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excel every year.
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Ashok Shrawat, David A. Lightfoot,
and Adel Zayed



Preface

This book celebrates 14 years of the “Nitrogen Use Efficiency Engineering”
workshop at the Plant and Animal Genome Conference every January in San Diego,
California. Each chapter was volunteered by a presenter.

Nitrogen is important. It an essential component in cellular physiology being
scarce in bio-available forms. In contrast, oxygen, carbon, and hydrogen are much
more bio-available. Nitrogen is present in numerous essential compounds including
nucleoside phosphates and amino acids that form the building blocks of nucleic
acids and proteins, respectively. In plants, nitrogen is used in large amounts in
photosynthetic pigments, defense chemicals, and structural compounds. However,
inorganic N is difficult to assimilate. Dinitrogen in the atmosphere is highly inert.
Reduction to ammonium requires the energy of a lightning bolt, petrochemicals, or
12 ATP dephosphorylations per molecule within a nodule or other anaerobic
environment. Global warming may increase the frequency of lightning storms and
hence raise NO concentrations. Warmer, more stressed crops will require more
nitrogen fertilizers to be applied and heavy rains will increase losses due to runoff.

Warmer days will cause more of the applied ammonium fertilizers to escape
from the cell as ammonia gas. Photorespiration, increased by heat stress, releases
tenfold more ammonium than is assimilated from the environment, and plants only
re-assimilate ~98% of this. Consequently, a haze of ammonia gas is found floating
above a photosynthetic canopy. That ammonia may be lost on the wind or returned
to the plant or soil by rains or dew falls. Any improvements to these nitrogen cycles
can have a massive positive impact on the efficiency of agriculture, reduce its
carbon footprint, and over geological timescales reverse some of the anthropogenic
contributors to global warming.

The assimilation of ammonium has a second major problem associated with it.
Ammonia is assimilated releasing one acidic proton per molecule. There is enough
flux to reduce the pH of even well-buffered soils to concentrations that inhibit plant
growth, both directly, and by the release of toxic concentrations of micronutrients
(Al and Mn in particular). Reduction within a nodule or other anaerobic environ-
ment compounds this problem by releasing two protons per ammonium produced.
Soil acidification is a worldwide problem on a massive scale. Nitrates and nitrites
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provide a solution to the acidification problem, as their reduction to ammonium
absorbs 3—4 protons. So a pH-balanced fertilizer should theoretically be a four to
one mixture of ammonium and nitrates. Nitrates and nitrites are the ions produced
by those lightning bolts that provide about 10% of the world’s reduced nitrogen
each year. However, they are not without costs and problems. Nitrite is highly
toxic to photosynthesis and respiration and so must be immediately reduced to
ammonium. Plants produce massive amounts of nitrite reductase for this purpose.
Nitrate is benign, easy to store and transport and consequently is the major form of
inorganic N found in plants. However, plants still produce tenfold more nitrate
reductase than is absolutely needed for assimilation, growth, and yield. Why? This
remains unclear.

The major problem with nitrates and nitrates in the environment is that they are
water soluble and so are rapidly leached from soils. So much is lost from agri-
cultural soils, industrial activity, and human waste treatments that the world’s
rivers, lakes, and oceans are significantly fertilized. Algae are the microorganisms
that benefit the most from this fertilizer. Unfortunately, they run low on other
nutrients (P,K) and so produce toxins to kill other organisms to obtain the limiting
nutrients through their decomposition. In addition, they absorb much of the waters’
oxygen at night killing even toxin resistant aerobes. Finally they bloom, blocking
the light needed for photosynthesis by submerged organisms. Millions of acres of
oceans are affected.

The major problem with nitrates in the human diet is that they are metabolized to
a potent carcinogen (nitrosamine) in the acid of the human stomach problems. High
nitrate and so nitrosamine amounts in human diets are associated with many
different cancers as well as fertility problems. However, nitrates are naturally
excreted in human and animal saliva for the purpose of producing some
nitrosamines in the gut. This is because the combination of acid and nitrosamine
effectively kills many human and animal pathogens. Helicobacter pylori is one
example. This microbe causes stomach ulcers that left untreated often become
cancerous. H. pylori is endemic and became more abundant as lifestyles became
more stressful. Consequently, several epidemiological studies found diets high in
nitrate to be healthy in the 1990s and beyond, whereas before that they were
significantly unhealthy. Clearly, then the healthiest option is a low nitrate diet and
low stress lifestyle. H. phylori and like pathogens and the lesions they cause are
better treated with drugs than nitrosamines.

Microbes in the soil take up the bulk of all applied fertilizers before the plant
can. Ammonium can be assimilated or oxidized to nitrite, nitrate, nitrous oxide, or
dinitrogen by microbial activities. Plants have to absorb N from microbes by force,
using highly efficient enzymes, or by trade through symbiosis. During symbiosis,
the microbes are provided with sugars in return for ammonium. The microbes may
be free-living in the rhizosphere or housed in specialized structures such as nodules.
Symbiotic microbes produce a variety of chemical signals to elicit the delivery of
sugars from the plants, and these systems are ripe for manipulation by biotech-
nology approaches.
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Because soil particles do not naturally have many N-containing minerals, and
because N can be readily lost from the rooting environment, N is the nutrient
element that most often limits plant growth and agricultural yields. As noted above,
nitrogen is found in the environment in many forms and comprises about 80%
of the Earth’s atmosphere as triple-bonded nitrogen gas (N,). However, this large
fraction of N is not directly accessible by plants and must be bonded to one or more
of three other essential nutrient elements including oxygen and/or hydrogen through
N-fixation processes, and carbon through N-assimilation processes. Plants are able
to absorb a little NH; from the atmosphere through stomata in leaves, but this is
dependent upon air concentrations. The ions NO3 and NH,4" are the primary forms
for uptake in by plants. The most abundant form that is available to the plant roots
is NO3, and the most abundant form in leaves is NH,*. The process of nitrification
by soil bacteria readily converts fertilizer NH,* to NO3. Relative nitrogen uptake is
also dependent on soil conditions. Ammonium uptake is favored by a neutral pH
and NOj uptake is favored by low pH. Nitrate also does not bind to the negatively
charged soil particles; therefore, it is more freely available to plant roots, especially
through mass flow of soil water than is NH4", which binds to negatively charged
soil particles and so moves primarily by diffusion. The assimilation of NH,* by
roots causes the rhizosphere to become acidic, while NOj3 causes the rhizosphere to
become more basic.

In conclusion, the assimilation of inorganic nitrogen is a key process in the
productivity of all crop plants, and there are many steps at which metabolic
improvements can be made. In future, the ability to provide active nodules to
non-legumes may provide a new impetus for agriculture, biotechnology, and crop
science. Making crop N in foods and feeds will be critical advances. Reducing
N loss to air and water will be critical. Therefore, we editors and workshop orga-
nizers thank the contributors for their work, often a lifetime avocation that began as
a vocation!

Chesterfield, USA Ashok Shrawat
Chesterfield, USA Adel Zayed
Carbondale, USA David A. Lightfoot
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Chapter 1 )
Developing Crop Varieties ki
with Improved Nutrient-Use Efficiency

David A. Lightfoot

Environmental Issues

Nitrogen is an essential component in cellular physiology. Only oxygen, carbon, and
hydrogen are more abundant (Marchner 1995; Andrews et al. 2004). Nitrogen is
present in numerous essential compounds, including pigments, nucleoside phos-
phates, and amino acids, that underlie photosynthesis, nucleic acids, and proteins. In
plants, nitrogen is used in the largest amounts in photosynthesis, pigments, defense
chemicals, and structural compounds. However, inorganic N is difficult to assimilate.
Dinitrogen in the atmosphere is highly inert. Reduction to ammonium requires the
energy of a lightning bolt, petrochemicals, or 12 ATP dephosphorylations per
molecule within a nodule or other anaerobic environment (Kaiser et al. 1998; Reid
et al. 2011). Global warming may increase the frequency of lightning storms and
hence raise NO concentrations. Warmer, more stressed crops will require more
nitrogen fertilizers be applied and heavy rains will increase losses due to runoff.

Warmer days will cause more of the applied ammonium fertilizers to escape
from the cell as ammonia gas (Lightfoot et al. 1999; 2001; 2007; 2008; 2009;
2010). Photorespiration, increased by heat stress, releases tenfold more ammonium
than is assimilated from the environment, and plants only re-assimilate a portion of
this. Consequently, a haze of ammonia gas is found floating above a photosynthetic
canopy. That ammonia may be lost on the wind or returned to the plant or soil by
rains or dew falls. Any improvements to these nitrogen cycles (Carvalho et al. 2011;
Tercé-Laforgue et al. 2004a, b) can have a massive positive impact on the efficiency
of agriculture, reduce its carbon footprint, and over geological timescales, reverse
some of the anthropogenic contributors to global warming.

D. A. Lightfoot (D)
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The assimilation of ammonium has a second major problem associated with
it Jahns et al. 1999; 2000; Koivunen et al. 2004a, b). Ammonia is assimilated
releasing one acidic proton per molecule (Marchner 1995). There is enough flux to
reduce the pH of even well-buffered soils to concentrations that inhibit plant growth,
both directly and by the release of toxic concentrations of micronutrients (Al and Mn
in particular). Reduction within a nodule or other anaerobic environment compounds
this problem by releasing two protons per ammonium produced (Indrasumunar
et al. 2011). Soil acidification is a worldwide problem on a massive scale.

Nitrates and nitrites provide a solution to the acidification problem, as their
reduction to ammonium absorbs 3—4 protons (Marchner 1995). So a pH-balanced
fertilizer should theoretically be a four-to-one mixture of ammonium and nitrates.
Nitrates and nitrites are the ions produced by those lightning bolts that provide
about 10% of the worlds reduced nitrogen each year. However, they are not without
costs and problems. Nitrite is highly toxic to photosynthesis and respiration, and so
must be immediately reduced to ammonium. Plants produce massive amounts of
nitrite reductase for this purpose. Nitrate is benign, easy to store and transport, and
consequently is the major form of inorganic N found in plants. However, plants still
produce tenfold more nitrate reductase than is absolutely needed for assimilation,
growth, and yield (Wang et al. 2000; Kleinhofs et al. 1980). Why this is, remains
unclear.

The major problem with nitrates and nitrates in the environment is that they are
water soluble and so are rapidly leached from soils (Moll et al. 1982; Lee and
Nielsen 1987; David et al. 1997). So much is lost from agricultural soils, industrial
activity and human waste treatments that the world’s rivers, lakes, and oceans are
significantly fertilized (Cherfas 1990; Burkholder et al. 1992). Algae are the
micro-organisms that benefit the most from this fertilizer. Unfortunately, they run
low on other nutrients (P, K) and so produce toxins to kill other organisms to obtain
the limiting nutrients through their decomposition. In addition, they absorb much of
the waters oxygen at night killing even toxin-resistant aerobes. Finally they bloom,
blocking the light needed for photosynthesis by submerged organisms. Billions of
acres of oceans are affected worldwide.

The major problem with nitrates in the human diet and saliva cycle is that they
are metabolized to a potent carcinogen (nitrosamine) in the acid of the human
stomach (Moller et al. 1990; Mirvish 1985; Duncan et al. 1998; Tannenbaum et al.
1978). Antioxidants in popcorn and tea can help reduce them. High nitrate and so
nitrosamine amounts in human diets are associated with many different cancers as
well as fertility problems. However, nitrates have uses; they are naturally excreted
in human and animal saliva for the expressed purpose of producing some
nitrosamines in the gut. This is because the combination of acid and nitrosamine
effectively kills many human and animal pathogens. Helicobacter pylori is one
example. This microbe causes stomach ulcers that left untreated often become
cancerous. H. pylori is endemic and became more abundant as lifestyles became
more stressful. Consequently, several epidemiological studies found diets high in
nitrate to be healthy in the 1990s, and beyond, whereas before that, they were
significantly unhealthy. Clearly, then the healthiest option is a low-nitrate diet and
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low stress lifestyle. H. pylori and like pathogens and the lesions they cause are
better treated with drugs than nitrosamines.

Microbes in the soil take up the bulk of all applied fertilizers before the plant can
(Trenkel 1997; Cabello et al. 2004; Garcia-Teijeiro et al. 2009). Ammonium can be
assimilated, directly by GS, or oxidized to nitrite, nitrate, nitrous oxide, or dinitrogen
by microbial activities. Plants have to absorb N from microbes by force or trade,
using highly efficient enzymes in force, and by trade through symbiosis [reviewed by
(Indrasumunar et al. 2012)]. During symbiosis (endo- or ecto-), the microbes are
provided with sugars in return for ammonium (Zhao et al. 2005). The microbes may
be free-living in the rhizosphere (ecto-) or housed in specialized structures such as
nodules (endo-). Symbiotic microbes produce a variety of chemical signals to elicit
the delivery of sugars from the plants, and these systems are ripe for manipulation by
biotechnology approaches. The humate industry appears to be manipulating the
ecto-systems (Pracharoenwattana et al. 2010; Ohno et al. 2010; Lehmann and
Kleber 2015; Taha and Osman 2017). The oleaginous carbon seems to be assimi-
lated by microbes in return for nitrogen released to the plant

Plant Assimilations

Because soil particles do not naturally have many N containing minerals, and
because N can be readily lost from the rooting environment, N is the nutrient
element that most often limits plant growth and agricultural yields (Specht et al.
1999; Duvick 2005; Krouk et al. 2010). As noted above, nitrogen is found in the
environment in many forms and comprises about 80% of the earth’s atmosphere as
triple bonded nitrogen gas (N;). However, this large fraction of N is not directly
accessible by plants and must be bonded to one or more of three other essential
nutrient elements including oxygen and/or hydrogen through N-fixation processes,
and carbon through N-assimilation processes (Marchner 1995). Plants are able to
absorb a little NH;3 from the atmosphere through stomata in leaves, but this is
dependent upon air concentrations. The ions NO;~ and NH," are the primary forms
for uptake in by plants. The most abundant form that is available to the plant roots
is NO3~ and the most abundant form in leaves is NH,*. The process of nitrification
by soil bacteria readily converts fertilizer NH," to NO3~ (Trenkel 1997). Relative
nitrogen uptake is also dependent on soil conditions. Ammonium uptake is favored
by a neutral pH and NO5; uptake is favored by low pH. Nitrate also does not bind
to the negatively charged soil particles; therefore, it is more freely available to plant
roots, especially through mass flow of soil water than is NH,*, which binds to
negatively charged soil particles and so moves primarily by diffusion. As noted
above, the assimilation of NH,* by roots causes the rhizosphere to become acidic,
while NO;3  causes the rhizosphere to become more basic.

Nitrogen uptake and assimilation summates a series of vital processes control-
ling plants’ growth and development (Lam et al. 2003). Nitrate, nitrite, and
ammonium uptakes (and re-uptakes following losses) occur against massive
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concentration gradients that require lots of energy to generate and maintain. In
agriculture, plants are spaced sufficiently that they have an excess of captured light
energy relative to the N and C supplies. Transgenic plants over-expressing low
affinity nitrate uptake transporter Nrtl increased the constitutive but not the induced
nitrate uptake. Equally, plants transgenic with Nrt2.1 the high affinity nitrate
transporter increased nitrate influx under low N conditions (Fraisier et al. 2000).

Transgenic plants expressing an ammonium transporter increased NUE (Gupta
et al. 2008, 2011). Glutamate receptors in transgenic plants provided better growth.
Equally, the wuptake of short peptides had positive effects. All these
transport-associated phenotypes would be desirable in agricultural production
systems directed toward greater efficiency and lower environmental impacts, and a
stack of the three transgenes would be of interest.

Nitrate acquired in the roots can be reduced in the shoot or the root, or even
stored in vacuoles in the root or shoot for later assimilation. However, nitrate must
be reduced to a useable form. This occurs via a two-step process catalyzed by the
enzymes nitrate reductase (NR) and nitrite reductase to form NH4". Both enzymes
are produced in massive excess compared to the flux needed through the pathway,
and mutants that reduce their amounts by 90% do not have phenotypes (Kleinhofs
et al. 1980). Equally, some transgenic plants over-expressing NR increased nitrate
reduction but were not altered in phenotype (Crete et al. 1997; Curtis et al. 1999;
Djannane et al. 2002; Lea et al. 2004). However, two studies of NR over-expressing
transgenic plants did record altered phenotypes including increased biomass,
reduced drought stress (Ferrario-Méry et al. 1998, 2002), and improved NUE and
yield during N limitation (Loussaert et al. 2008). These phenotypes would be
desirable in agricultural crops. The coupling of NR to photosynthesis should be
possible by transformation of plants with a ferredoxin-dependent NR from
cyanobacteria.

The ability to fix dinitrogen is restricted to the bacterial world, but is widespread
among microbes (Ferguson and Indrasumunar 2011). Many different nif gene
families exist, suggesting selection for variation has been favorable for species. The
activity of nif requires an anaerobic environment, so transferring the enzymes to
plants will be difficult. To date, transgenics in this field are bacterial, as in
hydrogenase enhanced microbes, or if plant, they are designed to improve the
chances of nodule occupancy by improved bacterial strains. Strains that are most
likely to set up nodule occupancy are rarely the most efficient nitrogen fixers. Plants
also often fail to maintain effective nodules through flowering and pod set. Soybean
and common bean for example have senescent nodules by flowering (Sinclair et al.
2007). Some species do have indeterminate nodules and it would be a valid goal of
biotechnology to transfer this trait to major legume crops.

The N acquired as NH,* does not require reduction upon uptake into the root,
thus providing some energy savings to the plant over that of the NO; form
(Marchner 1995). However, it does require assimilation to avoid loss, and at high
concentrations (>10 mM) toxicity to the plant occurs (Meyer et al. 1997; 2006;
Godon et al. 1996). This can occur if a double application is made by inaccurate
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GIS systems. Various studies have shown that under conditions of excessive NH,*
uptake, most plant species will transport this N source to the shoot, which is more
sensitive to ammonium ions.

One important process to build key macromolecules in any living organism is
the acquisition and utilization of inorganic forms of nitrogen during metabolism
(Lea and Miflin 2011). Plants use amino acids as well as their precursors and
catabolic products for important metabolic activities. Various other roles of amino
acids include nitrogen storage and transport and the production of a very large
number of secondary compounds including structural lignin compounds,
light-absorbing pigments, phenolics and plant hormones. Plants convert the avail-
able inorganic nitrogen into organic compounds through the process of ammonium
assimilation which occurs in plants by two main pathways. The first and primary
pathway involves a reaction with glutamate to form glutamine which is catalyzed
by glutamine synthetase (GS, EC 6.3.1.2) and requires an energy source of ade-
nosine triphosphate (ATP). There are several isoenzymes of GS based on their
location in the plant (Ortega et al. 2006). In the cytosol, GS1 is composed of 3—4
different subunits. There is only one isoform in the root plastids or shoot chloro-
plasts (GS2) with one subunit. Expressed in germinating seeds or in the vascular
bundles of roots and shoots, the cytosolic form (GS1) produces glutamine for
intracellular nitrogen transport. GS2 located in root plastids produces amide ni-
trogen for local consumption, while GS2 in the shoot chloroplasts re-assimilates
photorespiratory ammonium (Lam et al. 2003). GS1 is encoded by a set of 3-6
paralogs in different crop species, so hetero-hexamers can form. However, the Kms
hardly differ. Amino acid identity between GS1 isoforms is very high and is even
similar to GS2. GS2 has a short peptide extension at the C-terminus that might be
involved in regulation by phosphorylation. Alleles of the GS1- and GS2-encoding
genes do exist that differ in their regulation. Alleles of GS appear to underlie QTL
determining NUE and yield (Cafas et al. 2009, 2010). Transgenic analyses have
been made of GS2 but not GS1. Among 12 studies in 9 plant species, the phe-
notypes reported included enhanced accumulation of N, growth under N starvation,
herbicide (PPT) tolerance, leaf-soluble protein, ammonia, amino acids, and
chlorophyll. Some genes and constructs decreased growth; salt, cold and drought
tolerance; seed yield and amino acid content (Cai et al. 2009). Therefore, the use of
GS transgenics in agriculture will be useful and desirable but only with careful
attention to regulation and expression (Hemon et al. 1990; Coque et al. 2008
Seebaueret al. 2004; 2010).

The glutamine molecules produced by GS are used by a whole series of
transaminases to produce the 20 protein amino acids and some nonprotein amino
acids. Cardinal among the transaminases is the reaction catalyzed by glutamate
synthase (GOGAT, EC 14.1.14 and 1.4.7.1) to form glutamate (Forde and Lea
2007). There are two common isoenzymes of GOGAT including a ferredoxin-
dependent GOGAT (Fdx-GOGAT) and an NADH-dependent GOGAT (NADH-
GOGAT). While both forms are plastidic, the Fdx-GOGAT enzyme is predominately
found in photosynthetic organs and the NADH-GOGAT enzyme is found more in
non-photosynthetic tissues such as in roots and the vascular bundles of developing
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leaves (Lea and Miflin 2011). An NADPH-dependent GOGAT can be found in
certain organs and in many bacteria. Plants transgenic with the NADH-dependent
plant GOGAT have been reported. Phenotypes included enhanced grain filling,
grain weight, total C and N content, and dry weight. Phenotypes were very similar
to the benefits reported from alanine dehydrogenase and asparagine synthase (Good
et al. 2007; Shrawat et al. 2008), suggesting the transaminases are acting on a
common pathway.

The second pathway for ammonium assimilation also results in the formation of
glutamate through a reversible reaction catalyzed by glutamate dehydrogenase
(GDH, EC 1.4.1.2), with a lower energy requirement than GS/GOGAT. There are
also at least two forms of GDH that occur in plants that include an
NADH-dependent form found in mitochondria, and an NADPH-dependent form
localized in the chloroplasts of photosynthetic organs. In addition, there are
enzymes capable of aminating reactions that resemble GDH. GDHs present in
plants serves as a link between carbon and nitrogen metabolism due to the ability to
assimilate ammonium into glutamate or deaminate glutamate into 2-oxoglutarate
and ammonium. However, due to the reversibility of this reaction, the assimilatory
role of GDH is severely inhibited at low concentrations of ammonium.
Additionally, GDH enzymes have a low affinity for ammonium compared with GS
which further limits their assimilatory effectiveness. It has been suggested that the
NAD-requiring form of GDH may be involved in carbon rather than nitrogen
metabolism (Coruzzi and Bush 2001) with glutamate catabolism providing carbon
skeletons for both the TCA cycle and the energy production during carbon or
energy deficit. Alternate functions for GDH have also been proposed in which it has
been assigned the role of re-assimilating excess ammonium, due to the limited
ability of the GS/GOGAT cycle, during specific developmental stages (Limami
et al. 1999; Loulakakis et al. 2002), such as during germination, seed set, and leaf
senescence (Coruzzi and Zhou 2001. In contrast to plant GDHs, those found in
microbes are very active in the assimilation of ammonium. Plants did not have the
opportunity to incorporate this type of NADPH-dependent GDH because the bac-
terial lines that gave rise to chloroplasts do not contain gdhA genes. The few
cyanobacteria with GDH activity have acquired genes by transgenesis or cellular
fusions. Transgenic plants in six crop species have been produced that express gdhA
genes from 3 microbes (Ameziane et al. 2000; Mungur et al. 2005; 2006; Abiko
et al. 2010). Phenotypes in plants include increased biomass, water deficit tolerance,
nutritional value, herbicide resistance, N assimilation, NUE, WUE, amino acid, and
sugar content. GDH genes used in this way are being evaluated for
commercialization (Nolte et al. 2004; 2009; 2016). One problem faced by this and
the alanine dehydrogenase transgenics is a dependence on soil type for some of the
beneficial effects. GDH seems to provide a growth advantage on silty—loam clay
soils common in the southern Midwest of the USA. In contrast, the alanine
dehydrogenase transgenics seem to work best on sandy soils. Combining the
technologies or altering their regulation might provide stable beneficial effects in
many soil types and locations.
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A variety of other enzymes exist that are capable of aminating reactions. Each
will be a candidate for over-expression in transgenic plants (Nelson et al. 2007,
Castiglioni et al. 2008; Centtury et al. 2008; Goldman et al. 2009; Vidal et al.
2010). Phenylalanine ammonia lyase has been used in many transgenic plants.
Equally, the enzymes of cyanide assimilations (cysteine metabolism) might be more
active than previously thought and could be manipulated. Alteration of the enzymes
of heme and chlorophyll biosynthesis might be tried again. The E. coli hemA gene
was functional but hemB became insoluble in plant chloroplasts (unpublished).

In conclusion, the assimilation of inorganic nitrogen is a key process in the
productivity of crop plants, and there are many steps at which metabolic
improvements can be made (Pathak et al. 2008; Pennisi 2008). In future, the ability
to provide active nodules or at least nitrogenases to non-legumes will provide an
impetus for biotechnology (Harrigan et al. 2010; Valentine et al. 2011; Rubio et al.
2012; Wang et al. 2012). Nutritional value will be another breakthrough. Simple
yield at the grain elevator worked well for 50 years, but now yield of milk and meat
from feed has become a major new initiative, reducing waste as feces in the process.
In addition, combining new breeding methods, new assays, genome editing,
existing transgenes, and new promoters for their regulation will provide for new
avenues in crop NUE improvement.
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Chapter 2 )
Improving Nitrogen Use Efficient ki
in Crop Plants Using Biotechnology
Approaches

Perrin H. Beatty and Allen G. Good

Introduction

Plants require a source of fixed, or biologically reactive nitrogen (N) to produce
molecules such as nucleotide bases and amino acids, in order to make macro-
molecules like DNA and proteins that are then required for the genome, cellular
structures and overall growth. Low or insufficient available N limits the plant growth
and yield (both biomass and grain) of crop plants. Plants obtain fixed-N from the soil
as ammonia, nitrate, urea, amino acids and peptides. Some plants, such as legumes
and poplar trees, form a symbiosis with diazotrophic bacteria where they exchange
ammonia from the diazotrophs for carbon (C) molecules and a protected living niche
from the plant. Diazotrophic bacteria express a nitrogenase enzyme complex that
allows them to reduce atmospheric N, to ammonia (NH3) in a process called bio-
logical nitrogen fixation (BNF; Beatty et al. 2015). This enzyme complex has only
been found expressed functionally in bacterial species. For centuries, organic N
fertilizers (livestock and green manure) have been used to increase crop production.
Since the commercialization of the Haber—Bosch process to synthesize ammonia
from atmospheric N,, synthetic N fertilizers have also been used to increase yields
(Smil 2004). Synthetic nitrogen fertilizer use has increased by a factor of nine over
the last 50 years, and with the predicted global population of 9 billion by 2050, plus
the need to reduce hunger and malnutrition, nitrogen fertilizer use will need to
increase in order to increase crop yields (Lassaletta et al. 2014). In 2012, the Food
and Agriculture Organization of the United Nations (FAO) suggested that food
production will need to increase by 60% between 2005/07 and 2050 to meet the
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needs of 9 billion people. Reducing our global yield gaps to produce more food is
essential; however, the estimate increase in N fertilizer application needed to do this
is 45-73%. However, ramping up our agricultural outputs needs to be done as
sustainable as possible, while also lowering N fertilizer application rates (from either
organic or synthetic sources), so as to reduce or even eliminate environmental
damage from N pollution.

Synthetic N fertilizers are costly to produce and expensive to buy and transport;
therefore, they are mainly used by farmers in developed countries or countries with
synthetic N fertilizer subsidies (Good and Beatty 2011a). Farmers in developing
countries tend to not have the resources to buy or transport synthetic N fertilizer. In
addition, these small-holder farmers are frequently growing crops on nutrient poor
soils, leading them to produce crop yields far below the optimal yield which means
they have little to no produce to take to market. This has resulted in a cycle of poverty
because low yields do not allow an investment in fertilizers or improved crop
management. The advent of Norman Borlaugh’s green revolution of the 1960s,
where crop plants were bred for high yields, allowed many farmers in developing
countries in North and South America to break out of this poverty cycle by growing
high yielding varieties (Borlaug 1972; Good and Beatty 2011a). However, these high
yielding crop varieties were bred to use high levels of N fertilizer and so promoted
non-sustainable agricultural practices such as excess N fertilizer application.

Crop plants tend to have low nitrogen use efficiency (NUE), taking up
approximately 40-50% of the applied N. The rest of the applied N fertilizer that is
unavailable to the plant enters the environment as N pollution (Good and Beatty
2011a; Galloway et al. 2014; Ng et al. 2016; Beatty and Wong 2017). Global crop
NUE has decreased from the early 1960s when it was 68%, to the current value of
47%. This indicates that on a global scale, over half of the N fertilizer inputs to
agriculture are lost to the environment. Therefore, unless our cropping systems can
improve their N use efficiency in a substantial way, increasing N fertilizer inputs
will only provide a low gain in crop yield with further N pollution to the envi-
ronment (Lassaletta et al. 2014).

Excess N fertilizer can pollute the environment in many different ways,
depending on the form of fixed-N in the fertilizer. Nitrate-N fertilizer is water
soluble and so easily leaches into waterways, leading to drinking water contami-
nation and proliferation of algal blooms that in turn cause dissolved oxygen levels
to drop and subsequent loss of marine life and diversity. A classic example of water
pollution in the USA is the 1.57 million metric tons of nitrogen (mainly as nitrate)
that is spewed into the Gulf of Mexico from the Mississippi River (US Geological
Survey; https://ks.water.usgs.gov/pubs/fact-sheets/fs.135-00.html), resulting in the
formation of a hypoxic dead zone that can be seen from space. Nitrate left in the soil
(not taken up by the plants) is chemically reduced by denitrifying soil bacteria to
form nitrite (NO, ), nitric oxide (NO gas), nitrous oxide (N,O gas) and ultimately,
biologically inert N, (gas). The gaseous reduced N compounds are released into the
atmosphere causing environmental damage. Nitric oxide is a precursor chemical
that leads to tropospheric ozone pollution, and nitrous oxide is a greenhouse gas
(GHG) with 296 times the global warming potential (GWP) of CO, plus it is an
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ozone-depleting chemical (Galloway et al. 2004; Davidson et al. 2015). Seventeen
per cent of global GHG emissions are from agriculture and a third of the agricul-
tural GHG emissions are from N fertilizers (Strange et al. 2008). Ammonia N
fertilizer is volatized to gaseous ammonium (NH4"), especially in wet soils and
eventually leads to acid rain and dust formation. Acid rain causes soil nutrient and
mineral depletion and loss of microbial diversity and is a health hazard for humans
and other animals (Erisman et al. 2008). As an additional example of the envi-
ronmental costs of agriculture N, researchers in the UK recently conducted a life
cycle assessment of the pollution sources from the production of a loaf of bread
(Goucher et al. 2017). Following the production of the bread from growing the
wheat to packaging and transporting the loaf showed that the ammonium nitrate
fertilizer supplied to the wheat was directly linked to 48% of the GWP, 39%
eutrophication potential and 42% of the human toxicity potential.

We cannot ignore the past, present and future anthropomorphic changes to the
Earth’s climate and how this will affect agriculture, food production, food security,
freshwater availability, available arable land, biodiversity, human health and the
environment. It has become obvious that we need to focus on improving the
agricultural industry to make it more sustainable and environmentally friendly, even
with the realization that we need to increase yields. Please refer to the publications
listed here for further information on anthropomorphic changes and sustainable
agriculture (Leip et al. 2014; Zhang et al. 2015; Haines et al. 2017).

Measuring NUE

Agronomists have shown that although crop yields may be increasing, the NUE of
many crop varieties is declining, in part due to high to excessive use of N fertilizers
(Lassaletta et al. 2014). If NUE is calculated based on applied N, rather than soil
available N, then as the applied N levels increase the crop NUE declines, even with
an increase in yield. This is largely what explains the overall decrease in global
NUE, although now that trend has been reversed in a number of key developed
countries (Lassaletta et al. 2014). An analysis of the 50 year trend (1961-2009)
within 124 countries in crop yield and N fertilizer inputs including; organic plus
synthetic fertilizer, biological nitrogen fixation and atmospheric deposits, showed
that some countries have improved both their crop NUE and yield whereas other
countries have not (Lassaletta et al. 2014). Interestingly, Lassaletta et al. (2014) also
saw that countries with a higher proportion of their N inputs from BNF than from
synthetic N fertilizer also had better NUE. Other researchers have pointed out that
this alternative approach to N fertilizer, of using BNF as an N input, could also
improve NUE. The growth of BNF-symbiotic plants, such as legumes, as an
N-source is under-utilized globally, given that most countries only dedicate a few
per cent of arable land to legume crops (Crews and Peoples 2004) (Table 2.1).
NUE has been defined in many different ways (Table 2.2; Good et al. 2004);
however, it is basically a ratio of the harvested product (as grain or biomass) to the
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N available or N applied. NUE calculations are explained in more detail in
Table 2.2. NUE can be partitioned into two processes within the plant; nitrogen
uptake efficiency (NUpE) and nitrogen utilization efficiency (NUtE; Good and
Beatty 2011b; McAllister et al. 2012). Researchers have studied the genetics of both
of these processes on overall NUE (Han et al. 2015). NUpE describes the plants’
ability to take up biologically active N from the rhizosphere, into the plant. NUtE
describes the plants’ ability to utilize the N it has acquired and remobilize N over
the course of seed development. The remobilization or re-harvesting of N from
N-containing macromolecules in leaves (source tissue) and translocation of the N to
seeds (sink tissue) is a very important part of the NUtE of a plant and so is often
measured as the N remobilization efficiency of a plant. It is often the case that
NUDpE is more important to the plants overall NUE under low N conditions while
under high N conditions variation for the two components of NUE are more evenly
distributed (Beatty et al. 2010). Many researchers have pointed out that increasing
the efficiency of either N uptake or N utilization (or both) could lead to an increase
in crop NUE (Good and Beatty 2011b; Han et al. 2015).

