offs are strongly influenced by environment, plant and nutrient
specific variables.

In conclusion, the physiological basis of NUE still displays a wide field for
future research and the complexity and plasticity of plant metabolism may yet
have many surprises in store in our attempts to “improve” it. More integrative
studies, connecting several scientific disciplines are required to understand
the complexity of all the variables that influence NUE resulting in physio-
logically relevant strategies for the improvement of plant NUE in agricultural
production.
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Chapter 2
Natural Variation as a Tool to Investigate
Nutrient Use Efficiency in Plants

Giorgiana Chietera and Fabien Chardon

Abstract A huge natural variation exists between individuals within a given plant
species. Most of the responses of growth-related traits to different environmental
scenarios are genotype dependent. Hence, natural variation in plants provides an
interesting and valuable source of genetic diversity to study plant responses to
environmental factors. The identification of genes that underlie phenotypic varia-
tion has an enormous practical implication by providing a means to improve crop
yield and quality. The approach based on natural variation aims to use naturally
occurring differences to improve our knowledge about complex physiological
responses of plants to their environment, including nutrition efficiency. An over-
view of different approaches currently used in plant research aimed at dissecting
complex quantitative traits is presented here, with a special focus on those related to
Nutrient Use Efficiency, to explain strategies based on QTL mapping in segregating
populations and association mapping in wild populations. Some case studies
regarding each of the investigative strategies described are detailed.

Keywords NUE (nitrogen use efficiency) ¢ Nitrogen ¢ Assimilation efficiency
» Remobilization efficiency « QTL « MAGIC populations * GWAS « Nutrient
limitation « Candidate genes ¢ Arabidopsis ¢ Natural variation

Introduction

Plants are considered adapted to variable and sub-optimal environments when they
show the ability to successfully grow and reproduce in them. In order to deal with
changing and challenging environmental conditions, plants exhibit a wide range of
integrated responses, which usually display complex quantitative variation. Plant
adaptation interests a large community of scientists, from ecologists and molecular
geneticists working on fundamental mechanisms of adaptation, to crop breeders
looking for natural variants which could optimise environmental resources and
provide targets for breeding programs (Trontin et al. 2011). The identification of
genes that underlie phenotypic variation can have enormous practical implications
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by providing a means to increase crop yield and quality in an agricultural context
(Bergelson and Roux 2010). Many elements in the soil serve as mineral nutrients
for plants. Among them, nitrogen (N), potassium (K), phosphorus (P) and sulfur
(S) are required in relatively large amounts for plant growth. Therefore, deficiency
in any one of these four elements in the field affects plant metabolism, and shows a
dramatic impact on yield, nutritional quality and taste as well as pathogen and pest
resistance in crops (Laegreid et al. 1999). In developed countries, plentiful amounts
of fertilisers are applied, resulting in abundant inorganic nutrients in the ecosystem
that may cause disturbance in normal bio-geochemical cycles of nutrients. How-
ever, this trend is being challenged by the current emphasis on developing more
efficient cultivars for sustainable, low-input agriculture, fuelled by increasing cost
of fertilisers, restrictions to minimise environmental impact and the increased use
of poor quality land (Rengel and Damon 2008). Some plant species and genotypes
within species have a capacity to grow and yield well on soils with a low level of
available nutrients; these species and genotypes are considered as tolerant to
nutrient deficiency and with high nutrient use efficiency (NUE; Good et al. 2004).
The NUE can be described as the proportion of potential yield that can be achieved
under that mineral deficiency availability. It is the product of nutrient uptake
efficiency (NUpE) and nutrient utilisation efficiency (NUtE), which is the optimal
combination between nutrient assimilation efficiency (NAE) and nutrient
remobilisation efficiency (NRE) (Masclaux-Daubresse et al. 2010). Improving
each crop individually requires a global knowledge of the different mechanisms
that control all the steps involved in nutrient management in plants, and also a good
knowledge of the specificities of each plant species in terms of metabolism
(Chardon 2012).

Investigation of Natural Variation in Plants Reveals
Different Strategies of Response to Nutrient Limitation

A huge natural variation exists between individuals within a given plant species,
affecting for example the colour or the shape of leaves, grain composition, seed
dormancy, flowering date or maturity date. These variations could have an impor-
tant impact on yield or quality of their products in crops, fruit trees and forestry
management species (Saisho et al. 2011; Arikita et al. 2013; Eduardo et al. 2010;
Lata et al. 2005; Robinson et al. 2012). Some developmental traits, such as
flowering time or seed dormancy, have drawn particular attention, partly because
they are of applied interest to crop breeding, and partly because they are easy to
investigate (Shindo et al. 2007). Natural variation involves not only the morphology
of plants but also their behaviour when facing contrasted environments. The
responses or growth-related traits to different environmental scenarios are genotype
dependent. Hence, natural variation in plants provides an interesting and valuable
source of genetic diversity to study plant responses to environmental factors. The
plant’s capacity to adapt to environmental constraints is called plant plasticity. It
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reflects both plant age and adaptation to environment (e.g. light intensity, photo-
period, temperature and nutrient availability). The approach based on natural
variation aims to use naturally occurring differences to improve our knowledge
about complex physiological responses of plants to their environment, including
nutrition efficiency.

Plant morphology and physiology are complex quantitative traits, implying that
they are genetically controlled but also influenced by the environment. The mea-
surements of such traits show differences of averages between genotypes as well as
variations due to chance and technical inaccuracies. Therefore, the investigation of
such complex traits needs statistical tools for taking into account fluctuations due to
chance in order to correctly understand the genetics behind them.

Investigation of natural variation is of interest from two general points of view.
First, analysing this variation makes it possible to identify the function of individual
genes. Despite the fact that mutant approaches have been very powerful for
functional analysis, the small number of genetic backgrounds analysed limits the
definition of gene functions using these procedures. Ultimately, the sort of mutant
phenotypes that can be identified depends on the wild type genotype (Koornneef
et al. 2004). There are specific alleles in nature that would not be easily recognised
in mutant screens because they require very specific amino acid changes and
therefore appear at an extremely low frequency (El-Din El-Assal et al. 2001).
Second, analysis of natural variation has an increasing interest from an ecological
and evolutionary perspective since diversity of physiologies and evolved responses
in nature result from millions of generations of evolution (Ungerer et al. 2008).
While much has been learned from bringing organisms into the laboratory to study
elements of their biology in isolation, ignoring the ecological context in which these
elements arose and persist runs the risk of a suboptimal understanding of particular
biological responses and processes. Thus, the patterns of phenotypic and molecular
variation observed are analysed to elucidate the mechanisms generating and
maintaining this variation, and to identify which allelic variants are adaptive
under specific environmental conditions.

Several recent papers demonstrated that natural variation exists for the different
steps of plant nutrition: nutrient uptake and roots to shoot translocation, their
assimilation in leaves, as well as their recycling and remobilisation for seed filling.

The uptake efficiency is dependent on the root system architecture (Dunbabin
et al. 2004), and specific software have been developed for analysis (Armengaud
et al. 2009; Ristova et al. 2013; Galkovskyi et al. 2012). It has long been known that
root architecture and plasticity reveal a response of plants to scarce nutrients, and
natural variation exists for these traits in different species, related to potassium
(Kellermeier et al. 2013; Jia et al. 2008), nitrogen (De Pessemier et al. 2013), and
phosphorus availability (Wang et al. 2010). Natural variation for NUpE has been
shown directly by measuring a specific mineral content in different genotypes, as
Burns et al. demonstrated for nitrate in different varieties of lettuce. Otherwise, a
complementary approach aimed at studying the activity of enzymes involved in
mineral assimilation in roots can be used. For example, Blair et al. (2010) identified
important differences between varieties of beans for their ability to reduce iron
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when grown at various hydroponic iron concentrations, ranging from 0 to 20 pM
Fe. Interestingly, these differences were more evident in plants grown at low Fe
concentrations (iron limiting conditions) than at high iron concentrations (suffi-
ciency conditions), revealing a genotype x environment interaction. Finally, the use
of isotope labelling has been used to evaluate nutrient uptake capacity. In maize,
nitrogen-15 labelling was used to study NUpE (Coque et al. 2008), showing that
28.3 % of whole-plant nitrogen was taken up after silking, and 93 % of this post-
silking nitrogen uptake was allocated to kernels.

A similar approach could be used to analyse the roots to shoot translocation of
nutrients. As an example, in order to understand why Noccaea caerulescens has
good properties for phytoremediation, Xing et al. (2008) investigated the root-to-
shoot translocation of Cd and Zn in different genotypes. The percentages of Cd and
Zn transported to shoots within 24 h exposure varied widely among the 11 acces-
sions analysed. Interestingly, the translocation efficiency did not correlate with the
uptake for either metal, suggesting independent variation in uptake and transloca-
tion among different accessions of Noccaea.

Post-genomic studies integrating all “omics” sciences can depict precise pictures
of nutrient assimilation in plants (Hirai et al. 2004). Sulpice et al. (2013) studied the
response of 97 accessions of Arabidopis to different nitrogen and carbon condi-
tions, an important number of traits showed significant natural variation between
accessions. For example, biomass differed between the 97 accessions by 3.1-fold
and 2.8-fold in high and low nitrogen, respectively, relative to the accession with
the lowest biomass in that growth regime. The impact of low nitrogen and low
carbon differed between accessions, with some accessions showing a greater than
70 % decrease in biomass and others showing no decrease. Moreover, accessions
that maintained a relatively high biomass in low nitrogen tended to show only a
small increase in biomass in high nitrogen, whereas accessions that showed a
relatively small biomass in low nitrogen showed a large (greater than 3-fold)
increase in biomass in high nitrogen. The total nitrogen concentration in the rosette
was unrelated to the biomass difference between low and high nitrogen The
nitrogen content (mg/N per rosette) was strongly related to the response of an
accession to nitrogen; accessions that maintained biomass in low nitrogen
contained more nitrogen in the rosette than accessions that showed a large gain in
biomass in high nitrogen. These results imply that accessions differ in the extent to
which they can acquire nitrogen from low nitrogen soil and that this is far more
important for the response of biomass to nitrogen supply than changes in the
nitrogen content of the rosette.

As for uptake efficiency, natural variation for remobilisation efficiency can be
directly investigated by measuring nutrient content in the seeds. For instance, Khan
et al. (2012) revealed differences in oil content in the seeds of various Acacia
species, revealing some species as a novel source of edible vegetable fat. As for the
studies conducted on N uptake, an isotope labelling technique is suitable to inves-
tigate the remobilisation efficiency. This was shown in the work of Coque
et al. (2008), who investigated N remobilisation in maize with the aim of mapping
and characterising loci involved in the variation of quantitative traits (QTL) related
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to NUpE, grain N yield, N remobilisation and post-silking N uptake. They stated
that QTLs for remobilisation mainly coincided in clusters with loci for leaf senes-
cence, underlying the role of a “stay-green” phenotype in favoring N uptake
capacity, and thus grain yield and N grain yield. Similarly, in Arabidopsis a range
of variation for Harvest Index (HI) and Nitrogen Harvest Index (NHI) has been
found when 20 accessions were cultivated with a limited or ample supply of
nitrogen (Masclaux-Daubresse and Chardon 2011). It was observed that the range
of variation among the 20 accessions was conserved between the two nitrogen
levels. Globally HI is similar at high and low nitrogen, while NHI, which defines the
resource allocation, is twice as high at low nitrogen compared to high nitrogen,
indicating that grain NUE is higher when nitrogen fertiliser is limited.

Several studies have been conducted by investigating natural variation in crop
species, which were focused mainly on yield improvement (Shewry et al. 2013) and
grain composition (Li et al. 2011), but only a few have been done evaluating the
interaction of those traits with fluctuation of nutrient content in the environment.
This kind of study requires highly controlled conditions in order to clearly elucidate
the impact of the genotype and the environment on the variance of traits. This is
why such studies have been up until now conducted mainly in Arabidopsis, as
shown in the review of Chardon et al. 2012. Variation between Arabidopsis
accessions can be explored to discover ideotypes that can match with different
crop specifications: four groups, corresponding to different agronomic indicators
such as grain yield, vegetative biomass and composition of the grains at low or high
nitrogen supply, can be defined. On the basis of their physiological performance for
nitrogen uptake and remobilisation, some Arabidopsis accessions are presented as
good models for the investigation of the agronomic performances required to fit
with crops specifications. Some other examples come from the investigations of
Arabidopsis accessions grown in limiting nutrition (Reymond et al. 2006; North
et al. 2009) or complete nitrogen starvation (Richard-Molard et al. 2008; Ikram
et al. 2012). The aim of these studies was to investigate the extent of variation of
growth responses to nitrate limitation and starvation in Arabidopsis to identify
accessions showing contrasted responses and eventually different growth adaptive
strategies.

Uncovering Genes Involved in NUE Quantitative Loci by
QTL Mapping in Segregating Populations

Principles of QTL

The establishment of the genetic basis of quantitative traits is commonly referred to
as quantitative trait locus (QTL) mapping and has been hampered by their
multigenic inheritance and the often strong interaction with the environment. The
principle of QTL mapping in segregating populations is based on the genotyping of
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progenies derived from a cross of distinct genotypes for the trait under study.
Phenotypic values for the quantitative traits are then compared with the molecular
marker genotypes of the progeny to search for particular genomic regions showing
statistically significant associations between polymorphism and the trait variation,
which are then called QTL. QTL analysis makes use of the natural variation present
within species. Once genetic variation is found among accessions, the aim is to
identify how many loci account for it and where they are located in the genome
(Koornneef et al. 2004).

Identifying the number and genome position of the segregating QTL in an
experimental population requires the following steps: (a) the generation of an
experimental mapping population; (b) its genotyping with markers throughout the
genome and the phenotyping for the trait of interest; (c) the association analysis
between phenotypic values of the trait and genotypic classes of the polymorphic
markers. Thus, the number and genetic position of loci that control the trait
variation in that population, their relative additive effect, the contribution of genetic
interactions between loci (epistasis) and the mode of action of each QTL (domi-
nance effects) are calculated depending on the population type (Koornneef
et al. 2004). The number of loci identified per analysis varies from 1 to >10,
depending on the complexity of the genetic variation under study, including
parameters such as the true number of loci segregating, the relative additive effect
of each QTL, and the effect of genetic interactions. In addition, this number
depends on the heritability of the trait in the assay performed, i.e. the control of
the environmental uniformity, the quality and density of genotypic data, the statis-
tical method used to map QTL, and the size of the mapping population.

Mapping Populations

In plants, the use of “immortal” mapping populations consisting of homozygous
individuals is preferred because it allows performance of replications and multiple
analyses of the same population. Such populations known as recombinant inbred
lines (RILs) or introgression lines (ILs), also referred to as near isogenic lines
(NILs), are practically homozygous and therefore phenotypic values can be based
on multiple replicates, reducing the environmental effects and increasing the power
to detect QTL. They can be analysed in multiple environments without the need for
further genotyping, and thus, the effects of each QTL in different environments can
be precisely estimated and tested for QTL x environment interactions (Koornneef
et al. 2004). Homozygous populations can be obtained by repeated selfing, as for
RILs, but also by induced chromosomal doubling of haploids. In contrast, NILs
consist of lines containing a single fragment or a small number of genomic
introgression fragments from a donor parent into an otherwise homogeneous
genetic background, which increases the power to detect a small-effect QTL. In
plants, RILs and NILs are the most common types of experimental populations used
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for the analysis of quantitative traits. In both cases the accuracy of QTL
localisation, referred to as mapping resolution, depends on population size. The
mapping of QTL in segregating populations has limited resolution since loci
associated with the expression of a quantitative trait can be mapped with a precision
of about 5-20 cM depending on its relative effect and the quality of the QTL
mapping assay (Keurentjes et al. 2007). The choice of one mapping population over
another depends on the plant species and the specific parents of interest. In cases
where different cultivars or wild accessions are studied, preference is often given to
RILs. However, when different species or wild and cultivated germplasm are
combined, NILs are preferred. In Arabidopsis for example, the ease with which
fertile RIL populations with complete genome coverage can be generated, due to its
fast generation time, has led to their extensive use in mapping quantitative traits. An
overview of the steps undertaken to generate a set of RILs is represented in Fig. 2.1.
The population derived from a European accession and a genetically distant one
from central Asia, Bay-0 and Shahdara, is an example of a novel RIL population
suitable for the investigation of traits such as the response to nitrogen availability,
root architecture, seed germination, drought tolerance and virus resistance (Loudet
et al. 2002). The phenotypic variation resulting from such a cross is expected to
reflect the adaptation to the specific habitat and the genetic distance between the
parental accessions. The first extensive study of N metabolism in Arabidopsis using
QTL mapping was conducted by Loudet on 415 RILs derived from
Bay-0 x Shahdara population (Loudet et al. 2003) to describe whole plant N
physiology and growth at a vegetative stage. The study, conducted in controlled
growth conditions, aimed at comparing two different N environments (10 mM and
3 mM nitrate) and identified several loci explaining the variability of growth and
total N, nitrate, and free amino acid contents.

Other approaches involve the use of multiple parents, as in the multiple
advanced generation intercross (MAGIC) and Arabidopsis multiparent RIL
(AMPRIL) populations (Kover et al. 2009; Huang et al. 2011). The MAGIC design
is more elaborate and generates more recombination events per line than the
AMPRIL strategy, but the founder genomes are less evenly represented in the
final lines. Mapping in either population is more complex than with RILs, but
with a sufficiently high density of intermediate frequency markers, one can infer the
most likely local founder genotype. Some of the advantages of using RIL-type
populations will continue to apply in the future.

Maize is the crop species, which has traditionally been involved in QTL map-
ping, and numerous QTL studies for NUE are now available. Zhang et al. (2010)
has published recently a study on QTL mapping for several enzyme activities. They
detected 73 QTLs for the activity of 10 enzymes involved in carbon and nitrogen
metabolism and eight QTLs for biomass in an intermating RIL population devel-
oped by randomly intermating plants for four generations following the F2, prior to
the derivation of mapping progeny. A RIL population of rice has also been tested
for tolerance to salinity, measuring the amount of Na* and K" ions in shoots
and roots in three environmental conditions of 0, 100 and 120 mM NaCl
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Fig. 2.1 Generation of RILs by successive selfings: two parental lines are crossed to produce an
F1. The F1 is then selfed to obtain an F2. The selfing process continues until a certain level of
homozygosity is reached. The end product consists of a set of RILs, each of wich is a fixed
recombinant of the parental lines. HIFs individuals are derived from RILs in wich a small portion
of the genome is still heterozygous (shown in red rectangle). Selfing such a RIL, it is possible to
obtain individuals fixed for parental’s 1 or parental’s 2 allele. Only one chromosome pair is shown
for each individual

(Wang et al. 2012). It is known that plants, which tolerate salinity are able to
maintain a flux of Na* between shoots and roots in order to keep the ratio Na*/K™ as
low as possible. The authors identified several major QTLs for salt tolerance and
one of them, named qSNC11, will be suitable for use in marker-assisted selection
when developing new salinity-tolerant cultivars.
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NILs have been used in various studies to confirm and fine map QTLs previously
mapped in RIL populations (Koornneef and Smeekens 2005; Edwards et al. 2005)
for which heterogeneous inbred families (HIFs) have also been used (Tuinstra
etal. 1997). To construct an HIF-type NIL, a RIL is chosen that is still heterozygous
around the QTL of interest but homozygous elsewhere. In fact, even after six
generations of inbreeding, which is customary for RILs, a small percentage of the
genome remains heterozygous. This RIL is then selfed and genotyped so that each
homozygous genotype at the region of interest can be identified and studied in
detail. HIFs should not to be compared with the reference parental genotype, but
with one another within the descendants (family) of the chosen RIL. In contrast to
“conventional” NILs, the genetic background of an HIF line is not homogeneous,
but a mix of both parental genomes since these lines originate from one RIL of the
population. The ease with which NILs can be extracted from a large population of
HIFs may also allow a QTL mapped at low significance thresholds to be confirmed
by subsequent examination of NILs. Second, NILs extracted from segregating HIFs
are useful for the fine mapping of QTLs. Each segregating HIF is independent and
contains unique recombination events in genomic regions flanking the QTL. An
example of fine mapping using HIFs comes from the investigation of the four loci
identified in the Arabidopsis population Bay-0 x Shahdara in low and high nitrogen
environments by Loudet et al. (2003). The production of homogeneous plant
material for a large number of lines was certainly the most challenging and limiting
step of this work, but the authors also remarked that uncontrolled environmental
effects can affect the evaluation of the quantitative traits and that environmental
heterogeneity can occur between two different cultivation repetitions (even in the
same growth chamber), as well as within one single growth chamber during a
repetition. For these reasons, it is recommended (a) to always study all of the lines
in the same cultivation repetition and (b) to compare different N environments in
the same cultivation repetition. One of the limitations of HIF analysis for the
evaluation of QTL is that the genetic background of NILs derived from HIFs are
unique and cannot be easily replicated. NILs are not easily developed for evaluating
the effects of more than one QTL in a single genetic background or for comparing
the effects of QTL identified in different populations.

Candidate Genes

Co-localisation with candidate genes sometimes allows rapid molecular identifica-
tion of QTL. This was the case in a study by Loudet et al. (2007) where QTL
mapping for sulfate content in Arabidopsis leaves resulted in the identification of
several minor QTLs and one major QTL on chromosome 1 in two contrasted N
levels (3 mM and 10 mM). The major QTL co-localised with the gene APR2 coding
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for the adenosine-5'-phosphosulfate reductase, a key enzyme for assimilatory
sulfate reduction pathway. The authors showed that the difference in sulfate
contents between the two parental lines was not due to a different expression of
the gene in the two genotypes, but to a change of alanine into glutamic acid in the
APR?2 protein. However, it is possible for there to be no overlap between the QTL
and the candidate genes, as happened in the study on common bean conducted by
Blair et al. (2010). A QTL for iron reductase activity in roots was identified under
iron sufficiency (15 pg Fe), but it was mapped on a different chromosome from the
one found under iron-limited growth (1 pM). Therefore, it was postulated that iron
reductase activity was influenced by more than one locus, with a first iron
reductase-related locus on chromosome b02, which contributed to the trait in
iron-limited plants, and a second iron reductase-related locus present on chromo-
some bl1 contributing in iron-sufficient plants. The authors also mapped loci for
the FRO genes (iron-reductase homologues) but since there is no co-localisation
with the QTL they concluded that some other gene may control iron reductase
activity. Another resource for finding candidate genes is analysing gene expression
in the vicinity of the QTL. This can be done using standard assays for a limited
number of candidate genes, or using high-throughput genome-wide techniques,
such as microarrays (Borevitz and Nordborg 2003). When the functional allelic
variation results in gene expression differences, this may clearly indicate the
candidate gene. Identifying an artificially induced mutant showing phenotypic
effect in the trait of interest provides a unique functional argument to select a
candidate gene. The availability of T-DNA insertion mutants for almost any
Arabidopsis gene and the efficiency of TILLING (Targeting Induced Local Lesions
in Genomes) procedures to identify mutations in numerous candidate genes provide
efficient strategies to analyse knock-out phenotypes of (nearly) all genes in a QTL
region. Nevertheless, most collections of mutants are in the laboratory backgrounds
Ler (Landsberg erecta) and Col (Columbia), which do not necessarily carry func-
tional alleles at the gene of interest and, consequently, will not always show a
distinct phenotype when mutated. Therefore, loss-of-function mutants of particular
lines, such as NILs, carrying alleles different from the common laboratory acces-
sions, can also be induced by mutagenesis with standard chemical or physical
agents. This approach is especially useful when identifying novel alleles that are
dominant over laboratory backgrounds (Koornneef et al. 2004). Ultimately, the
proof for the identification of a QTL gene should come from complementation
experiments by plant transformation.

QTL Validation

The presence of a QTL is validated when allelic variation of that QTL area has an
effect on the studied trait. The search for polymorphic region-specific markers is
crucial to fine map a QTL. NILs and HIFs are screened with molecular markers that
are contrasted at the target region in parents. Finally, combining the analysis of a
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large number of segregating recombinants and the use of new polymorphic markers
in the QTL area makes it possible to define a candidate region of less than 50 kb
which will contain about 10 ORFs (open reading frames). If the region size is not
sufficiently small for further analysis, new screening of rHIFs (possible
recombinants within a heterozygous region of a QTL) is performed. When the
desired region size contains only few genes, the QTL is considered as fine mapped
and genes within it are examined for potential clues (Ikram and Chardon 2010). In
addition to fine mapping, several functional strategies are available for plants whose
complete genome sequence is available in order to select relevant candidate genes
for the QTL. The knowledge of the complete genome sequence allows the search of
such candidates on the bases of the predicted gene functions. Nevertheless, the
function of many ORFs remains unknown at the cellular and/or phenotypic level
and, therefore, it is not always possible to find obvious candidates from the genome
sequence (Koornneef et al. 2004).

QTL cloning is a very efficient way to verify a new gene without a priori. For
instance, Calenge et al. (2006) were interested in two genotypes, which accumu-
lated soluble sugars at different rates in 10 and 3 mM nitrate nutrition. QTL analysis
resulted in a major QTL for fructose content in leaves. The fine mapping restricted
the QTL area to a 3 kb interval enclosing the single gene SWEET!7 (Chardon
et al. 2013). The authors showed by functional analysis that variation in fructose
content is uncoupled from further metabolic pathways, which result from seques-
tration of fructose into the vacuole, the main compartment for soluble sugars. They
demonstrated that SWEET17 is a new vacuolar transporter of fructose in plant.

In contrast, simply resequencing a region with dozens or more genes is, on its
own, not generally informative because of the high number of polymorphisms that
distinguish an arbitrary pair of accessions, about 1 in every 200 bp (Weigel 2012).
Fortunately, compared to other multicellular organisms in which natural variation is
studied, Arabidopsis has the enormous advantage that almost all accessions are
quite easily transformed by dipping flowering plants into a suspension of
Agrobacterium tumefaciens containing a T-DNA vector with the transgene of
interest.

QOTL Meta-analysis

With data on multiple populations, it useful to know whether QTL identified for a
given trait in one population correspond to those detected in other populations, or
whether QTL locations identified in one species correspond to QTL or other types
of loci detected in corresponding regions in other plant species. With this aim, a
method has been developed by Goffinet and Gerber (2000) to estimate the mini-
mum number of loci giving the observed QTL in individual studies and to combine
the available information to precisely give the position of each individual QTL.
Such an approach is called ‘meta-analysis’ and its usefulness is to pool information
when raw data are not available. Comparative analysis of QTL between species
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reveals the existence of homologous QTL for traits involved in domestication, such
as plant height and maturity, as well as tolerance to abiotic stress, within the cereals
(Chardon et al. 2005; Hanocq et al. 2007; Li et al. 2013; Swamy et al. 2011). A
recent example of meta-QTL analysis of a nutrition use efficiency-related trait
comes from the dissection of an ortho-metaQTL in bread wheat by Quraishi
et al. (2011). The authors identified a major NUE ortho-metaQTL conserved at
orthologous positions in wheat, rice, sorghum and maize. Starting from three
independent studies reporting QTL detection for traits related to NUE components
in wheat, the authors proposed that a glutamate synthase (GoGAT) gene is con-
served structurally and functionally at orthologous positions in rice, sorghum and
maize genomes, and it that may contribute to NUE in wheat and other cereals.

Exploiting Genetic Variation in Wild Populations to Reveal
NUE Genes by Association Mapping

First Results Obtained on Arabidopsis to Reveal NUE Genes

Over the past 10 years, traditional QTL mapping has led to the identification of
sequence variants that modulate a range of physiological and developmental traits.
Prior knowledge of the biological function of the affected genes was often helpful
in identifying them, but increasingly the responsible locus is found to encode a
protein without known biochemical function (Lempe et al. 2005). Apart from
alleles that alter expression levels or protein function, a surprising number of drastic
mutations such as deletions and stop codons underlie phenotypic variation. Some of
these changes are found in many accessions (Weigel and Mott 2009) suggesting
that they are adaptive. Nevertheless, despite some success stories, the number of
known alleles responsible for phenotypic variation among accessions remains
limited, mostly because fine mapping and dissection of QTLs are time consuming.
Arabidopsis thaliana was the first plant species for which a genome sequence
became available (Arabidopsis Initiative 2000). This initial sequence was from a
single, high quality, inbred strain (accession) with each chromosome represented by
only two contigs, one for each arm. In addition to functional analyses, the 120 Mb
reference sequence of the Columbia (Col-0) accession proved to be a boon for
evolutionary and ecological researches. A particular advantage in this respect is that
the species is mostly self-fertilising, and most strains collected from the wild are
homozygous throughout the genome (Weigel and Mott 2009). This distinguishes
Arabidopsis from other model organisms such as the mouse or the fruit fly. In these
systems, inbred strains have been derived, but they do not represent any individual
actually found in nature. Numerous plants genomes have been completely
sequenced and released recently.

Natural Arabidopsis accessions show tremendous genetic and phenotypic diver-
sity. Thus far, significant natural variation has been reported for every phenotypic
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trait investigated (Koornneef et al. 2004). Moreover, assays of metabolite profiles
by large-scale unbiased metabolomics methods have uncovered natural variation at
the level of small molecules, suggesting that they reflect physiological phenotypes
that could be under selection in nature (Keurentjes et al. 2006). Efforts to accelerate
the discovery of functionally important variants began with a large-scale study in
which some 1,000 fragments across the genomes of 96 accessions of Arabidopsis
thaliana gathered from all over the world were compared by dideoxy sequencing
(Rosenberg et al. 2005). A major conclusion from this work was that there has been
considerable global gene flow, so that most sequence variants are found worldwide,
although genotypes are not entirely random. There is isolation by distance, and even
though population structure (which is a division of the population into distinct
subgroups related by kinship) is relatively moderate, it can easily be a confounding
factor in association studies. From this first set of 96 strains, 20 maximally diverse
strains were chosen for much denser polymorphism discovery using array-based
resequencing (Clark et al. 2007). This led to the identification of approximately one
single nucleotide polymorphism (SNP) for every 200 base pairs of the genome,
constituting one quarter or so of all SNPs estimated to be present. In addition,
regions that are missing or highly divergent in at least one accession encompass
about a quarter of the reference genome. For this reason it is becoming increasingly
clear that it is inappropriate to think about ‘the’ genome of a species, even though
this is what the initial sequencing papers stated in their titles just a few years ago
(Weigel and Mott 2009). The previous emphasis on relatively minor changes
between individuals, such as SNPs, was largely due to the fact that sequence
variation had overwhelmingly been studied by PCR-based methods or hybridisation
to known sequences. It is now known that Arabidopsis accessions can vary in
hundreds of genes. Of particular importance is the observation that some genes
with fundamental effects on life history traits such as flowering are not even
functional in their reference accession, and thus could not have been discovered
on the basis of the first genome sequence alone. Whilst knowledge about the origin
and phenotypic effects of sequence polymorphisms is central to understanding how
species adapt to their natural environment, most studies of genetic variation in
Arabidopsis have probably been motivated by the desire to identify regulatory and
other genes that are not present in the common laboratory accessions (Weigel
2012). A project begun in 2009 aimed to sequence the genome of 1001 accessions
of A. thaliana (Weigel and Mott 2009), and the task is almost complete now. The
main motivation for the 1001 Genomes project is, however, to enable genome-wide
association studies (GWA) in this species. The seeds from the 1001 accessions are
freely available from the Arabidopsis stock centres and each accession can be
grown and phenotyped by scientists from all over the world (Weigel and Mott
2009). Importantly, because an unlimited supply of genetically identical individuals
will be available for each accession, even subtle phenotypes and ones that are
highly sensitive to the microenvironment, which is often difficult to control, can be
measured with a high degree of confidence. The phenotypes can include morpho-
logical analyses, such as plant stature, growth and flowering; investigations of plant
content, such as metabolites and ions; responses to the abiotic environment, such as
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resistance to drought or salt stress and to N deficiency; or resistance to disease
caused by a host of prokaryotic and eukaryotic pathogens, from microbes to insects
and nematodes.

Candidate Gene Association and Genome-Wide Association
Studies

An explanation of how association mapping refers to the analysis of statistical
association between genotypes (usually individual SNPs or SNP haplotypes, deter-
mined in a collection of individuals), and the phenotypes (traits) of the same
individuals is undertaken here. Until recently, genetic mapping was usually done
in purpose-created populations, such as progeny of parents chosen on the basis of
the difference between them for the trait(s) of interest, or in defined pedigrees
(families) (Rafalski 2010). By contrast, genetic association mapping involves using
a collection of individuals, such as those derived from wild populations, germplasm
collections or subsets of breeding germplasm. Consequently, at each locus several
alleles may be simultaneously evaluated for association in a diverse population,
while only two alleles segregate in any biparental population. Two association
mapping methodologies are in use: Candidate Gene Association and Whole
Genome Scan, also called Genome-Wide Association Study. In the candidate
gene approach, the hypothesis that there is a correlation between DNA polymor-
phisms in gene A and the trait of interest is tested. For example, it is possible to test
if in a diverse germplasm collection there is a correlation between DNA sequence
alleles of phytoene synthase (or any other gene involved in carotenoid biosynthesis)
and carotenoid content of seeds (Palaisa et al. 2003; Pozniak et al. 2007). This
approach assumes good understanding of the biochemistry and genetics of the trait,
but many genes may escape attention. Therefore, in the absence of detailed knowl-
edge of the biochemical pathway of interest, including regulatory genes, whole
genome scan (described below) is a better choice (Rafalski 2010). Genome scan
involves testing most of the segments of the genome for association by genotyping
densely distributed genetic marker loci over all chromosomes. The simple hypoth-
esis that one of the genetic loci being considered is either causal for the trait or in
linkage disequilibrium (LD, defined as association between genetic loci) with the
causal locus is under consideration. The choice of population for association
mapping, and of the appropriate marker density, are crucial decisions. One of the
sources of false positives in association mapping is population structure. Complex
population structure could be expected in crop species that were subject to a severe
domestication bottlenecks followed by breeders’ selection. Pronounced differences
in the germplasm used in different regions of the world and maturity-related sets of
allele frequencies for many genes may also be expected. Examples include the
division of maize germplasm into heterotic groups (Reif et al. 2005) and a severe
post-domestication bottleneck associated with adoption of soybean in North
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America (Hyten et al. 2006). Before choosing the appropriate number of genetic
markers (usually SNPs) for a genome scan, it is necessary to have some under-
standing of the LD in the population selected for the study. In general, LD decreases
with distance between marker loci, more slowly in inbreds (soybean), faster in
outbred species (maize), although breeding practices have a large impact (Flint-
Garcia et al. 2003). LD is, however, very non-uniform across the genome, with both
general trends (more LD in centromeric regions) and pronounced local fluctuation
(Rafalski 2010). For instance, LD in Arabidopsis extends for roughly 10 kb, which
is a nearly ideal distance for mapping since it extends up to the gene level
(Bergelson and Roux 2010). Genetic resolution of any mapping methodology
ultimately depends on the amount of recombination available in the experimental
population, as measured by the rate of decay of LD (Rafalski 2010). In collections
of distantly related individuals many generations have passed and much recombi-
nation occurred since the last common ancestor, therefore resolution of association
mapping will, in general, be considerably higher than in simple biparental
populations. The power of association mapping is strongly dependent upon the
quality of phenotypic data. It is important to stress that in most cases it is necessary
to use well-controlled environmental conditions, including, when possible, use of
growth chambers, especially for the collection of samples for metabolomic or
biochemical phenotypes. Relevance of such phenotypes for field performance
will have to be separately established (Rafalski 2010). High throughput methods
to precision phenotyping, frequently referred to as phenomics, are developing
rapidly and automated facilities for high precision phenotyping are being
established (E. Finkel 2009). The use of such a facility has been recently presented
as a powerful tool to investigate plant response to drought stress by Tisné
et al. (2013), allowing the precise control of watering condition of more than
700 plants. In this way, the environmental variance was strongly reduced allowing
the identification of QTLs for complex traits related to drought response.

Validation and Applications

Validation of the hypotheses generated by association mapping constitutes an
integral part of the experiment (Rafalski 2010). In one approach, NILs differing
in the alleles at the candidate locus are constructed by repeated backcrossing into a
reference genetic background (Vlad et al. 2010). The resulting NILs are then
phenotyped side by side, and the amount of phenotypic variation ascribed to the
presence of introgressed segment is estimated. Biparental populations segregating
for the relevant alleles at the associated locus may also be used (Bel6 et al. 2008).
Alternatively, the association experiment could be expanded by the inclusion of
additional individuals in the expectation that the strength of the association should
improve if the association hypothesis is correct. Association mapping is usually
performed with the objective of applying the results for genotype-based selection of
superior individuals in plant breeding, or as a step toward positional cloning
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(Rafalski 2010). In marker assisted recurrent selection, breeders identify desirable
alleles at one or more loci, basing on the outcome of a mapping experiment, and
then use closely linked genetic markers for selecting individuals in breeding
populations (Collard and Mackill 2008; Ribaut et al. 2010). This approach results
in fixing the desirable allele(s) in the population(s) of interest.

Limitations

The detection power of association mapping greatly depends not only on the
magnitude of the effect that can be ascribed to a locus, relative to other loci present
in the population, but also on the allele frequency distribution. Rare alleles cannot
be detected with good confidence, unless their effect is very large. Therefore,
segregating biparental populations are more appropriate for the mapping of alleles
rare in the germplasm pool of interest (Rafalski 2010). Genetic association mapping
enriches the repertoire of tools available for the dissection of trait architecture in
crop plants and model species. As high-density genotyping becomes increasingly
accessible, this approach will gain power to identify with high-resolution genetic
loci and in some cases causal polymorphism affecting agronomic and end-use traits
in crop plants, as long as relevant alleles are present at high frequency. Mapping in
defined biparental populations will remain the method of choice for rare alleles,
especially those with moderate effects, and for the study of epistatic interactions.
Independent validation of the associations found by both approach and evaluation
of their effects in different genetic backgrounds remains an essential, even though
sometimes neglected, aspect of a genetic experiment. Improvement in phenotyping
remains a major challenge for mapping many agronomical important traits such as
NUE or drought tolerance.

Future Perspectives

In addition to visually obvious phenotypes, natural variation has also been observed
in genetic mechanisms such as cytosine methylation (Riddle and Richards 2002). A
recent interest concerns the exploitation of natural variation in gene expression,
leading to the first studies using expression QTL mapping (eQTL) proposed as a
valuable approach to dissect the genetic basis of transcript variation, one of the
prime causes of natural phenotypic variation. A recent study using eQTL conducted
on 191-individual pseudo-F1 progeny of grape to dissect the genetic basis of berry
colour formation (Huang et al. 2013), led to the identification of two major QTL
explaining 20 % of genotypic variance and co-locating with a key enzyme for
anthocyanin synthesis. With available genomic tools such as the whole genome
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sequence of many species, further investigation through genome-wide eQTL stud-
ies should bring a valuable contribution to understanding the molecular basis of
traits of interest and should offer the opportunity for knowledge transfer to horti-
cultural plants. In Fig. 2.2, a graphical overview of the possible strategies to
investigate plant mineral use efficiency is displayed.
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Conclusions

In light of scarce resources, increasing fertiliser production costs and the
demand for greater crop production, the development of nutrient-efficient
varieties is increasingly important. Both nutrient uptake and metabolic path-
ways are under the control of a complex regulatory network involving many
genes. The identification of large-effect QTL/genes is therefore a challenge
(Vinod and Heuer 2012). With the experiences gained in QTL mapping and
the rapid development of genome-sequencing and molecular-marker technol-
ogies, more high-impact, large-effect QTL will surely be identified in the
future. These efforts require expertise in different disciplines and, therefore,
modern breeding is being implemented more and more in multidisciplinary
teams involving breeders, physiologists and molecular biologists/geneticists.
With the advances in molecular breeding technologies, breeders now have
access to genes from wild species and unadapted genotypes that are difficult
to use in breeding programmes due to crossing barriers and their poor
agronomic performance. Molecular breeding therefore provides an exciting
opportunity to use these gene pools effectively for the development of
well-adapted and nutrient-efficient plants.
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Chapter 3
Macronutrient Use Efficiency — Sulfur
in Arabidopsis thaliana

Patrycja Baraniecka and Stanislav Kopriva

Abstract Sulfur is an essential macronutrient required for proper growth of not
only plants but also fungi and prokaryotes. It is present in a wide variety of
metabolites such as amino acids: cysteine and methionine, coenzymes, vitamins
and many others having distinctive biological functions. Plants take up sulfur from
the soil in the form of sulfate via sulfate transporters. It is then reduced and
assimilated in bioorganic compounds where cysteine is the first stable product.
This process is very well described on both biochemical and molecular levels. Both
reduction and assimilation are tightly regulated in demand-driven manner. The
pathway has been extensively studied over last years because of important func-
tions of sulfur in plant metabolism and stress defence. Here we summarise the up-
to-date knowledge about the pathway and its regulation based mainly on the study
on model plant Arabidopsis thaliana. We also emphasize areas in which little is
known including the interconnection of sulfate metabolism with other nutrients.

Keywords Sulfur « Regulation ¢ Arabidopsis * Sulfate transporters * Assimilation
¢ Metabolism * APS reductase ¢ Cysteine biosynthesis * OAS-TL ¢ Glutathione
¢ Methionine ¢ Glucosinolates

Introduction

Apart from oxygen, carbon dioxide and water, plants require at least 14 mineral
elements for sufficient nutrition. Six of them: nitrogen, phosphorus, potassium,
calcium, magnesium and sulfur are required in large amounts and these are called
macronutrients. The requirements for the rest, chlorine, boron, iron, manganese,
copper, zinc, nickel, and molybdenum, are much lower and these are called
micronutrients. Essential nutrients can be supplied to plants as fertilisers in case of
deficiency to increase plant yield and quality. This applies mainly to crop production
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(White and Brown 2010). However, this practice needs to be used optimally in
agriculture as too high concentration of some of these elements in the soil solution
may inhibit plant growth and reduce crop yield (White and Brown 2010).

Adequate sulfur supply is required for proper growth and fitness of all living
organisms. Sulfur is present in a wide variety of metabolites with specific biological
functions. Sulfur is cycled in the global ecosystem and can be converted to its
organic compounds by photosynthetic organisms and microorganisms. The most
common form of sulfur in nature is sulfate (SO427), which is the most oxidised
form, in which sulfur is in the + VI redox state. Sulfate is taken up from the soil and
reduced to sulfide in an energy-dependent reduction pathway. Sulfide can be
incorporated into O-acetylserine to form cysteine, which is the first stable form of
bound reduced sulfur in plants. Apart from cysteine, sulfur is present in methionine,
sulfolipids, and cell walls. It also is contained in thiols, which are involved in redox
control in plant cells and in vitamins and cofactors such as coenzyme A, thiamine
and biotin. Noteworthy are the sulfur-containing secondary metabolites such as
alliins and glucosinolates. Their breakdown products are responsible for character-
istic smell and taste of many vegetables but also deter plant pathogens. Both of
these classes of natural products are also very beneficial for human health. Alliins,
found in large amounts in garlic, have antimicrobial properties, and glucosinolate
degradation products induce enzymes that prevent tumour formation.

Sulfur availability in agricultural soils has been decreasing in many areas of
Europe during the last two decades (McGrath et al. 1996; Zhao et al. 1996). The
main reasons are: (i) reduction of sulfur dioxide emissions and subsequent reduc-
tion in sulfur depositions and (ii) changes in fertiliser practice, i.e. higher definition
fertilisers without sulfate contamination (Blake-Kalff et al. 2001). Additionally, it
was suggested that the demand for sulfur in many crops has increased due to
intensive agriculture and optimisation during plant breeding programmes (Abdallah
et al. 2010). The crop’s requirement for sulfur varies in different species. Generally,
wheat requires approximately 2-3 kg of sulfur for each tonne of grain produced
(Zhao et al. 1999) whereas the production of 1 t of oilseed rape seeds requires about
16 kg of sulfur (McGrath and Zhao 1996). This high demand for sulfur of oilseed
rape is probably due to an ineffective xylem-to-phloem transport mechanism in this
species. A large amount of sulfate is accumulated in the vacuoles of mature oilseed
rape leaves in sulfur sufficient conditions. This sulfate is not easily available for
redistribution if sulfur is limited (Blake-Kalff et al. 1998). Therefore oilseed rape is
particularly sensitive to sulfur deficiency or limitation which reduce both seed
quality and yield (Malhi et al. 2007). Sulfur deficiency in crop plants has been
recognised as a limiting factor not only for crop growth and seed yield but also for
poor quality of products which is particularly important in the case of wheat and the
maintenance of baking quality (Shahsavani and Gholami 2008). The protein frac-
tion is known to play an essential role in the bread-making quality of wheat. The
gluten proteins, gliadins and glutenins, represent about 80-85 % of total flour
protein. These are responsible for elasticity and extensibility that are essential for
functionality of wheat flours (Hussain et al. 2012; Kuktaite et al. 2004). However, in
sulfur-limited conditions the synthesis of sulfur-poor storage proteins such as
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w-gliadin and the high molecular weight subunits of glutenin is favoured at the
expense of sulfur-rich proteins which may cause unpredictable and unwanted
variations in wheat quality (Flaete et al. 2005; Moss et al. 1981). Another problem,
discovered relatively recently, is the formation of acrylamide during high-
temperature processing of potato and wheat products (Tareke et al. 2002). Acryl-
amide is potentially carcinogenic to human. It also has negative neurological and
reproductive system effects (Friedman 2003). The major determinant of acrylamide
forming potential is the concentration of free asparagine (Curtis et al. 2010). The
accumulation of free asparagine in wheat grain in severe sulfur deprivation may
increase to 30-fold higher levels compared to sulfur-sufficient conditions, which
makes asparagine up to 50 % of the total free amino acid pool. For that reason, even
very small amounts of such grain entering the food chain could have a significant
effect on acrylamide formation, which makes the application of sulfur fertilisers
over entire fields very important (Halford et al. 2012).

As sulfur deficiency in Europe appeared relatively recently, research on sulfur
use efficiency still lags behind that on the other major nutrients. Therefore, explor-
ing sulfur assimilation and the regulation of sulfur metabolism is of great interest
for agriculture and plant science, because it is important to understand the process
in order to optimise it for commercial use. However, there are still many gaps in our
knowledge in this area. Studies on model plants provide a great tool for further
exploration of the sulfur metabolic pathway mainly because of their rapid life cycle.
The knowledge obtained from research on model plants can subsequently be
transferred to crops and used for improving crop-breeding strategies. For these
reasons this review is focused on the sulfur metabolism of the model plant
Arabidopsis thaliana.

Sulfate Transport

Sulfate is the major form of sulfur in plants. Sulfate uptake from the soil is the first
stage of plant sulfate metabolism. After entry into the plants, sulfate needs to be
delivered to the plastids for assimilation or to the vacuoles for storage. Cell-to-cell
transport as well as long-distance transport between organs required to fulfil the
source/sink demands during plant growth, involve specific sulfate transporter pro-
teins (Buchner et al. 2004b). Genes encoding these proteins belong to the sulfate
transporter gene family and are divided into five groups. Members of different
groups vary in kinetics of transport and in patterns of expression indicating different
functions in the process of sulfate uptake and distribution. In general, high-affinity
transporters are responsible for the initial uptake of sulfate by the root epidermis
and cortex cells whereas low-affinity transporters are involved in the vascular
transport. Sulfate transporters may be expressed constitutively or depending on
sulfur availability. Decreased intracellular content of sulfate, cysteine and glutathi-
one (GSH) results in increased transporter activity (Smith et al. 1997). The Group
3 sulfate transporters are not influenced by the sulfur status of the plant (Kataoka



54 P. Baraniecka and S. Kopriva

et al. 2004a; Takahashi et al. 2000). Sulfate transporters from Groups 1, 2, and
4 undergo a dual pattern of regulation: semi-constitutive and inducible. Under
sufficient sulfur conditions and saturable uptake kinetics of the high- and
low-affinity transporters, a semi-constitutive expression of one high-affinity trans-
porter from Group 1, one low-affinity Group 2 transporter, undefined Group 3 trans-
porters, and vacuolar sulfate efflux transporter from Group 4 are necessary for
proper sulfate uptake and distribution (Smith et al. 1997; Takahashi et al. 2000).
Under excess sulfur nutrition the expression of inducible sulfate transporters is
repressed in order to prevent toxic internal sulfate accumulation. Feedback loops
involving key metabolites from the sulfate reduction pathway are a common
regulatory mechanism for expression of sulfate transporters (see further parts of
this chapter).

The influx of sulfate through the plasma membrane is well characterised at the
physiological and functional level. Plants essentially use a proton/sulfate
co-transport system to mediate sulfate flux (Lass and Ullrich-Eberius 1984). A
proton gradient is generated by plasma membrane proton ATPase (Saito 2004) and
the transport process is pH dependent with 3H"/sulfate stoichiometry (Hawkesford
et al. 1993; Smith et al. 1995a). Products encoded by sulfate transporter genes
possess 12 membrane-spanning domains and belong to a large family of cation/
solute co-transporters (Saito 2000). Additionally, the analysis of the C-terminal
region of these transporters revealed the presence of STAS (sulfate transporters and
antisigma factor antagonists) domains (Aravind and Koonin 2000). It was shown
that deletion of the STAS domain affects the localisation of transporters to the
membrane (Shibagaki and Grossman 2004) and results in a loss of sulfate transport
activity (Rouached et al. 2005). These results indicate that STAS domains have a
regulatory function in sulfate uptake and flux.

Functions of Sulfate Transporters in Arabidopsis thaliana

The first sulfate transporters were identified by functional complementation of a
sulfate transporter-deficient yeast mutant (Smith et al. 1995a, b). Subsequently,
yeast deletion mutants became the main tool for functional characterisation of
sulfate transporters. To date, a number of sulfate transporters from a variety of
plant species have been described (Buchner et al. 2004a; Howarth et al. 2003;
Vidmar et al. 2000; Yoshimoto et al. 2002, 2003). The availability of fully
sequenced genomes for Arabidopsis thaliana and rice has enabled analyses,
which led to identification of 14 putative sulfate transporter genes in each genome.
Based on phylogenetic analysis they were subdivided into four closely related
groups, and a fifth group containing two smaller proteins lacking the STAS domain
(Hawkesford 2003).

The analysis of the first isolated sulfate transporters identified high- and
low-affinity transport characteristics (Smith et al. 1995a) and more detailed analysis
revealed that the high-affinity components facilitate uptake of sulfate into the plant
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root (Barberon et al. 2008; Yoshimoto et al. 2007). The high-affinity sulfate trans-
porters are very well studied. In Arabidopsis thaliana they comprise three genes
(SULTR1;1-3) and belong to the clade which forms Group 1 of the sulfate trans-
porters (Fig. 3.2). The primary sulfate acquisition in roots is mediated by two
transporters: SULTR1;1 and SULTR1;2 (Fig. 3.1). Various studies confirmed the
expression of these two genes in root hairs, root epidermal and cortical cells (Rae
and Smith 2002; Takahashi et al. 2000; Yoshimoto et al. 2002) suggesting the
capacity of these tissues for a high-affinity sulfate influx into the symplast.
SULTR1;3 appears to be an exception in this group with specificity of localisation
to the phloem in both roots and cotyledons (Yoshimoto et al. 2003). Sulfur
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Fig. 3.1 Sulfate transport system in Arabidopsis thaliana. Blue shapes and labels indicate sulfate
transporters (SULTRs) mediating transport across plasma membranes. Dashed arrows indicate yet
unknown transport pathways
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deficiency massively increased sulfate uptake (Clarkson et al. 1983). SULTR1;2
mediates sulfate uptake in normal conditions and in sulfur deficiency, and its
expression is relatively independent of sulfate supply. In contrast, SULTR1;1 is
strongly inducible by sulfate limitation but almost absent in normal sulfur condi-
tions (Howarth et al. 2003; Yoshimoto et al. 2002). Moreover, another study
showed that in mutants deficient in SULTR1;2, the expression of SULTRI1;1 is
slightly up-regulated. However, reduced growth suggests that SULTR ;1 is not able
to compensate for the missing SULTR1;2. This might indicate that SULTR1;2 is
the major component for sulfate acquisition (Maruyama-Nakashita et al. 2003).
Sulfate absorbed into the epidermis needs to be transferred across the root cells
to the xylem. This step is necessary for delivery to the target cells in shoot organs
for reduction or storage into the vacuole. The horizontal sulfate transfer from the
epidermis to the central cylinder cells may occur via plasmodesmata. This is the
likely strategy to cross the barrier of the Casparian strip at the endodermal cell
layers. During this process sulfate may leak from the symplast to apoplast. This
mechanism seems to be passive but has not yet been identified (Takahashi
et al. 2011). The efflux of sulfate into the xylem vessels is still unknown. There is
no evidence that sulfate transporters may act in the reverse direction (Buchner
et al. 2004b). However, the expression patterns of Arabidopsis Group 2 low-affinity
sulfate transporters in the central cylinder cells suggest they may contribute to long
distance sulfate transport (Fig. 3.1). In roots SULTR2;1 is expressed in the xylem
parenchyma and pericycle cells whereas SULTR?2;2 is restricted to the root phloem.
In contrast, in leaves SULTR2;1 is expressed in xylem parenchyma and phloem
cells, and SULTR2;2 in the cells surrounding the xylem vessels (Takahashi
et al. 2000). Additionally, SULTR2;1 was assumed to be involved in sulfate
transport into developing seeds (Awazuhara et al. 2005). Localisation of
SULTRZ2;2 suggests a role in sulfate transport via the phloem. The efflux of sulfate
to the apoplast of the root vascular tissue leads to a high sulfate concentration.
SULTR2;1 expressed in the xylem parenchyma cells can reabsorb this sulfate, thus
regulating the amount of sulfate which is transported to the shoots. Induction of the
SULTRZ2;1 gene during sulfur starvation strongly supports this strategy. In the leaf
the expression of SULTR2;2 in the closest cells to the xylem vessels suggests its
role in sulfate uptake from the vessels, most likely at millimolar concentrations.
Subsequently sulfate is probably transferred to cells where it will be assimilated.
The expression of SULTR2;1 in the phloem suggests its role in sulfate transfer to
other organs, and in xylem parenchyma — reabsorption for further xylem transport
(Buchner et al. 2004b). Moreover, it was shown that SULTR3;5 from the Group
3 sulfate transporters is co-expressed with SULTR2;1 and involved in the sulfate
influx to the xylem parenchyma cells in the roots. However, it does not work as a
sulfate transporter by itself. It has been suggested that formation of heterodimer is
required for the activity of SULTR3;5 and maximum activity of SULTR2;1
(Kataoka et al. 2004a). Taken together, it seems that Group 2 sulfate transporters
are involved in the balancing of the sulfate flux through the plant in various sulfate
supply (Takahashi et al. 2000). It was also suggested that not only low- but also
high-affinity sulfate transporters from Group 1 SULTRI;3 are involved in long
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distance sulfate transport. SULTR1;3 is expressed in phloem in all the Arabidopsis
organs tested (Yoshimoto et al. 2003). Additionally, the analysis of a tomato
homologue of this transporter showed that it is expressed under sulfur stress
conditions (Howarth et al. 2003). These results indicate that plants are able to
maintain balanced distribution of sulfate during limitation by inducing additional
genes (Yoshimoto et al. 2003).

Plastids are the final destination for sulfate where it is assimilated. Alternatively,
it can also be transported to the vacuoles, which play the role of sulfate reservoir in
cells. It was shown that vacuoles isolated from the Arabidopsis sultrd,;1/sultr4;2
double mutant contain more sulfate than the wild type, suggesting that the efflux of
sulfate from the vacuole is mediated by Group 4 sulfate transporters (Fig. 3.1).
Moreover, enhanced expression of these two genes under sulfur stress conditions
indicates that sulfur is released from the vacuole in response to sulfur demands in
the cells (Kataoka et al. 2004b). The vacuole influx transporters have not yet been
identified. A chloroplast sulfate transporter SULTR3;1 has been characterised only
recently (Cao et al. 2013); chloroplast subcellular localisation was confirmed with
the analysis of SULTR3,1-GFP constructs and the sulfate transport functionality
with a validated in organello assay. However, the affinity of chloroplast for sulfate
did not change despite the disruption of SULTR3, 1 suggesting the existence of other
chloroplast sulfate transporters. The analysis of other members of the SULTR3
subfamily revealed that SULTR3,2, SULTR3,;3, SULTR3 ;4 but not SULTR3,;5 might
be also chloroplast sulfate transporters (Cao et al. 2013). These results are consis-
tent with those of Kataoka et al. (2004a) who demonstrated an essential role for
SULTR3;5 in the vascular root-to-shoot transport.

As mentioned above, the members of Group 5 differ significantly from the other
groups (Fig. 3.2). This group contains two isoforms, which are also dissimilar to
each other. SULTRS;2 was described as involved in molybdenum transport (Baxter
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Fig. 3.2 Unrooted phylogenetic tree of the Arabidopsis thaliana members of the sulfate trans-
porter family. Different colours represent different subfamilies. The tree was drawn using
MEGAS.1 software
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et al. 2008; Tomatsu et al. 2007) and renamed the MOT 1 transporter. It is clear that
MOTTI is essential for molybdenum accumulation. However, the exact subcellular
localisation of this protein remains unclear. Tomatsu et al. (2007) localised this
transporter to endomembrane system and plasma membrane whereas Baxter
et al. (2008) suggested its localisation in the mitochondrial membrane. The expla-
nation for these two predicted locations may be found in the different sites of GFP
fusion, either to the N-terminal end of MOTI (Tomatsu et al. 2007) or to its
C-terminus (Baxter et al. 2008). Nevertheless, the exact location of MOT1 requires
further investigation. SULTR5,;1 was shown to be expressed in most plant tissues
but it was not affected by sulfate supply (Shinmachi et al. 2010). Only recently its
function as a vacuolar molybdate export protein was shown and it was renamed for
MOT?2 (Gasber et al. 2011). As there are no reports indicating a sulfate transport
function for these two transporters and because of the absence of the STAS domain,
which is present in all other sulfate transporters, these two genes could reasonably
be excluded from the sulfate transporter family.

Regulation of Sulfate Transport at the Whole Plant Level

Growing plants require sulfate to synthesise amino acids, sulfolipids, thiols and
many other sulfur-containing compounds. The demand for sulfur differs depending
on the tissues, organs and developmental stage. Sulfate uptake and distribution is
regulated in response to plant demand and changing environment. Specific patterns
of expression of sulfate transporters genes in particular cells indicate the impor-
tance of proper sulfate distribution. Additionally, sulfate may be redistributed
during development from mature leaves to roots, younger leaves or seeds. Redis-
tribution requires changes in expression patterns. For example the up-regulation of
SULTR2;2 and SULTR1;3 in leaves during sulfate starvation indicates that these
transporters play an important role in sulfate allocation to other tissues (Yoshimoto
et al. 2003). It is an important process that allows interconnection of different
nutrients and that keeps a balanced system even during large environmental fluc-
tuations. The main reservoir of sulfate is in the vacuoles of mature leaves. Redis-
tribution of sulfate from vacuoles is particularly important during sulfur limitation.

Accumulation of high levels of sulfate metabolism products such as cysteine and
GHS decreases sulfate uptake and transport whereas sulfur stress conditions
increase expression of sulfate transporters and activities of key enzymes in the
sulfate metabolism pathway. Regulation of sulfate transport is sulfate nutrition-
dependent. Many studies confirmed that the regulation occurs primarily at the level
of mRNA (Smith et al. 1997; Takahashi et al. 2000; Yoshimoto et al. 2002). In
addition, post-transcriptional regulation and protein-protein interactions of sulfate
transporters with O-acetylserine (thiol)lyase were described (Shibagaki and
Grossman 2010; Yoshimoto et al. 2007). Their contribution to the overall control
of sulfate uptake is, however, not clarified yet. Changes in expression patterns of
sulfate transporter genes follow complex regulation responses. Firstly, tissue/organ-
specific expression of transporters from Group 3 is not regulated by sulfur nutrition.
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Secondly, cell-specific expression of some transporters from Groups 1, 2, and 4 is
modulated by sulfur limitation. Finally, cell/tissue-specific, sulfur deficiency-
related transporters from Groups 1 and 2 are derepressed (Buchner et al. 2004b).
The question of how plants sense sulfate deficiency and how the signal is trans-
duced to the transporter gene promoters still needs to be answered. Lejay
et al. (2003) studying the regulation of ion transporter in roots by photosynthesis,
concluded that some sulfate transporters (but also nitrate, phosphate, potassium and
other metal transporters) show diurnal changes in expression and might be induced
by sucrose, linking thus sulfate uptake with general primary metabolism.

In conclusion, plants are able to adjust sulfate transport to environmental
changes and to the availability of the other nutrients. It is worth noting that these
adaptations vary between species similarly to demands in sulfate metabolism.
Different molecular regulation mechanisms are described in the following sections
of this chapter.

Sulfate Assimilation and Metabolism in Arabidopsis thaliana

In nature, sulfur occurs in many oxidation states in inorganic, organic and
bioorganic compounds. Various organisms such as algae, bacteria, plants and
fungi are able to reduce sulfate and incorporate it into amino acids in the assimi-
latory sulfate reduction pathway. This process is very well described on both
biochemical and molecular levels. In photosynthetic organisms it occurs in plastids
(Brunold and Suter 1989). The only exception is Euglena gracilis where sulfate
reduction takes place in mitochondria (Brunold and Schiff 1976). Since sulfate is
chemically very stable, it requires activation before reduction. This occurs by
adenylation to adenosine 5'-phosphosulfate (APS), which is catalysed by ATP
sulfurylase (ATPS; EC: 2.7.7.4). ATPS in plants appears to be a homotetramer
composed from 52 to 54 kDa polypeptides (Murillo and Leustek 1995). Most of
total ATPS is plastid localised where it is responsible for sulfate activation for
further reduction. However, activity was also detected in the cytosol (Lunn
et al. 1990; Renosto et al. 1993; Rotte and Leustek 2000). During plant growth
activity in chloroplasts declines, whereas it increases in the cytosol. ATPS is
encoded by a small multigene family. Most plant species possess two ATPS
isoforms. However, four different isoforms were isolated from Arabidopsis,
which may indicate some level of genetic redundancy (Kopriva et al. 2009). Sur-
prisingly all contain a chloroplast transit peptide (Hatzfeld et al. 2000a; Murillo and
Leustek 1995). The most likely explanation for the existence of cytosolic ATPS
isoforms is the use of a different translational start codons (Hatzfeld et al. 2000a).
However, this hypothesis remains to be investigated.

APS forms a branching point in the sulfate reduction pathway (Fig. 3.3). APS
can be directly reduced to sulfite by APS reductase (APR; EC: 1.8.99.2) or
phosphorylated by APS kinase (APK; EC: 2.7.1.25) to form 3’-phosphoadenosine
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Fig. 3.3 Cellular organization of sulfate metabolism in Arabidopsis thaliana. Enzymes and
transporters are indicated in purple characters. Abbreviations of enzymes and transporters:
ATPS ATP sulfurylase, APK APS kinase, APR APS reductase, SiR sulfite reductase, OAS-TL
OAS(thiol)lyase, SAT serine acetyltransferase, CGS cystathionine y-synthase, CBL cystathionine
B-lyase, TS threonine synthase, MS methionine synthase, SAM S-adenosylmethionine synthetase,
y-ECS y-glutamylcysteine synthetase, GSHS glutathione synthetase, CLT thiol transporter, GST
glutathione-S-transferase, MRP multidrug resistance-associated protein, GGT
y-glutamyltransferase, SOT sulfotransferase, SULTR sulfate transporter, PAPST! plastidic PAPS
transporter. Abbreviations of metabolites: APS adenosine 5’-phosphosulfate, Cys cysteine, Cyst
cystathionine, Hcy homocysteine, OPH O-phosphohomoserine, Thr threonine, Met methionine,
SAM S-adenosylmethionine, SAH S-adenosylhomocysteine, y-GluCys y-glutamylcysteine, GSH
glutathione, GS-X glutathione conjugate, Glu glutamate, X-CysGyl cysteinylglycine conjugate, Ser
serine, OAS O-acetylserine, PAPS 3’-phosphoadenosine 5'-phosphosulfate, R-OH hydroxylated
precursor

5’'-phosphosulfate (PAPS) which serves as a donor of activated sulfate for various
cellular reactions modifying proteins, saccharides or synthesis of secondary metab-
olites including glucosinolates. This process is called sulfation and it is important in
regulating plant growth and development. However, sulfate reduction is a dominant
route for assimilation (Leustek et al. 2000) and is fulfilled in two steps. In the first



3 Macronutrient Use Efficiency — Sulfur in Arabidopsis thaliana 61

step APR transfers two electrons to APS to produce sulfite; the electrons are derived
from GSH (Bick et al. 1998). Subsequently, sulfite is reduced to sulfide by
ferredoxin-dependent sulfite reductase (SiR; EC: 1.8.7.1); this reaction requires a
transfer of six electrons from ferredoxin to sulfite. Sulfide is then incorporated into
the amino acid skeleton of O-acetylserine (OAS) to form cysteine. This reaction is
catalysed by OAS thiol-lyase (OAS-TL; EC: 2.5.1.47) (Kopriva 2006; Leustek
et al. 2000; Takahashi et al. 2011).

APR is a key enzyme of the sulfur assimilation pathway. It is regulated by
various environmental factors and signalling molecules (Kopriva 2006; Koprivova
et al. 2008). Similarly to ATPS, APR is encoded by a small multigene family and
three isoforms are known in Arabidopsis. It was shown in various studies that APR1
and APR3 are co-regulated and share the highest sequence similarity. However,
APR2 responds differently to hormone treatments (Koprivova et al. 2008) which
indicates specific functions of particular APR isoforms. The amino acid sequence of
APR suggests a multi-domain structure. Its precursor is synthesised with an
N-terminal plastid transit peptide. In the mature protein the N-terminal domain is
similar in predicted amino acid sequence to PAPS reductase (PAPR) from bacteria,
and the C-terminal domain with thioredoxin (Trx). Due to the lack of the C-terminal
domain, PAPR requires thioredoxin or glutaredoxin as a cofactor (Kopriva
et al. 2007). This may suggest the role of C-terminal domain as redox cofactor
(Leustek et al. 2000). Arabidopsis APR is a dimer of 45 kDa subunits (Kopriva and
Koprivova 2004) binding a [Fe;S,4] iron-sulfur cluster (Kopriva et al. 2001). PAPR
consist of two 28 kDa subunits without any prostetic groups. A single conserved
cysteine residue is responsible for its activity and dimerization.

APK catalyses the transfer of phosphate from ATP to APS to form PAPS which
is a sulfate donor for sulfotransferases. Four genes coding APK are found in the
Arabidopsis genome, all located on different chromosomes and with a high level of
similarity. Three of the isoforms contain chloroplast transit peptides at the
N-termini and these have been confirmed to be localised in plastids (Mugford
et al. 2009). The APK3 isoform does not contain the N-terminal extension and it
is likely to be responsible for cytosolic activity. Little is known about the biochem-
istry and the functions of the individual plant APKs. However, they have a
significant effect on sulfur metabolism. It was shown that apklapk2 double mutant
has a dramatically low glucosinolate level and also substantially higher levels of
cysteine and GHS than wild type plants (Mugford et al. 2009). This suggests a
compensation of low glucosinolate level by increases in cysteine and GSH. This
subsequently may indicate that primary sulfate metabolism is up-regulated in this
mutant, implying an important role of APK in controlling sulfur distribution in
plants. Plants with APK1 as the only active APK isoform showed the wild type
phenotype suggesting the major contribution of this isoform to total enzyme
activity (Mugford et al. 2010). The analysis of mutants lacking various APR
isoforms and differences in tissue-specific expression between the isoforms indicate
specific roles of particular isoforms in plant sulfur metabolism (Kopriva et al. 2012;
Mugford et al. 2009).
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The six electron reduction of sulfite to sulfide is catalysed by SiR in plastids.
Plant SiR is a 65 kDa monomer and requires the presence of a siroheme and an FeS
cluster as cofactors, and ferredoxin as an electron donor (Nakayama et al. 2000). In
contrast to other enzymes of the sulfur metabolism pathway, SiR is encoded by
single gene in Arabidopsis. The amino acid sequence and protein structure are very
similar to nitrite reductase (NiR) which catalyses a six electron reduction of nitrite
to ammonia in nitrate assimilation pathway. The 19 % amino acid sequence identity
suggests that these two enzymes have the same evolutionary origin.

Only recently a new enzyme in the sulfate assimilation pathway was identified
(Eilers et al. 2001): Arabidopsis sulfite oxidase (SO; EC: 1.8.3.1) catalyses the
oxidation of sulfite to sulfate in a two electron reaction. It is localised in peroxi-
somes (Nowak et al. 2004). Plant SO lacks the haem domain, which is known from
animal SO’s but it contains a molybdenum cofactor-binding domain. It was shown
that the terminal electron acceptor for plant SO is molecular oxygen, the reaction
converting O, into hydrogen peroxide. Hansch et al. (2006) also provided evidence
that hydrogen peroxide can oxidise sulfite non-enzymatically. It was shown that SO
can protect plants from an excess of sulfite which is toxic in high concentrations,
and SO, gas in the atmosphere (Brychkova et al. 2007). However, the exact role of
SO in sulfur primary metabolism is still not clear.

Cysteine Biosynthesis

Cysteine is the key sulfur-containing compound in plants. It is synthesised by
incorporation of sulfide into the P-position of the serine carbon skeleton in the
terminal step of sulfur assimilation (Saito 2004). Before the incorporation of
sulfide, serine needs to be activated to O-acetylserine (OAS). This process occurs
by acetyl transfer from acetyl coenzyme A, which is catalysed by serine
acetyltransferase (SAT; Serat; EC 2.1.3.30). Subsequently, OAS and sulfide are
the substrates for O-acetylserine (thiol) lyase (OAS-TL; EC: 2.5.1.47) which
catalyses the p-replacement reaction (Hell and Wirtz 2011; Takahashi
et al. 2011). The enzymes involved in the cysteine biosynthesis process, SAT and
OAS-TL, are localised in plastids, mitochondria and cytosol (Saito 2000; Fig. 3.3).
Additionally, f-cyanoalanine synthase was identified in mitochondria, which has a
similar catalytic activity to OAS-TL, and was previously identified as its mitochon-
drial form (Hatzfeld et al. 2000b). This enzyme is important for detoxification of
cyanide produced e.g. during ethylene synthesis (Garcia et al. 2010). The analysis
of whole plant protein extracts showed that entire SAT activity is always associated
with OAS-TL, and that an excess of free active OAS-TL is present (Hell and Wirtz
2011). This and other results indicate that these two enzymes are associated and
form a hetero-oligomeric cysteine synthase complex (Hell and Wirtz 2008, 2011;
Saito 2004; Takahashi et al. 2011; Wirtz et al. 2001; Wirtz and Hell 2006). The
binding of OAS-TL to SAT stabilises SAT. In the complex, SAT is the only active
enzyme. The product OAS causes the release of OAS-TL from the complex which
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enables the conversion of OAS to cysteine by the free enzyme, and in a negative
feedback, reduces the rate of OAS formation (Hesse et al. 2004b). Therefore,
formation of the cysteine synthase complex appears to be a main regulatory step
in cysteine synthesis (see the “Regulation of cysteine synthesis — protein-protein
interactions” section in this chapter).

The crystallisation of SAT protein revealed that it is a hexamer composed from
29 kDa subunits which are folded in a left handed parallel p-helix, characteristic for
this protein family (Olsen et al. 2004). The SAT gene family includes five members
in Arabidopsis, two of which were recognised only recently (Hell and Wirtz 2008;
Kawashima et al. 2005). Among the five SAT proteins three of them, SAT2, 4, and
5 (Serat 3.1, 3.2, and 1.1, respectively) are located in the cytosol whereas SATI
(Serat 2.1) was found in plastids and SAT3 (Serat 2.2) in mitochondria. Addition-
ally, because of the very low substrate affinity of SAT2 and 4 compared to SAT1,
3, and 5, it was suggested that these isoenzymes may actually process different
substrates in vivo (Kawashima et al. 2005; Krueger et al. 2009). However, the
analysis of multiple knock-out mutants for different SAT isoforms revealed that all
of Arabidopsis SAT are able to complement, at least partially, for the loss of other
isoforms (Watanabe et al. 2008).

OAS-TL belongs to the B-replacement enzyme family which requires pyridoxal-
5'-phosphate as a cofactor. The protein is a homodimer composed from 35 kDa
subunits. The Arabidopsis gene family contains nine members which encode eight
functionally transcribed proteins (Hell and Wirtz 2008). Three of them, called
OAS-TL A, B, and C, are thought to be the main OAS-TL proteins in plant cells.
Similarly to SAT, they are localised in the cytosol, plastids and mitochondria,
respectively (Wirtz et al. 2004). OAS-TL proteins seem to have wide range of
functions. It is likely that apart from cysteine synthesis they are also responsible for
other processes such as sulfide and cyanide detoxification in mitochondria (Alvarez
et al. 2012) or determination of antioxidative capacity in cytosol (Lopez-Martin
et al. 2008). They also seem to be involved in the synthesis of secondary metabo-
lites in various species.

Recent studies of SAT and OAS-TL mutants suggest the cytosol as the main cell
compartment for cysteine production and mitochondria as the main place for OAS
synthesis (Haas et al. 2008; Krueger et al. 2009; Watanabe et al. 2008). Plants with
decreased mitochondrial SAT activity show strongly reduced OAS levels and
reduced flux into cysteine and GHS (Haas et al. 2008). The analyses of OAS
content and SAT activity in non-aqueous gradients showed the largest amount of
OAS in mitochondria and the smallest in plastids, whereas the OAS-TL activity was
localised in the cytosol and plastids (Krueger et al. 2009). However, OAS can be
transferred between all three compartments. Additionally, the analysis of
compartment-specific OAS-TL mutants revealed reduced cysteine content only in
a mutant lacking the cytosolic OAS-TL isoform (Haas et al. 2008; Watanabe
et al. 2008). Consequently, OAS has to be transported from mitochondria to the
cytosol for efficient cysteine biosynthesis. Taking into account that plastids are the
main compartment for sulfide production, the presence of sulfide in cytosol also
requires sulfide transport across the chloroplast envelope membrane. Taken
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together, very low SAT activity in plastids, the presence of sulfide in the cytosol and
the cytosolic localisation of cysteine strongly suggest the cytosol as the main
cellular compartment for cysteine biosynthesis in Arabidopsis (Krueger
et al. 2009).

Glutathione Biosynthesis and Functions

Formation of cysteine is the terminal step of sulfate assimilation pathway and the
starting point for production of methionine, GHS and many other sulfur-containing
compounds (Fig. 3.3). GSH is the main thiol-containing molecule in plant cells and
is present in much higher concentrations than cysteine. It has a broad range of
functions, which include removal of reactive oxygen species (ROS), detoxification
of heavy metals and xenobiotics, sulfur donation, transport and storage (in catalytic
reactions), redox signalling and many others. It is synthesised from glutamate,
cysteine, and glycine by two enzymes: y-glutamylcysteine synthetase (y-ECS)
and glutathione synthetase (GSHS). The reaction consumes two ATP molecules.
v-ECS is redox sensitive; only its oxidised form has high activity, whereas in
reduced form the activity is much lower. The increase in y-ECS transcript level
in response to various environmental changes suggests its role as regulatory factor
(Xiang and Oliver 1998). y-ECS is also inhibited by higher concentrations of GSH.
Synthesis of GSH is regulated by cysteine availability (Noctor et al. 2002). In
Arabidopsis thaliana GSH is synthesised in cytosol and plastids, whereas y-ECS is
localised to plastids only and GSHS activity is distributed between plastids and
cytosol. GSH from leaves is transported to roots, seeds and fruits via the phloem
(Leustek et al. 2000), which supports an important role as a sulfur donor. In
addition, GSH degradation is an important process in plants, however, the mecha-
nism is not well understood. The main enzymes responsible for GSH degradation
include glutathione reductase, 7y-glutamyltransferase (GGT), glutathione
S-transferase (GST), and glutaredoxin. It seems that GSH turnover in cells is
maintained mainly by GGT activities (Takahashi et al. 2011). However, the intra-
cellular degradation of GSH is independent of GGT and it is initiated by
y-glutamylcyclotransferase (Ohkama-Ohtsu et al. 2008).

Methionine Biosynthesis

Methionine is a sulfur-containing amino acid belonging to the aspartate family of
amino acids together with lysine, threonine, leucine and isoleucine. It is essential
amino acid for mammals and must be obtained entirely from the diet. Plants are able
to synthesise it de novo from cysteine or homocysteine. Methionine plays important
roles in plant metabolism. First of all it is a protein component. It is also involved in
initiation of translation. S-adenosylmethionine (SAM), which is produced from
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methionine is a methyl-group donor and precursor of important secondary metab-
olites. It was shown that 80 % of methionine is used for SAM synthesis whereas
20 % is incorporated into proteins (Giovanelli et al. 1985). Synthesis of methionine
requires products of three metabolic pathways: the carbon skeleton originates from
aspartate, the sulfur atom from cysteine, and the methyl group from serine (Ravanel
et al. 1998). In higher plants methionine synthesis starts from a y-replacement
reaction catalysed by cystathionine y-synthase (CGS) leading to formation of
cystathionine from cysteine and O-phosphohomoserine (OPH; Fig. 3.3).
Cystathionine is converted to homocysteine by a,p-elimination catalysed by
cystathionine P-lyase. The final step includes the transfer of the methyl group
from N°-methyl-tetrahydrofolate to homocysteine, which in plants is catalysed by
cobalamin-independent methionine synthase (MS; Hesse et al. 2004a; Ravanel
et al. 1998). In Arabidopsis three MS isoforms are known: two of them are in
cytosol and a third one is localised to the plastids (Ravanel et al. 2004). Subse-
quently methionine is converted to SAM by SAM synthetase which requires ATP.
It was shown that accumulation of SAM inhibits the enzyme activity (Ravanel
et al. 1998). When SAM is used for synthesis of ethylene or polyamines,
methylthioadenosine (MTA) is produced as intermediate. MTA can be used for
synthesis of another methionine molecule increasing SAM availability as methyl-
group donor (Burstenbinder et al. 2007).

Methionine synthesis undergoes a complex regulation. The pathway is regulated
by feedback inhibition of aspartate kinase: the carbon flux inhibits the synthesis of
methionine (Hesse et al. 2004a). It was also shown that CGS is involved in the
control of the pathway on the level of sulfur and carbon-nitrogen skeleton delivery
to the pathway (Hesse et al. 2004a). OPH is a common substrate for CGS and
threonine synthase (TS). TS affinity for OPH is significantly higher than CGS
affinity. TS is also positively regulated by SAM. Sufficient concentration of SAM
enhances the activity of TS and affinity for OPH (Curien et al. 1996). Carbon
skeletons are thus delivered to methionine biosynthetic pathway only when the
SAM concentration decreases (see also “Control of methionine biosynthesis —
posttranscriptional regulation” in the following sections of this chapter).

Sulfur-Containing Secondary Metabolites: Glucosinolates
and Phytosulfokines

Sulfur is also present in plant metabolites as sulfo-group-modifying carbohydrates,
proteins, and many natural products. Many sulfated metabolites play distinct roles
in plant defence against biotic and abiotic stresses. Some of the best known groups
of sulfated compounds are glucosinolates, which play an important role in protec-
tion against herbivores. They are also responsible for taste and flavour of many
Brassica vegetables (e.g. cabbage, broccoli). Products of glucosinolate degradation,
isothiocyanates, possess an anticarcinogenic activity in mammalian cells (Mithen
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Fig. 3.4 Schematic representation of glucosinolate hydrolysis (middle) including examples of
aliphatic, aromatic and indolic glucosinolates (/eff) and most common degradation products (right)

et al. 2003). In general, glucosinolates are synthesised in a three-block pathway.
The elongation of certain amino acids, which are the precursors of aliphatic or
aromatic glucosinolates, by sequential insertions of few (up to nine) methylene
groups into the side chain is the first phase of the process. Subsequently, the amino
acid moiety, elongated or not, is converted to form the core structure, which is
common to all glucosinolates. The final block concerns various modifications, such
as hydroxylation, O-methylation, desaturation, acylation and others, which leads to
the formation of a broad range of structures (Halkier and Gershenzon 2006). To
date, more than 140 different glucosinolates have been described (Fahey
et al. 2001). In Arabidopsis nearly 30 different glucosinolates have been found in
most organs, at various developmental stages (Brown et al. 2003). The chemical
structure of most of them consists of a -D-thioglucose group linked to a (Z)-N-
hydroximinosulfate ester via a single sulfur atom (Halkier and Gershenzon 2006).

Although knowledge about the glucosinolate biosynthesis is important, it is the
degradation products that are responsible for all their biological functions (Fig. 3.4).
The process of hydrolysis begins with breakdown of the thioglucoside bond, which
leads to the formation of glucose and unstable aglycone. The latter may then
isomerise to different products depending on the structure of side chain and
availability of various cofactors. The initiation process is catalysed by myrosinase
(EC: 3.2.3.1) and has been investigated in a number of biochemical and molecular
studies. Myrosinase is separated from glucosinolates in idioblast cells to avoid
unnecessary glucosinolate hydrolysis. These two components, however, mix very
quickly after the loss of cellular integrity as a result of wounding or insect or
pathogen attack, to activate the binary glucosinolate — myrosinase system leading to
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the generation of glucosinolate hydrolysis products, which serve as plant defence
molecules. The system, however, seems to work both ways: it deters usual patho-
gens but it may also attract some specialised herbivores (Renwick 2001). Many of
them use glucosinolates as a food or use glucosinolates-containing plants for
oviposit (Halkier and Gershenzon 2006).

Phytosulfokines (PSK) are another sulfur-containing metabolite of importance
to plant growth and fitness, which promote various stages of plant growth such as
somatic embryogenesis, adventitious bud and root formation and pollen germina-
tion (Chen et al. 2000; Kobayashi et al. 1999; Yamakawa et al. 1998). PSK-a is the
first sulfated peptide found in plants. Its unique signal strongly promotes cell
proliferation in plant cells at low concentrations. PSK-a is universally distributed
in the plant kingdom (Yang et al. 2000) and is synthesised from an ~80 amino acid
precursor peptide which has a secretion signal at its N-terminus (Yang et al. 1999).
In Arabidopsis five genes encoding the precursor peptide have been identified
(Yang et al. 2001). The expression of PSK genes in Arabidopsis is not limited to
tissues characterised by active cell division and differentiation. It has been detected
in most plant organs including mature leaves, stems, roots, and calluses, which
indicate that it is not a simple mitogen or differentiation initiator. PSK precursor
over-expression causes no apparent changes in plant growth or development under
normal growth conditions (Matsubayashi and Sakagami 20006). It acts by binding to
the specific binding sites which have been identified on the surface of suspension-
cultured cells and in plasma membrane-enriched fractions of various plant species
(Matsubayashi and Sakagami 1999). Based on the internal sequence of the
PSK-binding protein, the component of the functional PSK receptor, LRR-RLK,
was identified (Matsubayashi et al. 2002) and LRR-RLK Arabidopsis knock-out
mutants are used to study the in vivo function of PSK (Matsubayashi and Sakagami
2006). The same receptor is used by another sulfated peptide called PSY1 which is
also involved in the promotion of cell proliferation and expansion at nanomolar
concentrations (Amano et al. 2007). Recently discovered RGF family peptides
seem to be involved in root development (Matsuzaki et al. 2010; Meng
et al. 2012), however, the exact role of these proteins and its sulfation remains
unclear.

Regulation of Sulfate Assimilation

Understanding the tight regulation of the sulfate assimilation pathway is extremely
important for two reasons: the essential role of sulfur for plant growth and quality,
and the potential cytotoxicity of sulfite and sulfide, which are intermediates in
sulfate assimilation. Various stages of the assimilatory pathway are regulated in
both positive and negative feedback mechanisms in a demand-driven manner
(Fig. 3.5).
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Regulation on the Level of Sulfate Uptake and Transport

The efficient acquisition of sulfate from the soil and its distribution in the plant is of
great importance especially under sulfur limiting conditions. In a number of studies
it was shown that the rate of sulfate transport during low sulfate supply is driven
mainly by the regulation of the two high-affinity sulfate transporter genes,
SULTRI;1 and SULTRI;2 (Shibagaki et al. 2002; Takahashi et al. 2000; Vidmar
et al. 2000; Yoshimoto et al. 2002). The study of promoter-reporter constructs
indicated that both are regulated in response to sulfate nutrition (Maruyama-
Nakashita et al. 2004a). Further studies led to the identification of a transcription
factor, SLIM1 (sulfur limitation 1), which is responsible for the regulation of sulfate
uptake and metabolism during insufficient sulfur supply (Maruyama-Nakashita
et al. 2006) (Fig. 3.5). Sliml mutants showed about 30 % reduction in root length
and a 60 % decrease of sulfate uptake rates in sulfur-limiting conditions. The
SLIM1 transcription factor belongs to the family of ethylene insensitive-like
(EIL) transcription factors, from which EIL3 has a specific function in the
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regulation of sulfate uptake and metabolism (Maruyama-Nakashita et al. 2006).
EIL3 was the only protein from the EIL-family able to restore the wild type
phenotype of slimI mutants and was therefore renamed SLIM1. SLIM1 regulates
the expression of the majority of sulfate-limitation responsive genes in the pathway,
which suggests a hub-like function in the regulation system. Interestingly, APR, the
key enzyme of sulfur metabolism, seems not to be subjected to the control of
SLIM1, which suggests that it is not the only factor involved in the regulation
process.

Most sulfur responsive genes are co-ordinately regulated for metabolism and
stress reduction. A sulfur-responsive cis-acting element (SURE) was identified first
in the sequence of the promoter of SULTRI,;l sulfate transporter (Maruyama-
Nakashita et al. 2005). SURE is a 7 nucleotide long specific sequence localised in
the 5’-region of SULTRI ;1. This sequence contains the core sequence of the auxin
response factor (ARF) (Hagen and Guilfoyle 2002). However, SURE is sulfur-
specific and is not relevant to the auxin response. The analysis of sulfur limitation
inducible expression of SULTRI I revealed that the SURE element was an essential
target for the sulfur limitation response in Arabidopsis roots. Interestingly, SURE
was identified in SULTRI ;I but not in SULTRI 2, suggesting different mechanisms
of regulation of these two transporters (Maruyama-Nakashita et al. 2005). Indeed,
SULTRI ;1 is known to be controlled more specifically by sulfur limitation whereas
the control of SULTRI,2 is more dependent on metabolic demand and cellular
status (Rouached et al. 2008). The in silico promoter analysis with GeneChip
microarrays of 15 genes, which are known to be up-regulated by sulfur limitation,
revealed the presence of a SURE core sequence (GAGAC or GTCTC) in the
promoters of all of these genes. Similar sequences are present in the NIT3 nitrilase
(Kutz et al. 2002) and p-conglycinin B-subunit (Awazuhara et al. 2002). Therefore it
was concluded that the SURE core sequences are conserved in sulfur-limiting
inducible promoters and may play a key role in sulfur limitation induction
(Maruyama-Nakashita et al. 2005). However, a number of genes regulated by sulfur
starvation do not have a SURE element. Despite the important role of SURE
elements in the sulfur limitation-inducible response, there are still many gaps in
our knowledge. Many important questions, such as specific SURE-binding candi-
dates, still require further investigation.

In addition to transcriptional regulation, sulfur metabolism genes are also con-
trolled post-transcriptionally. The main player in post-transcriptional regulation is
microRNA395 (miR395; Fig. 3.5). MiRNAs are a group of small RNAs, which are
formed from noncoding double-stranded RNA precursors. They are able to nega-
tively regulate their target genes by cleavage or by binding to the complementary
sequences in the target genes and repressing the translation (Bartel 2004). Analysis
of the Arabidopsis genome revealed the low-affinity sulfate transporter SULTR2;1
and ATPS1 and ATPS4 isoforms of ATPS as target genes for miR395 (Jones-
Rhoades and Bartel 2004). The accumulation of miR395 increases during sulfate
starvation and this process is dependent on SLIM1 (Kawashima et al. 2009).
Further studies revealed that miR395 regulates sulfate accumulation in shoots by
cleavage of ATPS isoforms 1 and 4 during sulfate starvation. MiR395 was also



70 P. Baraniecka and S. Kopriva

shown to play a role in sulfate translocation from old to young leaves by targeting
SULTR2;1 (Liang et al. 2010). Subsequently Kawashima et al. (2011) in experi-
ments on SLIM1 and miR395-dependent regulation, reported an increase in
SULTR2;1 mRNA levels, a decrease in ATPS4 levels and no changes in ATPSI
mRNA levels in sulfate-limited conditions, suggesting three different mechanisms
of miR395-mediated regulation. The increased expression of SULTR2;] in roots
during sulfate starvation is limited to xylem parenchyma cells (Kawashima
et al. 2009). The decrease in mRNA levels of ATPS4 following induction of
miR395 suggests a canonical regulation of ATPS4 by miR395. The lack of response
in ATPS] transcripts is in contrast to results obtained by Jones-Rhoades and Bartel
(2004) who observed a decrease in ATPS] mRNA, however, these differences may
be caused by different experimental setups. The increase in SULTR2;[ expression
in the xylem and reduction of flux through sulfate assimilation in the roots caused
by miR395 indicate the importance of the SLIM-1-dependent induction of miR395
for the increased translocation of sulfate to the shoots when sulfate is limited. This
results in an increase in the efficiency of sulfate assimilation in leaves (Kawashima
etal. 2011). Very recently Matthewman and co-workers (2012) have shown that the
complex regulation of miR395 is linked not only to SLIM1-dependent regulation
during sulfate starvation but also to GHS and more generally thiol levels and/or cell
redox state. Increased expression of miR395 in fou8 and sultrl;2 mutants affected
in sulfate accumulation, suggests that miRNA395 is regulated by the internal
sulfate level irrespective of external sulfate availability. All these results confirm
that miR395 is an integral component of the sulfate assimilation regulatory network
in a complex regulation mechanism.

Regulation of Sulfate Assimilation

Sulfate assimilation is tightly regulated in response to sulfate demand and environ-
mental changes. The control mechanisms appear on different steps of the pathway
and involve regulation of specific enzymes. Additionally, the whole pathway may
be controlled as a process. Experiments focused on the first step of the pathway
revealed the regulation of ATPS by sulfate availability (Logan et al. 1996). It was
also shown that ATPS activity is inhibited by GSH. However, a number of studies
revealed that the key regulatory step is sulfate reduction by APR (Fig. 3.5), as it is
strongly affected by various treatments and environmental changes (Hesse
et al. 2003; Koprivova et al. 2008; Vauclare et al. 2002). Vauclare et al. (2002) in
the GSH feeding experiment showed that an increase of GSH concentration in the
medium decreases APR expression and activity, indicating its regulation by GSH
rather than cysteine. They also estimated the flux control coefficient for APR as
0.57, considering that the coefficient of all enzymes in the sulfate uptake and
reduction pathway is up to 1, confirming the importance of APR in control of flux
through sulfate assimilation pathway. The analysis of natural variation in sulfate
content between two wild Arabidopsis accessions Bay-0 and Shahdara (Sha),
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performed to identify the genes controlling sulfate level, also revealed APR as a key
control step in sulfate reduction pathway. The analysis of Bay-0 x Sha recombinant
inbred lines (RILs) led to the identification of a single nucleotide polymorphism in
an APR2 isoform of APR. The substitution of alanine with glutamate in a conserved
domain of protein resulted in significant differences in enzyme activity leading to
sulfate accumulation (Loudet et al. 2007). Additionally, reduction of APR activity
and mRNA accumulation in low nitrogen availability shown in this study confirmed
an interconnection of the two assimilatory pathways. Furthermore, APR over-
expression leads to accumulation of sulfite and thiosulfate which are toxic for
plants and strongly affect plant fitness (Martin et al. 2005). Such an effect is not
observed when over-expressing other enzymes in the pathway suggesting that APR
regulation affects the entire pathway. It was also shown that APR activity increases
during the day and decreases during the night, which shows that it has a diurnal
rhythm (Kopriva et al. 1999). A recently discovered transcription factor, Long
Hypocotyl 5 (HYS5), seems to be responsible for APR regulation by light. In dark
adapted Arabidopsis seedlings, a rapid increase in the transcript levels of all three
APR isoforms was observed to different extents, the highest being for the APR2
isoform where it reached a 12-fold higher level after 90 min of illumination,
compared to the control plants kept in the dark. However, in 4y5 mutant seedlings
no light induction was observed for APRI, and APR?2 induction was lower. Further
analysis revealed that HYS is involved in APR regulation by OAS and nitrogen
deficiency which alter the demand for reduced sulfur (Lee et al. 2011). Interest-
ingly, the analysis of the sir/-/ mutant revealed the downregulation of ATPS4,
APR2, and SULTR2;1 in the mutant (Khan et al. 2010). The most likely reason for
the downregulation of these genes, especially ATPS4 and APR2, is to avoid the
accumulation of sulfite which cannot be incorporated into cysteine as a result of
reduced SiR activity in the mutant. These results suggest that SiR can contribute to
the control of sulfate reduction pathway (Khan et al. 2010).

Regulation of Cysteine Synthesis — Protein-Protein
Interactions

Cysteine synthesis plays an important role in regulation of sulfate metabolism. The
regulation of SAT and OAS-TL, the main enzymes in cysteine biosynthesis, is
mainly due to a protein-protein interaction in the cysteine synthase complex (CSC;
Fig. 3.5). As mentioned above, SAT is strongly activated by OAS-TL which is
inactive in the complex and has only a regulatory role (Droux et al. 1998). Forma-
tion of the complex is strongly dependent on the availability of OAS and sulfide.
When SAT is bound to OAS-TL, the access of OAS to the complex is strongly
inhibited (Francois et al. 2006). OAS, which cannot be bound to the complex, is
released and metabolised by free OAS-TL dimers. During sulfur deficiency there is
not enough sulfide for cysteine synthesis and therefore OAS accumulates in cells.
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Accumulated OAS dissociates from the CSC complex, which rapidly decreases
SAT activity (Hell and Wirtz 2008). High OAS concentration increases the expres-
sion of sulfate transporter genes, APR, SAT and OAS-TL. This leads to increased
sulfate uptake and reduction and equilibrates the system (Hopkins et al. 2005;
Koprivova et al. 2000; Smith et al. 1997). Hubberten et al. (2012) have shown
recently that OAS may serve as a signalling molecule and change the transcription
levels of specific genes irrespective of the sulfur status in the plant. The feedback
inhibition of the cytosolic isoform of SAT by cysteine content serves as another
form of regulation in Arabidopsis. It is important to note that in A. thaliana,
plastidial and mitochondrial isoforms of SAT remain mostly insensitive to the
changes of cysteine content (Noji et al. 1998). Cytosolic SAT activity may be
considered as important for control of OAS concentration. The cysteine insensitive
SAT isoforms in organelles may allow independent formation of cysteine (Noji
et al. 1998). Although the regulation of cysteine biosynthesis is very important for
sulfur homeostasis in plants and therefore it has been intensively studied over the
past few years, many important aspects still require further investigation.

Control of Methionine Biosynthesis — Post-transcriptional
Regulation

Methionine biosynthesis is subject to complex regulation. The whole pathway is
controlled by feedback inhibition of aspartate kinase by lysine, threonine or lysine
together with SAM. It seems that the competition between CGS and TS for their
common substrate, O-phosphohomoserine, has an important regulatory role in the
flux of carbon into methionine, which can be a limiting factor in the process (Hesse
et al. 2004a). A recent study of transgenic Arabidopsis plants provided evidence
that the regulation of methionine biosynthesis also occurs at the posttranscriptional
level (Chiba et al. 1999, 2003). The analysis of this process is focused on the MTO1
region in exon 1 of CGS (Suzuki et al. 2001). The MTO1 mRNA region may act in
cis and destabilise CGS mRNA in response to high concentrations of methionine or
SAM (Chiba et al. 1999, 2003; Lambein et al. 2003). Computational analysis
revealed the possible formation of a stable stem-loop structure in the MTO1 region
which could support the posttranscriptional mechanism of regulation (Amir
et al. 2002). More recently the presence of a truncated form of CGS transcript in
Arabidopsis was demonstrated (Hacham et al. 2006). This transcript lacks about
90 nucleotides from the first exon. Over-expression of this CGS transcript causes
even higher levels of methionine than the over-expression of full length CGS. This
may suggest that this truncated transcript is not subject to feedback regulation by
methionine (Hacham et al. 2006).



3 Macronutrient Use Efficiency — Sulfur in Arabidopsis thaliana 73

Control of Glucosinolate Biosynthesis — MYB Transcription
Factors

Glucosinolate biosynthesis is highly regulated by a network of transcription factors
in response to biotic and abiotic stress (Gigolashvili et al. 2007, 2008; Sgnderby
et al. 2007). They belong to two groups of the R2ZR3-MYB family of transcription
factors. The first group consists of three members: MYB28, MYB76 and MYB29,
and is involved in the control of aliphatic glucosinolate biosynthesis (Gigolashvili
et al. 2008). The second group is responsible for control of biosynthesis of indolic
glucosinolates and includes MYB51, MYB122, and MYB34 (Gigolashvili
et al. 2007). Glucosinolates controlled by members of these two groups can be
alternatively called high aliphatic glucosinolates (1-3) and high indolic
glucosinolates (1-3), respectively (Fig. 3.5). T-DNA insertions, RNAi or over-
expression of these factors affects the expression of glucosinolate biosynthesis
genes and the level of glucosinolates. MYB34, MYBS51 and MYB122 have differ-
ent functions in the regulation of the pathway (Gigolashvili et al. 2007). Although
all of them up-regulate the genes from the biosynthesis pathway, MYB34 and
MYBI122 also function as stimulators of auxin biosynthesis, whereas MYB51
additionally activates the glucosinolate biosynthesis pathway (Gigolashvili
et al. 2007). Studies on MYB28, MYB29 and MYB 76 showed that they are able
to transactivate each other in control of biosynthesis of aliphatic glucosinolates.
They also downregulate the expression of enzymes involved in the synthesis of
indolic glucosinolates (Gigolashvili et al. 2008). Analysis of MYB28 and MYB29
revealed that MYB28 is essential for the synthesis of aliphatic glucosinolates
whereas MYB29 induces biosynthetic genes in response to plant hormone methyl
jasmonate (Hirai et al. 2007). Maruyama-Nakashita and co-workers (2006) showed
that mutation of SLIM1 additionally affects the expression of MYB34, suggesting
that this factor may be negatively controlled by SLIMI1 in response to sulfur
deficiency. There is some evidence that SLIM1 also might affect the expression
of MYB28 and MYB29, however the effect is not completely clear (Hirai
et al. 2007). More recently, it was suggested that MYB factors are not only involved
in the regulation of the glucosinolate biosynthesis genes, but also other genes in the
sulfur reduction pathway. Yatusevich et al. (2010) concluded that APR] and APR3
are under control of all MYB factors whereas APR?2 is regulated by only some of
them. They suggested also that APK/ and APK2 are a part of the glucosinolate
synthesis network controlled by MYB factors, whereas APK3 and APK4 have much
lower input to the network. Glucosinolate biosynthesis may be also regulated by the
DNA-binding-with-one-finger (DOF) transcription factor, OBP2, which is induced
by herbivory and methyl jasmonate (Skirycz et al. 2006). Additionally, changes in
expression of calmodulin binding IQD protein cause the variation in glucosinolate
composition (Levy et al. 2005).
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Regulation by Hormone Signals

Metabolic regulation is not the only means of controlling metabolic pathways. Plant
hormones play very important roles in many developmental processes. Recent
studies show involvement of plant hormones in regulation of different nutrient
metabolic pathways (Fig. 3.5).

Cytokinins are adenine-derived plant hormones, which are responsible for reg-
ulation of cell division and differentiation in plants together with auxin. The best
known example of regulation of the sulfate reduction pathway by cytokinin is the
downregulation of high-affinity transporters SULTRI;1 and SULTRI;2
(Maruyama-Nakashita et al. 2004b). Addition of cytokinins to wild type plants
decreases sulfate uptake and mRNA levels for the two transporters. It is interesting
that SULTR1;2 is much more responsive to the cytokinins than SULTR1;1. It was
suggested that in this regulation, the cytokinin response 1 (CRE1l)/wooden leg
(WOL)/Arabidopsis histidine kinase 4 (AHK4) cytokinin receptor is involved.
The Arabidopsis crel-1 mutant was unable to regulate the high-affinity sulfate
transporters in response to cytokinins (Maruyama-Nakashita et al. 2004b)
suggesting the independent regulation of high-affinity sulfate transporters by cyto-
kinin (repression) and by sulfate (induction). In contrast, Ohkama and co-workers
(2002) have shown that sulfur responsive genes APRI and SULTR2;2 were
up-regulated by cytokinin. They have concluded that this induction is mediated
by an increase in sucrose content.

Auxin-dependent signalling in the regulation of sulfate assimilation may be
connected to the response to sulfate deficiency by indole glucosinolate hydrolysis
(Kutz et al. 2002). During sulfate deficiency aglycon is released from indole
glucosinolates and indole acetic acid (IAA) is generated from the remaining indole
acetonitrile, catalysed by nitrilase NIT3. IAA may stimulate root growth, and
indeed an increase in length and the numbers of lateral roots is a common pheno-
type of sulfur-deficient plants (Hell and Hillebrand 2001). Additionally, various
studies indicate positive regulation of auxin-responsive genes during sulfate star-
vation (Maruyama-Nakashita et al. 2003; Nikiforova et al. 2003). Decrease in
cysteine production leads to accumulation of OAS and its precursor serine and
sulfate deficiency induces tryptophan synthase. Both of these events result in
increase in tryptophan biosynthesis as in plants it is synthesised from indole and
serine through the activity of the tryptophan synthase p-subunit. In consequence,
increased biosynthesis of tryptophan increases production of auxin (Nikiforova
et al. 2003).

Jasmonic acid (JA) is another plant hormone, which participates in regulation of
sulfate metabolism. JA is involved in response to oxidative stress and synthesis of
defence molecules. The cellular GSH content rapidly decreases during sulfur
deficiency and this may lead to oxidative stress in cells. It was shown, however,
that JA increases the expression of GSH synthesis pathway enzymes (Xiang and
Oliver 1998). Additionally, microarray studies showed induced expression of JA
genes during sulfur limitation and in sultrl;2 mutants (Maruyama-Nakashita
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et al. 2003; Nikiforova et al. 2003). JA was also shown to induce the expression of
the genes involved in glucosinolate biosynthesis (Brader et al. 2001; Doughty
et al. 1995). JA-deficient mutants showed normal responses to sulfur limitation,
similar to those when sulfate transporters and APR are induced and glucosinolate
biosynthesis genes are repressed under sulfur starvation (Takahashi and Saito
2008). JA significantly induced expression and activity of APR, mainly isoforms
1 and 3 (Koprivova et al. 2008).

To summarise, JA acts positively for synthesis of both antioxidants and
glucosinolates and has an important general role in plant pathogen defence and
detoxification. It also co-ordinately induces multiple genes of sulfate assimilation
suggesting its positive effect on sulfur homeostasis in plants (Jost et al. 2005).

Interconnection of Sulfate Assimilation with Other Nutrients

The sulfate assimilation pathway provides a range of sulfur-containing metabolites
which play essential roles in a number of cellular processes. Many reports have
shown that this pathway is very well co-ordinated with the assimilation of other
nutrients such as nitrate, phosphate or carbon. This interconnection is crucial in
dealing with the deficiency of one or more nutrients. It leads to activation or
deactivation of important regulatory components. Such cross-talks provide flexi-
bility in the adaptation to fluctuating environmental conditions, which helps plants
to maintain nutrient homeostasis and thus complete the life cycle.

Regulation of Sulfate Assimilation by Nitrogen

The regulatory interactions between sulfate and nitrate assimilation in plants have
been confirmed in a number of studies (Kim et al. 1999; Koprivova et al. 2000;
Takahashi and Saito 1996). These two pathways are coordinated in the way that
deficiency of one element represses the assimilation of the other. Studies on Lemna
minor revealed that the activities of ATPS, APR and OAS-TL decreased during
nitrogen deficiency (Brunold and Suter 1984). Addition of nitrate or ammonia to
nitrate-deficient medium restored the activity of these enzymes very quickly.
Additionally, when a normal nutrient solution was supplemented with ammonia
or amino acids such as arginine, glutamate or aspartate, APR activity increased
about 50-110 %. These nitrogen compounds also increased the flux through the
sulfate assimilation pathway (Brunold and Suter 1984). Koprivova et al. (2000)
have shown that after 72 h of nitrate deficiency in Arabidopsis, the activity of APR
decreased about 30 % in leaves and 50 % in roots. This is correlated with the
decrease of APR mRNA and protein accumulation, which suggests that nitrogen
availability regulates sulfate assimilation on the transcriptional level. This finding is
supported by the results of Yamaguchi and co-workers (1999) who have shown that



76 P. Baraniecka and S. Kopriva

nitrogen deficiency affects the mRNA accumulation of several other sulfate metab-
olism genes. Interestingly, the concentration of cysteine and GSH in both roots and
leaves does not change significantly. Addition of ammonia or glutamate increased
the sulfate flux through the Arabidopsis plants (Koprivova et al. 2000). Analysis of
the #y5 mutant revealed that the decrease in APR activity in nitrate deficiency was
much more rapid in Col-O than in the mutant suggesting HYS involvement in
regulation of APR in nitrate deficiency (Lee et al. 2011). Although this regulatory
mechanism seems to play an important role in sulfate homeostasis, the molecular
basis still requires elucidation. Koprivova and co-workers (2000) used feeding
experiments to demonstrate a strong positive effect of nitrogen-containing com-
pounds on the flux of sulfate through the pathway. Moreover, the closer the
metabolic relationship between nitrogen source and OAS, the higher was the
incorporation of S into proteins. OAS also caused the accumulation of APR
mRNA level and proteins (Koprivova et al. 2000). Therefore, it was proposed to
play a signalling role in the co-ordination of nitrate and sulfate metabolic pathways.
Other suggested signalling molecules are cytokinins: biosynthesis of cytokinins
seems to be related to nitrate availability and they are known to affect nitrogen
nutrition. As mentioned above, Ohkama et al. (2002) have shown that the APRI and
SULTR?2,2 were up-regulated by cytokinins. Additionally, Wang et al. (2003) dem-
onstrated that adding nitrate to plants grown on ammonium as the main source of
nitrogen increased the accumulation of mRNA for high-affinity transporters and
APR. Therefore, the nitrate effect on sulfate metabolism genes could be mediated
by cytokinins (Kopriva and Rennenberg 2004). On the other hand, it was shown that
sulfate deficiency decreased nitrate uptake and the activity of nitrate reductase and
amino acid accumulation (Prosser et al. 2001). Abdallah et al. (2010) have shown
that oilseed rape, which is known to have a high demand for sulfate, is able to
maintain growth during sulfate deficiency by an optimisation of nitrogen uptake
and remobilising sulfate from internal reservoirs. In field experiments with oilseed
rape it was demonstrated that sulfur deficiency reduces nitrogen use efficiency and
nitrogen deficiency reduces sulfate use efficiency (Fismes et al. 2000). This sug-
gests the importance of further investigation of regulatory processes of nutrient
metabolism in plants in order to improve crops yield and quality.

Interaction of Sulfate Assimilation with Carbon Metabolism

Carbohydrates provide the acceptor of sulfide for cysteine biosynthesis and serve as
a source of reductants for sulfate reduction in non-photosynthetic tissues (Kopriva
and Rennenberg 2004). However, despite this crucial role very little is known about
regulation of sulfate assimilation by carbon. Kopriva et al. (1999) have shown that
APR can be induced by light, suggesting a diurnal rhythm of regulation. However,
when plants were subjected to continuous light or darkness the diurnal rhythm
disappeared. This indicates that the light is not the direct signal for the changes in
APR expression and the enzyme undergoes regulation by carbohydrates
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synthesised during photosynthesis. Furthermore, light induction of APR expression
could be mimicked by addition of sucrose during the dark period (Kopriva
et al. 1999). Subsequently, Hesse and co-workers (2003) have confirmed similar
effect of glucose on APR activity. In addition, they have shown that sorbitol,
mannitol and 2-deoxyglucose do not affect APR activity. Sugars seem to act in
the same way as OAS: feeding plant with glucose and OAS simultaneously resulted
in greater induction of APR activity than the sum of levels induced by individual
treatments. Additionally, APR was also induced by glucose in plants subjected to
nitrogen deficiency. Hesse et al. (2003) concluded that signals from nitrogen and
carbon metabolism act synergistically on sulfate assimilation. Moreover, positive
signals from sugars can exceed negative signals from nitrate assimilation. The
reduction in APR mRNA level and activity was also observed in a study on
Lemna minor grown in an atmosphere without CO, (Kopriva et al. 2002). The
addition of sucrose prevented the decrease in APR activity indicating that this
regulation is not dependent on CO, fixation. Additionally, it was shown that
incubation in an atmosphere without CO, strongly inhibited sulfate uptake and
the flux through the pathway, which also could be restored by addition of sucrose.
However, sucrose was not as effective in restoring enzyme activities as normal air,
suggesting that although it is the final product of carbon assimilation, it probably is
not the molecular signal connecting the sulfate and carbon metabolism (Kopriva
et al. 2002).

Coordination of Sulfate and Phosphate Homeostasis

Plants have evolved coordinated mechanisms to maintain the homeostasis of sulfur
and phosphorus in response to changing environmental conditions, which confirms
the importance of these two macroelements. It was shown that during sulfate
limitation, sulfolipids are rapidly replaced by phospholipids and vice versa
(Essigmann et al. 1998). Additionally, phosphate deficiency leads to an increase
of GSH levels (Kandlbinder et al. 2004). It is interesting to note the similarity
between the topology and regulatory mechanisms in the two pathways (Rouached
2011). In addition to the similar expression patterns of the main uptake transporters
and the regulation of both of the pathways by cytokinins, the involvement of
microRNAs in the regulation of both pathways seems to be particularly noteworthy
in terms of cross-talk. As mentioned above, sulfate assimilation is regulated by
miR395, whereas miR399 is known to be involved in regulation of phosphate
uptake and translocation (Chiou et al. 2006; Fujii et al. 2005; Lin et al. 2008). It
has been shown that miRNAs and the Phosphate Response 1 (PHR1) transcription
factor are involved in the interconnection of sulfate and phosphate assimilation
pathways (Rouached 2011). Additionally, it was suggested that miR395 might be
suppressed in phosphate deficient plants (Hsieh et al. 2009), however, this obser-
vation requires further investigation. Recently Rouached et al. (2011) have shown
that SULTR1;3, SULTR2;1 and SULTR3;4 sulfate transporters are up-regulated by



78 P. Baraniecka and S. Kopriva

phosphate deficiency. Induction of SULTR1;3 and SULTR3;4 was repressed by
phosphite which is known to be involved in local phosphate sensing and long-
distance signalling (Varadarajan et al. 2002). In contrast, SULTR2;1 was shown to
belong to the class of phosphate-inducible genes not responding to phosphite
(Rouached et al. 2011). Additionally, they have shown that PHR1 plays an impor-
tant role in sulfate homeostasis in plants grown under phosphate deficient condi-
tions by stimulating the expression of SULTRI1;3 whereas SULTR2;1 and
SULTR3;4 seem to be repressed by PHR1 in shoots only. These results suggest
an important effect of phosphate as a signaling factor in maintaining source-sink
sulfate distribution (Rouached et al. 2011).

To maintain sulfur homeostasis, plants need to cope with rapid environmental
changes, which cause disturbances in levels of pathway intermediates and products.
Therefore, a tight regulation of sulfate uptake and assimilation is required
according to the demand for reduced sulfur. To ensure the precise modulation of
sulfur metabolism, sulfate uptake and assimilation have to be coordinated. Indeed,
sulfur limitation increases sulfate uptake and the expression and activity of key
enzymes of the pathway. Other enzymes such as SiR and SAT are also involved in
the control of sulfur metabolism, as disturbances in their activity cause growth
defects. Sulfur uptake and assimilation are regulated on transcription, post-
transcriptional and post-translational levels. However, some aspects of the control
are specific only for uptake, such as regulation of sulfate transporters by SLIM1,
and some only for assimilation. This suggests different mechanisms of achieving
efficient control and maintaining system homeostasis. However, there are still gaps
in the understanding of regulation of uptake, assimilation and distribution of sulfate
at the whole plant level, the examination of which is a great challenge for the future
research. Better understanding of molecular basis of control mechanisms will allow
the production of engineered plants with improved sulfur use efficiency, with
modulated amount of desirable sulfur-containing metabolites or with better resis-
tance to low sulfur availability, drought and many other stresses.