Measuring NUE is challenging because of the number of different ways in
which the data can be presented and analysed, and some of the inherent statistical
issues that these measurements raise. While there are a number of different defi-
nitions of NUE, Table 2.2 provides a list of the main equations that have been
used in determining a crop’s NUE (Good et al. 2004). There are two inherent
problems in these measurements. First, all of the measurements are ratios, which
statisticians loath (Curran-Everett 2013). The rationale for the use of ratios often
seems to be the desire to control for the influence of N fertilizer (the variable in
the denominator) on yield. However, there are a number of limitations to the
indiscriminate use of ratios. Allison et al. (1995) demonstrate that given linearity,
a zero intercept between the numerator and denominator is necessary for a ratio to
remove the confounding effects of the denominator; and seemingly minor
departures from a zero intercept can have major consequences on the ratio’s ability
to control for the denominator. Given that plants will almost always yield
something under no applied N, it is difficult to believe this would be the case.
There are also a number of other key statistical assumptions that yield and NUE
data violate. These include the fact that the ratio of two normally distributed
variables cannot be normally distributed and that the use of ratios cannot easily
take nonlinear effects between the numerator and denominator into account. All of
these may violate the assumptions of subsequent parametric statistical analyses.
The difficulty with ratios can be recognized by the fact that two genotypes may
differ significantly in yield, but if the denominator N varies at the same rate, the
two genotypes will have the same NUE but one has higher yield, something that
any producer would clearly want, but that this calculation obscures. Additionally,
the numerator, in Eqs. 5 and 6 (Agronomic and Physiological efficiency), is the
difference between two variables (GwWF and GwC), which may or may not be
correlated to each other. Intuitively, we can see that if the first crop genotype had
a higher GWF and GwC than genotype 2, but the difference between the two was
the same, then they would appear to both have the same NUE.
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The second difficulty with these measurements is that they rarely take into
account the variability in available N (the denominator). Almost all calculations of
N use efficiency will use a numerator that can be measured with some accuracy and
where the variance components of yield can be carefully determined (site, year,
genotype). The same cannot be said for the denominator, the measurement of N
supply or available N. Soil N levels are challenging to measure in a reliable way
and depending on the environment, researchers will use different depths of sam-
pling, or measure different forms of N (Nitrate N, total N, ammonia N) as the
measure of available N. Second, the variation in N levels will often differ signifi-
cantly over very short distances in a field (Sylvester-Bradley and Kindred 2009
Kindred et al. 2014). Almost all researchers we have consulted sample multiple soil
plots for a single field site, but these are then averaged to generate a single measure
of N for the entire field site. Under these conditions, it is impossible to provide any
level of statistical confidence in assessing whether one genotype in a trial was more
nitrogen use efficient than another. Therefore, researchers need to be careful in
defining NUE in their study and in recognizing the statistical difficulty of being able
to say that one genotype differs significantly from another in field conditions.

Genetic Attempts to Modify/Improve N Metabolism

The literature is full of research articles aimed at improving NUE, by modifying
and/or improving genes involved in root structure, N transport, primary N meta-
bolism, N use developmental and regulation genes, N remobilization genes and
others (Table 2.1; please refer to Reddy and Ulaganathan (2015) for a thorough
review). These gene targets were selected for bioengineering experiments based on
identification from either; genes of known N metabolism function, quantitative trait
loci (QTL) genetic surveys of NUE plants, differentially regulated genes in tran-
scriptomics studies of N-efficient plants or of the N-limitation responsive genes
(microarray refs). The QTL and transcriptomic studies often identify the same genes
as important for NUE, such as ammonium transport (AMT), nitrate transport (NRT),
glutamine synthetase (GS) and glutamate synthase (GOGAT; Li et al. 2017; Xu
et al. 2017). These genes do encode proteins that are integral for N metabolism.
Over-expression of these genes tends to result in (depending on the gene) increased
tissue N levels, increased amino acid levels and in some cases, an increase in
biomass or seed number. These results are encouraging for an NUE trait; however,
some unknown factor is still missing and the plants are not necessarily NUE. Also,
the vast majority of these studies were done in a greenhouse and the NUE of the
bioengineered plants were not measured under field trial conditions. NUE is a
complex trait that appears to be influenced by a large array of seemingly diverse
genes. As with most science research, it appears unlikely that there will be a “magic
bullet” gene for NUE.

Although the focus of this Chapter is on biotechnological approaches to
improving NUE, there are plant-bred cultivars that show high NUE compared to
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older varieties. For example, there are modern maize, rice, wheat and barley
varieties that can grow better and produce more yield under limited N conditions
than their older counterparts (Le Gouis et al. 2000; Anbessa et al. 2010; Beatty et al.
2010; Chen et al. 2013; de Carvalho et al. 2016). Genetic screens conducted on
some of these NUE varieties to find NUE-trait-associated genes have found that in
some cases, primary N metabolism appear to be important for the trait (Quraishi
et al. 2011). For example, in a recent breeding study, TaGS1 was highly expressed
post-anthesis and 7aGS2 was highly expressed pre-anthesis in an N-efficient winter
wheat cultivar compared to an N-inefficient winter wheat cultivar (Zhang et al.
2017). Four metabolic regulation points were pinpointed as being involved with
GS, across different tissue types, in the winter wheat. However, in a study of NUE
genes in barley, it was found that a few NUE-associated genes co-segregated with
field evaluated QTLs for the NUE trait, but many do not (Han et al. 2016). These
results highlight again the inherent complexity of NUE. However, to date, the
molecular mechanisms leading to higher NUE in these hybrids and cultivars are still
not understood (Hawkesford 2011).

While every researcher has their own favourite gene or gene system, the genes
that we would argue are of the most interest are ones where there has been sig-
nificant genetic variation between two genotypes, for some component of NUE and
where the trait and gene have been mapped through genetic analysis. Additional
valuable data can be generated on a target gene using phenotype analysis from
biotechnology approaches such as over-expression and knockout/down studies
showing the effects of either a gain or loss of function, respectively. These two
approaches could also be fine-tuned if paired with certain promoters to regulate
gene expression in certain tissues or in a specific developmental stage. This will be
discussed further in this Chapter. What is less compelling are studies that
demonstrate differences between two genotypes and then correlate that phenotype
with physiological or expression differences of the gene of interest.

N-related genes can be divided into two broad classes of genes; N metabolism
pathways and growth and development. These two main classes can be further
divided into a total of six gene families. The N metabolism pathways class includes
genes associated with transport, amino acid biosynthesis, assimilation and a
catch-all group of other genes (Han et al. 2015). The growth and development class
includes genes associated with signalling and regulation with transcription factors
and small RNA molecules (Fischer et al. 2013; Han et al. 2015).

N Metabolism Pathway Genes

Using the genes involved with N transport, assimilation and primary N metabolism
as bioengineering gene targets for improved NUE in crop plants seemed the most
promising for the obvious reason that they are integral for N uptake and N-as-
similation (reviewed in Good and Beatty 2011b; McAllister et al. 2012; Fischer
et al. 2013; Thomsen et al. 2014). However, numerous over-expression studies with



24 P. H. Beatty and A. G. Good

a variety of these gene targets have shown little progress in improving NUE of crop
plants, particularly in the field (Brauer et al. 2011).

Additionally, there are a number of genes that are involved in C metabolism and
given the tight link between C and N metabolism, there was the hope that modi-
fication of these genes might enhance N uptake (McAllister et al. 2012). However,
the manipulation of these genes and the effect on NUE has been discussed in recent
reviews (McAllister et al. 2012; Reddy and Ulaganathan 2015) and will not be
considered further.

There is an amino acid biosynthesis gene, AlaAT, that when over-expressed in
canola and rice shows an NUE phenotype when grown in the greenhouse and the
field (Good et al. 2007; Shrawat et al. 2008). This gene codes for alanine amino-
transferase (AlaAT, EC.2.6.1.2), an enzyme that catalyses the reversible production
of alanine and 2-oxoglutarate from pyruvate and glutamate and so is involved in N
metabolism downstream of GS and GOGAT. Interestingly, transcriptome analysis
of alanine aminotransferase over-expressing (AlaAT-ox) rice lines compared to
wildtype (WT), under low, medium or high N supply, did not identify any of the
known N transport and N-assimilation genes as differentially regulated, instead the
highly differentiated genes were regulatory, transcription factor, TCA cycle, sec-
ondary metabolism and unknown function genes (Beatty et al. 2009, 2013). Due to
the altered expression of the TCA and secondary metabolite-associated genes,
research into understanding the AlaAT-ox NUE phenotype was focused on mea-
suring N-containing metabolites and the N-flux balance in the transgenic plants
(described in Beatty et al. 2016). Exactly how over-expression of AlaAT alters
plant N use to allow for increases in N uptake and/or N assimilation or N remo-
bilization and ultimately NUE, is not well understood yet. Recently, four AlaAT
genes were found in the genome of Poplar seedlings. All four genes were induced
by exogenous N but one of the genes, PnAlaAT3, was mainly expressed in roots
and regulated by glutamine and its related metabolites (Xu et al. 2017).
Bioengineering crop plants with AlaAT is discussed further below.

Growth and Development Genes

The growth and development genes include signalling factors, transcription factors
and senescence-associated genes. Senescence is one of the key regulated processes
in plant development that remobilizes nutrients like nitrogen from source tissues
(e.g. vegetative organs like leaves) to sink tissues (e.g. seeds), leading to the death
of the source tissues and eventually the whole plant (Park et al. 2007). For some
cereals, such as rice, wheat and barley, up to 90% of the N in the source tissues is
remobilized to the grain which highlights the importance senescence is to yield
(Diaz-Mendoza et al. 2016). In perennial grasses like switch grass, senescence
occurs every year and does not cause the death of the plant. N is remobilized from
the source tissues to the seeds, as with the cereals, but N is also remobilized to the
roots for storage. Natural variation in N remobilization efficiency is seen amongst
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switch grass accessions with a range of 20-61% remobilization from shoots
recorded in one set of experiments (Yang et al. 2015).

Various transcription factors from families such as APETALA-2-like, MYB,
Dof, NAC, bHLH and others have been used as bioengineering targets for NUE
(Yanagisawa et al. 2004; Yaish et al. 2010; El-Kereamy et al. 2012; Chiasson et al.
2014; Yang et al. 2015). The zinc finger protein Dofl, belonging to the “DNA
binding with one finger” transcription factor family have been studied in a number
of plants species (Yanagisawa et al. 2004). These Dof proteins have been associated
with regulation of genes involved in; vascular development, light signalling, car-
bohydrate metabolism, phloem sugar transport, photosynthetic carbon assimilation,
flowering time, dormancy, response to phytohormones, storage protein synthesis
and phytochrome signalling (Noguero et al. 2013). The Dofl gene from maize
(ZmDofI) has been shown to upregulate the expression of phosphoenolpyruvate
carboxylase (pepC), the initial carbon fixing enzyme of C4 plants and a key
component of the TCA cycle, in rice (Kurai et al. 2011). The expression of ZmDofI
in Arabidopsis and potato has been shown to modulate the C/N network, promoting
nitrogen uptake and increasing plant growth under low nitrogen conditions
(Yanagisawa et al. 2004). However, in contrast with the positive agronomic phe-
notypes shown in rice, potato and Arabidopsis, an attempt to translate these
agronomic outcomes to Populus was not successful (Lin et al. 2013).

In a QTL rice study, heterotrimeric G proteins (depl gene) were found to be
involved in a signalling role that coordinated nutrient regulation and plant devel-
opment. The presence of the N insensitive depl-I allele conferred enhanced N
uptake and N-assimilation and ultimately high N harvest index and yielding rice
plants (Sun et al. 2014).

In addition, there have been a number of other transcription factors that have
been identified as biotechnology targets including PvNACI and PvNAC2, from
Panicum virgatum L. (switch grass) which are members of the NAM, ATAF and
CUC (NAC)-family transcription factors. Expression of PvNACI in an Arabidopsis
stay-green mutant suppressed its senescence defect. Expression of PYNACI in WT
Arabidopsis triggered early leaf senescence and remobilization. Over-expression of
pvNAC?2 in switch grass resulted in increased aboveground biomass associated with
increased transcript levels of key nitrogen metabolism genes in leaves and nitrate
and ammonium transporter genes in roots. The results indicate that NAC TFs play
conserved roles in leaf senescence (Yang et al. 2015).

Promoter Regulation of NUE Genes

We have argued in several manuscripts that it is critical to regulate any gene of
interest with the appropriate promoter and/or regulatory signals (Good et al. 2007,
Beatty et al. 2009,2013). However, there are now other examples where gene
regulation is critical for the desired phenotype. As discussed in the previous section,
expression of ZmDofI in Arabidopsis and potato increased nitrogen uptake and
plant growth under low nitrogen conditions (Yanagisawa et al. 2004). However,
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when the UBI4 promoter drove strong constitutive gene expression of ZmDof! in
wheat, there were a number of detrimental effects (Pena et al. 2017). In contrast, the
maize rbcS promoter that was used to drive a light regulated gene expression
specifically to the mesophyll cells in the leaf blades and sheaths in C3 crops,
resulted in positive agronomic effects in wheat (Matsuoka et al. 1994). There are
numerous studies that report detrimental effects in plants bioengineered to
over-express a transgene of interest in specific tissues, illustrating that proper
pairing of promoter and target gene is essential for positive biotechnological out-
comes (Cheon et al. 2004). The AlaAT over-expression in both canola and rice was
driven by root-specific promoters. This positive promoter and target gene pairing
has been proposed as part of the reason that these bioengineered plants exhibit an
NUE phenotype (Good and Beatty 2011b). This is discussed further below.
Recently, Chen et al. (2017) bioengineered rice with a rice nitrate transporter
promoter and gene construct, pOsNAR2.1:OsNAR2.1, in a cisgene experiment and
determined that the exogenous transgenic lines showed high nitrate transporter
expression when driven by its native promoter. They grew the over-expression lines
and WT plants under low, medium and high N supply and saw that the biomass and
total N of the transgenic lines increased significantly compared to WT under all
three N conditions. They also grew their transgenic lines in the field and measured
grain yield, agricultural nitrogen use efficiency (ANUE), and dry matter transfer and
found that each of these parameters increased by 21-22% compared to WT. This
study is a good example of using an appropriate promoter to drive expression of the
gene target. In other words, improving NUE using biotechnology is not only about
finding the “best” target gene, it is also about finding the best promoter to pair with
the target gene in order to drive expression of the gene at the right time, right place
and right strength.

Alanine Aminotransferase: A Case Study on the Road
to Commercialization

The unpredictability of transgenic approaches has been discussed, as the manipu-
lation of genes such as NR, NiR, GS and GOGAT had been hypothesized to affect
NUE. However, modifications of the expression of these genes have not produced
consistent NUE phenotypes (McAllister et al. 2012). Meanwhile, the observation
that crop plants over-expressing AlaAT have enhanced NUE (Good et al. 2007;
Shrawat et al. 2008) has been considered surprising, since AlaAT was previously
not thought of as a key component of N metabolism.

As discussed previously, the funding that supported the initial discovery work
was not intended to produce nitrogen efficient canola (Brassica napus). The initial
proposal was based on the hypothesis that increasing the amount of an osmotic
compound (alanine) would enhance drought tolerance. Serendipity played a sig-
nificant role in the discovery of the initial NUE phenotype in 1995, since additional
nutrients were inadvertently left out of the watering solution, such that the plants
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were significantly N stressed (Good and Beatty 2011a, b; Good et al. 2007).
AlaAT’s role in post-hypoxic recovery, C4 photosynthesis, and its evolutionary
conservation and role(s) in other organisms has been well documented (McAllister
and Good 2015). Over-expression of a barley AlaAT in Brassica napus (canola)
under the control of a tissue-specific promoter called brg26 resulted in increased
yield and biomass under N limiting conditions compared to control plants (Good
et al. 2007; Good and Beatty 2011a, b). Subsequent AlaAT expression studies
utilizing constitutive promoters indicated that tissue-specific expression is required
to produce this NUE phenotype in canola, and that this phenotype is observed under
N limiting conditions only (Good et al. 2007).

In cereal crops, AlaAT over-expression has been tested in rice, utilizing a rice
btg26 homologue, OsAntl (Shrawat et al. 2008), and in barley, and wheat. Rice
plants over-expressing AlaAT and grown in N limiting conditions showed
increased biomass (denser, bushier plants with increased tiller number) and yield, as
well as increases in total N and key metabolites (Shrawat et al. 2008).

Field Trials

The first proper field trials of the AIaAT gene occurred in the winter of 2003/2004
in Southern California and were reported in Good et al. (2007). Since then, multiple
field trials have been conducted in Canada and the USA by both Arcadia
Biosciences and Monsanto (Table 2.3). Despite the fact that AlaAT and the tech-
nology associated with its over-expression was the first example of a transgenic
NUE crop considered for commercialization, to date no commercial variety of
Brassica napus or any other crop has been released where the claim has been made
that it is more nitrogen efficient. Field trials of canola over-expressing AlaAT have
revealed that transgenic plants are able to maintain yields even with 40% less N
application relative to the amount used in conventional production (Good et al.
2007). However, despite the number of field trials that have been approved which
list NUE as the experimental trait, we are unaware of any data from these field
trials. Table 2.3 provides a list of the field trials that were approved by key regu-
latory agencies and include those countries where we know that versions of this
gene have been tested over a number of years. Specifically this includes Australia,
Canada and the USA. We are personally aware that the initial Arcadia trials
involved the rice OsAntl:AlaAT construct we reported on (Shrawat et al. 2008) in
canola. However, we cannot determine the nature of either the specific gene or the
regulatory components used for the other trials conducted by different companies
since almost all of the trial-associated documentation is listed Confidential Business
Information (CBI, Table 2.3). As with canola, to date there is no evidence of
varietal registration of this trait in any crop plant. While a number of different genes
appear to have been evaluated in the field, other than AlaAT, we are unaware of a
case where different genes have been over-expressed and promoted an NUE phe-
notype that was measured in field trials.
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Table 2.3 Field trials of crops that listed nutrient use efficiency as the crop trait, with the
organization that conducted the research, the crop species, the years of the field trials and the trial

locations listed

Organization | Crop species Years Locations
USA'
Monsanto Soybean (Glycine 2004-2006 HI
max)
Arcadia Biosciences Rapeseed (Brassica 20052014 CA, ID, ND,
napus)
Pioneer Hi-Bred Corn (Zea mays) 2006-2017 AR, CA, DE, GA, HL, 1A,
International Inc. IL, IN, KS, MD, MN,
MO, NE, PR, SD, TN,
TX, WI
Arcadia Biosciences Rice (Oryza sativa) 2006-2013 CA
Pioneer Hi-Bred Soybean (Glycine 2008-2015 AR, CA, DE, HI, IA, IL,
International Inc. max) IN, KS, KY, LA, MD,
MN, MO, MS, ND, NE,
OH, PR, SD, TN, WI
Forster & Assoc. Sugarcane 2009-2015 ID, MN, ND
Consulting (Saccharum
officinarum)
Ceres Inc Switch grass 2009-2012 AZ, GA, TN, TX
Monsanto Rapeseed (Brassica 2009 ND, MN, MT
napus)
Monsanto Corn (Zea mays) 2010-2015 AR, CA, GA, HI, 1A, IL,
IN, KS, MD, MN, MO,
NE, PR, SD, TN, TX, WI
Arcadia Biosciences Wheat (Triticum 2010-2016 ID, ND
aestivum)
Arcadia Biosciences Barley (Hordeum 2010 ID, ND, CA
vulgare)
Biogemma USA Corn (Zea mays) 2011-2012 CA, IA, ID, IL, NE, PR
Limagrain Cereal Wheat (Triticum 2011 ND
Seeds aestivum)
University of Wheat (Triticum 2012-2015 NB
Nebraska/Lincoln aestivum)
Southern Illinois Corn (Zea mays) 2012-2014 IL
University
Ses Vanderhave NV Sugar beet (Beta 2013 MN, ND
vulgaris)
University of Illinois Corn (Zea mays) 2013-2016 1L
Michigan State Potato (Solanum 2013-2016 Ml
University tuberosum)
Ceres Inc Sorghum 2013 TX
J. R. Simplot Potato (Solanum 2014-2016 1D, OR
Company tuberosum)

(continued)
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Table 2.3 (continued)

29

Organization Crop species Years Locations
Arcadia Biosciences Cotton 2016 CA, PR
Biogemma USA Wheat (Triticum 2016 ID, ND, WA
aestivum)
Canada®
Monsanto Canada Inc. | Canola/Rapeseed 2007-2012 Alberta, Manitoba, Sask.
(Brassica napus)
Monsanto Canada Inc. | Wheat (Triticum 2012 Alberta, Manitoba, Sask.
aestivum)
AgQuest Wheat (Triticum 2012, 2015 Manitoba
aestivum)
Australia®
CSIRO Barley (Hordeum 2010, 2012, NA
vulgare) 2013
CSIRO Wheat (Triticum 2010, 2012, NA
aestivum) 2013
Sugar Research Sugarcane 2009 NA
Australia Ltd (Saccharum
officinarum)

1http://www.isb.vt.edu/search—release—data.aspx
2data.aspx http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/ir-2
3http://www.inspection. gc.ca/plants/plants-with-novel-traits/approved-under-review/eng/

Beyond NUE, Using Biotechnology to Engineer N-Fixing
Crop Plants

The theory that the NUE of crop plants could be vastly improved by engineering
plants to fix their own N from atmospheric N,, thereby synchronizing plant N
demand with plant N supply, has been brought up in the literature for a century
(Burrill and Hanson 1917; Merrick and Dixon 1984). Certainly in recent years, this
idea has resurfaced as a viable research goal, due to a number of reasons including
technological advances, complete genomic sequences and understanding of how
nitrogen fixation works at both genetic and enzymatic levels (Curatti and Rubio
2014; Li et al. 2016). Currently, there are research projects underway in the UK,
USA, China, Spain and Australia, aimed at introducing biological nitrogen fixation
(BNF) to plants (Beatty et al. 2015). Three main approaches have been suggested to
do this, one way is to convince non-BNF-symbiotic plants such as Setaria and other
cereals to nodulate and share C and N with rhizobial diazotrophic (N-fixing) bac-
teria, like legumes (Rogers and Oldroyd 2014; Oldroyd and Dixon 2014). Another
method is to synthesize a novel diazotrophic bacteria: plant association that would
benefit both partners (Mus et al. 2016). The plant would be bioengineered to
produce and excrete a specific C molecule and the diazotrophic bacteria would be
bioengineered to recognize and metabolize that C molecule and in return give the
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plant fixed-N. The third method involves transforming the plant with the genes
required to express functional nitrogenase complex proteins and cofactors, therefore
allowing the plant to directly fix N, into ammonia (Beatty and Good 2011;
Lopez-Torrejon et al. 2016; Ivleva et al. 2016; Allen et al. 2017; Buren et al. 2017).

What was once a dream is now actually doable in the not-too-distant future
(Vicente and Dean 2017). It is conceivable that N fixing crops could be the ultimate
method to improve NUE. This would benefit small-holder farmers with little to no
access to N fertilizers, intensive scale farmers by greatly lowering their N fertilizer
costs, and it also vastly reduces N pollution and the environmental damage asso-
ciated with nitrate leaching into aquatic ecosystems and ammonia volatization into
the atmosphere (Beatty et al. 2015).

Conclusions

To date, it has been difficult to improve nutrient use efficiency using either classical
breeding methods or transgenic approaches. We believe that this is likely due to the
fact that nutrient metabolism in plants is a complex process and cannot be easily
manipulated, without there being pleiotropic negative effects. However, advances in
nutrient use efficiency are also plagued by the challenges in properly measuring soil
nutrient levels and the challenges of eventually having to develop a plant that
performs better in the field. Incremental improvements in NUE have occurred over
the last few decades but have resulted from increases in yield, not any measureable
improvement in a plants ability to take up N efficiently. We would suggest that
similar incremental improvements in NUE may occur through introducing specific
transgenes; however, these are likely to be relatively small and will be faced with
the challenge of overcoming the regulatory costs associated with plants that have
been genetically modified via biotechnology methods (McDougall 2011; Rothstein
et al. 2014). In the more short term, it is clear that we need to focus on improved
agronomic management approaches, as these have been successful in reducing N
inputs while maintaining yield.
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Abbreviations

GOGAT Glutamine oxoglutarate aminotransferase

GS Glutamine synthetase
NiR Nitrite reductase
NR Nitrate reductase

NRT Nitrate transporter

NUE Nitrogen use efficiency

NUpE  Nitrogen uptake efficiency

NUtE Nitrogen utilization efficiency
PEPC Phosphoenolpyruvate carboxylase
PHT Phosphate transporter

RNAi RNA interference

TF Transcription factor

Introduction

Nitrogen abundance is one of the most important edaphic factors affecting plant
growth. Indeed, the huge increases in crop yields over the last century are primarily
due to the large input of nitrogen fertilizers (Tilman et al. 2002). However, less than
half the amount of applied nitrogen fertilizer is taken up and utilized by crops, and
the remainder is destined to be lost through leaching and volatilization (Tilman
et al. 2002; Good et al. 2004), eventually leading to environmental pollution and
human health hazards. To lessen the burden to the environment and risks to human
health, it is urgently necessary to develop crops that require less fertilizer input or
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use applied nitrogen more efficiently. Since transcription factors (TFs) coordinately
regulate the expression of a number of genes related to a particular event, TF-based
genetic engineering represents a promising approach for generating crops suitable
for cropping systems requiring less fertilizer input. In this chapter, we summarize
the general concept underlying the genetic engineering of nitrogen use with TFs and
discuss TFs that can potentially be used to genetically modify nitrogen use effi-
ciency (NUE) in crops.

General Concept of Genetic Engineering of NUE Using TFs

Many processes associated with the use of nitrogen sources in the soil by plants
include sensing, uptake, assimilation, and translocation, as well as remobilization
within individual plants. For instance, during de novo nitrogen assimilation, plants
acquire nitrogen from the rhizosphere predominantly in inorganic forms, such as
nitrate and ammonium, through nitrate transporters (NRTs) or ammonium trans-
porters (AMTs) on the root surface (Miller and Cramer 2004; Nacry et al. 2013).
Ammonium that was taken up directly by the plant or produced via the reduction of
nitrate is assimilated into carbon skeletons (2-oxoglutarate) provided via photo-
synthesis and the carbon metabolic pathway (Yanagisawa 2014). Nitrate reduction
needs a supply of reducing power from NAD(P)H and the reduced form of ferre-
doxin, and ammonium assimilation requires NAD(P)H and ATP. Accordingly, de
novo nitrogen assimilation involves numerous enzymes and transporters associated
with several metabolic pathways. Furthermore, the activities of some transporters
and enzymes are not mediated by a single polypeptide. For instance, OsNRT2.1
must be associated with an accessory protein OsNAR2.1 to fully exhibit its nitrate
uptake activity (Yan et al. 2011). The finding that the transporters involved in
nitrate and ammonium uptake are post-translationally regulated (Lanquar et al.
2009; Wang et al. 2012; Xu et al. 2012) points to another difficulty. Due to these
facts, genetically modifying the expression levels of only one gene involved in
nitrogen uptake or metabolism may not significantly improve nitrogen uptake and
utilization (Fig. 3.1). In fact, simply overexpressing NRT or AMT genes does not
always increase the uptake of these inorganic nitrogen sources (Yuan et al. 2007,
Katayama et al. 2009). Similarly, increasing the expression levels of genes
encoding nitrate reductase (NR) or nitrite reductase (NiR) alone did not always lead
to an obvious increase in growth or yields, although some differences in metabolite
and amino acid levels were observed (Good et al. 2004). Inconsistent results have
been also reported with plants overexpressing glutamine synthetase (GS) or glu-
tamine oxoglutarate aminotransferase (glutamate synthase; GOGAT) genes, which
sometimes failed to increase the activity levels of these enzymes or led to growth
retardation (reviewed in Good et al. 2004). Thus, alternative approaches that do not
rely on the constitutive upregulation/downregulation of a single gene are more
promising for altering nitrogen uptake and utilization in plants.
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(a) Conventional approach (b) Approach targeting TFs

: TF genes

O : Non-TF genes
ﬁ : Single genetic engineering event
O

: Affected genes

N source uptake

Fig. 3.1 Conceptual scheme explaining the effectiveness of TF-based genetic engineering to
achieve higher NUE. A number of genes regulating different aspects of nitrogen uptake and
nitrogen utilization (circles) coordinately contribute to NUE. Engineering via conventional
approaches targeting a single gene (a) may lead to failure to improve NUE owing to the
complexity and the large number of genes involved in NUE. On the other hand, the approach
targeting TFs (triangles; b) can simultaneously influence a number of downstream genes involved
in different aspects of NUE, likely resulting in successfully increasing NUE. An arrow indicates
that the gene positively regulates the downstream component, while a T sign indicated that the
gene has an inhibitory effect on the downstream component

In general, TFs coordinately regulate the expression of a set of target genes by
binding to specific DNA sequences known as cis-regulatory elements, which differ
for each TF. Higher plants harbor numerous TFs (Riechmann et al. 2000; Jin et al.
2014), which utilize complex transcriptional regulatory mechanisms to control
various developmental processes and environmental responses (Riechmann and
Meyerowitz 1998; Rubio et al. 2001; Dubos et al. 2010; Moreau et al. 2016).
Hence, modifying the expression of TF genes represents an alternative approach to
altering the expression of a single gene when coordinately modifying the expression
of a number of genes is required to affect the intended trait. For instance,
Arabidopsis PHRI1, a GARP-type TF, binds to the nucleotide sequence
GNATATNC in the regulatory regions for a number of genes that participate in
phosphorus uptake and usage, such as genes encoding phosphate transporters
(PHTs) and acid phosphatases, and then activates these genes to induce the phos-
phate starvation response (Rubio et al. 2001; Wu et al. 2013). In rice, overex-
pressing the rice homolog of PHRI led to enhanced phosphate uptake and better
grain yields, suggesting that PHRI or PHRI homologs could be utilized in diverse
crop plants (Guo et al. 2015). Another good example of genetic modification to
produce agriculturally improved traits using TFs is the enhancement of drought,
cold, and salinity stress tolerance by overexpressing DREB, encoding a transcrip-
tional activator of the AP2/ERF TF family. Overexpressing Arabidopsis DREBI or
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the rice homolog OsDREBI conferred higher tolerance against these stresses in rice
through the activation of drought and cold stress tolerance-related genes whose
expression is under the control of the DREB-binding sequences (Ito et al. 2006;
Yamaguchi-Shinozaki and Shinozaki 2006). These successful examples suggest
that TF-based genetic engineering is indeed an effective approach for engineering
traits that require simultaneous modification of the expression levels of a set of
related genes.

An Attempt to Increase NUE Using the Dofl TF

The very first study involving TF-based genetic engineering to increase nitrogen
utilization in plants was performed using the maize TF Dofl (Yanagisawa et al.
2004). Dof TFs constitute a family unique to plants, including the green alga
Chlamydomonas reinhardtii, suggesting that they originated prior to the divergence
of terrestrial plants (Shigyo et al. 2006). Maize Dof1, the first Dof TF characterized,
was originally identified as a TF that binds to the caulifiower mosaic virus (CaMV)
35S promoter and the C4-type phosphoenolpyruvate carboxylase (PEPC) gene
promoter in maize (Yanagisawa and Izui 1993; Yanagisawa and Sheen 1998). It was
later shown that Dofl also induced the expression of other carbon
metabolism-related genes, such as genes encoding cytosolic orthophosphate diki-
nase and non-C4-type PEPC (Yanagisawa 2000), suggesting that it regulates a wide
array of genes involved in carbon metabolism. In a subsequent study, the expression
of DofI in Arabidopsis under the control of the 35SC4PPDK promoter (a derivative
of the CaMV 35S promoter) led to higher expression of genes involved in carbon
assimilation, such as genes for non-C4-type PEPC and pyruvate kinase (Yanagisawa
et al. 2004). These altered gene expression levels corresponded to higher PEPC and
PK activity in the transgenic lines, as well as higher levels of amino acids, especially
glutamine, and increased total nitrogen and carbon contents. In addition, the trans-
genic Arabidopsis plants produced higher biomass than wild-type plants under ni-
trogen-limiting conditions, thereby exhibiting more effective use of the limited
nitrogen source in the growth medium (Yanagisawa et al. 2004).

The effectiveness of genetic engineering using Dofl was demonstrated in
monocot species as well. Transgenic rice plants expressing maize DofI exhibited
higher expression of PEPC genes and higher PEPC activity in leaves than the wild
type (Kurai et al. 2011). Furthermore, the transgenic plants exhibited upregulated
expression of genes encoding enzymes involved in the TCA cycle, as well as
enhanced nitrogen contents in various tissues, under both nitrogen-sufficient and
nitrogen-deficient conditions (Kurai et al. 2011). In a recent study, Dofl was
introduced into wheat under the control of the rbcS1 (rubisco small subunit 1 gene)
promoter, resulting in higher PEPC activity and NUE under limited nitrogen con-
ditions than in the wild type (Pefa et al. 2017). Thus, Dof1 is a promising target TF
for improving NUE by molecular breeding in both monocot and dicot species in the
future.
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TFs that Could Be Utilized for Genetic Engineering
to Improve NUE

NUE is determined by two factors, nitrogen uptake efficiency (NUpE) and nitrogen
utilization efficiency (NUtE). The former is defined as the total amount of nitrogen
acquired by plants divided by the total available nitrogen sources in the soil, while the
latter is defined as the fraction of acquired nitrogen that is converted to grain or
biomass (Xu et al. 2012). Improvement of NUpE is achieved by modifying either root
architecture or nitrogen uptake activity per root surface area, whereas NUtE is greatly
affected by the nitrogen assimilation activity, since plants cannot directly utilize
acquired nitrate or ammonium without converting it to an organic form. Furthermore,
NUtE is also affected by resource remobilization within a single plant, because a large
portion of grain nitrogen (>70%) originates from the nitrogen pool that accumulates in
the plant before anthesis, as shown in wheat using >’NO; ™ labeling (Kichey et al.
2007). In this section, we therefore summarize our knowledge on TFs involved in
modulations of root architecture in different nitrogen status, nitrogen uptake activity,
assimilation activity, or remobilization of nitrogen (Table 3.1).

TFs Involved in Modifying Root Architecture

One of the earliest TFs found to regulate root architecture upon nitrogen supply is the
Arabidopsis MADS-box TF, ANR1 (Zhang and Forde 1998). Arabidopsis lines with
decreased ANRI transcript show abolished lateral root elongation upon nitrate
supply (Zhang and Forde 1998), suggesting lower nitrate uptake in these lines.
Another TF gene involved in modifying root architecture in different nitrogen status
is Arabidopsis NAC4 (Vidal et al. 2013) whose expression is regulated by a
nitrate-inducible gene, AFB3, encoding an F-box protein that functions as an auxin
receptor (Vidal et al. 2010). Knockout mutants of NAC4 did not show marked
increases in lateral root development upon nitrate supply, whereas wild-type plants
did (Vidal et al. 2013). Thus, these TFs are potentially useful to improve the root
architecture in response to nitrate supply and efficiently take up applied fertilizers in
the field. In addition to the stimulation of lateral root growth upon nitrate supply, the
preferential allocation of resources to roots growing in nitrate-rich patches of soil
represents another important mechanism to adapt to a spatially non-homogeneous
distribution of nitrate in the soil. A member of the TCP TF family in Arabidopsis,
TCP20, underlies such a mechanism (Guan et al. 2014). The tcp20 mutant did not
show any obvious phenotypes when nitrate was uniformly supplied to the growth
medium. However, it was nearly insensitive to local nitrate supply. This mutant
showed similar lateral root growth in patches of medium containing high nitrate
levels or no nitrate, whereas wild-type plants preferentially grew lateral roots in
patches with high levels of nitrate. Because TCP20 binds to the promoter regions of
NIAI (one of two NR genes in Arabidopsis) and NRT1.I (dual-affinity NRT gene)
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and promoted their expression (Guan et al. 2014), TCP20 is probably a TF involved
in modification of both root architecture and regulation of nitrate uptake and as-
similation. Since these TFs were identified by negatively altered root architecture in
their knockout mutants upon nitrate supply, it is necessary to examine whether these
TF could be used to genetically engineer improved NUE.