Dealing with Sulfur Deficiency

As it was mentioned at the beginning of this chapter the reduction of sulfur dioxide
emissions and changes in fertiliser practises have resulted in a widespread increase
in the occurrence of sulfur deficiency in crops (McGrath et al. 1996). The applica-
tion of fertilisers may be helpful in dealing with deficiency in many instances.
However, the costs of fertilisers together with the possible negative effects of
improper use with respect to timing and type of sulfur application in terms of its
availability to the plant have led to the growing interest in looking for new
solutions. Very often a substantial seasonal variation in sulfur availability occurs.
Therefore, modern methods should be focused on uptake maximisation when sulfur
is abundant in order to increase the tolerance to low sulfur availability periods
(Hawkesford 2000).
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Sulfur deficiency may not be easily recognised in the field as the symptoms are
not obvious, except in severely deficient plants. In general, sulfur deficiency results
in uniform pale green chlorosis through the plant. A considerable reduction in
growth may be suffered without the appearance of any other visible symptoms.
Clear symptoms are associated with severe stunting, reduced leaf size and activity
of axillary buds, which results in less branching. Physiologically in wheat plants,
sulfur deficiency affects CO, assimilation rates and Rubisco enzyme activity as
well as protein abundance which results in general inhibition of de novo synthesis
of the photosynthetic apparatus (Gilbert et al. 1997). Additionally, depression of
root hydraulic conductivity was observed in sulfur-deficient barley plants. It was
suggested that this response can have a role in signalling nutrient starvation from
shoots to roots (Karmoker et al. 1991). Sulfur deficiency is dependent on the soil
type and predominant climatic conditions and does not occur uniformly. Therefore,
areliable field based test is required to determine where it is likely to occur (Blake-
Kalff et al. 2000). Soil testing can provide information about the amount of sulfur
available to plants. However, there is no direct correlation between the content of
sulfate in the soil solution and plant yield in field conditions (Zhao and McGrath
1994). Thus, the analysis of sulfur content in plant tissue might be a better indicator
of sulfur available for the plant at the time of sampling. However the determination
of a reliable diagnostic indicator is problematic because of constantly changing
environmental conditions, variation in sulfur metabolism between species and plant
demands (Blake-Kalff et al. 2000).

Genetically engineered plants are one of the most promising approaches to
achieve an enhancement of sulfate use efficiency. Possible targets for genetic
engineering might be focused on improved resource capture or efficient utilisation
of increased uptake (Hawkesford 2000). The first goal could be achieved by
modulation of transport systems. It is known that the expression of sulfate trans-
porters is controlled by sulfur availability. During sulfur limitation the expression
of sulfate transporter genes increases significantly, but it decreases when sulfate is
abundant. Overriding this control might be achieved by expressing transporter
genes under the control of an appropriate constitutive promoter. However, the
control mechanisms would have to be removed only for sulfate transport and not
for other steps of the pathway in order to prevent for example accumulation of
sulfide, which is toxic for plants in high concentration. Alternatively, root structure
and proliferation could be targeted. The second goal might be achieved by improv-
ing the mobilisation of vacuolar reserves or introducing an increased demand for
sulfate to stimulate further sulfate uptake (Hawkesford 2000). In order to find the
most efficient targets, further exploration of sulfate metabolism pathway and the
regulatory mechanisms is required.
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Natural Variation in Model Plants as a Tool to Improve
Crop Quality

Restrictive regulations for commercial breeding of genetically modified plants have
persuaded breeders and scientists to look for alternative methods to improve crop
yield and quality. The result is a growing interest in naturally occurring genotypic
variation. The enhancement of crop productivity is fundamental for human society.
Therefore, exploring natural variation is of rapidly increasing importance to
improve quality aspects that are associated with the chemical composition of
agricultural products. The potential of wild species in the analysis of the molecular
genetic basis of plant nutrition for crop improvement was recognised a century ago
(Bessey 1906), however this area of research started to expand only recently (Fernie
et al. 2006; McCouch 2004; Zamir 2001).

To investigate natural variation in model plants and in crops two main
approaches are used. The first, the more traditional and still most popular way, is
quantitative trait loci (QTL) analysis (Koornneef et al. 2004). It is based on the
mapping of segregating populations such as a RILs derived from the crosses
between two or more parental accessions. This leads to the localisation in the
genome of loci exerting a control of a complex phenotypic trait in a given envi-
ronment. A second approach is to use Arabidopsis natural accessions to identify
polymorphisms associated with adaptation by exploiting a genome-wide associa-
tion mapping (GWAS) also called linkage disequilibrium (LD) (Atwell et al. 2010).
In contrast to QTL, in GWAS there are no crosses or pedigrees required, which
makes it easier to collect the data. It also has advantages over QTL analysis because
there are usually more alleles in the mixed population than in the two parents of the
cross (Myles et al. 2009).

Mineral use efficiency, root uptake, translocation of nutrients from the roots to
the shoots, and their accumulation in the seeds are the traits that, with many others,
undergo a substantial natural variation. To date the QTL studies in crops have been
focused mainly on seed or leaf mineral concentration in rice, wheat, barley,
soybean, and Brassica species (Alonso-Blanco et al. 2009). Natural variation pro-
vides a complementary resource to discover novel gene functions as well as the
variants of alleles that interact specifically with the genetic background or environ-
mental changes, which is of great interest for the study focused on plant adaptation
(Benfey and Mitchell-Olds 2008). This approach also allows creation of correlation
networks between different nutrients that provide an overview of plant demands in
various environments (Buescher et al. 2010). For example, a recent QTL study has
identified a group of six genes which are involved in complex control of the mineral
homeostasis in Arabidopsis thaliana (Ghandilyan et al. 2009). These results illus-
trate that the study of natural variation has significantly expanded our understanding
of plant mineral nutrition, its regulation, and plant adaptation to environmental
changes. The wide genetic variation allows the modification of quantitative traits
that often could not be achieved through mutagenesis or transgenic approaches.
They should therefore be of major interest for commercial agriculture. More detailed
descriptions of natural variation approaches can be found in Chap. 2 of this book.
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Chapter 4

Efficient Mineral Nutrition: Genetic
Improvement of Phosphate Uptake and Use
Efficiency in Crops

Astrid Gruen, Martin R. Broadley, Peter Buchner,
and Malcolm J. Hawkesford

Abstract Phosphorus (P) is an essential macronutrient for plants, the lack of which
can be a major constraint for agricultural productivity. Economic, political and
environmental factors have prioritized the need for research on P acquisition
efficiency (PAE), P utilization efficiency (PUE) and P fertiliser uptake efficiency
in crops. P has critical functions in plants and complex interactions in soils.
Appropriate screening approaches and implications of improvement in crop pro-
duction are discussed. P acquisition is mediated by members of phosphate trans-
porter families and the roles of these phosphate transporters as well as enzymes
involved in P partitioning and re-translocation are complex. There is also a critical
importance of regulatory genes including transcription factors, signalling pathways
and apparently other P-responsive genes with unknown function. Furthermore,
morphological and biochemical responses enhance P solubility in the soil and
facilitate uptake and include root plasticity, secretion processes and symbioses.
Exploitation of genetic variation, classical breeding and biotechnological gene
modification of target genes are future routes for crop improvement. There is a
need for selection not just for uptake but also focussing on P storage pools within
cells and tissues, and additionally a consideration of crop P requirements during the
different growth stages of crops. The review concludes with a summary giving an
outlook to future questions related to crop PAE/PUE improvement.
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Efficient Mineral Nutrition: Phosphate as Nutritional Trait
of Interest

Implications for Phosphorus Uptake

Phosphorus (P) is an essential macronutrient with multiple functions in plant
macromolecular structures as a component of nucleic acids and phospholipids,
with crucial roles in energy metabolism, participation in signal transduction path-
ways via phosphorylation/dephosphorylation and controlling key enzyme reactions
(Theodorou and Plaxton 1993; Schachtman et al. 1998; Marschner 2012). In many
agricultural systems, P is one of the most limiting nutrients for crop production and
is a major constraint for yield (Vance et al. 2003; Raghothama 2005; Kirkby and
Johnston 2008), with shoot growth, tiller number and tiller weight all influenced by
P availability (Romer and Schilling 1986; Bollons and Barraclough 1997). Critical
P concentrations in wheat range from 0.5 to 0.4 % in dry matter (DM) at tillering
and 0.2-0.3 % in DM at booting (Finck 1991; Marschner 2012). The amount of
readily available P may be raised through P fertilisation and agronomic strategies
such as fertiliser placement or the application of the “critical value” concept (Bahl
and Singh 1986; Strong et al. 1997; Kirkby and Johnston 2008; Syers et al. 2008).

Phosphorus fertiliser derived from rock phosphate is a finite and non-renewable
resource (Cordell et al. 2009). Furthermore, P derived from P fertiliser may cause
environmental problems associated with eutrophication (Gaxiola et al. 2001), espe-
cially as a result of overuse (Fig. 4.1). Hence, a major challenge for future crop
production will be to produce higher yields with fewer inputs such as P fertiliser
(Gregory and George 2011). One strategy would be to develop crop genotypes that
require smaller amounts of fertiliser and therefore using nutrients more efficiently,
bred based on trait-focused screens of germplasm collections (Gregory and George
2011). Nevertheless, little progress has been made in breeding cultivars with high P
utilisation efficiency or P acquisition efficiency (Calderon-Vazquez et al. 2011;
Rose et al. 2011), and the recovery (uptake) of applied P, which ranges between
25 and 60 % depending on the method used, is still modest (Syers et al. 2008).

Nutrient acquisition via the plant root system is a crucial factor for agricultural
productivity and crop yield (Lynch 1995). Consequently, the amount of available P
is not only determined by the ability of the soil to replenish P ions, but is also
influenced by the extent and efficiency of uptake by the plant roots. Thus, cropping
system-specific and plant-specific approaches must be taken into account in order to
raise P acquisition efficiency (PAE) and P use efficiency (PUE) and a consideration
of root traits in genetic selection might result in significant improvements for crops
(Vance et al. 2003).

Soil phosphorus is the most immobile, inaccessible and unavailable of all
macronutrient elements (Holford 1997) and is taken up by plants mainly in its
inorganic form as phosphate (P;) (George and Richardson 2008).

Edaphic and climate factors and cropping systems have a strong impact on the
proliferation and rate of replenishment of the available P; pool, which can be
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Fig. 4.1 The gap between the agronomic optimum in Olsen P for pasture production (green up
arrow) and a potential threshold in Olsen P for P loss in subsurface drainage (as estimated by
0.01 M CaCl, -P; red down arrow) shows there is little justification in exceeding the agronomic
optimum. Data are from plots receiving different rates of superphosphate (SSP; kg ha™' year™') in
a trial in Canterbury, New Zealand (Data from McDowell (2012) and used with permission)

recovered by the plant. P; transfer from the soil to the root proceeds mainly by
diffusion rather than mass flow, with slow diffusion rates at around 107 ms 'and
a concentration gradient as the driving force towards the roots (Hinsinger 2001;
Rausch and Bucher 2002) resulting in a depletion zone of 1-2 mm around the root
(Jungk 2001). Soil P; concentrations are extremely low, being generally <10 uM
and typically around 2 pM (Bieleski 1973; Barber 1984; Holford 1997), whereas in
plants, concentrations of over 40 mM can be achieved (Bollons and Barraclough
1997). Hence, plants take up P; faster than it is supplied by diffusion (Bieleski
1973).

Soil pH, buffer capacity, soil moisture and soil structure affect P; solubility and
sorptivity (Holford 1997; Syers et al. 2008); P; can be absorbed on the surface of
clay minerals, Fe- and Al-hydrous oxide surfaces and organic matter complexes or
be fixed in acidic soils as Al-/Fe phosphates or Ca/Mg-phosphates in alkaline soils
(Barber 1984; Bahl and Singh 1986; Holford 1997; Hinsinger 2001).

Significant amounts of soil phosphorus (20-80 %) is bound in organic forms
such as nucleic acids, phospholipids and predominately monophosphate esters, as
phytic acid and derivatives (Richardson 1994). These organic forms have to be
mineralised and/or solubilised into inorganic forms in order to be available for
plants; a process which is either microbiological or plant mediated.
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Phosphate Transporters: Uptake and Translocation

Plants acquire P predominately as orthophosphate (H2PO47/HPO42*; P;) from the
soil solution (Bieleski 1973; Holford 1997; Schachtman et al. 1998; Marschner
2012). This process is mediated by plasma membrane-localised phosphate trans-
porters which have been suggested to operate as H* co-transporters (Daram
et al. 1998; Smith et al. 1999; Mimura 2001; Rae et al. 2003; Raghothama 2005).
Consistent with the physiological pH in many agricultural soils, maximal uptake
rates occur in a pH range 5-6 (Ullrich-Eberius et al. 1981; Furihata et al. 1992; Rae
et al. 2003). A constitutively expressed low-affinity uptake system with a K, of 50—
300 pM and a high-affinity uptake system, which is regulated by P; availability with
K, of 3—=7 pM have been proposed (Ullrich-Eberius et al. 1981; Furihata et al. 1992;
Preuss et al. 2010). Phosphate transporters are classified into distinct families: Phtl,
Pht2, Pht3 and Pht4 (Bucher et al. 2001; Liu et al. 2011).

Pht1 are high-affinity transporters homologous to the yeast PHO84 P; transporter
and other fungal high-affinity P; transporters (Pao et al. 1998). However, the
functional characterisation of the Phtl transporter family in rice and barley (Rae
et al. 2003; Ai et al. 2009) revealed kinetic properties, which are within both high-
and low-affinity ranges. Phtl transporters belong to the distinct phosphate:H*
symporter (PHS) family which is a member of the major facilitator superfamily
(MFS) of proteins (Pao et al. 1998). All these transporters exhibit high sequence
similarity with each other, being similar in size and having 12 predicted transmem-
brane domains (TMs) with a large hydrophilic loop between TM6 and TM7 that
results in a 6 + 6 configuration (Liu et al. 2011). The N- and C-termini are oriented
towards the inside of the cell and they contain potential sites for phosphorylation
and N-glycosylation (Smith et al. 1999).

Transporters of the Pht2 family have been cloned in Arabidopsis, and have been
suggested to have roles as constitutively expressed low-affinity proton symporters
(H'/P; cotransporter) for P; loading in green shoot organs and predominantly leaf
tissues (Daram et al. 1999; Versaw and Harrison 2002). The Pht2 protein is
structurally similar to the Pht] members, but is more closely related to the putative
P; transporters from bacteria and mammalian Na*/P; transporters. Pht2 amino acid
sequences are distinct from Phtl transporters and have a large hydrophilic loop
between TM8 and TM9 (Daram et al. 1999). In wheat, expression analysis of
TaPht2;1 revealed a predominant expression in a photoperiod-dependent manner
in the leaves, which was significantly enhanced during P starvation (Guo
et al. 2013). GFP fusion studies localised TaPht2;1 to the chloroplast envelope,
suggesting a regulatory role mediating Pi translocation from the cytosol to the
chloroplast as low-affinity transporter with a K;,, of 225 pM P; (Guo et al. 2013).

The Pht3 transporters belong to the mitochondrial transporter family (Rausch
and Bucher 2002) and the Pht4 family has been suggested to play a role in P;
translocation between the cytosol, chloroplast, plastids and the Golgi apparatus
(Guo et al. 2008; Liu et al. 2011).
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Targeting the P; transporters to the plasma membrane via the secretory traffick-
ing pathway is mediated by PHF genes (phosphate transporter traffic facilitator 1),
which are expressed strongly in root tissues and in leaf mesophyll cells, mimicking
the expression pattern of the Phtl gene family (Gonzalez et al. 2005; Chen
et al. 2011). OsPHF1 and OsPHFIL (Chen et al. 2011) and TaPHF1 (Wang
et al. 2013) in rice and wheat, which are homologous genes to AtPHF1 in
Arabidopsis (Gonzalez et al. 2005; Bayle et al. 2011), are localised specifically in
the endoplasmic reticulum (Gonzélez et al. 2005; Bayle et al. 2011). AthPHF1
encodes for a plant-specific protein structurally related to SEC12 proteins of the
early secretory pathway (Gonzalez et al. 2005). The exit of Phtl transporter from
the endoplasmic reticulum and the targeting through the endosomal compartments
are modulated by phosphorylation (Bayle et al. 2011). The phfl mutation in
Arabidopsis impairs P; uptake and P; transport (Gonzalez et al. 2005). In rice, it
decreases excessive shoot P; accumulation and P; concentrations in leaves and roots
driven by OsPHR2 and OsPHF1 over-expression (Chen et al. 2011). Even under
P-replete experimental conditions, expression of phosphate starvation-induced
genes (PSI) was induced in Osphf]-1 mutants due to impaired plasma membrane
location of the low-affinity P transporter OsPT2 and a high-affinity P transporter
OsPht1;8 (Cheng et al. 2011).

Increasing expression of Phtl transporters was observed as a response to P
starvation or mycorrhizal infection, exhibiting a large diversity of expression pat-
terns throughout the plant tissues. However, the lack of complete genome sequence
information has hindered detailed investigation in wheat. Phtl transporters, which
are preferentially or exclusively expressed in roots, were found in barley (Smith
et al. 1999; Rae et al. 2003), wheat (Davies et al. 2002; Teng et al. 2013; Wang
etal. 2013), Arabidopsis (Mudge et al. 2002; Muchhal et al. 1996), rice (Paszkowski
et al. 2002) maize (Nagy et al. 2006) and tomato (Liu et al. 1998; Muchhal and
Raghothama 1999). Furthermore, Pht1 expression in shoot tissues has been reported
e.g. in phloem of older leaves, flag leaves or sheaths of barley (Rae et al. 2003), in the
panicle at the heading stage and flag leaves after heading in rice (Liu et al. 2011), in
mature pollen of Arabidopsis (Mudge et al. 2002) or during mycorrhizal infection in
roots of rice (Paszkowski et al. 2002; Yang et al. 2012), wheat (Glassop et al. 2005),
Brachypodium (Hong et al. 2012) and Medicago (Gaude et al. 2012).

The specificity of Phtl expression to arbuscular mycorrhiza (AM) colonisation
has been investigated in cereal species and was considered symbiosis specific
(Harrison et al. 2002; Gutjahr et al. 2008; Glassop et al. 2005; Paszkowski
et al. 2002), as for instance for the expression of OsPT1;11 (Gutjahr et al. 2008;
Paszkowski et al. 2002) and OsPT1;13 (Yang et al. 2012; Giiimil et al. 2005) in rice.
Homologues of both genes occur in Brachypodium (Hong et al. 2012) and maize
(Nagy et al. 2006), where transcripts also accumulated in non-colonised roots and
leaves, suggesting additional roles during P starvation (Yang et al. 2012).

The Phtl promoters contain the target elements for transcription factors of the P
signalling network, for instance the P1BS cis-element as a target for PHRI
(Schiinmann et al. 2004; Ren et al. 2012a) or the WRKY-binding W-box as a target
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for WRKY75 (Devaiah et al. 2007a, b; Miao et al. 2009), suggesting their embed-
ding in the cross-talk of P signalling during P starvation to maintain P homeostasis.

It may be concluded that the regulation of P; uptake and P; transport mediated by
phosphate transporters, for which multiple roles in P; acquisition and P;
remobilisation have been suggested, are very complex. Roles of transporters in
the genetically diverse trait of tolerance to low P or in the PUE context will be
discussed further but remain elusive.

Morphological and Biochemical Adaptations
of Plants During P Limitation

When sensing nutrient depletion, plants have developed broad morphological and
biochemical strategies to deal with the heterogeneous availability of soil resources.
Root plasticity (morphology, topology and architecture) is a crucial but neglected
factor which is linked with immobile nutrients such as P (Lynch 1995). Plant roots
typically respond to P deficiency through allocation of more carbohydrates towards
the roots, which enhances root growth to maximise the soil volume exploited and
increases root to shoot ratio (Hermans et al. 2006; Hammond and White 2008).
Root hair formation (number, length and surface area) is strongly related to P
depletion (Bates and Lynch 1996; Gahoonia et al. 1997; Jungk 2001; Zhu
et al. 2005a, b) emphasizing a strong role in P; acquisition from the soil (Gahoonia
and Nielsen 1998; Gahoonia et al. 2001). Topsoil foraging, which is characterised
by enhanced lateral root branching over primary root growth, contributes to effi-
cient P acquisition (Lynch and Brown 2001; Williamson et al. 2001; Pérez-Torres
et al. 2008).

P acquisition is enhanced through symbioses with arbuscular mycorrhizal
(AM) fungi (Barber 1984; Fitter 2006), by substantially increasing the P absorbing
surface for P uptake (Jakobsen et al. 1992) and the ability to access mineralised
organic P sources (Koide and Kabir 2000) and increased expression and secretion
of plant acid phosphatases (Tarafdar and Marschner 1994).

Strigolactones have a role in facilitating symbiosis formation (Gomez-Roldan
et al. 2008), and also stimulate tiller formation (Hong et al. 2012), which is an
important parameter for yield. As pH has a strong influence on the bioavailability of
soil P; (Barber 1984; Hinsinger 2001) root excreted protons tend to acidify the
rhizosphere and, along with organic acids like malic acid, citric acid or phenolic
compounds that also act as chelators (Raghothama 1999; Vance et al. 2003), will all
help to solubilise P; in the rhizosphere. Organic acids displace bound P; from AI**-,
Fe**- and Ca**-phosphates (Dinkelacker et al. 1989; Gerke et al. 1994). In partic-
ular, cluster roots (brush-like root formations) are an adaptation strategy to low soil
P; availability of many plant species such as white lupin and other members of the
Proteaceae family and induce such chemical changes in the rhizosphere (Neumann
and Martinoia 2002). Plants also respond to P deprivation through the induction of



4 Efficient Mineral Nutrition: Genetic Improvement of Phosphate Uptake and Use. . . 99

various metabolic processes e.g. the induction of a bypass pathway of glycolysis
and mitochondrial electron transport to replace ATP as an energy resource
(Theodorou and Plaxton 1993; Duff et al. 1989). All these metabolic changes
contribute to a better internal P utilisation when P; is limiting.

The genetic background for these responses and their potential as targets for crop
genetic improvement based on studies with model plants will be described below.

Efficient Phosphate Nutrition in Model Plants

Phosphate acquisition and use efficiency (PAE, PUE) represent capabilities to cope
with either P limiting conditions or growth maintenance under P deficiency stress,
utilising morphological, biochemical and molecular changes without sacrificing
yields (Chiou and Lin 2011). The P;-starvation adaptation response (PSR)
consisting of the regulation or coordination of the P;-starvation inducible genes
(PS]) in order to maintain P homeostasis has been investigated predominantly in the
model plant Arabidopsis thaliana, in white lupine, in rice and in maize using
forward (mutants) and reverse genetic approaches (Alexova and Millar 2013;
Calderén-Vazquez et al. 2008; Li et al. 2010; Nilsson et al. 2007, 2010; Bustos
et al. 2010; Oono et al. 2011; Uhde-Stone et al. 2003; Rubio et al. 2001; Aung
et al. 2006; Sanchez-Calderon et al. 2006; Franco-Zorrilla et al. 2007; Miura
et al. 2011; Shin et al. 2006; Duan et al. 2008).

PSI genes and enzymes, which are induced or suppressed at the molecular level,
and commonly used as markers for monitoring PSR, are described below. Bio-
chemical and morphological changes have been elucidated to a much larger extent,
whereas information on phosphate sensing and signal transmission is more limited
(Chiou and Lin 2011). Nonetheless, the lack of studies investigating genotypic
variation in a broad spectrum of cultivars makes it difficult to draw conclusion for
enhancing PUE in crops (Alexova and Millar 2013; Calderén-Vazquez et al. 2011;
Veneklaas et al. 2012).

Root Morphology

Among common responses to P starvation are changes in root morphology such as
increasing root hair density, reduction of primary root growth and promoted lateral
root initiation, which are well described in Arabidopsis (Williamson et al. 2001;
Lépez-Bucio et al. 2000; Sanchez-Calderdn et al. 2006) and have been recently
studied in cereals (Hochholdinger and Zimmermann 2008). For instance, a root-
hairless mutant of Arabidopsis (Bates and Lynch 2001) and a barley root-hair-
deficient mutant (Gahoonia et al. 2001) grew poorly under low P;. The root cap is
the site of sensing local P; concentrations initiating spatial changes, comprising
inhibition of cell division activity of primary meristematic cells and root cell
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elongation (Ticconi et al. 2004; Sanchez-Calder6n et al. 2005; Franco-Zorrilla
et al. 2007; Svistoonoff et al. 2007). Phytohormone-related genes have been
reported to mediate root architectural changes under low P growing environments,
particular auxin-responsive genes (Bates and Lynch 1996; Hammond et al. 2004;
Pérez-Torres et al. 2008; Jain et al. 2007; Miura et al. 2011). Expansins are involved
in cell wall extension (Zhao et al. 2012), including root-hair formation
(Yu et al. 2011) and are stimulated by indole-3-acetic acid and abscisic acid
under abiotic stress (Zhao et al. 2012).

For instance, Miura et al. (2011) assumed that genes coding for expansin
17, glycosyl hydrolase 19 and UDP-glycosyltransferase are involved in the regula-
tion of cell wall-loosening and elongation in response to P starvation in
Arabidopsis. Distinct responsiveness to P; availability among Arabidopsis ecotypes
(Chevalier and Rossignol 2011) and the identification of quantitative trait loci
(QTLs) (Reymond et al. 2006) suggests a genetically determined control of the
root growth response to low P;. Genetic factors controlling root plasticity have been
investigated using low phosphorus insensitive (lip) mutants (Sanchez-Calder6n
et al. 2006). The mutation disrupted not only the root developmental response but
also altered the induction of P deprivation responsive genes, which are relevant for
adaptation to low-P;, including acid phosphatases (AtPAP1, AtACP5) and phos-
phate transporters (AtPT1, AtPT2) (Sanchez-Calderdn et al. 2006). Furthermore,
their findings suggest that the root architectural response is mediated by a specific
nutrient (P) sensing signalling network (Sanchez-Calderon et al. 2006). For
instance, WRKY75 (Devaiah et al. 2007a) and ZAT6 (Devaiah et al. 2007b) are
among several transcription factors, which have a regulatory effect on root archi-
tecture of Arabidopsis and were suggested to have an impact on P starvation
responses. However, genetic selection based on root parameters has been difficult
due to their multigenic nature and the lack of appropriate evaluation methods
(Vance et al. 2003).

P Starvation Signaling

Elicited responses to internal and external nutritional status involve local and
systemic signalling (Chiou and Lin 2011); signalling molecules, their mode-of-
action and interacting pathways are summarised below.

A strong increase of Induced by P starvation gene transcripts (IPS) under P;
starvation has been reported in Arabidopsis and rice (Rubio et al. 2001; Oono
et al. 2011) and members of the IPS gene family have been widely used as
molecular markers of plant P; nutritional status (Zhou et al. 2008; Tian
et al. 2012; Wang et al. 2013). IPS genes are involved in the miR399-PHO2
regulatory loop as ribo-regulators (Doerner 2008) and function as miRNA399
antagonists, which negatively alter PHO2 expression at the post-transcriptional
level; a regulatory process which is described as “target mimicry” (Franco-Zorrilla
et al. 2007). It seems likely that they stabilise the initial decrease of PHO2 transcript
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to prevent P; toxicity via P; accumulation in the shoots (Bari et al. 2006; Chitwood
and Timmermans 2007). Five IPS genes have been found in the Arabidopsis
genome (Franco-Zorrilla et al. 2007), and two in rice, maize and barley (Hou
et al. 2005). Promoters of the pho4-regulon in yeast have two cis-regulatory
elements, which were also found in Arabidopsis (At4/AtIPS4), tomato (TPSI1),
Medicago truncula (Mt4) and rice (OsPI1) (Hammond et al. 2003). At4 and AtIPS4
in Arabidopsis are involved in P; allocation between roots and shoot and enhance
lateral root development (Shin et al. 2006; Franco-Zorrilla et al. 2007).

The at4 mutant exhibited P accumulation in shoots (Shin et al. 2006), whereas
over-expression decreased P accumulation (Franco-Zorrilla et al. 2007). AtIPS1
modulates PHR expression, a MYB-CC type transcription factor which is involved
in P starvation responses (Rubio et al. 2001). PHR1 (phosphate starvation respon-
sive 1) plays a pivotal role in sensing P availability (Chiou and Lin 2011) and has
been examined in detail. PHR1 is a member of the MY B-transcription factor family
(15 members) and seems to be a key regulator for downstream P responsive genes
through binding to a P1BS (PHR1 specific binding sequence) cis-element, which is
an imperfect palindromic sequence (GNATATNC) (Rubio et al. 2001; Nilsson
et al. 2007, 2010; Bustos et al. 2010). An important downstream target of
AtPHR1 and possible homologues is miRNA399, which is involved in the PHO2
regulation as previously mentioned (Miura et al. 2005; Schachtman and Shin 2007).
Over-expression of AthPHRI increased the transcript level of miRNA399 and
decreased expression of PHO2, increased further the P; content and enhanced root
hair density in rice and Arabidopsis (Nilsson et al. 2007; Zhou et al. 2008; Bustos
et al. 2010). Promoters of several P starvation-induced and repressed genes, includ-
ing IPS and a high-affinity P-transporters, contain the P1BS cis-element (Oono
et al. 2011; Hammond et al. 2003; Rubio et al. 2001; Schiinmann et al. 2004; Guo
et al. 2013; Bustos et al. 2010). In wheat, over-expression of TaPHR1 did not
change transcript levels of TaPHF1, TaPHO2 or TaSPX3, whereas TalPS and
TaPht1;2 exhibited increased expression levels in the transgenic lines suggesting
that transcriptional factors additional to TaPHR1 may be functional in the P
starvation signalling (Wang et al. 2013). However, the Athphrl mutant impairs a
broad range of P starvation responses and shows impaired root growth and root hair
length (Rubio et al. 2001; Bustos et al. 2010; Nilsson et al. 2007).

In rice, two homologues of AtPHR1, OsPHR1 and OsPHR2, are involved in P
starvation signalling (Zhou et al. 2008; Wang et al. 2009a, b). However only over-
expression of OsPHR2 resulted in increased shoot P; and altered root morphology
(Zhou et al. 2008; Wu and Wang 2008; Bustos et al. 2010). OsPHR2 positively
regulated the low-affinity phosphate transporter OsPT2 in roots resulting in exces-
sive P; accumulation in the shoot tissue (Liu et al. 2010). Further, a root-associated
purple acid phosphatase (10a) in rice, OsPAP10a, is controlled and induced by
OsPHR?2 (Tian et al. 2012).

SPX proteins (which contain a SPX domain, SYG1, PHO81, XPRI1 at the
N-termini) are involved in the downstream responses of PHR1 in Arabidopsis
(Duan et al. 2008) and OsPHR2 and PHO2 in rice (Wang et al. 2009a, b). Members
of the SPX protein family in rice (OsSPX3 and SPX1/2/6) have been shown to be
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highly induced (preferentially) in rice roots and shoots where they are involved in
the regulation of PSI and OsIPS1 (Wang et al. 2009a, b; Oono et al. 2011). OsSPX1
over-expression suppressed IPS gene induction, miRNA399 and phosphate trans-
porter Phtl expression (Wang et al. 2009a, b) and in yeast, an SPX domain limited
the phosphate uptake velocity (Hiirlimann et al. 2009). Similar results were
obtained with Arabidopsis mutants for AtSPX1-AtSPX4 affecting the expression
pattern of purple acid phosphatases genes (Duan et al. 2008). Furthermore, OsSPX1
is positively regulated by OsPHR2, involved in the feedback P; signalling network
in roots by suppressing OsPT2 and other PSI genes in the PHR2/Pho2 background
(Liu et al. 2010), and negatively regulates shoot P accumulation (Wang et al. 2009a,
b). OsSPX1 over-expression counteracted the effect of PHR2 over-expression in
rice, which mimics P starvation and induces PSI gene expression but not the
function of Ospho2 regulating OsPT2 expression (Liu et al. 2010). In summary,
SPX proteins seem to be essential players for maintaining P homeostasis and P
signalling in plants (Rouached et al. 2010; Nilsson et al. 2012; Secco et al. 2012).

The regulatory mechanism of P allocation among different organs during plant
development under P stress remains relatively elusive and investigations have been
mainly focused on screening Arabidopsis mutants with abnormal P distribution.
The Athphol mutant showed severe P deficiency in above-ground shoot tissues due
to influencing transfer of P; to the xylem vessels for subsequent transport to the
shoot and leaves (Poirier et al. 1991; Liu et al. 2012). PHO1 is a membrane-
spanning protein but there is no evidence that it is a transporter itself and it does
not have homology to any other previously known transporter (Hamburger
et al. 2002). Eleven members of the AthPHOI transporter family are known
which share the same topology (Wang et al. 2004); a SPX tripartite domain in the
N-terminal (SYG1/PHO81/XPR1) and an EXS domain at the C-terminal (ERD1/
XPR1/SYG1). AthPHO1 has been localised to the ER and the Golgi (Liu
et al. 2012). The EXS/SPX domains, and particularly the N-terminal region of
PHOI, have been identified in yeast as being involved in either phosphate transport
or in sorting proteins to endomembranes (Liu et al. 2012; Wang et al. 2004).
AtPHO1 seem to mediate P; efflux out of root stellar cells along its electrochemical
gradient (Hamburger et al. 2002) and AtPHO1;H]1, seems to be regulated by PHR1
(Stefanovic et al. 2007). The roles of the other members, AtPHO1;H2 to AtPHOI,;
H9, are unknown (Secco et al. 2010) but show a distinct expression pattern from
that of AtPHOI1 and AtPHO1;H1 (Hamburger et al. 2002). The AthPHO1 family
clusters into two clades, which are expressed in a broad range of tissues, including
leaves and predominately in vascular tissues of roots, leaves, stems or flowers. Only
one clade which contains AtPHO1 and AtPHO1;H]1 clusters with the three OsPHO1
proteins found in rice (Secco et al. 2010). OsPHO1;2 was mostly expressed in roots
and was relatively lowly and constantly expressed in other tissues. A mutation
affected root-to-shoot Pi transfer (Secco et al. 2012). OsPHO1;1 was predominately
expressed in flowers before and during pollination and OsPHO1;3 was the lowest
expressed, and higher in leaves and flowers (Secco et al. 2010). AthPHOI is a
downstream component of the AthPHO2 regulatory pathway (Liu et al. 2012).
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PHOL1 degradation or down-regulation is not P; and PHO2 dependent and was
suggested to occur at the post-translational level (Liu et al. 2012; Aung et al. 2000).

The Arabidopsis pho2 mutant exhibits excessively high P concentrations in the
shoots, displaying symptoms of toxicity as a result of enhanced uptake and root-to-
shoot translocation (Delhaize and Randall 1995; Liu et al. 2012). PHO2 is predom-
inantly expressed in the root (Chiou et al. 2006) and its localisation within the cell
has been determined as being with the ER and Golgi (Liu et al. 2012). PHO2 is a
member of the E2 ubiquitin conjugase family (UBC24) (Bari et al. 2006) and is a
target for miRNA399, which suppresses PHO2 expression (Aung et al. 2006; Chiou
et al. 2006; Fujii et al. 2005). Over-expression of miRNA399 or loss of function of
UBC24 resulted both in enhanced P; accumulation and impairment of P;
remobilisation from old to young leaves in Arabidopsis (Chiou et al. 2006). Expres-
sion of miRNA399 is an early response to P deficiency and a systemic signal of P;
deficiency derived from P deplete root and shoot tissues (Lin et al. 2009; Bari
et al. 2006; Aung et al. 2006; Chiou et al. 2006). Its expression is regulated by
PHRI1 (Bari et al. 2006; Aung et al. 2006) in a mechanism called “target mimicry”
(Franco-Zorrilla et al. 2007) as previously described. In addition to miRNA399,
various other miRNAs could be identified by deep sequencing in Arabidopsis
(Hsieh et al. 2009; Lundmark et al. 2010) and other plant species (Chiou and Lin
2011), including white lupin (Zhu et al. 2010), soybean (Zeng et al. 2010), tomato
(Gu et al. 2010) and wheat (Zhao et al. 2013). It has been assumed that high-affinity
phosphate transporters, AthPht1;8 and AthPhtl cause the phenotype of the pho2
mutant and miRNA399 over-expressors because they are up-regulated in these
mutants (Aung et al. 2006; Bari et al 2006). In rice shoots, Ospho2 mediated P
accumulation was assumed being the result of induced expression of high- and
low-affinity phosphate transporters OsPhtl;2, OsPhtl;9 and OsPhtl;10 (Liu
et al. 2010). It has been suggested that PHO2 encodes an additional regulator for
the low-affinity P; translocator protein, AthPT2;1, in green shoot tissues of
Arabidopsis (Daram et al. 1999). Nonetheless, downstream responses of PHO2
are still not completely understood (Liu et al. 2012). PHO1 and PHO?2 are both
expressed in vascular root tissues (Hamburger et al. 2002) as is miRNA399 (Aung
et al. 2006).

There is evidence that sucrose is a global regulator of plant P starvation
responses, interacting with P starvation signals (Lloyd and Zakhleniuk 2004;
Karthikeyan et al. 2007; Lei et al. 2011) and root architecture alterations (Niu
et al. 2012). Sucrose phosphate synthase (SPS) has been reported to be more
abundant in P deficiency tolerant cultivars of Brassica napus (Yao et al. 2011).
Exogenously applied sugars or sucrose-enriched growing media could stimulate P
starvation inducible genes such as acid phosphatases (APase), AtIPS1 (Miiller
et al. 2005) or an APGase subunit in tobacco (Nielsen et al. 1998).

Phosphate transporters, for instance TaPht1;2 (Miao et al. 2009), seem to belong
to the group of sugar-modulated genes under P-starvation (Jain et al. 2007,
Karthikeyan et al. 2007; Hammond and White 2008).

The Arabidopsis pho3 mutant exhibits a restricted sucrose translocation from
root to shoot caused by a defective sucrose transporter, SUC2, which is involved in
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phloem loading (Lloyd and Zakhleniuk 2004). Pho3 shows altered APase induc-
tion/secretion on the root surface, reduced P; accumulation in both leaves and roots
(Zakhleniuk et al. 2001) and a strongly induced Glc-6-P/phosphate translocator.
This phenomenon is again consistent with the observation that sucrose accumulates
in Pi-starved leaves of various crops (Hammond and White 2008). Microarray
analysis investigating consequences of SUC2 over-expression in the transcriptome
of the hypersensitive to phosphate starvationl (hpsl) Arabidopsis mutant revealed
the induction of P; starvation induced genes under P replete conditions (Lei
et al. 2011). In conclusion, sugar sensing and signalling is involved in adaptation
responses to P starvation even if the exact mechanism is not understood.

There are other transcription factors induced by P starvation and involved in P;
availability responses including OsPTF1 (Yi et al. 2005), WRKY75 and ZAT6
(Devaiah et al. 2007a, b), BHLH32 (Chen et al. 2007), WRKY6 (Chen
et al. 2009a, b) and MYB62 (Misson et al. 2005). Two WRKY box (W-box)
elements have been found in the promoter of genes involved in P; retranslocation
and scavenging, including AtPhtl transporters, AtIPS, acid phosphatase genes
(AtPS2), purple acid phosphatases (PAP11) and PHR1 (Devaiah et al. 2007a, b).

BHLH32 acts a negative regulator for PPCK (phosphoenolpyruvate carboxylase
kinase) expression in P sufficiency, root hair formation and anthocyanin production
(Chen et al. 2007). Plant hormones have been implicated with P signalling mech-
anisms as changes in P; availability alters the expression of genes involved in the
biosynthesis of phytohormones which in turn may influence PSR (Morcuende
et al. 2007; Chiou and Lin 2011). P; itself may be important in P starvation
signalling, as is the case for nitrate acting as a signal stimulating root growth
(Zhang and Forde 2000). The P; flow across the peri-arbuscular cortex membrane
may be among the mechanisms which allow plants to recognise AM fungi from less
beneficial microbes (Yang and Paszkowski 2011). Compelling evidence is provided
by studies using phosphite, a phosphate analogue which is taken up by plants but
cannot be oxidised once inside the cell, mimicking sufficient P; supply in P starving
plants, which result in an interference and attenuation with PSR at the transcrip-
tional and post-transcriptional level (Chiou and Lin 2011).

Metabolic Changes

Several proteomics studies are contributing to the understanding of the metabolic
responses to P starvation in model plants and crops (Yao et al. 2011; Li et al. 2008a,
b; Chevalier and Rossignol 2011). However, proteins responsible for distinct
PAE/PUE in various species and cultivars have not been identified (Alexova and
Millar 2013).

P limitation alters the TCA cycle metabolism and has been shown in a broad
range of studies. Enzymes involved in the TCA cycle and glycolysis produce
organic acids required for P recycling from phosphorylated glycolytic intermedi-
ates as well as releasing P; from organic P sources or inorganic bound P; in the soil
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(Oono et al. 2011). The over-production of citrate in transgenic tobacco (Lopez-
Bucio et al. 2000) as well as mitochondrial citrate synthase in A. thaliana (Koyama
et al. 2000) enhanced P; uptake. Key enzymes which have been studied in
A. thaliana are citrate synthase, malic enzyme and aconitase, which exhibited
variation in protein abundance between ecotypes during P deficiency (Chevalier
and Rossignol 2011). In other species, the activity of aconitase correlated with
organic acid secretion (Neumann and RoOmheld 1999) and in alfalfa, the
overexpression of malate dehydrogenase (MDH) resulted in increased P accumu-
lation (Tesfaye et al. 2001). Another approach was the expression of phytase genes
of alfalfa or of a fungal origin in Arabidopsis and tobacco plants, resulting in
improved acquisition of organic P sources (George et al. 2005). However, the
length of P starvation influences the synthesis and degradations of proteins which
are potentially involved in enhancing the plants adaptation to P deficiency. For
instance, genes encoding for isocitrate dehydrogenase were suppressed in rice roots
only after a certain time of exposure to P starvation, resulting in a suppression of
citrate degradation (Oono et al. 2011).

The replacement of phospholipids by galactolipids or sulpholipids is a well-
known adaptation process in plants during P deficiency (Andersson et al. 2003;
Hammond et al. 2003; Byrne et al. 2011), even if phospholipid degradation is
differently mediated in different species (Calderén-Vazquez et al. 2011). For
instance, in potato, an array study identified novel roles for the main storage protein
in potato tubers, the patatin-like proteins, which also have lipase activity and are
potentially involved breakdown of phospholipids for P; recycling (Hammond
et al. 2011). Numerous studies in model plants or crops reported the induction of
genes related to an altered lipid metabolism, for example UDP-sulfoquinovose
synthase 1 (SQD1) or glycerophosphoryl diester phosphodiesterase (GDPD) or
lipid transfer proteins (Hammond et al. 2011; Oono et al. 2011; Morcuende
et al. 2007; Calderén-Vazquez et al. 2008; Wasaki et al. 2003). Glyceropho-
sphodiester phosphodiesterases (GPX-PDE) catalyse the hydrolysis of phospho-
lipids to glycerol-3-phosphate and the corresponding alcohol. Recently, GPX-PDE
genes were identified which were highly expressed in cluster roots of white lupine
under P;-deficiency (Cheng et al. 2011; Uhde-Stone et al. 2003).

To date, the knowledge about functional consequences of replacing phospho-
lipids in membranes is very limited (Veneklaas et al. 2012).

Post-translational Modifications

Post-translational modifications are important factors in P signalling and metabolic
pathways involved in PUE (Alexova and Millar 2013; Plaxton and Tran 2011),
highlighted when comparing proteome with transcriptome studies in P-starved
maize (Calder6n-Vazquez et al. 2008; Li et al. 2008a, b) and Arabidopsis
(Morcuende et al. 2007). A striking example underpinning the importance of
post-translational modifications within adaptation to low P exposure is the potential
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role of a protein kinase, OsPupK46-2, within the Pupl locus (Phosphorus uptake
1), which is a major QTL for low P tolerance in rice (Gamuyao et al. 2012).

Phtl phosphate transporter genes are also regulated at the post-transcriptional
level by the recently discovered PHF]1 in rice and Arabidopsis (Chen et al. 2011;
Bayle et al. 2011; Chiou and Lin 2011), which is connected to a kinase,
RAPTORIB. PHRI1 is up-regulated at the transcript level and both are
up-regulated at the protein-level in P-starved roots of Arabidopsis (Lan
et al. 2012). The enhanced synthesis of organic acids allows P recycling from
phosphorylated glycolytic intermediates, particularly phosphoenolpyruvate (PEP),
which is mediated via the enzyme phosphoenolpyruvate carboxylase (PEPC).
PEPC is in turn activated by reversible phosphorylation via PPCK (PEPC kinase)
(Gregory et al. 2009). PPCK has been reported as being among up-regulated genes
during P starvation (Morcuende et al. 2007; Miiller et al. 2007; Chen et al. 2007).
Therefore, PEP and PEPC are among the metabolites and enzymes, which are more
abundant or active in P starved A. thaliana, B. nigra, O. sativa and T. aestivum
(Morcuende et al. 2007; Johnson et al. 1996; Duff et al. 1989; Oono et al. 2011;
Neumann and Romheld 1999).

In Arabidopsis, PHR1, which initiates P starvation signalling responses, was
hypothesised to be a target for the conjugation of the SUMO superfamily of proteins
via SUMO ligases (sumoylation; Miura et al. 2005; Wang et al. 2013). The
sumoylation is mediated by the small ubiquitin like modifier SUMO E3 ligase,
AtSIZ1, which is more root than shoot abundant and is localised in the nucleus of
the cells (Miura et al. 2005). The homologue, OsSIZ1, have been also detected
among transcripts of P starved rice (Oono et al. 2011). The observation that AtIPS
gene induction was reduced in siz/ mutants, indicating a positive regulation with
AtSIZ1, (Miura et al. 2005), strengthens the hypothesis that post-translational
modifications as essential for the initial stages of P starvation signalling cascades.
Additionally, AtSIZI negatively regulates P starvation-dependent primary root
growth inhibition (increased root hair number and length) through the control of
auxin patterning (Miura et al. 2011), whereas the phrl/ mutant does not exhibit
affected root architecture (Rubio et al. 2001).

In conclusion, post-translational modifications may be essential leaders for P
economy in plants (Raven 2008) and potentially for enhancing PUE in crops.

PAE and PUE in Crops

Definitions and Implications

Grain crops like rice, maize, wheat and oilseed rape are essential major staple foods
(FAO 2011) and major contributors to the global phosphorus cycle (Rose and
Wissuwa 2012). Global P flows resulting from, for instance, the rock mineral
fertiliser trade, the global grain trade or manure-delivering livestock production
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Fig. 4.2 Global map of agronomic P imbalances for the year 2000 per unit of cropland area in
each 5 °grid cell. The surpluses and deficits are each classified according to quartiles globally (0—
25th, 25-50th, 50-75th, and 75-100th percentiles) (Data taken from MacDonald et al. (2011) and
used with permission)

are unevenly distributed, resulting in massive agronomic imbalances and spatial
surplus or deficit patterns across regions and countries (Tiessen 2008; MacDonald
et al. 2011; Fig. 4.2). Additionally, large amounts of applied P are removed in
harvested products from the fields and across the globe (Lott et al. 2009), and
nutrient recycling, especially organic P sources, from urban areas or returning
biomass is rare (Cordell et al. 2009). Rock P fertilisers are extracted and exported
from only a few countries worldwide, which are geopolitically controversial and
potentially unstable (Cordell et al. 2009; Tiessen 2008; FAO 2011). Demand is still
increasing and estimated to be 1.9 % yearly from 2011 to 2015 (FAO 2011). In
order to meet the requirement for the future demands of an increasing world
population, bearing in mind that P reserves are limited and deposits cannot be
exploited infinitely (Kirkby and Johnston 2008), it is a necessity to enhance P
fertiliser use efficiency (Gregory and George 2011).

There is an essential need for agronomic P efficiency criteria to be defined in
order to be able to exploit and screen genetic variation in grain crops (Rose and
Wissuwa 2012), one of the key strategies for breeding more P efficient crops
(Gregory and George 2011). Phosphorus efficiency is a complex trait and the
genetic determinants, which are involved in enhanced low P tolerance or P effi-
ciency are still not clearly understood. As previously described, the focus of
molecular research lies mainly on P stress responses of individual genotypes or
model plants and it is questionable if these findings are generally applicable for
crops in an agricultural context. Genotypic phosphate efficiency differences that
exist might only rarely be conserved between and within species (Hammond
et al. 2009; Alexova and Millar 2013; Calderon-Vazquez et al. 2008, 2011; Niu
et al. 2012) and need to be identified before they can be exploited for breeding. Due
to the previously described interactions of P accessibility in soils (Holford 1997),
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field experiments or experiments in soil might be more suitable for assessing or
identifying traits for P efficiency rather than using solution culture (Hayes
et al. 2004; Gunes et al. 2006; George et al. 2004, 2005).

For agronomic and economic reasons, P efficiency is based on the cropping area
leading to improved P fertiliser recovery and use of soil P (Sattelmacher
et al. 1994). This concept takes into account the low P availability in e.g. tropical
soils (Wissuwa et al. 2009), limited access to P fertilisers in some regions of the
world (Tiessen 2008), costs for fertilisation (FAO 2011) and environmental aspects
including impaired water quality by run-off or drainage due to agricultural inten-
sification (McDowell 2012). This unit is based on the P efficiency properties of the
plant itself, which can be divided into PAE and PUE (Wang et al. 2010a, b). It is of
strong economic interest to not only enhance P acquisition, which might result in
over-mining the soil, but also enhance PUE without increasing P export from the
field via the grain (Batten 1992; Rose and Wissuwa 2012). Both traits are usually
linked, negatively associated with each other and are hard to distinguish
(Su et al. 2006; Su et al. 2009; Rose and Wissuwa 2012), indicating a need to
choose a selection technique achieving an appropriate distinction (Batten 1992) and
a clear positive correlation of biomass ratios with increasing PUE (Rose and
Wissuwa 2012). In contrast to PAE, PUE is much less well understood, lacks
clearly defined and consistent terminologies or screening methodologies across
the literature which is a bottleneck for P efficiency improvement in crops
(Hammond et al. 2009; Wang et al. 2010a, b; Rose and Wissuwa 2012). To achieve
an increase of PUE is especially important in regions of high cropping intensity
facing plateauing yields during the last decade.

Screening Approaches

When P efficiency is to be evaluated across a range of distinct or heterogeneous
genotypes e.g. high-yielding modern varieties and low-yielding land races, a tissue-
specific approach is probably required (Rose and Wissuwa 2012). Using this
approach presupposes knowledge about the different P pools as well as about the
changing P requirements depending on the growth stage of the crop (Veneklaas
et al. 2012).

Phosphate is compartmentalised within plant cells and exists in two main P pools
(Veneklaas et al 2012). The first P pool consists of free inorganic orthophosphate
(P;), which is either metabolically active in the cytoplasm or stored in the vacuole to
buffer P demands of the cytoplasm (Mimura et al. 1996; Lauer et al. 1989). The
storage P; can have a diagnostic value (Bollons and Barraclough 1997, 1999),
although shoot growth seems to be reduced before severe P; depletion of the
vacuolar storage pool occurs (Rouached 2011; Mimura et al. 1996). The second P
pool represents organic forms as P esters, comprising nucleic acids, phospholipids,
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phosphorylated proteins and low relative molecular mass metabolites (Veneklaas
etal. 2012). In the nucleic acid pool, RNA is usually the largest with 40-60 % of this
P pool (Bieleski 1968) with ribosomal RNA (rRNA) having the biggest share,
adjusting with growing pattern (Suzuki et al. 2010; Hensel et al. 1993; Kanda
et al. 1994). Nucleic acid and protein turnover and repair has a large P cost
(Raven 2012). Hence, plants cannot dispense DNA or RNA without affecting
growth (Raven 2008); a target for use efficiency would be the optimising of the
ribosomal pool size, protein biosynthesis and especially protein turnover
(Veneklaas et al. 2012).

Phospholipids in cell membranes fulfil structural roles, serve as substrates for
biochemical signals and are required in abundance by photosynthetic tissues and
cell-expanding/-dividing tissues. The replacement of phospholipids by glycolipids
(galactolipids, sulfolipids) in plastids, as result of P deficiency are known (Wasaki
et al. 2003; Andersson et al. 2003; Essigmann et al. 1998; Oono et al. 2011), in
order to economise the use of P, as the total area of membranes can hardly be
decreased (Veneklaas et al. 2012). In cyanobacteria and algae their replacement can
be complete (Van Mooy et al. 2006, 2009) or partial in rhizobial symbionts (Gaude
et al. 2004), but in plants consequences of such a replacement remain speculative
(Veneklaas et al. 2012).

Phosphate uptake seems to be most critical during vegetative growth whereas
a shift occurs in the late vegetative or early reproductive stage and remobilisation
and optimal allocation becomes another resource of P (Rose et al. 2007; Romer
and Schilling 1986; Veneklaas et al. 2012). There are rankings in the literature
focusing on early growth (Liao et al. 2008) or contrastingly, on grain yield (Jones
etal. 1992). P concentrations in the grain of crops are usually much higher than in
vegetative tissues (Veneklaas et al. 2012), and seed P reserves occur predomi-
nately as phytate (Lott et al. 2009; Raboy 2009; White and Veneklass 2012),
which are the salts of phytic acid with high affinity to Zn and Fe (Michael
et al. 1980). Seed P content as well as phytate content differs between wheat
genotypes (Batten 1992) and declines with decreasing P supply (Mengel and
Kirkby 2001). High P grain content, especially phytate, is not particularly desir-
able, as it acts as an anti-nutrient in animal and human diet which aggravates the
global problem of mineral malnutrition (White et al. 2012) and causes environ-
mental problems in the form of phosphate-rich manure or sewage (Raboy 2009)
once it is removed with the grain as the harvested product from the cropping area.
However, whilst low seed P content or concentration could be appropriate selec-
tion criteria for improved PUE, it is controversial. Grain or seed P reserves
support initial seedling growth until it is supplemented through P; uptake by the
developing root system (White and Veneklaas 2012) and correlated with the
initial root biomass (Zhu et al. 2005a, b). It is questionable if seed coating or P
fertiliser placement could compensate low grain P (Rebafka et al. 1993), even if
lower root development due to lower seed P reserves can be overcome due to
mycorrhizal infection (Zhu and Smith 2001).
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Exploiting Genetic Differences

There are studies showing genotypic differences for P deficiency tolerance
suggesting that P efficiency mechanisms may differ among wheat, rye and triticale
genotypes (Ozturk et al. 2005; Manske et al. 2001; Osborne and Rengel 2002;
Gunes et al. 2006). Hammond et al. (2009) observed a considerable diverse species-
wide variation for shoot P concentrations and several PUE measures in Brassica
oleracea landraces and commercial varieties. Manske et al. (2001) argued that
under P deficient conditions P uptake efficiency plays the key determinant for yield,
whereas P utilisation efficiency was more relevant under well P supplied condi-
tions. There are also several investigations in other Brassica plants aiming to
exploit genetic diversity (Akhtar et al. 2008; Solaiman et al. 2007; Yang
et al. 2010, 2011).

Batten (1992) pointed out that selection of more P efficient wheat occurs
unconsciously during breeding when selecting for higher yields at sub-optimal P
levels. Chin et al. (2010) mentioned a similar observation of an unconscious
selection for a major P deficiency tolerant rice QTL, Pupl, in drought tolerant
varieties developed under unfavourable conditions. Hammond et al. (2009) simi-
larly implicated inadvertent selection in B. oleracea breeding programmes.

The selection process resulting in modern (Brassica) crop varieties with
increased grain yield per mg shoot P (Hammond et al. 2009) might be just a result
of higher HI (Batten and Khan 1987), rather than a selection of physiological traits
(Rose and Wissuwa 2012). Chin et al. (2010) support that hypothesis by observing a
lower frequency of the low P-tolerant QTL Pup! in modern irrigated rice varieties
compared to traditional varieties. There are further studies showing that enhanced
low P tolerance in wheat was due to enhanced P uptake rather than enhanced P
utilisation (Gahoonia et al. 1996; Gahoonia et al 1999).