Plants modify their root architecture during nitrogen deficiency in addition to
upon nitrate supply. Among 11 genes that were identified as potential hubs for
nitrogen starvation responses in Populus species by gene expression analysis, two
TFs (PtaRAP2.11 and PtaNAC1) positively regulate primary root length and lateral
root length and density in response to low nitrate conditions (Wei et al. 2013; Dash
et al. 2015). In addition to the improved root growth, the PtaRAP2.11 overex-
pression line also exhibited improved shoot growth under low nitrogen conditions
in a soil experiment, suggesting their usefulness in genetic engineering of NUE.

In addition to TFs involved in modulations of root architecture in response to
nitrogen status, a number of TFs are involved in root architecture either constitutively
or in response to other signals [reviewed in Tian et al. (2014) and Yu et al. (2016b)].
These TFs may also be useful to improve nitrogen uptake in upland crop fields.

TFs Involved in the Modulation of Nitrogen Uptake Activity

Nitrogen uptake activity per root surface area, which is highly influenced by the
activity of transporters expressed on the root surface, also affects nitrogen uptake by
the whole plant. Genetically expanding nitrogen uptake activity is an alternative
approach for the genetic improvement of NUpE. A few TFs involved in nitrogen
uptake activity have already been identified. The wheat TF of the large NF-Y TF
family (TaNFYA-B1) positively regulates the expression of some NRT genes,
possibly via the binding of TaNFYA-B1 to the CCAAT boxes in the promoters of
these transporter genes. Transgenic wheat plants constitutively overexpressing
TaNFYA-BI had a larger root system compared to the wild type. Consequently, the
transgenic plants had higher nitrate uptake rate and nitrogen content per plant,
resulting in an increased number of spikes and grain yields under both control and
nitrogen-deficient conditions in the field (Qu et al. 2015). Similarly, another wheat
NF-Y TF, TaNF-YB4, also showed a positive effect on biomass production and
grain yield, when it was constitutively overexpressed in wheat (Yadav et al. 2015).
Although the genes regulated by TaNF-YB4 have not yet been identified, the
authors proposed that this effect is likely due to higher nutrient uptake activity in the
transgenic lines (Yadav et al. 2015). Unlike upland crop species, where nitrate is the
predominant nitrogen source, ammonium is the predominant nitrogen source for
lowland crop species such as rice (Miller and Cramer 2004). Thus, improving
ammonium uptake is particularly important for the genetic improvement of lowland
crop species. A recent study suggested that OsDOF18 is involved in regulating the
expression of ammonium transporter genes and ammonium uptake, as determined
using rice mutant lines lacking OsDOF18 transcript (Wu et al. 2017).
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TFs Involved in Regulation of Nitrogen Assimilation

Several TFs that positively or negatively regulate nitrogen assimilation in plants
have been identified to date.

TaNAC2-5A, a nitrate-inducible NAC TF in wheat, induces the expression of
plastidic GS gene (GS2) and NRT genes, which function in the uptake and
translocation of nitrate, by directly binding to their promoter regions. Transgenic
lines overexpressing TaNAC2-5A showed higher nitrate uptake rate, higher biomass
production, higher grain yield, and higher harvest index [=(grain N accumulation)/
(total N accumulation in aerial parts)], under both high and low nitrogen supply
conditions, than observed in the wild type (He et al. 2015). Interestingly, although
TaNAC2-5A belongs to a cereal-specific clade of the NAC TF family, the effec-
tiveness of TaNAC2-5A was also demonstrated in Arabidopsis. Transgenic
Arabidopsis lines expressing TaNAC2-5A had higher expression levels of NRT
genes (NRT2.1, NRT1.2, and NRT1.5) and higher nitrate uptake rates than the wild
type (He et al. 2015). TaNAC2-5A also directly or indirectly affected root archi-
tecture in Arabidopsis. Therefore, TANAC2-5A may affect both nitrate uptake and
utilization in both monocot and dicot species and then exert positive effects on
biomass production.

Rice Dof daily fluctuations 1 (RDD1), a member of the Dof TF family, was
originally identified as a TF involved in the circadian clock, with a marked diurnal
oscillatory expression pattern in leaf blades (Iwamoto et al. 2009). A subsequent
study revealed that RDD] transcripts are targeted by a microRNA, miR166, whose
expression oscillates diurnally (Iwamoto and Tagiri 2016). By expressing mRDD1
(RDDI carrying nucleotide substitutions in the miR166-recognition site and thus
insensitive to miR166-mediated RNA degradation) in rice, RDD1 was shown to
regulate genes involved in the uptake and utilization of various nutrients, such as
cytosolic GS gene GS1;1, sucrose transporter gene OsSUT2, and sodium transporter
gene HKTI, 1, especially under low nutrient conditions (Iwamoto and Tagiri 2016).
Compared to wild type, plants expressing mRDD]1 had higher nitrate and ammo-
nium uptake activity in a hydroponic experiment. Furthermore, the mRDDI-
expressors had higher harvest index [=(grain weight)/(shoot dry weight)] and higher
total grain yields than wild type, possibly due to enhanced translocation of nutrients
from leaves to grains. Therefore, RDD1 is another TF that regulates the uptake and
utilization of nitrogen, as well as nutrient translocation.

Two basic leucine zipper family TFs, HYS (LONG HYPOCOTYLS) and its
closest homolog HYH (HY5 HOMOLOG), were found to induce NR activity in
Arabidopsis under far-red and red light (Jonassen et al. 2008). It was later revealed
that this effect is due to the specific induction of NIA2 (one of two Arabidopsis NR
genes) in the light (Jonassen et al. 2009). In agreement with this finding, the NIA2
promoter, but not the NIAI promoter, harbors a Z-box and a GATA motif, which
are putative binding sites of HYS and HYH. In the same study, HYS5 and HYH were
shown to negatively affect the expression of NRTI.Il in leaves and roots via an
unknown mechanism (Jonassen et al. 2009).
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Arabidopsis NIN-like protein (NLP) 6 and 7 are TFs that mediate a large portion
of genome-wide gene expression reprogramming during primary nitrate responses
(Konishi and Yanagisawa 2013; Marchive et al. 2013; Konishi and Yanagisawa
2014). NLP6 and NLP7 directly upregulate many early nitrate-responsive genes,
such as NRT2.1, NIAI, NIR, a nitrite transporter gene (AzNITR2), and GS2, all of
which are crucial for nitrate uptake or nitrogen assimilation (Konishi and
Yanagisawa 2013; Marchive et al. 2013; Maeda et al. 2014). Consistently, trans-
genic Arabidopsis plants overexpressing NLP7 exhibited higher expression of these
target genes than wild type, resulting in higher nitrogen contents and biomass
production, along with higher photosynthesis rates and PEPC activity (Yu et al.
2016a). These studies demonstrate that NLPs are indispensable TFs with wide-
spread effects on the expression levels of genes determining nitrate uptake and
nitrogen utilization in plants. Since the TFs NLP6 and NLP7 are
post-transcriptionally regulated (Konishi and Yanagisawa 2013; Marchive et al.
2013; Liu et al. 2017), an approach other than simple overexpression of NLP6 and
NLP7 might further improve NUE in plants.

LBD (LATERAL ORGAN BOUNDARY DOMAIN) proteins are a subfamily
of the ASL/LBD TF family. The genes for these three proteins, LBD37, LBD38,
and LBD39, are strongly induced upon nitrate supply, although ammonium or
glutamine supply also induced their expression to a minor extent. These tran-
scriptional repressors negatively regulate a number of genes involved in nitrate
uptake and assimilation, such as NRTI1.1, NRT2.1, NIAI, NIA2, and GLNI1.4 (cy-
tosolic GS gene) (Rubin et al. 2009). Notably, these LBD genes also negatively
affect the expression of glucose-6-phosphate dehydrogenase 2 gene involved in
providing the carbon skeleton required for nitrogen assimilation. Consistent with
these modifications in gene expression, mutant lines lacking either of these genes
had higher glutamine contents than wild type (Rubin et al. 2009). Thus, knocking
out these LBD homologs appears to have positive effects on nitrate uptake and its
assimilation, although increased levels of anthocyanin in these mutant lines also
suggested negative consequences of knockout of these LBD genes on growth due to
their pleiotropic effects.

The GARP-type TF, NIGT1/HRS1, is a transcriptional repressor that is induced
by nitrate supply (Sawaki et al. 2013; Medici et al. 2015). An Arabidopsis mutant
line with mutations in HRSI and its closely related homolog, HHO1, showed better
primary root growth in the absence of phosphate than wild-type plants, especially in
the presence of nitrate. Moreover, higher expression of NRT1.1 was observed in the
double knockout line, suggesting that NIGT1/HRS1 might negatively affect nitrate
uptake (Medici et al. 2015). The involvement of NIGT1 in nitrate uptake or uti-
lization was also demonstrated in rice. OsNIGTI-overexpressing plants had lower
chlorophyll contents than wild type when grown with nitrate as the sole nitrogen
source, but not with ammonium, indicating that nitrate utilization was impaired in
the transgenic lines (Sawaki et al. 2013).
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TFs Involved in Nitrogen Remobilization

TFs involved in nitrogen remobilization and leaf senescence include NAM-BI1, a
NAC family TF originally identified in wild emmer wheat, and OsNAP, another
NAC family TF in rice.

NAM-BI1 is a TF that enhances resource remobilization to grains and hence
affects the contents of proteins in grains, as well as minerals such as iron and zinc
(Uauy et al. 2006). While wild emmer wheat carries the functional allele of NAM-
B1, its function was lost during domestication due to the insertion of a single
nucleotide, resulting in a frame-shift mutation. Knocking down NAM homologs in
hexaploid wheat by RNA interference (RNAi) led to a stay-green phenotype but
reduced grain protein and mineral contents due to decreased nutrient translocation
from leaves (Uauy et al. 2006). Although grain yields were not directly tested in this
study, the RNAI lines may increase the grain yields since the stay-green phenotype
induces a longer grain-filling period (Gaju et al. 2011; Derkx et al. 2012; Xu et al.
2012).

OsNAP is also involved in nutrient remobilization from senescing leaves to
grains in rice (Liang et al. 2014). Overexpression of OsNAP promoted leaf
senescence, whereas reducing its expression by RNAI led to delayed senescence
and an extension of the grain-filling period compared with wild type. The RNAi
lines retained higher photosynthetic activity after anthesis, resulting in higher
seed-setting rates, grain weight, and grain yield. However, the grains of the RNAi
lines had reduced concentrations of protein and mineral nutrients such as nitrogen,
phosphorus, iron, and zinc, likely due to reduced remobilization of elements to the
grains, since the RNAI lines retained higher nutrient contents in their flag leaves.

These examples suggest that leaf senescence, nutrient translocation, and grain
yields are complex traits, which are mutually influenced. Therefore, although TFs
involved in nitrogen remobilization and leaf senescence could be used to geneti-
cally engineer improved NUE, a newly devised plan would be needed for the
practical application of engineering of this type of TFs due to a trade-off between
grain yields and protein and mineral contents in grains.

Precautions and the Challenges of TF-Based Engineering

Genetic engineering using TFs is a promising approach for improving nitrogen use,
and a number of TFs with potential to improve NUE have been found to date.
However, TF-based engineering of NUE may unexpectedly lead to unwanted traits
from the viewpoint of agriculture. For instance, in the OsNAP RNAI lines, there
appeared to be a trade-off between grain yields and grain protein/mineral contents.
Thus, increasing grain yields by genetic engineering might lead to changes in the
nutritional value of grains in these cases. Another example of unwanted traits
produced by TF-based engineering is early flowering of rice plants expressing
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mRDDI (Iwamoto and Tagiri 2016). Although they have higher grain yields, their
early flowering phenotype may affect field management and cropping systems if
these strategies are to be adopted for current agricultural systems. Thus, attention
should be paid to the possible side effects caused by the pleiotropic effects of TFs.

Another thing to consider is the effect of the environment. In several studies, the
positive effects of the introduced TF genes were evident only under certain con-
ditions, such as low nitrogen supply, as was the case for PtaRAP2.1, PtaNACI,
TaNAC2-5A, and Dofl. Similarly, experimental results obtained under artificial
conditions might not always apply to different systems. For instance, transgenic
tobacco plants expressing the Arabidopsis ammonium transporter gene AMTI; 1
showed increases in the rate of short-term ammonium uptake compared to
wild-type plants when grown in nutrient solution, but the same plants failed to show
enhanced nitrogen uptake and better growth when grown in soils supplied with
ammonium (Yuan et al. 2007). Thus, the growth conditions and soil types in areas
in which the genetically modified plants are to be grown should be kept in mind.

The last point to consider is the possible negative effects of constitutively
expressing the target TFs. In some experiments aimed at increasing NUE, growth
retardation was observed in transgenic plants, as reviewed by Good et al. (2004)
and Xu et al. (2012). One of the ways to circumvent this problem might be the use
of an inducible promoter. Since expressing DREBIA under the control of a strong
constitutive promoter led to both increased drought and cold tolerance but severe
growth retardation (Kasuga et al. 1999, 2004), the stress-inducible rd29A promoter
was used to express DREBIA. This approach was successfully used to produce
plants with increased cold or drought stress tolerance while minimizing the negative
effect on plant growth in tobacco and Arabidopsis (Kasuga et al. 1999, 2004).
Expressing introduced transgenes in a tissue-specific manner is another effective
way to mitigate the possible negative effects of genetic engineering. Wei et al.
(2013) used a root-specific promoter to drive PtaNACI expression, which suc-
cessfully increased root biomass without diminishing shoot biomass. Similarly,
Peiia et al. (2017) took advantage of the leaf-specific rbcS1 promoter to express
maize Dofl in wheat, since Dofl expression driven by this promoter successfully
increased biomass production, whereas the expression of this gene driven by a
strong constitutive promoter led to drastic growth retardation (Pefa et al. 2017).
These examples suggest that the occasional growth retardation observed in genetic
engineering experiments targeting high NUE might be mitigated by the use of an
inducible or tissue-specific promoter.

Conclusions and Future Perspectives

During the long history of crop breeding, nitrogen uptake and utilization have
dramatically improved. Indeed, modern wheat cultivars have higher NUE than old
cultivars when grown under the same nitrogen conditions (Cormier et al. 2016).
A number of genes involved in nitrogen uptake and assimilation were shown to be
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under selective pressure during the modern breeding process in a specific rice group
(Xie et al. 2015), and nitrogen use in crops has indeed improved over the past
several decades through conventional breeding approaches. However, to further
improve nitrogen use in crops and to enable the use of low-input cropping systems,
more breakthroughs are needed. The nucleotide sequences of TF genes are gen-
erally more conserved among diverse ecotypes than those of other genes in
Arabidopsis (Gan et al. 2011), suggesting that marker-assisted selection targeting
TFs relying on naturally occurring sequence variation might be of limited use in
crop species. In this situation, genetic engineering targeting TFs is a promising
approach for improving nitrogen use in the future.

Our knowledge of the involvement of TFs in nitrogen use is steadily increasing.
However, many of the studies performed to date have focused on the model plant
Arabidopsis. More investigations are needed to determine whether similar mecha-
nisms are conserved in other plant species, most importantly monocot species, which
account for the majority of worldwide crop production. A recent cross-species
comparison between Arabidopsis and rice led to the identification of conserved
nitrogen-regulatory networks in rice (Obertello et al. 2015). This study, using
information about protein—protein interactions, cis-binding sites, and orthologs
between the species, showed that nitrogen treatment affects similar sets of genes in
these species and also identified 23 core nitrogen-responsive TFs in rice. The
identified TFs include orthologs of previously characterized Arabidopsis genes such
as LBD and HHO. Thus, the mechanisms underlying nitrogen responses are similar
between these species to a large extent, and the signaling mechanisms and TFs
determining nitrogen responses/utilization in Arabidopsis are likely applicable to
other plant species, at least (to some extent) in rice. Similar approaches would allow
basic knowledge about Arabidopsis to be applied to other crop species in the future
and would help define the TFs to be targeted to improve nitrogen use in these
species. Recent technological advances, such as systematic evolution of ligands by
exponential enrichment and protein-binding microarrays for high-throughput iden-
tification of TF binding sites (Franco-Zorrilla et al. 2014), should accelerate basic
research about TFs in crops and pave the way for increasing the number of TFs to be
utilized in genetic engineering targeting the improvement of nitrogen use in crops.
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Chapter 4 M)
Modeling Plant Metabolism: ki
Advancements and Future

Capabilities

Margaret N. Simons-Senftle, Debolina Sarkar and Costas D. Maranas

Introduction

High throughput tools such as transcriptomics and proteomics have emerged as
important tools to systemically probe the processes controlling plant productivity
and nitrogen use efficiency (NUE). However, we still lack a quantitative framework
to integrate measurements at different levels. Gene and protein expression under
N-limiting and N replete conditions have been used to identify key reactions and
regulatory proteins involved in N metabolism. For instance, the overexpression of
cytosolic glutamine synthase (GS1 and GS2) in rice grown in low nitrogen (N) led
to a low yield and growth phenotype. However, these plants exhibited increased
levels of core carbon (C) and N-containing metabolites in roots and shoots resulting
in an unbalanced C:N metabolic ratio (Bao et al. 2014). As genome-scale metabolic
(GSM) models are able to predict the flux through metabolic reactions within the
plant, they can be relied upon to better understand the metabolism associated with
various environmental and genetic factors.

Genome-Scale Metabolic Models and Flux Balance Analysis

Genome-scale metabolic (GSM) models are comprised of all known metabolic
reactions that occur within an organism, tissue or compartment. The model is
composed of three essential aspects: the reaction network, the biomass reaction, and
gene—protein reaction (GPR) relationships. First, the model includes all internal
reactions and metabolite transporters, including the uptake and export of metabo-
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lites and their associated metabolic costs. A coefficient matrix, known as the stoi-
chiometric matrix, represents the stoichiometric coefficient of each metabolite
within each metabolic reaction. Next, a proxy biomass formation reaction is
appended that represents the accumulation of all biomass components. Finally,
gene—protein reaction (GPR) relationships are developed to link the genes that are
associated with a metabolic reaction. GPR relationships are developed using
Boolean Logic gates where an “and” relationship represents a gene that is a subunit
of a protein complex and an “or” relationship indicates an isozyme. Flux balance
analysis (FBA) is used to predict the metabolic conversion from reactants to
products (i.e., the flux in mmol gDW_l h™") for each metabolic reaction (Orth et al.
2010). FBA assumes that the system has reached a pseudo-steady state by setting
the production of each metabolite equal to its consumption (i.e., the change in
concentration over time for each metabolite is equal to zero or dx;/dt = 0). This
steady-state assumption is represented by:

dx; )
Z S;jv; = 7); = 0, Vi € Metabolites

Jj€Reactions

The stoichiometry of metabolite 7 in reaction j is represented by S_j;, where S;; is
negative for reactants and positive for products. The flux or total metabolic con-
version (represented in mmol gDW ™' h™") is represented by the variable v; and the
accumulation of metabolite i over time ¢ is assumed to be zero. The feasible solution
space is further constrained by including bounds for reactions that are known to be
irreversible under physiological conditions. FBA seeks to maximize or minimize a
user-defined objective function, which typically is the maximization of the flux
through the biomass reaction. The biomass reaction assigns stoichiometric coeffi-
cients that represent the experimentally observed proportion of biomass compo-
nents (in mmol gDW_l) and represents biomass formation (in h_l). It is critical to
ensure that the molecular weight of the biomass component is normalized to 1 g
mmol ™! (Chan et al. 2017), especially when more than one biomass reaction is
included in FBA, which may occur during multi-tissue growth of the plant.
Applying FBA to GSM models is analogous to determining the max flow through a
network of pipes toward a single drain of biomass (see Fig. 4.1a). The input pipes
are analogous to the nutrients in the metabolic model, the output pipes represent the
biomass reaction and other known secreted metabolites, and the complex system of
pipes is analogous to the reactions connecting various metabolites. FBA identifies
the flow through this network to maximize the flow out of one pipe.

While FBA identifies a unique maximum value for the objective function but
usually not a unique reaction flux associated with the maximum value. In fact, any
set of reaction fluxes determined by FBA is just one solution to the problem out of
many alternatives. Flux variability analysis (FVA) is often used to determine the
feasible range of each reaction’s flux at the maximum objective function
(Mahadevan and Schilling 2003). Conclusions drawn about a particular reaction
must hold for the entire range of flux solutions determined by FVA. Alternatively,
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Fig. 4.1 Flux balance analysis (FBA) of a genome-scale metabolic (GSM) model is analogous to
a set of pipes. a FBA solves for the flux through a reaction (i.e., the rate of conversion between
reactants and products) in order to maximize an objective function, typically biomass formation.
This is analogous to a set of pipes with a set of input flows (representative of the carbon and
nitrogen sources) and output flows (representative of biomass and various products). FBA solves
for the flux through each reaction (or pipe) by assuming the cell is operating at a pseudo-steady
state. b To incorporate different types of experimental data, a class of methods termed the “switch”
approach has been developed. This approach utilizes lowly expressed genes, proteins, or enzymes
to turn off or remove a reaction (or pipe) for their associated metabolic reaction(s). ¢ The “valve”
approach utilizes data from multiple conditions to constrain the flux through a reaction by limiting
the upper bound (i.e., decreasing the diameter of the pipe). This can cause a decrease in the
reaction’s flux when biomass is maximized, but is not required to alter the flux if the predicted flux
before the inclusion of the constraint is low

parsimonious flux analysis (pFBA) (Lewis et al. 2010) is used to determine the
minimum flux through all reactions required to maintain the maximum biomass
formation identified through FBA. The pFBA formulation attempts to minimize the
total enzyme load required to produce the optimal solution determined by FBA
using the total sum of fluxes as a proxy. Many times constraining both the maxi-
mum biomass formation and the minimum sum of all fluxes does not result in a
unique profile of fluxes and once again the variability must be assesses. This can be
completed using a modification of FVA where both the maximum biomass level
and the minimum total flux are set at their identified levels. Generally, the more
constraints placed on the model (i.e., setting the maximum biomass formation and
minimum sum of all fluxes) the smaller the variability for each reaction flux.
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Platforms Available for Published Metabolic Models

GSM models are distributed using an SBML, MATLAB, or Excel format that can
be readily uploaded into most published packages. For a thorough review of the
software application packages, see (Lakshmanan et al. 2014; Dandekar et al. 2014).
In addition to the packages reviewed, two new packages have emerged: COBRApy
(Ebrahim et al. 2013), a python package that supports basic COBRA methods, and
the Web-based US Department of Energy Systems Biology Knowledgebase
(KBase) (Arkin et al. 2016). The COBRApy software package supports the next
generation of metabolic modeling and uses Parallel Python (https://www.
parallelpython.com) to split simulations across multiple CPUs enabling faster
FVA simulations, which can be time intensive due to the large nature of plant
metabolic models (Ebrahim et al. 2013). COBRApy allows users to develop their
own constraints and objective functions allowing for more detailed modeling
(Ebrahim et al. 2013). The KBase online interface allows users to create workflows
that can be shared among researchers allowing for other users to quickly reproduce
the simulations (Arkin et al. 2016). With KBase, users are able to perform standard
FBA, pFBA, as well as gene and reaction knockouts (Arkin et al. 2016).

Plant GSM Models

The number of organisms with GSM models has dramatically increased since the
first model of Haemophilus influenzae Rd published in 1999 (Edwards and Palsson
1999). Many microbial models were developed with increasing complexity and the
first photoautotrophic model was developed in 2005 focused on central metabolism
and photosynthetic reactions of Synechocystis sp. PCC 6803 (Shastri and Morgan
2005). The first plant genome-scale model was developed for barley seed
(Grafahrend-Belau et al. 2009) in 2009 followed by a model of Arabidopsis
(Poolman et al. 2009) published in the same year. In general, plant genome-scale
models began as networks that contained all known metabolic reactions that
occurred within the plant in any tissue or growth stage (Table 4.1). These
non-compartmentalized reactions were developed for Arabidopsis (Poolman et al.
2009; de Oliveira Dal’Molin et al. 2010a, b) and maize (Saha et al. 2011). Plant
genome-scale metabolic models were then created for specific tissues including the
embryo in rapeseed (Hay and Schwender 201la, b), seed in barley
(Grafahrend-Belau et al. 2009), leaf in tomato (Yuan et al. 2016), leaf in rice
(Poolman et al. 2013; Lakshmanan et al. 2013), and the leaf (Simons et al. 2014a, b;
Seaver et al. 2015), embryo (Seaver et al. 2015), and seed (Seaver et al. 2015) in
maize. Models of C4 metabolism have apportioned the metabolic flux between the
bundle sheath and mesophyll cell types (Simons et al. 2014a, b; de Oliveira
Dal’Molin et al. 2010a, b). More recently, plant metabolic models have included
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inter-tissue transporters through the vascular tissue to model the whole-plant

metabolic interactions for Arabidopsis (de Oliveira Dal’Molin et al. 2015) and
barley (Grafahrend-Belau et al. 2013).

Table 4.1 A list of available genome-scale models for plants

Species No. of No. of Specificity References
associated reactions
genes
Arabidopsis Not 1,406 Generic Poolman et al.
thaliana reported (2009)
Arabidopsis 1,419 1,567 Generic de Oliveira
thaliana Dal’Molin et al.
(20104, b)
Arabidopsis Not 9,728 Whole-plant: root, stem, de Oliveira
thaliana reported and leaf Dal’Molin et al.
(2015)
Brassica napus | Not 572 Embryo Hay and Schwender
reported (2011a, b)
Hordeum Not 257 Seed (Endosperm) Grafahrend-Belau
vulgare reported et al. (2009)
Hordeum Not 955 Whole plant: leaf, stem, Grafahrend-Belau
vulgare reported seed, root, and phloem et al. (2013)
Oryza sativa Not 1,736 Leaf Poolman et al.
reported (2013)
Oryza sativa 629 326 Leaf central metabolism | Lakshmanan et al.
(2013)
Oryza sativa 148 1721 Leaf Chatterjee and
Jjaponica Kundu (2015)
Saccharum 3,881 1,588 Leaf: mesophyll and de Oliveira
officinarum bundle sheath cells Dal’Molin et al.
(2010a, b)
Solanum 3410 2,143 Leaf Yuan et al. (2016)
lycopersicum L.
Sorghum 3,557 1,588 Leaf: mesophyll and de Oliveira
bicolor bundle sheath cells Dal’Molin et al.
(2010a, b)
Zea mays 1,563 1,985 Generic Saha et al. (2011)
Zea mays 5,824 8,525 Leaf: mesophyll and Simons et al. (2014a,
bundle sheath cells b)
Zea mays 2,322 2,635 Leaf Seaver et al. (2015)
Zea mays 2,304 2,636 Embryo Seaver et al. (2015)
Zea mays 2,280 2,636 Endosperm Seaver et al. (2015)
Zea mays 11,623 1,588 Leaf: mesophyll and de Oliveira
bundle sheath cells Dal’Molin et al.
(2010a, b)
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Applications of Plant GSM Models

GSM models have been extensively used in a variety of applications in
single-celled organism. However, due to the complex nature of plant metabolism,
these applications are still being expanded to plant models. For a review of
applications of microbial GSM models, see (Oberhardt et al. 2009). Plant
genome-scale models have been used to examine the metabolism within a plant,
predict the effect of genetic and environmental perturbations, and examine the
metabolite transport between tissues and organs.

Elucidating Metabolic Fluxes and Identifying
Knowledge Gaps

Metabolic models can be used to determine and predict knowledge gaps in an
organism’s secondary metabolism (Fritz et al. 2006). GSM models can systemati-
cally identify the set of metabolites that are known to be produced within the plant,
but have no viable path given the set of metabolic reactions using an algorithm
termed GapFind (Kumar et al. 2007). GSM models can be directly utilized to
identify metabolites with a known biosynthetic pathway that have not yet been
identified for the plant of interest. Optimization techniques (Kumar et al. 2007;
Maranas and Zomorrodi 2016; Thiele et al. 2014) have been developed to identify
the minimum number of reactions that must be added from either closely related
organisms or the full database of known metabolic transformations to provide a
feasible path to the metabolite of interest. Plants are able to produce an expansive
pool of diverse chemicals, of which only a small fraction of the secondary
metabolites have known synthesis pathways (Tatsis and O’Connor 2016).
Computational frameworks have emerged to predict novel metabolic pathways to
metabolites with unknown synthesis by utilizing known reaction rules (Li et al.
2004; Hatzimanikatis et al. 2005; Jeffryes et al. 2015). While this framework does
not directly utilize GSM models, the gaps in metabolism can be quickly and sys-
tematically identified and GSM models can be used to ensure that the predicted
pathways including cofactor production are viable given the plant’s metabolism.
A multi-tissue model of maize was used to determine the reactions that are coupled
to nitrogen uptake and the changes in metabolism due to the nitrogen source to aid in
the understanding of nitrogen use efficiency (de Oliveira Dal’Molin et al. 2015).
A coupling analysis (Price et al. 2004) was completed to determine reaction sets that
contain highly or perfectly correlated reactions. Nitrate/nitrite reductase, glutamate
translocation, and sucrose translocation are perfectly correlated (de Oliveira
Dal’Molin et al. 2015), implying that a genetic perturbation that changes the flux
through any one of the associated reactions will equivalently affect the other
remaining reactions. The authors also examined the metabolic costs associated with
nitrate vs. ammonium uptake and identified that even with the large network flexibility
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in plants, nitrate uptake requires 17% more C fixation than ammonium to maintain the
same growth (de Oliveira Dal’Molin et al. 2015). The higher required C fixation is
linked to an increase in starch accumulation during the day, which is required to
support growth during the night (de Oliveira Dal’Molin et al. 2015).

Predicting the Effects of Environmental
and Genetic Perturbations

Given the significant resources required to develop transgenic crops (Rothstein
et al. 2014), it is important to be able to predict the effect of a genetic change on
metabolism (Beatty et al. 2016a, b). Microbial GSM models have been used to
identify the lethality of each metabolic gene, including predicting synthetic lethal
sets (Suthers et al. 2009; Pratapa et al. 2015). While this type of analysis can be
utilized in a predictive manner, discrepancies in gene lethality compared to
experimental results can help point the presence of isozymes or indicate the
function of an unknown pathway (Chowdhury et al. 2015). A number of ad hoc
reaction constraints have been included in GSM models to represent the compli-
cated relationships between the reaction flux and the gene expression, protein
concentration, or enzyme level (see Blazier and Papin 2012; Hyduke et al. 2013;
Saha et al. 2014 for in-depth reviews of these algorithms). The simulation strategies
fall into two main approaches known as the “switch” and “valve” approach. The
“switch” approach is used to turn off or remove reactions based on a significantly
low level of expression or activity, while the “valve” approach constrains the flux
(to a non-zero flux) based on the change in expression, concentration, or level in
one condition compared to a wild-type condition. Returning to our analogy with a
pipe network, the “switch” approach would correspond to blocking all flow through
one pipe (Fig. 4.1b), while the “valve” approach would be representative of
replacing a pipe with a narrower pipe (Fig. 4.1¢). The flux through the metabolic
reaction (or pipe) is not forced to operate at the defined level; however, the con-
straints added in the “valve” approach decrease the maximum allowed flux through
the reaction (or pipe). Both approaches take into account the underlying GPR
relationships when determining the effect of the expression level on reactions.

A large-scale model of developing Brassica napus embryos (Hay and
Schwender 2011a, b) was used to determine the percent of carbon uptake that was
stored in biomass for a variety of carbon and nitrogen substrates. The model was
used to test the carbon conversion efficiency for glucose, sucrose, and fructose each
paired with ammonia, nitrate, alanine, asparagine, glutamine, and glutamate. The
findings revealed that sucrose was always the most efficient carbon source followed
by fructose, then glucose regardless of the nitrogen substrate (Hay and Schwender
2011b). Ammonia was the most efficient nitrogen source followed by alanine,
glutamine, asparagine, glutamate and then nitrate, regardless of the carbon substrate
(Hay and Schwender 2011b). When sucrose and ammonium were used as the sole
carbon and nitrogen sources, a maximum theoretical carbon conversion efficiency
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of approximately 70% was observed (Hay and Schwender 2011b). Compared to
nitrate, ammonium utilization decreases the energy consumption required to syn-
thesize nitrogen-containing organic compounds (Williams et al. 1987). The
large-scale model of a developing B. napus seed was used to predict the variability
in the composition of the organism’s nutrient uptake given the predicted minimum
total nutrient uptake required for the experimentally observed biomass formation
(Hay and Schwender 2011a). When organic nitrogen sources (i.e., glutamine,
glutamate, alanine, and asparagine) are available, glutamine is the only nitrogen
source utilized because it has the highest carbon conversion efficiency (Hay and
Schwender 2011a). Similarly, ammonium is the only nitrogen source taken up
when inorganic nitrogen sources are supplied. The authors identified that PEP
carboxylation differed between inorganic and organic nitrogen sources (Hay and
Schwender 2011a). Flux in the direction of carboxylation is essential only when
inorganic nitrogen is available (Hay and Schwender 2011a), suggesting an
important link between nitrogen assimilation and carbon metabolism.

A GSM model of the maize leaf was developed to examine the metabolic
changes between two glutamine synthetase mutants (i.e., the ginl-3 and ginl-4
mutants) and a low N supply condition compared to a wild-type N replete condition
(Simons et al. 2014a, b). To simulate each condition, the cell-type specific reactions
corresponding to the glutamine synthetase mutants were turned off (i.e., the glu-
tamine synthetase reaction in the mesophyll cell was blocked for the glni-3 mutant
and the glutamine synthetase reaction in the bundle sheath cell was blocked for the
glnl-4 mutant), the low N condition was supplied 1000-fold less nitrogen compared
to the N replete condition, and the reactions corresponding to statistically lowly
expressed genes and proteins were blocked using the “switch” approach (Simons
et al. 2014a, b). The metabolism is significantly perturbed in the gini-3 and glni-4
mutants, with 49 and 45% of the metabolic reactions containing flux ranges that
must change compared to the wild-type nitrogen replete condition, respectively
(i.e., the flux range associated with the glutamine synthetase mutant does not
overlap with the solution flux range associated with the wild-type condition)
(Simons et al. 2014a, b). In contrast, only 7% of reactions in the low nitrogen
supply condition have non-overlapping flux ranges compared to the nitrogen replete
condition (Simons et al. 2014a, b). This indicates that there is a large metabolic
work-around required in the glutamine synthetase mutants (Simons et al. 2014a, b).