A comparison of new CIMMYT wheat varieties with an older Mexican variety
showed that PUE did not differ (Egle et al. 1999). However, P acquisition under low
P conditions was improved mainly due to a better root length density, especially
during the period during anthesis and grain filling (Egle et al. 1999). With P
fertilisation, root length density was not significantly different between the older
and the modern varieties, but higher P uptake rates, especially during grain filling,
of the modern varieties seemed to have contributed to higher P acquisition ability at
appropriate P supply. A higher shoot growth and a subsequently higher sink
capacity of more kernels might have contributed to that effect (Egle et al. 1999).
In maize, several studies have identified distinguishable P uptake amongst geno-
types (Da Silva and Gabelman 1992; Zhu and Lynch 2004; Chen et al. 2009a, b; de
Sousa et al. 2012), without providing large amounts of potential target genes for
exploiting crop biodiversity (Calderén-Vazquez et al. 2008).
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Potential Targets for Genetic Improvement

The design of phenotypic screens for dissecting P acquisition or P utilisation
differences in crops requires an understanding of the underlying molecular mech-
anism of low-P tolerance. This section highlights mechanisms which are known in
crops and that may be potential targets for a breeding approach, integrating
physiological, molecular and genetic strategies. Genes will be listed that come
from model organisms and were subsequently investigated in crop species. A
potential candidate target would be characterised by being a key factor in the
molecular mechanism of the P starvation response, adaptation and genetic diversity
responsible for low P tolerance, keeping in mind that there is a need for different
strategies in low-input and high-input systems, focusing more on PAE or PUE
respectively. Teng et al. (2013) investigated the expression profiling of known P
starvation-induced genes in wheat under different levels of P fertiliser and soil
Olsen P, proving that the turning point for the genetic response was the critical P
level. This observation leads to a more general model (Fig. 4.3) which raises the
question: which strategy would be most suitable to shift the onset of gene expres-
sion for the P starvation signalling response into lower P levels and therefore
decreasing the crop demand for equal yield performance? There were three main
scientific approaches to this problem.

The first approach comprises the majority of studies which are based on com-
parisons of low P-tolerant genotypes with more susceptible genotypes or cultivars
(Pariasca-Tanaka et al. 2009; Li et al. 2008a, b; Hammond et al. 2009; Zhang

Yield Expression of target regulatory genes
Biomass/grain PS, phosphate transporters, transcription factors, etc.
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Fig. 4.3 Model for of the optimal yield (red up arrow) coinciding with the induction of
P-starvation marker genes (green down arrow) in field-derived wheat roots shifting towards
lower soil Olsen-P levels with improved P efficiency traits (Teng et al. 2013)
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et al. 2009; Li et al. 2010; Yao et al. 2011) exposed to a short-term P starvation
period; particularly transcriptome, proteome or metabolite profiling studies (Wang
et al. 2002; Wasaki et al. 2003; Hammond et al. 2004; Calderon-Vazquez
et al. 2008; Huang et al. 2008; Oono et al. 2011; Liang et al. 2010; Oono
et al. 2013). Even if these profiling studies provided a useful tool to study the
response mechanisms with regards to adaptation to nutrient stresses (Hammond
et al. 2004; Nilsson et al. 2010), the majority used hydroponically grown plant
material exposed to short-term P starvation. However, Hammond et al. (2011) used
the transcriptional profiling technology to identify a predictive diagnostic gene set
for detecting the physiological P; status of potato under field conditions and at a
range of P fertiliser application rates. This group of genes were determined by
investigating the transcriptional P starvation responses in potato leaves grown
hydroponically and were validated for exposure to various nutritional and abiotic
stresses using the Arabidopsis orthologs (Hammond et al. 2011). This aspect is
more focused on increasing the precision of fertiliser application but may also be a
potential tool for genotypic screening PUE and PUE under agronomic conditions in
the future.

The second approach deals with the over-expression of target genes resulting in
partly contradictory observations due to the expression level of their role in the P
sensing and regulating network (Rae et al. 2004; Zhou et al. 2008; Ren et al. 2012a,
b; Tian et al. 2012; Guo et al. 2013; Wang et al. 2013).

The third approach uses quantitative trail loci (QTL) analysis to dissect the
genetic basis of P efficiency and identify superior alleles or loci in different
germplasm (Wissuwa et al. 2005; Zhu et al. 2005a, b; Su et al. 2006; Liang
etal. 2010; Yang et al. 2011; Gamuyao et al. 2012) which should lead, if successful,
to marker-assisted selection (MAS) in breeding for improved nutritional traits. All
three approaches will be described and discussed in more detail within the sections
below.

Root Morphology and Organic Acid Secretion

Due to the low mobility of P in the soil, the root architecture of crops in agricultural
systems is strongly related to P distribution in the soil profile, determined by tillage,
fertiliser and cultivation practices, which influence in turn the chemical dynamics
of soil P and the rhizosphere (Niu et al. 2012). Phenotyping of root (architectural)
parameters are difficult to evaluate as selection criteria as they are both time
consuming and destructive (de Sousa et al. 2012), which makes the in vitro QTL
analysis approach described below very attractive for breeders using MAS (Liang
et al. 2010). Root morphology or primary root growth in maize seems not to be
affected by P availability (Mollier and Pellerin 1999) and the extensive shoot-born
root system and different root types of cereals (Hochholdinger and Zimmermann
2008) emphasises regulatory differences in crops compared to model plants such as
Arabidopsis.
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Nonetheless, genotypic differences in low P tolerance or high yield at low P
availability were often associated with root growth properties or P uptake capability
in crops (Hammond et al. 2009; Pariasca-Tanaka et al. 2009; Yao et al. 2011; Li
et al. 2008a, b; Zhu and Lynch 2004; Zhu et al. 2005a, b; Gahoonia et al. 1996;
1997) showing that there is a large exploitable genetic variation in the root
acquisition trait. There exists considerable genotypic variation in root hairs in
barley and wheat cultivars showing that root hair length was strongly correlated
to the rhizosphere P depletion ability (Gahoonia et al. 1997). A root hairless mutant
in maize conferred significant grain yield loss (Hochholdinger et al. 2008). Similar
observations were made when comparing different maize lines and their root hair
length, plasticity and subsequent performance under low P (Zhu et al. 2010). A
positive and negative regulatory role for transcription factors like PHR1 WRKY75
and BHLH32 has been suggested in Arabidopsis (Chen et al. 2007; Devaiah
et al. 2007a, b; Bustos et al. 2010). Unfortunately, the underlying genetic mecha-
nisms of germplasm variation for the root hair trait are not yet determined. MAS
may facilitate root trait selection for breeding more P efficient cultivars, exempli-
fied by studies showing that root morphology QTLs are likened to P acquisition
efficiency in maize (Zhu et al. 2005a, b), wheat (Ren et al. 2012a, b) or soybean
(Liang et al. 2010). Gene modification is a means of enhancing low P tolerance
(Wang et al. 2013). For example, a B-expansin gene in soybean, Gm-EXPB2,
enhanced P uptake when it was over-expressed (Guo et al. 2011). Expansins are
involved in cell wall extension (Zhao et al. 2012), including root hair formation
(Yu et al. 2011) and are among up-regulated genes during P starvation (Calder6n-
Vazquez et al. 2008), suggesting a remodelling of the cell wall structure and
integrity. Root morphology related genes, Rtcs (rootless concerning crown and
lateral seminal roots; Hochholdinger and Zimmermann 2008), Bk2 (brittle stalk-2;
Brady et al. 2007) and Rth3 (root hairless 3; Hochholdinger et al. 2008), were
determined as being related to differential P responses and PAE capability in the
seedling stage in two contrasting maize lines (de Sousa et al. 2012). However, even
if observable only under low P conditions, root traits exhibited high heritability and
a low coefficient of variation making them exploitable for breeding (de Sousa
et al. 2012). Genes which were investigated belonged to a family of glycosylpho-
phatidylinositol (GPI)-anchored proteins involved in root cell expansion, cell wall
biosynthesis and root hair formation (de Sousa et al. 2012). Comparing the prote-
ome of a low P tolerant and a sensitive oilseed rape genotype revealed that proteins
related to lateral root formation such as auxin-responsive family proteins and
sucrose-phosphate synthase-like proteins were up-regulated in roots and leaves
(Yao et al. 2011) suggesting sources of tolerance lying in the P starvation signalling
mechanism. Furthermore, Li et al. (2008a, b) revealed an increase of low-P
tolerance when the phosphoprotein, phosphatase 2A isoform 4, was increased in
abundance in the more tolerant genotype. This protein family is involved in auxin
transport and reduced activity altered lateral root growth in Arabidopsis (Rashotte
et al. 2001). Significant increases of CDC48 and other regulators of cell division
and cell cycle, including Ran GTPase, MCM6 and importins, were assumed to be
important factors mediating a better root development and accelerated cell prolif-
eration in the meristem under P starvation (Li et al. 2008a, b).



114 A. Gruen et al.

Root system modification and organic acid secretion require a carbon supply
which might be to the detriment of yield or growth but being nevertheless beneficial
under conditions of low phosphorus availability (Zhu and Lynch 2004; Lynch and
Ho 2005; Johnson et al. 1996; Yao et al. 2011). PUE in two different P efficient
maize lines growing in nutrient solution culture was related to proteins that
decreased citrate degradation, increased citrate synthesis and malate dehydrogenase
activity in the roots (Li et al. 2008a). Furthermore, proteins related to carbon and
energy metabolism were expressed to a higher extent in a low P-tolerant Brassica
napus genotype compared to a low P-sensitive one (Yao et al. 2011). It has been
hypothesised that transgenic plants that secret microbial phytases into the rhizo-
sphere have potential for improved acquisition of organic P sources, but when
grown in soil their growing performance matched the control plants (George
et al. 2005; Richardson et al. 2000). Studies on bacterial citrate synthase genes in
tobacco came to similar contradictory results (Lopez-Bucio et al. 2000; Delhaize
et al. 2001) and investigations of genotypic variation in root exuded wheat phos-
phatases activity could not relate their activity to the P content when plants were
grown in soil (George et al. 2008). Nonetheless, Zhang et al. (2009) suggested that
improved acquisition and therefore higher P uptake efficiency of two Brassica
napus genotypes grow in soil was related to the ability to lower the pH or higher
acid phosphatase activity in the rhizosphere. However, higher APase activity was
observed in roots and particularly in shoot tissue in P scarce conditions in rice but
without exhibiting genotypic differences (Yao et al. 2011). Over-expression of a
wheat malate transporter Ta-ALMT]1 in barley enhanced P uptake on acid soils in
the short-term but not when the soil was limed (Delhaize et al. 2009). Over-
expression of a root-associated purple phosphatase gene in rice, OsPAP10a, could
promote better growth and a higher tiller number compared to the wild type under P
sufficient conditions (Tian et al. 2012). In conclusion, results from in vivo studies
appear contradictory when tested under soil conditions. However, genotypic vari-
ation of low P tolerance is related to root morphology and secretory traits, which
may be exploitable.

P; Acquisition via Phosphate Transporters

A strong induction of Phtl transporters was reported in the majority of transcript
profiling studies where plants were exposed to a short-term P starvation period and
grown mainly in nutrient solution (Wang et al. 2002; Wasaki et al. 2003; Calderon-
Vazquez et al. 2008; Huang et al. 2008; 2011) and in the field (Teng et al. 2013),
which makes them obvious targets for genetic improvement. However, enhanced
induction of TaPhtl transcripts might be either a short-term adaptation to local P
depletion or unevenly distributed patterns of P availability. High persistent induc-
tion during severe long-term scarcity as an adaptation mechanism seems question-
able and should be investigated on field-grown crops as performed by Teng
et al. (2013). Enhancing P acquisition by over-expressing phosphate transporter
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genes has been reported in tobacco cell cultures (Mitsukawa et al. 1997) but could
not be confirmed at the plant level (Rae et al. 2004). Promoter fusion to fluorescent
proteins showed that high expression levels of root expressed phosphate transporter
occur in trichoblast cells (Daram et al. 1998; Mudge et al. 2002; Schiinmann
et al. 2004) and remarkably in root tips and root hairs under low P conditions
(Sanchez-Calderodn et al. 2006). The increasing rate of P; uptake during P depriva-
tion via enhanced phosphate transporter expression presumably occurs as a result of
increased Vy,x, rather than increased affinity (K,,), implying increasing high-
affinity P transporter synthesis with similar kinetic properties (Raghothama
2005). As variability in P depletion profiles in the rhizosphere of wheat genotypes
suggest genetic variability in root hair formation (Gahoonia et al. 1996; 1997),
varietal expression differences with respect to preferentially root expressed Pht1 are
very likely. Until now, there has been no evidence that genotypic variation exists
that could be exploited in breeding (Rose and Wissuwa 2012): this should clearly be
area for future research.

P Partitioning and Re-translocation Within the Crop

Preferential re-translocation of P to the roots was characteristic for more P-efficient
rice genotypes (Wissuwa et al. 2005) or better remobilisation of P from shoot to
root in oilseed rape (Hammond et al. 2009; Akhtar et al. 2008). Two rice genotypes,
distinguishable in their ability to tolerate a P-limited environment, showed that
genes like PEPC (phosphoenolpyruvate carboxylase), which are involved in the
modified glycolysis bypassing ATP-requiring reactions, were up-regulated in the
more tolerant but down-regulated in the more susceptible genotype (Li et al. 2010).
Interestingly, over-expression of the bHLH transcription factor OsPTF1 enhanced
low P tolerance and resulted in increasing expression of Glu-6-P translocator, H*-
ATPase, but also PEP carboxykinase in the shoot (Yi et al. 2005). A proteome study
showed that among the higher over-accumulated proteins in the more P starvation
tolerant genotype was an important enzyme of the pentose phosphate pathway,
6-phosphogluconate dehydrogenase (Li et al. 2008a).

The authors assumed that requirements of the sugar metabolism could be
fulfilled more satisfyingly in the low P-tolerant genotype which was also
represented by the larger proportion of sucrose in the total soluble sugar fraction
(Li et al. 2008a). More abundant pyruvate phosphate dikinase, pyruvate kinase-like
proteins and UDP-glucose pyrophosphorylase, which utilise PP; (pyrophosphate) to
produce ATP or UTP, in the low P-tolerant maize line could be assigned to a higher
in vivo PUE (Li et al. 2008a, b). Another fundamental issue would be assessing the
role or phosphate transporters involved in P loading into the grain (Rose and
Wissuwa 2012).
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Genes Involved in P Starvation Signalling Cascades

As discussed above, the transcription factor PHR1 seems to be a key regulator for
downstream P-responsive genes through binding to a PHRI specific binding
sequence (P1BS) cis-element in model plants (Bustos et al. 2010; Rubio
et al. 2001). In Brassica napus, the homologue BnPHR1 was predominantly
expressed in the roots exposed to P limitation and over-expression enhanced
remarkably the expression of the high-affinity transporter BnPT2 (Ren
et al. 2012a, b). In wheat, three PHR1 homologues genes have been identified
(Wang et al. 2013), which regulate genes such as TaPt2;1 (Tittarelli et al 2007; Guo
et al. 2013) or TaIPS1 (Oono et al. 2013) that have been reported to contain the
P1BS element. TaPht1-A1 transcriptionally activated the expression of the phos-
phate transporter TaPht1;2 in yeast cells (Wang et al. 2013). The promoter of the
high-affinity transporter TaPht1;2 was more abundant in a P-efficient genotype than
in an inefficient genotype (Miao et al. 2009). Furthermore, TaPHR1-A1 over-
expression resulted in an up-regulation of P starvation response genes, stimulated
lateral root branching, enhanced P uptake and P translocation and increased grain
yield but not P distribution from shoot to the grains in pot and field trials under P
deficient conditions (Wang et al. 2013). Phtl transporter expression of TaPht1;2 in
the roots and TaPht1;6 expression in the shoots increased under high and low P
conditions, whereas other usually P starvation induced genes such as TalPS1.2,
TaPHO or TaSPX3 did not change their level of expression (Wang et al. 2013).
These results indicated that TaPHR1 is an upstream regulator for Phtl transporter
but suggested other transcriptional factors being relevant for the induction of other
P starvation induced genes as it is the case for OsPHR2 (Zhou et al. 2008). Oono
et al. (2013) recently published a transcriptome study using de novo transcript
assembly analysis, in order to investigate wheat seedlings, cv. Chinese spring,
exposed to 10 days of P starvation. Genes of the phosphorylation category including
protein kinases were among the up-regulated transcripts (Oono et al. 2013). Fur-
thermore, genes belonging to oxidation-reduction processes, metabolic processes,
carbohydrate metabolism, transcription process, lipid metabolism and transmem-
brane transport were induced, as well as AtWRKY6 and AtPHO1 homologues
(Oono et al. 2013).

Rice-orthologous transcripts of PHR1, PHO2 and SIZ1 were detected but not all
were highly responsive to P starvation (Oono et al. 2011, 2013). Significant was the
induction of TalPS1 homologous (Oono et al. 2013), suggesting that the
IPS-mediated signalling cascade may also be functional as previously observed in
model species including rice (Oono et al. 2011). This aspect is relevant when taking
in account that genetic variation in PUE of barley exhibited a correlated expression
of the low-affinity phosphate transporters, HvPht1;3 and HvPht1;6, with HvIPS1
expression (Huang et al. 2011). Higher PUE was also a consequence of higher root-
shoot ratios under P limitation indicating an increase in carbohydrate partitioning
(Huang et al. 2011). In model plants, IPS genes have been shown to be a
miRNA399 antagonist and involved in the miR399-PHO2 regulatory loop
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(Franco-Zorrilla et al. 2007; Doerner 2008). In wheat, TaIPS1 transcript levels were
strongly repressed in roots and TaIPS2 transcript levels in shoots of P-deficient
wheat by N deficiency (Li et al. 2008a, b) providing evidence of an influence on the
signalling pathways of P homeostasis by the nitrogen nutritional status. Further-
more, nine wheat miRNAs were identified in addition to miRNA399 as responsive
to P starvation in a variety-dependent manner (Zhao et al. 2013). TamiRNAs
putatively target diverse gene families, which are down-regulated during P defi-
ciency stress including transcriptional regulation, signal transduction, phytohor-
mone and defence responses among several others (Zhao et al. 2013). Transgenic
tomato lines over-expressing miRNA399 from Arabidopsis enhanced the secretion
of acid phosphatases and protons in roots (Gao et al. 2010). A further example is the
over-expression of another P starvation-induced transcription factor, OsPTF1 in
rice, which increased tiller number, shoot biomass, panicle weight and P content
under low Pi conditions (Yi et al. 2005). Genes which are regulated by OsPTF1
contain E-box and G-box elements but do not include high affinity transporters or
acid phosphatases (Yi et al. 2005). In addition, total root length and root surface
area may be increased resulting in higher P uptake rates (Yi et al. 2005). Both
studies provide evidence of a promising method enhancing P uptake in crops
although enhancing low P tolerance via this pathway needs more understanding
of other involved proteins and factors.

Quantitative Trait Loci Identification

Until now, the indirect approach of QTL identification for P deficiency tolerance
has been mostly exploited in rice and Brassica species, and approaches have
focused on P acquisition parameters among different aspects and targets of P
efficiency. To date, Pupl (Phosphorus uptake 1) is the only major QTL for P
deficiency tolerance in rice coming from a landrace, which could actually be used
by rice breeders for marker-assisted introgression into elite material (Wissuwa and
Ae 2001, Wissuwa et al. 2002; Chin et al. 2010).

There are more known QTLs, often at very early growth stages (Su et al. 2006,
2009; Yang et al. 2010, 2011), related to yield components under low P conditions
(Su et al. 2009; Chin et al. 2010; Ding et al. 2012; Gamuyao et al. 2012; Shi
et al. 2013), to seed P concentrations (Ding et al. 2010; Zhao et al. 2008), to P uptake
capability and morphological adaptation e.g. tiller number (Su et al. 2006; Wissuwa
et al. 1998, 2002; Chin et al. 2010; Gamuyao et al. 2012) or root morphology (Zhu
et al. 2005a, b, 2006; Liang et al. 2010; Yang et al 2011).

In wheat, a large number of QTLs on all chromosomes have been detected in a
double haploid (DH) population derived from a P deficiency tolerant and low
P-sensitive variety implying a polygenetic control of low P sensitivity
(Su et al. 2006, 2009). There were three major loci associated with higher tiller
number, shoot dry weight and shoot phosphate uptake under low P conditions
suggesting that these alleles may be used for MAS (Su et al. 2006). Two of these
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loci are liked to genes associated with vernalization requirements including
flowering time and shoot morphology (Su et al. 2006). Hammond et al. (2009)
reported that QTLs associated with PUE measures were related to root traits in
B. oleracea species which puts them back in the focus as potential targets for crop
improvement. QTLs for root hair length and lateral root growth have been identified
in maize under P deficiency, a trait which was observed in previous studies as
associated with improved low P tolerance and may be controlled by many minor
genes or loci with epistatic effects (Zhu et al. 2005a, b). An additional study on
soybean possibly related root traits and P efficiency traits to three QTL clusters
(Liang et al. 2010). As previously mentioned, a major storage form of phosphorus
in grain crops is the non-desirable phytate, which diminishes nutritional quality and
causes environmental problems. Despite being of strong interest for human health,
QTL analysis focusing on seed traits or seed quality has not been performed
extensively. Ding et al. (2012) observed an overlap of a P efficiency QTL with a
QTL for seed P concentrations and in a RIL population (durum wheat x wild emmer
wheat) and eight QTLs found for grain P content co-localised with QTLs for grain
protein content (Peleg et al. 2009) which is correlated with both phytic acid and
total P (Raboy et al. 2009). Zhu et al. (2005a, b) found seed phosphorus reserve-
related QTLs in maize, which was only partly related to seed size. In rice grown
with unlimited nutrients, Stangoulis et al. (2007) found a common QTL for phytate
and P concentrations and interestingly, the phytate QTLs were distinct from those
for micronutrients such as Fe, Zn or Mn.

So far, the underlying genes or their functional mechanisms, which are targeting
a higher low P tolerance, remain still quite elusive (Pariasca-Tanaka et al. 2009;
Chin et al. 2010; Shi et al. 2013). The region of a major QTL for low P tolerance in a
rice cultivar, Pupl (Phosphate uptake 1), has been mapped and has been predicted
to contains 60 genes. However, their mechanism for low P tolerance as not yet been
identified (Ismail et al. 2007; Wissuwa et al. 2002). In one case, the receptor-like
cytoplasmic Ser/Thr protein kinase PSTOL1 gene, present within the Pup/ QTL
region, seems to be involved in early crown root development and enhances yield
and gene expression of such related to root growth when it was over-expressed
(Gamuyao et al. 2012). Another approach for delivering putative candidate targets
used a comparative mapping technique (in silico mapping) between the model plant
Arabidopsis and the crop Brassica napus (Yang et al. 2010; Ding et al. 2012; Shi
et al. 2013) which revealed yield associated QTLs being linked to genes which are
involved in P homeostasis including P transport, transcriptional control, phospho-
lipid and carbohydrate metabolism (Shi et al. 2013). Among these genes were
glucose-6-phosphate transporters, BnSIZ1-A2, BnPHO1 or BnSQD2 and phos-
phate transporters (Shi et al. 2013) as well as BnIPS2 (Ding et al. 2012), which
therefore confirm their potential roles as targets for crop improvement. Yang
et al. (2010) observed a linkage of two functional gene-based markers (GBMs)
potentially usable for MAS, BnIPS2 and BnGTP1, as well as orthologous genes for
root development, auxin transport with two root morphology related QTLs.

In summary, recent approaches have proven to be a useful tool to dissect the
genetic basis of P efficiency-related traits, and have detected a large number of
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QTLs in several crop species. Nonetheless, its practical and effective application in
MAS of breeding programmes has been rather limited up to now and would require
higher precision, reliability and a proof of consistency across these known QTLs.
Additionally, these findings emphasise the previously mentioned importance of
post-transcriptional modification in the sensing and signalling network of P homeo-
stasis, the low P tolerance, and the association of low P tolerance with root
morphology.

Conclusions

Phosphorus is an essential macronutrient with crucial functions in plant
macromolecular structure, energy metabolism and signal transduction,
which can be a major constraint for high yield when it becomes limiting in
crop production. There are economic, political and environmental reasons
why P efficiency (PAE, PUE) and P fertiliser use in crops should be inves-
tigated for future crop improvement. Therefore, scientific interest has
increased with the aim of finding the underlying molecular mechanisms for
adaptation to low P accessibility and of identifying targets to archive high-
yielding, low P-tolerant crops. Agronomic strategies for raising the amount of
available fertiliser are constantly under assessment but the polygenetic basis
of P deficiency tolerance is not yet understood. Field selection and screening
for PAE/PUE traits, especially in relation to roots, are difficult to realise due
to the complexity of soil P and agronomic practice, which may have signif-
icant impact on P availability and root properties. Another critical point is the
shift from P acquisition to translocation processes when crops become gen-
erative and distribution in grain and seeds becomes predominant. Several
approaches for investigating crops, such as the comparison of individual
genotypes exposed to a short-term P starvation period, the over-expression
of target genes and QTL analysis have resulted in contradictory observations.
Nevertheless many potential target genes, which have been identified previ-
ously in model organisms using forward and reverse genetic approaches, are
also be found in crops and are potentially exploitable. Phosphate transporters,
several transcription factors, genes coding for proteins of the TCA cycle
metabolism, phospholipid degradation, transfer and post-translational modi-
fications are among the candidates who have been detected even if their role
in the genetically diverse low P tolerance or PAE/PUE context seems com-
plex and still rather elusive.
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Chapter 5

Micronutrient Use Efficiency — Cell Biology
of Iron and Its Metabolic Interactions

in Plants

Ilaria Forieri and Ruediger Hell

Abstract Iron (Fe) is an intriguing nutrient due to its dual nature. Its redox
properties make it essential for different vital processes in plant cells. But an excess
of Fe can be toxic as it catalyses the formation of reactive oxygen species.
Therefore Fe homeostasis must be tightly regulated. Different mechanisms con-
tribute to the regulation, including the control of uptake, the intracellular chelation
by different molecules and the partitioning into the organelles and storage loca-
tions. Despite its high abundance in soil, Fe solubility is extremely low. Fe
availability represents a significant constraint to plant growth and plants have
developed distinct strategies to ensure Fe solubilisation and uptake. The Fe-S
clusters in the electron transport chain of mitochondria and chloroplasts represent
an important sink of Fe. Recent observations suggest that a co-regulation exists
between Fe and sulfur metabolism. This is most likely the outcome of the high
demand for Fe and S required for the biosynthesis of Fe-S clusters. In the following
chapter the uptake strategies and their regulation mechanisms will be introduced.
Moreover, different aspects of the regulation of Fe homeostasis in the cell will be
presented, including the partitioning in the organelles. In the last section different
evidences towards the interaction between Fe and S metabolism will be discussed.

Keywords Iron ¢ Micronutrients « Homeostasis « Regulation « Iron transporters
* Deficiency ¢ Partitioning

Introduction: Fe Importance for Plant Nutrition

Iron (Fe) is a chemical element with atomic number 26, which belongs, together
with manganese, cobalt, nickel, copper and zinc, to the metals of the first transition
series in the periodic table. Fe is the most abundant element found on planet Earth,
as it constitutes a significant part of the inner and outer core. It is the fourth most
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common element in the crust, after oxygen, silicon and aluminium. As a transition
metal, Fe can easily accept and donate electrons. Thus its oxidation state can vary in
a broad range between —2 and +6, but the most common under current atmospheric
conditions are +2 (ferrous iron) and +3 (ferric iron). This redox property of Fe and
its capability to form complexes with different ligands make this element indis-
pensable for different biological processes in all the living organisms. Indeed
several proteins (Fe-proteins) found in different organisms rely on Fe as a cofactor
for proper functioning. Fe is also essential for plant metabolism, where it partici-
pates in vital cellular functions such as photosynthesis, respiration and chlorophyll
biosynthesis.

Despite its essential role for life, an excess of free Fe can be detrimental to the
cell because it can react with oxygen catalysing the formation of reactive oxygen
species (ROS) such as superoxide (O, ) and hydroxyl radical (OH') via the Fenton
reaction (reviewed by Hell and Stephan 2003):

Fe** + 0, - Fe™ + 0O,
Fe’t + H,0, — Fe** + OH™ + OH’
Resultingin: O, + H,O0, — O, + OH  + OH

These radicals constitute a severe danger for the cell particularly the hydroxyl
radical, which is very reactive and can indiscriminately oxidise DNA, polyunsatu-
rated fatty acids in lipids (lipid peroxidation), amino acids in proteins and sugars.

To avoid potentially toxic reactions, protein-bound Fe is found incorporated into
structures such as heme or coordinated with sulfur (S) to form Fe-S cluster. Heme
contains a Fe atom in the centre of a large heterocyclic organic ring, the porphyrin,
made of four pyrrolic groups joined by methine bridges. Among heme proteins, a
fundamental role is played by hemoglobin and myoglobin in vertebrates as they
contain a Fe atom which binds to oxygen. The most common heme proteins in
plants are cytochromes, which participate in the electron transport process of
mitochondria and chloroplasts. Other heme proteins are catalase and peroxidases
that are involved in scavenging of ROS.

Fe-S clusters are versatile and ubiquitous cofactors of many different enzymes
that participate in respiration, photosynthesis, DNA repair and replication, sulfur
and nitrogen assimilation and ribosome biosynthesis (Balk and Pilon 2011). They
are formed from Fe atoms and sulfur in the form of acid-labile sulfide and are bound
to proteins via the sulthydryl groups of cysteine residues. Different forms are found
in plants, the most common are the 2Fe-2S and 4Fe-4S bound to four cysteine (Cys)
residues. Other types include the 2Fe-2S Rieske-type cluster coordinated by 2 Cys
and 2 His residues and 3Fe-4S liganded by 3 Cys (reviewed by Couturier
et al. 2013).

Toxicity of free Fe ions may be avoided by chelation by different compounds
such as the non-proteinogenic amino acid nicotianamine, citrate and the storage via
ferritin proteins.
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Ferrous Fe is relatively soluble but it is easily oxidised to ferric Fe by atmo-
spheric oxygen. The solubility of Fe** is highly influenced by the soil pH. Indeed in
alkaline conditions Fe>* hydrolyses water producing Fe(OH); that polymerises and
precipitates together with inorganic anions. Free Fe** is soluble up to 10~° M at pH
3.3, but in aerated soil at neutral-basic pH, the concentration of free Fe** and Fe™" is
estimated to be less than 1073 M (Marschner 1995). This is much lower than the
optimal concentration needed by plants that require between 10~* and 10~® M Fe**.
This solubility problem strongly impacts Fe availability that represents a severe
constraint for plant development and yield. In particular, Fe is considered the third
most limiting plant nutrient after nitrogen and phosphorus. Hence, even though Fe
is quite abundant in soil, Fe deficiency represents a major problem for worldwide
agriculture in calcareous-alkaline soil, which comprises 30 % of all arable land.
Upon Fe deficiency, plants display typical symptoms such as leaf chlorosis and
reduced growth. Therefore the quest for Fe use efficient crop plants is a goal of plant
breeding and biotechnology.

Plants are always dealing with the dual nature of Fe and have developed
sophisticated mechanisms to ensure adequate Fe acquisition from the soil and at
the same time to make it available for biological processes in the cell avoiding toxic
reactions.

Fe content in crop plants, which constitute a widely utilised staple food, signif-
icantly influences Fe assimilation by the human population. Fe deficiency is one of
the most diffuse nutritional problems in the world, with around 30 % of the world
population affected according to World Health Organization (http://www.who.int/
nutrition/topics/ida/en/). Therefore, understanding the mechanisms used by plants
to cope with changing Fe availability is a prerequisite not only for improving crop
yield but also for a positive impact on human nutrition.

In this chapter, the strategies adopted by plants for Fe uptake will be reviewed,
with focus on mechanisms of regulation. The partitioning of Fe in the cell and the
interaction with other nutrients such as sulfur will also be presented.

Fe Deficiency and Plant Responses

Higher plants use distinct strategies to ensure Fe solubilisation and uptake. In the
1980s, Romheld and Marschner (1986) divided plants into two groups according to
their Fe uptake mechanisms. Dicotyledonous and non-graminaceous monocotyle-
donous plants belong to the Strategy I or reduction strategy group, whereas Poaceae
to the Strategy II or chelation strategy group.

Strategy I is based on (1) soil acidification to increase Fe solubility, (2) reduction
of Fe’* to Fe?* in the rhizosphere and (3) uptake of Fe** across the root plasma
membrane (see Fig. 5.1). This strategy was first characterised in Lycopersicum
esculentum (tomato) and Pisum sativum (pea) as model crop plants. Recently, most
of the studies in this respect have focused on Arabidopsis thaliana, which repre-
sents a powerful tool for cell biology investigations. The genes responsible for the
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Fig. 5.1 Fe deficiency responses in plants. Strategy I (non-graminaceous plants) and Strategy II
(graminaceous plants) are presented. In the rectangles the key enzymes of the two strategies are
shown. Abbreviations: AHA2 Arabidopsis H*-ATPase, DMAS deoxymugineic acid synthase,
FRO?2 ferric chelate reductase 2, IRT/ iron regulated transporter 1, MAs mugineic acids, NAAT
nicotianamine aminotransferase, NAS nicotianamine synthase, TOM transporter of mugineic acids,
YS yellow stripe, YSL yellow stripe like. YSL refers to orthologs of YS in plants other than maize

different steps of the strategy I have been identified and cloned and Fe deficiency
results in an up-regulation of their expression. Firstly, the H*-ATPase family
(HA) excretes protons into the rhizosphere to increase Fe solubility (Palmgren
2001). In Arabidopsis the HA2 gene particularly is induced in Fe deficiency
(Santi and Schmidt 2009). The reduction of Fe** is catalysed by the ferric-chelate
reductase oxidase 2 (FRO2) in Arabidopsis (Robinson et al. 1999) and by FRO1 in
pea (Waters et al. 2002). FRO proteins are integral membrane proteins that belong
to a superfamily of flavocytochromes and can transfer electrons from cytosolic
NADPH to FAD across the plasma membrane (Robinson et al. 1999). FRO2 was
isolated as allelic to the frdl mutants in Arabidopsis (Yi and Guerinot 1996). These
mutants are not able to induce the Fe chelate reductase activity, although they are
still able to acidify the rhizosphere upon Fe deficiency. Moreover, these mutants
cannot translocate radiolabeled Fe from root to the shoot when Fe is provided as
chelated Fe>*. Altogether these results shown that FRO activity is uncoupled from
the HA activity and that Fe** reduction to Fe>* is a prerequisite for the transport.
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After reduction, the uptake of Fe?* in the root epidermal cells is performed by
the iron-regulated transporter 1 (IRT1) in Arabidopsis (Vert et al. 2003). Orthologs
of IRT1 were cloned in both pea and tomato (Cohen et al. 1998; Eckhardt
et al. 2001). The Arabidopsis knock-out mutant ir¢/ is lethal unless plants are
watered with an excess of Fe (Vert et al. 2002). Another transporter, IRT2, is also
induced in roots when exposed to Fe shortage (Vert et al. 2001) but its knock-out
mutant is not affected under normal Fe conditions. The attempt to complement the
irt] mutant with IRT2 driven by a constitutive promoter did not rescue the pheno-
type, showing that the two transporters have different roles in Fe uptake (Varotto
et al. 2002). Both transporters belong to the zinc-regulated transporter iron-
regulated transporter like protein family (ZIP) that takes its name from the first
transporter that was identified, the zinc regulated transporter ZRT. Indeed IRT1 and
IRT?2 are not highly specific for Fe and can mediate the import of a broad spectrum
of metal species including zinc Zn**, manganese Mn>* and cadmium Cd**. The
Arabidopsis thaliana genome encodes for 16 ZIP proteins (Miser et al. 2001) and
they function in the uptake of different bivalent metal ions.

IRT] is regulated at different levels. Its expression promptly responded after the
plants were transferred to Fe deficiency (Connolly et al. 2002). In particular, the
mRNA accumulated after 24 h and the protein level peaked after 72 h. After Fe
resupply the IRT1 protein was already almost undetectable after 12 h, indicating
that its expression is tightly regulated. An over-expressing line of /RT/ showed
accumulation of the protein only under Fe deficiency, indicating a fine regulation of
Fe homeostasis at the uptake level. Indeed IRT1 protein is rapidly degraded in
response to changing Fe conditions and this degradation is mediated by
ubiquitination (Kerkeb et al. 2008; Barberon et al. 2011). Recently the specific
E3 ubiquitin ligase IRT1 DEGRADATION FACTOR 1 (IDF1) was identified in a
screen of insertional mutants (Shin et al. 2013).

The main feature of Strategy II is the excretion of chelating compounds such as
mugineic acids (MAs) in the root rhizosphere that chelate Fe*, to enhance solu-
bility and allow for mobilisation of Fe®* (Fig. 5.1). The name mugineic acid is
derived from the Japanese word komugi for wheat from which these compounds
had first been isolated. The MAs biosynthetic pathway is conserved among the
Poaceae family, which comprises many of the most important food plants: rice,
wheat and maize, and starts from S-adenosyl-L-methionine (SAM). Three mole-
cules of SAM are converted into nicotianamine (NA) in one reaction by
nicotianamine synthase (NAS). NA is a precursor for MAs in strategy II plants
but additionally functions as Fe chelator in different plant organs, and seems to be
essential not only for the uptake of Fe from the soil, but also for the cell-to-cell and
long distance transport within the plant (Schuler et al. 2012). Studies on NA started
with the analysis of the tomato mutant chloronerva. This mutant is NA-free and
shows retarded growth and intercostal chlorosis of young leaves. Map-based clon-
ing revealed that chloronerva is a single copy gene in tomato and encodes for NAS
(Ling et al. 1999). The NAS genes have been cloned from other plant species such
as barley, rice and Arabidopsis, showing that NA carries out functions in strategy I
and II species (reviewed by Hell and Stephan 2003; Klatte et al. 2009). The
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expression of most NAS genes is strongly induced upon Fe deficiency. NA is then
further processed by NA aminotransferase (NAAT) and deoxymugineic acid
synthase (DMAS) to form 2’-deoxymugineic acid (DMA). DMA is the starting
point for the synthesis of all the other chemical forms of MAs (Nakanishi
et al. 2000). The secretion of MAs is diurnally regulated, with a peak in the morning
(Cakmak et al. 1998). The transporter of mugineic acid family phytosiderophores
1 (TOM) has been identified in rice and barley as responsible for the secretion of
MAs (Nozoye et al. 2011). After secretion, MAs can bind to Fe** and the MA-Fe*
complexes are taken up by the root YELLOW STRIPE 1 (YS1) and YELLOW
STRIPE 1-like transporters (YSL1) (Curie et al. 2009; Inoue et al. 2009). The study
of these transporters started with the analysis of the maize mutant yellow stripe 1.
This mutant shows leaf chlorosis and fails to take up phytosiderophores from the
soil (Von Wiren et al. 1994). The YELLOW STRIPE [ gene was then mapped and
cloned (Curie et al. 2001) and found to encode for a membrane transporter that
mediates the uptake of phytosiderophores bound to Fe**. The biochemical function
is directly shown by the ability of YS1 to restore the growth of a yeast strain
deficient in Fe uptake, when phytosiderophores are present in the media. Its mRNA
accumulates significantly under Fe deficiency in both root and shoot. The latter was
surprising as phytosiderophores were not expected to be transported in green tissues
as they are only present in the root (Curie et al. 2001). Indeed, although the release
of phytosiderophores is a prerogative of graminaceous plants, YSL transporters are
found also in non-graminaceous taxa (Chu et al. 2010, 2013). In particular,
Arabidopsis thaliana has eight YSL genes (Méser et al. 2001). In addition, YSL
transporters have been found to transport NA-Fe** complexes (reviewed by Chu
et al. 2013), adding to the fundamental role of NA as Fe chelator in both strategy I
and strategy II plants.

Interestingly, rice additionally possesses an iron transporter, OsIRT1, an
ortholog of AtIRT1. However, rice roots show a very low ferric-chelate reductase
activity, suggesting a role of OsIRT1 in the direct uptake of Fe** in anaerobic
growth conditions that is typical for this crop (Ishimaru et al. 2006).

Both graminaceous and non-graminaceous plants possess other divalent metal
transporters, which can facilitate Fe assimilation. The NRAMP (natural resistance-
associated macrophage protein) family transporters have been first found in mam-
mals and have then been cloned from Arabidopsis thaliana (Curie et al. 2000) There
are six genes encoding for NRAMP proteins in Arabidopsis (Maser et al. 2001).
They can mediate the uptake of several divalent metals, including Fe?*, zinc Zn**,
manganese Mn?", nickel Ni** and cadmium Cd**. The expression of three of these
transporters, NRAMP1, NRAMP2 and NRAMP4, is induced by Fe deficiency in
roots and leaves. In particular, NRAMP1 is thought to mediate the uptake of Fe and
other essential nutrients, such as manganese from the soil (Curie et al. 2000;
Cailliatte et al. 2010). The other two transporters NRAMP3 and NRAMP4 are
involved in the Fe distribution to developing seeds in low Fe conditions (Lanquar
et al. 2005).
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Regulation of the Strategies

The regulation of Fe deficiency responses is very complex and requires the coor-
dination of several regulatory elements. The presence of different pathway and
feedback signals constitute an important aspect in the regulation.

Several transcription factors that are involved in the regulation of the Fe uptake
machinery have been already identified in different Strategy I plants (Fig. 5.2a).
The key element/regulator in this respect was first identified in the tomato fer
mutant. Map-based cloning revealed that FER encodes for a basic helix-loop-
helix (bHLH) transcription factor (Ling et al. 2002). Arabidopsis possesses an
ortholog of FER, which has been named FIT (FER-like iron deficiency-induced
transcription factor, also named before FIT1/FRU/AtbHLH029; Bauer et al. 2007).
FIT expression is repressed upon full Fe supply, whereas the expression is highly
induced in Fe deficiency. FIT positively regulates the expression of different
Fe-responsive genes, including /RT/ and FRO2. The fit mutant shows leaf chlorosis
and decreased Fe content and fails to induce the typical Strategy I responses
(Colangelo and Guerinot 2004). Moreover, the mutant dies at the seedling stage
unless watered with additional Fe. FRO2 mRNA level is severely downregulated in
the mutant and the FRO activity cannot be detected. The transcript level of IRT1 is
decreased but still detectable in fir plants whereas the protein IRT1 is not present.
These results suggest that FIT can control the Strategy I responses at different level,
regulating the gene expression but also the turnover of IRT1 protein.

FIT can also interact directly with other bHLH factors, such as bHLH038 and
bHLHO039. This interaction is thought to serve in modulating the plant response to
Fe deficiency (Yuan et al. 2008). These two factors belong together with bHLH100
and bHLHI101 to a specific sub-group of bHLH and their expression is strongly
induced upon Fe deficiency (Wang et al. 2007). They are also functioning inde-
pendently from FIT to mediate Fe deficiency responses (Sivitz et al. 2012).

FIT can also directly interact with ETHYLENE INSENSITIVE 3 and ETHYL-
ENE INSENSITIVE 3-LIKE1 (Lingam et al. 2011). This interaction provides the
molecular link between ethylene and the responses to Fe starvation, which was
elusive before. Ethylene is known to be a positive regulator of the induction of
different Fe responsive genes. The ethylene downstream transcription factors EIN3
and EIL1 are required for FIT accumulation and therefore thought to inhibit its
proteasomal degradation, thus enhancing the plant responses to Fe deficiency
(Lingam et al. 2011).

Microarray analysis aimed at finding new regulatory candidates identified the
bHLH transcription factor POPEYE (PYE) (Long et al. 2010). PYE is upregulated
specifically in the cells of the root perycicle upon Fe deficiency. The mutant pye
displays severely impaired growth under — Fe condition; therefore PYE seems to
play a fundamental role in the roots of plants exposed to Fe deficiency. Moreover,
PYE is proposed to negatively regulate a cluster of Fe-responsive genes, amongst
these NAS4 and FRO3. PYE can directly interact with PYE homologues, such as
TAA-Leu Resistant3 (ILR3) and bHLH115. ILR3 in turn interacts with another
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Fig. 5.2 Regulation of Fe deficiency responses in (a) Strategy I and (b) Strategy II plants.
Rectangles indicate important regulatory transcription factors of the two Strategies and down-
stream Fe responsive genes. Arrows indicate positive or negative regulation. Abbreviations: bHLH
basic helix-loop-helix, FIT FER-like iron deficiency induced, EIN3/EIL] ETHYLENE INSENSI-
TIVE 3/ETHYLENE INSENSITIVE 3-LIKE, PYE POPEYE, ILR3, BTS BRUTUS, IDEF iron
deficiency responsive element-binding factor, /RO iron-related transcription factor

regulatory protein named BRUTUS (BTS). BTS possesses three different domains,
one with putative E3 ligase activity, one for transcriptional regulation and one for
Fe binding. Unlike pye, bts mutants appear more resistant to Fe deprivation and
show a better growth in — Fe conditions, with longer roots and greener shoots. A
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direct interaction between PYE and BTS has not been reported, but interestingly
BTS interacts with the PYE interactors ILR3 and bHLH115. It is therefore specu-
lated that this interaction participates in the regulation of Fe deficiency responses in
the root. The induction of PYE under Fe limiting conditions might serve to regulate
Fe homeostasis in the plant. Additionally BTS, the antagonist of PYE, might help in
this regulation controlling PYE activity (Long et al. 2010).

Other regulatory elements have been identified in Strategy II plants (Fig. 5.2b).
The analysis was based on stepwise promoter analysis of the barley /DS2 gene in
tobacco and allowed the identification of two key regulators of Fe deficiency
responses, the cis-acting iron deficiency responsive element 1 (IDE1) and IDE2
(Kobayashi et al. 2003). IDE1 and IDE2 were the first discovered cis-acting
elements related to nutrient deficiency. From sequence alignment of the promoters
of several Fe responsive genes it emerged that these cis-elements are quite con-
served among different plant species. Indeed they have been found in several genes,
e.g. HYNAAT, HvNAS, OsNAS2, OsNAS3, OsIRT1, AtRTI and AtFRO?2. IDE1 and
IDE2 can interact with two rice transcription factors IDE-binding factor 1 (IDEF1)
and IDEF2 (Kobayashi et al. 2007; Ogo et al. 2008). These two factors are members
of the ABI3/VP1 (ABSCISIC ACID INSENSITIVE 3/VIVIPAROUS 1) family and
NAC (NO APICAL MERISTEM, Arabidopsis transcription activation factor and
CUP SHAPED COTYLEDON) family, respectively. IDEF1 and IDEF2 are con-
stitutively expressed in vegetative tissues and can regulate two different sets of
genes (Kobayashi et al. 2009). IDE1 regulates most of the Fe related genes in
normal Fe conditions and during the early responses to Fe deficiency. Interestingly,
IDEF1 can switch its target genes in the late stages of Fe deficiency. IDEF2 instead
maintains the same target genes during the responses to Fe deficiency and it is
known to positively regulate the expression of OsYSL2 (Kobayashi et al. 2010).
Therefore, IDEF2 is also involved in the correct partitioning of Fe between roots
and shoot.

Many regulators from graminaceous plants have been identified by a microarray
analysis approach. The most extensively studied candidate is OsIRO2, which
encodes a bHLH transcription factor (Ogo et al. 2011). Its expression is positively
regulated by IDEF1 in Fe deficiency. OsIRO2 can in turn positively regulate
different Strategy II genes, such as OsNASI, OsNAS2, OsNAATI, TOMI and
OsYSLI15. Another bHLH transcription factor, OsIRO3, is present in rice and its
expression is induced by Fe deficiency (Zheng et al. 2010). It seems to be a negative
regulator of several genes related to Fe deficiency responses.

Intriguingly, sequence comparison with Arabidopsis transcription factors has
shown that OsIRO2 is similar to AtbHLHO038, 039, 100 and 101, whereas IRO3 is
similar to PYE (Ogo et al. 2006). Thus far, no correspondent of FIT has been found
in graminaceous plants and no orthologue of IDEF1 and IDEF2 has been found in
non-graminaceous plants. Therefore, it seems that the regulatory mechanisms are
only partially conserved between Strategy I and Strategy II plants.

Apart from the positive regulator ethylene, other signaling molecules and plant
hormones participate in the regulation of Fe deficiency responses. Among these
nitric oxide (NO), carbon dioxide and auxin also contribute to the induction of
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several Fe-responsive genes. In contrast, cytokinin and jasmonic acid can nega-
tively regulate the expression of different Fe genes such as IRTI, FRO2 and FIT
(reviewed by Kobayashi and Nishizawa 2012).

While the regulation of the Fe deficiency responses has been elucidated, the Fe
sensing mechanism in the root remains unidentified. Recently the IDEF1 transcrip-
tion factor has been found to bind directly to Fe and other divalent metals via its
proline-rich domains and histidine-asparagine residues (Kobayashi et al. 2012).
Thus, this transcription factor might be one factor for the sensing of the actual Fe
situation in the cell and thus the Fe availability.

Fe Homeostasis in the Cell

After uptake in the root, further steps are required in order to allocate Fe in the rest
of the plant. Fe must first be transported from the root epidermis through the root
tissues to be loaded into the xylem. Due to its low solubility, a symplastic transport
is assumed, but little is known about the mechanism and possible carrier (Morrissey
and Guerinot 2009). Once it reaches shoot tissues, other mechanisms must be
involved for the unloading and the transport into the different cellular
compartments.

The solubility problem requires that Fe must always be in a chelated form during
transport within the plant. Another important reason for the chelation is the poten-
tial toxicity of free ionic Fe that can catalyse the formation of reactive oxygen
species (ROS) causing cell damage. Citrate, NA and MAs are the known predom-
inant Fe chelators. In particular, citrate plays a fundamental role in chelating Fe in
the xylem. Indeed, citrate-Fe(III) complexes have been found in the xylem sap of
tomato plants (Rellan-Alvarez et al. 2010). FERRIC REDUCTASE DEFECTIVE
3 (FRD3) is an Arabidopsis multidrug and toxin efflux (MATE) transporter that
plays a fundamental role in balancing Fe homeostasis. Its orthologue, OsFRDL1,
has been found in rice. Both transporters mediate the efflux of citrate into the
xylem. The frd3 mutant displays chlorotic and dwarf phenotype, constitutive
up-regulation of the Fe deficiency genes and of FRO activity. A high level of Fe
is found in the roots of the mutant, due to inefficient Fe translocation to the shoot,
emphasising the importance of citrate for Fe transport from root to shoot (Durrett
et al. 2007; Rogers and Guerinot 2002). As FRD3 and FRDL1 efflux citrate in the
Fe-free form, other transporters must be involved in the transport of Fe into the
xylem. The Arabidopsis ferroportin 1/iron regulated 1 (AtFPN/AtREG1) could be
involved in this process. Although direct evidence is still lacking, the localisation,
the promoter activity and the mutant phenotype make this transporter a promising
candidate (Morrissey et al. 2009).

Other transporters are involved in unloading the xylem into phloem. Members of
the YSL family are widely expressed in different tissues also of non-graminaceous
plants, suggesting a role in Fe translocation from xylem to phloem besides the
uptake of MA-Fe complexes from the soil. Indeed YSL transporters have been
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found to mediate the transport of NA-Fe complexes (Curie et al. 2009). The
Arabidopsis YSL1 and YSL2 proteins were found to localise to the plasma mem-
brane and to function in yeast complementation assay (Chu et al. 2010). They are
active in leaves and in flowers and are therefore required for the fertility and the
development of seeds and for the distribution of Fe to the seeds. The two trans-
porters and AtYSL3 are quite closely related but they have distinct functions in the
plant, as neither YSLI nor YSL2 under control of YSL3 promoter could complement
the double mutant ys//ys/3. YSL4 and YSL6 were found to localise to the chloro-
plast (Divol et al. 2013), to the tonoplast and to internal membranes (Chu
et al. 2013). They are thought to mediate the release of Fe from the chloroplast in
case of Fe overload, thus controlling Fe homeostasis.

NA certainly represents the principal Fe chelator in the cell for different reasons
(reviewed by Hell and Stephan 2003). It can form complexes with both Fe** and
Fe? at neutral and basic pH, NA-Fe complexes are unlikely to react with oxygen in
the Fenton reaction, NA is found in all plant tissues and also all plant species its
concentration positively correlates with the root areas of Fe uptake. NA is also
involved in loading the seeds with Fe (Klatte et al. 2009). It is, however, also able to
bind and transport other transition metals such as zinc (Haydon et al. 2012).

Partitioning of Fe in the Organelles

The partitioning of Fe to the organelles must be tightly regulated, due to the high
requirement for the biosynthesis of Fe-S clusters in both chloroplasts and mito-
chondria. In addition, synthesis of cytosolic Fe-S depends on provision of a
precursor from the mitochondria (Balk and Pilon 2011). The import of Fe into the
chloroplast also represents an important strategy to store Fe in a non-toxic and
available form. Indeed the largest amount of Fe in plant cells is found in the
chloroplast, where 80-90 % of Fe is accumulated (Marschner 1995). The members
of the ferritin family (FER) play a fundamental role to prevent oxidative damage in
case of Fe overload. Ferritins are spherical protein complexes formed by 24 sub-
units. They can internalise Fe atoms in their central cavity and can release them
when needed (Briat et al. 2010). Animal ferritins are regulated mostly at the
translational level, while phytoferritins are mainly subjected to transcriptional
regulation.

In Arabidopsis, there are four ferritin isoforms (FER1, FER2, FER3 and FER4).
A loss-of-function approach was used to investigate the role of this protein in
different plant tissues (Ravet et al. 2009). The analysis showed that plants lacking
ferritins were more sensitive to excess of Fe, with reduced growth and defects in
flower development. Moreover, loss-of-function mutant plants presented differen-
tial regulation of genes related to Fe uptake and higher level of ROS and conse-
quently higher activity of detoxifying enzymes. Electron microscopy has shown
that plant ferritins localise to the plastids, mainly to non-photosynthetic ones such
as proplastids, etioplasts and amyloplasts (Seckback 1982). The loss-of-function



144 1. Forieri and R. Hell

approach provided more evidence that ferritins are not actually required for the
proper formation of the photosynthetic chloroplast or for the functioning of the
photosynthetic apparatus. Indeed, ferritins seem to play a fundamental role in the
protection against oxidative stress (Ravet et al. 2009).

Other studies have attempted to further elucidate the localisation of ferritins in
plant cells.

According to Zancani et al. (2004) ferritins can also localise to the mitochondria.
Indeed, according to bioinformatics analyses, the Arabidopsis AtFER4 is the
isoform most likely to be targeted to the mitochondria. A study was conducted
based on the knock-out mutant atfer4. An antibody against FER was applied to
protein fractions of isolated mitochondria and a ferritin signal was found in
mitochondria isolated from wild type plants subjected to high Fe supply. The signal
was not present in the fraction isolated from the mutant plants. This mitochondrial
isoform seems to be of great importance for balancing Fe homeostasis in hetero-
trophic tissues, as shown by work on suspension cell cultures (Tarantino
et al. 2010). Petit et al. (2001) identified a cis-element in the region of maize ferritin
gene ZmFERI and in its orthologue from Arabidopsis AtFERI. This regulator
named iron-dependent regulatory sequence (IDRS) is able to repress the transcrip-
tion of the gene under low Fe conditions. IDRS also has additional functions in
Arabidopsis, where it triggers the expression of AtFERI under dark-induced senes-
cence but not in age-dependent senescence and in seedlings (Tarantino et al. 2003).
This suggests that more regulatory elements must be involved in the regulation of
AtFER]I expression under such conditions.

Time for coffee (TIC) has been found in a luciferase-based genetic screen of the
AtFERI promoter (Duc et al. 2009). TIC has been previously described as a nuclear
component of the circadian clock. Mutants of TIC are chlorotic unless supplied
with exogenous iron and are hypersensitive to iron during the early stages of
development. Thus TIC is a central regulator of AtFER]I as it represses its expres-
sion in low Fe conditions, in a way that is independent from IDRS. The fic mutants
also fail to repress other genes induced by Fe overload under low Fe, pointing out
that TIC-dependent pathways are fundamental for the response to Fe overload.

Another Fe binding protein, which has been reported to be involved in the
protection against photo-oxidative damage is frataxin. This protein has been
hypothesised to participate in the mitochondrial biosynthesis of Fe-S cluster acting
as Fe donor. Its importance for plant cell has been demonstrated by analysis of
T-DNA insertion mutants in Arabidopsis. Indeed frataxin knock-out mutants are
lethal, while the knockdown ones are viable but accumulate high levels of ROS and
induce the expression of genes encoding for ROS scavenging proteins (Busi
et al. 20006).

The import of Fe into the chloroplast is linked to ferritin function. The permease
in chloroplast 1 (PIC1) was first identified as member of the chloroplast inner
membrane translocon complex TIC (Teng et al. 2006). This transporter emerged
as a possible candidate in a bioinformatic screening for the Fe importer in the
chloroplast proteome, due to its biochemical characteristics such as hydrophobicity,
basic isoelectric point and predicted transmembrane domains, and was therefore
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renamed permease in chloroplast 1 PIC1 (Duy et al. 2007). The loss-of-function
mutants of PIC1 display chlorotic phenotype and severely impaired growth. More-
over, the mutation causes severe problems in chloroplast development and leads to
disturbed metal homeostasis in leaves.

FRO7, one of the members of the Arabidopsis FRO family, localises to the inner
chloroplast membrane and it is thought to be essential for seedling development.
The growth of the fro7 mutant is significantly impaired in alkaline conditions and in
media lacking sugar. Moreover, chloroplasts isolated from the mutant exhibit
significantly lower FRO activity and Fe content compared to the wild type (Jeong
et al. 2008). These results suggested an important role of FRO7 as a chloroplast Fe
transporter during photosynthesis and development.

In addition, the mitochondria contribute to cellular Fe homeostasis. Indeed a
mutation in the STARIK/ATM3 gene that encodes for a mitochondria ABC trans-
porter leads to chlorosis and reduced growth. The mitochondria of the starik mutant
accumulate more non-heme and non-protein bound Fe, as the biosynthesis of Fe-S
clusters in the mitochondria is linked to the intracellular Fe by this transporter
(Kushnir et al. 2001; Bernard et al. 2009). A mitochondria iron transporter (MIT)
has been identified in a screening of T-DNA (transfer DNA) of rice in Fe deficiency
conditions (Bashir et al. 2011). The homozygous knock-out mutant mit is lethal,
highlighting the importance of this transporter for plant growth. In contrast, the
heterozygous mutant is viable but severely impaired in growth, exhibiting an
accumulation of Fe in the shoot with less Fe in the mitochondria.

The vacuole also functions to store Fe and avoid toxicity. The vacuolar iron
transporter (VIT) mediates the transport of Fe from the cytosol into the vacuole and
plays a fundamental role in seed and seedling development, as shown by the
analysis of the vit/-/ mutant (Kim et al. 2006). In contrast, NRAMP3 and
NRAMP4 are influx transporters that function to export Fe from the vacuole into
the cytosol during seed germination (Lanquar et al. 2005). Their contribution is
essential to provide Fe during development until the seedlings can start to take up
Fe from the environment.

Interaction of Fe and S Metabolism (Uptake, Fe-S Clusters)

Uptake and homeostasis of Fe is known to be linked to other metals such as zinc
(Lin et al. 2009; Deinlein et al. 2012). More recently the connection between Fe and
sulfur (S) metabolism is being recognised, mainly because Fe is required together
with S for the biosynthesis of the Fe-S clusters.

The thylakoids in chloroplasts harbour ferredoxin, photosystem I (PSI) and
cytochrome bgf complex, which belong to the photosynthetic electron transport
chain. In the stroma, other Fe-S proteins are found; among these there are nitrite
reductase and two key enzymes for sulfur metabolism, sulfite reductase and APR.
In mitochondria, major Fe-S proteins are Complex I, II and III of the respiratory



146 1. Forieri and R. Hell

chain and aconitase. Other Fe-S proteins are found in the nucleus and function in
DNA replication (Balk and Pilon 2011) and damage repair (Liu et al. 2003).

The coordination of the plant’s demand for Fe-S clusters supports the hypothesis
of a co-evolution between the Fe and the S metabolisms and the development of
interaction traits between them.

Chelated Fe and reduced S in form of cysteine represent the substrates of the
biosynthetic pathway. The Fe donor molecule is not known yet, whereas it is known
that sulfur is mobilised from cysteine by a cysteine desulfurase. The protein frataxin
has received attention for its putative role as Fe donor in the mitochondria assembly
pathway (Busi et al. 2006).

As sulfur is present as acid-labile sulfide (S?) in the Fe-S cluster, two additional
electrons are needed to reduce elemental sulfur S° to S 2 (Lill 2009). In the first step
of the pathway, the Fe-S cluster is assembled on scaffold proteins. In the second
step, the cluster is transferred to the specific apoprotein, which provides free amino
acidic residues to bind it. Additional carrier proteins are involved in this step. The
assembly machineries have been characterised in plants: chloroplasts contain the
ISC (iron-sulfur cluster) biosynthetic pathway, whilst mitochondria contain the
SUF-like (sulfur mobilization) pathway and in the cytoplasm the CIA (cytosolic
iron-sulfur cluster assembly) pathway (reviewed by Balk and Pilon 2011; Couturier
et al. 2013). The CIA is dependent on the mitochondria SUF assembly machinery,
which provided the sulfide-containing compound that is used for the biosynthesis of
the cluster. The mitochondrial ABC transporter, STARIK/ATM3, is thought to be
involved in this process. Indeed the mutant arm3 shows severely impaired activity
of cytosolic aconitase while the mitochondria and plastidic isoforms are unaffected.
Furthermore, atrm3 does not accumulate Fe in the mitochondria and the general Fe
homeostasis is not affected (Bernard et al. 2009).

Upon nutrient deficiency, a complex reprogramming of cell metabolism occurs,
in order to maintain viability. The strong requirement of Fe and S for the biosyn-
thesis of Fe-S clusters in the organelles might constitute a feedback signal for the
co-regulation of the assimilation pathways. Indeed the existence of such signals has
been recently proposed for Fe and S metabolism (Vigani et al. 2013; Chan
et al. 2013). The plant responses triggered by Fe or S deficiency have been well
characterised. The consequences of the combined shortage of these nutrients
however have only seldom been investigated, and might impact particularly on
Fe-S cluster assembly. Significant interactions between Fe uptake mechanisms and
external sulfate supply have been reported. It has been shown that S deficiency
limits the capacity to cope with Fe shortage in tomato plants, preventing the
expression of Fe chelate reductase FROI and reducing the activity of Fe>* trans-
porter (Zuchi et al. 2009). Other studies using barley plants reported a positive
correlation between S supply in the growth media and the plant capability of coping
with Fe deficiency. Indeed phytosiderophores represent another important junction
between Fe and S metabolism, as they are derived from the S-containing amino acid
methionine. The release rate of phytosiderophores was diminished in barley plants
upon sulfate deficiency, due to a decrease of the methionine level. After sulfate
resupply, plants increased the release of phytosiderophores when exposed to Fe
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shortage (Astolfi et al. 2010, 2012). Recently the effect of Fe deficiency on sulfur
metabolism has been analyzed in durum wheat (Ciaffi et al. 2013). Wheat plants
grown under sufficient S supply showed an up-regulation of certain S deficiency
responses when exposed to Fe deficiency. The expression of the high affinity sulfate
transporters was increased in the root, as well as of several genes of the S metabolic
pathway.

Recently we found that also in Arabidopsis thaliana the expression of the two
key genes for the uptake of Fe (/RTI) and of S (SULTRI;I) correlates with the
supply of both Fe and S in the growth media. The expression is differentially
regulated in case of double nutrient shortage (Forieri et al. 2013). We suggested
that Fe-S cluster availability might function in sensing and signalling of combined
Fe and S deficiencies. Altogether, these analyses strongly support the existence of a
co-regulation between the metabolic pathways, as the limitation of one nutrient
influences the uptake of the other one. Such a co-regulation is very likely to be the
outcome of a complex remodelling of the whole plant metabolism upon nutrient
limitation as known for the prolonged deficiency of the single nutrients (Schuler
et al. 2011; Nikiforova et al. 2003). Hence, we propose different signals that might
contribute to this co-regulation, such as the sensing of the Fe and S concentrations
in the root rhizosphere or within root cells, ROS, metabolism intermediates, Fe-S
cluster assembly machineries or Fe-S proteins.

Conclusions

Fe is one of the most fascinating elements for life functions due to its redox
properties and is of great importance for human nutrition. Crop plants are the
direct or indirect source of Fe in our food, and research on the dicot model
plant Arabidopsis thaliana and also on rice has provided tremendous
advances in our understanding of plant Fe homeostasis in the past years. In
particular, the primary uptake processes into the root are now based on
molecular evidence for the genes involved in Strategy I (reduction based)
and Strategy II (chelation based). The allocation of Fe from the rhizodermis
to xylem and phloem for supply of young and growing tissues and
recirculation to roots is, however, much less well understood. Finally, trans-
port processes inside cells are beginning to be unraveled, explaining how iron
homeostasis is mediated between cytosol, plastids, mitochondria and the
vacuole. The key genes involved in these processes also represent possible
candidates in the search for Fe use efficient plants.

A crucial process in homeostatic control is the chelation of the almost
insoluble and redox active free Fe ions. Fe chelated by nicotianamine is
carried across plasmalemma and endomembranes and also for long distance
transport. Future work needs to address the mechanisms of donation of Fe
from chelators to acceptor molecules such as heme, Fe-S clusters and pro-
teins. In addition, the regulatory networks of transcription factors that

(continued)
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function in the sensing of Fe deficiency, adaptation of root morphology and
coordination with uptake of other nutrients are only beginning to be discov-
ered. Recent observations indicate a co-regulation of Fe homeostasis with the
uptake and metabolism of S, most likely triggered by the demand for Fe-S
clusters in the electron transport chains of plastids and mitochondria. Detailed
understanding of Fe homeostasis is prerequisite for the generation of Fe
efficient plants and enhanced Fe contents in food.
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Chapter 6

Boron: A Promising Nutrient for Increasing
Growth and Yield of Plants

Himanshu Bariya, Snehal Bagtharia, and Ashish Patel

Abstract Boron (B) is a vital nutrient for plant growth and metabolism. Lack of B
in plant tissues causes reductions in crop yields, whilst an excess supply of B may
also seriously damage plant tissues and sometimes leads to plant death. Appropriate
amounts of B in plants are crucial for normal growth and it significantly increases
seed germination and seedling growth. Moreover B has positive effects on the
uptake and utilization of other nutrients at the whole plant level and it may improve
nutrient use efficiency (NUE) and nutrient demand and supply (NDS). NUE mainly
reflects efficiency of extraction of mineral nutrients from soil along with their
integration and recycling, whereas NDS nutrient shows how efficiently plant can
fulfil the demand and supply rate of required nutrient at different stages and
conditions of plant life cycle. Despite a substantial existing literature, the under-
standing of B interactions with other nutrients remains unclear.

Keywords Boron ¢« NUE (nitrogen use efficiency) ¢ Soil interactions ¢ Deficiency
» Reproductive growth ¢ Photosynthesis ¢ Nutrient interactions

Introduction: Boron in the Soil and in the Plant

Boron belongs to the metalloid elements having properties of both metals and
non-metals (Marschner 1995). There is very low abundance of B in nature (Kot
2009) but it is broadly distributed in all the layers of the soil. B abundance range in
rocks averages about 10-20 mg B kg~ '. In sea water it can range from 1 to 10 mg B
kg ' and as far as river is concern the B concentration is about 1/350 that of sea
water (Power and Woods 1997).

Warington (1923) established the requirement of B for plant growth and func-
tioning, and many recent reports suggest an essentiality of B for all vascular plants.
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B deficiency or toxicity affects various metabolic and physiological processes
(Blevins and Lukaszewski 1998; Bolaiios et al. 2004). Less than 10 mg kg~ ' B in
the soil is considered to be a B deficient soil (Woods 1994). Moreover, most of this
B is in a bound form in rocks and is not readily available to plants. Boric acid is the
most common form of B liberated during weathering of rocks (Nable et al. 1997)
and is easily absorbed by plant roots, but this represents only 10 % of the total B in
the soil (Power and Woods 1997).

Soil pH, texture, temperature, and organic matter affect soil B availability;
among these the soil pH is one of the most significant characteristics for B
availability (Goldberg 1997). Boric acid is a very weak acid and when the pH is
below 7, it appears in its undissociated form; at alkaline pH, boric acid dissociates
to form the borate anion:

B (OH); + H,0 <mmmp B(OH), +H' (pKa 9.25)

Therefore, at common soil pH values (5.5-7.5), B exists mainly as soluble
uncharged boric acid (B(OH)3), and in this form B is absorbed by plant roots
(Hu and Brown 1997; Power and Woods 1997; Sathya et al. 2013). In flooded
conditions, B is easily solubilised and leached resulting in a deficiency of B for
growing plants.

A plant requirement for B varies between species and is dependent on the
conditions in which they grow. The B requirement for one plant species may be
toxic or deficient for other species (Blevins and Lukaszewski 1998). There are three
main groups of plants based on B requirements, one consists of graminaceous
species, a second are monocotyledons and a third are dicotyledons and lactifers,
having minimum, moderate and high B demands, respectively (Blevins and
Lukaszewski 1998; Goldbach et al. 2001). It is necessary to study mechanisms of
B uptake and transport, as well as translocation in plant systems, to optimise
agricultural production. For example, B deficiency results in major disorders,
which may decrease plant growth in soil with excess water. Molecular mechanisms
involved in B transport from the soil to root cells and xylem have two different
routes. Transport of B is dependent mainly on its availability and it is mostly
transported into the plant from the soil by passive diffusion, which is possible
when adequate B is available. When B availability is low or under deficiency
conditions, uptake is facilitated by active transport, which requires energy.

B absorbed by roots must be delivered to the xylem for further transport around
the plant. When there is sufficient B availability, absorbed B moves by passive
diffusion involving MIPs channels (Dannel et al. 2002; Miwa and Fujiwara 2010).
In limited or deficient B conditions, transport of B towards the xylem is facilitated
via a specific B transporter (BOR), which is an energy dependent transport process
(Fig. 6.1). Takano et al. (2002) had identified such a transporter of B under limiting
conditions, known as BOR1 in Arabidopsis. Subsequently, BOR1-like genes have
been reported in Eucalyptus (Domingues et al. 2005) and in rice (Nakagawa
et al. 2007). Expression of two genes, NIP5;1 and BORI, are decreased by
transcriptional and post-translational regulation respectively, under sufficient B
supply (Miwa and Fujiwara 2010; Yang et al. 2013).
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Fig. 6.1 Schematic diagram of boron transport from soil to xylem via root tissue. In sufficient B
condition NIP5;1 imports B from the soil to epidermal, cortex and endodermal cells, and BOR
1 exports B from stelar cell (xylem loading)

After loading in the xylem, B is transported to the shoot through the transpiration
stream (Wimmer and Eichert 2013; Bogiani et al. 2014). Transport of B through
phloem was also reported, and such transport differs between species (Brown and
Hu 1996; Brown and Shelp 1997; Ganie et al. 2013). In certain plants, B is
transported and translocated to reproductive and vegetative tissue via the phloem
(Matoh and Ochiai 2005). It is also suggested that there is a formation of a boron-
diol complex involving a sugar alcohol, which acts as the transport molecule
(Brown and Hu 1996; Hu et al. 1997). Transgenic tobacco and rice with enhanced
sorbitol production had a higher ability to transport B through the phloem towards
the plant shoot (Brown et al. 1999; Bellaloui et al. 2003). Plants that produce sugar
alcohols like sorbitol and trehalose, have the ability of B transport via the phloem,
whereas plants without any production of sugar alcohols have no such transport
system (Stangoulis et al. 2001; Takano et al. 2001; Matoh and Ochiai 2005).

Role of Boron in Plant Functioning

Since the beginning of twentieth century, B has been considered to be an important
micronutrient for plant growth, but there are very few records regarding its actual
biochemical role. Deficiency of B is common all over the world, which has an
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important agronomic impact (Gupta 1979). In soils with high percolatory water,
B is easily leached downward in the soil and hence it is not readily available for
plants (Blevins and Lukaszewski 1998). Adequate B nutrition is required for high
production as well as for quality of crops. B deficiency results in biochemical,
metabolic and physiological abnormalities, and causes diverse disease symptoms in
plants and hence adequate supply is a critical challenge for plant nutrition.

In the last 10 years, several roles have been demonstrated for B in plant function,
including as a cell wall component, an involvement in membrane structure and
integrity, and involvement in metabolic process (Bolafios et al. 2004). To date, one
of the most accepted roles of B in plant physiological function is the formation of an
ester with one apiose residue of rhamnogalacturonan II (RG II) in the cell wall
(Kobayashi et al. 1996), which is essential for maintaining cell wall permeability
and also for rigidity (Fleischer et al. 1999; Ryden et al. 2003). Moreover, B
deficiency led to a decrease of gene transcription of various hydrolytic enzymes
such as xyloglucan endotransglucosylase/hydrolases (XTHSs), expansins, pectin
methylesterases, and pectin lyases in Arabidopsis roots (Camacho-Cristobal
et al. 2002). These enzymes play key roles in cell wall loosening, necessary for
cell elongation (Cosgrove 1999). Camacho-Cristobal et al. (2011) suggested an
influence of B in transcriptional level regulation of genes, which are responsible for
cell wall synthesis and its modification.

Many research reports suggested roles of B in plasma membrane transport
processes, and in membrane integrity by cross-linking the membrane molecules
containing hydroxlated ligands such as glycoproteins and glycolipids (Goldbach
et al. 2001; Wimmer et al. 2009). The membrane potential in Daucus carota is
changed under limited B (Blaser-Grill et al. 1989) and activity of the proton-
pumping ATPase was reduced in Helianthus annuus roots (Ferrol and Donaire
1992). Similarly, it has been reported that B deficiency alters plasma membrane
permeability for ions and other solutes (Wang et al. 1999; Carmen Rodriguez
Hernandez et al. 2013). The impact of B on ion fluxes can be mediated by direct
or indirect effects of B on plasma membrane-bound proton-pumping ATPase
(Cara et al. 2002). The activity of the K* stimulated ATPase in B-deficient maize
roots was considerably lower than in control plants (Pollard et al. 1977). These
results indicated that the action of B could be associated with membrane com-
ponents. It is still unclear whether B directly interacts with membrane proteins or
indirectly modifies membrane properties with subsequent changes in enzymatic
activities.

The literature indicates possible roles of B in several other metabolic func-
tions. For instance, it has been shown that B deficiency causes qualitative and
quantitative changes in phenol metabolism (Pandey and Archana 2012; Hajiboland
et al. 2013). Additionally B deficiency affects nitrogen metabolism (Bolafios
et al. 1994). B-deficient plants showed lower nitrate reductase activity and enhanced
amounts of nitrate; these observations strongly suggest a role of B in the de
novo synthesis of the nitrate reductase protein or facilitation of nitrate absorption
(Ruiz et al. 1998).
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Effect of B on Photosynthesis

Photosynthesis is a complex series of reactions that culminate in the reduction of
carbon dioxide. The effect of B nutrition on photosynthetic processes has been
rarely studied. Decreases in B supply reduce soluble proteins and chlorophyll in
leaves, which are important constituents for Hill reactions and photosynthesis
(Mukhopdhyaya et al. 2013).

There was no direct involvement of B on rate of photosynthesis, but from recent
research it is evident that B has a positive effect on photosynthesis under normal
(optimum) level. Moreover, there are reports of increases in chlorophyll pigment
and carotenoids by foliar spraying of B leading to increases in photosynthetic rate
(Thurzo et al. 2010). Ganie et al. (2013) also showed that net photosynthetic rate
was increased due to increases in plant light harvesting pigments such as chloro-
phyll and carotene in the leaves.

B deficiency negatively affects photosynthesis by decreasing photosynthetic
oxygen evolution rates and hence the efficiency of photosystem II (Kastori
et al. 1995; El-Shintinawy 1999). Photosynthetic rate (P,) drastically decreased in
cotton plants when grown in B deficient soil (Zhao and Oosterhuis 2002). It was
reported that inhibition of photosynthesis was a result of reduced Hill reactions and
low intercellular CO, concentrations (Sharma and Ramchandra 1990). Some exper-
imental evidence indicated close relationships between gas exchange parameters
and B deficiency, implying that these parameters were possibly affected by external
B supply and in turn prejudiced growth. Previous studies, under B deficiency,
supported a change in photosynthetic enzyme activities that were undoubtedly
involved in a decrease in P, (Sharma and Ramchandra 1990). B deficiency was
followed by reduction in the leaf stomatal conductance (g,) and rate of photosyn-
thesis (Huang et al. 2005; Han et al. 2008). Related declines in plant g, at B
deficiency were initiated by high oxidative damage in leaves (Huang et al. 2005).
Moreover, low g, also decreases E (Han et al. 2008). It was advocated that the
presence of free hexoses can elicit regulation of the Calvin cycle and, hence, can
obstruct P, (Han et al. 2008). A diminution in pigments under B deficiency was
shown for citrus (Han et al. 2008). The synthesis of unnecessary starch possibly
disrupts chloroplast structure, leading to poorer CO, assimilation and decreased
chlorophyll content (Han et al. 2008). It is likely that B deficiency caused changes
in chloroplast structure, which eventually affected pigment content (Pandey and
Pandey 2008). B deficiency may also affect photosynthetic responses by the
modifications in the structure and function of chloroplast thylakoids.

Effect on Reproductive Growth

According to Loomis and Durst (1992) B is essential for generative growth. Boron
is involved in metabolism of carbohydrates and phenolic acids, which are crucial
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for growth of pollen tubes. Decreases in crop propagative yield or seed/fruit quality
in low B soils can be due to diminished reproductive development early or late in
the flowering/fruiting cycle. It has often been seen that reproductive growth, mainly
flowering, fruit and seed set and seed yield, is particularly sensitive to B deficiency
compared to asexual growth (e.g. Woodbridge et al. 1971; Dear and Lipsett 1987;
Noppakoonwong et al. 1997). Likewise, substantial yield decreases can arise
without expression of indications of deficiency during prior somatic growth. B
also plays an important role in synthesis and metabolism of nucleic acids (Hundt
et al. 1970).

As described above, B is responsible for enhancing chlorophyll content and rate
of photosynthesis (P,), as well as inducing dry matter production in plants, and
therefore may result both in enhancing flowering and also the transport of photo-
synthetic products to reproductive stages, ultimately leading to yield improvement
(Du Ying Qiong et al. 1999).

Factors influencing the impact of a low external B supply on sexual reproduc-
tion in flowering plants are likely to include: the capacity of roots to obtain B
from soil (Hu and Brown 1997); the mobility of B in the phloem (Brown and
Shelp 1997); the relative sink size in floral parts for photosynthate; the capacity to
redistribute B from vegetative tissues to reproductive organs; the rate of transpi-
ration by floral organs; the functional necessity for B in reproductive tissues;
and the distribution and richness of B-binding compounds in the apoplastic
pathway between the vein endings and the most distal floral tissue. The B
requirement for flowering is indicated by the sensitivity of pollen development
to low B and the generally high concentrations of B that occur in reproductive
parts of the flower. Under conditions of low external B supply, levels in
the anthers and pistils do not decline to the low levels measured in leaves.
B concentrations are higher in the stamen than in the pistil. The physiological
roles for B in sexual reproduction have yet to be fully defined and there is a need
for experimentation in this area.

Many of the studies that have been undertaken do not give definitive informa-
tion as to whether plants were critically deficient in B at the time of flowering, or
the B status of floral tissues was not determined at the time of impairment in
cellular development/function, or cell structure and metabolism were examined
long after the primary effect of B took place. An example is the observation that B
deficiency results in male sterility, a condition that can be induced by deficiencies
in other nutrients (e.g. Mn, Cu) or unfavourable environmental conditions
(e.g. water deficit, high/low temperature). These observations reveal nothing
about the processes that are being affected by low B supply and do not enable
us to conclude whether the effect of low B supply on male sterility is a direct or
indirect event. As root function is greatly impaired in severely B-deficient plants
in containers and this can impact on whole plant physiology, the requirement of
pollen development for B should be studied under conditions of controlled
external supply.
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Flowering Response

There is no evidence that B deficiency prevents initiation of or delays floral develop-
ment. When plants are grown without B or are transferred into B-free nutrient solutions
in pot experiments, the apical meristems may abort and therefore flowers do not
develop, as shown for peach (Prunus persica; Kamali and Childers 1970). However,
under field conditions, where B deficiency stresses occur more gradually, plants may
have time to adapt to deficiency. For example, in peanut (Arachis hypogaea), the
flowering period was extended in B-deficient plants (Harris and Brolman 1966),
resulting in low-B plants producing as many flowers as B-adequate plants. In species
where the flowers occur in compact inflorescences, and these are terminal on the stem
(e.g. sunflower, wheat), low B has a greater impact on reproduction because the plant
has less ability to modulate reproductive growth than species with axillary inflores-
cences and indeterminate growth. The first group of plants is more prone to pollen
sterility under low B than the latter group of plants. Experiments on wheat by Li
etal. (1978), suggested that absorbed B was transported from soil to floret and spikelet
organs, which resulted in accumulation of B in seeds. Finally, low B can result in plants
being functionally male sterile (e.g. wheat, Li et al. 1978; rice, Garg et al. 1979;
barley, Simojoki 1972), although cases of female sterility have been reported
(e.g. maize, Vaughan 1977; avocado, Coetzer and Robbertse 1987). The external B
supply does not appear to alter the frequency of unisexual flowers, although some
workers have attempted unsuccessfully to do this by applying B sprays (Singh 1994).

Effect of B on Nutrient Use Efficiency, Demand and Supply

Nutrient use efficiency (NUE) may be expressed as productivity of the plant per
content of applied nutrients. Enhancement of NUE is vital for improvement of crop
production in marginal lands with poor nutrient availability. NUE for plants is
reliant on the ability to efficiently take up nutrients from the soil, but also on
translocation, storage and usage within the plant, and on the environment (North
et al. 2009). NUE is largely dependent on nutrient availability in the soil or applied
medium. Nutrient demand and supply (NDS) is how efficiently the plant can fulfil
the demand and supply rate for required nutrients at different stages and conditions
of plant growth and development. Under limiting conditions of nutrients, plants
showed decreases in nutrient uptake compared to sufficient nutrient conditions
(preserving the nutrition for future demand).

Large variations in defining nutrient efficient plants and methods used in calcu-
lating nutrient use efficiency, makes it difficult to compare results of different
studies. The effort to measure yield response to an applied nutrient is further
confounded by other factors, such as variable soil fertility levels, climatic condi-
tions, crop rotations, and changes in production practices that affect nutrient use
efficiency (Stewart et al. 2005). In simple terms, efficiency is the ratio of output
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Fig. 6.2 Mulder’s chart shows some of the interactions between plant nutrients. Interaction: A
decrease in availability to the plant of a nutrient by the action of another nutrient (see direction of
arrow). Stimulation: An increase in the need for a nutrient by the plant because of the increase in
the level of another nutrient (dotted line)

(economic yield) to input (fertilisers) for a process or complex system (Crop
Science Society of America 1992).

Plant nutrients rarely work in isolation. Interactions among nutrients are impor-
tant because a deficiency of one restricts the uptake and use of another. Figure 6.2
shows interactions of major plant nutrients with each other (Khan Towhid Osman
2013). Numerous studies have demonstrated that interactions between B and other
nutrients, primarily N, P and K, impact crop yields and nutrient efficiency.

For example, for experiments carried out in our research group on groundnut it was
evident that uptake of almost all macro and micronutrients by straw and seeds showed
a linear relationship (p < 0.05) among the different nutrients, which were absorbed by
roots. B at a level of 1 kg ha ' resulted in significant uptake of macro and
micronutrients from soil to seed and straw. Data strongly support improvement of
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NUE as well as NDS in groundnut at 1.0 kg ha~' B supply. Other levels of B treatment
did not significantly increase the uptake of nutrients in groundnut. The same trend of
nutrient uptake by plants at different levels of applied B has also been reported by
Nadia et al. (2006) and 200 ppm B sprayed on groundnut plant showed an increase in
uptake of N, P, K and Fe, Mn and Zn. The highest value of yield and yield components
were received from the plant treated with 200 ppm B (Nadia et al. 2006). Leaf
venation, xylem stream, and transpiration are the primarily factors involved in the
accumulation of B in leaves (Oertli and Richardson 1970; Shelp and Shattuck 1987).

These results are similar to the observations of Mcllrath et al. (1960). It has been
suggested that selected nutrients in the soil have antagonist and/or synergistic effect
on the uptake of other nutrients by roots of developing plants (Malvi 2011). More-
over, B interactions, either synergistic and/or antagonistic, may affect plant nutrition
under both deficiencies as well as in toxic conditions (Tariq and Mott 2007).

Deficiency, sufficiency and toxicity of B may exert an effect on mineral nutrient
content of plants but such an interaction has not been well studied or reported. The
results of many reports in this direction are conflicting, which may be due to
different experimental systems with different crop plants and varieties (Lombin
and Bates 1982; Mozafar 1989). B is directly or indirectly involved in many
physiological and biochemical processes and may affect other plant nutrients
(Bolafios et al. 2004). Therefore, one might expect relationships between B and
other nutrient utilization to be very complex. Examples of effects of B on avail-
ability and uptake of plant nutrients other than B are described below.

Parks et al. (1944) were the first researchers who reported that with graded B
levels, the concentrations of NH4-N, NOs-N, Org-N, P, K, Ca, Mg, Na, Zn, Cu, Fe,
Mn, Mo and B were altered in the tomato leaflets as much as several-fold. In
addition, they stated that B supply had specific effects, and the trends found were
completely dissimilar with respect to different elements. In the absence of B, the
concentrations of N, K, Ca, Mg, Na, Cu and Mn in tobacco leaves were increased
and the concentrations of P, Fe and Al were decreased as compared to plants fed
with a B adequate nutrient solution (Steinburg et al. 1955).

Baker and Cook (1959) reported that P, K and Mg were higher and Ca was lower
in severely B deficient alfalfa plants compared to healthy plants, perhaps due to the
dilution effect which occurred in the healthy plants. In increasing B conditions, the
concentration of Cu, Fe, Mn, Mo, and B were increasing in perennial fodder grass,
but the reverse trend occurred in the case of uptake and ash content for
micronutrients accept B (Mcllarth et al. 1960). Cu and K content in grass showed
highly significant positive correlations, while Ca and Mg contents showed negative
correlations with B contents for 98 grasses at the flowering stage when grown in
increasing B nutrition (Tolgyesi and Kozma 1974). Touchton and Boswell (1975)
observed that P, K, Ca, Mg, Na, Zn, Cu, Fe, Mn, Mo and Al concentrations varied
slightly with location, but were not affected by the method or rate of B application.
Only the B concentration in tissues was significantly increased with regard to
method rate and location. Increasing B nutrition enhanced phytotoxicity and
some interactions among nutrients due to increased concentrations of Zn, Cu, Fe
and Mn in the leaves, stem and roots of bush bean plants (Wallace et al. 1977). But
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contradictory results were reported by Leece (1978), who observed that with high
levels of applied B, the concentrations of N, P, K, Ca, Zn, Cu, Fe and Mn (not Mg)
in maize crop were depressed. The reverse results were obtained when no B was
applied. Increasing B supply in soil resulted in the decrease of leaf N and P in
tomato, suggesting B antagonism. The contrary was the case with a B effect on
leaf K, Ca, Mg and Na (Aduayi 1978). Yadav and Manchanda (1979) noted that
with an increase in the B content of soil, Ca and Mg concentration in wheat and
Gramineae crops significantly decreased, whereas N, P and K contents were
significantly increased.

Moreover, with differential supply of B in nutrient solution, the concentration of
Fe, Mn, P and Ca in the shoots and roots of tomato increased, and B reduced the
translocation of Mn, P and Fe whilst Ca remained unchanged (Alvarez-Tinaut
et al. 1980). Addition of B in the nutrient solution decreased the absorption of N,
P Ca, Mg and B, induced K accumulation, while Na remained unaffected in lamina
stem and roots of Cabernet sauvignon wine plants (Downton and Hawker 1980).
Gomez-Rodriguez et al. (1981) found a highly significant inverse correlation
between B and Mn concentrations in leaves of sunflower, while Cu, Fe and Zn
concentrations were not changed by different B levels in the nutrient solution.
Marked reductions in Fe and Mn adsorption, but an increase in Zn uptake were
recorded in bean plants grown in B deficient medium. The transport of Fe, Mn and
Zn was increased in the trifoliate leaves, while that in shoots was reduced. It appears
that, B is involved in the physiological processes controlling uptake and transport of
nutrients like Mn, Fe and Zn (Dave and Kannan 1981).

Lombin and Bates (1982) found that with increasing B levels, the uptake of K,
Mn, Zn, Cu, Mo and B was increased in alfalfa, peanut and soybean crops, but had
no apparent effect on that uptake of Ca ad Mg in all crops. Similar detrimental
effects of B on the uptake of Ca and Mg were reported by Singh and Singh (1983),
who observed varying B level significantly increased the concentration of N, P, K,
Na and B and decreased Ca and Mg concentrations in lentil plants. Applied B
increased the N, P, K, Na and B content but decrease Ca and Mg contents of barley
crops, whilst uptake of N, P, Na and B in grain and straw significantly increased,
and K uptake remained unaffected (Singh and Singh 1983). Francois (1986)
reported that with increasing B in the soil solution the concentration of B, P, K
and Mg tended to increase in tomato leaves, whilst Ca and Na showed inconsistence
trends. Studies on the chemical composition of radish, using sand culture tech-
niques, indicated that Ca and P concentrations decreased significantly and K, Mg
and Na remained unchanged with the increasing B levels (Francois 1986). Morsey
and Taha (1986) reported that applied soil B and foliar application increased the
concentration and uptake of N, P, K, Mn and B in both shoots and roots of sugar
plants. Patel and Golakia (1986) demonstrated the effect of soil B on the uptake
of N, P, K, Ca, Zn, Cu, Fe and Mn by a groundnut crop. Interestingly they outlined
the mechanisms of action for some nutrients in relation to the B effect: for example,
B increased an uptake and could be responsible for a favourable effect on nodula-
tion. A positive effect of B and P uptake, which altered the permeability of plasma
lemma at the root surface, resulted in increased P absorption. Uptake of K increased
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because of their mutual synergistic relationship, but Ca decreased due to antago-
nistic effect. Uptake of Fe and Cu were positively correlated, while Mn and Zn
negatively correlated with applied B. The deficient state of B resulted in decreased
the leaf N, P, Ca, Mg, Fe, Cu, Zn and B in tomato. On the other hand, excess B
increased the concentration of nutrients with greater significance for K, Mg and Fe
followed by Ca and Mn and in smaller quantity Cu and Zn (Carpena-Artes and
Carpena-Ruiz 1987).

B toxicity had no consistent effects on the tissue concentration of P, K, Ca, Mg,
Zn, Cu, Fe and Mn for five barley and six wheat cultivars grown in nutrient solution
and no interactions were found among B nutrients and cultivars (Nable 1989).
Higher levels of applied B significantly depressed the N and enhanced P and K
contents in three cuttings of Trifolium alexandrinum (berseem; Pal et al. 1989).
Singh et al. (1990) reported that the concentration of P, Mg and Zn in wheat
increased and Ca, K, Cu, Fe and Mn decreased with increasing B in soil. On the
other hand, an increasing supply of B significantly decreases the uptake of P, K, Ca,
Mg and Mn, while that of Zn, Cu and Fe increased. They concluded that high levels
of applied B had an antagonistic effect on the uptake of nutrients and this could be
due to the toxic effect of B on root cells, resulting in impaired nutrient absorption
processes. Alvarez-Tinaut (1990) found positive correlations between B and Fe and
Cu contents of sunflower, suggesting that B could indirectly affect catalase activity
via Fe and Cu. Positive correlations between Zn and B also indicated that B could
indirectly affect the enzyme through modification of the Zn content. Concentra-
tions, total uptake and ratios of certain nutrients in radish top and root change with
differential B supply to nutrient solution (Tariq 1997). However, this study also
suggested that changes occurring were mainly due to the B effect and partially due
to antagonism between Ca and B. It is clear from the reported literature, that B
interactions, either synergism or/and antagonism, can affect plant nutrition under
both deficiency and toxicity conditions.

With increasing B supply in nutrient medium, leaf content of P became high
(usually younger leaves shows higher P concentration) and there was a minor
decrease in K, Ca and Mg compared to the average concentration for leaves (Furlani
et al. 2003).

Yang and Gu (2004) demonstrated the effect of B on Al toxicity for soybean
seedlings. They showed that high supply of B was found to induce Al toxicity by
significantly increasing growth parameters including root length at 2 mM, and fresh
weight at 5 mM Al for two different cultivars. Similar results have been described
by Hossain and Hossain (2004), who confirmed the relationship of B with Al. The
ratio between Ca and B in the plant is sometimes used to identify B deficiency. In
one study, the supply of Ca and B to four maize cultivars considerably improved
shoot dry matter production (Kanwal et al. 2008).

B is responsible for changes in other nutrients in soil-plant interactions (Tariq
and Mott 2006). They also showed optimum productivity of radish plants at 0.5 mg
17" B supply. Toxic effects confirmed by significant productivity decreases were
found at increased levels of B supply. The amount of B, Zn and Cu in plants was
increased and amount of Fe, Mn and Mo were reduced. Except B, the net uptake of
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all microelements decreased with increasing levels of B in the nutrient supply, and
exerted close connection to the growth response of radish plants. Moreover, Zn/Cu
ratio increased and ratio of Mn/Fe and Mn/Zn decreased, while Fe/Cu exerted
unpredictable trend with increasing B levels. Inoculation with biofertilisers (Rhi-
zobium strains) alone or combined with different levels of B increased significantly
the uptake of N, P, K, Fe, Mn, Zn and B by shoot and seeds of peanut in both
seasons as compared with the corresponding treatments without biofertilisers. The
highest values of N, P, K, Fe and Mn uptake by straw and seeds of peanut plants
were obtained by using (200 ppm of B + Rhizobium spp.) in two successive seasons,
while the highest values of Zn and B uptake by straw and seeds in both seasons were
obtained by using (300 ppm of B + inoculation with Rhizobium; Nadia et al. 2006).
B interactions (synergism and/or antagonism) can affect plant nutrition under both
deficient and toxic levels (Tariq and Mott 2007).

There is no significant effect on the residual Fe in the soil when using B fertiliser.
Results suggest that Zn and B fertilisers had no role in the changes of residual Fe
and Mn in the soil relative to the normal levels, and other factors are operative on
the accumulation of residual Fe and Mn in the soil relative to its normal levels. The
effect of Zn and B interaction on the residual Fe and Mn in the soil was insignificant
(Aref 2010).

Our findings showed that different level of B applied to the groundnut plant
affect uptake of nutrients in an irregular fashion. Interactions between nutrients and
applied B indicted uptake of N, P, K, Mg, Mn, Zn and Fe are indirectly dependent
on increasing supply of B resulting in increasing NUE and NDS, but at a certain
level. Our recent observations suggested that at 1 kg ha~' B level, NUE of
groundnut plant was higher in terms of absorption of mineral nutrients compared
to the 0.5 kg ha~' B level. At the 2.0 kg ha~' B level, groundnut varieties showed
decreases in nutrients uptake capacity, resulting in decreases in NUE. Increases in
supply of nutrients may affect nutrient uptake capacity of plants, which was
confirmed when levels of absorbed macro- and micronutrients in groundnut plants
at 2.0 kg ha~' B supply were determined. At 0.5 and 1.0 kg ha~' B, NDS in
groundnut plants was higher. NDS was improved in both varieties of groundnut at
1.0 kg ha™' B supply. Higher levels of B might be exerting antagonist effects on
uptake of nutrients, which might be affecting NUE and NDS to groundnut plants.
Observations of nutrient uptake capacity of groundnut plants in all three conditions
(limiting, sufficient and toxic) strongly suggested that 1.0 kg ha~' B improved NUE
and NDS in groundnut plants. Despite substantial literature, the mechanism of B
interaction with other nutrients still remains unclear and needs more investigation
in terms of improvement in NUE and NDS. NUE is usually studied for only one
nutrient and improving NUE for any one nutrient may affect the NUE of other
nutrients; this is still a question of interest.
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Concluding Remarks

Boron is a crucial element for normal development and growth of plants. This
chapter highlights the positive effects of boron on crops and also describes the
interaction of B with the uptake of other nutrients. It further highlights the
importance of understanding the mechanisms of B action in plants and
determining the molecular mechanisms of plant responses to toxicity and
deficiency of B, to allow improvement of crops for tolerance to both condi-
tions. Deficient or toxic amounts of B may both have adverse effect on plants
and alter the uptake of other nutrients by direct or indirect interactions.
Increasing supply of B may result in increasing nutrient use efficiency
(NUE) and nutrient demand and supply (NDS). Alternatively higher levels
of B may exert antagonist effects on uptake of nutrients, negatively affecting
NUE and NDS. The mechanism underlying the B interaction with other
nutrients still remains unclear and requires further investigation. NUE is
studied typically for only one nutrient at a time and improving NUE for any
one nutrient almost certainly affects the NUE of other nutrients. However, the
interactions of B with other plant elements are complex and may exert
antagonistic or synergistic effects, which may be specific for species, growth
medium and different environments.
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Chapter 7
Role of Autophagy in Plant Nutrient
Deficiency

Milagros Collados Rodriguez, Katarzyna Zientara-Rytter,
and Agnieszka Sirko

Abstract One of the environmental stresses frequently encountered by plants is
nutrient deficiency. Therefore, reuse of valuable cellular nutrients is an important
trait in nutrient use efficiency (NUE). High NUE is a desired trait in plants at all
developmental steps to reach maximum potentials with minimum inputs. Two
highly conserved evolutionary mechanisms are responsible for protein turnover at
the cellular level, the ubiquitin-proteasome system (UPS) and the autophagy path-
way. Generally, UPS recycles short-lived regulatory proteins while autophagy
recycles long-lived proteins, protein aggregates or organelles. The proteins,
which are destined for degradation, are marked by a special polypeptide tag,
ubiquitin. The features of this tag, as well as activity of ubiquitinating and deubiqui-
tinating enzymes, are determinants that allocate the protein into one or the other
degradation systems. Apart from the common subset of over 30 proteins required
for the “core autophagy”, there exist selective autophagy cargo receptors. These
proteins perform the quality control function by recognizing ubiquitinated cargoes
(ready for degradation) and linking them to the autophagy machinery. Adequate
knowledge of the processes of selective autophagy will be beneficial for agricul-
tural production and the environment by delivering the methods and means for
obtaining crops with improved NUE, higher yield and better stress tolerance.
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Introduction

Response to Nutrient Deficiency in Plants

Plants convert CO,, light and water into biomass, however they also require
essential nutrients to complete their lifecycle. The sessile nature of plants makes
them vulnerable to the environmental fluctuations that cause nutrient limitation
(among other stresses). In plants, response to nutrient deficit is complex and
depends on the kind of limiting nutrient (macro- or micronutrient) and the extent
of the shortage. Nutrient deficits result in phenotypic adaptation, such as root length
and branching, shoot biomass reduction and faster transfer from vegetative stage of
growth into the generative one (Amtmann and Armengaud 2009; Gruber
et al. 2013). Plant responses to nutrient deficit may also be monitored at various
molecular levels, such as gene expression, posttranslational modification of various
proteins, qualitative and quantitative changes of proteins and metabolites.
Researchers from many laboratories have revealed that transcriptome, metabolome
and proteome profiles are reprogrammed in plants which encounter nutrient deficit
(for example, Hoefgen and Nikiforova 2008; Howarth et al. 2008; Liang
et al. 2013). Limitation of the particular nutrient (and/or an increased internal
requirement for that nutrient) is sensed by plants and this information is transferred
to the appropriate effectors, which modify the pathway responsible for assimilation
and metabolism of the nutrient. The sensing and regulatory mechanisms are not
completely characterised in most nutrients. In addition, the need to coordinate
assimilation and metabolism of various nutrients makes this regulation even more
complicated. The growing body of evidence suggests that protein degradation
processes not only adjust plant metabolism to long lasting starvation periods, but
they are also important in early responses to short-term nutrient deficit.

Ubiquitin and Protein Turnover Processes

Ubiquitin (Ub) is a 76 amino acid polypeptide that folds up into a compact globular
structure and is heat-stable. It mediates selective proteolysis after enzymatic con-
jugation to the target proteins that can be either monoubiquitinated, when a single
Ub unit is attached through its C-terminal glycine (G-76) to one lysine (K) residue
of the substrate, or multi-monoubiquitinated, when single Ub units are attached
through G-76 to several K residues of the substrate or polyubiquitinated when
multiple Ub units are attached to the single K residue (Schreiber and Peter 2013;
Vierstra 2012). Ub is evolutionary conserved and contains seven highly conserved
lysines that can be used for poly(Ub) chain formation in vivo. Some of these K
residues are traditionally associated with particular degradation systems, for exam-
ple, K-48-linked (poly)Ub appears to be linked rather to proteasomal degradation
while K-63-linked (poly)Ub appears to be more linked to autophagic degradation.
In addition, the role of unconventional ubiquitination in targeting proteins for
degradation indicates the complexity of the process (Xu et al. 2009).
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Ubiquitins are encoded by a small-to-medium-sized multigene family compris-
ing two gene classes, monomeric and polymeric. Monomeric ubiquitin genes
consist of 228 nucleotides (76 codons) with an additional C-terminal sequence
that encodes a ribosomal protein. By contrast, polymeric genes known as
polyubiquitins are composed of tandem repeats of a 228-bp gene with no spacer
sequence between them (Nei et al. 2000). In Arabdopsis, the Ub gene family
consists of at least 14 members (Callis et al. 1995).

Three enzymes (E1-E3), working in a hierarchical cascade, attach a Ub tag to the
target proteins (Sadanandom et al. 2012). E1 (ubiquitin-activating enzyme) hydro-
lyses ATP to adenylate the C-terminal carboxyl of Ub and form a thiolester bond
with E1 cysteinyl sulphydyl residue (E1-Ub intermediate). After completion of this
activation, E2 (ubiquitin-conjugating enzyme) accepts Ub on its cysteinyl
sulphydryl group and a thiolester bond is formed again (E2-Ub intermediate).
When conjugation is completed, E2 can either bind to E3 (ubiquitin ligase) to
transfer Ub to the protein substrate or transfer Ub to E3, which subsequently
transfers Ub to the target. Usually a Lys residue of the substrate accepts the
C-terminal Gly-76 of Ub. The E3 Ub ligases recognise and bind specific degrada-
tion signals in substrate proteins and thus confer specificity to the ubiquitination-
mediated degradation.

This ubiquitination cycle can be repeated multiple times. To add more complex-
ity, the protein family of deubiquitinating enzymes form an additional regulatory
step. A comprehensive repository of ubiquitinating and deubiquitinating enzymes
from 50 distinct genomes belonging to four of the five major phylogenetic super-
groups of eukaryotes was recently completed (Hutchins et al. 2013) and it is
publicly available at the Database of Ubiquitinating and Deubiquitinating Enzymes
[http://www.DUDE-db.org].

Proteins targeted for recycling by linkage of the Ub tag are degraded in two
evolutionary conserved degradation systems. The ubiquitin-proteasome system
(UPS) takes over the short-lived regulatory proteins (Dantuma et al. 2000; Vierstra
2009), while the autophagy pathway sequesters within double membrane structures
the longer-lived and bigger proteinaceous material, such as protein aggregates
(Yang and Klionsky 2010). Autophagy and the UPS are critical in the maintenance
of cellular homeostasis, thus their activities need to be carefully orchestrated
(Korolchuk et al. 2010). The limited degradative capacity of UPS is complemented
with autophagy and crosstalk mechanisms between both systems exist (Schreiber
and Peter 2013). Moreover, both recycling mechanisms are in crosstalk with
senescence, programmed cell death (PCD) and prematurate aging (Madeo
et al. 2010). The literature shows that when some autophagy related genes (ATG)
are impaired, accelerated senescence overtakes the plant destiny (Hanaoka
et al. 2002; Thompson and Vierstra 2005) presumably by impairment of autophagic
recycling that contributes to plant energy availability (Izumi et al. 2013).

An overview of the ubiquitination cascade and UPS is shown in Fig. 7.1. The
26S proteasome structures in mammals, yeast and plants indicate a similar overall
design (Sadanandom et al. 2012). However, UPS-dependent regulation of signaling
and metabolic pathways appears to be more complex and prevalent in plants than in
yeast and animals.
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Fig. 7.1 Ubiquitin/26S proteasome system (UPS) overview (a) and schematic structure of 26S
proteasome (b). (a) Ubiquitin (Ub) is in an ATP-dependent manner activated by El1 enzyme,
transferred to an E2 enzyme and delivered to the target protein due to E3 attachment. Rounds of
ubiquitin conjugation cascades polyubiquitinates the substrate to be recognised by 26S proteasome
complexes, which hydrolyse peptide bonds and releases oligopeptides (consisting of 2—10 resi-
dues) to the cytoplasm; the Ub moieties are reused. Su substrate protein, G Gly-76 C-terminal
residue of Ub, K Lys residue of the target protein, S thiolester bond, DUBs deubiquitinating
enzymes. (b) One or two 19S regulatory complexes (RP) composed of base and lid subcomplexes
cap the 20S core complex (CP) formed by two external and two internal rings of seven a-subunits
and seven B-subunits respectively

The proteasome exists in multiple forms, and contains two major assemblies, the
28-subunit core particle (CP, also known as the 20S core) and the regulatory subunit
(RP, also known as the 19S complex and PA700) consisting of 19 subunits in yeast,
and probably the same number in other eukaryotes (Finley 2009). The CP is
composed of four rings: two external rings made of seven o-subunits (o 1-7)
flanking two rings of P-subunits (f 1-7 (A-G in plants). The CP functions as a
non-specific ATP and Ub-independent protease with the capacity to cleave most
peptide bonds due to peptidylglutamyl, trypsin-like and chymotrypsin-like activi-
ties. One or two RP complexes, each consisting of two parts base and lid, can be
attached to the CP. The base consists of a ring of six related AAA+ATPase subunits
(RPT1-6) and three non-ATPase subunits (RPN1, 2 and 10) and is attached directly
to the CP. The lid contains non-ATPase subunits (RPN3, 5-9 an 11-12). RPN11 is a
metaloprotease, which allows recycling of the substrate recognition tag, ubiquitin.
The RP is responsible for recognition of K48 linked poly(Ub) chains, removal of
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Ub moieties, unfolding and pore gating the substrate. The proteasome has the
ability to bind different lids or lid-like structures depending on the cellular needs.
A growing body of evidence indicates that monoubiquitinated proteins can be also
targeted to proteasomes indicating that monoubiquitination is sufficient for degra-
dation of small proteins (shorter than 150 aa) containing the unstructured region
(Shabek et al. 2012). For more information about 26S proteasomes in plants, see
reviews and references within (Sullivan et al. 2003; Vierstra 2003, 2009;
Sadanandom et al. 2012).

What Is Autophagy?

Autophagy is a an important cellular process, and one of the two major degradation
pathways along with UPS, which are involved in maintaining homeostasis during
normal development and response to environmental stresses. Different kinds of
autophagy have been reported, including microautophagy, macroautophagy and
chaperone-mediated autophagy. Here (as in majority of other publications) the term
“autophagy” refers to the best-characterised type, macroautophagy. The general
scheme of the process is common in all eukaryotic organisms (Fig. 7.2). The
process starts by the formation of a cup-like structure that engulfs selected cyto-
plasmic content (cargo) and progresses into a double-membrane autophagosome.
The outer membrane of the autophagosome then fuses with the tonoplast (in yeast
or plant cells) or lysosomal membrane (animal cells), while the inner membrane,
together with the cargo composes the autophagic body (or autolysosome in animal
cells). When such an organelle is present in the vacuolar lumen, its contents are
attacked by vacuolar proteases and then released through vacuolar permeases to the
cytosol for reuse (Klionsky 2007).

Over 30 evolutionary conserved autophagy-related (ATG) proteins play a role in
the “core” autophagy pathway in yeast in mammals. Due to the high conservation of
autophagy among eukaryotes, mechanistic explanations for plants are often taken
from yeast or mammalian models (Thompson and Vierstra 2005; Diaz-Troya
et al. 2008; Nakatogawa et al. 2009; Klionsky et al. 2011). However, some ATG
proteins (e.g. ATG29 and ATG31) are not found in plants. The ATG11 protein was
also considered nonexistent in plants (Suzuki et al. 2007) but a current TAIR search
shows its potential existence and hybrid similarity to ATG17; both proteins have
scaffolding properties in yeast.

Autophagy has an important role in regulating PCD. Both, excessive autophagy
as well as inefficient or defective autophagy may lead to cell death either by self-
eating (excessive autophagy) or by accumulation of damaged proteins and organ-
elles (defective autophagy) (Guiboileau et al. 2010). For clarification of the nomen-
clature relating to different types of PCD in animals, the reader is referred to the
published guidance (Kroemer et al. 2009) and for classification of plant PCD and
their merging with categories of PCD recognised in animals, to the review by van
Doorn (2011).
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Fig. 7.2 Macroautophagy steps. The cup shaped double membrane (phagophore or isolation
membrane) forms and expands trapping portions of the cell material. When the phagophore
seals and produces the (double membrane) autophagosome, this encloses the cargo, which is
transported along with the inner membrane of autophagosome into the vacuole (yeast or plants) or
into the lysosome (animals), where it is recycled

TOR Signaling Pathway and Autophagosome Biogenesis

In yeasts, animals and plants, induction of autophagy is possible after inactivating
the Target of Rapamycin (TOR) Ser/Thr kinase belonging to the family of
phosphatidynositol kinase-related kinases (Noda and Ohsumi 1998; Pattingre
et al. 2008; Liu and Bassham 2010). The TOR’s name results from sensitivity to
macrocyclic bacterial lactone rapamycin. TOR is involved in switching cellular
responses depending on the nutritional status (John et al. 2011). During nutrient-
rich conditions an active TOR (the TORC1 complex) consists of TOR, LST8-1,
LST8-2 and RAPTOR (Regulatory Associated Protein of TOR) (John et al. 2011).
TORCI together with other kinases promote anabolic processes and cell growth
while keeping autophagy switched off. Arabidopsis contains two RAPTOR pro-
teins, RAPTOR1A and RAPTORI1B, whose function is to recruit TOR substrate
proteins. The complex maintains the ATG1 (Autophagy Related Genel) and
ATG13 kinases, the latter in complex with ATG17 and ATG101 accessory proteins,
dissociated through hypophosphorylation of ATG1 (one phosphorylated site) and
hyperphosporylation of ATG13 (three phosphorylated sites). In nutrient deficient
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Fig. 7.3 Initiation of autophagy and phagophore formation. When nutrients are available, TOR is
active in the complex TORCI (see text for details) and keeps ATG1 dissociated from ATG13 (and
associated proteins) trough hypo- and hyper-phosphorylation, respectively. During nutrient star-
vation the TORC2 complex is formed and the phosphorylation status reverses, allowing the
complex ATG1-ATG13-ATG17-ATG101 to promote the autophagosome nucleation to the PAS
by C-I and ATGS8-PE docking to the phagopore inner surface. The C-I is composed of ATG6,
hypothetically ATG14 and their kinase subunits VPS15 and VPS34. The Atgl7 scaffold protein is
a recruiting point for further ATG proteins as ATG9 (in complex with ATG2-ATG18-ATG27),
which mediates membrane delivery contributing to the phagophore elongation. Once the
autophagosome closes it can fuse to the plant vacuole for cargo degradation. Dashed arrows
passing through proteins indicate the proteins, which are governed by the protein present in the zail
of the arrow. TOR Target of rapamycin, PAS phagophore assembly site, C-/ phosphatidylinositol
3-kinase complex I, Vps vacuolar protein sorting

conditions, an inactive TOR (the TORC2 complex) includes RICTOR (rapamycin-
insensitive companion of TOR) instead of RAPTORs allowing it to swap the ATG1
and ATG13 phosphorylation status to the active one (autophosphorylation of ATG1
and dephosphorylation of ATG13). This, in turn, promotes the nucleation of the
autophagosome by involvement of a downstream hypothetical (not yet identified)
phosphorylation target. Arabidopsis contains four ATG1 proteins (ATGla-c and a
truncated ATGI1t, present only in plants) and two ATG13 proteins (ATG13a and
ATG13b). The phosphorylation-dependent regulatory mechanism has been con-
firmed for ATGla and ATG13a (Suttangkakul et al. 2011; Li and Vierstra 2012b).
The activated ATG1-ATG13 kinase complex relocates to the phagophore assembly
site (PAS) and promotes ATG9-mediated membrane delivery to the expanding
phagophore (Fig. 7.3). The ATG1-ATG13 kinase complex also docks to ATG8—
PE bound to the inner surface of the phagophore, and is captured and delivered to
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the vacuole for breakdown (Suttangkakul et al. 2011). In addition, it has been
reported that induction of autophagy upon nutrient starvation and salt stress
depends on the activity of a plasma membrane NADPH oxidase, while induction
of autophagy upon osmotic stress (by mannitol) is NADPH oxidase-independent
(Liu et al. 2009).