Describing Metabolism Within Tissues or Organs

Plant cells contain a highly compartmentalized and complex metabolic network. By
separating metabolic processes into various compartments, cells, and organs, the
plant is able to obtain higher concentrations of a metabolite in the vicinity of related
enzymes and create distinct organs that are specialized for a specific function. This
compartmentalization is the backbone of C4 photosynthesis, which increases CO,
concentration near RuBisCO by dividing carbon fixation between two cell types
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within the leaf (i.e., the Mesophyll and Bundle Sheath cell) (Leegood 2002). The
large degree of compartmentalization and specialization observed in plants requires
a large number of metabolites to be transported throughout the plant. Within
Arabidopsis, 882 recognized membrane transport proteins were identified (Ren and
Paulsen 2005). Still, many transported metabolites and their associated proteins
have yet to be identified (Linka and Weber 2010; Linka and Theodoulou 2013).

Plant metabolic models provide a promising avenue to model and predict the
transport between a cell’s internal compartments, between two cells, and between
multiple organs. Draft plant GSM models can be created by including reactions
based on location-specific molecular data sources and known metabolic transporters
(Simons et al. 2014a, b). However, many draft models are not able to perform
known metabolic function and additional ad hoc transporters and reactions must be
included to restore network connectivity. Generally, the minimum number of
reactions and transporters are added to restore network connectivity (Kumar et al.
2007; Jerby et al. 2010). In addition to the known transporters, 35 inter-organelle
transporters were required to produce the biomass components within a maize
metabolic model (Saha et al. 2011).

The transport of many metabolites requires energy as they are driven by elec-
trochemical gradients that are maintained by ATP expenditure (Ramos et al. 1976;
Sze 1984). Cheung et al. (2013) demonstrated that including accurate transport
costs increases the accuracy of fluxes predicted by GSMs in central metabolism by
comparing GSM model-predicted fluxes to fluxes predicted using '>C metabolic
flux analysis (MFA). Due to the challenge of identifying the transport mechanisms
and energy demands associated with translocation, de Oliveira Dal’Molin et al.
created a penalty weight to capture the coupling of transport to ATP hydrolysis (de
Oliveira Dal’Molin et al. 2015). By varying this penalty weight, the authors were
able to examine the effect of active transport on tissue translocation (de Oliveira
Dal’Molin et al. 2015). With free tissue translocation, the GSM model predicts that
nitrate taken up by the root is transported to the leaves where it is assimilated into
glutamate (de Oliveira Dal’Molin et al. 2015). Under high-energy costs associated
with tissue translocations, nitrate is assimilated in the root to avoid the transport
costs (de Oliveira Dal’Molin et al. 2015).

Incorporation of GSM Models with Nonlinear Models

Detailed mechanistic models can be combined with GSM models providing a more
accurate representation of metabolism by adding constraints, defining model inputs,
or setting outputs based on complex models. Detailed models describe only a few
reactions or physiological responses in high detail. However, these high-level
nonlinear models can be combined with a GSM model to predict the whole-plant or
whole-cell metabolic response to the environment or perturbation. This type of
combination with a GSM model has been completed for maize to examine the
metabolism along 15 segments of the developing leaf (Bogart and Myers 2016).
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The rate between carbon fixation and oxygenase activity by Rubisco depends
nonlinearly on the oxygen and carbon dioxide concentrations. This nonlinear
relationship was incorporated into a maize GSM model by setting the flux through
the associated reactions based on the nonlinear relationship (Bogart and Myers
2016). Using the developed model, the authors report the spatial transport of ni-
trogen through the leaf (Bogart and Myers 2016).

While this type of nonlinear model in combination with a GSM model has not
yet focused on nitrogen metabolism and improving NUE, there is promise in
combining the multiple types of models together. This combination can allow for a
more thorough understanding of nitrogen metabolism by targeting responses that
are outside of the realm of GSM models (see section “Incorporating Various
Modeling Frameworks to Improve Nitrogen Use Efficiency”).

Potential of Plant GSMs for Improving NUE in Plants

Plant GSM models have expanded in size and complexity in the last decade to new
applications of examining the metabolite transport between tissues and incorpo-
rating new constraints to more accurately model metabolism. Plant GSM models
provide a promising avenue to improve NUE by predicting the effect of genetic and
environmental perturbations on metabolism. It has been predicted that the most
effective NUE engineering strategies will target the flows of carbon and nitrogen
through the metabolic network and will not simply focus on concentrations of
individual metabolites (Beatty et al. 2016a, b). In addition, NIN-LIKE PROTEIN 7
(NLP7) was identified to significantly improve plant growth by coordinately
enhancing both nitrogen assimilation and carbon assimilation, indicating the
importance of the balance between carbon and nitrogen (Yu et al. 2016). Plant
GSM models simultaneously model carbon and nitrogen metabolism providing a
simulation technique for predicting the impacts of environmental and genetic per-
turbations on carbon and nitrogen metabolism.

Utilizing Optimization Techniques to Aid
Metabolic Engineering

An arsenal of algorithms has been developed for microbial GSM models to suc-
cessfully guide metabolic engineering (Fig. 4.2a). Algorithms such as OptKnock
(Burgard et al. 2003), OptGene (Patil et al. 2005), OptReg (Pharkya and Maranas
2006), OptStrain (Pharkya et al. 2004), OptForce (Ranganathan et al. 2010), and
EMiLio (Yang et al. 2011) have been used to predict the changes in reactions or
their associated genes that lead to the increase of a product of interest. These
optimization-based algorithms predict the gene knockouts, knockins, and/or
knockdowns that maintain organism growth and increase the production of a
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target metabolite. Among many other success stories, optimization algorithms using
GSM models have aided in increasing sesquiterpene production in Saccharomyces
cerevisiae (Asadollahi et al. 2009), ethanol yield in S. cerevisiae (Bro et al. 2006),
and fatty acid production in E. coli (Tee et al. 2014). Because GSM models do not
account for control mechanisms and their response to genetic perturbations, a
“design-build-test-learn” cycle (Nielsen and Keasling 2016) has been proposed to
improve genetic engineering and the predictions made by GSM models.

Plant metabolic networks have a high connectivity and plants have multiple
isozymes even within the same cell (Sweetlove and Fernie 2013). To divert flux
through reactions that will improve the plant’s NUE, it is necessary to consider the
whole plant’s metabolism and engineer all alternative routes through the network
(Sweetlove et al. 2017). Optimization techniques, such as OptGene (Patil et al.
2005), can be used to determine the minimum number of gene deletion strategies to
increase NUE closer to the theoretical maximum.

Incorporating Various Modeling Frameworks to Improve
Nitrogen Use Efficiency

By using detailed plant and environmental models, constraints can be elucidated
that sharpen the predictions of GSM models (Fig. 4.2b). Crop models that simulate
the effect of perturbations on specific fluxes, flux ratios, nutrient uptake, tissue
growth rate ratios, or overall yield can serve as input or to impose constraints on the
GSM model. Nonlinear and crop models can be used to expand the scope of GSM
models to include irradiance (Rasse and Tocquin 2006), temperature (White et al.
2005), crop rotations (Kollas et al. 2015; Osman et al. 2015), soil properties (Liang
et al. 2016), rainfall (Mishra et al. 2008; Hansen 2005), and climate data (Hansen
2005; Kang et al. 2009), which have previously been difficult to incorporate due to
their indirect effect on metabolism.

Models, such as the carbon dynamic model (Rasse and Tocquin 2006) and the
Water Heat Carbon Nitrogen Simulator (WHCNS) (Liang et al. 2016), can provide
the necessary inputs or constraints on plant GSM models to expand their scope.
A carbon dynamic model of Arabidopsis could utilize input data in the form of
irradiance, CO, levels, temperature, and photoperiod to obtain information
regarding the root to shoot allocation and sugar—starch partitioning (Rasse and
Tocquin 2006), which can serve as constraints for a multi-tissue GSM model. By
combining soil-crop models and the ability to represent various environmental
conditions, Liang et al. developed a soil WHCNS model (Liang et al. 2016). The
WHCNS model incorporates climate data, crop rotations, water availability, and
fertilizer management to predict the soil water content, soil nitrate and ammonia
concentration, crop nitrogen uptake, ammonia volatilization, root growth, leaf area
index, crop yield, and the ratio of root, stem, and leaf dry matter (Liang et al. 2016).
The WHCNS model was able to explain 84% of the variation in leaf area index and
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Fig. 4.2 Future applications of genome-scale metabolic (GSM) models. a GSM models can be
used to improve nitrogen use efficiency (NUE) by suggesting genetic manipulations, such as
reaction knockouts (represented by red x’s) and overexpression (represented by the green arrow) in
order to maximize the flux through a target reaction (represented by the blue arrow). b Crop
models can serve as a link between data with non-intuitive relationships to metabolic effects and
GSM models. Predictions made by the crop models can be incorporated as constraints in the GSM
model. ¢ Enzyme synthesis costs can be directly included in the model by accounting for the
synthesis, degradation, and dilution rates of each enzyme. This allows for a more thorough model
that can more closely be linked to transcriptomic and proteomic data (adapted from Lerman et al.
2012). d Kinetic plant models can be developed using ensemble modeling. Various sets of kinetic
parameters that result in the expected solution are developed. Then the system is perturbed based
on known effects and sets of parameters that do not recapitulate the known perturbations are
removed (adapted from Khodayari and Maranas 2016)
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dry matter (Liang et al. 2016). Crop outputs such as nitrogen uptake, crop yield, and
the ratio of root, stem, and leaf dry matter can be directly incorporated into the
GSM model predicting the changes in internal metabolism as a result of climate
changes, crop rotation, water availability, and fertilizer management.

Combined models are required to elucidate the changes in metabolism as a
consequence of known NUE factors that are not directly related to inputs of GSM
models (Benincasa et al. 2011). The combinations of various types of models can
be used to expand the scope of GSM models to environmental factors such as plant
density, temperature, and light intensity. NUE depends directly on the nitrate and
ammonium uptake, as well as the biological nitrogen fixation and amino acid
uptake available from the soil (Beatty et al. 2016a, b). These soil properties are
directly related to the crop rotation schedule (Carpenter-Boggs et al. 2000). NUE
genes have also been related to carbon to nitrogen storage, nitrogen remobilization
and senescence (McAllister et al. 2012).

Including Enzyme Synthesis Costs in GSM Models

Metabolism and Expression (ME) models (Fig. 4.2c) simulate the activity of
transcription and translation providing a closer link to transcriptomic and proteomic
data compared to standard GSM models. ME models, a major advancement in
bacterial GSM modeling, expand metabolic reactions to include representative
reactions for the production and degradation of the cell’s macromolecular
machinery. The metabolic conversion through a reaction then depends on the
production of the associated enzyme. These models have been developed on a
genome scale for Thermotoga maritima (Lerman et al. 2012) and Escherichia coli
(O’Brien et al. 2013). A simplified model of Synechocystis sp. PCC 6803 was
developed to model enzyme synthesis including light reactions, linear and cyclic
electron transport, CO, uptake, carbon fixation, glycogen synthesis, TCA cycle,
respiration, uptake of inorganic ions, and the synthesis of precursors of biomass
formation (Riigen et al. 2015). The authors have developed an approach termed
conditional FBA, which adds the following constraints: The total flux through a
reaction is limited by the amount of the associated enzyme, the total enzyme
production is bounded by the amount of ribosome, and light harvesting is con-
strained by the formation of pigments (Riigen et al. 2015). By incorporating these
constraints, the authors were able to model the temporal organization and condi-
tional dependences that occur within a diurnal organism matching with reasonable
agreement several known properties of phototrophic metabolism.

Using the simplified Synechocystis model as a template, plant GSM models can
be expanded to incorporate enzyme synthesis. Elucidating the metabolic changes
throughout the day—night cycle is important to improving NUE as nitrogen uptake,
nitrate reductase, and cytosolic glutamine synthetase change diurnally (Matt et al.
2001). The nitrate uptake rate depends on light intensity, which impacts the carbon
uptake and growth (Delhon et al. 1996). Developing a ME model of plant
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metabolism will be a beneficial tool, for more accurately incorporating the plethora
of transcriptomic (Hayes et al. 2010; Usadel et al. 2009; Ko et al. 2016) and
proteomic (Riter et al. 2011) data, even for cases that do not focus on the diurnal
metabolic changes. Many transcriptomic and proteomic studies have focused on the
changes in gene expression and quantity of protein expression under N-limiting
(Amiour et al. 2012; Wang et al. 2003), water deficit (Opitz et al. 2014; Li et al.
2017; Shao et al. 2015), and long photoperiod (Wu et al. 2016) conditions. A more
thorough understanding of metabolism can lead to improving NUE (Simons et al.
2014a, b), increasing drought tolerance, or enhancing photosynthetic efficiency by
developing a model that can more accurately incorporate the observed changes
captured in transcriptomic and proteomic data.

Kinetic Models of Plants

Flux balance analysis of GSM models assumes that for each metabolite there is no
change in concentration over time. Kinetic models, however, are able to simulate
the dynamic change in concentration over time by including enzyme parameters
(Smallbone et al. 2010; Jamshidi and Palsson 2008). Kinetic models can also
directly incorporate substrate concentrations, enzyme levels, and substrate-level
regulatory barriers (Jamshidi and Palsson 2008; Khodayari and Maranas 2016). To
model the organism’s dynamic metabolism, reaction rate laws and their associated
parameters must be included for each reaction that is catalyzed by an enzyme in the
model. This includes a large number of parameters that are often unknown. An
ensemble modeling approach (Tan et al. 2011) (Fig. 4.2d) samples a large number
of parameters to create an ensemble of models. Parameter sets within this large
number of models are removed based on their inability to replicate known effects of
genetic or environmental perturbations (Tan et al. 2011). This ensemble modeling
approach was recently applied to create a genome-scale kinetic model of E. coli that
could capture a wide variety of perturbations (Khodayari and Maranas 2016). GSM
models have been able to successfully predict the effect of genetic manipulations
(Cardenas and Da Silva 2014; Xu et al. 2011; Lin et al. 2013). However, many
designed mutants fail (Khodayari et al. 2014), making the ensemble approach to
kinetic modeling essential to accurately predicting the effect of genetic manipula-
tions. While genome-scale models of plants are much larger and more complex than
E. coli models, this type of ensemble modeling approach can be expanded to
include plant primary metabolism. As the required computational time is further
optimized, a genome-scale kinetic model of the whole plant can be developed
providing a powerful tool for predicting the effects of genetic and environmental
perturbations and predicting genetic interventions.
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Chapter 5 )
Molecular Targets for Improvement sk
of Crop Nitrogen Use Efficiency:

Current and Emerging Options

Vikas Kumar Mandal, Narendra Sharma and Nandula Raghuram

Introduction

Food security is closely linked to nutrient availability for cropping, whereas its
sustainability is directly linked to nutrient use efficiency. This is particularly true for
nitrogen, which is quantitatively the most important component of all fertilizers. By
2050, there will be 70% increase in the global food demand, as the world popu-
lation will increase to over 9.7 billion (Yang et al. 2012; York et al. 2016; Chen
and Liao 2017). Unfortunately, the average N-use efficiency (NUE) in crops is
about 30%, and the unutilized reactive N species that accumulate in the environ-
ment cause water and air pollution affecting health, biodiversity, and climate change
(Sutton et al. 2013; Zhang et al. 2015). While short-term improvement of NUE at
the farm level can be done using better agronomic practices, slow release fertilizers
etc., the inherent ability of the crop to take up the available N and use it efficiently
for maximal yield and minimal loss has to be tackled biologically.

A major biological challenge is that our idea of yield itself may vary between
grain, fruit, seed, flower, leaf, and tuber depending on the crop. Another biological
challenge is that out of the several dozens of definitions of NUE, very few are
biologically relevant, such as uptake and utilization efficiency (Pathak et al. 2011;
Yu et al. 2016). It is also not uncommon for yield-centric researchers to project N
responsiveness as NUE. For example, a cultivar that keeps responding to increasing
doses of N-fertilizer with slightly higher yield is misinterpreted as N-use efficient,
even if its yield differential may keep falling with increasing N, making it actually
less efficient. Such approaches also often push biologists to search for NUE within
the narrow genetic pool of high-yielding varieties, rather than trying to find the true
extent of genetic diversity that exists for NUE.
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The identification of the biological avenues for crop improvement toward NUE is
hampered by the incomplete characterization of its phenotype and genotype (Pathak
et al. 2011; Sinha et al. 2018). This is extremely important to identify contrasting
varieties or to rank all the available germplasm in the increasing or decreasing order
of NUE, so as to benefit from the fast-growing genomic data for association map-
ping. Some of the phenotypic traits associated with NUE so far include root length/
number/branching/density, (Morita et al. 1988; Yang et al. 2012; Steffens and
Rasmussen 2016), dense and erect panicle in rice (Sun et al. 2014), onset of
post-anthesis senescence, and plant height in wheat (Gaju et al. 2011). This chapter
is primarily focused on the recent advances in the molecular approaches to improve
NUE in plants through the identification of the genes involved in N response and
NUE and their manipulation by various means.

Molecular Aspects of N Response for NUE

N is present in soil in the form of nitrate (NO3 ) or ammonium (NH4") in aerobic or
flooded (anaerobic/acidic) conditions, respectively. A small portion of N can also
be absorbed in the form of amino acids or as urea directly by plants with the help of
specific transporters. They are mainly absorbed through the roots and translocated
throughout the plant through xylem. N-compounds are also recycled and remobi-
lized from internal stores or senescing tissues through the phloem to the sites of
demand, such as for grain filling in cereals. The genes involved in all these pro-
cesses of N uptake, assimilation, and remobilization are important for N-use effi-
ciency, which makes it a complex, quantitative trait. On an organism-wide scale, N
response encompasses many more genes/processes that may contribute to NUE,
including C metabolism, redox metabolism, and root/shoot development (Fig. 5.1).
The molecular biology of N response has been elaborated in several reviews
(Pathak et al. 2008; Krapp et al. 2014; Li et al. 2017; Sinha et al. 2018). Therefore,
the following sections deal with various molecular targets that have been explored
toward improvement of N-use efficiency.

Genes/QTLs Identified for NUE

Marker-assisted genetic mapping has helped identify many genes/QTLs for plant
height, panicle weight, and panicle number such as GSI, DEP1, NADH-GOGAT to
improve NUE. At the same time, many other genes involved in N transportation,
assimilation, signaling, and regulation have been successfully used to improve NUE
in rice and other plants (Fig. 5.1). Over-expression of OsNRT2.3b improved
nitrate-uptake capacity, C metabolism, grain yield and thereby NUE by 40%. In
addition, it also enhanced the uptake capacity of P and Fe by maintaining pH
homeostasis (Fan et al. 2016). Therefore, modulation of the expression of N
transporters has a beneficial impact on the overall plant NUE. However, it has also
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Genes
targeted to
Improve
NUE

Fig. 5.1 N-responsive molecular targets of various physiological processes used to improve
NUE.AtalaAT: A. thaliana Alanine aminotransferase; OsaspAT: O. sativa Aspartate aminotrans-
ferase; ZmGDH: Z. maize NADP-dependent glutamate dehydrogenase; OsCKX2: Cytokinin
oxidase; ZmIPT: Cytokinin biosynthesis, OsSGR: Stay green, OsENOD93-1: Mitochondrial
membrane protein; AzSTP-13: Hexose transporter, VfAAPI: V. faba Amino acid permease,
Rubisco; OsNAP: NAC transcription factor, TaNFYA-Bl: T. aestivum CCAAT-binding
transcription factors, NtGS1: N. tobacum cytosolic glutamine synthetase, AtGGTI: glutamate:
glyoxylate aminotransferase 1; BrUGE: B. rapa UDP-glucose 4-epimerase; OsNADH-GOGAT:
NADH- dependent glutamate synthase; AtTAR2, OsTONDI: Tolerance Of Nitrogen Deficiency 1,
OsDROI: DEEPER ROOTING 1, TaNAC2-5A, OsPTR9: Peptide transporter/nitrate transporter,
OsMADS25, GmEXPB2: G. max beta-expansin, ZmFd-NADP* reductase: Ferredoxin NADP*
reductase, TaEXPB23; AtSWEETI: Sugars Will Eventually Be Exported Transporters; AtGluR2:
Glutamate receptor; AtGLBI: PII regulatory protein;, OsDEPI: (Dense and erect panicle 1) G
protein y subunit; SISnRK: S. lycopersicum sucrose non-fermenting-1-related protein kinase 1;
AtMKK9-MPK6: Mitogen-activated protein kinase; Hap2-3-5-Gin3: Hap2-3-5 binding domain and
Gln3 activation domain; AtNADK2: NAD kinase (Wang et al. 2012; Klemens et al. 2013; Alvarez
et al. 2014; Rothstein et al. 2014; Dellero et al. 2015; Wada et al. 2015; Abdula et al. 2016; Li
et al. 2016; Chen and Liao 2017; Wan et al. 2017)

been reported that an increased N input may delay flowering time and consequent
yield losses especially in high-latitude regions where late-season temperatures
hamper grain filling (Li et al. 2017). Transgenic approaches using many other genes
involved in N metabolism have also been implicated to improve NUE such as
glutamate dehydrogenase (GDH), aspartate aminotransferase (AspAT), and
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asparagine synthetase (AS). NLP proteins have been recently reported to increase
crop yield by improving plant biomass under both N-rich and poor soil conditions
(Xu et al. 2016).

Molecular Manipulation of Root System Architecture
Jor NUE

In the past two decades, scientific community has established a strong basis to
target root system architecture as an approach to improve NUE (Forde 2014; Fan
et al. 2017; Li et al. 2017). Root system is comprised of embryonic (primary and
seminal roots in Arabidopsis and cereals, respectively) and post-embryonic roots
(lateral roots in Arabidopsis; lateral, brace, and crown roots in cereals). Studies
carried out in maize helped us to understand the advantages of “steep, cheap, and
deep” root morphology to absorb water and nutrients from soil (Lynch 2013). Long
and thick primary roots help plants to acquire N from the deeper horizon, while
fewer and longer lateral roots with steep root growth angles not only decreases the
metabolic cost but also help in exploring greater volume of soil.

Numerous signaling mechanisms are involved in the adjustment of root devel-
opment to heterogeneous N environments. Studies on the molecular control of
N-responsive root development have been mainly carried out in Arabidopsis, though
various homologs of the genes involved have also been found in rice and other plants
(Forde 2014; Shahzad and Amtmann 2017). A summary of N-responsive regulators
of root system architecture is provided in Table 5.1. Arabidopsis shows root
adjustment towards different levels and forms of N in the surrounding rhizosphere
with the help of various signaling molecules. This includes regulation of lateral root
initiation in the xylem pole pericycle cells by CEP5 (C-terminally encoded peptide)
in an auxin and N-dependent manner (Roberts et al. 2016); inhibition of lateral root
emergence during systemic low N signal by CLE (CLAVATA3/ESR-related) gene
family which binds to CLAVATAI (CLV1 leucine-rich repeat receptor-like kinases
(Araya et al. 2014, 2016; Okamoto et al. 2015); inhibition of primary root growth by
AFB3 (auxin receptors which are a part of the SCF"™®!//AFB E3 ubiquitin ligase
complex) in the presence of nitrate and promotion of lateral root growth by AFB3/
NAC4/0OBP4-signaling module (Vidal et al. 2010, 2013). Recently, several miRNAs
(miR167, miR393, miR160 and miR171) and N-responsive transcription factors have
been reported to regulate root system morphology (Table 5.1) under various N
conditions in Arabidopsis and rice (Vidal et al. 2010; Yan et al. 2014; Bellegarde et al.
2017; Chien et al. 2017; Gifford et al. 2017; Sun et al. 2017; Undurraga et al. 2017).
Generally lateral roots are much more sensitive to the fluctuating nutritional condi-
tions and their response depends on the degree of stress in the surrounding region.
Low N deficiency tends to promote lateral root initiation but moderate to severe N
deficiency hampers further root emergence and elongation. Root morphology is also
determined by the ratio of NO3; :NH,*. High NO; :NH, " ratio showed positive effect
on the lateral root length, whereas low ratio has a contrary impact (Qin et al. 2017).
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Table 5.1 N-responsive genes involved in the regulation of root system architecture

Gene/Protein name Organism Function References
Tryptophan Arabidopsis | Maintenance of the root Ma et al. (2014)
aminotransferase-related thaliana stem cell
protein 2 (TAR2)
MADS-box transcription Arabidopsis | Root plasticity in response | Zhang and Forde
factor, Arabidopsis Nitrate thaliana to NO;5 . Promotes NRT1.1 | (1998), Remans et al.
Regulated1 (ANRI) dependent lateral root (2006), Gan et al.
growth (2012)
C-terminally encoded peptides | Arabidopsis | Act locally to inhibit lateral | Ohyama et al.
(CEPs) thaliana root initiation (2008), Roberts et al.
(2016)
(CEPs) Arabidopsis | Acts as long-distance Tabata et al. (2014)
thaliana signaling molecule
CLAVATA3/Endosperm Arabidopsis | Overexpressed CLEI to 7 Araya et al. (2014),
surrounding region-related thaliana inhibit lateral root Araya et al. (2016),
peptides (CLE) development Okamoto et al.
(2015)
MiRNA167/Auxin Response Arabidopsis | Balancing between Gifford et al. (2017)
Factor (ARFS) thaliana initiation and emergence of
lateral roots
NAM, ATAF, and CUC Arabidopsis | Regulates primary and Vidal et al. (2013)
transcription factor thaliana lateral roots development
MiRNA393/AFB3 Arabidopsis | Regulate development of Vidal et al. (2010)
thaliana Primary and lateral roots
miR444a/ANR1 Oryza sativa | Reduces nitrate induced Yan et al. (2014)

lateral root formation

ELS, a plant-specific ATL
Family E3 Ubiquitin ligase

Oryza sativa

Maintains the viability of
root apical meristem

Mochizuki et al.
(2014), Nishizawa
et al. (2015)

Arabidopsis plasma membrane
H*-ATPase isoform 2(AHA2)

Arabidopsis
thaliana

Promotes primary and
lateral root development

Mlodzinska et al.
(2015)

OsMADS25

Oryza sativa

Promotes lateral and
primary root development

Yu et al. (2015)

NAM, ATAF, and CUC Triticum Promotes root growth He et al. (2015)
transcription factor (TaNAC2- | aestivum

5A)

NUCLEAR FACTOR Y Triticum Stimulates root Qu et al. (2015)
(TaNFYA-BI) aestivum development

MADS-Box Transcription
Factor (GmNMHCY5)

Glycine max

Promoted lateral root not
primary root.

Liu et al. (2015)

Nitrate assimilation-related
component 1 (OsNAR2.1)

Oryza sativa

Lateral root formation

Huang et al. (2015)

MEKKI kinase Arabidopsis | Inhibit primary root growth | Forde et al. (2013)
thaliana and increased lateral root

PHOSPHATE 1 (PHOI) and | Arabidopsis | Control root allometry Rosas et al. (2013)

Root System Architecture 1 thaliana

(RSAI)

(continued)
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Table 5.1 (continued)

Gene/Protein name Organism Function References

MADs-box gene AGL21 Arabidopsis | Positively regulated lateral | Yu et al. (2014)
thaliana root development

ABA-insensitive 2 (ABI2), Arabidopsis | Inhibits lateral root Ho et al. (2009)

calcineurin-like protein (CBL)- | thaliana development

interacting protein kinase

(CIPK23)

B-GLUCOSIDASEL (BGI) Arabidopsis | Lateral root development Ondzighi-Assoume
thaliana et al. (2016)

N Transporters as Targets to Improve NUE

Understanding the molecular mechanism of N uptake and its regulation is of great
significance toward the improvement of NUE. Nitrogen is taken up from soil
mainly in the form of nitrate (NO5 ), ammonium (NH,"), amino acids or peptides,
and urea with the help of substrate-specific transporters. Most of these transporters
mediate active transport depending on the proton gradient across plasma membrane
except few which act as channels and mediate passive transport of solutes. These
transporters are classified into low affinity transport systems (LATS) and high
affinity transport systems (HATS), as well as in terms of constitutive or inducible.
LATS function at a relatively higher concentration of N (>0.5 mM) and have larger
Km values (5 mM). On the other hand, HATS mediate transport at low N con-
centration (0.2-0.5 mM) and have smaller Km values (of about 50 uM). Analysis
of tissue-specific expression under varying concentration of N is very important for
an efficient N uptake and therefore determining crop yield (Li et al. 2017).

Five main families of nitrate transporters are present in plants: nitrate transporter
1/peptide transporter/nitrate peptide transporter family (NRT1/PTR/NPF), NRT2/
nitrate nitrite porter (NRT2/NNP), chloride channels (CLCs), slow anion
channel-associated 1 homolog 3 (SLACI/SLAH), and aluminum-activated malate
transporters (ALMT) (Li et al. 2017).

Many ammonium transporters (AMTs) have also been targeted to improve NUE
by analyzing the phenotypic changes of specific overexpressing or mutant lines.
AMTs belong to the AMT/MEP/Rhesus transporter family, which are highly
conserved in bacteria, fungi, and plants with more than 700 homologs in bacteria
and plants. In Arabidopsis, there are 6 AMTs and rice genome has 12 AMTs which
have been classified into two subfamilies: OsAMTI and OsAMT?2 (Li et al. 2017,
Xuan et al. 2017). The activities of these transporters are also controlled by
phosphorylation, thereby preventing the accumulation of NH4* to toxic levels
within the plant system.

Urea uptake and metabolism within the plant and its evaluation as a target for
NUE has not received requisite attention, despite the fact that most of Asian
agriculture depends on urea fertilization. Urea transport occurs in plants through
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five different types of urea transporters, out of which DUR3 type have high affinity
and others have low affinity. DUR3 is a 1 urea/IH" symporter, whereas the low
affinity urea transporters (tonoplast intrinsic protein, 7IP) act as channels and are
pH independent (Reddy and Ulaganathan 2015). Gene expression of DUR3-type
transporters is controlled by ammonia, nitrate, and urea.

Nitrate and ammonium transporters are also sensitive to the pH changes of the
rhizosphere, the apoplast, or the cytoplasm, as exemplified by modulation in the
activity of AtNPF6.3/AtCHLI/AtNRTI.1 and OsNRT2.3b. Similarly, water also
affects N uptake and under the condition of drought stress, plants activate specific
signaling pathways to overcome reduction in the N uptake. N starvation-induced
basic leucine zipper (bZIP) transcription factor gene, AtTGA4, cytokinin synthesis
gene isopentenyltransferase (/PT), and nodule inception-like 7 protein (NLP7)
along with NITRATE REGULATORY GENE?2 (NRG?2) are reported to regulate the
process of N uptake under these conditions.

Other regulators of the N transporters include transcription factors (TF) such as
MADS-box TF ANRI, LOB Domain-Containing proteins (LBD37/38/39), Nin like
proteins (NLP6, NLP7), Hypersensitivity to Low Pi-Elicited Primary Root
Shortening 1 (HRSI1), TGACG Sequence-specific Binding Protein 1 (TGAl1/4),
Squamosa Promoter Binding Protein-Like 9 (SPL9), Auxin Signaling F-Box 3
(AFB3), Nitrate Regulatory Gene (NRG2), Teosinte Branched 1/Cycloidea/
Proliferating Cell Factor 20 (TCP20), GATA transcription factor, High Nitrogen
Insensitive 9 (HNI9), shoot-derived peptide signals such as bZIPTF, HYS5,
root-derived peptide signals such as CEP and CLE, and miRNAs such as miR393
and miR169a (Marchive et al. 2013; Chien et al. 2017; Xuan et al. 2017).

Apart from these transporters, roots also release exudates in the form of ions,
organic compounds, and enzymes to improve nutrient acquisition efficiency (Chen
and Liao 2017). Symbiotic association with arbuscular mycorrhizal fungi
(AMF) also enables plants such as rice, maize, wheat, and soybean to acquire
diffusible nutrients and fixed carbon beyond the rhizosphere and at the same time
also reduces the inefficient use of applied N to the soil. It improves the N avail-
ability in the rhizosphere through varying the composition of rhizobial microbial
community. Recently, Verzeaux et al. (2017) reported improved NUE in wheat by
AMF-assisted increased N uptake and accumulation.

Components of N Sensing and Signaling as Targets
to Improve NUE

Transcriptomic studies carried out in Arabidopsis, rice, maize, and several other
plant species have provided ample support to the fact that N in the form of either
nitrate, ammonium, nitric oxide or nitrogen metabolites (L-Glutamate) plays pivotal
role in controlling many biological processes in plants, such as root development,
crop yield, seed dormancy, flowering time, and leaf development (Wang et al.
2004; Forde et al. 2013; Sun et al. 2016; O’Brien et al. 2016; Noguero and
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Lacombe 2016). During this, N mainly acts as a signaling molecule to regulate
the expression of genes involved in nutrient transport, metabolism, glycolysis,
gluconeogenesis, hormonal activities, etc., in both roots and shoots (Chakraborty
and Raghuram 2011). Genes involved in these processes include transcription
factors (MADS-Box Transcription Factor), phosphoenolpyruvate carboxylase, Gln
synthetase, Asn synthetase, tryptophan amino transferase, ribosomal proteins, ini-
tiation factors and many more (Calatrava et al. 2017; Okumoto and Versaw 2017;
Liu et al. 2017; Undurraga et al. 2017). Therefore, the knowledge of sensing and
signaling components will further enhance our ability to develop improved crop
variety (Table 5.2). For example, NRTI.1 and NRT2.1 sense changes in N con-
centration occurring in the external medium and initiate Ca**-mediated signaling
cascade involving phospholipase C (PLC). CHLI/NPF6.3/NRTI.1 acts as a dual
affinity nitrate transceptor and therefore have the ability to sense both high and low
concentrations of N. This property is dependent on the phosphorylation status
which is under the tight control of CBL-interacting protein kinase23 (CIPK23) (Ho
et al. 2009; Bouguyon et al. 2015; Riveras et al. 2015; Undurraga et al. 2017).

Plastid localized PII proteins in plants interact with N-acetyl-L-glutamate kinase
(NAGK) and acetyl-CoA carboxylase to promote arginine synthesis and fatty acid
synthesis, respectively. Glutamine binds to the C-terminal extension of PII proteins
to enhance its ability to form complex with NAGK (Gent and Forde 2017).

Through the work carried out in yeast, target of rapamycin (TOR) was identified.
In budding yeast, it is found to participate in signaling pathway including nutrient
and hormonal signaling and then passing the information to downstream effectors.
Plant genomes also have homologs of mammalian or yeast TORCI complex.
Activity of TOR and sucrose non-fermenting 1 (Snfl) kinase (SnRKI in plants)
complement with one another to maintain C/N homeostasis under different envi-
ronmental conditions by regulating several biologically important processes such as
photosynthesis, tricarboxylic-acid cycle, and N assimilation by mainly controlling
protein synthesis (Dobrenel et al. 2016; Sesma et al. 2017). Similarly, general
amino acid control non-derepressible 2 (GCN2) kinases also plays a very important
role in controlling protein synthesis by causing phosphorylation of elF2a initiation
factor under N starvation. In Arabidopsis, there are 20 ionotropic glutamate-like
receptors (iGLR) and 24 in rice which have important functional role in stomatal
closure, root branching, and maintenance of primary root meristem (Weiland et al.
2014; Gent and Forde 2017).

Nitrogen requirements of crops are fulfilled by the legumes by the process of
nodulation by symbiotic relationship with N-fixing bacteria. The availability of
genetic mutants has enabled to carry out transcriptomic studies to find out the
factors controlling nodulation. Generally, nodulation is promoted under low N
supply and excess of N supply has a negative impact on the number of nodules
formed. A number of mobile signaling molecules such as CLE peptides,
TOO MUCH LOVE (TML), receptor-like kinases, CORYNE and CLAVATA2,
CEPs, COMPACT ROOT ARCHITECTURE2 (CRA2), nodule inception protein
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Table 5.2 Potential targets to improve N sensing and signaling toward NUE

Gene/Protein Name Organism Function
PII protein Arabidopsis Nitrogen sensing
thaliana
PII protein Arabidopsis Maintains plant C-N balance
thaliana
PII protein Arabidopsis Arginine biosynthesis
thaliana
TOR signaling pathway Arabidopsis Positive regulator of protein synthesis
thaliana and a negative regulator of protein
turnover
GCN2 protein kinase pathway Arabidopsis Phosphorylates translation initiation
thaliana factor in response to uncharged tRNAs
Glutamate receptors Arabidopsis Act as amino acid gated Ca>* channels
thaliana
NRT2.1 Arabidopsis long-distance transport of N
thaliana
NRT1.1/AtNPF6.3 Arabidopsis Transceptor for N
thaliana
CLE (CLAVATA3/ESR-related) Arabidopsis Expansion of roots in N-dependent
peptides and CLAVATAL (CLV1) | thaliana manner
kinase
ELONGATED HYPOCOTYLS Arabidopsis Mobile signal mediates nitrate uptake
(HYS) and a bZIP TF thaliana
NF1 kinase Wheat Involved in signaling
2A Arabidopsis Downstream effector of TOR protein
PHOSPHATASE ASSOCIATED thaliana
PROTEIN OF 46 KDa (TAP46)

(NIN), NIN-like proteins (NLP), and miR172-EARLY NODULIN40 (ENOD40)
module regulate nodulation (Murray et al. 2016).

In plants, nitric oxide plays a very important role in regulating many biological
processes including seed germination, root development, senescence, plant immu-
nity, and abiotic stress by controlling the expression of many regulatory compo-
nents (Calatrava et al. 2017). Ammonium is also found to induce the expression of
genes involved in N metabolism (PEPC, Gln synthetase, and Asn synthetase) and
transport (Amino Acid Permease, AAPI) (Wang et al. 2004). It also affects am-
monium uptake, assimilation, hormonal balance, and root system architecture by
altering cytosolic pH and post-translational modification of proteins involved in
these processes (Liu and Wirén 2017). In Arabidopsis, ammonia is sensed by an
ammonium transporter (AtAMTI1;1) whose activity is modulated by the
calcineurin-B-like-interacting protein kinases (CIPK) proteins by phosphorylation
(Xuan et al. 2017).
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Molecular Targets Among the Genes of N Assimilation
and Remobilization

Nitrate taken up inside the root cells is first reduced by nitrate reductase (NIA) to
nitrite and then to ammonium by nitrite reductase (NiR). Two NIA genes exist in
Arabidopsis and three in rice. Subsequently, nitrite moves into the plastid and is
then metabolized into ammonium by the glutamine synthetase/glutamate synthase
(GS/GOGAT) cycle. Ammonium is further incorporated into amino acids. This
process of amino acid formation depends on the availability of photosynthates. GS
is a very important enzyme for N assimilation and remobilization and there are two
isoforms of the enzyme: GSI that carries out primary ammonium assimilation in
roots or re-assimilation of ammonium in leaves and GS2 that carries out assimi-
lation of ammonium in chloroplast. Three-to-five members of GS have been found
in different plant species; for example, there are three in rice. Depending on the
electron donor specificity, there are two types of GOGAT, viz. ferredoxin-
dependent (Fd-GOGAT) and NADH-dependent (NADH-GOGAT). GLUI and
GLU2 are two Fd-GOGATs and GLT is the only NADH-GOGAT gene present in
the genome of Arabidopsis. Similarly, rice genome encodes one Fd-GOGAT and
two NADH-GOGAT.

Single gene transgenics overexpressing the genes of primary N assimilation
(NR, NiR and plastidic GS, GOGAT) did not radically improve NUE (Pathak et al.
2008, 2011; Krapp et al. 2014; Sinha et al. 2018). This was expected in a quan-
tative, multigenic trait like NUE, which involves the coordinated expression of
several genes including, but not limited to N-assimilation. This made regulatory
targets more attractive than metabolic targets, but the inability to find specific nitrate
response elements common to all N-responsive genes has delayed progress in
this direction (Das et al. 2007; Pathak et al. 2009). Circadian clock master
regulator, CIRCADIAN CLOCK-ASSOCIATED 1 (CCAI) also controls the
expression of genes involved in N assimilation and thereby establishes a link
between N metabolism and circadian clock (Gutiérrez et al. 2008). Kinases and
phosphatases are also involved in the regulation of expression of genes coding for
N assimilatory enzymes such as NR, NiR, GS2, and Fd-GOGAT (Undurraga et al.
2017). Another level of control of metabolism is carried out by transcription factors
(Dof, NLP7, GATA), N metabolites (glutamine and glutamate), and miRNAs (Chien
et al. 2017; Zuluaga et al. 2017). miR5640 targets phosphoenolpyruvate carboxy-
lase (PEPC) which plays a very important role in maintaining C/N balance. The
expression of PEPC and several other enzymes of tricarboxylic-acid cycle are also
under the control of Dofl (DNA BINDING WITH ONE FINGER) TF (He et al.
2015). Castaings et al. (2009) reported the role NLP7 protein in N assimilation and
sensing. All NLP proteins can bind nitrate-responsive cis-element NRE and mediate
nitrate-dependent gene expression (Marchive et al. 2013; Xu et al. 2016; Yu et al.
2016) and improve C/N balance under both N-sufficient and N-deficient conditions.
On the one hand, proper N assimilation is required for chloroplast development,
synthesis of chlorophyll, and proteins such as Rubisco ((ribulose-1,5-bisphosphate
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carboxylase/oxygenase and PEPC), whereas on the other hand, C assimilation
provides energy source for N metabolism in the form of reducing equivalents
(Ferredoxin and NADH) and C skeleton for synthesis of amino acids.

Remobilization of nitrate from source (leaves) to sink (developing parts) is also a
significant determinant of NUE as it recycles organic N to the seeds during the
grain-filling stage and therefore determines the crop yield. Leaf senescence is the
underlying phenomenon of nutrient remobilization which facilitates the recycling of
photosynthates to the developing seeds. Autophagy promotes senescence of aging
plant parts. Several senescence-associated genes (ATG and metacaspases) are
expressed at different stages of plant senescence (Havé et al. 2016). This process
involves the participation of tissue-specific transporters which replenishes the N
requirement during reproductive stage of plant development. Several reports sug-
gest the regulators of this process, such as nitrogen limitation adaptation (NLA),
which control the expression of ArNRTI.7 by protein ubiquitination pathway.
However, NLA is itself under the control of miRNA827 (Liu et al. 2016). Analysis
of rice GOGAT mutant leads to the identification of another protein, viz.
ferredoxin-dependent glutamate synthase (OsFd-GOGAT), to play a role in this
process (Zeng et al. 2016). Fd-GOGAT plays a role in ammonium recycling by
photorespiration.

Various Approaches to Identify More QTLs Associated
with NUE

Modern technologies have improved our ability to study the regulation at the level of
gene expression. These techniques include TARGET (Transient Transformation
System for Genome-Wide Transcription Factor Target Discovery) and
ChIP-Seq (Bargmann et al. 2013; Marchive et al. 2013) . A major challenge in crop
improvement for nitrogen use efficiency (NUE) is that neither the phenotypic traits
nor the genes/alleles determining NUE are clearly defined. Therefore, in this scenario
it is very necessary to work with chemist and use analogs of different N sources and
then carry out the phenotypic screening for NUE-related genes/loci. For example, by
using chlorate, the toxic analog of nitrate, OsNRTI.1B, was identified as a critical
QTL contributing to NUE divergence between rice subspecies (Hu et al. 2015).
Similar strategy had earlier lead to the identification of several regulators of N
assimilation in fungi and algae such as NIT2, NIT4, AREA, NIRA, and NIT2
(Castaings et al. 2009). Application of the new high-throughput measuring tech-
niques such as genome-wide association studies (GWAS) also enables us to identify
genes/QTLs regulating NUE. For example, Gifford et al. (2013) grew 96 Arabidopsis
accessions under two N regimes and studied root phenotypic traits and identified
JASMONATE RESPONSIVE 1 (JRI) as one of the candidate genes. Similarly,
CALCIUM SENSOR RECEPTOR, PhzC, ROOT SYSTEM ARCHITECTURE 1, and
PHOSPHATE 1 were discovered by high-throughput automated root image analysis



88 V. K. Mandal et al.

(Gifford et al. 2013; Rosas et al. 2013; Slovak et al. 2014). This technique helps us to
study natural variations among different genotypes of a plant species and understand
the complex regulatory mechanism behind NUE. Another such technique is
semiautomated confocal microscopy with the help of which KURZ UND KLEIN
(F-box family gene), was identified to play a significant role in root development
(Li et al. 2017). Systems biology has also enabled us to identify novel interacting
partners and further provides the missing knowledge about the components of signal
transduction pathway of N sensing, signaling and metabolism (Gutiérrez et al. 2008;
Vidal et al. 2013).

Conclusions

The last decade has witnessed tremendous progress in finding several molecular
targets towards the improvement of N-use efficiency of plants. Several genes
belonging to various processes have been identified including root development, N
uptake, assimilation, and remobilization. In addition, genes involved in N sensing,
signaling, and the regulation of the above processes have also emerged, including
epigenetic regulation involving miRNA. While phenotype development has not
kept pace with these developments, functional genomics and reverse genetics are
opening newer opportunities for identification and validation of newer molecular
targets. These developments strengthen the hope that improved crop varieties for
NUE will become increasingly available for sustainable agriculture in the near
future.
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Chapter 6 M)
From Arabidopsis to Crops: The ki
Arabidopsis Q0S Orphan Gene

Modulates Nitrogen Allocation

Across Species

Seth O’Conner, Andrea Neudorf, Wenguang Zheng, Mingsheng Qi,
Xuefeng Zhao, Chuanlong Du, Dan Nettleton and Ling Li

Introduction

For decades, nitrogen fertilizers have been massively used to increase crop yields,
but they negatively impact the environment in agriculture. New solutions are
needed to improve the nitrogen use efficiency (NUE) of crops to increase yields and
decrease the negative impacts on the environment (Han et al. 2015; Good et al.
2004; Lightfoot 2013). NUE is defined as the efficiency of uptake and utilization of
the biologically reactive nitrogen from the growth environment. Different approa-
ches are proposed, such as development of crops with improved NUE (Han et al.
2015; Hirel et al. 2007; Masclaux-Daubresse et al. 2010; McAllister et al. 2012;
Beatty et al. 2009; Shrawat et al. 2008), the analysis of factors that interact with
NUE (Han et al. 2015), plant metabolic engineering (Lau et al. 2014), and a
metabolomics/computational approach for understanding NUE for an enhanced
crop management and increased yields (Beatty et al. 2016). Here, we introduce

S. O’Conner - L. Li ()

Department of Biological Sciences, Mississippi State University,
Starkville, MS 39762, USA

e-mail: liling@biology.msstate.edu

S. O’Conner - A. Neudorf - W. Zheng - L. Li
Department of Genetics, Development and Cell Biology, Iowa State University,
Ames, 1A 50011, USA

M. Qi
Department of Plant Pathology and Microbiology, Iowa State University,
Ames, 1A 50011, USA

X. Zhao
Laurence H. Baker Center for Bioinformatics and Biological Statistics,
Iowa State University, Ames, IA 50011, USA

C. Du - D. Nettleton
Department of Statistics, lowa State University, Ames, IA 50011, USA

© Springer International Publishing AG, part of Springer Nature 2018 95
A. Shrawat et al. (eds.), Engineering Nitrogen Utilization in Crop Plants,
https://doi.org/10.1007/978-3-319-92958-3_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92958-3_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92958-3_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92958-3_6&amp;domain=pdf

96 S. O’Conner et al.

basic research on an Arabidopsis orphan gene qua quine starch (QQS) and its
involvement in regulation of nitrogen allocation. QQOS and its related network could
be applied in agriculture for improved crops with increased protein content.

Regulation of Carbon and Nitrogen Allocation

The plant metabolic network regulates the allocation of carbon and nitrogen into
different components such as protein, oil, and carbohydrate and determines plant
composition (Eastmond 2006; Eastmond et al. 1997; Schiltz et al. 2004; Sulpice
et al. 2014; Li et al. 2009; Melis 2013; Johnson and Alric 2013; Weselake et al.
2009; Ishihara et al. 2015). The regulatory mechanisms that interconnect the var-
ious fluxes across the metabolic network are being identified using a variety of
approaches (Fernandez and Strand 2008; Liscombe and Facchini 2008; Mentzen
and Wurtele 2008; Reiter 2008; Santos-Mendoza et al. 2008; Sweetlove et al. 2008;
Usadel et al. 2008; Stitt 2013; Stitt et al. 2010; Thum et al. 2008). For example, one
breakthrough was the finding that hexoses and other metabolites provide a mech-
anism to control carbohydrate allocation in part via modulation of transcriptional
and post-transcriptional mechanisms (Koch 1996; Jang and Sheen 1994; Che et al.
2003; Baena-Gonzalez et al. 2007; Vidal and Gutierrez 2008). The
Arabidopsis-specific orphan gene qua quine starch (QQS), one of the ~5% of
expressed protein-coding genes in Arabidopsis thaliana that are unique to that
single species (Arendsee et al. 2014), has been implicated in regulation of starch
and protein metabolism (Li et al. 2009; Li and Wurtele 2015).

Carbon and nitrogen use is regulated at multiple levels (Xu et al. 2012). Global
system analysis is leading to genes and processes that play a role in conversion of
carbon and nitrogen to protein, lipid, and starch (Fukushima et al. 2014; Stitt 2013;
Stitt et al. 2010; Thum et al. 2008). For example, the metabolites, such as trehalose
6-phosphate, sugar, and the amino acid precursor, shikimate, have been implicated
in the process (Sulpice et al. 2014; Lastdrager et al. 2014). Gene networks mediated
by the interaction of light and carbon signaling pathways in Arabidopsis have been
defined by a combined approach with genetics, genomics, and systems (Stitt 2013;
Thum et al. 2008; Yadav et al. 2014). Starch requires little cellular energy to
synthesize and forms easily degradable, compact non-toxic storage units. As such,
starch biosynthesis and degradation serves a central role in plant metabolism as the
repository for reduced carbon produced in leaves during the day, as the supply of
chemical energy and anabolic source molecules originating from sucrose during the
night and as a potential storage of easily accessible energy at times of stress. The
process is not fully understood, although most of the metabolic enzymes have been
identified. Starch synthetic enzymes often are in families, with different members of
each of these families often having unique biochemical functions (e.g., Kaplan and
Guy 2004; Lao et al. 1999; Scheidig et al. 2002; Edner et al. 2007; Fulton et al.
2008; Laby et al. 2001; Chia et al. 2004; Critchley et al. 2001; Sparla et al. 2006; Lu
and Sharkey 2004; Lu et al. 2006; Steichen et al. 2008; Zeeman et al. 2004). Starch
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degradation and hexose/triose export involves a large number of enzymes,
including families of DBEs, a-amylases, B-amylases, disproportionating enzymes,
phosphorylase, glucan water dikinases, and glucose and maltose transporters
(Doyle et al. 2007; Delatte et al. 2005, 2006; Lloyd et al. 2005; Smith et al. 2003;
Wattebled et al. 2005, 2008; Yu et al. 2005; Zeeman et al. 2004; Streb et al. 2008;
Kammerer et al. 1998; Niewiadomski et al. 2005; Walters et al. 2004; Weber et al.
2000, 2004; Niittyla et al. 2004; Schneider et al. 2002).

Owing to the central function of starch, starch production and degradation are
highly likely to respond to environmental, circadian rhythm, metabolic, and/or
hormonal signals (Li et al. 2007, 2009; Lu et al. 2005; Usadel et al. 2008; Weise
et al. 2006). Such regulation is evident from the observation that changing the day
length affects the rate of starch degradation in Arabidopsis leaves (Lu et al. 2005).
Potential agents affecting starch metabolism include metabolites, the biosynthetic
and catabolic enzymes themselves, and a wide variety of regulatory proteins,
including previously unknown ones such as the QOS gene (Li et al. 2009). Starch
regulation involves complex interactions among regulatory mechanisms that
interact with global carbon and nitrogen allocation.

Identification of the QQS Orphan Gene and the Role of QQS
in Carbon and Nitrogen Allocation

The starch synthase III, ss3 knockout (KO), mutant of Arabidopsis is high in starch,
but has a normal morphological phenotype (Zhang et al. 2005, 2008). We identified
QOS as a gene whose expression is significantly altered in Azss3 mutants relative to
wild-type (WT) plants by transcriptome analysis of a microarray experiment (Li et al.
2009).

QO0S encodes a 59-amino acid protein with no primary sequence similarity to
genes of any other sequenced species, not even A. lyrata (Arendsee et al. 2014) or
A. halleri. Like 15-35% of all eukaryotic genes (Gollery et al. 2006, 2007; Luhua
et al. 2008), QQS has no known functional domains. As such, QQS is considered an
orphan gene—unique to the species Arabidopsis thaliana (Gollery et al. 2006).
QOQ0S is one of the approximately 1,300 protein-encoding orphan genes of A.
thaliana. Although all organisms, from bacteria to humans, have orphan genes,
little is understood about their biological role. Lack of homology between sequence
of QQS and any other protein provides no clue about its function. Clarifying the
function of such genes should help to explain the overall species-specific regulatory
and signaling networks.

Down-regulation of QQS results in increased starch and decreased protein, in
otherwise normal appearing plants (Li et al. 2009; Li and Wurtele 2015). In con-
trast, QQOS overexpression (OE) decreases starch accumulation and increases pro-
tein accumulation (Li and Wurtele 2015). Orphans are often disregarded, yet
expression of the QQS orphan impacts both protein and starch levels and provides a
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previously unidentified function in primary metabolism. Surprisingly but similarly,
multiple soybean lines with different protein levels that expressed QQOS (QQOS-
E) had decreased leaf starch, increased leaf protein, and increased seed protein (Li
and Wurtele 2012, 2015; Li et al. 2015). Leaf starch and seed starch were
decreased; leaf protein and seed protein were increased more than 10-20% in QQS-
E maize and rice (Li et al. 2015). No aspect of growth or development was visually
affected in all QOS mutants mentioned above. Thus, this species-specific gene can
affect the composition of agronomic species thought to have diverged from
Arabidopsis 100 million years ago (Hedges and Kumar 2009). No yield difference
in QOS-E soybean and rice mutants has been identified (Li and Wurtele 2015; Li
et al. 2015). Thus, a species-specific orphan gene can function across species to
have effect on the primary metabolic function of carbon and nitrogen partitioning.

An experiment with elongated dark period followed by a diurnal cycle with
normal light and dark period indicated that starch degradation was not affected in
Arabidopsis Q0OS down-regulation mutants, and the increased starch content came
from the increased starch biosynthesis (Li et al. 2009). The effects of QQOS on starch
and protein content are similar in leaves and seeds. We have found no significant
differences between photosynthetic rates of QQS-E soybean and maize plants rel-
ative to their segregating WT siblings (Li et al. 2015). This indicates that changed
carbon and nitrogen content in the ectopically expressed QQS mutants is not likely
a result from an increase in the photosynthetic rate (Li et al. 2015).

Since our initial characterization of QQS in 2009 (Li et al. 2009), >30 papers
have described the change of QQOS expression level in response to environmental,
genetic, and/or epigenetic perturbations, e.g., Seo et al. 2011; Silveira et al. 2013;
and Ding et al. 2014. In Arabidopsis, QQS expression correlates positively with
protein and negatively with starch under a variety of environmental conditions
(Arendsee et al. 2014; Li and Wurtele 2012; Li et al. 2009; Li and Wurtele 2015).
We proposed the hypothesis that QQS may function to adapt tolerance to stresses
and may be a mediator of cross talk between primary metabolism and environ-
mental perturbations.

The mechanism of QQS functions in another species has been a mystery. As
tested by transgenesis indicated above, QQS can function across species barriers.
The QQS transgene increases protein content in seeds of soybean, rice, and maize,
independent of the genetic background of each host (Li and Wurtele 2015; Li et al.
2015). Our studies have provided the mechanism that possibly explains why the
QOQS orphan gene functions across species (Li et al. 2015). Yeast two-hybrid
screening using QQS as bait identified Arabidopsis nuclear factor Y subunit C4
(AINF-YC4, At5g63470) as a potential QQS interactor. Further studies
(glutathione-S-transferase (GST) pull-down assays, bimolecular fluorescence
complementation assays (BiFC), and co-immunoprecipitation (Co-IP) from
Arabidopsis transgenic plants overexpressing MY C-tagged QQS (QQS-TAP)) have
confirmed that QQS protein binds to AtNF-YC4 and to soybean, maize, and rice
NF-YC4 homologs (Li et al. 2015). QQS did not interact with AtNF-YB7 in
pull-down assays; the region of amino acids 73 to 162 of AtNF-YC4 (the
AtNF-YC4 histone-fold-like domain) was indicated to be important for AtNF-YC4
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binding to QQS (Li et al. 2015). Particularly, QQS-NF-YC4 protein complex
appeared in the cytosol and the nucleus when QQS and AtNF-YC4 were
co-expressed in tobacco leaf in vivo. One possibility is that predominantly cytosolic
QQS (Li et al. 2009) and NF-YC bind in the cytosol and move into the nucleus,
similar to the model for NF-YB (Kahle et al. 2005) moving into the nucleus as
NF-YB-YC protein complex.

AtNF-YC4-OE in Arabidopsis looked similar to WT controls with decreased leaf
starch accumulation and increased leaf protein content (Li et al. 2015), but there
was lack of increased starch phenotype in the knockout mutant Atnf-yc4.
AtNF-YC4 similarly functions as QQS in regulating carbon and nitrogen parti-
tioning, and the redundant NF-YCs may have overlapped function, which are
consistent with a model in which QQS interacts with AtNF-YC4 to change the
allocation of nitrogen and carbon (Li et al. 2015).

NF-YC is a conserved transcription factor (Liang et al. 2014; Nardini et al.
2013), forming a heterotrimer complex with NF-YA and NF-YB proteins, and can
alter transcription of some as yet not clearly defined genes (Nardini et al. 2013).
They have been reported to regulate development, photosynthesis, flowering time,
and tolerance to drought stress (Petroni et al. 2012; Laloum et al. 2013; Kumimoto
et al. 2010; Liang et al. 2014). For example, the Arabidopsis gene AtLECI, also
designated as AtNF-YB9, promotes shoot meristem development (West et al.
1994), whereas CONSTANS is an AtNF-YA that modifies flowering time (Wenkel
et al. 2006), and AtNF-YA9 plays a role in gametophyte viability (Levesque-Lemay
et al. 2003). Our research is the first report providing evidence that NF-YC4 has a
function in regulating primary metabolism (Li et al. 2015).

In short, mechanistic understanding of the transgenic effects of QQS was
revealed by our discovery that QQS physically partners with the NF-YC4 protein to
manifest its biological function. NF-YC4, a component of the NF-Y complex, a
transcriptional regulator which is highly conserved across eukaryotes, possibly
explains how QQS may be able to function across many species. Thus, the QQS
orphan would be able to approach a biological network of a host via interactions
with the conserved NF-Y complex protein.

Soybean, rice, and maize are major agronomic food crops. These findings are of
major significance in impacting the world’s nutritional supply of dietary protein.
These data also indicate a possible avenue toward increasing protein composition in
crop species, as protein deficiency is one of the greatest health problems worldwide,
and plants provide the major protein sources to at-risk populations. Protein defi-
ciency especially affects children, for whom crops such as rice and potato
(protein-poor crops) are often their major dietary constituents, leading to a
protein-poor diet. Furthermore, the consumption of proteins derived from plants has
far less environmental impact than consumption of animal-derived protein sources.
Thus, the ability to optimize protein productivity by use of higher protein plant-
based foods would have far-ranging impacts to world health and sustainability.
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Q0S and Orphan Genes

To our knowledge, the QOS gene of Arabidopsis is the only plant orphan gene that
has been significantly investigated. A number of orphan genes act as toxins or
attractants (Arendsee et al. 2014). Three orphan genes appear to have a role in
protection against oxidative stress via an as yet unknown mechanism (Luhua et al.
2008; Gollery et al. 2006, 2007). Several others have been experimentally shown to
enable an organism to survive under abiotic stress; however, the mechanism by
which these genes function is still to be discovered (Luhua et al. 2008; Gollery et al.
2006, 2007). At least one orphan gene from yeast appears to be essential (Khalturin
et al. 2009). The vast majority of orphan genes have not been studied at all.

Taken together, previous data indicate that QQS may increase protein accu-
mulation and decrease carbohydrate accumulation via its interaction with NF-YC4
protein, that this effect is irrespective of protein content level, and that the effect
extends to the crop species diverged from Arabidopsis more than 100 million years
ago (Hedges and Kumar 2009). The demonstration that an orphan gene from one
species can interact with a metabolic network of another species via a conserved
protein suggests new approaches to elicit phenotype changes including modulation
of complex traits in crop species. In this study, we further provide evidence that
overexpression of QQS interactor NF-YC4 can alter plant composition in crop
species in soybean and maize, with similar growth and development as the control
plants. Transcriptome analyses of the QQS mutant materials identified potential
candidates for further study of nitrogen allocation.

Materials and Methods

Plant Selection and Growth

The QQS-expressing (QQS-E) soybean lines in the Williams 82 background were
generated previously, and the plant composition and expression level of QQS have
been quantified (Li and Wurtele 2015). The full-length coding sequences of GmNF-
YC4-1 (Glyma06gl17780) and ZmNF-YC4 (GrmZm2g089812) were each cloned
into binary vector pB2GW?7, as previously described (Li and Wurtele 2015; Li et al.
2015). The insert was expressed under the control of the constitutive cauliflower
mosaic virus (CaMV) 35S promoter. The 35S::GmNF-YC4-1 or 35S::ZmNF-YC4
fusion construct was introduced into Agrobacterium tumefaciens strain EHA101
and transformed into soybean (Glycine max) cultivar Williams 82 (Li and Wurtele
2015) or maize B104 at the Iowa State University (ISU) Plant Transformation
Facility (PTF, http://www.agron.iastate.edu/ptf/index.aspx). The transformed soy-
bean seeds and plants were delivered from the PTF at the T1 generation. The T1
generation was grown and self-fertilized in the growth chamber in Metro mix
MMO900 soil in pots with one plant/pot. The GmNF-YC4-1-OFE T2 generation was
planted in a field at Curtiss Farm in Ames, IA, for seed weight and seed
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composition evaluation (T3 generation). The maize plants were delivered at the TO
generation and backcrossed to B104 in the greenhouse. The seeds from BCl
generation were planted in the field in South Woodruff Farm in Ames and back-
crossed to B104 to generate BC2 kernels.

Arabidopsis plants were grown in a growth chamber at 22 °C under long-day
conditions as described (Li et al. 2009). The seeds were planted on petri dishes,
those harboring a “Bar” gene were selected with glufosinate as previously described
(Jones et al. 2016), and plants were transferred to Sunshine Mix LC1 soil in pots at
12 d after planting. Soybean transformants, expressing AtQQS (AtQQS-E) or
overexpressing GmNF-YC4-1 (GmNF-YC4-1-OFE), and maize plants overexpress-
ing ZmNF-YC4 were identified by PCR analysis for presence of the QOS or NF-
YC4 via vector-specific primers as described before (Li and Wurtele 2015). The
vector-specific primers are pB2GW7-F: 5-ACATTACAATTTACTATTCTAG
TCGA-3" and pB2GW7-R: GCGGACTCTAGCATGGCCG-3'; the control-gene
primers are 18S-TRNA-F: 5-GGGCATTCGTATTTCATAGTCAGAG-3' and
18S-rRNA-R: 5'-CGGTTCTTGATTAATGAAAACATCCT-3".

RNA-Seq

Total RNA was extracted from pooled Arabidopsis leaf samples of QQS-OF and
Col-0 at the end of light period under long-day conditions in a growth chamber,
or from soybean leaf samples of QOS-E and Williams 82 and from soybean seed
samples of QQOS-E, Williams 82, and low-protein PI 070456; the RNA was purified
and sent to BGI Americas for sequencing as previously described (Li et al. 2015).

Two biological replicates were used for Arabidopsis QQOS-OE mutant leaf
samples, three were used for the Arabidopsis Col-0 controls, four for soybean QQS-
E leaf samples, two for Williams 82 leaf controls, ten for soybean QQS-E seed
samples and controls, and four for low-protein PI 070456 seed samples and con-
trols. As previously described (Li et al. 2015), the cleaned reads were aligned using
TopHat (Trapnell et al. 2009) and the mapped reads were counted. Similarly to the
analyses as described before (Li et al. 2015), genes were tested using the method
described by Lund et al. (2012) and QuasiSeq in the R package. Normalization was
accomplished (Bullard et al. 2010). The P values and g values (Storey 2002) were
calculated as previously described (Nettleton et al. 2006).

RNA Isolation and Real-Time PCR

The first trifoliate leaves of 23-d-old soybeans (~ 100 mg fresh weight) were used
for RNA isolation using the RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. Two g of RNA and SuperScript® III
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First Strand kit (Invitrogen, Carlsbad, CA, USA) were used for cDNA synthesis.
Quantitative real-time PCR (qRT-PCR) was performed using the cDNA and
gene-specific primers of GmNF-YC4-1 (GmNF-YC4-F: 5-CCTCCCAGG
CATGGCAGTCC-3' and GmNF-YC4-R: 5-CCATCAAGGCTCCGCTGG-3").
Each ¢cDNA was amplified by quantitative PCR using iQ" SYBR® Green
Supermix (Bio-Rad, Hercules, CA, USA) and iCycler real-time PCR system
(Bio-Rad). GmACTIN (Glyma.15g050200, primers: GmActin-F: 5-GAGC
TATGAATTGCCTGATGG-3' and GmActin-R: 5-CGTTTCATGAATTCC
AGTAGC-3") was used as the reference gene to normalize the expression value
in each sample, and the relative expression values were determined compared to
that in the independent Williams 82 control samples, using the comparative Ct
method (272%Y (Liu et al. 2014).

Composition Analysis

Maize leaves were harvested individually (leaves from individual plant were stored
in one envelope) and frozen in liquid nitrogen and kept in —80 °C freezer, at
63 days after planting, in the late afternoon. The entire third leaf from the top was
harvested. Each plant was screened for genotype by PCR of genomic DNA of the
leaf, determined as ZmNF-YC4-OE or sibling wild type using vector-specific pri-
mers as described above. Leaves from three plants of the same genotype (ZmNF-
YC4-OE or sibling wild type) were crushed and pooled together as one sample.
A small portion of each sample was used for the Lowry test; the larger portion was
weighed to obtain the fresh weight, baked at 71 °C, and used to obtain the dry
weight. The fresh and dry weights were used to calculate the moisture content.
Nitrogen content per dry weight were determined by Kjeldahl method using the
Kjeltec system 1002 with the dry samples, and protein content was calculated by
multiplying 6.25. Protein content per dry weight was also determined by Lowry test
kit following the manufacture’s protocol (Fisher Scientific) using the frozen sample
(the moisture content was used to convert fresh weight to dry weight).
Composition of soybean mature seeds (protein, oil, and fiber) and of maize
mature seeds (protein, starch and oil) was analyzed with near-infrared spectroscopy
at the Towa State University Grain Quality Laboratory (http://www.extension.
iastate.edu/Grain/Lab/) as described before (Li et al. 2015).

Statistical and Bioinformatics Analyses

For each experiment, plants were collected and analyzed in a randomized complete
block design or completely randomized design. All plant composition tests were
conducted with a minimum of three biological replicates. For all composition
analyses, plant samples were assigned randomized numbers and provided to the
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analysis facilities for determination in a randomized order with no designator of
genotype.

Data are presented as mean £ SEM. Two sets of independent samples were
compared using Student’s t-test (two-tailed) with assumption of equal variances
(n >3). P <0.05 was considered significant (*); P < 0.01 was considered very
significant (*%).

Estimates of gene size and gene uniqueness and gene annotations are based on
the gene models described in Arabidopsis using the TAIR10 genome release (ftp://
www.arabidopsis.org’/home/tair/Genes/TAIR10_genome_release/). The consensus
sequences of soybean genome were used to identify the Arabidopsis orthologs. The
annotation is available in https://soybase.org/genomeannotation/.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis Genome
Information Resource under the following accession numbers: AtQQS (At3g30720)
and AINF-YC4 (At5g63470).

Results and Discussion

Overexpression of QQS Interactor NF-YC4 in Transgenic
Soybeans Regulates Nitrogen Allocation

Soybean does not have a homolog of AtQQS, but it does have a highly conserved
homolog that encodes NF-YC4 (Glyma06g17780) which interacts with QQS (Li
et al. 2015). Plants that overexpressed GmNF-YC4-1 (GmNF-YC4-1-OF) looked
indistinguishable from Williams 82 control plants (Fig. 6.1a). The GmNF-YC4
mRNA expression in two independent GmNF-YC4-1-OE lines was estimated to be
4.47-fold higher than that in the Williams 82 control plants (P < 0.001 for both)
(Fig. 6.1b). The seed protein content increased by 8-11% in the GmNF-YC4-1-OE
lines (P < 0.001 for both), while oil decreased by 2-6% (P = 0.002 and < 0.001)
and fiber decreased by 3—-6% (P < 0.001 for both), and no significant difference in
yield per plant was observed (Fig. 6.1c). These data are consistent with our pre-
vious studies and support the idea that AtQQS can also interact with the
GmNF-YC4-1 to promote an increase in the soybean protein content (Arendsee
et al. 2014; Li and Wurtele 2015; Li et al. 2015).