At the cellular level, the phagophore assembly site (PAS) initiates the
pre-autophagosomal nucleation and formation of the autophagy unit, the
autophagosome. The PAS is molecularly defined by having ATG1-ATG13-
ATG17-ATG101 and class IIT phosphatidylinositol 3-kinase (PIK3) complexes
bound by lipidated ATG8 (ATGS8-PE). In yeast and animals the PIK3 complex is
composed of ATG6, ATG14 and kinase subunits, VPS15 and VPS34 (Rabinowitz
and White 2010; Johansen and Lamark 2011). In yeast, ATG14 targets the kinase
complex to the probable site of autophagosome formation, while the scaffold
protein, ATG17, organises the PAS and creates a recruiting point for further ATG
proteins, which contribute to the elongation step (Suzuki et al. 2007). A membrane
delivery protein, ATG9, contributes to the phagophore expansion (Li and Vierstra
2012a; Orsi et al. 2012) and works in conjunction with integral membrane protein,
ATG27, and with proteins ATG2 and ATGI18. ATGI18 attaches phosphatidy-
linositol 3-phosphate (PI3P) and phosphatidylinositol 3,5-bisphosphate (PI(3,5)
P2) and together with ATG?2 is involved in retrograde transport of ATG9 (Klionsky
et al. 2011). ATG2 and ATG18 are functionally related, independently localise to
the PAS by means of ATG1, and can interact and form a complex but do not recruit
other proteins to the PAS; ATGI is drawn by ATGI13 to the PAS. The plant
orthologues of ATG14, ATG17, ATG22 and ATG27 remain unidentified (see
also Table 7.1).

The steps described above, namely autophagy initiation and nucleation
(phagophore assembly) are followed by a step called vesicle elongation, where
two pathways utilising UPS-like E1-E3 enzymatic cascades are involved in activa-
tion of two ubiquitin-like proteins, ATG8 and ATG12. In the first cascade the
Cys-protease, ATG4, exposes the C-terminal Gly of ATGS. It allows ATG7 (E1) to
bind to the C-terminus of ATGS that, in turn, permits ATG3 (E2) to lipidate the
C-terminus of ATG8 with phosphatidylethanolamine (PE). The PE tag enables
ATGS8 anchoring into the autophagosomal membrane. In the second cascade,
ATG7 (El) also participates by activating the ubiquitin like protein ATGI12,
enabling its conjugation to ATG10 (E2) which in turn, conjugates ATGI2 to
ATGS5 (Noda et al. 2013). The ATG12-ATGS platform oligomerizes with ATG16
and forms the E3-like ATG12-ATG5-ATG16 ligase complex. This complex further
promotes ATGS lipidation and phagophore growth (Fig. 7.4; Maiuri et al. 2007,
Johansen and Lamark 2011). On the other hand, ATG7 activates also the C-terminal
residue of ATG3 (E2) enabling its conjugation to ATGI12. In addition, ATG4
protease acts as deubiquitinating (DUB) enzyme and recycles ATGS8 through PE
deconjugation from the outer autophagosomal membrane in a reactive oxygen
species (ROS) regulated way (Rabinowitz and White 2010; Johansen and Lamark
2011).



Table 7.1 Components of the core and selective autophagy in Saccharomyces cerevisiae, Homo
sapiens and Arabidopsis thaliana and the examples of loss of function phenotypes of autophagy

mutants in plants

Saccharomyces Selected
cerevisiae Homo sapiens Arabidopsis Loss of function | references
(number of (number of thaliana (number phenotype in related to plant
residues) residues) of residues, gene) | plants phenotypes
Initiation (ATG1 kinase complex)®
TOR1 (2470); FRAP1/mTOR TOR (2841, Cell, organ, Leiber
TOR2 (2474) (2549) At1g50030) seed production | et al. (2010),
and resistance to | Johansen and
osmotic stress Lamark (2011),
decrease. Post- | and Deprost
germinative et al. (2007)
arrest in growth
and develop-
ment. Early
senescence
ATG1 (897) ULK1 (1050), ATGla Accelerated Suttangkakul
ULK2 (1036) (626, At3g61960); | senescence, et al. (2011)
ATG1b both fixed C and
(711, At3g53930); | N starvation
ATGIc sensitivity
(733, At2g37840);
ATGt
(408, At1g49180)
ATG13 (738) HARBI1/ ATG13a Accelerated Suttangkakul
mATG13 (349) | (618, At3g49590); | senescence, et al. (2011)
ATG13b both fixed C and | and Kim
(625, At3g18770) | N starvation et al. (2012)
sensitivity
ATG17 (417) FIP200/RBCC1 | ATG17 (three No phenotype -
(1594) potential isoforms: | data. Exact
1022, At2g37420; | yeast homo-
376, At1g59580 logue still
[weak interaction unclear®
with ATGY]; 1516,
At4g28710)) —see
next column
ATG29 (213) Not found Not found - -
ATG31 (196) Not found Not found - —
Not found ATG101 (218) ATG101 No phenotype -
(215, At5g66930) | data. Exact
—see next column | yeast homo-
logue still
unclear®
KOG1/RAP- RAPTOR RAPTOR1/1b Post-embryonic | Anderson
TOR (1557) (1335) (1344, meristem- et al. (2005)
At3g08850); RAP- | driven growth and Deprost
TOR2/1a (1336, affected in dou- | et al. (2005)
At5g01770) ble mutants.
Single mutant
phenotypes
differ

(continued)
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Saccharomyces Selected
cerevisiae Homo sapiens Arabidopsis Loss of function | references
(number of (number of thaliana (number phenotype in related to plant
residues) residues) of residues, gene) | plants phenotypes
LSTS8 (303) mLST8 (260) LSTS-1 Altered apical Moreau
(305, At3g18140); | dominance, et al. (2012)
LSTS8-2 (313; meristem cell
At2g22040) proliferation
and leaf devel-
opment (bushy)
Accumulation
of amino acid
and sensitivity
to osmotic
stress
ATG9 complex®
ATG2 (1592) mATG2a ATG2 (1839; Accelerated Yoshimoto
(1938); mAtg2b | At3g19190) senescence. et al. (2009),
(2078) Unrestricted Wang
PCD et al. (2011a,
b), Kim
et al. (2012),
and Liu and
Bassham
(2012)
ATGY (997) mATGY9a (839); | ATG9 (866; Unrestricted Hofius
mATG9b (924) | At2g31260) PCD et al. (2009),
Hanaoka
et al. (2002),
and Kim
et al. (2012)
ATG18 (500) WIPI1 (previ- ATG18a Accelerated Xiong
ously WIPI49) (425, At3g62770); | senescence, et al. (2005),
(446) ATG18b both fixed C and | (2007), Liu
(312, At4g30510); | N starvation et al. (2009),
ATG18¢ sensitivity; Wang
(393, At2g40810); | enhanced sensi- | et al. (2011b),
ATG18d tivity to and Liu and
(391, At3g56440); | osmotic, oxida- | Bassham
ATG18e tive, drought (2012)
(374, At5g05150); | and salt stresses.
ATG18f Unrestricted
(763, At5g54730); |PCD
ATG18g
(959, At1g03380);
ATG18h
(927, At1g54710)
ATG21 (496) WIPI2/Atg21 a- | Not found - -
f (454- 310)
ATG23 (453) Not found Not found - —

(continued)
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Saccharomyces
cerevisiae
(number of
residues)

Homo sapiens
(number of
residues)

Arabidopsis
thaliana (number
of residues, gene)

Loss of function
phenotype in
plants

Selected
references
related to plant
phenotypes

Nucleation (class

III phosphatidylinositol 3-phosphate kinase complex)®

ATG6/VPS30
(557)

BECNI (450)

ATG6
(517, At3g61710)

Male sterility

Harrison-Lowe
and Olsen
(2008) and
Kim

et al. (2012)

ATG14 (344)

ATG14L/
BARKOR (492)

ATG14
(506, At4g01270)

No phenotype
data. Exact
homologue still
unclear

VPS15 (1454) PIK3R4/VPS15 | VPS15 (1494, Defective pol- Wang
BCL2 (1358) At4g29380) len germination | et al. (2012)
VPS34 (224) PIK3c3/VPS34 | VPS34a Inhibited Welters
(887) (814, At1g60490) | growth and et al. (1994)
development
ATG20 (640) Not found ATG20 (402; No phenotype
At5g06140) data
ATG27 271) ATG27 ATG27 (276; Not studied in -
At2g40316) plants
Expansion and autophagosome formation (ATG8 and ATG12 conjugation systems)®
ATG3 (310) ATG3 (314) ATG3 No phenotype -
(313, At5g61500) | data
Atgd (507) ATG4a-d/ ATG4a Accelerated Yoshimoto
autophaginl-4 (467, At2g44140); | senescence, oxi- |et al. (2004),
(398; 392; 458; ATG4b dative stress, Scherz-
474 respectively) | (477, At3g59950) |fixed C and N Shouval
starvation et al. (2007),
sensitivity Chung
et al. (2010),
Kim
et al. (2012),
and Tsai
et al. (2012)
ATGS (294) ATGS (275) ATGS Accelerated Thompson
(337, At5g17290) senescence, et al. (2005),
both fixed C and | Phillips
N starvation et al. (2008),
sensitivity; Yoshimoto
enhanced sensi- | et al. (2009),
tivity to heat, Chung
oxidative, et al. (2010),
drought and salt | Kwon
stresses. et al. (2010),
Delayed differ- | Suttangkakul
entiation of tra- | et al. (2011),
cheary ele- Kim
ments. et al. (2012),
Unrestricted Liu and
PCD Bassham
(2012),

(continued)
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Saccharomyces Selected
cerevisiae Homo sapiens Arabidopsis Loss of function | references
(number of (number of thaliana (number phenotype in related to plant
residues) residues) of residues, gene) | plants phenotypes
Tsai
et al. (2013),
Minina
et al. (2013),
and Zhou
et al. (2013)
ATG7 (630) ATG7 (703; 676; | ATG7 Accelerated Doelling
623) (697, At5g45900) senescence, et al. (2002),
both fixed C and | Thompson
N starvation et al. (2005),
sensitivity; Phillips
enhanced sensi- | et al. (2008),
tivity to heat, Chung
oxidative, et al. (2010),
drought and salt | Lenz
stresses. et al. (2011),
Unrestricted Suttangkakul
PCD et al. (2011),
Enhanced ROS | Kim
production etal. (2012), Li
and Vierstra
(2012b), Liu
and Bassham
(2012), Minina
et al. (2013),
Zhou
et al. (2013),
and Hofius
et al. (2009)
ATGS (117) MAPLC3A ATG8a Accelerated Thompson and
(125) (137, At4g21980); | senescence, Vierstra (2005)
ATGS8b both fixed C and | and Liu and
(122, At4g04620); | N starvation Bassham
ATGS8c sensitivity (2012)
MAPLC3B (133, At1g62040); | No phenotype
(125) ATG8d data. All family
MAPLC3C (120, At2g05630); | mutant
(147) ATG8e necessary
GABARAP (o e
17 (121, Atdg16520);
GABARAP- ATGSg
L1/GEC-1/

ATGSL (117)

GABAPAP-L2/
GATE-16/
GEF2 (117)

GABARAP-L3
117)

(121, At3g60640);
ATGSh
(120, At3206420);
ATGS:i
(116, At3g15580)

(continued)
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Saccharomyces Selected
cerevisiae Homo sapiens Arabidopsis Loss of function | references
(number of (number of thaliana (number phenotype in related to plant
residues) residues) of residues, gene) | plants phenotypes
ATG10 (167) ATG10 (220) ATG10 Accelerated Tsai
(226, At3g07525) senescence, et al. (2012),
both fixed C and | Phillips
N starvation et al. (2008),
sensitivity. Chung
Unrestricted et al. (2010),
PCD Kim
et al. (2012),
and Liu and
Bassham
(2012)
ATG12 (186) ATG12 (140; ATGI12a Accelerated Thompson
74) (96, At1g54210); senescence, et al. (2005),
ATGI12b both fixed C and | Chung
(994, At3g13970) | N starvation et al. (2010),
sensitivity and Kim
et al. (2012)
ATG16 (150) ATG16 1 a-f ATG16 No phenotype -
(607-284); (509, At5g50230) |data
ATG16 2 a-f
(619-131)
Autophagy receptors and cargo ligands®
ATG11 (1178) | ATG11 (1591) ATGI11 (1148, No phenotype
At4g30790) data
Exact yeast
homologue still
unclear”
ATG19 (415) Not found Not found -
ATG26 (1198) | Not found Not found -
ATG30 (384) Not found Not found -
ATG32 (529) NIX/BNIP3L/ ATG32 (953; No phenotype
ATG32 (219) At4g29060) data
Exact homo-
logue still
unclear
ATG34 (412) Not found ATG34 (614, No phenotype
AT1G20950) data
Exact homo-
logue still
unclear
Not found p62/SQSTM NBR1 (704; Increased sensi- | Zhou
(440) At4g24690) tivity to some et al. (2013)
Not found NBR1 (966) abiotic stresses
Not found (only | NDP52 (446) Not found -
NDP52 gives optineurin (577)

some low hits)

TBK (729)

UBQL4 (601)

(continued)
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Table 7.1 (continued)

Saccharomyces Selected
cerevisiae Homo sapiens Arabidopsis Loss of function | references
(number of (number of thaliana (number phenotype in related to plant
residues) residues) of residues, gene) | plants phenotypes
Bphlp (2167) ALFY (3601) At4g02660; Not studied in
At1g03060 plants. No phe-

notype data.

Exact homo-

logue still

unclear

Some of the proteins cited in this table are represented by more than one alternative spliced
isoform; only the longest one is indicated in brackets. For the function description of most of the
proteins shown here see Klionsky et al. (2011)

*FRAPI [FKBP12-rapamycin complex-associated protein (FK506-binding protein 12-rapamycin
complex-associated protein 1)], mTOR (mammahan target of rapamycin), ATG (autophagy-related
protein), ULKI (Unc-51-like kinase 1), ATG1s ATGltis represented longer than in Suttangkakul et
al. (2011) because manual removing of the introns in this locus reveals cDNA predicted to encode
408 aa protein (instead of 267 aa). After ELM (EukarioticLinear Motif) domain search a conflict
with Li and Vierstra 2012 appears because the regulatory domain exists although the protein is
shorten in the middle (mostly disordered region), C (carbon), N (nitrogen), LST8 (Lethal with
SEC13 protein 8), RAPTOR (regulatory-associated protein of TOR), FIP200 (FAK family kinase-
interacting protein of 200 kDa), RBCCI1 (RB1-inducible coiled-coil protein 1)

bSuttangkakul et al. (2011) comment to have found possible ATG17 and ATG101 orthologues but
do not state exactly which one. Similarly we failed to identify the ATG29 and ATG31 plant
orthologues but we propose homologues of AtATG101, AtATGI11, AtATG17, and ATG32
(At4g29060 has mitochondrial and chloroplastic location based on BLAST, MOTIFSCAN,
TMPRED and ELM search/predictions). Souval et al. (2007) showed oxidative stress sensitivity
in atg4 mutants (a and b) of mammal cells

‘ATGY in plant ATG9 no transmembrane region is predicted by ELM (weakly by TMPRED),
hypothetically plant ATG9 may attach to the membrane by means of ATG27, WIPI1 (WD repeat
domain, phosphoinositide interacting 1)

‘BECN1 (BECLIN 1), BARKOR (Beclin 1-associated autophagy-related key regulator), PIK3R4
(phosphoinositide 3-kinase regulatory subunit 4), VPSI5 (vacuolar protein sorting-associated
protein 15), ATG27 according to Yen et al. (2007) the N terminus is in the vesicular lumen while
that C terminus is in the cytosolic part in yeast; TM and ELM predicts that and plant Nt also ends into
the membrane and has a Ct TM. PIK3¢3 (phosphatidylinositol 3-kinase catalytic/class subunit type 3)
°LC3 (light chain 3), GABARAP (gamma-aminobutyrate receptor associated protein), GATE16
(golgi- associated ATPase enhancer of 16 kDa), GEF2 (ganglioside expression factor 2)
BNIP3L (BCL2/NIP3 hke) SOSTM (Se_questrosome) NBRI [next to BRCAI (breast cancer)
gene 1], TBK (tank binding kinase), UBQL4 (Ubiquilin4), Bphlp (belge protein homologue 1),
ALFY (autophagy linked FYVE protein)

How Many Autophagy Forms Exist in Plants?

The process of autophagy in plants was initially considered as non-selective bulk
degradation of cellular contents, however now it is clear that the process is selective
(Floyd et al. 2012; Li and Vierstra 2012a). For example, the following specific
forms of autophagy were reported each involved in degradation of a specific target,
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Fig. 7.4 Recruitments of ATG8 and ATG12 proteins to the autophagosome. The ubiquitin-like
proteins, ATG12 and ATGS, are processed in a UPS-like E1-E3 manner through two separate
conjugation cascades with some overlapping elements. In the first, ATG12 covalently linked to
ATGS5 (by subsequent action of El-like ATG7 and E2-like ATG10) promotes formation of
ATGI12-ATG5-ATG16 complex needed for creation of pre-autophagosomal structure. In the
second system, cleavage of ATG8 by ATG4 enables attachment of phosphatidylethanolamine
(PE) to the C-terminus of ATGS8 by subsequent action of El-like ATG7 and E2-like ATG3.
Activated ATG8 (ATGS8-PE) associates with the expanding autophagosome membranes and
remains through autophagosome maturation until fusion with the vacuole. This property is
commonly exploited in many labs for reliable autophagy monitoring (Figure based on Suzuki
et al. (2007) and Li and Vierstra (2012a))

such as mitochondria (mitophagy), peroxisomes (pexophagy), ribosomes
(ribophagy), ER (reticulophagy or ERphagy) lipid droplets (lipophagy), pathogens
(xenophagy), protein aggregates (aggrephagy) and choroplast material
(chlorophagy). In addition, in yeast a mechanism also exists called CVT (Cyto-
plasm to Vacuole Targeting; (Bassham et al. 2006), which is only hypothesised in
plants (Nakatogawa et al. 2009; Li and Vierstra 2012a), leaving open the question
of how functional vacuolar proteins reach the plant vacuole.

Work on mitophagy in yeast indicated that the ATG32 mitochondrial outer
membrane protein is the main factor involved in selective degradation in fungal
mitochondria. Following the induction of mitophagy, Atg32 binds Atgll, an
adaptor protein for selective types of autophagy, then it is recruited to mitochondria
and imported into the vacuole along with mitochondria. Therefore, in yeast Atg32
confers selectivity for mitochondrial sequestration as a cargo and is necessary
for recruitment of this organelle by the autophagy machinery for mitophagy



186 M. Collados Rodriguez et al.

(Kanki et al. 2009). In plants, much less work on mitophagy has been performed.
Electron microscopy pictures of mitochondria being fused to acidic compartments
(presumably autophagosomes) suggest that mitophagy also takes place in plant
cells (Toyooka et al. 2006). However, autophagosomes colocalise preferentially
with protein aggregates rather than with mitochondria. The autophagy postulated
by Toyooka et al. (2006) seems to be independent of starvation. Although the role
of mitochondria in oxidative stress-induced autophagy and the process of
mitophagy in plants have been recently reviewed (Minibayeva et al. 2012), further
studies on causes of mitophagy in higher plants are desirable.

Literature related to plant pexophagy (selective degradation of peroxisomes) is
limited. It has been shown that the process of pexophagy contributes to virulence of
fungal pathogen, Colletotrichum orbiculare, since the atg26 mutant of this patho-
gen, specifically affected in peroxisomes failed to penetrate the host cells (Asakura
et al. 2009).

Autophagic degradation of chloroplastic material (chlorophagy) via Rubisco-
containing bodies (RCBs) is specifically linked to carbon deficiency (caused by
darkness) but not to nitrogen deficiency. This process supports energy availability
at night for normal growth by providing amino acids (Izumi et al. 2013). On the
other hand, autophagy also contributes to leaf starch degradation at night (Wang
et al. 2013). This process takes place in vacuoles and is independent of the classic
chloroplast pathway of starch degradation. No proof for degradation of entire
chloroplasts is available. On the other hand, vacuolar localisation of the chloro-
plasts in protoplasts from the mesophyll leaves of the senescing wheat leaves seem
to support such possibility (Wittenbach et al. 1982). Plastid degradation has mostly
been studied in the conditions of starvation or in leaves undergoing senescence. It
has been suggested that remobilisation of Rubisco in RCBs represents the first step
of chloroplasts degradation i.e. chloroplast downsizing due to RCB formation and
subsequent deposition into the vacuole (Wada et al. 2009). Rubisco is the most
abundant plant protein and catalyses carboxylation and oxidation competing reac-
tions of photosynthesis. It is a substantial nitrogen source stored in chloroplasts that
the plant may use in case of N deficiency. Plants rely on chloroplasts to survive;
therefore they undergo senescence only when the day becomes short and the
respiratory period surpasses the photosynthetic period. During stress and senes-
cence a compromise is made between maintaining functional chloroplasts and
reusing the nutrients accumulated in the form of Rubisco (Wada et al. 2009). The
extraplastidic degradation processes, namely chlorophagy and RCB rely on
autophagy, demonstrated as some autophagy-deficient mutants (arg5) do not
show RBCs (Ishida et al. 2008). Moreover, it was recently shown that degradation
of stromal proteins takes place within chloroplasts largely via the autophagy-
independent process. However, autophagy is required for the complete degradation
of these proteins (Lee et al. 2013).

The existence in plants of the ribophagy-like mechanism, targeting ribosomes
for recycling under normal growth conditions and similar to ribophagy observed in
yeast under nutrients deficiency, has been suggested (Hillwig et al. 2011). The
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authors suggest that this mechanism is not only active during nutritional stress, but
also has a housekeeping role. In addition, autophagy was demonstrated to be
responsible for delivering endoplasmic reticulum (ER) to the vacuole during ER
stress (Liu et al. 2012).

Some differences in autophagy seem to depend on the plant species (Bassham
et al. 2006; Toyooka et al. 2006). These observations point to the possible existence
of lysosome/endosome-like organelles in plants such as tobacco (which also fuse
with the central vacuole) but not in most species such as barley or Arabidopsis.
Toyooka et al. (2006) observed two transport pathways in BY-2 tobacco cells:
direct delivery of autophagosomes to the central vacuole (in the absence of E-64
autophagy inhibitor) versus engulfment of autophagosomes by small vacuoles after
E-64 treatment. This second pathway may be a consequence of incomplete
autophagy inhibition, which could be solved with 3MA (3-methyl-adenine) but
further research on this possibility is required. It is possible that the time of
observation of E-64 treated plants has to be varied (to extract the same conclusions)
depending on the generation time of the plant. In other words, 24 h of E-64
treatment for Arabidopsis (a plant with a 3 month generation time) may have
proportionally stronger effect than such treatment for tobacco (a plants with
6 month generation time). Another reason for discrepancies may be the comparison
of protoplast or BY-2 cells obtained results with those derived from plant organs.

Genes for Plant Autophagy and Typical Phenotypes of atg
Mutants

Nomenclature of autophagy related genes (ATG, some were previously called
APG) originates from yeast heterologous comparisons (Bassham et al. 2006), occa-
sionally leading to confusion between unique yeast and metazoan proteins with
plant ones. A common subset of over 30 proteins is required for all forms of
autophagy (Table 7.1). The significant subset of these proteins represent the com-
ponents of the so called “core autophagy” machinery required for both selective and
non-selective autophagy (Lynch-Day and Klionsky 2010). These proteins belong to
five large complexes responsible for the subsequent steps of autophagosome for-
mation, namely induction, nucleation and extension. In addition to this “core”
subset more proteins are required for certain pathways. Some proteins are present
only in one group of organisms and it is difficult to identify their orthologues
because of low sequence conservation. These proteins are involved in, so called,
selective autophagy and perform a quality control function by distinguishing
between cargoes ready for degradation and their functional counterparts (see
review: Schreiber and Peter 2013). Mutations in ATG proteins impair autophagy
in different ways. The effects depend to which complex the impaired protein
belongs. For example, arg5 or atg7 mutations cause the accumulation of
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downstream pathway proteins and speed up the plant life span (Minina et al. 2013).
Some typical phenotypes of Arabidopsis autophagy mutants are shown in Table 7.1.

Role of Autophagy in Plant Response to Nutrient Deficiency

Plants deficient in autophagy (atg mutants) do not show evident phenotypic differ-
ences from wild type during normal non-stress conditions (see Table 7.1). How-
ever, some arg mutants show accelerated life cycle and early senescence when the
light intensity is low and during short day photoperiods (Thompson et al. 2005).
This suggests that a basal or constitutive autophagy is important for normal plant
growth (Minina et al. 2013). The senescence features, such as leaf yellowing in a
consequence of Rubisco breakdown and chlorophyll dismantling, are more evident
in atg mutants than in the wild type grown under nitrogen (N) or carbon
(C) deficiency (Doelling et al. 2002; Hanaoka et al. 2002; Thompson et al. 2005;
Phillips et al. 2008). Apparently, autophagy is important for recycling and deliver-
ing nutrients to the reproductive organs during senescence and as such it can be
considered as a nutrient redistribution process. In addition, autophagy plays an
important role in N management at the whole-plant level through the control of
remobilisation, under both limiting and ample nitrate conditions (Guiboileau
et al. 2012). For example, heterologous expression of soybean ATGS8c in
Arabidopsis led to better performance of the transgenic lines under both starvation
and normal conditions (Xia et al. 2012). Although the protein and soluble sugar
concentrations were similar in the wild type and transgenic line, the fresh weight of
the transgenic lines was significantly larger in both, N sufficient and N deficient
conditions. The transgenic plants survived the period of carbon-limiting conditions
induced by extended darkness much better than the wild type and promptly
recovered and resumed growth when moved back to normal conditions. Compar-
ison of the growth parameters in soil under a long-day photoperiod indicated that
the transgenic plants grew faster than the wild type plants, reached a larger size
before bolting, entered the reproductive stage slightly earlier, and produced more
flowers, siliques and seeds. The authors concluded that over-expression of soybean
ATGS in Arabidopsis promoted the vegetative growth and facilitated the transition
into reproductive stage.

Similarly, Arabidopsis plants overproducing ATGS8 protein fused on its N
terminus to green fluorescent protein (GFP) showed enhanced growth and leaf
size, accelerated flowering under nutrient-limiting and short-day growth, however
they were also slightly more sensitive to mild salt and osmotic stress (Slavikova
et al. 2008). This study also suggested that ATGS8 participates in cytokinin-
mediated root-shoot communication possibly by sequestration of proteins involved
in cytokinin transport or signaling.

It has been shown that ATG18a protein from Arabidopsis is required for the
formation of autophagosomes under nitrogen deficiency and sucrose starvation
(Xiong et al. 2005). Interestingly, the mutants with silenced expression of
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ATG18a are more sensitive to high salt and drought than the wild-type plants,
demonstrating a role for autophagy in the response to these stresses (Liu
et al. 2009). The same authors also reported that induction of autophagy upon
nutrient starvation and salt stress depends on the activity of plasma membrane
NADPH oxidase and that induction of autophagy upon osmotic stress (caused by
mannitol) is NADPH oxidase-independent.

Nutrient deficit up-regulates autophagy. For example, induced transcription of
some ATG genes (e.g. ATG4, ATG8a-i, ATG3, ATG7) was observed upon C
starvation in Arabidopsis (Rose et al. 2006), and of ATGS upon N and sulfur
starvation in tobacco (Zientara-Rytter et al. 2011). Additionally, some afg mutants
(e.g. atg7, atg5, atgl0) are hypersensitive to nutrient deficit (Li and Vierstra
2012a).

Autophagy participation in plant responses to other nutrient stresses such as
phosphorus or iron starvation has been discussed only in the context of participating
Ub-ligases and the UPS (Lyzenga and Stone 2012; Rojas-Triana et al. 2013).
However, no attempts to test the role of autophagy in this process were undertaken.

Interestingly, it has been recently reported that sulfide, which is generated from
cysteine by cysteine desulthydrase in the cytosol of Arabidopsis plants, acts as a
negative regulator of autophagy and that this effect is independent from the sulfur
status of the plant (Alvarez et al. 2012a, b). Such a conclusion came from the
observation that plants defective in the activity of cysteine desulthydrase (des/
mutants) show premature leave senescence and increased expression of senescence
associated genes. In addition, externally added hydrogen sulfide was able to alle-
viate some of the observed phenotypes. The mechanism of action of sulfide is
completely unknown. However, the authors suggested that some enzymes neces-
sary for autophagy process might be possible targets of such regulation
(e.g. through reversible S-thiolation), for example E1 and E2 enzymes involved
in ubiquitination or ATG4 cysteine protease. It is worthwhile mentioning that
hydrogen sulfide is already recognised as an important signaling molecule in
mammalian systems (Lowicka and Beltowski 2007; Szabo 2007; Gadalla and
Snyder 2010).

In conclusion, autophagy is an important process involved in plant response to
nutritional stresses. Emerging data suggest that the controlled enhancement of
autophagy can be exploited for improvement of crop performance in normal and
nutrient-limiting conditions.

Selective Autophagy

The process of selective autophagy was first described in yeast (see above, CVT).
Paradoxically, this process is a part of biosynthetic pathway and it is involved in a
selective delivery of two lysosomal enzymes to the vacuole described neither for
animals nor plants (Lynch-Day and Klionsky 2010). As mentioned before, a
number of organelles, storage structures, pathogens or protein aggregates are
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known to be specifically targeted by autophagy (Weidberg et al. 2011). Each
specific cargo was used as a base of providing the names for different autophagy
types: mitophagy, pexophagy, ribophagy, xenophagy, aggrephagy etc. (see also
above). In most cases the molecular machinery involved in specificity of cargo
recognition is not characterised. However, it is evident that the various cargos in
animal cells are specifically recognised and targeted for lysosomal degradation by
the action of specific cargo-recognising receptors, called selective autophagy
receptors (Lynch-Day and Klionsky 2010; Johansen and Lamark 2011; Behrends
and Fulda 2012; Isakson et al. 2013). The main feature of these proteins is their
ability to interact directly with both the ATGS8 proteins through the LIR (LC3-
interating region) motif and the cargo. The selective cargo receptors are degraded
along with the cargo in the autophagosomes (Komatsu and Ichimura 2010). Rec-
ognition of the cargo designed for degradation from the one needed in the cell
requires Ub as a specific ligand. The ubiquitinated cargo is specifically recognised
by cargo receptors, such as p62, NBR1, NDP52, possess the Ub-binding domain
(Johansen and Lamark 2011). Yet, some cargoes can be targeted for lysosomal
degradation in a Ub-independent mechanism and some selective autophagy recep-
tors, which have a Ub-binding domain, directly recognise cargo in a
Ub-independent mechanism (Komatsu et al. 2010). In addition to cargo receptors
able to bind to both the cargo and ATGS proteins, another category of proteins,
autophagy adaptors (defined as scaffold proteins capable of binding both the cargo-
receptor complex and the core components of autophagic machinery) have been
characterised. The best described examples of such proteins are the mammalian
ALFY (autophagy-linked FYVE protein) and ATG11 from yeast (Lynch-Day and
Klionsky 2010; Isakson et al. 2013).

Figure 7.5 illustrates selective autophagy types reported for plants. Some have
already been discussed above. There is no indication that in every case a specific
autophagy receptor exists. For example, although importance of lipophagy in
animals is well documented (Christian et al. 2013), few data for plants are available
and the presence of this process in plants can only be inferred by accumulation of
lipid peroxides in atg mutants (Xiong et al. 2007). The involvement of mammalian
p62 and NBRI1 proteins in degradation of protein aggregates is well known and
therefore it seems reasonable that the plant NBR1-like proteins work as selective
receptors for protein aggregates and possibly also for single Ub-tagged proteins.
The involvement of autophagy in response to biotic stresses has been well studied
in plants but the authors of this review are not aware of any report about direct
targeting of viral or bacterial pathogens by selective cargo receptors. Xenophagy
involving specific cargo receptors is reported for animal pathogens only (Mostowy
et al. 2011). An interesting example are anthocyanins, plant pigments of various
functions maintained in the vacuole: a significant change in anthocyanin profiles
(overall reduction) was observed in atg mutants (Pourcel et al. 2010). Although no
direct evidence exists for the specific authophagy-dependent vacuolar transport of
anthocyanins, it is tempting to speculate that it might be an example of autophagy
involvement in a plant anabolic process (compare to CVT in yeast as an example of
such a process).
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Fig. 7.5 Examples of selective autophagy in plants

The last example of selective autophagy shown in Fig. 7.5 deals with haem and
porphyrins degradation (Vanhee et al. 2011). The authors indicated that the
membrane-located tryptophan-rich sensory protein (TPSO), which is induced by
various stresses, is in fact involved in haeme scavenging and targeting for degra-
dation via autophagy. TSPO has the LIR motif and co-localizes with ATGS in plant
cells. In addition, haem-binding and functional LIR motif are necessary for
autophagy-dependent degradation of TSPO in vitro. It is probable that the TSPO
protein is also involved in binding and degradation of porphyrins, because over-
expression of TSPO in plants alleviated porphyrin-induced cytotoxity in plant cells.
Although the study still leaves many unanswered questions, such as how the plastid
— synthesised haem reaches the cytosol, it revealed the novel autophagy-based
regulatory mechanisms involved in switching off the response to stress when no
longer needed. The increased requirement for ROS scavengers (appearing as a
result of stress) leads to the increased requirements for porphyrin cofactors and
up-regulated tetrapyrrole biosynthesis. These compounds are cytotoxic and their
level needs to be carefully regulated. TSPO binds porphyrins and is along with this
cargo, degraded via autophagy.

The plant-specific ATI1 and ATI2 proteins (autophagy interacting proteins 1 and
2), identified in young seedlings upon carbon starvation were not included in
Fig. 7.5, however they both should be considered a part of selective autophagy
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and both bind ATG8 (Honig et al. 2012a, b). Although in the case of these proteins
the cargo is unknown, and it was speculated that ATI1 and ATI2 are involved either
in removal of germination inhibiting compounds and their deposition into the
vacuole or in transport of germination-promoting compounds to the vacuole.
They probably transport membrane proteins or non-protein compounds into the
vacuole, especially after C starvation.

Additionally, the tomato AGC protein kinase Adi3, known to function as a
suppressor of programmed cell death, was shown to bind to ATG8 (Devarenne
2011). Although the interaction was not further investigated, the phenotypes of the
double arg (atg3, atg6 and atg7) and adi3 mutants suggest that Adi3 might work in
coordination with autophagy to control cell death. However, it is unclear if it can be
considered a selective autophagy cargo receptor.

The evolutionary conserved NBR1-like proteins, which were described also in
plants as selective autophagy cargo receptors, will be discussed below.

An interesting example of the specific target of autophagic degradation in plants
is ARGONAUTEI1 (AGO1), a key component of RNA-induced silencing complex
(RISC) (Derrien et al. 2012). Autophagy is involved in the turnover of this protein.
Thus, it is appealing to hypothesize that autophagy is involved in degradation of
proteins from this family during cellular stress, namely when the fast
reprogramming of the RISC is needed following rapid changes of the population
of miRNA and siRNA.

Knowledge of the selective autophagy cargo receptors in plants is very limited
and extensive work is needed to fill the multiple gaps in this field.

NBRI-Like Proteins in Plants

The plant NBR1-like selective cargo receptors, AtNBR1 and Joka2 were identified
independently by two research groups in Arabidopsis (Svenning et al. 2011) and
tobacco (Zientara-Rytter et al. 2011), respectively. Plant NBR1-like proteins seem
to be good autophagy markers (Svenning et al. 2011; Zientara-Rytter et al. 2011;
Minina et al. 2013). Moreover, it has been shown that AtNBR1, similarly to the
mammalian p62 and NBRI1, is degraded by the autophagy pathway (Minina
et al. 2013). With respect to the phenotype, the enhanced sensitivity of nbr/ mutants
to heat, oxidative, drought and salt stress was reported (Zhou et al. 2013).

NBRI1-like proteins identified in plants are functional hybrids of the mammalian
NBRI1 (next to breast cancer 1 gene 1) and p62/SQSTM1 (Sequestosome 1) and
have a modular composition (Fig. 7.6). They have four main domains: PB1 (Phox
and Beml), ZZ (ZZ-type Zinc finger domain), NBR1/FW and double UBA
(ubiquitin-associated domain), UBA1 and UBA?2. The roles of individual domains
and the protein partners specifically binding to these domains are characterised in
mammalian cargo receptors (Kirkin et al. 2009; Mardakheh et al. 2010; Salminen
et al. 2012).
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PB1 Domain

The PB1 domain is a well-known interaction module, highly conserved among
animals, plants, fungi and amoebae (Sumimoto et al. 2007) that can interact with
various proteins by creating salt bridges between basic and acidic residues located
on the PB1 domain to modify their functions. The PB1 domains are present in
nearly 200 proteins participating in diverse biological processes in all eukaryotes
(Letunic et al. 2002). The PB1 domains could be classified into three groups based
on structure. Type-A is represented by PB1 domains possessing acidic OPCA
motif. Type-B includes PB1 domains with lysine residue/s on the first beta strand
carrying basic charge. The third group contains PB1 domains with both acidic and
basic clusters (Type-A+B).

The PB1 domain of human NBR1 has been classified as Type-A (Muller
et al. 2006). No homodimers can be formed by this domain, while the PB1 domain
of human p62 is classified as Type-A+B, having both acidic and basic clusters, and
is involved in the formation of p62-p62 homodimers and in p62-NBR1
heterodimers. Similarly to p62, AtNBR1 (NBR1 from Arabidopsis) and Joka2
(a tobacco homologue) have been shown to form homodimers through the PB1
domain (Svenning et al. 2011; Zientara-Rytter et al. 2011).

Oligomerisation of the selective autophagy cargo receptors is crucial for degra-
dation process since mutants of p62 and AtNBR1, with substituted amino acids that
are particularly important for polymerisation, lost the ability to aggregate and are
not degraded by autophagy. Consequently, the human NBR1, possessing only an
OPCA motif is not able to self-interact through PB1 and an additional CC (coiled-
coil) region is required for self-oligomerisation.
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ZZ Domain

The Zinc finger (ZZ) domain is located after the N-terminal PB1 domain. The role
of the ZZ domain in the autophagy pathway is unknown, since the deletion of ZZ
region from the p62 protein did not disturb aggregation of p62 in HeLa cells and
only the PB1 and UBA domains are needed for p62 to form cytoplasmic bodies
required for autophagy clearance (Bjorkoy et al. 2005). Nevertheless, in mammals,
the ZZ domain of p62 interacts with RIP1 (receptor-interacting protein) and TRAF6
(TNF receptor associated factor 6) to modulate the NFkB pathway (Sanz
et al. 2000). In plants, the ZZ domain of Joka2 has been shown to interact with
the tobacco UP9C, a homologue of LSU1, which is implicated in the response to
sulfur deficiency (Wawrzynska et al. 2005; Zientara-Rytter et al. 2011). Joka2 was
identified in yeast two hybrid search with UP9C (up-regulated by sulfur deficiency)
as a bait using the cDNA library from tobacco (Nicotiana plumbaginifolia) seed-
lings grown in nutrient sufficient conditions (Lewandowska et al. 2010). Interac-
tions between proteins from both families have been confirmed in planta using
N. tobaccum and Arabidopsis orthologues by bimolecular fluorescence comple-
mentation (BiFC) (K. Zientara-Rytter, A. Sirko — unpublished). Due to the
unknown molecular function of UP9/LSU the role of such binding has yet to be
discovered.

NBR1/FW Domain

The NBR1/FW domain, (consisting of two sets of three f-strands separated by an
unstructural linker) is located between the ZZ and UBA domains and contains four
highly conserved tryptophan (W) residues. The NBR1/FW domain is present in all
NBR1-like proteins throughout the eukaryotic kingdom (Svenning et al. 2011). The
function of the NBR1/FW domain is unknown. However, it has been recently
shown that the mammalian selective autophagy receptor, NBR1, binds to the
light chain of the microtubule-associated protein MAP1B through the NBR1/FW
domain (Marchbank et al. 2012).

UBA Domains

The ubiquitin-binding domain (UBA) is short, containing only about 45 residues. It
is a commonly present in many proteins, which are involved in degradation
pathways requiring Ub tagged to the substrate as a signal for its degradation. In
the selective autophagy receptors the UBA domain is located at the C-terminus as a
single domain as in p62 or it could be duplicated as in AtNBR1, Joka2 and other
plant homologues. The UBA domain present in selective autophagy cargo receptors



7 Role of Autophagy in Plant Nutrient Deficiency 195

prefers (poly)Ub tails bound by lysine in position 63 (K-63) and has a moderate
affinity to the Ub bound to the lysine residue in position 48 (Johansen and Lamark
2011). The UBA domains serve to ensure transport of cargo to the appropriate
process (autophagy or UPS) (Raasi et al. 2005). Deletion of UBA domains
completely inhibit the function of selective autophagy receptors since they are
unable to recognise and bind substrates for autophagy clearance (Seibenhener
et al. 2004).

LIR Motif

The LIR (LC3-interacting region) motif is a short (eight amino acids) sequence
responsible for directly binding of the selective autophagy receptors to ATGS
proteins attached to autophagosomal membranes. Interaction between the LIR
motif of the receptor and the ATG8 proteins is crucial for targeting cargo for
degradation. In a typical LIR motif (X_;X »,X 3W/F/YX;X,L/I/VX3) the hydro-
phobic amino acids (W, For Y and L, I or V) are essential for binding and occupy
the W-site and L-site created on the surface of ATGS8 proteins. Amino acids in
positions X_; X_, X_3 X; X, Xz are not crucial for interaction but they can
enhance the strength of binding, particularly if acidic residues (D or E) are located
at positions X_;, X_, and X_3 or X; (Noda et al. 2008, 2010; Yamaguchi
et al. 2010; Johansen and Lamark 2011). For the AtNBR1 protein, an established
LIR motif (VSEWDPIL) was identified in a strongly conserved region between the
UBAI and UBA2 domains.

A high conservation of the interaction between autophagy receptors and ATGS
proteins has been revealed. In HeLa cells, AtNBRI1 is sequestered into
autophagosomes when human GABARAP subfamily members are also over-
expressed, demonstrating high evolutionary conservation of the selective
autophagy pathway and high structural similarity of ATGS8 proteins among differ-
ent kingdoms (Svenning et al. 2011).

Nuclear Localisation Signals

Selective autophagy cargo receptors can be involved in several different pathways
in addition to autophagy. Human p62, for example, also transports substrates
designated for degradation to the proteasome and continuously shuttles between
cytoplasm and nucleus. Proteins larger than 40 kDa, such as p62, are actively
transported between these two cellular compartments and need nuclear import
and export signals. Both importins and exportins transfer cargo protein into the
nucleus or cytoplasm in cooperation with the nuclear pore complex. Nuclear
localization signals (NLS) and nuclear export signal (NES) are short well-described
sequences recognised by nuclear-cytosolic transport receptors. Two functional
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basic monopartite NLS signals (NLS1, NLS2) and one NES motif are present in
p62 (Pankiv et al. 2010), however the role of p62 in the nucleus is unclear. It is
speculated that, since in the nucleus in contrast to the cytoplasm, only proteasomal
degradation system takes place, p62 may act as a polyubiquitin targeting factor
carrying substrates to a nuclear pool of proteasomes. It could be also involved in the
transport of other proteins or it could act as a sensor of nuclear and cytosolic
proteotoxic stress. The role of NLS and NES motifs and the significance of nuclear
localization have not yet been investigated in NBR1-like proteins.

Conclusions and Future Perspectives

Within this chapter multiple reasons to continue studies on autophagy in
plants have been highlighted. Autophagy plays a protective role during
nutrient starvation (and other environmental stresses) by enhancing the
recycling of unwanted cellular materials. The process is evolutionarily con-
served. In animals, induction of autophagy results in extension of the life span
(Madeo et al. 2010; Rubinsztein et al. 2011), while defective autophagy has
been related to cancer, various neurodegenerative and immune-related dis-
eases (Todde et al. 2009). Various genetic, pharmacological or nutritional
approaches designed to improve autophagy in human may be a future strategy
of choice to avoid or delay aging-associated pathologies. Such potential
therapies still need further extensive investigation. Considering the strong
conservation of the process and the participating proteins, studies on
autophagy in plants can give clues to this area of medical research by
providing inexpensive testing models for novel drugs and treatments. Addi-
tionally, in plants, autophagy is involved in regulation of the lifespan (Minina
et al. 2013).

Sufficient knowledge of these mechanisms may allow for controlled
genetic or molecular manipulations of plant metabolism. All modifications
leading to moderate up-regulation of autophagy may have a positive impact
on plant biomass and crop yield. Studies on regulation of the specificity of
autophagy and its role in maintaining proteostasis (protein homeostasis), as
well as overall homeostasis, have become very active areas of research.
Nevertheless many important questions remain unanswered. The problems
still to be elucidated include the regulation of the specificity of the autophagy
process and its role in maintaining proteostasis (protein homeostasis), as well
as overall homeostasis in plants and other living organisms, including
humans.
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Chapter 8
Mineral Nutrient Depletion Affects Plant
Development and Crop Yield

Sarah J. Whitcomb, Elmien Heyneke, Fayezeh Aarabi, Mutsumi Watanabe,
and Rainer Hoefgen

Abstract Optimal plant development depends on the availability of light, water,
favourable temperatures and mineral nutrients. Insufficient availability of plant
mineral nutrients leads to growth impairments and yield depressions. In natural
environments as well as in agricultural systems, mineral nutrient availability is
changing in space and time over the growth season of a plant. Therefore, plants
have developed adaptation strategies to cope with nutrient deficiencies. Fully
understanding these mechanisms at the molecular level is a necessity for breeding
nutrient use efficient crops. Plant systems biology approaches contribute to this
endeavour as agriculture and plant breeding face-increasing challenges to achieve
sustainable and effective agricultural production.

Keywords Nutrient deficiency ¢ Development ¢ Senescence ¢« Omics ¢ Systems
biology ¢ Nitrogen * Phosphorus ¢ Sulfur

Introduction — The Importance of Mineral Nutrient Use
Efficiency for a Sustainable Agriculture

Sustainable crop production will be one of the most critical challenges in the next
50 years due to predicted worldwide population growth and increasing meat
consumption, especially in the developing world (Dyson 1999; Long and Ort
2010; Tester and Langridge 2010; Mueller et al. 2012). Conventional breeding
and improved agronomical practices are currently producing only incremental and
insufficient increases in crop yield potential, and factors such as global climate
change will increasingly compromise the ability to reach this theoretical yield
potential (Jaggard et al. 2010). With respect to climate change, increasing night
temperatures and altered water availability patterns are particularly problematic
(Semenov and Halford 2009; Long and Ort 2010; Dolferus et al. 2011;
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Lietal. 2011). Additionally, the necessary shift from a fossil fuel to a biofuel based
economy and from petrochemicals to biochemicals increases the pressure on crop
productivity and will demand development of crop cultivars with a wider range of
agronomic features. The biofuel and biochemical industries require regenerative
plant commodities with high vegetative biomass or high seed content of specific
compounds such as particular modified starches, while food and feed production
rely mostly upon annual crops bred for high seed yield and complex quality traits.

For food and feed production, annual, hapaxanthic crop plants dominate agri-
culture, top among them the cereals wheat, rice and maize (Dyson 1999). As they
complete their life cycle from seed to seed in one vegetative period, crop produc-
tivity and quality is tightly coupled to senescence. During the growth season, plants
follow a genetically controlled developmental programme leading to organ and
plant senescence, including regulated allocation of nutrients from vegetative tissues
to the seeds, and finally to plant death (Himelblau and Amasino 2001; Lim
et al. 2007; Wu et al. 2012; Watanabe et al. 2013). Importantly, developmental
senescence programmes are responsive to environmental conditions such as light,
temperature, water and nutrient availability (Watanabe et al. 2012). Adverse envi-
ronmental conditions outside of the plant’s ecologically optimal niche usually result
in stress for the plant and trigger developmental acceleration, premature senes-
cence, and eventually result in reduced yields. This chapter discusses plant
responses to mineral nutrient deficiencies and whether the ability of crop plants
to utilise such nutrients can be improved to meet the global need for more nutrient
use efficient cultivars.

Agroecosystems are open systems where nutrient ions are mobilised from the
soil into crop biomass and removed with the harvest. Crop productivity depends on
mineral nutrient ions in the root environment, the availability of which is deter-
mined by soil parameters such as water content and pH as well as microbial
degradation of biomass such as straw, humus or manure, generally termed
mineralisation (von Liebig 1840; Marschner 2012; Buchanan et al. 2007; Haensch
and Mendel 2009; Amtmann and Blatt 2009; Amtmann and Armengaud 2009).
Mineral fertilisers are applied to compensate for nutrient losses in conventional
agriculture. Usually the provision of macronutrients (N, P, S, Mg, K, Ca) is
sufficient, while micronutrients or trace elements (Fe, Cu, Mn, Ni, Zn, CI, B, Mo)
are supplemented depending upon the needs of specific soil types or crops
(Watanabe et al. 2012). Nitrogen and phosphate have the largest effect on produc-
tion costs due to the quantities applied and their cost. Optimal crop production
requires a balanced supply of nutrients, as a deficiency of one nutrient cannot be
compensated for by others according to Liebig’s law of the minimum (von Liebig
1840). Furthermore, both deficiency and over-accumulation can lead to negative
effects on plants due to the interaction and competition between minerals at the
level of uptake and assimilation (Hoefgen and Hesse 2008). For example iron
uptake in barley and tomato has been shown to be dependent on sulfate availability.
Under sulfate depletion iron transporters and iron reductase are downregulated,
preventing uptake even in the presence of iron. Further, phytosiderphore biosyn-
thesis and internal iron transport are impaired as nicotianamine synthase is essen-
tially switched off (Astolfi et al. 2010; Zuchi et al. 2009; Cassin et al. 2009; Klatte
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et al. 2009). Especially among the micronutrients, including REDOX-active
transition metals such as copper or zinc, the concentration range between deficiency
and toxicity is often narrow, both having negative effects on plant growth
(He et al. 2005).

Plants are able to respond flexibly to varied environmental conditions. In
addition to light, water and temperature, mineral nutrient availability determines
plant growth and propagation, or, in an agricultural context, crop yield. The
ecological niche of a plant is determined by the specific range of conditions a
certain plant species can adapt to. Crop cultivars are usually the result of adapted
breeding for agricultural conditions and, as a result of this selection process, they
are disposed to narrow genome variability (Tanksley and McCouch 1997). There
are different avenues to re-introduce increased genetic variability, but all
approaches have to take into account the need to retain the very high yield potential
of modern crop cultivars, otherwise the necessary goal of sustainably and afford-
ably providing more food for a growing population on less land will not be met.

Mineral nutrient deficiencies typically result in yield depression and quality
impairment in crop plants. Here we compare what is known about the effects of
mineral depletion on plant development and metabolic composition to natural
developmental senescence of plants. The model plant Arabidopsis thaliana pro-
vides all the necessary tools to perform such studies at a systems biology level. The
conclusions from such investigations will be helpful for developing concepts for
breeding of nutrient use efficient crops and will provide directives for more
sustainable agricultural practice.

Senescence — A Developmentally Controlled Process Critical
for Seed Development

Leaf and whole plant senescence is a genetically programmed and highly regulated
process termed developmental senescence (Wu et al. 2012; Thomas 2013;
Watanabe et al. 2013). This is essentially a self-destructive programme, which
directs breakdown of cellular structures and components in source tissues for export
to sink tissues such as young leaves, roots, flowers, tubers or seeds.

The developmental cycle of an annual plant (Fig. 8.1) starts with germination
and a growth phase leading to leaf expansion, during which young leaves act as a
sink for carbohydrates and root-derived mineral ions. This is followed by a phase of
maturity, in which fully expanded leaves are photosynthetically and biochemically
most active and provide metabolites to developing leaves or other sink tissues such
as roots and developing seeds. Older leaves successively senesce, but after anthesis
and fertilisation, developing seeds act as the major sink and the plant is primed for
general senescence. Upon the switch from vegetative to generative growth, no new
leaves develop and existing leaves enter senescence to provide nutrients to the
seeds. During this phase the plant has to find a compromise between degradation of
macromolecules to remobilise nutrients and leaf functional integrity for photosyn-
thesis and carbohydrate production. For example in rice, wheat and barley, up to
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Fig. 8.1 Schematic life cycle of an annual plant. Light and temperature determine the potential
growth season. The life cycle of an annual plant starts with germination. Seedling leaf develop-
ment initially depends on resources from the seed, and young leaves act as a sink organs until they
develop sufficient photosynthetic activity to function as source tissue by exporting sugars and
nutrients to other parts of the plant. Here the chlorophyll content of leaves is graphed as a proxy for
photosynthetic capacity in leaves. Individual leaves eventually enter a senescence phase resulting
essentially in a programmed self-destruction. During this phase leaf constituents such as proteins,
lipids and mineral nutrients are degraded and exported to sinks. Each subsequent leaf growing
from the shoot apical meristem follows this developmental progression. During the vegetative
phase, the plant accumulates biomass, establishes a canopy and grows. Changes in light or other
environmental conditions trigger flower formation from the shoot apical meristem, constituting a
switch from a vegetative to generative growth phase and eventually results in seed production and
seed maturation. During the seed developmental phase, leaves undergo senescence and remobilize
necessary nutrients to the seeds. Mature seeds then enter a dormancy phase until germination in the
next growth season

90 % of nitrogen in the seed is remobilised from vegetative tissues (Hirel
et al. 2007; Masclaux-Daubresse et al. 2010; Masclaux-Daubresse and Chardon
2011). As a consequence, in these crops grain yield and quality depend primarily on
pre-anthesis uptake of nitrogen. In contrast, 35-55 % of seed nitrogen in maize is
taken up from the soil during grain filling (Hirel et al. 2007; Gregersen et al. 2008).

Starch accumulation is the major factor determining seed yield, but other grain
parameters are equally important for farmers and consumers. For example, nutri-
tional quality is primarily a function of seed protein content and amino acid
balance. Therefore the supply and remobilisation of nitrogen, and to a lesser extent
sulfur for the sulfur-containing amino acids cysteine and methionine, represent
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critical control points for crop quality (Hoefgen and Galili 2002; Hoefgen
et al. 2004). Chloroplasts contain approximately 80 % of total leaf nitrogen, mostly
in the form of Rubisco, and so not surprisingly, the major nitrogen resources for
export to the developing seeds are derived from chloroplast degradation in
senescing leaves (Feller et al. 2008; Kato und Sakamoto 2010). Leaf senescence
is further characterised by the formation of senescence-associated vacuoles,
involvement of the autophagy machinery (see chapter of Collados-Rodriguez
et al. in this book), and activation of proteolytic and other degradative enzymes
(Ishida et al. 2008; Wada et al. 2009; Izumi et al. 2010; Hortensteiner 2012;
Yamada et al. 2001; Martinez et al. 2008; Watanabe et al. 2010). As a result of
these degradation processes, cellular integrity is compromised and reactive oxygen
species (ROS) accumulate, which may regulate senescence associated gene (SAG)
expression and additionally induce stress mitigation responses to maintain cellular
function as long as possible (Navabpour et al. 2003; Guo and Crawford 2005).

For breeders focused on increasing crop yields, prolongation of leaf integrity has
long been a trait of interest. Some cultivars with extremely late onset of senescence,
so called “stay-green” cultivars, do indeed show higher starch filling and yields
(Richards 2000). However, as robust senescence is required for maximal
remobilisation of nutrients, seed quality might be impaired in late-senescing vari-
eties (Bogard et al. 2011; Gong et al. 2005; Hirel et al. 2007; Masclaux-Daubresse
and Chardon 2011; Gregersen et al. 2008). Further, the effects of late onset
senescence have been found to vary depending on the species, genotype, and
environmental conditions. In wet and cool conditions wheat yield was negatively
correlated with the stay-green characteristic (Naruoka et al. 2012), while on the
other hand, the stay-green trait is often correlated with increased drought tolerance
or accentuated by low nitrogen supply (Yan et al. 2004; Robson et al. 2004; Jordan
et al. 2012). Thus, the relation of gross physiological characteristics such as stay-
green to final biomass and seed yield is still not well understood. We are still far
from being able to provide general rules, particularly as the stay-green phenotype is
caused by different mutations, some of which do not affect senescence parameters
only chlorophyll content (for summary see: Gregersen et al. 2013).