Overexpression of NF-YC4 in Transgenic Maize Regulates Nitrogen Allocation
in the Leaves and Seeds

Similar to soybean, maize does not have a homolog of AtQQS, but it does have a
highly conserved homolog that encodes NF-YC4 (GrmZm2g089812) which
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«Fig. 6.1 Phenotype and composition of soybean transgenic lines overexpressing GmNF-YC4-1.
a Visual phenotype and developmental patterns of GmNF-YC4-1-OF mutant lines were similar to
the Williams 82 control plants (picture taken in the greenhouse). b Transcript level of GmNF-YC4-
1 in the GmNF-YC4-1-OE soybeans is significantly higher than that in the control line. GmNF-YC4
mRNA transcripts were quantified by real-time PCR in transgenic and non-transgenic plants,
compared to that in the independent Williams 82 control plants. ¢ Seed weight per plant and
composition of protein, oil, and fiber (seeds from T2 generation grown in the field). Composition
was analyzed by near-infrared spectroscopy (NIRS), based on a 13% moisture content. All data in
bar charts show mean & SEM, n = 3 biological replicates, from two independent transformation
events. *¥*P < 0.001; **P < 0.01; *P < 0.05

interacts with QQS (Li et al. 2015). Maize B104 was transformable and derived
from maize B73. The B104 genome is very similar to that of B73 which has been
sequenced. Plants that overexpressed ZmNF-YC4 (ZmNF-YC4-OE) looked similar
to their segregated sibling control plants. The leaf protein content per dry weight
was increased about 20% in ZmNF-YC4-OE when compared to WT, both by Lowry
test (Fig. 6.2a) and by Kjeldahl method (Fig. 6.2b) (P < 0.05). The seed protein
content, when compared to control, increased by 15-23% in the ZmNF-YC4-OE
lines (P < 0.001), while starch decreased by 3% (P < 0.01), and no significant
difference in oil was observed (Fig. 6.2c). These data are also consistent with our
previous studies and support that AtQQS may interact with the ZmNF-YC4 to
promote an increase in the maize protein content.

Identifying the Potential Soybean Transcripts Associated
with the High-Protein Trait

We have a set of Arabidopsis and soybean plants with different combinations of
protein content and QQS expression level (Table 6.1). As discovered in our pre-
vious study, QQS overexpression is associated with increased protein content in
Arabidopsis leaf, soybean leaf, and soybean seeds. This set of materials, together
with corresponding controls and a low-seed-protein soybean variety PI 070456
(https://npgsweb.ars-grin.gov/gringlobal/accessiondetail.aspx ?id=1115548), could
be used to identify the potential soybean transcripts associated with the high-protein
trait by RNA-sequencing (RNA-Seq).

There were 1445 transcripts differentially expressed in Arabidopsis QOS-OE leaf
(P < 0.01) and 2249 transcripts differentially expressed in soybean QQS-E leaf
(g < 0.01). The transcripts that were significantly altered in both Arabidopsis QQS-
OE leaf and soybean QQS-E leaf are candidate genes potentially involved in reg-
ulation of protein accumulation.

Among them, fifteen transcripts may be positively associated with high protein
in leaf (Table 6.2). They were expressed in WT Arabidopsis and soybean leaf, but
had higher expression in Arabidopsis QQS-OE leaf and soybean QQS-E leaf. For
example, Glyma02g03680 and its ortholog in Arabidopsis, AT1G24020
(Fig. 6.3a), are on this list. AT1G24020 is annotated as “MLP (member of the
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Fig. 6.2 Composition of maize transgenic lines overexpressing ZmNF-YC4 planted in the field.
a Protein content in leaf in ZmNF-YC4-OE mutant lines was higher by Kjeldahl method. b Protein
content in leaf in ZmNF-YC4-OE mutant lines was higher by Lowry test. ¢ Seed composition of
protein, starch, and oil (BC2 generation). Composition was analyzed by near-infrared spectroscopy
(NIRS), based on a 15% moisture content. All data in bar charts show mean = SEM, n =3
biological replicates, from multiple independent transformation events. ***P < 0.001; **P < 0.01;

*P < 0.05

Table 6.1 Materials with different QQOS transcript level and protein accumulation

Genotype Species Tissue QO0S transcript level Protein content
Q0S-OE Arabidopsis thaliana Leaf Increased QQOS High

Col-0 Arabidopsis thaliana Leaf Control Control
QO0S-E Glycine max Leaf Ectopic Q0S High

Williams 82 Glycine max Leaf No Control
QOS-E Glycine max Seed Ectopic Q0S High

Williams 82 Glycine max Seed No Control

PI 070456 Glycine max Seed No Low
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Fig. 6.3 Transcript accumulation in Arabidopsis and soybean leaf and soybean seed. a One
transcript that may be positively associated with high protein in leaf. b One transcript that may be
negatively associated with high protein in leaf. ¢ One transcript that may be positively associated
with high protein in leaf and seed. All data in bar charts show mean + SEM, n = 3 biological
replicates

Latex Protein family)-like protein 423, located in “chloroplast” and involved in
“defense response” (Litholdo et al. 2016). Specifically, three soybean locus IDs and
their Arabidopsis ortholog “AT3G47650” are on this list. AT3G47650 encodes a
“DnaJ/Hsp40 cysteine-rich domain superfamily protein” and is located in
“chloroplast”. AT3G47650 was significantly down-regulated in cabbage leaf curl
virus (CaLCuV)-infected rosette leaves at 12 days after inoculation (Ascencio-
Ibafiez et al. 2008).

Among them, sixty-one transcripts may be negatively associated with high protein
in leaf (Table 6.3). They were expressed in WT Arabidopsis and soybean leaf, but had
alower expression in Arabidopsis QQS-OE and soybean QQS-E leaf. As indicated by
locus IDs in bold font, there were twelve groups of multiple soybean genes that genes
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within each group matched to the same Arabidopsis gene by sequence similarity.
Specifically, Arabidopsis gene, AT5G36930 (Fig. 6.3b), is the Arabidopsis ortholog
of ten soybean genes. It is annotated as “disease resistance protein (TIR-NBS-LRR
class) family”, located in “cytoplasm”, and involved in “defense response”. This
provides another case to indicate that genes in disease resistance may be related to
regulation of primary metabolism in nitrogen allocation (Qi et al. 2018).

There were 2249 transcripts differentially expressed in soybean QQOS-E leaf (¢ <
0.01), 2314 transcripts differentially expressed in soybean QQS-E seed (¢ < 0.001),
and 108 transcripts differentially expressed in low-protein PI 070456 seed
(P < 0.001). Among them, there were 173 transcripts in common that were differ-
entially expressed in soybean QQS-E leaf and seed. Interestingly, one gene,
Glyma03g15050, was in common differentially expressed in soybean QQS-F leaf and
seed, and low-protein PI 070456 (Fig. 6.3c). Its ortholog in Arabidopsis is
AT3G54060, annotated as “myosin-M heavy protein”, located in “nucleus”. In
Arabidopsis, it is expressed in reproductive organs in flower, plant sperm cell, and
seed (https://www.arabidopsis.org/servlets/TairObject?id=36606&type=locus). Its
transcript accumulation was higher in QQS-E soybean leaf and seed, and very low in
low-protein PI 070456 seed. It may be associated with high-protein trait in soybean
leaf and seed.

In conclusion, this research broadens our understanding of the Arabidopsis or-
phan gene QQS and its interactor NF-YC4 as a modulator of plant composition and
indicates that NF-YC4 impacts carbon and nitrogen allocation to starch, lipid, and
protein, increasing the protein content of soybean and maize. Seeds of transgenic
crops expressing the QQOS gene and NF-YC4 yield increased protein without yield
penalty. Multiple genes were identified as potential candidate genes in nitrogen
allocation in QQS mutants. QQS and its related network open a new strategy to
understand nitrogen allocation and create high-protein crops.
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Chapter 7 )
Tackling Nitrogen Use Efficiency sk
in Cereal Crops Using High-Throughput
Phenotyping

Nicholas John Sitlington Hansen, Darren Plett, Bettina Berger
and Trevor Garnett

Introduction

Nitrogen (N) is one of the most important plant mineral nutrients, essential for
numerous biochemical and physiological processes. Greater use of N fertilizer
played an important role in increasing yields during the ‘green revolution’ (Evenson
and Gollin 2003). In recent times, however, cereal yield increases have stagnated,
especially in developing countries (Lin and Huybers 2012; Ray et al. 2012, 2013).
There has been a call for a second ‘green revolution’ to address flattening yields in a
sustainable fashion, and increasing the nitrogen use efficiency (NUE) of cereal
crops can play an important role.

Nitrogen use efficiency is important because inefficient N use is deleterious to
the environment, expensive, and reduces the yield potential of crops. Cereal pro-
duction utilizes 60% of all agricultural nitrogen applications but unfortunately,
cereals generally recover less than half of the supplied N, causing wastage and
pollution (Peoples et al. 1995; Raun and Johnson 1999; Fageria and Baligar 2005;
Sylvester-Bradley and Kindred 2009). Therefore, increasing the NUE of cereals
would have a significant environmental and economic impact (Ladha et al. 2016).
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NUE

For cereal production, NUE was defined by Moll et al. (1982) as grain production
per unit N available in the soil. Nitrogen use efficiency is the combination of plant
uptake efficiency (NUpE), how effectively the plants capture N, and utilization
efficiency (NUtE), how well the plants use the N that is taken up (Good et al. 2004;
Sadras and Richards 2014).

NUpE

Nitrogen uptake efficiency can be defined as the amount of N taken up by the plant
as a proportion of the N available (both residual and added N) (Good et al. 2004).
Nitrogen uptake efficiency is influenced by mass flow of soil water to the root, root
morphology, transporter activity on the root surface, timing of N application, and
microbial competition (Garnett et al. 2009).

Nitrogen is available to plants primarily as nitrate (NOjz-) and ammonium
(NH4"). In cropping soils, N is predominantly available as NOs-, with NH,* being
generally 10% of the NOs- concentration (Wolt 1994); however, plants have been
shown to perform better with a combination of NOs- and NH,* available (Forde
and Clarkson 1999). Nitrate is readily mobile in the soil and moves to the root
surface via mass flow, after which it is taken up by high and low affinity trans-
porters (HATS and LATS, respectively) which are part of the NRT2 and NRT1/
NPF families (Plett et al. 2010; Léran et al. 2014). Ammonium is much less mobile
in soil than NO3- and is taken into the root by the AMT transporter family (Howitt
and Udvardi 2000; Ludewig et al. 2007; Gu et al. 2013). Transporters on the root
surface have been targets for transgenic or genetic upregulation in order to increase
uptake capacity (Fan et al. 2016); however, thus far, results have been mixed. They
may have been unsuccessful as tissue N concentration is tightly controlled and
negative feedback mechanisms prevent increased uptake (Garnett et al. 2015).

Altering root morphology has had limited success in improving N uptake. As
NO;- moves readily to the root via mass flow, changing root architecture is more
effective for immobile nutrients such as phosphorus, than for NO3- (Burns 1980).
Burns showed that, due to the plastic nature of the root system, plants can cope with
only 15% of their roots being exposed to NO3-, leaving little imperative to increase
root biomass from an NUpE perspective. Increased rooting depth may be useful in
deep sandy soils to intercept highly mobile NO5- being leached through the profile,
or in deep soils with stored water and N at depth, however, in less porous soils
increased root growth may be an inefficient use of carbon (C) (Garnett and
Rebetzke 2013).
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NUE

Nitrogen utilization efficiency is the proportion of aboveground biomass N which is
converted to grain (Good et al. 2004). This grain N is derived from tissue N that has
been assimilated pre-anthesis and N that is taken up post-anthesis (Hawkesford 2017).
Prior to anthesis the biomass acts as an N-sink; however post-anthesis those resources
are remobilized to the grain as well as N that is assimilated post-anthesis (wheat/
barley) (Martre et al. 2003) and post-silking (maize) (Rajcan and Tollenaar 1999).
Harvest index (HI) is the ratio between the harvestable and shoot biomass and rep-
resents how efficient the plant is at assimilation and translocating resources to the grain
(Sinclair 1998). Harvest index has increased greatly over the last 50 years through the
development of semidwarf varieties (Sinclair 1998; Fischer 2011). Nitrogen harvest
index (NHI), the ratio of grain N to aboveground biomass N, is synonymous with
NUtE. In wheat, improvements in NUtE have been mainly due to improvements in the
HI (Fischer and Wall 1976; Ortiz-Monasterio et al. 1997; Foulkes et al. 1998).
However, in modern varieties NHI is high and consistent irrespective of N fertilization
(Barraclough et al. 2010). In wheat, the remobilization of N can be quite efficient, with
little residual N remaining in the straw (Hawkesford 2017).

The manipulation of remobilization has been shown to be possible via changes
to the ‘stay-green’ traits which either reduce the rate, or delay the onset, of
senescence (Thomas and Smart 1993). For crops such as sorghum, stay-green traits
can be advantageous when they are grown with access to stored soil moisture as
they can benefit from a longer period of photosynthesis, assimilating greater
amounts of N into tissue, providing a greater source for grain filling (Borrell et al.
2001). However, for wheat/barley, this is not always ideal, for example, in
Mediterranean climates which experience a hot-dry finish to the season with limited
stored soil water. In these conditions, a rapid remobilization is preferable to shorten
the period between anthesis and maturity (Garnett and Rebetzke 2013).

Efforts to Improve NUE, But No Progress

Efforts to improve NUE have ranged from improving agronomic practices, iden-
tifying significant QTL affecting NUE component traits (uptake and utilization) and
transgenic approaches; however, these efforts have so far not resulted in NUE
improvements. Breeding has historically taken place under plentiful N conditions,
and it was hypothesized that this produced germplasm with reduced NUE, espe-
cially under low N conditions (Kamprath et al. 1982). More recently, this has been
disproven by studies showing that newer varieties are more N efficient under low N
conditions than older varieties in both wheat (Ortiz-Monasterio et al. 1997) and
maize (Ding et al. 2005; Echarte et al. 2008). These improvements may have been
incidental when breeding for yield; however, these gains are minimal and must now
be improved using a more targeted approach.
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Nitrogen use efficiency can be improved agronomically via better management
practices including matching N fertilization to plant requirement, management of
surface runoff, improving acidic soils, avoiding waterlogging to reduce anaerobic
denitrification, and canopy management (Keeney 1982; Van Herwaarden et al.
1998a; Fageria and Baligar 2005). Although agronomic improvements will con-
tinue to play a central role in improving NUE, without improving the plant NUE
progress will always be limited.

Genetic mapping in order to identify the QTL associated with NUE is an
important step in its improvement and gains have been made in wheat (An et al.
2006; Quraishi et al. 2011; Xu et al. 2014), maize (Agrama et al. 1999; Gallais and
Hirel 2004), rice (Cho et al. 2007; Wei et al. 2012), and barley (Mickelson et al.
2003). In one example in wheat, 11 major chromosomal regions responsible for NUE
were identified (Quraishi et al. 2011). The loci identified in wheat are colocated with
Ppd (photoperiod sensitivity), Vrn (vernalization requirement), and Rht (reduced
height), which are all developmental genes, possibly controlling the amount of time
that the plants can take-up and utilize N (Quraishi et al. 2011). For an extensive
investigation of the genes identified, there are a number of recent reviews (Quraishi
et al. 2011; Cormier et al. 2014; Garnett et al. 2015; Han et al. 2015).

The genetic variability of NUE within cereals has been shown to be high;
especially under low N conditions (Dhugga and Waines 1989; Ortiz-Monasterio
et al. 1997; Le Gouis et al. 2000), however, conventional breeding of elite lines has
not resulted in NUE-improved germplasm. This is possibly because there is a large
number of QTL influencing NUE (Garnett et al. 2015). This in turn requires a large
population of backcrossed individuals in order to observe segregation at loci of
interest and repeated measurements to assure confidence in the QTL measured, as
the environmental impact is often more significant than the genotypic difference
observed (Han et al. 2015).

Transgenic attempts to improve NUE have targeted amino acid biosynthesis,
translocation/remobilization, signaling and N regulation, and C/N storage proteins
for reviews consult (McAllister et al. 2012; Garnett et al. 2015). Some of the most
promising transgenic approaches have overexpressed the genes responsible for
glutamine synthetase (GS) (Brauer et al. 2011), glutamate dehydrogenase (Abiko
et al. 2010) the rice nitrate transporter (NRT2.3/2.5) (Fan et al. 2016), and alanine
aminotransferase (AlaAT) (Good et al. 2007). However, despite the concerted
effort, neither transgenic nor conventional breeding has resulted in the commercial
release of cereals with dramatically improved NUE.

Why Has No Progress Been Made?

Nitrogen use efficiency is a complex trait determined by a group of processes which
transport the N molecules into the root, assimilate and utilized that N to produce
biomass, and finally remobilize N to the grain. A large number of QTL are believed
to be responsible for NUE but there has been very little overlap between mapping
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studies (Garnett et al. 2015). Large numbers of QTL require large mapping pop-
ulations and their repeated study to verify results. Furthermore, studies investigating
NUE genetic variability have often been undertaken in single years, which does not
take into account the significant environmental effects that are obvious in multi-year
experiments (Barraclough et al. 2010; Hawkesford 2017). A minimum of three
years of data per variety is recommended to account for the genotype x environment
interaction (GxE) previously noted (Hawkesford 2017), suggesting some QTL
studies may be compromised in this way.

Compounding the difficulty in identifying NUE QTL has been the use of
inappropriate phenotyping methods. Ideally, NUE performance should be measured
as the difference in plant growth and yield between high and low N. However, some
QTL mapping studies investigating NUE have only utilized a single N level of
fertilization, potentially missing QTL which are present at one or the other (Cormier
et al. 2016). As described above, it is suggested there should be multiple years of
field trials to reduce the E component in GXE. Studies in controlled environments,
although having more control over E, need to be rigorous and repeatable. This has
not always been the case. Pot experiments in controlled environments are criticized
as sometimes having little bearing on field performance (Passioura 2006a), and this
may in part be due to poor experimental setup, e.g., small pots, inappropriate
watering levels, or poor growth conditions (Poorter et al. 2016). Hydroponics
experiments allow tighter control of N levels but are further removed from the field
than pots and results derived from these need to be validated in soil. A large number
of studies reporting progress with NUE in transgenic plants have never advanced
beyond the very basic phenotyping carried out in the initial publication. If con-
trolled environment experiments were designed to be as comparable as possible to
the field, their relevance to the field may be enhanced and field relevant progress
made. However, often the methods used are poorly described in publications, and as
with many field studies, there is an incomplete description of the growth envi-
ronment. This is a critical oversight when trying to understand such an environ-
mentally affected trait.

Can Modern Phenomics Help?

Modern phenomics, the study of plant growth, performance, and composition,
utilizes new technologies to better characterize plant responses to the environment
and also better describes the growth environment itself (Furbank and Tester 2011).
Phenomics can aid in the phenotyping of NUE performance via nondestructive
measurements of biomass, growth rates, and transpiration rates to observe germ-
plasm differences over the course of their life cycle, adding a temporal dimension to
the phenotype and providing more opportunities to understand final yields.
Phenomics can also provide a platform wherein noninvasive biological data can be
collected on a large number of plants simultaneously, providing observations of
plant behavior that have been unavailable via traditional phenotyping techniques
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and destructive harvests, e.g., chlorophyll fluorescence for photosynthetic perfor-
mance or hyperspectral imaging for measuring leaf constituents. Finally, modern
technologies allow much better quantification of the environment in which plants
grow. In combination, these advances may enable progress in dissecting NUE that
until now has been lacking.

Phenomics in Controlled Environments

Nitrogen use efficiency is a difficult trait to phenotype because the interaction with
the environment can obscure genetic gains. Therefore, one way to improve the
characterization of the genetic component of NUE is to provide a controlled,
quantifiable and replicable environment within which to ‘fine dissect’ the compo-
nent traits of NUE (Furbank and Tester 2011). Controlled environments provide
this to different degrees, ranging from growth rooms, and glasshouses, to
field-based installations such as rainout shelters (Rebetzke et al. 2012). To maxi-
mize value and allow replication of experiments, the controlled environment con-
ditions should be well characterized and published with the phenotypic data (Billiau
et al. 2012; Krajewski et al. 2015).

Controlled environment NUE phenotyping is often reliant on artificial illumi-
nation, the quantity and quality of which can vary significantly and is not often
accounted for (Cabrera-Bosquet et al. 2016). In controlled environments, light
quality varies greatly depending on the light source (Hogewoning et al. 2010).
Given that light quality, not just intensity, can have major impact on plant growth, it
needs to be quantified (Ugarte et al. 2010; Max et al. 2012; Dueck et al. 2016). It is
now viable and relatively cheap to measure light quality, not just the intensity, and
this should be done routinely and reported.

In addition to light quality, if experiments are to reflect field performance, the
daily light incidence (mol m > d™') and temperature settings in controlled envi-
ronments should reflect those of the target environment as much as possible.
Meta-analysis of controlled environment experiments has demonstrated that
experimental conditions often fall significantly outside desired climactic ranges,
causing differences in specific leaf area and tillering among others, compared to the
field and may affect NUE performance (Poorter et al. 2016a). For example, daily
light incidence settings would be crucial when trying to tease apart the role of Ppd
on NUE in wheat (Quraishi et al. 2011).

In addition to illumination and climate variation, controlled environment
experiments can provide some control over soil homogeneity. Achieving uniform N
across a field trial is nearly impossible and requires careful soil reserve depletion in
previous seasons, but even then there can be considerable variation (Shaw et al.
2016). Controlled environment experiments can ensure a consistent level of soil
structure and N content in all pots within the experiment, resulting in more precise
N fertilization than in the field. Automatic watering systems in greenhouse phe-
notyping platforms also offer greater control over water application than the field or
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conventional pot experiments which, often suffer from excessive watering levels
causing hypoxia, affecting root growth (Passioura 2006b). These conditions could
affect NUE phenotypes dramatically and are avoided in modern phenomics systems
via the use of gravimetric watering systems, which can maintain soil water contents
at levels more closely mirroring field conditions (Passioura 2006b).

When effective environmental monitoring is undertaken in controlled environ-
ments, it can become obvious that there are spatial differences that need to be taken
account of in order to reduce error. The statistical design of experiments is crucial to
achieve this (Brien et al. 2013). In order to account for the spatial variance within a
greenhouse, a statistical design and analysis approach (blocked design) was more
accurate than continually alternating the position of the plants within the experiment
(Brien et al. 2013).

HTP Platforms

High-throughput phenotyping (HTP) platforms are specifically designed to auto-
mate the collection of plant biometric data. Most controlled environment HTP
platforms are comprised of individual pots on conveyor belts (Fig. 7.1) which
deliver the plants to a series of imaging cabinets and watering stations (although
some HTP platforms are now based on moving whole benches of plants). Basic
imaging is usually undertaken via red-green-blue (RGB) cameras but systems can
also include fluorescence, thermal infrared (IR), near infrared (NIR), and hyper-
spectral imaging. The accurate estimation of biomass from digital images has been
demonstrated in various crops, including barley (Honsdorf et al. 2014), rice (Yang
et al. 2014), wheat (Golzarian et al. 2011), and sorghum (Neilson et al. 2015).
Accurate growth curves can be derived from these images as shown in Fig. 7.2.
Forward genetics screens using HTP have become a powerful tool to identify
relevant QTL and phenotype germplasm. The efficacy of genetic analysis of HTP
data to identify relevant QTL has been demonstrated in maize (Muraya et al. 2017),
barley (Chen et al. 2014; Honsdorf et al. 2014), rice (Campbell et al. 2015), and
wheat (Parent et al. 2015). High-throughput phenotyping has been used in a for-
ward genetics approach to investigate the genetic basis of maize growth traits and
988 QTL have subsequently been identified (Zhang et al. 2017). These traits
include morphological traits, leaf architecture, biomass, and color. The use of HTP
was crucial in these studies because many of the phenotypes studied were dynamic
metrics, such as growth or transpiration rates, which could only be obtained on
large populations via nondestructive HTP. High-throughput phenotyping has also
been used to assess the response of sorghum to N and water limitation, via their
growth, composition, and shape in a dose-response experiment (Neilson et al.
2015). This study aimed to optimize the use of HTP for the identification of plant
phenotypes that correlated with performance under water and N stress. In addition
to water stress and N treatment, HTP platforms have also allowed the phenotyping
of salinity tolerance in barley (Meng et al. 2017) and rice (Al-Tamimi et al. 2016).



128 N. J. S. Hansen et al.

Fig. 7.1 A controlled environment high-throughput phenotyping platform at The Plant
Accelerator, University of Adelaide, South Australia (2014). In the foreground are 480 wheat
plants during an experiment. In the background are the automated doors leading to the imaging hall

Al-Tamimi et al. (2016) demonstrated that the growth curve analysis available in
the HTP platform allowed the comparison of transpiration (gravimetrically), tran-
spiration use efficiency (TUE), and relative growth rates (RGR) 1-13 days after salt
application in 553 accessions. These phenotypes were then associated with specific
genomic loci via genome-wide association study and have become targets for
further research. The quantification of these phenotypes would not have been
practical prior to HTP and genes with relatively small effects can now be identified
for potential use in genomic selection approaches (Campbell et al. 2017). The use of
HTP in (GWAS) shows promise for the identification of candidate genes for NUE
improvement (Brown et al. 2014).

The same approach used for these complex and dynamic traits could also be used
to fine dissect the component traits of NUE: NUtE and NUpE. The resolution of the
growth observations allows for a dissection of growth rates at specific times during
experiments and in response to changes in N or water availability. For example, the
comparison of RGRs under specific N levels can identify germplasm which is able
to rapidly establish biomass. Early biomass is advantageous for N uptake as N
fertilizer application commonly occurs at seeding and early utilization minimizes
losses. Furthermore, a major advantage of being able to measure growth is the
temporal aspect of the response to N in plants. Growth analysis allows the timing of
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Fig. 7.2 Growth curves of a wheat cultivar under 4 water treatments: well-watered (open square),
well-watered then water stress at day 48 (open circle), water stress (open diamond) and water stress
until day 48 and then well-watered (closed triangle). These growth curves were derived from plant
images captured on a high-throughput phenotyping platform and the amount of biomass is
estimated from the number of pixels that the plants occupy of the image (projected shoot area).
Change in water treatment is represented by the vertical dotted line. SEM shown of four replicates

N response to be determined, this being important in matching growth to fertilizer
availability.

Nitrogen, specifically NOs-, is freely mobile in moist soil but in drying soil its
movement is restricted. The ability to control water availability in HTP systems
allows the application of combined water and N stress. This can help identify which
genotypes are able to respond to different N levels under drought conditions.
Specifically, HTP platforms can identify germplasm which are N responsive under
Mediterranean field conditions, the ‘hot-dry finish’ commonly experienced in wheat
and barley production areas (van Herwaarden et al. 1998). Figure 7.2 (above) shows
the growth curves of wheat and the influence of water treatment on their biomass.

Currently, measuring N uptake in cereals is dependent on destructive harvests or
proxies such as chlorophyll content, which are limiting as they remove plant
material from the experiment or in the case of chlorophyll, are inaccurate at high
concentrations (Ecarnot et al. 2013). The interaction of electromagnetic radiation
with molecules in the leaf makes spectral reflectance measurements a suitable
method to assess leaf chemistry accurately and nondestructively (Kokaly 2001).
Leaf or canopy spectrometry is versatile and has been demonstrated to estimate N in
maize (Yendrek et al. 2016), wheat (Ecarnot et al. 2013), and rice (Sun et al. 2017).
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Such noninvasive methods of phenotyping over time are ideal to tackle the
dynamics of nitrogen partitioning throughout cereals (Garnett et al. 2013).
Noninvasive phenotyping allows the observation of N uptake and partitioning as
well as how these are affected by N availability and interactions with water.
Comparing leaf-N contents between cultivars under changing N supply may pro-
vide insights into their respective N response capacities, i.e., germplasm that are
able to maintain their leaf N content and growth under N scarcity. During remo-
bilization, being able to measure leaf N directly would show the speed and effi-
ciency of translocation, the different contribution of individual leaves and the
interaction with water availability, and how this differs between germplasm.

Phenomics in the Field

Although controlled environment phenotyping systems provide extensive infor-
mation on plant performance and allow the selection of material with putatively
enhanced NUE, field performance is vital for translating research into commercial
outcomes. As discussed, while field trials are essential, they are also problematic
because of the inconsistent environmental conditions within one site, let alone
between field environments. They are also challenging in terms of measuring
growth parameters beyond yield at harvest. Advances in measurement technology
and environmental monitoring mean that modern phenomics could have a major
impact on phenotyping of NUE in the field.

Harvest yield is currently the standard measurement for NUE evaluation in
breeding trials. Material being evaluated for NUE must have higher yields under the
nitrogen treatments tested and, in the case of cereals such as wheat, maintain grain
quality (Foulkes et al. 2009). Huge efforts globally have been expended on purely
yield-based field evaluation of NUE with limited or no success in delivering higher
NUE crops. Success may be improved with better environmental monitoring to
better understand the E component of GXxE. However, even if the environment is
described to the best practice standards, if NUE performance is just based on yield,
large amounts of potentially useful information is lost.

Modern field phenomics technologies facilitate the collection of this noninvasive
range of plant characteristics such as leaf N, providing alternatives to destructive
harvests. Total nitrogen uptake and remobilization can be ascertained from final
biomass harvests and tissue N determination. However, as this is costly, time
consuming and can compromise harvest yield measurement, they are not commonly
carried out. Even if final biomass is measured, it provides no indication of the
temporal nature of N uptake and remobilization. This can be important, for
example, if early uptake of nitrogen is a major determinant of yield. Being better
able to measure component traits that contribute to yield, and that may have greater
heritability than yield per se (Rebetzke et al. 2016), has the potential to facilitate
real improvement in NUE in the future.
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As with controlled environments, field phenotyping will be most effective if
combined with environmental monitoring. Climate data associated with field
evaluations have often been lacking, relying on the nearest meteorological stations
rather than weather stations onsite (Lovett et al. 2007). When phenotyping is
undertaken in a site without adequate environmental observation, results may be
attributed to genetic difference, when in fact they may be due to environmental
conditions. Encouragingly, like in controlled environments, environmental moni-
toring in the field is becoming ubiquitous with decreasing cost and size of instru-
ments. Ideally, each field site should have its own weather station that can also
measure solar radiation. Nitrogen use efficiency and plant performance could then
be normalized for weather conditions, solar irradiance, soil water, or tissue N
content to provide better comparisons of phenotypes between research sites.

Soil greatly influences plant phenotypes; however, it is heterogeneous within and
between field sites, resulting in environmental variation which needs to be
accounted for (Lovett et al. 2007). An ideal field trial site would have a homoge-
nous N and soil structure across the site. Achieving this would require resources
beyond the scope of most research trials and so a compromise needs to be made
between field preparation and variation. As field trial site uniformity cannot be
achieved, effort should be concentrated in monitoring and evaluation. Regular soil
testing should be undertaken during each experiment, and ideally the spatial vari-
ation characterized (Shaw et al. 2016). An idea of the soil disease load is important
and is often available from local area mapping (Heap and McKay 2009). Field sites
should also be mapped for salt, clay, and soil water via electromagnetic conduc-
tance EM38 measurements (Araus and Cairns 2014). Where possible, the hetero-
geneity of field sites should be quantified and the differences taken into account in
experimental design.

The nondestructive phenotyping of modern phenomics allows the acquisition of
much more information on plant performance compared to destructive harvests
alone, allowing a much better understanding of the dynamics of traits. For this
reason, numerous groups are working on improving field phenotyping capabilities
with a variety of approaches being utilized to increase the precision, resolution, and
throughput of phenotyping in situ by the conveyance of sensors over the crop
canopy (Araus and Cairns 2014; Virlet et al. 2016).

Field HTP Technologies

The capacity of HTP in the field to characterize the performance of thousands of
plants rapidly in situ is already available and the amount of data that can be
collected can be challenging (White et al. 2012). The difference in the rate of data
collection between HTP and conventional phenotyping is significant. A tractor
boom-operated sensor bank containing multispectral cameras, ultrasonic sensors,
and environmental monitoring instruments is able to collect height, canopy tem-
perature, and reflectance ratios, which correlate well with yield, biomass, flowering
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time, and N status at a throughput of 3,000 plots an hour. In contrast, the rate of
manual phenotyping done by two people for the simple trait of ‘plant height’ is
about 45 plots an hour (Tanger et al. 2017).

The sensors used in field phenotyping must be conveyed across the top of the
plant canopy and many methods have been developed or utilized to do this.
Systems range from ground-based gantry structures (Virlet et al. 2016), unmanned
aerial vehicles (UAVs) (Sankaran et al. 2015), ‘phenobuggies’ (Crain et al. 2016;
Rebetzke et al. 2016), or modified agricultural vehicles (Tanger et al. 2017), each
having their own issues around sensor payload, resolution, cost, and speed. UAV
drones and blimps fly above the canopy with sensor payloads generally weighing
less than 5 kg, carrying RGB and multispectral cameras (Burger and Geladi 2006;
Chapman et al. 2014). Field buggies or ‘phenobuggies’ range in complexity from a
manually pushed trolley to larger motor and GPS-assisted vehicles (Fig. 7.3)
(Deery et al. 2014; Crain et al. 2016) and are a convenient compromise between
large payload and low-tech solutions. Agricultural vehicles such as tractors and
quadbikes can be utilized with sensors attached to booms (Tanger et al. 2017).
Ground-based methods can provide high spatial resolution observations due to the
proximity of the sensor to the canopy, albeit at a lower throughput than UAVs.
Unlike UAVs, ground-based platforms are not as restricted in their sensor payload
and can carry heavier sensors such as short-waved infrared (SWIR) hyperspectral
cameras (Eitel et al. 2014). Ground-based systems are disadvantaged under
waterlogged conditions and may cause soil compaction after repeated

Fig. 7.3 A ‘Phenomobile Lite’ carrying sensors above a wheat trial, a noninvasive method to
phenotype cereals in situ. HRPPC CSIRO Canberra, Australian Capital Territory
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measurements. A permanent gantry structure avoids soil disturbance and can
operate under wet conditions while maximizing the number of sensors conveyed,
resulting in permanent high spatial resolution, where the detection of individual
wheat ears in a plot is possible (Virlet et al. 2016). However, the disadvantages are
cost, limited number of plots, and the fixed location requiring compromises
between repeat experiments and necessary crop rotation (Andrade-Sanchez et al.
2013; Virlet et al. 2016).

For NUE phenotyping, RGB and multispectral cameras can be used to assess plant
biomass, architecture, and chlorophyll-based indices such as normalized difference
vegetation index (NDVI) (Holman et al. 2016). Spectral reflectance indices from
multispectral cameras have demonstrated good correlation with wheat yield under
irrigation (Babar et al. 2006) as well as many other physiological parameters
(Pefiuelas and Filella 1998). Although multispectral cameras cannot give a direct
measure of plant N status, they can greatly expand the physiological parameters
which can be collected nondestructively and that may correlate with NUE perfor-
mance. Hyperspectral reflectance can also be utilized in the field to measure N
directly in leaf tissue (Ecarnot et al. 2013). Light detection and ranging (LIDAR)
(with and without a red laser) has also been used to simultaneously measure biomass
and nitrogen distribution in the canopy (Eitel et al. 2014; Rebetzke et al. 2016).

Recent examples of high-throughput NUE phenotyping in the field have
included the categorization of sorghum growth in response to N fertilization in
order to assist with genomics-assisted breeding selection (Watanabe et al. 2017).
When UAVs fitted with near-infrared green-blue (NIR-GB) cameras were used to
predict canopy height, r* values of 0.678 at high-N and 0.842 at low N were found
for correlations with actual canopy height. Alternatively in rice, ground-based HTP
was utilized on a population of 1,516 recombinant inbred lines (RILs) to assess
canopy height, temperature, and reflectance ratios which correlate well with bio-
mass, leaf area index, flowering time, and nitrogen status (Tanger et al. 2017).
These methods were able to identify the genomic regions associated with yield and
yield-related traits in this large mapping population. High-throughput phenotyping
facilitated this research and allowed it to be done significantly faster and at a lower
cost than conventional phenotyping. More importantly, it allowed measurement of
parameters that would have been impractical using manual measurement, and
allowed them to be measured nondestructively on multiple occasions.

Conclusion

Little progress has been made in improving NUE of cereals (Garnett et al. 2015).
This is despite the fact that the genomes of important cereal crops have been
sequenced. Furthermore, genes, loci of interest, and regulatory networks influenc-
ing NUE have been identified but, as yet, no improved NUE cereals have been
released commercially. Deepening genetic understanding may have provided false
hope that improving cereal NUE could be easily achieved. The NUE research
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carried out in the field and in controlled environments, although not yet leading to
germplasm with improved NUE, has helped us better understand the complexity of
the trait and, in particular, the major GxE interaction. Modern phenomics as
detailed here gives us the opportunity to better characterize the environment, plant
responses to the environment and, combined with continually increasing genetic
information, offers the opportunity to make real progress in improving NUE.
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Abbreviations
N Nitrogen
NO; Nitrate

12S SSG 12S seed storage globulin protein
HYPO Hypothetical protein
BBCH BASF, Bayer, Ciba-Geigy, Hoechst (BBCH) scale

DAS Days after sowing
DAT Days after transplanting
RO Reverse osmosis
Introduction

Nitrogen (N) is a key component of many important biological compounds in
plants. When nitrogen is deficient in corn, plants exhibit premature senescence,
delayed flowering, and yields are reduced to 60 bushels (bu) acre”!, whereas
optimally N-fertilized corn will easily yield more than 200 bu acre™' (Sawyer
2015). N is taken up by roots then reduced and assimilated in leaves (Lemaitre et al.
2008), but its capacity to utilize these stores encounters several rate-limiting steps,
ultimately leading to a plateau in yield despite increased N input. Long-term studies
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in Iowa showed that returns in corn yield response diminished substantially as the
fertilizer N rate increased above 120 bu acre™! (Sawyer 2015).

Additionally, adding large amounts of nitrogen fertilizer to fields is not the best
solution for two reasons. First, environmental impacts of nitrogen runoff have
become a major problem in modern agriculture. Plants are only able to utilize
30-50% of applied N to useful food products (Masclaux-Daubresse et al. 2010),
and 8-9% is leached out of soil as nitrate (Cameron et al. 2013). This represents a
major ecological problem, as leached nitrate pollutes surrounding waterways and
oceans. Secondly, while worldwide N fertilization use has increased sevenfold in
forty years (Hirel et al. 2007), and the cost of nitrogen to farmers is the most
expensive input on well-watered fields (Masclaux-Daubresse et al. 2008). With
increasing food demands, it is imperative for farmers to increase yields while
reducing inputs. One way to achieve this is by finding genotypes that are more
efficient at nitrogen metabolism.

Nitrogen metabolism can be divided into two phases: accumulation and remo-
bilization (Hirel et al. 2007). The first phase, accumulation, occurs during the
vegetative stage, where available nitrogen (usually supplied as nitrate) is absorbed
by the roots. Nitrate is accumulated and stored in the leaves as nitrate for later use
when uptake and accumulation become limiting. Genes with improved nitrogen
accumulation are beneficial, as they can absorb and accumulate more N (Hirel et al.
2007), reducing input, cost, and nitrogen leaching to the environment. However,
improving accumulation alone will not yield the most effective results. The next
phase, remobilization, primarily occurs during the reproductive stage. At this stage
in the life cycle, uptake and accumulation have become significantly slow, and
stored nitrate from vegetative tissue starts to be remobilized to younger leaves and
reproductive tissues (Hirel et al. 2007). During grain filling, 45-65% of grain N in
corn and 60-95% of grain N in rice comes from remobilization (Hirel et al. 2007,
Masclaux-Daubresse et al. 2008). Harnessing this genetic variability can aid in
increasing yield (Hirel et al. 2007). Gene discovery for increased nitrogen utiliza-
tion efficiency (NUE) should include both accumulation and remobilization to have
the most impact on yield. During N depletion conditions, nitrate, a transportable N
source, disappears fast from source tissues, indicating plants can mobilize N
reserves to maintain N metabolism (Richard-Molard et al. 2008). Plants ability to
withstand N deficiency is related not only to its ability to accumulate and store
nitrate, but also transport nitrate to sink tissues (Richard-Molard et al. 2008) as
uptake by source tissues is insufficient for high demands of sink tissues
(Masclaux-Daubresse et al. 2008). Thus, it is necessary to study both accumulation
and remobilization to have the best approach in finding genes with improved NUE.

There are two strategies for finding genotypes with improved nitrogen meta-
bolism. The most common approach is to screen plants that can maintain standard
yields with reduced nitrogen inputs. Genes identified by this approach can ulti-
mately reduce nitrogen input and thereby reduce economic and environmental
impacts; however, an increasing world food demand mandates an approach to
increase yield with the same nitrogen input, requiring overcoming the plateau effect.
This study was conducted to improve our understanding of the transition between
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nitrogen accumulation, assimilation, and remobilization especially when nitrogen is
limiting and to pinpoint the strategies by which plants can improve their remobi-
lization efficiency.

We developed a hydroponics assay that can successfully evaluate genetic effi-
cacy for both phases of nitrogen metabolism in Arabidopsis thaliana. Hydroponics
is advantageous in allowing complete and precise control of nutrient media as well
as characterization of intact root system which is difficult to evaluate in soil (Hirel
et al. 2007). While there are few studies that investigate or characterize root mor-
phology and its relationship to N supply, biomass, production, and yield (Hirel et al.
2007), it is necessary to evaluate the site of N uptake and observe modification of
the root architecture as plants forage for nutrients (Lemaitre et al. 2008). In addition,
to effectively evaluate remobilization, it is necessary to establish significant
resources in the sink, which is directly impacted by photoperiod. Use of short-day
(10 h) conditions in this study was effective in increasing nitrogen storage in source
tissues more than long day, allowing differences in as low as 1 week of treatment
initiation of nitrogen depletion to show exponential changes in seed yield.

Under these conditions, we demonstrated that plants became efficient under
limited N: They fully assimilated all taken up inorganic N and distributed more N to
the critical parts, seeds and roots, as a survival strategy. The method was also used
to elucidate responses to limited N of two N-stress tolerant genes contrasting in
their responses to limited nitrogen environment.

Results

Understanding Plant Response to Nitrogen Depletion
Under Short- and Long-Day Conditions

Seed Yield Response to Nitrogen Depletion for Plants Grown
Under Short- and Long-Day Conditions

Obtaining high seed yield is the ultimate goal in studying remobilization efficiency.
As external N supply is reduced, vegetative tissue must remobilize N to the
reproductive tissues to promote early flowering. If a gene improves remobilization
efficiency, an increase in seed yield can result under N depletion, as an increased
mobilization of N supply from vegetative tissue to the seeds will facilitate protein
synthesis. Photoperiod can directly impact flowering and therefore seed production.
In Arabidopsis, under short day (10 h) energy is mostly spent in increasing source
tissue, while, under long day (16 h), energy is mostly spent on increasing sink
tissue. For a remobilization screen, short day may be ideal, as increasing source
capacity allows more resources for remobilization to sink tissues. However, with
energy diverted to source under short day, the sink tissue could be too limiting to
evaluate genetic differences in remobilization. It is also important to establish the
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timing of the N depletion on the plant life cycle. Implementing the treatment too
early or too late may not allow sufficient sensitivity to detect changes in resource
redistributions.

To address the above concerns, plants were grown in this study under N suffi-
cient conditions under short- or long-day conditions for 4 weeks after which one of
four N depletion treatments was initiated, plus a control group grown in N sufficient
conditions for the duration of the life cycle. Plants for both photoperiods were
grown under N sufficient conditions until N depletion initiation, which was
implemented on either 4, 5, 6, or 7 weeks, and continued until growth stage 9.7
(Lancashire et al. 1991). Due to rapid growth of reproductive tissue under long day,
long-day plants were grown for 8 weeks after sowing, while short-day plants were
grown for 10 weeks. The control population for both photoperiods was continually
grown under N sufficient conditions.

In this study, our primary metric for evaluating remobilization efficiency was
yield. Under both short- and long-day conditions, seed yield increased with
increased duration of N sufficient conditions (Fig. 8.1). As expected, long day
produced higher yield than short day. Short-day yield was more sensitive to N
supply, with a significant reduction between 4 and 5 weeks duration of N depletion
conditions. This shows short day to be more sensitive to N depletion conditions
than long day, allowing better detection of efficacious genotypes. Because of the
significant changes in yield between 4 and 5 weeks, N depletion initiation at
4 weeks under short-day conditions was selected as the threshold for tolerance due
to potential sensitivity in detecting efficacious genotypes.
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Fig. 8.1 Effect of seed yield under short and long day due to exposure of N depletion
conditions. Short-day conditions were more sensitive in detecting differences in seed yield under
N depletion. A significant shift was observed at 3 and 4 weeks under exposure to N depletion
conditions under short day. Error bars = standard error
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Dry Mass Distribution Response to Nitrogen Depletion for Plants
Grown Under Short- and Long-Day Conditions

To understand the implication remobilization has on all plant tissues, dry weights
were collected on roots, rosettes, inflorescence, and seeds. As expected, more
biomass accumulated in the reproductive tissues under long day, whereas short day
increased vegetative tissues (Fig. 8.2). Under long-day conditions, the distribution
of biomass for each tissue type changed very little with prolonged exposure to N
depletion conditions. As exposure to N depletion increased under long day, the total
biomass was reduced, but the distribution each tissue contributed to total biomass
remained the same, with inflorescence accounting for approximately 70%
(Fig. 8.3). Plants exposed to short-day conditions not only changed the total bio-
mass with exposure to N depletion conditions, but also changed the distribution of
biomass. As plants were exposed to N depletion conditions for a longer interval,
energy was diverted from increasing rosette and inflorescence to increasing yield
and root tissue. Yield was increased to accelerate seed development before plant
death, and roots were increased to forage for more nitrogen. Interestingly, the
short-day control treatment had more biomass than the long-day control treatment,
most likely due to increased exposure to N sufficient conditions due to longer life
cycle. These data support the conclusion that short day is more sensitive than long
day under N depletion conditions to detect potential genetic changes in remobi-
lization efficiency.
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Fig. 8.2 Dry mass distribution (grams) under short and long day due to exposure of N
depletion conditions. Biomass allocation was significantly impacted by N depletion, especially
under short day. More biomass accumulated in source tissue under short-day conditions than long
day at 3 and 4 weeks under N depletion and control treatment
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Fig. 8.3 % Dry mass of short- and long-day plants under exposure to N depletion
conditions. Prolonged exposure to N depletion conditions significantly altered the biomass
allocation under short-day conditions, but not under long-day conditions

Total N Response to Nitrogen Depletion for Plants Grown
Under Short- and Long-Day Conditions

Total N (mg plant™") measures the N content accumulated and stored in the plant.
Improved accumulation was observed by increases in total N under N sufficient
conditions. Under N depletion conditions, excess stored N is remobilized to the
reproductive tissues to promote an increase in seed yield, and one way to determine
improved remobilization is observing increased depletion of stored N from vege-
tative tissue under N depletion conditions. Total N was collected for roots, rosettes,
and seeds under short- and long-day conditions. Under short day, plants increased
total N in source tissues, mostly as storage, in response to prolonged exposure to N
sufficient conditions (Fig. 8.4). Under long day, plants had the largest amount of
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Fig. 8.4 Total N (mg plant™") of short- and long-day conditions under prolonged exposure
to N depletion conditions. Total plant N was higher under short-day conditions than long day. As
severity of N depletion conditions increased, N accumulation was reduced in rosette tissues and
increased in roots and seeds, especially under short day
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Fig. 8.5 % Total N distribution per plant of short and long day under prolonged exposure
to N depletion conditions. As exposure to N depletion conditions increased, total N shifted from
rosettes to roots and seeds, especially under short-day conditions

total N in seeds. Allocation of N under short day shows that total N was sacrificed
in rosette tissue for seed and roots as N depletion conditions were prolonged,
suggesting remobilization out of source and into sink tissues (Fig. 8.5). However,
under long day, N depletion conditions had little impact on distribution of N,
showing that short day is the preferred photoperiod for a remobilization screen.

Total NO; Response to Nitrogen Depletion for Plants Grown
Under Short- and Long-Day Conditions

Total NO; content changes in different tissues in response to N treatment reflect
how well plants accumulate, assimilate, and remobilize NO;. To evaluate NO;
accumulation and remobilization, we analyzed tissues for total NO3; N. Under
sufficient N supply, excess N is accumulated and stored as NO5 in vegetative tissue
for subsequent assimilation and remobilization to reproductive tissues. This occurs
naturally during flowering, as accumulation slows and N must be assimilated and
remobilized to the reproductive tissue for seed development. This can also occur
prematurely to promote reproductive tissue growth prior to plant death when N
supply is limited and accumulation slows. As a result, N is remobilized to the
reproductive tissue to hasten seed development prior to plant senescence.

Under both short- and long-day conditions, NO3 accumulated mainly in the
rosettes, the main storage component in Arabidopsis plants (Fig. 8.6). As N supply
was depleted, NO; reserves decreased. However, NO; levels under short-day
conditions were exponentially decreased as N depletion became more severe,
showing effective remobilization to seeds under limiting N. Under long day, NO;
levels were also reduced, but not as severely as under short day. Under short day,



148 A. Zayed and R. Crosby

mSeed Vield

- Short Day :i::m Long Day

E 100%

8

’-5 T5%

g o I I I I ! I I I

2 25%

=

2 0%

° 3 Control 1 Control
Weeks in N depletion

Fig. 8.6 % Distribution of total plant NO; of short and long day under N depletion
conditions. A significant shift is observed in distribution of NO; at the two most severe N
depletion treatments in both short- and long-day plants. At this treatment, nearly all stored NO; has
been assimilated to promote seed set before plant death

30 Short Day mSeed Yield Long Day
= @Rosette
—'g 20 ORoot
5]
o
S
= 10
=

°_ _ —_ N . —m N

6 5 4 3 Control K 3 2 1 Control
Weeksin N depletion

Fig. 8.7 Total plant NO; (mg plant ') of short- and long-day conditions under prolonged
exposure to N depletion conditions. Nitrate accumulated mainly in the rosettes under control
conditions and is depleted as exposure to N depletion conditions increases. Short-day plants
accumulate and deplete NO5 at a greater rate than plants grown under long-day conditions

the two most severe N depletion initiation treatments (5 and 6 weeks) completely
eliminated all NOjs reserves, showing these conditions to be too severe for evalu-
ation of remobilization. Week 4 has trace amounts of NOj3, but enough to support
high seed yield and total plant biomass (Fig. 8.7). As a result, these conditions were
selected for a case study of two genes, 12S SSG and HYPO, found to have
improved N uptake in a different nitrogen seedling assay as described below.
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Evaluation of N Uptake Genes

Low Nitrogen Response Screen

A low nitrogen (0.2 mM) vertical plate screen was performed to identify the
transgenic plants showing increased or decreased N accumulation and/or utilization
when subjected to the low N environment. The down-regulation of the 12S seed
storage globulin (12S SSG) gene (as antisense configuration) and the
over-expression of a hypothetical protein (HYPO) gene (as sense configuration)
were identified by this low N screen (Fig. 8.8). In response to low N stress, control
seedlings exhibit three symptoms. First, root area increases as the plant forages for
nutrients (Lemaitre et al. 2008). Secondly, as energy is diverted from the shoots to
the roots, shoot fresh weight is reduced. Lastly, anthocyanin accumulates in the
rosettes as a stress response, exhibiting red and purple coloring on leaves. The 12S
SSG exhibited signs of low N tolerance to all three symptoms. This gene resulted in
significantly higher fresh weights in both low N and sufficient nutrient media,
greener rosette color, and a smaller root area. However, interestingly when the 12S
SSG was subjected to a drought soil assay, significantly smaller seed yield was
observed, suggesting sensitivity to water stress. Conversely, the HYPO transgenic
exhibited only reduced anthocyanin accumulation as a low N-stress tolerance
response, suggesting a different mode of action in N metabolism from the 12S SSG.

Total Nitrogen Changes in Response to Nitrogen Sufficient
and Depletion Conditions

Under N sufficient conditions, the 12S SSG protein (line 2) accumulated signifi-
cantly more total N than control in seed and inflorescence tissues as well as the
roots, indicating increased N accumulation in roots and reproductive tissue
(Figs. 8.9a—d). Under N depletion conditions, the 12S SSG had higher total N in
seeds in both lines, indicating improved N remobilization to seeds under N

Fig. 8.8 Low N vertical plate screen identifies genes with altered N response. The 12S SSG
exhibited three signs of low N tolerance: increased rosette fresh weight, decreased root fresh
weight, and reduction in anthocyanin accumulation. The HYPO exhibited only the reduction in
anthocyanin accumulation
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Fig. 8.9 Total nitrogen (mg plant ') allocation in transgenic and control tissues under N
depletion and N sufficient conditions. Total N is higher than control in seeds for 12S SSG and
lower than control for HYPO. 12S SSG had improved N accumulation under N sufficient
conditions, and the stored N was utilized under N depletion conditions, preferentially to the seeds.
The HYPO increased N storage under N sufficient in all tissues except seeds. The stored N was
utilized under N depletion, with seed N content reduced even further. Total N for 12S SSG seed
yield (a), inflorescence dry weight (b), rosette dry weight (c), root dry weight (d), HYPO seed
yield (e), inflorescence dry weight (f), rosette dry weight (g), and root dry weight (h). * indicates
significance <0.1; ** indicates significance <0.05. n = 3. Error bars = standard error

depletion conditions. All other tissues were neutral (except for a varied response in
root tissue between the two transgenic lines), indicating increased N accumulation
under N sufficient conditions was utilized evenly among these tissues when sub-
jected to N depletion. Thus, the 12S SSG gene, which may be involved in
increasing C and N to seeds (Hou et al. 2005), shows increased N accumulation in
vegetative tissues and increased remobilization and assimilation of this excess N to
the reproductive tissues under N depletion conditions.



8 Nitrogen Partitioning and Remobilization in Arabidopsis ... 151

The HYPO transgenic was also found to have increased N accumulation in
inflorescence and root tissues, as well as rosettes in 2 of 3 transgenic lines. More
total N was accumulated in the control line in vegetative and inflorescence tissues
under N sufficient conditions, but when subjected to N depletion conditions, total N
in the HYPO transgenic was comparable to control, indicating relatively enhanced
N accumulation under N depletion conditions (Figs. 8.9e-h). However, unlike the
12S SSG, total N in seeds was found to be less than control at both conditions. This
suggests that excess N was preferentially accumulated and utilized in vegetative
tissue and inflorescence, whereas seed N was reduced. The increased N accumu-
lation in vegetative and inflorescence tissues suggests this transgenic may increase
N uptake, but the decrease in seed N suggests a lack of a role of this gene in N
partitioning or long-distance transport.

Total Nitrate Nitrogen Changes in Response to N Treatment

For a gene to help improve remobilization efficiency, it should facilitate increased
NOj storage under N sufficient conditions and efficiently remobilize these excess N
stores under N depletion conditions. Under N sufficient conditions, both lines of the
12S SSG transgenic increased total NO5; N storage over control at vegetative and
inflorescence tissues, indicating the excess N was being stored as NOj in these
tissues (Figs. 8.10a—d). The seeds had high N but comparable NO; levels as the
control plants, indicating that the transgenic lines utilized excess N to assimilate
proteins instead of storing it as NO3;. When subjected to N depletion conditions, all
tissue types for transgenic line 2 of the 12S SSG gene were either comparable or
lower than control, indicating the excess N stored as NO; under N sufficient con-
ditions was effectively assimilated when the N deficiency was encountered.
However, seed N was comparable to control at both conditions, indicating a normal
sink—source relationship.

Similarly to the 12S SSG transgenic, the total NO; N content for 2 of the 3
HYPO transgenic lines under N sufficient conditions was higher than control plants,
particularly in inflorescence (Figs. 8.10e—h). Additionally, under N depletion, NO;
N content in vegetative and reproductive tissues of the HYPO transgenic lines was
either comparable or less than the control, indicating efficient utilization of stored
NOs;, also seen in the 12S SSG. However, seed NO; content of the HYPO trans-
genic was reduced in response to N deficiency, indicating a preference to retain
NOj storage in vegetative tissue as opposed to seeds. Under N depletion conditions,
the transgenic conserved NOj preferentially in vegetative tissue compared to the
control, reducing NO; levels in seeds, illustrating an unusual source—sink
relationship.
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Seed Yield Response to Nitrogen Depletion

In response to N depletion, wild-type seed yield is typically reduced compared to N
sufficient, and this trend was observed in the control plants of the 12S SSG (12%
reduction). Under N sufficient conditions, lines 1 and 2 of 12S SSG transgenics
produced 8 and 14% more seed yield than control, respectively (Fig. 8.11).
However, when subjected to N depletion conditions, both lines of the 12S SSG
transgenic increased seed yield over the control, with line 2 increasing seed yield
45% over control. This suggests that the increased accumulation of N and storage as
NOj; in vegetative tissue of the 12S SSG transgenic under N sufficient conditions
allows for increased reserves to be remobilized to the seeds under N depletion
conditions, thereby increasing seed yield. The 12S SSG is believed to contribute to
increasing C and N in seeds, allowing seeds to act as an N sink. When subjected to
N depletion, N is more efficiently sent to seeds in the 12S SSG transgenic, resulting
in even higher yield than control under N depletion compared to N sufficient.
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Fig. 8.11 Impact of N depletion and N sufficient conditions on seed yield. Under N depletion
conditions, 12S SSG plants increased seed yield over N sufficient conditions, whereas the HYPO
plants decreased seed yield. * indicates significance <0.1; ** indicates significance <0.05. n = 3.
Error bars = standard error

Under N sufficient conditions, all three HYPO transgenic lines had reduced seed
yield of 5-20% compared to control, despite an increase in total N and NO5
accumulation in seeds. Under N depletion conditions, all three HYPO transgenic
lines had even further reduction (23-37%) in seed yield compared to the control,
indicating sensitivity of the HYPO transgenic lines to N depletion conditions. It
suggests that N was not efficiently remobilized to seeds due to preferential retention
of N and NOs in the source tissue, resulting in a significant decrease in seed yield of
the HYPO transgenic lines under N-depleted conditions compared to the control.

Biomass Distribution Response to Nitrogen Depletion

To evaluate the effect that total N and total NO5; N have on plant tissue biomass, we
collected dry weights of plant tissues harvested from both N sufficient and N
depletion conditions for both the 12S SSG gene and the HYPO transgenics.
Typically, tissues with high N and NO; levels will also have increased biomass.
Under N sufficient, only the inflorescence biomass of transgenic line 2 of the 12S
SSG significantly increased over the control (Fig. 8.12c¢). However, under N
depletion conditions, seed yield increased in line 2 (Fig. 8.12b), while root biomass
increased in line 1 (Fig. 8.12e). As expected, rosettes of the control and the
transgenic plants from both the 12S SSG and the HYPO genes exhibited early
senescence and anthocyanin accumulation under N depletion conditions
(Fig. 8.13). However, no significant differences in rosette biomass were observed
between the control and the transgenic lines (Fig. 8.12d). This suggests that the
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Fig. 8.12 Biomass
allocation under N depletion
and N sufficient

conditions. 12S SSG total
biomass (a), seed yield (b),
inflorescence dry weight (c),
rosette dry weight (d), root
dry weight (e), and HYPO
total biomass (f, seed yield
(g), inflorescence dry weight
(h), rosette dry weight (i),
and root dry weight (j).
Under N depletion conditions,
the 12S SSG transgenic plants
allocated more biomass to
seed yield, whereas the
HYPO transgenic plants
allocated more biomass to
rosette and less to
inflorescence. * indicates
significance <0.1; **
indicates significance <0.05.
n = 3. Error bars = standard
error

Fig. 8.13 Control plant
rosettes under N sufficient at
10 weeks are green with
little senescence. Under N
depletion, control plants show
increased anthocyanin
accumulation and senescence
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increased N and NO; content under both N sufficient and N depletion conditions in
the 12S SSG transgenic lines did not translate to increased total biomass. However,
seed yield increased in the 12S SSG transgenic lines under N depletion, most likely
due to increased N remobilization from vegetative tissue to reproductive tissue.
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The HYPO transgenic had an increase in total biomass under N sufficient
conditions in 2 of 3 transgenic lines, primarily due to significant increases in
inflorescence tissue (Fig. 8.12f). Interestingly, increased inflorescence did not
translate to increased seed yield, and one transgenic line had decreased yield
compared to control, while the remaining two transgenic lines were nonsignificant
(Fig. 8.12g). Under N depletion conditions, all three transgenic lines of the HYPO
transgenic had reduced seed yield compared to the control (Fig. 8.12g), while two
of the three lines had increased rosette biomass (Fig. 8.12i). Since vegetative tissue
had increased total N and NO3 under N depletion and increased biomass, it suggests
that the vegetative tissue growth was preferred over reproductive tissue growth
under N depletion conditions in the HYPO transgenic lines. Thus, under N suffi-
cient conditions, more biomass was accumulated in all tissues except seed, probably
due to excess N storage in vegetative tissues. Under N depletion, excess N in
vegetative tissue was utilized to promote vegetative growth, as opposed to being
remobilized to the reproductive tissue (unlike 12S SSG), suggesting this gene to be
inefficient at N remobilization compared to the control.

Discussion

Adaptation to limiting N conditions is an important survival strategy that plants use
to successfully complete their life cycle under such sub-optimal environmental
conditions. In developed countries, it is customary that farmers use large amounts
of N fertilizers for most crops to help prevent fluctuating levels of N from impacting
yield but, as a consequence, much of this N is wasted to the environment. By
contrast, in developing countries N fertilizer is not readily available to many
farmers. Therefore, in either case developing crops that have improved genetics for
yielding well under limiting N conditions would be very advantageous (Kant et al.
2011). The goal of this study was to understand the response of plants to limiting N
conditions in order to use this knowledge to improve NUE either by increasing
yield under existing levels of N supply or by decreasing N application levels while
maintaining current yield.

Considering the investment of plants in N acquisition, the remobilization of N
during senescence is critical for efficient N usage and for plant survival. Senescence
represents the final developmental act of the leaf, during which the leaf cell is
dismantled in a coordinated manner to remobilize nutrients and to secure repro-
ductive success (Thomas 2013). The onset of senescence is strictly regulated and
occurs under optimal conditions in an age-dependent manner. However, upon
exposure to environmental stress or nutrient deficiency, the plant can execute the
senescence program as an adaptive response to promote survival and reproduction
(Schippers et al. 2015). Arabidopsis exhibits two types of senescence: sequential
and reproductive senescence. During sequential senescence, older leaves senesce
and their nutrients are translocated to younger, growing parts of the plant.
Reproductive senescence occurs at the whole-plant level and promotes seed
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viability and quality (Noodén and Penney 2001). The current study showed that
Arabidopsis plants exposed to increasing levels of N depletion had very limited
growth, as judged by limited biomass accumulation, and underwent an apparent
survival mode. As the severity of N depletion increased, plants not only fully
assimilated all inorganic N stored in source tissues (Fig. 8.6), but also initiated their
reproductive senescence earlier resulting in a more efficient redistribution of N and
total biomass to roots and seeds (Figs. 8.3 and 8.5). Allocation of more N to the
roots sustains root growth and supports the root system’s sophisticated foraging
strategy to find novel nutrient resources once those in the immediate vicinity
become depleted (Guan et al. 2014; Higuchi et al. 2014). Upon exposure to
N-depleting conditions, premature senescence of rosette leaves also promoted
whole-plant survival through the allocation of a larger ratio of N and biomass
distribution to the seeds (Figs. 8.3 and 8.5). The processes of senescence and
remobilization provide the plant with phenotypic plasticity to help it adapt to
adverse environmental conditions. Senescence and remobilization may not be the
only strategy that plants use for survival under environmental stress conditions. For
example, under salt stress the accumulation of Na* in older leaves might promote
the survival of young tissues to ensure reproductive success. However, it remains to
be demonstrated whether the remobilization of nutrients from salt-saturated leaves
actually occurs (Schippers et al. 2015).

Development of genetic varieties with improved nitrogen use efficiency
(NUE) is essential for sustainable agriculture. Understanding the mechanisms
regulating

the processes of N accumulation, assimilation, and remobilization is crucial for
the improvement of NUE in crop plants (Kant et al. 2011). The above results help
us better understand the physiological basis of variation in NUE in plants and
therefore may offer avenues to increase NUE in crop plants by genetically engi-
neering plants with genes responsible for efficient N remobilization even when N is
not limiting. To that extent, two of the genes (125 seed storage globulin precursor
and a hypothetical protein) that were identified to have potential to improve plant
tolerance to limited nitrogen were assessed for their N remobilization efficiency
using the hydroponic method described here. Phenotypic and metabolic analysis of
Arabidopsis plants transformed with these two genes showed that the gene
encoding the 12S seed storage globulin precursor has improved accumulation,
assimilation, and remobilization, leading to increased seed yield under N depletion
conditions. Conversely, the hypothetical protein has improved accumulation in
vegetative tissues, but reduced assimilation and remobilization, leading to reduced
seed yield. These results demonstrate that screening for tolerance to limited N to
discover genes and genotypes that can improve NUE in crop plants is not sufficient
unless coupled with other methods that can further explore the potential of these
genes and genotypes to fully utilized accumulated nitrogen in grain and seed filling
through remobilization. This is especially critical as 40-90% of the nitrogen used in
seed filling in various crops comes from remobilization.
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Materials and Methods

Plant Transformation and Hydroponic Plant Growth

Plant transformation was performed by floral dipping method as described in Zhang
et al. (2006). T, seeds were suspended in 0.1% agarose and stratified for three days at
4 °C for better germination. After stratification, seeds were sown on customized
charcoal gray 25 mm x 9 mm foam “identi-plugs” (VWR, Batavia, Illinois) and
saturated with deionized water. Plugs were placed in a 72 cell count plug flat
(28 cm x 14 cm X 2.5 cm) and placed in a propagation dome with 4 L of germi-
nation nutrient solution (See “Nutrient Solution Preparation”). Light was prevented
from contacting solution to prevent algal growth. Plants were grown in a walk-in
growth room (TCR480, Conviron, Winnipeg, Manitoba, Canada) at standard condi-
tions (22 °C day, 20 °C night, 65% relative humidity, 250 umol m 2 s ' light
intensity, and 16 h photoperiod) for three weeks. Nutrient solution volumes in the
hydroponic trays were maintained at 4 L twice per day 0-5 days after sowing (DAS).
To promote root elongation, solution volume was reduced to 3 L 5-13 DAS. At 11
DAS, seedling thinning was performed leaving one seedling per plug. Genes selected
were identified as having altered nitrogen metabolism when grown on low nitrogen
media (0.2 mM), consisting of Hoaglands recipe (Hoagland 1950) and agar media on
petri plates (Cat # 4021, Nunc, Rochester, New York) for 21 DAS, in walk-in growth
room at standard conditions. The two genes selected were 12S seed storage globulin in
antisense configuration (At1g07750—*“12S SSG”) and a hypothetical protein in sense
configuration (At3g49550—“HYPO”). HYPO had three transgenic events that were
selected for experimentation, while 12S SSG had two transgenic events. A transgenic
line containing an empty vector was used as the control.

Nitrogen Treatment

21 DAS plants at growth stage of 5.10 in BBCH scale, where inflorescence
emergence is observed (Boyes et al. 2001), were transplanted to hydroponics trays
containing vegetative nutrient solution (see “Nutrient Solution Preparation”).
20 seedlings from each transgenic line and 10 seedlings from the control line were
transplanted. Each plug was placed in a small plug holder with dimensions 4.1 cm
ID x 49 cm OD x 1.4 cm H (custom order, Caplugs, Buffalo, New York).
During all stages of plant development, nutrient solution was monitored three times
per week. Nutrient solution volume was adjusted with reverse osmosis (RO) water
if water loss/uptake exceeded 10%. pH was maintained between 5.75 and 6.25.
Electrical conductivity (EC) was monitored and controlled so not to exceed +20%.
Solution was replaced once per week. 35 DAS (14 days after transplanting [DAT],
growth stage 6.0), T, timepoint tissue collection was performed on 40% of the
population (8 plants per transgenic seed line). After T, tissue collection, 6 trans-
genic seedlings were subjected to nitrogen depletion conditions, while the



158 A. Zayed and R. Crosby

remaining 6 transgenic seedlings maintained nitrogen sufficient conditions. 70 DAS
(49 DAT, 35 days after treatment, growth stage 9.7), a final harvest was performed
for the remaining population from the nitrogen depletion and nitrogen sufficient
treatments. For all plant harvests, dry biomass, total nitrogen, total carbon, and
nitrate contents were collected on roots, rosettes, inflorescence, and seeds (when
available).

Hydroponics System Description

Hydroponics system consists of one 100-L reservoir, which continuously pumped
nutrient solution at a speed of 7 L per minute to each of three hydroponics trays.
Dissolved oxygen concentration was enhanced using aquarium air-stones.
Hydroponics tray dimensions were 121 cm x 61 cm x 53 cm. Nutrient solution
in trays was kept at a depth of 15 mm and allowed to freely drain back to reservoir.
Two hydroponics systems (2 reservoirs and 6 trays) were used. These systems were
positioned across from one another to mitigate any environmental variability/
location effect in the growth room. Each construct was tested in one tray in each
hydroponics system, for a total of 2 trays per construct (Zayed et al. 2012).