The case of stay-green cultivars highlights the need to consistently describe plant
development and senescence processes at the systems level. This kind of integrative
knowledge would greatly facilitate breeding schemes as it may identify those
processes most relevant for crop breeding.

Transcriptomic and Metabolomic Consequences of Plant
Maturation and Senescence

Arabidopsis thaliana provides a tractable and sufficiently valid model for systems
level analysis of senescence processes. Several detailed transcriptomics and
metabolomic studies (Guo et al. 2004; Buchanon-Wollaston et al. 2005; Breeze
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et al. 2011; Guo and Gan 2012; Masclaux-Daubresse et al. 2005; Watanabe
et al. 2013), and numerous targeted investigations have greatly expanded our
understanding of the shift from anabolic to catabolic metabolism and senescence-
associated gene (SAG and SDG) expression changes.

Arabidopsis thaliana is a long-day plant with a basal rosette and a life cycle of
about 2 months belonging to the brassicaceae family (Fig. 8.2a). Older leaves
successively senesce during development in a highly ordered physiological process
with new appearing leaves acting as sinks. Upon inflorescence formation, a set of
upper rosette leaves as well as small leaves at the flower stem are generated. As
seeds ripen in siliques, the leaves further senesce and finally die off. The senescence
process at the level of genes or metabolites is the same in all leaves and appears to
follow a time shift according to the sequence of emergence (Breeze et al. 2011;
Watanabe et al. 2013). Even within a single leaf, a trajectory of senescence is
established along the basipetal axis with the (older) tip senescing earlier than the
base.

The characteristic shift from anabolic to catabolic processes is readily apparent
when analysing the metabolic composition of senescing plants or tissues over a time
course (Fig. 8.2c; Watanabe et al. 2013). Over the course of senescence, chloro-
phyll contents and chloroplast lipids such as mono- and di galactosyldiglycerides
(MGDGs and DGDGs) decrease, which point to the long-described senescence-
associated chloroplast degradation and decrease in photosynthetic capacity. Despite
this fact, the major sugars remain constant (sucrose) or increase (glucose and
fructose) in senescing leaves, and storage lipids such as triacylglycerides (TAGs)
increase. Protein contents are reduced due to proteolysis. Free branched-chain
amino acids, aromatic amino acids, and stress-related amino acids such as proline,
beta-alanine, and gamma-aminobutyric acid (GABA) accumulate. Conversely, the
major N-containing amino acids glutamine, arginine and their precursors glutamate
and aspartate decrease, probably due to export to sinks.

Furthermore, when looking at nutrient ions, nitrate and phosphate are efficiently
exported from the senescing leaf. In addition to inorganic phosphate, nucleic acids
are a likely source of phosphate for export, as indicated by the induction of RNases
(Himelblau and Amasino 2001; Morcuende et al. 2007; Lers et al. 2006, Watanabe
et al. 2013) and the concomitant induction of phosphate transporters (Chapin and
Jones 2009). The regulatory response network of Arabidopsis to phosphate

>

Fig. 8.2 (continued) are presented as fold-change from stage 1 in log2 scale. No change to stage
1 is indicated by the dashed line, decrease by negative and increase by positive values. Typically
chlorophyll contents are reduced as well as chloroplast associated lipids as mono- and di
galactosyldiglycerides (MGDS, DGDS) and storage lipids as triacylglycerides (TAGs) accumu-
late. Protein degradation is accompanied by typical accumulation patterns of amino acids, most
importantly the phloem-transported amino acids (asp, glu, gln, and arg) are reduced, while
branched chain amino acids rather accumulate. Sulfur-rich glucosinolates are reduced and reduced
sulfur probably mobilized to the seeds and the nutrient ions phosphate and nitrate are mobilised to
the seeds, while sulfate is not mobilised. Sugars and anthocyanins as well as stress related amino
acids accumulate, these latter processes being linked to senescence induced reactive oxygen
species (ROS) accumulation. The slight increase of most metabolites at the end of the senescence
phase is due to a decrease of fresh weight due to water loss (wilting)
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Fig. 8.2 Developmental senescence of Arabidopsis thaliana. (a) The senescence process in
Arabidopsis is schematically depicted to illustrate the changes accompanied with progressing
senescence during the life cycle for a whole plant. A commonly visible phenotype is the
development of leaf chlorosis due to degradation of chlorophyll in the leaves. The Fig. is modified
from Watanabe et al. 2013 (www.plantphysiol.org.; Copyright American Society of Plant Biolo-
gists). (b) Genes associated with senescence belong to various functional classes. Typical senes-
cence associated genes (SAGs, induced upon senescence) and genes down regulated during
senescence (SDGs) are used as markers for senescence in plants. Expression changes of SAG12
and two SDGs, CAB and RBCSIA, are presented here for an individual life cycle of Arabidopsis
thaliana as fold change to stage 1 in log2 scale. No change to stage 1 is indicated by the dashed
line, decrease by negative and increase by positive values. (¢) Metabolite changes during leaf
senescence are depicted. Metabolite contents in rosette leaves during developmental senescence
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starvation is already highly resolved (Scheible et al. 2004; Morcuende et al. 2007;
Doerner 2008). In contrast, sulfate is often poorly mobilised from the vacuole,
probably because soil sulfate uptake is sufficient for seed filling and vacuolar
sulfate export transporters, which are known to be responsive to sulfate starvation,
are not always induced (Davidian and Kopriva 2010). When different regimes of
sulfate were applied to soil grown wheat, persistent sulfate deficiency led to yield
reductions and poor protein quality of the seeds. Application of sulfate, even at the
seed filling stage, was able to revert the phenotype with respect to improved starch
deposition and seed protein quality, especially of sulfur-rich seed proteins though it
could not compensate for previous losses in biomass accumulation (Zorb
et al. 2012; Steinfurth et al. 2012). Interestingly, the sulfur-rich defense compounds
of brassicaceae, the glucosinolates, are actively degraded in leaves during senes-
cence and might provide a source of reduced sulfur for export in contrast to
vacuolar sulfate (Yoshimoto and Saito 2012; Watanabe et al. 2013). However,
various sulfated compounds are not mobilised. Therefore sulfate and sulfurous
organic compounds are a substantial part of the leaf litter and contribute to the
fact that in humus rich soils the majority of nutrient sulfate is released by bacteria
from organic sources (Kertesz 1999; Kertesz and Mirleau 2004; Schmalenberger
et al. 2009).

Senescence processes are clearly extremely complex, and the functions of
individual genes, not to mention the regulatory networks, are still not fully under-
stood. However, transcriptomic and metabolomic studies on developmental senes-
cence in Arabidopsis thaliana (Fig. 8.2) are building a framework at the molecular
level for gluing together more detailed and targeted observations from Arabidopsis
and other species including crops.

Inadequate Availability of Mineral Nutrients Leads
to Nutrient Depletion Induced Senescence

Crops in an agricultural environment are exposed to varying and often non-optimal
environmental conditions, which usually negatively affect carbohydrate synthesis
and nutrient uptake. Moreover, stresses typically occur in combinations: drought
stress is usually accompanied by high temperatures and high light (Long and Ort
2010; Krasensky and Jonak 2012), while unavailability of water in the root zone
hinders nutrient ion uptake and stomatal closure inhibits transpiration and in planta
transport of nutrients. Deficiencies of mineral nutrients leads to nutrient depletion
induced senescence (NuDIS) in plants (Watanabe et al. 2010). NuDIS is accompa-
nied by a mixture of transcriptomic and metabolomic responses depending on
which nutrient ion or combination of ions is depleted. These responses are to
some extent specific for particular nutrients, e.g. the induction of high affinity
transport systems (Hawkesford 2000, 2003; Gojon et al. 2009; Davidian and
Kopriva 2010; Stitt et al. 2002; Xu et al. 2012; Bouguyon et al. 2012). Interestingly,
overlapping molecular responses occur under various nutrient depletions
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(Fig. 8.5a). In particular, later responses all channel into a general senescence
programme comparable to developmental senescence (Fig. 8.5b; Watanabe
et al. 2010, 2012, 2013).

Nutrient ion availability in the field depends on physical parameters such as soil
type and soil chemistry, weather conditions, leaching and run-off and on agricul-
tural parameters such as the amount of minerals removed from the field with the
harvest and fertilisation to replenish resources (Hawkesford 2012). Fertilisation is
usually employed to counteract deficits, though this becomes increasingly costly
due to rising energy costs, e.g. for nitrogen production, and the fact that some
minerals, such as phosphate, might become limiting in the future which would
likely increase prices (Gamuyao et al. 2012). Furthermore, fertilisation carries the
risk of polluting the environment, and it is therefore necessary to improve applica-
tion procedures and to breed mineral nutrient-efficient crop cultivars (McAllister
et al. 2012). In order to strategically support breeding efforts, it is necessary to
understand the processes and identify the genes affecting nutrient use efficiency.
However, the situation in a field can be very complex as nutrients can be available
in varying amounts and combinations. Deficiency might exist from germination on
poor soils or might become established during growth due to active depletion of soil
minerals by the plants or by environmental conditions such as heavy rainfalls.
Sufficient minerals might even be present in a given soil but not accessible to the
plant due to unfavourable soil pH, structure or drought. The effect of distinct
mineral nutrient stresses on plants is well documented from agricultural practice
and from long-term, systematic field experiments, such as the Broadbalk field trial
at Rothamsted Research, UK (Lu et al. 2005; Shinmachi et al. 2010). Plants react to
mineral nutrient depletion with gross phenotypic responses (Fig. 8.3a), such as
reduction of biomass and seed yield, alteration of leaf pigment contents and
distribution, and alteration of root morphology (Lopez-Bucio et al. 2006; Gruber
et al. 2013, Nikiforova et al. 2004; Walch-Liu et al. 2006; Marschner 2012). It is
suggested that the plant response to nutrient deprivation can be divided into two
major phases (Fig. 8.3b).

During the initial rescue phase, the plant tries to counteract mineral deficien-
cies by inducing reversible adaptation mechanisms including increased uptake in
the root zone, mobilisation of internal resources, and by preventing biosynthetic
investments dependent on the depleted nutrient. High-affinity transporters get
induced in roots, which allow the plant to accumulate ions against steep con-
centration gradients present between soil with very low ion concentrations and
root tissue. Lateral root development is decreased in favour of exploratory growth
of the main roots (Gruber et al. 2013; Hubberten et al. 2009, 2012b; Drew and
Saker 1975; Walch-Liu et al. 2006), assimilatory enzymes are activated and the
respective genes are induced (Hoefgen and Hesse 2008; Davidian and Kopriv
2010). Additionally, previously deposited internal stores of limiting elements
such as those found in the vacuole are utilised by inducing vacuolar transporters
in the tonoplast. In the face of continued deficiency, these primary responses are
supported by strategies promoting degradation processes or by delaying anabolic
processes. Even mild nitrogen starvation quickly affects polysome loading and
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Fig. 8.3 Generalised response scheme of annual plants to mineral nutrient availability. Plants
have evolved complex and flexible response mechanisms to cope with variable mineral nutrient
availability, from optimal supply to complete depletion of one or several nutrients. (a) With
decreasing nutrient availability, the relative growth rate, and hence biomass and eventually yield is
reduced. As the plant at the same time “invests” in exploratory root growth, a relative increase of
the shoot to root ratio can be observed. Severe starvation leads to alterations in the plant life cycle
including earlier senescence. (b) When nutrient depletion occurs during the growth phase, the
plant seeks to maintain homeostasis by activating rescue programmes to adapt its metabolism
(points a—d). If nutrient starvation persists, a point of no return is reached when metabolism is
irreversibly shifted to emergency programmes including senescence and early flower formation
and seed production while cannibalizing internal resources (points e.g.). The “goal” is to produce
as many seeds as possible even under continuing mineral nutrient starvation

hence reduces protein synthesis rates (Tschoep et al. 2009) and in the case of
sulfur starvation in Arabidopsis, degradation of glucosinolates (sulfur-rich
secondary metabolites) increases and their synthesis rates decrease (Yoshimoto
and Saito 2012). Additionally, any macronutrient starvation immediately negatively
affects photosynthesis (Fig. 8.6), thereby decreasing carbon supply, essentially
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stalling growth (Wulff-Zottele et al. 2010). Mineral nutrient deficiencies also result in
ROS accumulation, which triggers stress and senescence responses such as the
accumulation of anthocyanins. During this initial response phase, resupply or acqui-
sition of nutrients can restore normal cellular functions and rescue the plant, though
yield reductions are likely as biomass accumulation was reduced during the time of
nutrient deprivation.

Continued starvation of one or more mineral nutrients leads to an emergency
response phase. The plant irreversibly switches its developmental programme to
maturation and senescence (NuDIS; Watanabe et al. 2010). This transition marks a
point of no return. Resupply of nutrients in this phase does not reverse the
maturation programme leading to flower formation, seed ripening and terminal
leaf senescence. The plant apparently invests all remaining resources in producing
as many seeds as possible. The programme actually resembles that of developmen-
tal senescence (Fig. 8.1), which also irreversibly propagates from the vegetative to
the generative phase when the decision for flower formation has been made.
However, mineral nutrient starvation shifts the timing for senescence to an earlier
time point, thus shortening the individual life span.

The effect of NuDIS on yield can be dramatic in crop plants. This has been
demonstrated for example for potassium deficiency (Armengaud et al. 2004;
Amtmann and Armengaud 2009), phosphate deficiency (Batten and Wardlaw
1987) or nitrogen depletion (Parrot et al. 2010). For example, potassium exerts
multiple functions in metabolism and is the second most abundant mineral in plants
after nitrogen. Deficiency leads to multiple negative effects on osmoregulation,
photosynthesis, protein synthesis, enzyme activities and results in light-dependent
chlorosis and necrosis of leaf tissues, all of which impair growth and yield. Wheat
grown on insufficient phosphate senesce far more rapidly and have drastically
reduced seed yield (Batten and Wardlaw 1987). The flag leaf, which provides 51—
89 % of grain phosphorus (Batten et al. 1986; Fig. 8.4), starts to rapidly senesce about
20 days post- anthesis (DPA). This early and steep decay in chlorophyll content is
associated with slower grain filling, probably due to inadequate carbon supply from
reduced photosynthetic capacity. About 40 DPA, flag leaves of phosphate-depleted
plants are essentially devoid of chlorophyll and unable to perform photosynthesis for
carbon supply to the grain. Grain filling plateaus at about 60 % of the potential grain
dry weight result in a yield penalty of about 40 %. Under sufficiently high phosphate
supply, chlorophyll decay also starts about 20 DPA, although at a much slower rate
and accelerates only at about 40 DPA when grains have already reached about 80 %
of their final dry weight. Under phosphate-depleted conditions seed filling stops at
about 35 DPA while under phosphate-sufficient conditions grain filling continues for
an additional 20 days. Thus, early senescence in vegetative tissues truncates seed
maturation and reduces yield (Batten and Wardlaw 1987; Lynch and White 1992;
Lauer et al. 1989; Fig. 8.4).

Notably, under optimal phosphate supply conditions, approximately 30 % of
wheat flag leaf chlorophyll is intact when grain filling is complete, and therefore a
substantial amount of leaf nitrogen remains immobilised in the leaf (Fig. 8.4; Batten
and Wardlaw 1987). Similarly, it has been shown in Arabidopsis that N and P are
substantially but incompletely mobilised during leaf senescence, while significant
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Flag leaf chlorophyll (mg/g FW)
(Swr) p( ureas japayids [enud)

A 10 20 30 40 50 60 70 80
Days after anthesis

Fig. 8.4 Effect of phosphate starvation on plant senescence and yield (Adapted from Batten and
Wardlaw 1987). Under ample phosphate supply (solid line) chlorophyll content, which is a proxy
for photosynthetic activity, decreases slowly for the first 40 days post anthesis (DPA). Grain dry
weight (dashed line) increases during this period and reaches a plateau at about 50 DPA. Only in
the latest stages of grain filling does chlorophyll breakdown accelerate, even though complete
degradation is not reached. Under phosphate deficient conditions (dotted line) chlorophyll content
declines steeply starting at about 20 DPA and is completely degraded by 30—40 DPA, indicating
that the flag leaf is fully senesced. Due to this early and enhanced senescence, the flag leaf is
unable to provide photosynthates to the developing grain. Grain filling (dash — dotted line) is
truncated by about 20 days, and final grain dry weight reaches only about 60 % of the weight under
full phosphate supply

quantities of sulfate actually remain in the leaf, though organic sulfur compounds
appear to be exported from the senescing leaf (Watanabe et al. 2013). Breeding
efforts to improve nutrient use efficiency need to take into account the inevitable
compromise between nutrient mobilisation and maintenance of leaf functionality,
especially photosynthesis, as already discussed for the stay-green phenotype.
Rather than gross changes, fine-tuning of senescence processes to the actual growth
condition and for each crop are more likely to produce reliable increases in crop
nutrient use efficiency.

Plant Systems Biology Approaches to Nutrient Depletion
Responses

In order to understand and eventually to manipulate nutrient use efficiency in crops
it is necessary to understand the interplay of nutrient availability, nutrient depletion
induced senescence and nutrient use efficiency. As these are not simple causal
relationships but rather dynamic networks of multiple factors which cross-influence
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each other, systems biology approaches will be necessary to unravel these
relationships. Complicating this analysis, the biochemistry of a plant under nutrient
deprivation typically shows pleiotropic effects, which are difficult to directly
connect to the initial nutrient stress (Nikiforova et al. 2004, 2005). Metabolites
related to a distinct nutrient are often involved in diverse biochemical processes
different from the immediate assimilatory pathway. For example, sulfate starvation
results in reduced S-adenosylmethionine (SAM) levels in plants. As SAM is one of
the main methyl group donors for biochemical reactions, pleiotropic effects of
sulfate starvation are inevitable (Nikiforova et al. 2005; Morcuende et al. 2007).
Therefore, it is necessary to differentiate between early response processes, such
as the induction of high affinity transporters or assimilatory genes, later processes
triggered by already downstream effects (Fig. 8.3b) and general processes such
as the NuDIS induced induction of SAGs (Figs. 8.2b, 8.3b, and 8.5b).

Arabidopsis thaliana, due to its amenability to systems biology approaches, has
been widely used to investigate the effects of single nutrient starvations on the
transcriptome (Wang et al. 2003; Amtmann and Armengaud 2009; Watanabe
et al. 2010, 2013) and the metabolome (Nikiforova et al. 2005; Morcuende
et al. 2007). Taken together, these studies reveal that responses to distinct nutrient
stresses overlap to a certain extent (Figs. 8.5a and 8.6), even when focusing on the
subfraction of the SAGs (Fig. 8.5b). Some trends are obvious and corroborate
previous findings. During senescence protein and chlorophyll levels are reduced
(Fig. 8.2¢). Anthocyanin accumulation, a typical feature of stressed plants, is shared
across N, P, and S starvation due to the induction of the senescence-associated
transcription factor PAP1 (MYB75; Fig. 8.5a, b; Tohge et al. 2005; Watanabe
et al. 2010, 2012). Also, one of the most responsive genes to sulfate starvation, low
sulfur induced (LSU; Hubberten et al. 2012a), is induced under all three nutrient
conditions compared here. LSU has been postulated to be involved in autophagy
(Zientara-Rytter et al. 2011), a degradatory process, which mobilises nutrients from
cellular macromolecules, even organelles (Fig. 8.3b) during senescence and nutri-
ent deficiency rescue programmes (Wu et al. 2012). See also the chapter of
Collados-Rodriguez et al. in this book.

The transcriptome responses to N, P, and S starvation overlap substantially
(Fig. 8.5; Watanabe et al. 2012). Among the 1,240 genes induced at least twofold
under phosphate starvation, 12 % are shared with sulfate and 43 % with nitrate
starvation, and from 1,602 sulfate starvation induced genes, 39 % are shared with
nitrate and 9 % with phosphate starvation. When assigning such expression profiles
to functional categories (Fig. 8.6) using MAPMAN annotations (Thimm
et al. 2004), complex patterns of up- and down-regulation within individual cate-
gories and even within gene families are observed which are not easy to interpret. It
becomes obvious that certain categories are over-represented, e.g. genes of photo-
synthesis and carbohydrate biosynthesis are down-regulated and that this is a
common trend for all nutrient starvations and also senescence (Fig. 8.6). Further-
more, the strength of the response mirrors the severity of symptoms (Figs. 8.5a and
8.6) as nitrogen starvation is usually stronger than phosphate, followed by sulfate
starvation (Wulff-Zottele et al. 2010). The molecular basis and the physiological
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a Comparison of transcript changes during nutrient starvations
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Fig. 8.5 Transcriptomic responses to sulfate, nitrate and phosphate (S, N and P) deficiencies. (a)
Transcriptome data of Arabidopsis seedlings exposed to nitrate, phosphate and sulfate starvation
were compared. The Venn diagrams show the overlap respectively, the specificity between the
data sets in terms of genes induced or reduced by a factor of 2, respectively. The data sets were
obtained from the following publications: S, low-sulfate for 7 days + sulfate-0 mM for 2 days
(Bielecka, unpublished data); N, full nutrient for 7 days + nitrate-0 mM for 2 days (Scheible
et al. 2004); P, low-phosphate for 7 days + phosphate-0 mM for 1 day (Morcuende et al. 2007). (b)
Nutrient starvation induces senescence related responses (NuDIS) and the changes of the
subfraction of senescence-associated genes (SAGs) are displayed. The percentage of SAGs
(total 827 genes) with >2-fold and <0.5-fold changes is calculated (Buchanan-Wollaston
et al. 2003). The Venn diagram shows the overlap in SAGs between data sets, sulfate, nitrate
and phosphate deficiencies at a threshold of >2-fold. This depicts partial communalities between
the responses recruiting shared response mechanisms

consequences of the observed responses to nutrient deficiency are far from under-
stood. Under all three nutrient starvation conditions genes involved in the light
reactions, the Calvin-Benson cycle and photorespiration are downregulated. This
provides molecular support of previous findings on the effect of nutrient starvation
on photosynthesis. Nutrients are direct constituents of the photosynthetic apparatus,
such as N and S in protein and N and Mg in chlorophyll, which result in the fact that
24 % of leaf total N is located in the thylakoid membranes (Terashima and Evans
1988). Fe and S are part of the iron-sulfur clusters of the photosynthetic machinery.
P is obviously an essential part of photosynthetic reactions due to the centrality of
energy-rich, phosphate-containing organic compounds (ATP, sugar phosphates). In
addition to direct involvement in photosynthesis and carbohydrate synthesis, nutri-
ent depletion usually results in retarded growth because carbohydrate backbones
cannot be utilised for the biosynthesis of amino acids and proteins, vitamins and
cofactors or energy-rich compounds containing P such as ATP (Hawkesford 2000,
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2012; Nikiforova et al. 2005; Davidian and Kopriva 2010). As a result, despite the
negative effect of nutrient depletion on photosynthesis (Fig. 8.6) photosynthesis-
derived carbohydrates might accumulate in the leaves. Reduced sink strength due to
reduced growth or seed development leads to a reduction of the carbohydrate export
from the leaf further contributing to carbohydrate accumulation (Rao et al. 1990;
Stitt 1991). This lack of sink strength and carbohydrate accumulation eventually
leads to oxidative stress under high light conditions, as excess energy cannot be
fully dissipated as heat. Consequently, nutrient starvation leads to photo oxidation,
which further damages the remaining photosynthetic apparatus (Cakmak and
Marschner 1992; Groot et al. 2003) and induction of senescence (Rolland
et al. 2006), resulting in feedback down-regulation of photosynthesis (Pieters
et al. 2001). A similar effect is caused when phloem loading is impaired leading
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Fig. 8.6 A comparison of major metabolic pathway gene expression using MapMan. Data for
senescence is from ATGE experiments. Ratio (senescent leaf/green leaf) is shown in log2 scale.
Green leaf: L6 (ATGE_14A-C) and L8 (ATGE_15A-C). Senescent leaf: ATGE experiment
senescent leaf (ATGE_25A-C; Buchanan-Wollaston et al. 2005). Data for sulfate, nitrate and
phosphate deficiencies are from the same references as Fig. 8.5. Fold changes relative to the
nutrient sufficient control are shown in log2 scale. Red and Blue squares indicate genes induced or
repressed, respectively. First, different nutrient depletions show common response patterns, even
with the senesce data, especially for light reactions, Calvin cycle, and photorespiration. Further,
the strength of response to nutrient starvations affect plant metabolism in the order nitrogen,
phosphate, and sulfate
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Fig. 8.6 (continued)

to photosynthate accumulation in the leaf accompanied by chlorosis and necrosis
(von Schaewen et al. 1990). As shown in Figs. 8.5 and 8.6, established nutrient
starvation overlaps with developmental senescence, hence the term NuDIS.

The plant response to nutrient stress is not only complex with respect to specific
versus common responses, to the plant species and to specific nutrients but is
additionally a dynamic process. Likewise, the ability of plants to positively respond
to nutrient re-supply by fertilisation or if the plant manages to access nutrients is
strictly dependent on the developmental status of the plant (Zorb et al. 2012;
Steinfurth et al. 2012). Knowledge of the processes during alleviation of starvation
responses is incomplete at the molecular level. To understand these processes and
their molecular and regulatory bases it will be necessary to compare the responses
of plant (model systems and crops) at various stages and severities of starvation or
replenishment and also with combinations of mineral nutrient depletions, as exem-
plified in the chapter of Forieri et al. of this book. Furthermore, it will be helpful to
correlate existing knowledge with improved profiling and phenotyping tools and to
employ systems biology approaches such as transcriptomics, proteomics and
metabolomics. It will also be necessary to devise novel bioinformatics and



222 S.J. Whitcomb et al.

modelling tools. In order to disentangle these complex networks, it will probably be
necessary to specify and subgroup the NuDIS-associated Genes (NAGs) and SAGs
into functional categories, or response modules. One such effort has successfully
been made in identifying the OAS-module as part of the sulfate starvation response
(Hubberten et al. 2012a).

Conclusions and Expectations for Plant Mineral Nutrient

Systems Research

The challenge facing twenty-first century agriculture is multifaceted. Growth
of the world’s population will necessitate producing significantly more food,
while food production is increasingly in competition with non-food plant
commodities for the world’s finite arable land. Furthermore, food production
is becoming increasingly vulnerable in the face of a rapidly changing climate.
In addition to the climate-associated factors water, heat, and light, mineral
nutrient availability is a critical determinant of agricultural yield. In fact,
increased use of fertilisers in the twentieth century is one of the major factors
contributing to the “green revolution”. However, awareness is growing that
short-term solutions in the quest for higher yield, such as copious application
of fertiliser, need to be replaced with environmentally sustainable agricultural
production. Modern cultivars were selected for their elite performance under
“luxury” nutrient regimes. Therefore, development of new varieties that more
efficiently convert soil nutrients into harvestable yield will be absolutely
critical if global agriculture is to be able to feed the world sustainably.

One approach contributing to these goals is to understand the molecular
bases of plant response programs to various nutrient conditions, especially to
nutrient levels lower than typically used in intensive agriculture. Time
resolved systems biology analyses on single and multiple nutrient stresses
and nutrient replenishment will yield information about processes and can-
didate genes or alleles. Obviously, such analysis is currently still largely
based on research employing model organisms, as much at the screening
level as at the proof of concept level. To transfer this knowledge, field studies
will be necessary to prove the validity of the concepts, particularly as
different crop species follow different strategies (i.e. have different ecolog-
ical niches). Systems biology-level tools will be needed for field experiments
and breeding populations to ensure development of elite cultivars. This
necessitates novel approaches at the analytical but also at the bioinformatics
and modelling levels. Finally, systems level analysis needs to be extended
beyond the individual plant into the ecophysiological level, as crop plants
exist in a complex interaction web with geochemistry, climate, and the
surrounding biome.

Additionally, renewable resources must provide the commodities for a
bio-based chemistry. To this end, biodiversity can be exploited by crossing

(continued)
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elite cultivars with wild members of the same species or even with more
distant relatives. Biodiversity can also be generated through mutagenesis.
Targeted engineering by transgenic approaches will allow breeders to exploit
knowledge and gene pools, even across species borders. Agricultural prac-
tices such as mixed cropping, improved fertilisation regimes, and improved
harvesting and storage procedures might also marginally contribute. With
respect to plant mineral nutrients, the ultimate breeding goal is to improve
uptake and internal use efficiency in novel crop cultivars in order to reduce
losses, reduce costs and maintain high yields and high quality of the harvested
material. All approaches have to take into account the paradigm of retaining
the very high yield potential of modern crop cultivars or the goal of providing
more food for a growing population on less land, environmentally sustainably
and affordably, will not be met.
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Chapter 9
Nutrient Use and Nutrient Use Efficiency
of Crops in a High CO, Atmosphere

Sabine Tausz-Posch, Roger Armstrong, and Michael Tausz

Abstract Atmospheric CO, concentrations [CO,] are continually increasing and
are predicted to reach ~550 pmol mol ' by 2050, about a 40 % increase from 2013
levels. Such a large increase in one of the key resources for plant growth will have
significant effects on all plants, as carbon assimilation and, consequently, growth
and yield is stimulated by the so-called ‘CO, fertilisation effect’. The one sided
increase in carbohydrate acquisition leads to changes in the chemical composition
of plants: despite decreases in nutrient concentrations in plant tissues, the greater
biomass developed by crops under elevated [CO,] could lead to increased nutrient
demand. Nutrient use efficiency in terms of yield divided by available nutrient may
improve, but grains or vegetative plant parts have decreased protein and mineral
nutrient concentrations, which can diminish market and nutritious value. A number
of hypotheses have been proposed to explain the decreases in nutrient concentra-
tions, among them: (1) Dilution by increased biomass, (2) decreased mass flow,
(3) changes in root architecture and function, (4) decreased nitrate reduction, and
(5) changes in nutrient allocation and remobilisation. In addition, elevated [CO,] is
likely to change soil processes, including nutrient supply. The extent to which some
or all of these contribute to changes in crop nutrition and yield quality is currently
unknown because most have not been sufficiently tested under relevant field
conditions. This chapter gives an overview of the changes in plant nutrition and
trade-offs under elevated [CO,] to point out that current and future efforts towards
improved plant nutrient efficiency should explicitly take into consideration rising
[CO,]. In particular, field testing of putative nutrient use efficiency traits and
nutrient management strategies should include elevated [CO,] as a relevant factor
in suitable exposure systems such as Free Air CO, Enrichment (FACE) technology.
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Introduction

Carbon exchange between large reservoirs in the atmosphere, land and oceans
constitutes the complex global carbon cycle. The carbon involved in this cycle is
in a state of dynamic equilibrium, with as much as 400 gigatonnes of carbon
exchanged each year (Kitchen 2014). Since the industrial revolution in the nine-
teenth century, emission of anthropogenic greenhouse gases, predominantly in the
form of carbon dioxide, has disturbed this equilibrium (Kitchen 2014). In 2012,
human activities caused the release of more than 10 gigatonnes additional carbon
emissions into the atmosphere, a number that has grown from the past and will grow
with future global economic development.

Surpluses of released carbon have led to the increase in atmospheric CO, concen-
trations [CO,] from a pre-industrial concentration of ~278 pmol mol ™' to a current
concentration of ~395 pmol mol~'. Atmospheric [CO,] is predicted to reach
~550 pmol mol ' by 2050 according to the IPCC scenario A1B (Carter et al. 2007).
This would mean that every terrestrial plant will be exposed to at least a 40 % greater
concentration in one of the key resources for plant growth compared to present
conditions. Effects on climate aside, such a large change, especially if it is not matched
by similar changes in other plant nutrients, will also have considerable effects on plant
production (Ziska 2008). Arguably therefore any crop improvement efforts must
account for the direct effects of increasing atmospheric [CO,] on plant metabolism
and crop growth (Ainsworth et al. 2008; Hatfield et al. 2011; Tausz et al. 2013).

Since the 1980s, significant research efforts have been undertaken to understand
how plants will perform and grow under atmospheric [CO,] enrichment. Method-
ological approaches range from controlled environments such as laboratory growth
chambers and glasshouses to closed-top and open-top field chambers and Free Air
Carbon dioxide Enrichment (FACE) systems. Early enclosure experiments mark
the basic knowledge of our understanding of plant responses to CO, enrichment but
they also include potential limitations. For example, results from enclosure exper-
iments may include “chamber effects”, possibly exaggerating the effects of ele-
vated [CO,]. Enclosure studies also often include changed radiation conditions,
greater than normal growing temperatures, changed microclimate factors such as
wind speed or relative humidity and/or restricted root growth due to the use of pots
or containers (Ainsworth and Long 2005; Amthor 2001). In contrast, FACE sys-
tems allow the effects of CO, enrichment on plant metabolism and growth to be
studied under natural and fully open air conditions. Although some concerns have
been raised about the rapid fluctuations of [CO,] in FACE systems (Bunce 2012),
advantages such as the ability to grow crops in their natural microclimate probably
outweigh any such disadvantages. FACE systems might also produce misleading
data if they are used in climates and soils atypical for the plants investigated,
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highlighting the importance to establish FACE experiments in major and
representative cropping areas (Amthor 2001; Tausz et al. 2013). There are a number
of large-scale (10-20 m diameter plots) FACE facilities in agricultural systems
currently in operation globally (Tausz et al. 2013).

Plant Metabolism Changes Under Elevated [CO,]

CO, enrichment affects C3 plants primarily through increases in photosynthesis
rate (A) and a reduction in stomatal conductance (g;); all other effects of CO,
enrichment on plant metabolism and growth are linked to changes in these pro-
cesses (Fig. 9.1; Ainsworth and Rogers 2007). Increases in A under CO, enrichment
occur because of particular properties of the key carbon fixation reaction catalysed
by Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Firstly, Rubisco
has a low affinity for CO, as a substrate for carboxylation, which means that the
reaction is not saturated at current atmospheric [CO,]. Consequently, a rise in
[CO,] increases the carboxylation rate in this reaction, resulting in greater A
(Drake et al. 1997). Secondly, Rubisco also catalyses the oxygenation of
Ribulose-1,5-bisphosphate (RubP) within the photorespiratory pathway. Photores-
piration is competitively inhibited by CO, and increases in atmospheric [CO,] will
therefore suppress this pathway (Moore et al. 1999).

In contrast to photosynthesis, the mechanisms responsible for the reduction of g
under CO, enrichment remain vague. Ainsworth and Rogers (2007) conducted a
meta-analysis of stomatal density responses to CO, enrichment and they found that
an average 5 % decrease in density was not statistically significant. They concluded
that rather than changes in stomatal density, changes in stomatal aperture are
responsible for decreased g, under high [CO,]. Stomatal aperture is determined

*  Yield

*  Biomass

* Resource Use Efficiency
*  Photosynthesis

COy
*  Stomatal conductance
¢ Nutrients
e Proteins

Elevated CO, Ambient CO,
Fig. 9.1 General responses of crops grown under elevated [CO,]. With rising [CO,] grain yield,
biomass, photosynthesis, nutrient and water use efficiency increase while stomatal conductance,
nutrient concentrations and protein concentrations decrease. The picture on the right shows wheat
(Triticum aestivum L.) grown within the Australian Grains Free Air Carbon dioxide Enrichment
(AGFACE) facility in Horsham, Victoria, Australia, either under an elevated CO, concentration of
~550 pmol mol ™! (on the left) or under an ambient CO, concentration of ~395 pmol mol ™! (on the
right). Elevated [CO,] grown wheat shows a significant increase in tiller number and therefore in
biomass and yield
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by the turgor pressure in guard cells via ion and organic solute concentrations
(Messinger et al. 2006). Rising [CO,] may be linked to depolarising the membrane
potential in guard cells, resulting in stomatal closure (Ainsworth and Rogers 2007,
Drake et al. 1997; Messinger et al. 2006).

A meta-analysis on the responses of A and gs to CO, enrichment under FACE
conditions confirmed that in C3 crops light-saturated CO, uptake rates (Agu)
increased on average by ~13 % while stomatal conductance is reduced by ~25 %
(Ainsworth and Rogers 2007). Increases in A have stimulating effects on plant
growth and productivity (Fig. 9.1; Ziska et al. 2012) and, depending on the plant
species investigated, greater A leads to greater biomass accumulation and yield
(termed “CO, fertilisation effect”). For example, C3 crops respond to high [CO,]
with ~20 % greater biomass and ~17 % greater yield (Ainsworth and Rogers 2007;
Tausz-Posch et al. 2012). It is noteworthy that in the same meta-analysis (Ains-
worth and Rogers 2007) C4 crops also showed a significant ~11 % increase in Agy,
in response to CO, enrichment. In general, C4 crops are more independent of
ambient [CO,] as they have the ability to concentrate CO, in the leaf mesophyll.
Their carboxylation reaction is generally close to saturated under current ambient
[CO,]. The positive response of C4 plants to CO, enrichment was linked to the
improved water status of the crops investigated (Ainsworth and Rogers 2007).

The initial stimulation of C3 photosynthesis may not be sustained when plants
are exposed to CO, enrichment for long time periods (Kirschbaum 2011; Moore
et al. 1999). Plants grown under CO, enrichment showed decreased A relative to
plants grown under ambient [CO,] when both were measured at ambient
[CO,]. This down-regulation of photosynthesis under CO, enrichment is called
“photosynthetic acclimation” (Moore et al. 1999). Photosynthetic acclimation is
linked to reduced concentrations of Rubisco in the leaves, and this is hypothesised
to result from repression of Rubisco synthesis by accumulating carbohydrates
(Drake et al. 1997). If there are insufficient sinks for the increased amounts of
carbohydrates produced in photosynthesis, this situation is accentuated (Moore
et al. 1999; Stitt and Krapp 1999). Although such acclimation reduces the photo-
synthetic capacity of plants, it does normally not completely offset the stimulation
caused by CO, enrichment (Ainsworth and Rogers 2007).

Mineral Nutrition of Crops Under Elevated [CO,]

With changes in growth and yield, plants grown under CO, enrichment also show
significant changes in their chemical composition (Erbs et al. 2010). Loladze
reported in 2002 that CO, enrichment will alter the stoichiometry (relative elemen-
tal composition) of plants leading to reduced concentrations of most macro and
micro elements in plant tissues. As a consequence there are potential negative
consequences for the nutritional value of crops (Loladze 2002). For example,
decreased tissue nitrogen (N) concentrations under elevated [CO,] have been
widely reported (Stitt and Krapp 1999). As a large proportion of N in plants is
used for protein synthesis, protein concentrations in vegetative parts as well as
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seeds and grains tend to decrease under elevated [CO,]. In many crops, particularly
cereals such as wheat or rice, concentrations of protein and minerals in grains are
important determinants of the nutritional value and functional properties (Erbs
et al. 2010; Hogy et al. 2009).

The lower tissue N concentrations in conjunction with proportionally increased
carbon assimilation and its subsequent incorporation into storage and structural
material of the plant results in increased carbon to nitrogen ratio (C/N). This leads
to increased nitrogen use efficiency of plants under CO, enrichment (Fig. 9.1;
Drake et al. 1997). The same principle can be applied for other macro and
micronutrients, although less documented than for N. Although overall nutrient
concentrations in plant biomass are decreased under CO, enrichment, total nutrient
removal via grains or plant biomass, for example such as N, can increase under CO,
enrichment (Conroy and Hocking 1993; Lam et al. 2012b). Such effects will have
significant consequences for food quality and the management of our agricultural
systems in a future high [CO,] world.

Nitrogen

N is the ecologically and economically most important mineral nutrient in cropping
systems globally, and has thus received intense attention so that knowledge of plant
N metabolism is comparably advanced relative to most other nutrients. It is there-
fore not surprising that the majority of research on interactions of nutrients with
high [CO,] in plants has focused on N. We will therefore discuss major principles of
plant nutrition changes under CO, enrichment using N as the main example.

Nitrogen Concentrations in Plant Tissues Under CO,
Enrichment

Dry mass based tissue concentrations of nitrogen (N,,) are generally lower in high
[CO,] grown plants, as confirmed by a number of recent synthesis papers (Ains-
worth and Long 2005; Leakey et al. 2009; Stitt and Krapp 1999; Taub and Wang
2008; Wang et al. 2013). For example, leaf N,, decreased by about 13 % across a
number of FACE experiments (Ainsworth and Long 2005), or by an average of 9 %
for wheat across experiments with different CO, exposure systems and CO,
concentrations (Wang et al. 2013). This decrease is somewhat smaller on a leaf
area basis, only about 4 % across a number of FACE experiments (Leakey
et al. 2009). The decrease in leaf N is consistently related to a decrease in total
leaf protein, specifically, and perhaps exclusively, to a decrease in the amount of
Rubisco protein (Leakey et al. 2009). Decreased Rubisco content in leaves is linked
to photosynthetic downward acclimation under prolonged exposure to increased
[CO,] and may thus reflect changes in N allocation patterns.
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Fig. 9.2 Total free amino acid concentrations in wheat flag leaves from heading (Oct 6) to
maturity (Dec 12). Plants were grown either under ambient CO, (closed symbols) or an elevated
CO; concentration of ~550 ppm (open symbols) within the AGFACE facility, Horsham, Australia.
Values are means (standard errors) with four replications in each

For wheat, a decrease in leaf N was also related to decreases in leaf chlorophyll
across a number of experiments (by 8 % according to a synthesis by Wang
et al. 2013), but such changes in chlorophyll are not consistently found. High
[CO,] can also lead to decreases of leaf nitrate concentrations (e.g. for wheat reported
in Hocking and Meyer 1991). There is little information on free amino acids, but
recent FACE data indicate about 20-30 % decreases in wheat leaves (Fig. 9.2).

There is quite a range in responses between different experiments, environments
or species. Most consistent among such variability is that decreases in leaf N,, are
less in legumes than in non-N fixing species, perhaps because legumes can channel
excess carbohydrates towards greater nitrogen fixation rates (Rogers et al. 2009).

Decreases in grain protein contents in the final harvest are commonly
unfavourable for food or feed quality, and of particular concern in cereals such as
wheat, where bread making and marketing quality is largely determined by protein
content (Loladze 2002; Taub et al. 2008). Grain N decreased under CO, enrichment
by between 0 % and 20 % in cereals (wheat, rice, barley; as reviewed by Hogy and
Fangmeier 2008; Hogy et al. 2013; Taub et al. 2008) and by less than 5 % (but still
significantly so) in soybean (Taub et al. 2008).

Can Greater N Supply Restore Leaf and Grain N?

It is uncertain to what extent N supply determines the extent to which N,,, decreases
in leaves or grains under CO, enrichment: Some evidence suggested that N,
decreases were most pronounced in N-deficient and less marked or even absent in
well fertilised plants (Stitt and Krapp 1999), including in FACE experiments
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(Sinclair et al. 2000). This is in line with the suggestion that photosynthetic
downward acclimation, which is related to leaf N and (Rubisco) protein, is less
pronounced or absent in well-fertilised plants. However, recent synthesis papers
suggest that even if high N supply counteracts decreases in N to some extent, N,
remains significantly lower in leaves (Wang et al. 2013) and grains (Taub
et al. 2008).

Whilst decreases in tissue concentrations of N are reasonably consistent and well
established, results on changes of overall N demand and uptake of the crop per m?
ground area are variable. N uptake into (above ground) biomass depends on the
relative magnitude of biomass increase and decrease in N tissue concentrations.
Most analyses suggest that biomass and yield stimulation are relatively greater than
the decrease in tissue N concentration, which would lead to greater N demands of
bigger crops under CO, enrichment (Lam et al. 2012a, b, c) despite decreased N
concentrations in tissues. However, others suggest that N uptake remains
unchanged (Wang et al. 2013).

It is noteworthy that the plant growth response to elevated [CO,] in natural
ecosystems, which do not receive extra N input, may decrease over time, and this
was ascribed to a depletion of N (and other nutrient) reserves (= ‘progressive
nitrogen limitation’ (PNL) hypothesis, e.g. Hungate et al. 2003).

Adjustment of Nprit Under CO, Enrichment

It has been suggested early on that critical tissue concentrations of N (and other
mineral nutrients) must be adjusted under high [CO,] (Conroy and Hocking 1993;
Fig. 9.3). Tissue concentrations of nutrients such as N are often used as a diagnostic
tool to assess a plant’s nutritional status. Critical tissue (such as leaf) concentration
of N (N,,,..+;) would indicate sufficient N supply. N,,..i; is the value of N,,, that is
needed for optimum growth, assuming otherwise non-limiting conditions. At leaf N
greater than N,,,.,,, growth will not increase further (Fig. 9.3). Conroy and Hocking
(1993) suggested that critical concentrations need adjustment towards lower values
under high [CO,] (Fig. 9.3). As such results were derived from pot experiments,
field evaluation in cropping systems will be important.

Does CO, Enrichment Change N Response of Plants?

Similarly to other essential nutrients, insufficient N supply to crops can limit the
[CO,]-driven growth and yield enhancement; N-limited crops sometimes do not
show a significant effect of CO, enrichment on biomass, or the relative yield and
biomass increase is less than in well fertilised crops (Stitt and Krapp 1999). As a
consequence, the N response curve may change under elevated [CO,]. N response
curves (Fig. 9.4) are derived from fertiliser experiments (fertiliser added at different
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Fig. 9.3 Scheme illustrating the determination of critical N concentration (N,,.,;,) in leaves and
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Fig. 9.4 Hypothetic nitrogen response curves (Mitscherlich curves) of crops grown under ambient
and high [CO,]. N, indicates sufficient N supply to achieve 90 % of maximum growth or yield. Y;
indicates yield without additional (fertiliser) N, Y;; denotes yield after a certain fertiliser applica-
tion (arrow). It is not resolved whether and under which conditions N, changes under elevated
[CO,]. Agronomic efficiency of fertiliser application can be calculated as the difference between
yields with and without fertiliser (Y;-Y;) divided by the fertiliser applied (Table 9.1). In this
hypothetic system, agronomic efficiency of the fertiliser applied (arrow) would be greater under
elevated than ambient [CO,], because the yield difference is greater at the higher N application
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rates), and are an important tool to assess N limitations and requirements of crops
(Hawkesford 2011). Figure 9.4 illustrates the important questions: (1) Is the amount
of N required for maximum growth different between high and ambient [CO,]?
(2) Is the N response (either in % yield increase per kg N or in kg yield increment
per kg N) greater under high [CO,] than under ambient [CO,]? Work on potted
wheat under relatively high CO, enrichment concluded that the total amount of N
required for maximum growth remains unchanged, and N-responsiveness both in
absolute (g biomass per g added N) and relative terms (in % biomass per g added N)
was greater under high [CO;] (Conroy and Hocking 1993). Whilst this is in line
with the notion of generally greater resource use efficiency of plants under CO,
enrichment, there are few, if any, reports of field data (such as full N response
curves under free air conditions).

Nitrogen Use Efficiencies Under CO, Enrichment

Changes in tissue concentrations in conjunction with biomass and yield changes
lead to changes in Nitrogen Use Efficiency (NUE) in their various definitions and its
components (Good et al. 2004; Hawkesford 2011; Table 9.1). A frequently used
definition for NUE is the ratio of biomass accumulation or yield over the amount of
available N, and according to this definition NUE is closely related to yield
(Hawkesford 2011). As yield increases under CO, enrichment, so will by definition
NUE of the crop, provided available N remains unchanged. NUE as defined above
can be divided into Nitrogen Uptake Efficiency (NUpE, N taken up into the biomass
as a proportion of total available N) and Nitrogen Utilisation Efficiency (NUtE, the
ratio of yield or biomass over the N taken up (Hawkesford 2011). Depending on the
relative magnitude of changes in N uptake, growth and yield, and N concentrations
in biomass, the different components of NUE may change (Table 9.1 for an
overview).

On a physiological level, changes in Photosynthetic Nitrogen Use Efficiency
(PNUE) are the result of lower concentrations of leaf N in conjunction with greater
assimilation rates under CO, enrichment leading per definition to greater PNUE,
where PNUE is defined as carbon assimilation rate (expressed in pmol C fixed per
m? leaf area and s) per unit leaf N (expressed as g N per m? leaf area; Narea) A
review of FACE experiments confirmed an increase in PNUE, and this increase was
mainly due to the large increase in assimilation rate, and to a minor extent to a
decrease in N, (Leakey et al. 2009).

An important aspect of NUE in agricultural systems is the proportion of N
applied to crops (as fertiliser) that is utilised by the target crop. A significant
proportion of the applied N can either remain in the soil (although potentially
available to subsequent crops) or can be lost from the soil-plant systems by several
processes, including denitrification, volatilisation and leaching. For example, in
Australian wheat production systems actual fertiliser N recovered in the wheat plant
itself ranged from approximately 20-60 % (Chen et al. 2008). Recent
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Table 9.1 Effects of elevated [CO,] on different aspects of plant nutrient (Nut) metabolism and
plant nutrient (Nut) use efficiencies. Nutrient use efficiency definitions after (Hawkesford 2011)

Major trends under elevated

Symbol Parameter Explanation [CO,]

Nut,, Dry mass based g or mol nutrient per g Decrease in vegetative biomass
tissue tissue dry weight; e. g. mg | and grains, most consistent for N
concentration g " or pmol g™! but common also for many other

nutrients

Nutyea Leaf area based g or mol nutrient per m> Usually decreases, perhaps to a
nutrient content leaf area lesser extent than Nut,,

NutUp Nutrient uptake g per m? plot surface area | Commonly increases if biomass
(into biomass), stimulation is greater than Nut,,
also nutrient reduction, or remains unchanged
demand

NutYield | Nutrient yield g in harvested fraction per | Commonly increases due to

plot surface area yield stimulation

NutUE Nutrient use Yield per available Increases due to increase in yield
efficiency nutrient

NutUpE | Nutrient uptake Amount of nutrient taken | Commonly increases due to
efficiency up into biomass per avail- | greater increase in biomass than

able nutrient decrease in Nut,,, may remain
unchanged

NutUtE | Nutrient utilisation | Yield per amount of nutri- | Increase or no change
efficiency ent in biomass

NutHI Nutrient harvest Fraction of total nutrient in | Decreases for N with ample N
index or nutrient (above ground) biomass supply; may remain unchanged
partitioning that ends up in harvest (e. g. at low N supply)
quotient

PNutUE | Photosynthetic Carbon assimilation rate Increases for nitrogen (and other
nutrient use per amount of nutrient in | nutrients) mainly due to stimu-
efficiency leaf lation of assimilation

FUE Fertiliser use Amount of nutrient taken | Appears unchanged for N, but
efficiency up per amount of nutrient | little information available

applied

NutAE Agronomic nutri- | Yield increase per nutrient | Possibly increases for N, but
ent efficiency applied with fertiliser only few field experiments use

more than 2 nutrient application
rates

experimentation using '°N labelled granular N (urea) fertiliser in dryland grain
systems in southern Australia under FACE found that although the biomass, plant
N content and the amount of N absorbed from the soil by wheat was increased,
elevated [CO;] did not affect the proportion of fertiliser N taken up by the plant (Lam
etal. 2012a). However, in order to meet the greater overall demand for N by the crop,
the authors suggested that greater amounts of N (as fertiliser) would be required in
future climates. Interestingly, elevated [CO,] did increase the rate of N,O emissions,
a potent greenhouse gas, from these wheat systems. This could contribute to
radiative forcing in the atmosphere, although the absolute amount of N lost from
the system (as N,O) would be negligible in terms of N budget (Lam et al. 2013).
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Other Mineral Nutrients

Whilst effects of CO, enrichment on plant N are relatively consistent and well
documented, there is little consensus about most other mineral nutrients. It is
important to recognise that different mineral nutrients are not independent of
each other: they can share or co-regulate common uptake and metabolic pathways,
and are regulated in an interdependent manner by plant growth or assimilate
availability. We have more detailed knowledge on interactions between P and N
or S and N (Hawkesford and De Kok 2007; White and Hammond 2008), but
interactions apply to other mineral nutrients as well. Although not investigated in
great detail under high [CO,], it is safe to assume that such interactions play an
important role in modifying the CO, response of selected mineral elements and
their metabolism.

Recent reviews mostly suggest that elevated [CO,] also leads to decreased tissue
concentrations of mineral nutrients other than N, but results are inconsistent: For
example, one recent synthesis paper found significant decreases in 11 (if N is
excluded) elements in elevated [CO,] grown plant tissues, including Mg, K, P, S,
Fe, Ca, Mn, and Zn (McGrath and Lobell 2013). In apparent contrast, Duval
et al. (2012) found only a few significant changes in leaf mineral concentrations
(excluding N) in crops (excluding legumes) and N-fixers: in that analysis, among all
investigated mineral nutrients, only leaf Mg concentrations were significantly
decreased under CO, enrichment in both functional groups. In legume leaves, B
and Fe decreased as well, whereas Mn even increased significantly. However,
results for grasses were different again, and perhaps most surprisingly, this study
found no significant effects of elevated [CO;] on grain nutrients (Duval et al. 2012).
In several other studies, which focused on the effects on grains rather than vegeta-
tive plant parts, there seems to be overall agreement that the elements N, S, Mg, Ca,
Zn, and Na are significantly reduced under CO, enrichment while contrasting
results are reported for K, Mn, P and Fe (Fangmeier et al. 1999; Fernando
etal. 2012; Hogy and Fangmeier 2008; Hogy et al. 2013; Manderscheid et al. 1995).

Some of these discrepancies may be due to different nutrient supply conditions,
which is important for some micronutrients. Apparently contradictory results may
also point out some in principle problems with many synthesis papers, where the
analysed data set may be biased by particular exposure or growing systems, or
factors analysed independently (such as, for example, crop type) may be strongly
confounded by other factors. For example, it is common that data from different
crop types or plant functional groups come from separate groups of experiments
(for example, different large scale FACE experiments), and are therefore poten-
tially confounded by factors such as climate or soil. Further, environmental grow-
ing conditions can mediate nutrient responses to elevated [CO,]: in one FACE
study, variations in rainfall and/or temperature had a significant effect on the
response on macro and micro mineral concentrations in wheat grains to CO,
enrichment (Fernando et al. 2012).
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The interactions between elevated [CO,] and mineral nutrition may be markedly
different for different nutrients: in contrast to N, where critical nutrient concentra-
tions are reduced (Fig. 9.2), critical concentrations of P generally remain the same
or are increased when C3 plants are grown under elevated [CO,] (Ghannoum
et al. 2007). Increases in critical P concentrations of C3 plants grown under elevated
[CO,] have been attributed to changes in competition for P. As photosynthetic
carbon fixation is preferred over the photorespiratory cycle, more P is needed for
the energy carrier ATP (Ghannoum et al. 2007). Similar to N, several studies have
noted that growth (and yield) response to high [CO,] depends on P nutrition. The
relative importance of this interaction between P and high [CO,] however varies
with species. Lam et al. (2012c) found that high [CO,] increases biomass of two
pulse species, chick pea (Cicer arietinum) by 18-64 % and field pea (Pisum
sativum) by 24-57 %, as well as the pasture legume barrel medic (Medicago
trunculata), and that this effect was greater when P supply was non-limiting.

Proposed Mechanisms for Decreased Nutrient
Concentrations in Elevated [CO;]

The mechanisms responsible for and controlling decreased nutrient concentrations
under elevated [CO;] are not completely understood, and there are a number of
hypotheses under consideration. Most of these hypotheses are connected to studies
conducted on N but, depending on the nutrient, similar principles may apply for
other nutrients. An overview is given in Fig. 9.5.

Dilution by Increased Biomass and Carbohydrate Production

CO, enrichment increases C fixation and dry matter accumulation in plants.
Increased dry matter is mostly derived from greater carbohydrate (C, H and O)
accumulation and concentrations of other macro and micro nutrients will decrease
in biomass if their uptake is not increased (Taub and Wang 2008). For example,
Poorter et al. (1997) investigated the chemical composition and construction costs
of leaves of 27 wild and agricultural species at ambient and elevated [CO,]. They
found that the strongest response of plants to CO, enrichment in respect to their
chemical composition is the increase in concentrations of total non-structural
carbohydrates (TNC) resulting from stimulated photosynthesis under high
[CO,]. The next strongest responses to CO, enrichment were decreases in protein
and mineral concentrations leading the authors to conclude that a dilution effect
caused by accumulating TNC significantly contributes to decreasing nutrient con-
centrations under CO, enrichment. Similar conclusions were made by Taub and
Wang (2008), who used graphical vector analyses to study biomass dilution effects
under CO, enrichment.
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1. Dilutionin biomass

2. Decreased transpiration flow

3. Changesin root architecture
and function

4. Decreased nitrate reduction

5. Changesin remobilisation
and translocation

Fig. 9.5 Schema of plant based mechanisms that potentially contribute to decreases in mineral
nutrient (symbolized by black circles) concentrations in crops grown under elevated
[CO,]. I Dilution in increased biomass by increased carbohydrate supply. 2 Decreased mass
flow due to decreased stomatal conductance. 3 Changes in root architecture and function. More
root mass in top soil may improve access to nutrients, but this may come at a cost of access to
deeper layers. Uptake physiology may change. 4 Decreased rate of nitrate (and possibly sulfate)
reduction. 5 Adverse changes in remobilisation from leaves and translocation to grains

Biomass dilution, however, does not entirely account for the total decrease in
nutrient concentrations. For example, when Poorter et al. (1997) cross-checked
decreasing nutrient concentrations for their direct dependence on increased TNC,
the minerals and proteins expressed on a TNC-free biomass basis remained signif-
icantly reduced, even if less so than on a total dry weight basis. This suggests that
processes other than dilution by TNC contribute to decreased nutrient concentra-
tions under CO, enrichment. Simple dilution by greater (structural) biomass pro-
duction remains a possibility, but if biomass dilution is exclusively responsible for
decreasing nutrient concentrations under CO, enrichment then all nutrients would
decrease equally in concentration. However, as reported earlier, decreases in
macro- and micronutrients can vary greatly among each other and across studies
(between 0.7 and 19.5 % or 3.7 and 18.3 %) (Fangmeier et al. 1999; Fernando
etal. 2012; Hogy and Fangmeier 2008; Hogy et al. 2009; Manderscheid et al. 1995),
and there seems to be no general relationship with growth stimulation by elevated
[CO,]. It has been repeatedly suggested that factors relating to nutrient uptake
efficiency and metabolism are involved in decreased nutrient concentrations under
high [CO,]. It has to be acknowledged, however, that an exact quantification of
possible biomass dilution effects within experiments, particularly under free air
growth conditions, is still missing.
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Reduced Mass Flow

Transpiration is the evaporation of water into the atmosphere from the leaves and
stems of plants. It is a passive process mainly governed by the vapour pressure
deficit of the atmosphere and the soil moisture content, but mediated by the variable
resistance of the stomata. CO, enrichment decreases stomatal conductance leading
to decreased transpiration in plants (Ainsworth and Rogers 2007). Transpiration has
several functions, and one of its functions is to drive the mass flow of nutrients in
the soil to the rhizosphere and root surfaces (Cramer et al. 2009). Mass flow driven
by transpiration contributes significantly to the delivery of nutrients to the plant,
and then the translocation within the plant. For example, Barber (1995) reported
that mass flow contributed by more than 70 % for N, S, Mg and Ca to the nutrient
concentrations in Zea mays with the remaining percentages taken up by diffusion
and interception of roots. The effectiveness of mass flow depends on factors that
influence transpiration. Decreased transpiration rates under CO, enrichment will
reduce the mass flow of nutrients in the rhizosphere and hence decrease nutrient
availability for plant uptake, as well as decrease the delivery rate of nutrients to the
above ground plant parts. It was hypothesised early that this decreases mineral
nutrition of plants (Conroy and Hocking 1993; McGrath and Lobell 2013).

Evidence that reduced mass flow is partially responsible for decreases in nutrient
concentrations can be provided by comparing the extent to which individual
nutrients decrease under high [CO,]. For example, the largest decrease in concen-
tration was found for mobile nutrients such as N, Mg or Ca that are supplied to the
rhizosphere by mass flow. Conversely, the concentration of less mobile nutrients,
e.g. P, and those that are mainly dependent on physiological uptake processes was
decreased to a lesser extent by CO, enrichment (Hogy and Fangmeier 2008; Hogy
et al. 2013; Taub and Wang 2008). A first conclusion might be that biomass dilution
leads to a decrease in concentration of all nutrients while concentrations of mobile
nutrients are further decreased via decreased transpiration mass flow. A recent
analysis aimed at testing the mass flow hypothesis on synthesised literature data
had to resort to pairing mass flow and nutrient uptake data from different studies,
because “No published studies that simultaneously examined mass flow and nutri-
ent concentration for plants grown in elevated [CO,] were available” (McGrath and
Lobell 2013), thus pointing out a major gap in experimental verification.

Root Architecture and Function

Roots are the first plant organs receiving nutrients from the soil and root morphol-
ogy and architectural traits such as length, depth, branching and curving determine
a plant’s access to nutrients (and other resources such as water) in the soil. Despite
their importance to plant growth, most studies on impacts of climate change vari-
ables such as elevated [CO,] have focused on above ground traits rather than roots
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(Benlloch-Gonzalez et al. 2014). The basic development of a root system is given
by its genetic predisposition but conditions such as, for example, soil nutrient
availability or soil moisture content will greatly affect root growth as soon as
growth commences (Rich and Watt 2013).

All C in roots comes from the re-allocation of photosynthates from
photosynthesising above ground biomass with up to 50 % of all the C fixed being
transported below ground during early development (Gregory et al. 1996). Consid-
ering that C3 crops increase their light—saturated CO, uptake rates on average by
~13 % when grown under CO, enrichment (Ainsworth and Rogers 2007), the
amount of fixed C allocated to roots increases in plants growing under high CO,
and this can lead to changes in root architectural traits (Pritchard and Rogers 2000).
For example, high [CO,] significantly increases the root biomass and roots often
undergo the greatest relative dry weight gain among all plant organs (recently
reviewed by Madhu and Hatfield 2013). CO, enrichment also changes the vertical
distribution of roots in a way that more roots accumulate in the top soil layers as
compared to the deeper layers in the soil. This leads to a shallower root system with
greater root density in the top layers (Pritchard and Rogers 2000; Pritchard
et al. 2006; VanVuuren et al. 1997). Although this may increase access to nutrients
which are generally concentrated in topsoils (e.g. Ho et al. 2005), it may also have
undesirable consequences where rooting access to subsoil water is important (Lilley
and Kirkegaard 2011).

Changes in root architectural traits will affect the spatial patterns of soil nutrient
exploitation. A dense root system with many lateral branches and root hairs is
considered to be better for nutrient acquisition as compared to plants with a sparse
root system because of their greater root surface (Kong et al. 2013). Total nutrient
uptake should therefore benefit from increased root length and mass under CO,
enrichment. However, it has been reported that root physiological activity often is
reduced in crops grown under CO, enrichment (Fitter 1996; Bassirirad et al. 1996),
with potential repercussions on specific uptake capacity of roots. Uptake systems
for nutrients such as N in the form of nitrate and ammonium (Miller and Chapman
2011), or S in the form of sulphate (Hawkesford and De Kok 2006), are now well
characterised and the specific transport systems are subject to physiological regu-
lation. Whilst it is likely that changes in the carbon to nutrient balance in plants
affect such regulation, it is unknown how growth under elevated [CO,] affects
nutrient transporters and their regulation.

Decreased Nitrate Reduction

Another hypothesis regarding the decrease in (specifically) plant N nutrition was
recently put forward by Bloom et al. (2010). Their paper showed a significant
decrease of nitrate reduction under elevated [CO,] in wheat. The hypothesis was
that the decrease in photorespiration affected nitrate assimilation whereby a number
of mechanisms could contribute (Bloom et al. 2010). Yong et al. (2007) reported
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photosynthetic acclimation to CO, enrichment in rice plants with excessive N
supply, but not in those with lower N supply. It was speculated that C and N
reduction compete for electrons from the photosynthetic light reaction, and that this
leads to an inhibition in nitrate assimilation. Bloom et al. (2010) also suggested that
the inhibition of nitrate assimilation by elevated [CO,] might affect nitrate uptake
rates as a follow-on effect. If impaired nitrate reduction is a reason for declining
tissue N concentrations then meeting N needs through ammonium NH;" could
alleviate the problem. It has been suggested that ammonium-based fertilisers or the
use of nitrification inhibitors (to avoid conversion of ammonia into nitrate in the
soil) could be considered, provided NH,4" toxicity and detrimental effects on soils
can be managed (Bloom 2009). A recent study seems to corroborate this hypothesis
because plants supplied with NH,* as an N source showed better responses to
elevated [CO,] than those supplied with NO; ™~ (Carlisle et al. 2012). However, this
approach has not yet been tested under realistic field conditions. A similar principle
could also apply to S reduction, but whether S reduction rates are affected by
elevated [CO,] has not been tested.

Remobilisation of Nutrients

The remobilisation patterns of nutrients from leaves to developing seeds have partic-
ular significance for grains of cereal crops (Gregersen 2011). For example, Palta and
Fillery (1993) investigated N remobilisation patterns in wheat and they found that N
acquisition from the soil stopped by anthesis and that ~69 % of the N allocated to the
spike was derived from remobilisation from the vegetative plant parts. Remobilisation
strategies are particularly relevant for low rainfall cropping systems where crops are
water-limited during the grain filling period and therefore rely heavily on the nutrients
already stored in vegetative plant parts pre-anthesis, with flag leaves representing the
strongest source of nutrients (Palta and Fillery 1993). Nutrient remobilisation is
closely linked to leaf senescence processes and for optimum remobilisation exact
timing of processes is crucial (Gregersen 2011; Yang and Zhang 2006).

Nutrient and carbohydrate remobilisation patterns are already of interest in the
quest for more nutrient efficient crops (Gregersen 2011), but little is known about
whether changes in remobilisation patterns contribute to the decrease in nutrient
concentrations, particularly in grains, under CO, enrichment. In a study on barley it
was proposed that developing grains have a greater sink capacity for N, as they
receive ample supplies of carbohydrates. N reserves in the leaves may become
depleted faster, leading to accelerated senescence of flag leaves (Fangmeier
et al. 2000). One recent study on canola in a high rainfall system found that elevated
[CO;,] significantly decreased N remobilisation to seeds (Franzaring et al. 2012):
The NHI (see definition in Table 9.1) decreased by as much as 65 % under ample N
supply. It seems that changes in nutrient remobilisation can be significant, but field
studies with elevated [CO;] under soil drying conditions, for example in low
rainfall systems, where the remobilisation of nutrients is relatively most important
(Palta et al. 1994; Yang et al. 2000), are not yet available.
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Interactions of Soils with Elevated Atmospheric [CO,]

In many agricultural systems, production is limited either by nutrients or other factors
such as water. As a consequence, plant growth is not restricted by C availability
(Poorter and Perez-Soba 2001) until these other limitations are overcome. Nutrient
use efficiency (NutUE) reflects the ability of plants to access nutrients from soil
(and fertilisers) as well as the dynamics of the nutrient once it is absorbed.

In contrast to the rapid growth in knowledge of how high [CO;] alters the above
ground physiological responses of plants, much less is known about potential
interactions between high [CO,], different soil processes and plant responses. For
example, soil available N levels have been hypothesised to gradually decline under
high [CO,]. This so-called progressive nitrogen limitation (PNL, Luo et al. 2004),
will result in available soil N levels becoming increasingly limiting as N and C are
sequestered in plant biomass and soil organic matter. As C/N ratios of plant residues
increase (as indicated in previous sections), soil N mineralisation rates will decrease
(Prior et al. 2008). Consequently, an understanding of how high [CO,] will affect
NutUE of plants must account for the influence of different soil properties on both
the capacity to supply nutrients to plants as well as potentially influence the ability
of the plant to access available nutrients (and other critical resources such as water)
in the soil.

Strong interactions can exist between different mineral nutrients (especially N)
at both a physiological level (see above) as well as in a broader agronomic context.
For example, the old weathered soils that underpin many Australian grain produc-
tion systems are very deficient in P (Donald 1964) and McDonald (1989) noted the
importance of N and P interactions in controlling grain yield in cereal crops. Only a
relatively small proportion of P in the soil is in a chemical form that is immediately
‘available’ to plants. Consequently, farmers generally manage soil P deficiencies to
plants by applying P fertilisers. However, a relative large proportion — up to 95 %
(McBeath et al. 2012) — of the fertiliser P becomes unavailable for the crops. For
example, P can be strongly adsorbed onto soil particles, precipitated as insoluble
forms (normally associated with iron, aluminium or calcium) or immobilised by
soil biota. Considerable research has been dedicated to investigating the potential of
plants (at both an intra and inter species level) to access these ‘unavailable’ forms of
P as a strategy to improve NutUE (e.g. Armstrong et al. 1993; Osborne and Rengel
2002; Wang et al. 2010). Although high [CO,] can actually temporarily increase P
immobilisation (as organic P) in the rhizosphere of crops (Jin et al. 2013), there is
no evidence that high [CO,] alters the ability of plants to acquire P from different
sparingly soluble sources of P (Hocking and Barret 2003; Jin et al. 2014).

Differences in NutUE between plants depend on the ability of roots to access
nutrients in the soil and fertiliser; especially for relatively immobile nutrients such
as P, most nutrient acquisition is via root interception (Barber 1995). In many
environments, soils can exhibit a range of physicochemical properties such as high
aluminium, sodicity, salinity and high boron that can significantly restrict root
growth, and therefore uptake of soil nutrients and water (Adcock et al. 2007). It
has been hypothesised that high [CO,] may ameliorate the negative effect of some
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of these constraints such as high salinity (Poorter and Perez-Soba 2001), supported
by the finding that high [CO,] generally increases assimilate allocation to below
ground processes including root growth and exudation (Lynch and St. Clair 2004).
However, Munns et al. (1999) found that whereas there was a positive interaction
between [CO,] and salinity at low CO, levels, there was no CO, fertilisation effect
at high [CO,].

Outlook: Traits and Practices to Improve Crop Nutrition
and Quality Under High [CO,]

Given the extent of nutrient deficiencies globally and the financial (e.g. steadily
increasing fertiliser prices) and environmental (e.g. eutrophication of water ways)
cost of managing nutrients in agricultural systems it is not surprising that consid-
erable research has been devoted to improving NutUE in crops especially that of N
and P in both low and high input systems (Wiesler et al. 2001; Hawkesford 2011).
This research has encompassed genetic solutions (Hirel et al. 2007), improved
fertiliser forms (e.g. Chen et al. 2008; McLaughlin et al. 2011) as well as systems
approaches such as better predictions of crop nutrient requirements through
improved soil testing and predictions of crop nutrient demand often via the use of
computer simulation models (e.g. Carberry et al. 2002; Moeller et al. 2009). As
shown in this chapter, elevated [CO,] shifts the relative resource availability
towards photosynthetically fixed C and therefore affects the trade-offs that are
key to optimising plant traits and crop management in practice (Sadras and
Calderini 2009). Recently, the argument that crop improvement should explicitly
take into account elevated [CO,] has gained some traction, particularly as it was
shown that traits selected by breeders over the past 100 years were not necessarily
beneficial under increased [CO,] (Ainsworth et al. 2008; Tausz et al. 2013; Ziska
et al. 2012). Similarly, management practices should be evaluated under elevated
[COy], as plant growth changes in amount and timing, and this will affect nutrient
demand, uptake and utilisation.

Most aspects of plant NutUE will improve as a consequence of the CO,
fertilisation effect (Table 9.1), but the overall increased nutrient demand of crops
accumulating more biomass ensures that the quest for optimum plant nutrition and
NutUE remains of paramount importance. Elevated [CO;] will only accentuate the
“yield quality conundrum”, e.g. the fact that mineral nutrients or protein concen-
trations decrease as crop yields increase (Hawkesford 2011). The main challenge
will be how to supply sufficient N to maintain grain protein concentrations under
high [CO,], but the issues are similar for other nutrients, as their global supplies are
becoming limited (such as P), they play important role in grain quality (such as S),
or micronutrients such as Fe and Zn that are crucial to human health. Genetic
(breeding or biotechnological) and management improvements targeting the quality
yield conundrum particularly under elevated [CO,] are therefore a high priority in
agricultural research.
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For the successful development of new improved plant varieties a number of
pre-requisites must be met: (i) there must be genetic variability available (ii) there
must be an ability to readily identify the genes associated with this phenotypic
variability and (iii) the trait must be readily inheritable (Foulkes et al. 2009).
Although genetic variation for nutrient efficiency has been identified in many arable
crops (e.g. Svecnjak and Rengel 2006 in canola), there are relatively few reports of
the development of new varieties with greater NutUE. There are also arguments
that rather than directly selecting for traits such as improved NutUE, breeding for
yield improvement alone (which many plant breeders indicate is their number one
priority) has also contributed to increased N harvest index and increased N uptake
(Sadras and Lawson 2013). However, as highlighted in this chapter, there may be a
number of opportunities to identify specific target traits, for example employing the
developing knowledge on the mechanisms underlying the decline of plant nutrients
under elevated [CO,].

Because a key challenge in developing new varieties is managing the complexity
of interactions between traits and environmental conditions, elevated [CO,] must be
taken into consideration in realistic field settings. FACE experiments can play a key
role in assessing breeding traits, but also evaluating nutrient management under the
future climate conditions (including drought). Current FACE experiments mostly
target [CO,] expected for 2040-2050 (550 pmol mol " air), which is timely for
selection efforts considering that the turnaround time from trait identification to a
new variety can be 10-20 years (Chapman et al. 2012). Whilst changes in crop
management practices, such as new fertiliser products, application rates and timing
strategies, may require less lead time than the development of new crop varieties,
they will be most effectively applied and tested in the right combination with the
right crop varieties under the relevant environmental conditions. Dealing with
below ground processes, especially those associated with roots and soils, poses
particular difficulties, and adds complexity to the system. This complexity cannot
be avoided, as shown by the importance of roots and soil processes in the interac-
tion of high [CO,] with plant nutrition. The use of 3-D functional simulation
modelling (Dunbabin et al. 2013) offers considerable promise, especially when
combined with new technology such as x-ray computer tomography that allows
better imaging of root growth within soils. More flexible exposure systems that
combine the advantages of a FACE system (free air without enclosure effects) with
the use of large soil cores (such as the “SoilFACE” system as part of the AGFACE
facilities; Butterly et al. 2012) or lysimeters and rhizotron access also offer oppor-
tunities to investigate relevant plant nutrition processes in the field.

In summary, it will be important to consider increasing [CO,] in further
improvements of crop nutrition and NutUE, either by genetic or managements
adaptations. Facilities that enable crop growth under elevated [CO,] will therefore
play an increasing role in such efforts, alongside technologies that control other key
factors such as water supply or temperature regimes.
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Chapter 10
Monitoring Plant Nutritional Status

Moez Maghrebi, Fabio Francesco Nocito, and Gian Attilio Sacchi

Abstract Methods and techniques effective in achieving yield objectives, opti-
mizing the use of resources and preventing environmental contamination are
defined as agronomic Best Management Practices (BMPs). Considering
fertilisations BMPs pursue the aims to match mineral nutrient supply with crop
requirements, minimizing their losses from the field. If spatial and temporal infor-
mation about crop needs were available, precision fertilisation approaches could be
planned in order to increase fertiliser use efficiency and to improve some economic
and environmental aspects related to the crop systems. The state of the art and the
research perspectives on the fine tuning of optical devices allowing proximal or
remote sensing at sub-field scale of crops traits related to plant nutritional status, as
well as on the exploitation of the gene fusion concept in developing transgenic
bioindicators monitoring the nutritional status of the plants are here reviewed and
discussed. Concerning the latter aspect particular attention is paid to the develop-
ment of synthetic promoters conferring to the biondicator nutrient specificity and
also able to target the expression of the associated reporter genes in organs in which
their signals should be early and easily detectable.

Keywords Agronomy ¢ Nutrient monitoring * Fertilizers ¢ Precision agriculture
* Critical concentrations * Bioindicators

Introduction

Mineral nutrient availability is one of the most important factors determining yield
in agriculture. Conventional farming requires a continuous and large supply of
fertilisers to the soil in order to replace the nutrients removed with plant harvest. In
the predicted scenario of a rising demand for food and energy for the expected
world population of about nine billion in 2050 (Godfray et al. 2010) a dramatic
increase in the use of fertilisers in the crop systems is foreseen. Since fertiliser
production and distribution have a high demand for energy, in the last decade the
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price of fertilisers, although fluctuating, have been burgeoning and it is highly
improbable that this trend will change in the next few years (http://faostat3.fao.org/
home/index.html).

Only a fraction of the nutrient provided to the soil as fertiliser is taken up from
the crops. This fraction, expressed as a percentage, is defined as the crop Apparent
Recovery (AR; Craswell and Godwin 1984):

AR = 100(Ny — N,p)/F

where Ny and N, are the total amount of the nutrient absorbed by the crop, if
fertilised or not, respectively, and F is the amount of the nutrient added to the soil
with the fertiliser. For the main crops quite low average values of AR are reported:
about 35 % for N (Raun and Johnson 1999), 10-30 % for P (Malhi et al. 2002) and
seldom higher than 50 % for K (Rengel and Damon 2008). The low capacity of
crops in removing the nutritional elements added to the soil has significant envi-
ronmental implications and reflects limits in the management of the fertilisation
practices, the existence of constraints due to both chemical-physical and microbi-
ological soil properties and plant intrinsic biological limits. AR does not consider
yield traits. On the contrary, the Agronomic Efficiency (AE) of the fertiliser, defined
by the ratio dY/dF, where dY is the infinitesimal yield (Y) and dF is the infinitesimal
increase in the amount of the nutrient in the soil (F) due to the fertiliser application,
considers such traits. AE can in turn be expressed considering two components: the
crop Removal Efficiency (RE), defined as the ratio dNg/dF, where dN is the
infinitesimal incremental amount of the nutrient taken up by plant after the
fertilisation, and the Physiologic Efficiency (PE), defined as the ratio dY/dN:

AE = RE x PE = dNy/dF x dY /dNy = dY /dF

In the field, both RE and PE, and then AE, depend on the interaction between
genetic and environmental factors. In other chapters of this book the molecular and
genetic aspects determining AE for some essential elements are extensively
reviewed. Here, in a perspective of precision farming (Pierce and Nowak 1999),
some strategies to improve AE by optimising dN throughout the use of plant-based
sensor systems are presented and discussed.

Fertiliser Best Management Practices
Definitions

In order to limit the intrinsic risks of diffuse pollution due to intensive agriculture,
both local and supranational authorities are committed to the fine tuning of methods
or techniques found to be the most effective and practical means in achieving yield
objective optimisation and preventing contaminations of soils, water resources and
air. As a whole, these recommended measures are defined as agronomic Best
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Management Practices (BMPs) and include: the choice of variety, planting date,
row spacing, seeding rates, integrated pest management, weed control, disease
control, and nutrient management. Focusing on the input into the field of inorganic
nutrients, BMPs are considered the management practices that foster the effective
and responsible use of fertiliser matching nutrients supply with crop requirements
and minimise their losses from the fields.

Toward a Fertiliser Precision Management

Fertiliser BMPs include the identification of the: (a) the right product by matching
the fertiliser characteristics to the crop site specific needs and soil properties; (b) the
right time by synchronising the presence of the nutrient with the moment of crop
maximum demand and uptake capacity; (c) the best rate by matching the amount of
fertiliser input to crop needs in order to avoid over-input leading to nutrient
leaching and other losses to the environment, as well as starvation conditions;
(d) the right place by making sure the presence of the nutrients where plants can
efficiently take up them.

Although in a field a relatively high spatial variability in the crop requirements
of a specific nutrient could exist, fertilisers are uniformly applied, to avoid yield
gaps and considering the less fertile portion of soil, where the crops have the
maximum demand. The amounts of nutrient provided in excess with the fertiliser
can be absorbed by the crops without resulting in any benefit in term of yield or
leached towards the underground water becoming a concern for the quality of the
environment.

If spatial and temporal information about crop needs of nutrients were available
site- and time-specific inputs of the nutrient could be planned, resulting in a
precision fertilisation approach, and in a win-win option to increase fertiliser
nutrient efficiency and to improve the economic and environmental sustainability
of the crop systems. In other words, the optimisation of dNy term, in the equation
defining AE, requires detailed information for decision support systems, allowing
farmers to adopt the minimal nutrient input for maximal return, according to a
Fertiliser Best Management Practices (FBMPs) approach.

Evaluating Plant Nutritional Status

Soil and Leaf Analyses

Within a field the spatial variability of the soil chemical-physical and biological
characteristics, including the amount of bioavailable forms of the mineral nutrients
essential for crops, can be pronounced. Mapping this variability and plant
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nutritional status at high temporal and spatial resolution represents the first step
towards the setup of site-specific FBMPs. In the last years, several sensor-based
techniques to assess parameters indicative of the nutritional status of soil-plant
systems have been proposed to replace, or support traditionally used physical
measures and chemical analysis. Results on soil properties obtained from electro-
magnetic induction sensors along with those derived from the use of ground
conductivity meters and radiometers analysing canopy reflectance, appear to pro-
vide data which can be used to target N-fertilisation to specific field conditions
(Adamchuck et al. 2011). However, soil and plant chemical analyses are still widely
used in developing methods for the evaluation of the nutritional status of the crops.
In particular, the evaluation of elemental concentrations in plant tissues can be
helpful in diagnosing nutrient deficiency. This strategy is currently used to assess
nutrient availability and guide fertility programmes for many fruit tree crops.
Nevertheless, the usefulness of this approach in order to develop FBMPs for
herbaceous crops is rather debatable, since the concentration of a specific element
may change among the leaves of a single plant, and may also change over time
within a single leaf (Barker and Pilbeam 2007). Thus, plant sampling, in term of
timing and tissues to choose, is the most critical step (Kalra 1998). Moreover,
elemental analysis detects only severe and long-term deficiency since a plant’s
initial response to nutrient limitation is to activate mechanisms aimed at
maintaining the ionic homeostasis of their cells (Schatchtman and Shin 2007;
Gojon et al. 2009). Finally, conferring a diagnostic value to the concentration of a
single element could be misleading since complex cross-talk connections between
the regulatory mechanisms controlling the ionic homeostasis in plants exist
(Rouached et al. 2010).

Nutrient-Critical Concentration and Dilution Curve

The critical concentration of a nutrient (n.) stands for the concentration of the
nutrient in the shoots above which, in the absence of other growth limiting factors,
the plant is sufficiently supplied with the nutrient to achieve its maximum potential
yield. In other words, when the 7. is achieved and maintained, further supplies of
the nutrient will not influence the growth of the plants and, in the absence of any
sort of demand-driven negative-regulation of its uptake, it could be uselessly
accumulated in the plant tissues. For some nutrients it is possible to define the
so-called roxicological value, which indicates the concentration above which fur-
ther nutrient accumulation induces damage on cell metabolism and structure. All
the concentrations of the nutrient between its critical and toxicological values
define the so-called luxury range (Fig. 10.1), which depends on the chemical
properties of the element and on its biochemical roles. The fine-tuning of the
application of fertiliser to maintain the concentration of the mineral nutrients in
the plant tissues as close as possible to their critical values represents a FBMP
approach.
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Fig. 10.1 Relationship between the concentration of a nutrient in the shoot and the biomass
relative yield

The critical concentration of a nutrient is not a constant value since it depends on
genotype, environmental conditions, and the developmental stage of the plants
(Lemaire and Gastal 2009; Greenwood et al. 1986). For instance, in the above-
ground tissue of cereals the value of n. (as % on the DW basis) changes during the
plant developmental stages according to the dilution function:

ne = aw="

where W is the maximum above-ground biomass in a specific stage of the plant
cycle, a represents the concentration of 7. in the shoot when the crop mass is 1 Mg
DM ha™', and b represents the dilution coefficient.

The dilution curve of a specific cultivar is obtained by plotting the n. values, at a
given developmental stage and field situation determined by a set a fertilisation
experiments versus the accumulated plant shoot biomass (Fig. 10.2). Once the
dilution curve for a specific nutrient is known, it is possible to evaluate the
nutritional status of the crop by evaluating its nutritional index (NI) defined as the
ratio between the actual nutrient concentration in the shoots and the corresponding
value of n... Indeed, if NI is lower than 1 the crop is in a suboptimal nutritional status
for a given nutrient and needs to be fertilised; if the NI is higher than 1 the crop is in
the luxury range.

The actual feasibility of such an approach for a sustainable management of N
fertilisation is conditioned by the limited availability of easy and low cost methods
to rapidly estimate the value of W in the field and, mainly by the actual concentra-
tions of the nutrient in the shoots over a representational cropping area. The value of
W can be extrapolated by the crop leaf area index (LAI) currently evaluated through
remote sensing approaches (Zheng and Moskal 2009). The evaluation of the actual
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Fig.10.2 Dilution curve for a generic essential nutrient as defined by six n. values determined for
six plant developmental stages

concentration of the nutrient, without adopting the traditional chemical analyses, is
the most difficult challenge to overcome.

Since nitrogen is the nutritional element that most often affects crop production
and the current world use of N fertilisers is approximately 90 million metric tons
(with an estimated cost of about $50 billion), it is reasonable that several research
efforts have been focused on the fine tuning of non-invasive methods for the
determination of N levels in shoots throughout the entire growth cycle of crops as
a guide to N-FBMPs (for an exhaustive review see Samborski et al. 2009). Assum-
ing nitrogen as an example, in the next paragraph we briefly summarize the
advances on the non-destructive approaches developed or under investigation for
monitoring the nutritional status of a crop.

Non-destructive Monitoring of Crop Nutritional Status: The
Example of Nitrogen

Nitrogen availability affects chlorophyll content in leaves (Schlemmer et al. 2005)
and as a consequence the level of this pigment is considered a good indicator of the
nitrogen nutritional status of a crop (Samborski et al. 2009 and references therein).
Instruments analysing the spectral properties of leaf tissue to estimate their chlo-
rophyll content (optical chlorophyll meters) have been developed to evaluate the
need for agricultural N applications. Due to the pigment’s light absorption proper-
ties (in the visible wavelength range), the higher the chlorophyll content, the higher
the reflectance of the leaf (in the 525—-680 nm range) and consequently, the higher
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the amount of red light absorbed. Combining light absorbance measures at 660 nm
and near-infrared (NIR) light transmittance at 940 nm, which in turn depend on leaf
moisture content and thickness, a good estimation of chlorophyll per unit area has
been obtained in the major crop leaves. It has been proved that the chlorophyll
meter can detect the early signs of N stress not yet detectable by visual analysis
using a leaf colour chart (Debaeke et al. 2006).

Recently, it has been proposed a hand-held instrument (Dualex®™), exploiting
chlorophyll as an internal sensor of photons, enables the user to contemporaneously
assess the level of both photosynthetic pigments in the mesophyll and flavonoids in
the epidermis of the leaf. Briefly, comparing the amount of chlorophyll fluores-
cence emitted under UV excitation (A 359) with that emitted under visible light (A
660) Whether absorbed or not, the instrument is able to evaluate the level of
flavonoids absorbing in the UV range. Contemporaneously, by comparison of the
light transmittance at A 7,0, in the range of chlorophyll absorption, and at A g4¢_in the
range influenced by leaf structural properties but not by chlorophyll, a reliable
evaluation of the levels of the photosynthetic active pigment is obtained. Dualex™
thus allows measurement of a Nitrogen Balance Index (NBI®), which indicates the
ratios of both chlorophyll and flavonoids units and as a result is related to leaf N
content (Cartelat et al. 2005) since leaf flavonoids can be considered an indicator of
N availability. Indeed, in N-starved plants the concentration of carbon-based
secondary metabolites increase (Hamilton et al. 2001) and in particular, due to
the enhanced expression of specific transcription factors involved in controlling
their biosynthetic pathway, those of anthocyanin and flavonols (Lea et al. 2007).
Several experimental evaluations suggest that in the case of wheat and corn
Dualex® seems to furnish more reliable information about the N status of the
plants with respect to other hand-held optical systems (Tremblay et al. 2012).

Since leaf N status influences the quantum yield of PSII electron transport and
then the chlorophyll fluorescence parameters (Lu and Zhang 2000), canopy fluo-
rescence quenching analyses could be considered suitable for sensing crop N status
(Tremblay et al. 2012). In particular, the recent introduction of a hand-held fluo-
rimeter (Multiplex®) equipped with LEDs generating four wavelengths (A375s, A450,
530, Ae30) and detectors monitoring fluorescence at three wavelengths (A447 Or Asog
if the excitation at A45( is used or not, respectively, Ages and A735) seems to be quite
promising for the in-season assessment of crop N status (Tremblay et al. 2012 and
references therein). Combining different excitation and emission bands the instru-
ment provides independent parameters related to chlorophyll, flavonoids and N
content of the plants (Tremblay et al. 2012).

The devices described above determine optical parameters for individual leaves
or, in the case of Multiplex®, at a typical distance of a few centimeters thus
monitoring circular canopy surfaces of not more than 10 cm in diameter. Conse-
quently, they are not particularly suitable in evaluating the N status of a crop at field
scale. Sensors, analysing canopy reflectance properties and thus its N status and
needs are also available (Erdle et al. 2011). They are classified as passive (Yara
N-Sensor®/Field Scan and FiledSpec® Portable Spectroradiometer) or active
(GreenSeeker® and Crop Circle™) non-contact sensors depending on the sunlight



260 M. Maghrebi et al.

reflected by the canopy or on their own specific light sources in the visible (650 or
590 nm) and NIR (770 or 880 nm) range, respectively. Spectral data collected by
these devices allow the calculation of the so-called normalised differences vegeta-
tion index (NDVI) according to the formula:

NDVI = (NIR — Vis)/(NIR + Vis)

where NIR and Vis stand for the spectral reflectance measurements acquired in the
NIR or visible (red) regions, respectively. The NDVI value is about 0.5 when the
vegetation chlorophyll content and thus, in the absence of any other stress factors,
plant N status is optimal; conversely in sub-optimal conditions the value of NDVI is
much lower.

Several examples of the use of these portable proximal sensors (which can also be
mounted on tractors) in the fine-tuning of variable-rate technology for site-specific
N fertilisation exist (Solari et al. 2008; Diacono et al. 2013). The possibilities to
easily and efficiently translate the information on N crop status, obtained by the
hand-held or proxy sensor approaches described as above, in site- and time-specific
recommendations for FBMPs can be invalidated by a plethora of biotic and/or biotic
stressors, including a non-optimal availability of nutrients other than N, which
influence the chlorophyll content of the leaves. Therefore, the parameters and the
vegetation index obtained are usually validated by setting up standardisation pro-
cedures providing for plots of the same cultivar in the same environment at different
N availability. In this way genetic, environmental and agronomical factors can be
eliminated as potential sources of error and making the data obtained by the sensor-
based approaches more reliable (Samborski et al. 2009; Diacono et al. 2013).

Hyperspectral radiometers providing contemporaneous reflectance measure-
ments over a relatively narrow wavebands (<10 nm), should make it possible to
identify specific regions of the spectrum which could be used to develop new
indices, highly sensitive to plant N status and unaffected by other exogenous factors
(Hansen and Schjoerring 2003). Indeed, an increasing number of studies suggest
that field as well as airborne or spaceborne hyperspectral canopy radiometric data
can be useful for estimating plant nitrogen concentration in cultivated or natural
environments (Ollinger et al. 2008, Stroppiana et al. 2009), although recently some
criticisms about the remote sensing of leaf tissue constituents by hyperspectral data
have been raised (Knyazikhin et al. 2013).

Leaf chlorophyll concentration is also an indirect diagnostic symptom for N status
of the crop. However, it is important to take into account that reduced chlorophyll
biosynthesis is a relatively late response to N starvation which only becomes evident
after the plant has initiated other molecular and physiological responses for
maintaining N homeostasis (Schatchtman and Shin 2007; Gojon et al. 2009).

Unfortunately, non-destructive reliable monitoring approaches comparable with
those above described for N have not been developed for the other mineral nutrients
whose availability affects crop yield (in particular P, K and S). Thus, for these
nutrients the chance to adopt FBMPs is limited to the classic chemical evaluation of
plant tissues and soils.
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Plant Bioindicator for Nutritional Status

Bioindication and Biomonitoring

The development of quick and inexpensive methods to determine changes in
nutrient bioavailability is required in order to monitor soil nutrient dynamics for
better fertiliser management for a variety of crops in different environmental
conditions. Developing bioassays based on the use of specific plant sentinels or
bioindicators, may represent a reliable and efficient strategy to obtain quick,
accurate and low-cost information about nutrient availability changes in a given
crop system. Thus, the use of these modern biotechnologies could allow the
non-destructive analysis of plants under field conditions. Development of these
kinds of tools represents a new and challenging area of research.

Plants respond to nutrient supply or shortage through a complex of physiolog-
ical, morphological, and developmental responses, which are under the control of
several gene pathways. Microarray technology is a convenient tool for rapid
analysis of plant gene expression patterns under a variety of environmental and
nutritional conditions. Genome-wide microarray analyses showed extensive
changes in the expression of several genes involved in primary and secondary
metabolism, nutrient transport, protein synthesis, regulation of gene expression
and cellular growth processes (Maruyama-Nakashita et al. 2003; Wang
et al. 2003; Bi et al. 2007; Li et al. 2010; Kant et al. 2010; Ma et al. 2012). Such
studies not only improved our general understanding on plant responses to nutrient
availability but also provided a reliable data from which to develop new molecular
strategies for real-time monitoring of plant nutritional status.

Recently, Yang et al. (2011) used multiple whole genome microarray experi-
ments to identify gene expression biomarkers capable of assessing plant responses
under limiting and sufficient nitrogen conditions. Using logistic regression statisti-
cal approaches, they identified a common set of genes in maize whose expression
profiles quantitatively assessed the extent of plant stress under different nitrogen
conditions. Interestingly, such a biomarker gene set is independent of maize
genotype, tissue type, developmental stage, and environment (including plants
grown under controlled conditions and in the field), and thus has the potential to
be used as an agronomic tool for real-time monitoring and to optimise nitrogen
fertiliser usage.

The Gene Fusion Concept Enables to Define a New Class
of Transgenic Bioindicators

The existence of gene pools, which specifically respond to the nutritional status of
the plant, has introduced a new class of bioindicators, based on the concept of gene
fusion (Fig. 10.3). A generic nutrient-responsive gene is formally considered as
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consisting of two parts: the promoter or controller that senses the nutritional status
of the plant and directs the synthesis of a new product from the second component,
the responder. By replacing the original sequence of the responder gene with a new
and easily studied gene, called a reporter gene, it should be possible to obtain
valuable information about the activity of the promoter. Such a molecular manip-
ulation should provide information about the nutritional status of the plant by
simply measuring the activity of the reporter protein.

Plant biologists to study how a particular gene is controlled when measurement
of the gene product is too difficult have extensively used the gene fusion concept.
The elective tool used in this type of studies is the GUS gene fusion system, which
uses uidA from E. coli as a reporter gene. This gene encodes a f-glucuronidase able
to hydrolyse a wide range of p-D-glucuronide substrates producing coloured or
other compounds in amounts proportional to enzyme activity (Jefferson 1989).
Assays for testing the activity of GUS in genetically modified plants are carried
out on plant material or plant extracts under laboratory conditions. A variety of
glucuronides is commercially available and can be used for fluorometric, spectro-
photometric, luminometric and histochemical GUS analyses, qualitative as well as
quantitative (Gallagher 1992).

Unfortunately, reporter systems based on the activity of f-glucuronidase (GUS)
have severe intrinsic limitations that preclude their application under field condi-
tions since they require the enzyme (GUS) and its substrate be brought together to
produce the hydrolytic products necessary for the analysis. Likewise, luciferin—
luciferase imaging systems have been used in plants, but their application in the
field is hampered by the low level of light emission and the need for sensitive
photon-counting cameras to detect signal (de Ruijter et al. 2003). Thus, new tools to
perform non-destructive analysis are essential to develop specific sentinel plants to
be directly used under field conditions.

In a pioneering paper, Jefferson (1993) listed some criteria useful to develop new
reporter systems suitable for agricultural molecular biology. Some of the key
criteria, such an in vivo reporter system are that it should be: (i) non-destructive;
(ii) non-disruptive to avoid physiological alteration of crop performance; (iii) useful
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and functional in most crop species; (iv) inexpensive and capable of being used
everywhere; (v) simply to detect with little or no instrumentation; (vi) easy to use
under field conditions.

Naturally fluorescent proteins could offer a valuable alternative to the use of
GUS reporter systems since, in contrast to GUS, the detection of their expression
does not require the addition of a substrate. Green fluorescent protein (GFP), a
spontaneously fluorescent protein, was initially isolated from the luminescent
marine jellyfish (Aequorea victoria). GFP emits a highly and stable bright green
fluorescence after absorbing blue light (Tsien 1998). The wild type Aequorea
protein has a major excitation peak at 395 nm which is about three times higher
in amplitude than a minor peak at 475 nm. In normal solution, excitation at 395 nm
gives emissions peaking at 508 nm, whereas excitation at 475 nm gives a maximum
at 503 nm (Heim et al. 1994). Since its discovery GFP from Aequorea victoria has
become a frequently used tool in plant biology. The first studies on transgenic plants
expressing wild type GFP proved the usefulness of this protein as an in vivo and
real-time visible marker and encouraged researchers to modify it in order to obtain
new variants that could be more effectively synthesised in plant cells and macro-
scopically detectable at the whole plant level (Stewart 2001). One of these modified
versions of GFP is the mGFP5er variant that produces a stable protein targeted to
the endoplasmic reticulum as the result of the addition of a N-terminal Arabidopsis
basic chitinase fusion and a C-terminal HDEL fusion (Haseloff et al. 1997). The
coding sequence contains three mutations that enhance the folding of mGFP5er at
higher temperatures and allows excitation of the protein using either ultraviolet
(395 nm) or blue (473 nm) light (Siemering et al. 1996). In addition, new fluores-
cence colours have been created through mutagenesis of the natural protein giving
longer excitation and emission wavelengths and to enhance the fluorescence bright-
ness. The new colours range from blue and cyan (EBFP and ECFP) to yellow
(EYFP); such new proteins have excitation/emission peaks at 383/474, 434/472 and
514/527 nm, respectively (Spiess et al. 2005; Mena et al. 2006).

Fluorescent proteins have been largely used as visual genetic labels at the whole
plant, tissue and cell levels, since they offer a fast and easy-to-use non-destructive
tool with which the efficiency and timing of gene expression can be evaluated.
Detection and quantification of fluorescence at the whole-plant level normally
requires the use of complex and expensive laboratory instruments (scanning laser
and fluorescence imaging systems). Portable instruments, such as fibre optic probe
fluorometers, have recently been designed to assess GFP fluorescence under field
conditions (Harper and Stewart 2000; Millwood et al. 2003). However, because
bioindicators need to be disseminated over a wide area, a successful field applica-
tion of these plants also requires a cost-effective remote monitoring system pro-
viding real-time information about the nutritional status of a whole crop system.
Recently Adams et al. (2011) proposed an alternative method for crop monitoring
in which sentinel plants and sensing units are deployed in tandem at specific
locations. Ideally, such a system integrates biological and sensory technologies
with communication technologies to provide a practical field-deployable telemetry
system.
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The gene fusion concept could be used to measure complex phenomena, even in
the absence of mechanistic knowledge of how that phenomenon works (Jefferson
1993). This technology is completely general and could be exploited to develop
transgenic bioindicators providing signals whose intensity is proportional to the
concentration of a given analyte in growing environment (i.e. mineral nutrients,
pollutants, water, etc.) or to the intensity of a biotic or abiotic stress that plants
could experience during their growth. Potential targeted traits to be monitored are
only limited by the availability of specific promoters (or controllers) driving the
reporter expression under a specific condition.

Recently these technologies have been applied in plants to develop model
transgenic bioindicators of the nutritional status to be used for laboratory purposes.
To date, reporter gene activity has been used to assess the phosphate, sulfate and
magnesium status in Arabidopsis and also to detect the level of nickel in the
growing medium (Hammond et al. 2003; Krizek et al. 2003; Maruyama-Nakashita
et al. 2006; Kamiya et al. 2012). In all these studies GUS, GFP and LUC have been
successfully used as reporter genes to indicate nutritional status under the control of
promoter sequences indirectly identified by microarray analyses.

Hammond and co-workers (2003) first proposed the creation of an Arabidopsis
transgenic bioindicator, able to monitor plant phosphorous status. They fused GUS
with the promoter of the phosphate starvation responsive gene SQD/ (a gene
involved in the synthesis of sulfolipids), obtaining an Arabidopsis transgenic line
in which GUS activity increased following P starvation. Interestingly, the reporter
responses to P withdrawal were much more rapid and quantitative than phenotypic
observations, showing this approach is particularly suitable for developing efficient
systems for monitoring plant P status. More recently Kamiya et al. (2012) used a
similar approach to establish a novel monitoring system for magnesium in plants. In
particular they obtained an Arabidopsis transgenic line that expressed luciferase
(LUC) under the control of the Mg deficiency-inducible CAX3 promoter. The
transgenic lines showed a clear response under low Mg conditions and the degree
of luminescence reflected the accumulation of endogenous CAX3 mRNA. How-
ever, CAX3 induction does not seem to be specific to low Mg, since the levels of
other ions (Ca®* and Na*) or P starvation may influence transcription (Shigaki and
Hirschi 2000).

Notwithstanding some limitations Arabidopsis ‘smart’ plants could also be used
as tools in basic research aimed at isolating novel mutants disrupted in nutrient
homeostasis or identifying plants with enhanced nutrient use efficiency. For
instance, the key transcription factor, SLIM1, regulating the sulfur assimilatory
pathway has recently been identified by screening Arabidopsis mutants carrying a
fluorescent reporter gene under the control of the sulfur limitation-responsive
promoter of the SULTRI1;2 sulfate transporter (Maruyama-Nakashita et al. 2006).
Using this approach it is possible to identify all the potential genes involved in
controlling the expression of SULTR1;2 under sulfur shortage, since in this condi-
tion the relative mutants will display altered fluorescence emissions as compared to
the wild type bioindicator.
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Strategies to Enhance the Specificity of Bioindicators

In the future, the use of smart plant technology in crops would provide rapid
bioassay methods to obtain valuable information about nutrient availability in the
soil solution and/or the nutritional status of the plants allowing efficient temporal
and special application of fertilisers and the development of decision-making
systems for precision farming. To date the exploitation of these technologies is
limited, not only by the lack of telemetry systems suitable for plant monitoring
across a large area, but also by the lack of precise information to design a
transformation-cassette that would enable the nutrient-specific control of reporter
activity. Thus, the choice of a core promoter to confer specific transgene expres-
sion, represent the major challenge we have to face in order to develop the next
generation of bioindicators.

A typical plant promoter consists of CAAT and TATA boxes for recognition of
DNA-dependent RNA polymerase, several-tens of bp upstream of the transcription
initiation site (Yoshida and Shinmyo 2000). Specific DNA sequences, called cis-
elements, generally upstream of the core promoter, drive the cell- or organ-specific
expression of the downstream gene under certain environmental conditions. Spe-
cific factors, called trans-factors (or transcription factors), bind to the cis-elements
affecting RNA polymerase activity. Generally, multiple-cis-elements and trans-
factors work together to induce the full regulation of gene expression, since gene
expression is generally under the control of several factors (Yoshida and Shinmyo
2000; Venter 2007).

In recent years, a wide range of different promoters have been characterised and
extensively used for regulating the expression of transgenes in plant cells (Venter
2007). In several cases, the cis-elements that are necessary for transcriptional
regulation and the trans-factors that interact with these elements have been iden-
tified. From these studies has emerged a complex picture in which DNA sequence
cis-elements that are important for regulation are scattered over thousands of base
pairs, and these elements interact with trans-factors that can be either ubiquitous or
highly restricted in their distribution. In this way diverse expression patterns may be
achieved through combinations of a limited number of regulatory elements and
trans-acting factors. The knowledge of these combinatorial mechanisms should
allow the generation different transcription patterns by ‘cut and pasting’ the com-
ponents in different ways.

Analysis of the cauliflower mosaic virus (CaMV) 35S promoter has contributed
to the understanding of transcriptional regulatory mechanisms and has allowed the
design of inducible transgene expression cassettes. The —343 to —46 upstream
region relative to the site of initiation of transcription (+1) of the promoter is
responsible for the strength of transcription. Two regions, —343 to —208 and
—208 to —90, are responsible for transcriptional activation, and the —90 to —46
region plays an accessory role by further increasing the transcriptional activity
(Odell et al. 1985; Fang et al. 1989). Artificial promoters are generally constructed
by a combinatorial design of different promoter elements, with the minimal core
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Fig. 10.4 Schematic representation of a synthetic promoter useful for bioindication purposes. The
core region of the CaMV 35S promoter is fused with a combinatorial engineering of cis-elements
(blue boxes) which, following the interaction with specific transcription factors, drives the reporter
expression under particular conditions

DNA fragment (—46 to +8 bp) of the CaMV 35S promoter as the main component
(Fig. 10.4). The core-promoter region contains a TATA-box necessary for
recruiting RNA polymerase II and the orchestrated assembly of general transcrip-
tion factors to form the pre-initiation complex (Novina and Roy 1996). The CaMV
35S core-promoter is ideal for transcription initiation and has been used in several
synthetic plant promoters in which combinatorial engineering of cis-element have
been introduced upstream of the core-promoter sequence.

The use of synthetic promoters allowing for targeted inducibility of a reporter
gene is of considerable interest to develop engineering strategies aimed at creating
plant bioindicators for real-time monitoring of nutritional status. For these purposes
promoter sequence domains or cis-elements conferring nutrient- and organ-
specificity should be combined in order to target the reporter expression in organs
(shoot and leaves) in which signals should be easily detectable.

Many different plant promoters have been described as able to restrict gene
expression to particular cells, tissues or organs. The GaMYB2 promoter is cotton
fibre- and Arabidopsis trichome-specific, and can drive gene expression specifically in
glandular cells (head cells) of glandular trichomes in transgenic tobacco (Shangguan
et al. 2008). Some cis-elements regulating tissue-specific gene expression have also
been identified. For instance, mesophyll expression module 1 (Meml), a 41 bp
fragment of the ppcAl promoter, directs mesophyll-specific expression. The
tetranucleotide sequence, CACT has been identified as a key component of Meml
by evolutionary and functional studies (Gowik et al 2004). More recently, Ye
etal. (2012) identified a rice green tissue-specific expression gene, DX/, and described
two novel tissue-specific cis-elements (GSE1 and GSE2) within the DX/ promoter. In
particular, GSE1 acted as a positive regulator in all green tissues, whereas GSE2 acted
as a positive regulator only in sheath and stem tissues.
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Obviously, nutrient-specific cis-elements are equally as important for reporter
expression as tissue-specific cis-elements. Nutrient-inducible plant promoters con-
tain multiple cis-acting elements, only some of which may specifically contribute to
nutrient inducibility. A number of potential nutrient responsive cis-elements have
recently been identified in the promoter of several nutrient responsive genes and
have been indicated as key regulatory factors of gene expression under different
nutritional conditions.

Sulfur-responsive elements (SUREs) have been identified in the promoter
regions of the Arabidopsis NIT3 nitrilase and p-subunit f-conglycinin gene from
soybean (Awazuhara et al. 2002; Kutz et al. 2002), although no consensus
sequences have been shown yet. However, an interesting study on Arabidopsis
sulfate transporter SULTRI;l promoter demonstrates that a 5 bp sequence is
essential to promote sulfur response of SULTRI1;1 (Maruyama-Nakashita
et al. 2005). Such a sequence also appears in the promoter regions of many
sulfur-responsive genes, suggesting its involvement in the transcriptional control
of a gene set required for adaptation to sulfur-limiting conditions. Deletion analysis
of the barley IDS2 (iron deficiency-specific clone no. 2) gene promoter allowed the
identification of two cis-acting elements, iron-deficiency-responsive element 1 and
2 (IDE1 and IDE2), which synergistically induced iron-specific expression in
tobacco roots. Finally, comparative analyses of several nitrite reductase gene pro-
moters from various higher plants have recently allowed identification of a con-
served sequence motif as nitrate-responsive cis-element (Konishi and Yanagisawa
2010).

What Do Bioindicators Sense? A Key Problem

Modification of promoter architecture necessary for manipulating gene reporter
activity requires accurate studies of the regulatory network involved in controlling
gene expression under different nutritional conditions. Unfortunately, for the most
part, these aspects are still largely unknown preventing the optimal design of a
synthetic nutrient-inducible promoter, particularly in cases where a mineral nutrient
undergoes complex assimilatory metabolisms (i.e. nitrate or sulfate) or interacts
with other nutrients. In all these cases the specific question to be answered is: what
do synthetic nutrient-specific promoters sense?

For example, the transcriptional regulatory mechanisms involved in sulfate
uptake and assimilation reasonably result from direct sensing of the plant nutri-
tional status rather than from the composition of the external soil solution
(Lappartient and Touraine 1997; Lappartient et al. 1999). This control involves
an inter-organ signaling mechanism in which key intermediates of the sulfate
assimilatory pathway may act as negative or positive signals in modulating the
expression of the sulfur-responsive genes. Adequate levels of sulfur compounds
would repress gene expression through a negative feedback loop preventing exces-
sive sulfate uptake and reduction; vice versa a contraction of the intermediates
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along the assimilatory pathway would unrepress gene transcription allowing sulfate
to enter the pathway. A second regulatory loop, involving OAS as a key interme-
diate, would act in promoting gene unrepression when nitrogen and carbon supply
exceeds sulfur availability within the cells (Hawkesford 2000). In this context the
need to dissect the molecular mechanisms involved in the nutritional signal per-
ception and transduction is evident since, in several cases, the relationships existing
between gene expression and the levels of the signal-intermediates are not always
clear. Further research is needed to associate single gene expressions to a specific
nutritional signal or sulfur-nutritional status.

Genome-wide expression analyses have revealed that nitrate supply induces
changes in the expression of several genes, not only those involved in nitrate
reduction and assimilation. Such behaviour is likely both due to the direct effects
of nitrate itself and indirect effects caused by changes in nitrogen metabolite
content or nitrogen nutritional status. In fact, nitrate is thought to act as a signal
molecule influencing the expression of a number of genes, since their expression is
rapidly induced by nitrate even in mutants severely compromised for nitrate
reductase activity (Wang et al. 2004). In addition, it has been shown that nitrate-
inducible expression NADH/nitrate reductase mRNA in maize roots, scutella and
leaves also occurs in the presence of inhibitors of protein synthesis, suggesting that
the signal transduction system mediating this response is constitutively expressed in
plant cells, independently of the presence or the absence of nitrate in the growing
medium (Price et al. 2004). Results of these studies clearly shows that dissection
analyses of the signal transduction pathways controlling gene expression under
different nitrogen supply should provide important information to define smart
plants able to sense the cellular level of nitrite or the general nitrogen nutritional
status of a crop system.

Conclusions

Growing varieties with enhanced efficiency and/or modifying the environ-
ment in which the crop is grown can increase the nutrient use efficiency of a
crop production system. The selection of varieties with improved nutrient use
efficiency is a more generic approach, which necessarily requires deep
knowledge of the genetic variation and inheritance of these traits. On the
other hand, the improvement of the agricultural practices aimed at sustaining
the nutrient needs of a crop may provide more immediate advantages in terms
of cost and environmental quality.

Although much progress has been made in improving fertilisation prac-
tices there remain considerable uncertainties about the persistence of nutri-
ents in the soil and their actual availability to the plants. The development of
quick and inexpensive methods to determine changes in nutrient bioavail-
ability in the soil or the nutritional status of the plants are desirable for better
fertiliser management for different crops in a variety of environmental con-
ditions. It could be particularly important not only for areas of intensive
agriculture but also for agriculture in developing countries where accessibil-
ity to fertilisers could be a problem.

(continued)
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The development of optical devices allowing the remote monitoring at
sub-field scale of traits specifically linked to molecular, biochemical or
physiological consequences of scarcity or excess, of specific essential ele-
ments other than nitrogen, is surely a challenge for future research. Following
on from the spectranomic approach developed by Asner and Martin (2008) as
the application of metabolomics for the assessment of biochemical traits at a
landscape scale, Brunetti et al. (2013) suggest an airborne hyperspectral
analysis whereby changes in absorbance and reflectance patterns of specific
chemical compounds within leaves could further improve detection of bio-
chemical phenotypes across a relatively large scale. A combination of these
approaches could define exciting new frontiers for the fine-tuning of contin-
uous and non-destructive methods of monitoring plant nutritional status in the
field. In the next years, whereby multidisciplinary studies, efforts have to be
planned to actually translate in field the knowledge accumulated that seem to
promise interesting deliverables.
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