Nutrient Solution Preparation for Hydroponics

Germination nutrient solution was prepared with the following recipe: 0.125x
modified Coopers Nutrient Solution (Cooper 1975), containing macro elements
241uM KH,PO4, 721uM KNOs3, 260uM MgSO,, 531uM Ca(NOs),, as well as
micro elements 3.5uM H3;BOj;, 0.2uM CuSO,4, 0.2uM ZnSO,, 0.04uM
(NH4)¢M070,4, 29uM iron EDTA. 125uM MES was added as a pH buffer.
Vegetative nutrient solution was prepared with the following recipe: 0.5x modified
Noren Nutrient Solution (Norén et al. 2004), containing macro elements 4 mM
NH4 NO3, 1 mM MgSOy4, 1 mM KH,POy, 2.5 mM K,SO,, 1.5 mM CaCl,, as well
as micro elements 46uM H;BOs, 10uM MnSQO,, 0.8uM ZnSO,4, 0.3uM CuSO,,
0.6uM MoO;, and 20uM iron EDTA. 1 mM MES was added as a pH buffer.
Solution for nitrogen depletion treatment was the same formulation, with exclusion
of 4 mM NH4NO3

Metabolic Analysis

Plant tissue samples were prepared for metabolic analysis by placing tissue in
50-mL Falcon tube and dried at 65 °C for 4 days to ensure complete desiccation.
Dried samples were placed in a GenoGrinder 2000 (2000, Spec Sample Prep,
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Metuchen, New Jersey) and ground to a fine powder with four, 7-mm zinc oxide
beads at 1200 revolutions/min for 2 min. Total nitrogen and carbon were analyzed
on ground tissue using a 2400 C/H/N analyzer (P/N, Perkin Elmer, City, State).
Powder was placed in small tin capsules (P/N, Perkin Elmer, City, State) in 1.5—
3.0 mg aliquots, then inserted in 2400 C/H/N analyzer for combustion. Total nitrate
was analyzed on ground tissue using a commercially available nitrate reductase
(YNaR 1U/96 well plate, Nitrate Elimination Co, Inc., Lake Linden, MI) and nitrate
standard (LC17900-7, Lab Chem, City, State). Ground samples were suspended in
15 mM KOH and distributed to a 96 well plate (Cat# 3641, Costar, Costar, New
York) in 10 + 3 mg aliquots. 10 uL of suspended samples were filtered and
transferred to clean 96 well plates. 90 uL of prepared nitrate reductase enzyme
(YNaR 1U/96 well plate, Nitrate Elimination Co, Inc., Lake Linden, MI) and 50 uL.
each of color reagents, 1% sulfanilamide and 0.02% naphthylethylenediamine
(S9251 and N9125, respectively, Sigma-Aldrich, St Louis, MO), were added to
sample to produce color changes.

Reagents were prepared and added according to manufacturer’s instructions (P/
N, Nitrate Elimination Co, Inc, Lake Linden, MI). Commercially available NADH
(N8129, Sigma-Aldrich, St Louis, MO) and color reagents were used to prepare
reagents. Nitrate concentration was determined by a plate reader (Safire2-Basic,
Tecan, Trading AG, Switzerland) at an absorbance reading of 540 nm.
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Chapter 9 M)
Field Testing for Improved Nitrogen Use ki
Efficiency of Corn—From Whole-Plant
Physiology to Agroecosystem Scales

Kevin R. Kosola

Introduction

Nitrogen is the mineral element most often limiting to yield of cereal crops; N
fertilizer is also typically the largest variable cost for production of corn
(Poffenbarger et al. 2017). Improving nitrogen use efficiency has the potential to
improve agricultural sustainability by allowing growers to produce more grain with
less nitrogen, while reducing losses of nitrogen to the environment. Best practices
for nutrient management are based on the 4 R’s (right form, right place, right
timing, and right rate), which are focused around making sure nutrient availability
matches with plant demand (Flis 2017). There is a potential fifth R for corn—the
Right hybrids for the system—plants that can efficiently capture and convert N into
grain and have nitrogen use-related traits that fit with the management system.
Improvements in both nutrient management and plant nutrient use have and will
continue to play a role in allowing farmers to continue to improve the sustainability
of corn agronomic systems.

Corn production systems that provide more grain per unit fertilizer applied will
have either (1) improved plant capture of the N applied, (2) improved utilization of
N captured by the plant, or (3) a combination of both. There is an extensive
literature focused on physiological factors influencing nitrogen use efficiency, with
recent studies on modern hybrids (e.g., Chen and Vyn 2017; Ciampitti and Vyn
2011; Ning et al. 2017). There is also an extensive body of literature focused on
agroecosystem level analysis of fertilizer use and recovery (e.g., Cassman et al.
2002). The two approaches are complementary, as the physiology of nitrogen
acquisition and utilization depend in part upon soil nitrogen availability during
development. This review provides a comparison and contrast of the different
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definitions of corn nitrogen use efficiency in the literature, how they have been
measured, and their use in characterizing corn nitrogen fertilizer use and manage-
ment at scales ranging from the plant to the agroecosystem.

Corn cropping systems globally can vary widely in the typical quantity of
fertilizer nitrogen applied, and how much is used by the crop (Morris et al. 2018;
Vitousek et al. 2009). From both an economic perspective and an environmental
perspective, the critical parameters to characterize crop fertilizer nitrogen use on the
farm scale are recovery efficiency of fertilizer nitrogen (REy, the percent of fertilizer
N captured by the crop) and agronomic efficiency of fertilizer nitrogen (AEy, the
incremental yield increase per unit N applied) (Cassman et al. 1996; Novoa and
Loomis 1981). Along with information on the cost of fertilizer N, the price received
for grain produced, and the yield response to N curve used to calculated AEN, it is
possible to calculate an economically optimal rate of N for a system (Hong et al.
2007; Kyveryga et al. 2011; Morris et al. 2018; Raun and Schepers 2008). The
economically optimal rate of nitrogen is rarely equivalent to the rate of nitrogen that
gives maximal yield in a location. Because farmers cannot fully predict REy, AE,
or the price received for grain for any given year and location, continuing to
develop cropping systems that include N-efficient crops and flexible N management
regimes that retain fertilizer N is an ongoing goal of agronomists, breeders, and
farmers.

NUE Parameters in Crop Physiology

N Use to Produce Grain

Crop physiology studies of the components of corn nitrogen use include charac-
terization of nitrogen acquisition (typically limited to aboveground biomass N) and
utilization of captured nitrogen (Novoa and Loomis 1981). One simple analysis
possible at physiological maturity is to measure total plant N and grain weight,
allowing calculation of the conversion coefficient for use of plant N to produce
grain. This metric has been termed “nitrogen utilization efficiency” (Huggins and
Pan 1993) or “nitrogen internal efficiency” (Ciampitti et al. 2012) (Table 9.1).
Mueller and Vyn (2016) cite Gastal and Lemaire (2002) as further breaking down N
internal efficiency (NIE) into N conversion efficiency (NCE = total biomass pro-
duction per unit N) and harvest index (grain per unit biomass). Where harvest index
is relatively invariant in a system, which is typical for systems with adequate
nutrition, N conversion efficiency (NCE) is equivalent to nitrogen internal efficiency
(NIE).

Boomsma et al. (2009) defined nitrogen use efficiency as grain yield per unit N
applied, or agronomic efficiency (Ladha et al. 2005, Table 9.1) in their experiments
on the effects of density and N rate on corn traits. Ciampitti et al. (2012) use a
definition of nitrogen use efficiency that is equivalent to agronomic efficiency and
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Table 9.1 Traits measured to characterize nitrogen acquisition and use by corn

Trait

Definition

Citations

Nitrogen use efficiency

Yield increase over yield at zero N/N
applied

Haegele and Below
(2013)

Agronomic efficiency
(AEN)

Incremental yield increase per unit N
applied

Cassman et al
(1996), Novoa and
Loomis (1981)

Nitrogen use efficiency
(Lemaire)

Incremental yield increase per unit N
applied = N uptake efficiency x N
conversion efficiency x harvest index

Sadras and Lemaire
(2014)

Nitrogen utilization
efficiency (Huggins and
Pan 1993)

Nitrogen internal
efficiency (Ciampitti

Grain per unit N in plant

Ciampitti et al.
(2012), Huggins and
Pan (1993)

et al. 2012)
Nitrogen recovery N taken up/Fertilizer N applied Ciampitti et al.
efficiency (2012)

Fertilizer use efficiency;
N fertilizer recovery
efficiency (REy)

Fertilizer N taken up/Fertilizer N applied

Cassman et al.
(2002), Ciampitti
et al. (2012)

N uptake efficiency

Total plant N at maturity/total available N

Huggins and Pan
(1993),
Moll et al. (1982)

N remobilization

(Stover N R6 — Total plant N R1)/(Total
Plant N R1)

Gallais et al. (2007)

N supply

Fertilizer N applied + Available soil N

Huggins and Pan
(1993)

N Available

R6 total plant N (zero N
applied) + postharvest soil NO3

Huggins and Pan
(1993)

Post-silking N uptake

Total plant N R6 — Total plant N R1

Gallais et al. (2007)

Post-silking N uptake

Total plant N R6 — Total plant N R1

Gallais et al. (2007)

NLAI—N per unit LAI

Total shoot N/Leaf area index

Ciampitti et al.
(2013a)

NNI—nitrogen
nutrition index—
vegetative stage only

%Nmeasured/%Ncrilical

Sadras and Lemaire
(2014)

The first column lists the name of the trait; the second column shows the definition of the trait,
including calculations required; the third column provides a citation where the trait has been used

as defined

further parse this into the product of NIE and “Nitrogen recovery efficiency”,
defined as R6 N content/total N applied (Table 9.1). In both cases, the agronomic
efficiency was calculated using the grain yield relative to the zero-N plots.
Further refinement of sources of N used for grain filling requires additional
measurements. Nitrogen uptake does not typically supply sufficient nitrogen to meet
the full needs of grain protein formation (Ciampitti and Vyn 2013); nitrogen
remobilization from pools of nitrogen acquired during vegetative growth is
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common in grain crops of all types. The N budget method is common, due to its
relevance and simplicity. Biomass N is measured at R1, before grain filling starts;
the nitrogen remobilization ratio is determined by measuring total stover N at R6
and measuring proportion of R1 N lost from vegetative tissue during grain filling
(Chen and Vyn 2017; Gallais et al. 2007; Table 9.1). Further partitioning sources
of nitrogen has included budget-method analysis of N supply from additional tis-
sues—stalk, leaf (sometimes divided among individual leaves or leaves above and
below the ear), cob, and root (Ciampitti and Vyn 2011).

An alternative to N budget methods is the use of N as a tracer to characterize
internal plant N pools and fluxes. This was first described for corn by Crawford et al.
(1982), who used "°N labeling in a sand culture system to track N dynamics within
the plant, finding that stalk and leaf N pools were the primary N sources for grain. Ma
et al. (1998) used stalk infusion of field-grown corn to label vegetative plant N pools
with a known quantity of '°N tracer before grain filling and then measured N pools
and "N enrichment at R6. Gallais et al. (2007) used a similar method; soil N was '°N
enriched at V6 to uniformly label vegetative N pools, and then >N enrichment was
measured in stover and grain at R6 to calculate flux of stored vegetative N to grain.
This has the advantage of requiring only one destructive sampling, at R6. Silva et al.
(2017) have elaborated this method to provide '°N soil labeling at multiple stages
between V14 and RS, tracking the fate of N uptake during development.

Measuring N Uptake

Measuring crop capture of fertilizer N is also a key metric for nitrogen use effi-
ciency. Differentiation of fertilizer N fraction is not essential for studies where the
primary purpose is understanding variation in plant dynamics of N uptake and
germplasm or transgenic variation in N acquisition. ERA studies (Chen and Vyn
2017) and characterization of heritability of NUE (Coque et al. 2008; Hirel et al.
2003) have identified post-silking N uptake as a key parameter, with more
N-efficient inbreds (Coque et al. 2008) and more recent hybrids (Chen and Vyn
2017; Ciampitti and Vyn 2012, 2013, 2014) having increased post-silking N
uptake. These experiments rely primarily on N budget methods based on destruc-
tive harvests, with post-silking N uptake determined as the difference between total
N at R6 and total N at R1.

Systems Level Characterization—Tracking Fertilizer
N Capture

Fertilizer use efficiency can be defined as crop capture of applied fertilizer; in
on-farm data from North American corn production, REx was 37% (Cassman et al.
2002). Fertilizer use efficiency in the agroecosystem incorporates both individual
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plant-level factors that affect fertilizer uptake (discussed above) with agroecosystem
factors that affect nitrogen cycling and net crop availability of fertilizer nitrogen.
The timing and form of nitrogen application and the potential effect of cover crops
on nutrient retention during the off-season for annual crops interact with soil
interactions with climate to determine crop availability of fertilizer nitrogen and
available nitrogen inputs from legumes, mineralization of organic matter, and
atmospheric N deposition (Blesh and Drinkwater 2013; Huggins and Pan 1993).

Characterization of efficiency of fertilizer N capture (REy) is essential for a full
understanding of the economic and environmental components of N fertilizer use in
agroecosystems. Quantitative analysis of REy has been carried out with
15N-depleted fertilizer as a tracer (Broadbent 1980; Broadbent and Carlton 1980)
and by the difference method (Cassman et al. 2002; Fixen et al. 2015; Huggins and
Pan 1993). Both have inherent limitations in accuracy of values captured for
indigenous N mineralization (Cassman et al. 2002). Indigenous plant-available soil
N is measured by sampling plants from a zero-N applied plot and measuring
biomass and N concentration, along with soil samples at harvest (Huggins and Pan
1993). N contained in the plants from the zero-N plots reflects plant-available
pre-season residual N (which can be measured by pre-season soil sampling), N
mineralization, and N deposition (from either irrigation or precipitation), with the
caveat that any stimulation of N mineralization by fertilization is not included in the
zero-N plot estimate (Huggins and Pan 1993). These soil samples should ideally be
collected to span the soil profile contained in the plant root zone.

Logistical and cost concerns limit the ability to carry out destructive sampling at
the scale necessary to characterize REy and/or detailed NUE components across
regions or on a wide scale. If a zero-N check plot is available, the agronomic
efficiency of N use, AEy (grain produced per unit fertilizer N supplied), can be
calculated without destructive sampling. Relative comparisons of AEy are highly
informative and useful for comparing across hybrids or other plant material, par-
ticularly where the intent is to provide information for region where the test
cropping system is in common use and soil characteristics are similar across the
region of interest (Bender et al. 2013a, b; Haegele and Below 2013; Huggins and
Pan 1993).

Environmental Effects on NUE

N availability affects source—sink relations in the developing plant, with affects on
leaf production, leaf area (Muchow 1988a, b; Muchow and Davis 1988; Muchow
and Sinclair 1995; Sinclair and Muchow 1995), and radiation use efficiency
(Muchow and Davis 1988), as well as strong effects on kernel number (Andrade
et al. 2002; Uhart and Andrade 1995a, b). Nitrogen availability has strong effects on
grain-filling duration due to effects on leaf senescence and leaf area duration
(Ciampitti et al. 2013a; Roth et al. 2013; Thomas and Ougham 2014). Traits such as
NIE and N remobilization that are a function of both grain and stover biomass and
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N content are not a simple linear function of N availability. Stalk and leaf nitrogen
are a primary source of remobilized N when post-silking N uptake cannot supply
sufficient N to meet grain demands. Under increasing N supply, stover N continues
to increase past the range of maximum yield; N remobilization can decrease to near
zero, and NIE will also decrease as stalk N pools increase.

NIE and N remobilization have both been observed to decrease as soil N avail-
ability increases (Hirel et al. 2011; Masclaux et al. 2001; Pommel et al. 2006). The
decrease of NIE under high N conditions is due to the saturable nature of grain yield
response to available N and the capability of corn leaves and especially stalks to
accumulate luxury amounts of N. When N fertilization exceeds crop N requirements,
corn stalks will accumulate nitrate (Brouder et al. 2000; Isla and Blackmer 2007).
The decrease in N remobilization is associated with increased post-silking N uptake
and improved stay green, both factors changing source—sink carbon and N dynamics
during the grain-filling period. The increased duration of photosynthesis is
hypothesized to enable improved C supply to the root system, with consequent
increased duration of N uptake and a decreased demand on stalk and leaf pools of N
to supply grain N (Chen and Vyn 2017; Pan et al. 1986; Moll et al. 1982). Under
very high N, it becomes difficult to detect differences in N remobilization;
post-silking N uptake can meet most N demands during grain filling.

Increased N remobilization with decreased N supply represents a shift between
post-silking N uptake and use of vegetative N pools to meet the N demand of grain
filling. Under very low N, kernel number can be strongly reduced by N limitations,
due to both decreased ovule number and increased kernel abortion (Uhart and
Andrade 1995b). Under these extreme conditions, stalk N remobilization and NIE
can decrease to near zero.

An example of a trait that changes nitrogen capture is the change in NUE due to
the introduction of rootworm resistance. (Bender et al. 2013c; Haegele and Below
2013) have shown that yield response curves to nitrogen were substantially different
between hybrids differing on only in the presence or absence of root expression of
BT, leading to differences in corn rootworm pressure on the corn root system. Corn
rootworm larvae eat newly emerged crown and brace roots, leading to a substantial
decline in root biomass and functional root length for nutrient capture. Rootworm
pressure had a strong effect on post-silking N uptake, and presumably also on REy.
Rootworm protection effects on remobilization were not reported. This is consistent
with the suggestion by Dobermann and Cassman (2002) that the lower REy average
across farms compared to small-plot research results may be affected by pests,
pathogens, and other external factors reducing yield potential.

Environmental Variation in N Availability

Agroecosystem N cycling characterization and crop physiology intersect in the
study of environmental variation in crop response to fertilization, which is neces-
sary to generalize results from experiment-station level experiments to results of
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widely planted experiments, and from experiments to on-farm results. N availability
in the field is a function of season-long-integrated N gains from fertilization,
mineralization and N deposition from irrigation and atmospheric sources, and N
losses from leaching, denitrification, microbial immobilization, and any weed
competition (Huggins and Pan 1993). Because these are dynamic, time-integrated
processes, single time-point soil samples provide only a snapshot of nitrogen pools
in the soil, not an indication of fluxes through these pools. Soil biogeochemistry
methods are available to monitor both pools and fluxes of N cycling (e.g., isotope
pool dilution and buried bag incubations for N mineralization (Burger and Jackson
2003). Use of these methods in analysis of crop response to nutrient availability is a
potential area of opportunity (Ruzicka et al. 2012))

In-season nitrogen application is referred to as split-rate N application, where
crop nitrogen requirements are met by applying fertilizer across multiple times,
potentially including preplanting and in-season application timing to more closely
match the timing of crop N demand (Scharf et al. 2002). The bulk of the literature
on split-rate N applications is focused on side-dress in the standard V6 to V10
window, due both to equipment factors and to the requirement for sufficient N
before exponential growth phase (Scharf et al. 2002). Because weather has a strong
effect on N cycling, field studies with in-season N applications have variable results
(Xie et al. 2013). In-season applications as late as R1 have been found to result in
increased yield (Nelson et al. 2011; Russelle et al. 1983). NUE improvements have
been documented for corn with in-season N application (Ciampitti and Vyn 2011;
Kovacs et al. 2015). Although under dry conditions, side-dress applications have
been shown to decrease yield (Kovacs et al. 2015).

Characterization of the timing of crop N demand is not necessarily captured in
standard methods to determine REy. To detect any changes among hybrids or
transgenic plants in the timing of N demand, either repeated harvests (Bender et al.
2013b; Ciampitti et al. 2013a, b) or an indirect method or tracking N acquisition
over time is needed. Modeling of critical N concentrations for vegetative growth
(Gastal and Lemaire 2002; Lemaire et al. 2008; Sadras and Lemaire 2014; Ziadi
et al. 2009) provides characterization of N and biomass dynamics during vegetative
growth, but does not directly account for grain N requirements. The extensive body
of work on remote sensing tools for adaptive N management provides a range of
methods to derive a quantitative estimate of N dynamics (Franzen et al. 2016), at
least during vegetative growth.

Spatial variation in N mineralization and other N cycling processes are always a
factor influencing crop yield and will affect all of the methods available to char-
acterize crop N use, e.g., (Wendroth et al. 2011; Zhu et al. 2009). Wendroth et al.
(2011) have developed a unique design for field N fertilizer response studies. By
applying variable rate N in a sine-wave pattern along the row, they could use
Fourier transform analysis of yield to deconvolute spatial variation due inherent N
availability from the spatial pattern of the N application.

There is a gap in our current ability to scale up detailed crop physiology mea-
surements of nitrogen use efficiency components to whole field-level analyses. This
gap would not be a concern if small-plot research data on REy matched up with
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farm-scale data. Cassman et al. (2002) and Dobermann and Cassman (2002)
indicated that REy estimates from experimental plots overestimate REy achieved
by farmers for irrigated and rain-fed corn in the North-Central USA. They speculate
that this is due to differences in the scale of farming operations and differences in N
management. Differences in N management are expected to have an effect on REy;
the “4 Rs” of N management recommendations (right fertilizer source at the right
rate, with the right timing, in the right place) are founded on this understanding that
economically optimal N fertilizer practices will lead to improved REy. Factors that
decrease yield potential (weeds, pathogens, pests, heat stress, drought, etc.) are the
most likely factors that lead to this difference.

Summary and Future Possibilities

Variation in nitrogen availability has consistently been observed to alter compo-
nents of nitrogen use (Hirel et al. 2011; Masclaux et al. 2001; Pommel et al. 2006).
High nitrogen availability within the range found on high-fertility sites with
agronomically realistic fertilizer rates can reduce nitrogen remobilization near zero,
reducing the ability to compare hybrid variation in this trait. Nitrogen internal
efficiency (NIE) is reduced by high N, and post-silking N is increased by high N.
Using a zero-N applied check to obtain an estimate of total plant N capture of
intrinsically available soil N, when combined with measurements of soil N at
planting and harvest as described by Huggins and Pan (1993), allows for com-
parison of results across experiments on a plant-available-N basis and provides the
ability to correct for variation in soil N mineralization and other factors contributing
to intrinsic N availability. Variation in timing of N availability could be quantified
with this method using multiple harvests. As for any field experiment, spatial
variation of intrinsic N availability between zero-N check plots and other experi-
mental plots must be controlled for by proper blocking. Huggins and Pan (1993)
point out that effects of fertilization on N mineralization are also absent in this
estimate. When feasible, testing at a range of nitrogen rates mitigates the risk of
high variation in N availability across locations or years and allows characterization
of the response curve or reaction norm. The common practice of collection of
metadata on other factors that can affect plant growth and yield is also valuable,
particularly when experiments span a wide range of growing conditions.
Infestations of corn rootworm (Bender et al. 2013c) or other root herbivores or
pathogens can affect nutrient and water uptake (Stevens and Jones 2006), and
stresses that affect kernel set will also affect nitrogen use efficiency components.
In this review, I have covered methods used in studies of nitrogen use efficiency
from whole-plant to agroecosystem levels. While the focus of authors naturally
depends upon their research objectives, there is an unfortunate proliferation of
terms for the same components of nitrogen use efficiency. Use a common set of
terminology based on prior literature, rather than generating new names for existing
metrics. There are opportunities for future research and scholarship in linking
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aspects of crop nitrogen use across different scales of organization. Molecular and
physiological studies on traits influencing nitrogen acquisition and utilization
should be linked with whole-plant and crop physiology field studies of N use and
partitioning. These combined information sets will have great value in aiding the
development of nutrient-efficient crops. Ideally, new plant varieties with the
potential for improved crop nutrient use efficiency will be tested for their perfor-
mance in agronomic ecosystems using the methods developed by agronomists,
biogeochemists, and agroecologists.
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Chapter 10 M)
Legume Nitrogen Utilization Under ki
Drought Stress

V. Castaiieda, E. Gil-Quintana, A. Echeverria and EM. Gonzalez

Summary

Legumes account for around 27% of the world’s primary crop production and can
be classified based on their use and traits into grain and forage legumes. Legumes
can establish symbiosis with N-fixing soil bacteria. As a result, a new organ is
formed, the nodule, where the reduction of atmospheric N, into ammonia is carried
out catalyzed by the bacterial exclusive enzyme nitrogenase. The process, highly
energy demanding, is known as symbiotic nitrogen fixation and provides all the N
needs of the plant, thus avoiding the use of N fertilizers in the context of sustainable
agriculture. However, legume crops are often grown under non-fixing conditions
since legume nodulation is suppressed by high levels of soil nitrogen occurring in
chemically fertilized agro-environment. In addition, legumes are very sensitive to
environmental stresses, being drought one of the significant constraints affecting
crop production. Due to their agricultural and economic importance, scientists have
carried out basic and applied research on legumes to better understand responses to
abiotic stresses and to further comprehend plant—microbe interactions. An inte-
grated view of nitrogen utilization under drought stress will be presented with
particular focus on legume crops.
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Drought Stress

Climate change is multifaceted and includes changing concentrations of greenhouse
gases in the atmosphere (like CO,), rising temperatures, changes in precipitation
patterns, and increasing frequency of extreme weather events (Gray and Brady
2016). Thus, Earth’s climate is drastically changing leading to more intense and
extended drought situations. Indeed, the area affected by drought has increased
substantially since the middle twentieth century (Dai 2011), and the frequency of
droughts is predicted to increase in regions that are already dry by the end of the
twenty-first century. Drought observatories have estimated that around 40% of
the land area is affected by drought and has an expectative in expansion due to the
global climate change (Trenberth et al. 2013). It has been estimated that two-thirds
of the potential yield of major crops are usually lost due to adverse growing
environments (Bajaj et al. 1999; Daryanto et al. 2016). Abiotic stresses, above all
water deficit, are the most important factors limiting crop productivity, with a
growing importance due to the increase in climate alterations such as reduced
rainfall (Lesk et al. 2016). Indeed, most climate change studies predict an increase
in arid areas worldwide (Shu et al. 2007), aggravated by the rapidly increasing
world population, which puts pressure on food and water demands (Somerville and
Briscoe 2001). This problem arises not only from the limiting nature of water
supplies, but also from the increased need for food production, which leads to an
improper management of agricultural lands. For example, most crops are cultivated
in lands and regions to which they are not optimally adapted, yielding up to 22% of
their genetic potential due to improper climatic and soil conditions (Boyer 1982).
Therefore, the understanding of plant drought stress tolerance has become an urgent
matter, since it can allow us a better management and to minimize its harmful
effects on crops.

Drought is defined as “the decrease in water inputs into an agro/ecosystem over
time that is sufficient to result in soil water deficit (i.e., decrease in the available soil
water)” (Gilbert and Medina 2016). Therefore, drought is a condition of climatic
dryness severe enough to reduce soil moisture and water below the minimums
necessary for sustaining plant, animal, and human life (Perez and Thompson 1996).
This stress interferes with the optimal plant growth, physiology, and reproduction,
ultimately causing a significant reduction in plant productivity (Farooq et al. 2009).
Water deficit can be defined as any water content of a tissue or cell below the
highest water content exhibited in the most hydrated state. Although the terms
“drought stress” and “water-deficit stress” are usually employed indistinctively,
water does not only become limiting for plant communities as a result of inadequate
rainfall but also due to other environmental conditions such as excessive salinity in
the soil solution or as a consequence of freezing temperatures. In this work, the term
drought stress will be used referring to periods where water is withheld from the
plant.
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Drought Is a Major Threat to Legumes Crops

Grain and forage legumes are grown on around 15% of the arable surface of the
Earth, being the second most important crop after cereals attending to world first
crop production (FAOSTAT; Graham and Vance 2003). The economic relevance of
legume crops is related to both their importance as a protein source for animal feed
and human nutrition and their use as raw material in the industry (Edgerton et al.
2008). Common bean, soybean, chickpea, pea, and faba bean are some of the most
widely cultivated grain legumes, while cowpea, pigeon pea, lentils, and grass pea
play an essential nutritional role in low-income regions of the world. Regarding
forage legumes, plants in the Medicago, Trifolium, and Lotus genera are probably
the most extended legumes for livestock production. Furthermore, the ability of
legume plants to carry out nitrogen fixation in symbiosis with soil rhizobium
bacteria provides an environmental-friendly source of reduced nitrogen in the
biosphere, being an essential element in sustainable agriculture worldwide.

Despite the numerous advantages of the cultivation of legumes, one of the
factors that limit their wider cultivation is the reduction of legume crop yields due
to abiotic stress conditions, particularly drought. Three are the main factors con-
tributing to this limitation of productivity: i) in intensive crop-based agricultural
systems worldwide, legumes are commonly grown under rain-fed conditions. This
is the case in the Mediterranean area (Jacobsen et al. 2012), USA, Brazil and
Argentina, the three countries responsible for 87% world’s soybean production
(FAOSTAT, 2013), or Asia (Kumar and Abbo 2001); (ii) legumes are often grown
in rotation after cereal harvest toward the end of the growing season when envi-
ronmental conditions are more limiting for plant growth; and (iii) improvement in
legume crop yields has not kept pace with those of cereals, for which higher
yielding modern varieties have been developed (Jeuffroy and Ney 1997). The
limitations described above, along with the predictions of an increasing world food
demand (Postel 2000) and the rise in temperature at the global level, are driving
forces for the investigation of legume responses to drought toward the ultimate
development of new varieties with improved water use efficiency and drought
tolerance.

Regulation of Nitrogen Fixation Under Drought

Legumes can establish symbiosis with N-fixing soil bacteria. As a result, a new
organ is formed, the nodule, where the reduction of atmospheric N, into ammonia is
carried out catalyzed by the bacterial exclusive enzyme nitrogenase. This process is
known as symbiotic nitrogen fixation (SNF) and may provide all the N needs of the
plant, avoiding the use of N fertilizers in the context of sustainable agriculture. The
effects of drought on SNF occur at different steps of the symbiotic interaction:
infection, nodule development, and nodule functioning. Under drought, both the
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formation of new root hairs and the elongation of previously differentiated root
hairs are limited and, as a consequence, the development of new plant-bacteria
interactions and infection threads is greatly reduced (Worrall and Roughley 1976).
Moreover, SNF is one of the physiological processes to first show stress responses
in nodulated legumes, a decline that cannot be explained by the relatively slow
decline in photosynthetic rates (Durand et al. 1987).

Although several hypotheses have been proposed to explain the decline in SNF
during drought, the origin of the inhibitory signals, the molecular mechanisms
involved, and the interaction among the factors responsible for the inhibition of
SNF are not yet fully understood. It has been postulated that drought stress pro-
vokes an increase in nodular oxygen diffusion resistance and thus a decline in the
oxygen level for bacteroid respiration (Durand et al. 1987). However, the increase
of oxygen concentration in the rhizosphere of drought-stressed nodules does not
fully restore NF rates, suggesting that other factors are also involved (Del Castillo
et al. 1994; Del Castillo and Layzell 1995).

The availability of carbon in nodules as supply for bacteroid respiration and
nitrogenase activity is the second regulatory mechanism suggested (Fig. 10.1). The
main carbon source transported from the aerial part is sucrose, which is hydrolyzed
in nodules by sucrose synthase (SuSy). The essential role of SuSy for NF has been
shown for pea (Gordon et al. 1999) and the model legume M. fruncatula (Baier
et al. 2007). Indeed, Gordon et al. showed a correlation between SuSy activity
decline and NF inhibition in stressed soybean nodules (Gordon et al. 1997).
Moreover, SuSy has been shown to be the first enzyme to decline under drought
stress in soybean (Gonzalez et al. 1995), pea (Gonzalez et al. 1998; Galvez et al.
2005) and common bean (Ramos et al. 1999), leading to the accumulation of
sucrose and the depletion of organic acids, principally malate, in nodules. However,
the SuSy-mediated NF inhibition seems not to take place in forage legumes such as
M. sativa (Naya et al. 2007) and M. truncatula (Larrainzar et al. 2009). In these
studies, significant declines in the SuSy activity were found only after the inhibition
of NF and concomitant to malate accumulation, suggesting that carbon availability
is not the limiting factor for the inhibition of NF in these plants. Moreover, in a
recent metabolomic approach, the limitation of respiratory carbon substrates was
demonstrated not to be the cause of NF inhibition in drought-stressed M. truncatula
nodules (Larrainzar et al. 2009).

The third suggested factor implies an N-feedback mechanism involving the
N-status of the plant. This theory has received much attention in ureide-exporter
tropical legumes, mostly due to studies conducted in soybean. Legumes can be
classified into amide- or ureide-exporters according to the compounds used for the
transport of fixed N compounds. In general, amide-exporter legumes, such as
M. truncatula, contain indeterminate-type nodules and are originated from tem-
perate regions. These plants transport fixed nitrogen in the form of amides, mainly
asparagine and glutamine. On the other hand, ureide-exporter legumes, such as
soybean, are mostly tropical legumes with determinate-type nodules and transport
mainly allantoin and allantoic acid. However, exceptions to this general pattern can
be found. For instance, the temperate legume Lotus spp., with the determinate type
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Fig. 10.1 a Split-root system set up as a tool to study the local or systemic nature of plant
signaling processes. b Schematic representation of the main physiological and metabolic processes
affected by drought at shoot, root, and nodule level. AAT, aspartate aminotransferase; AS,
asparagine synthase; GS, glutamine synthetase; GOGAT, glutamate synthase; NR, nitrate
reductase; NiR, nitrite reductase; SNF, symbiotic nitrogen fixation; SuSy, sucrose synthase; TCA,
tricarboxylic acid cycle

of nodules, exports amides rather than ureides (Sprent 2001). Several N compounds
have been suggested as inhibitory signal molecules; such are the cases of ureides
(Serraj et al. 1999; Vadez and Sinclair 2000), glutamine (Neo and Layzell 1997),
asparagine (Bacanamwo and Harper 1997; Vadez et al. 2000), and aspartate (King
and Purcell 2005). The restriction on the export of N compounds, with their sub-
sequent accumulation in the nodules in water-deficit conditions, has also been
postulated (Pate et al. 1969; Walsh 1989a, b). Serraj et al. (2001a) refined the model
by proposing two possible origins for the feedback inhibition: a direct feedback
within the nodules and an indirect feedback due to N compound signals coming
from the aerial part. A more recent study showed that ureides were accumulated in
soybean nodules and not in leaves, suggesting a local regulation of NF (Ladrera
et al. 2007). Recent works using Split-Root System-Based confirm the operation of
local regulatory mechanisms controlling SNF in pea (Marino et al. 2007),
M. truncatula (Gil-Quintana et al. 2013a), and soybean (Gil-Quintana et al. 2013b)
under water-deficit conditions. The concomitant reduction in nitrogenase activity,
malate content, and SuSy activity in the nodules of the unwatered split-root section
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supports the existence of a local carbon-based regulation of SNF in pea (Marino
et al. 2007). In addition, the general variations in amino acid and ureide content in
leaves, roots, and nodules (Gil-Quintana et al. 2013a, b) challenged the widely
accepted N-based systemic regulation hypothesis (King and Purcell 2005; Sulieman
et al. 2010), reinforcing the direct feedback inhibition in the nodules hypothesis.

Drought Stress Effect on the Root System

Although legume crops may lend to a sustainable use of nitrogen fertilizers, the
nitrogen-fixing  process is mostly suppressed in  nitrogen-fertilized
agro-environments (Murray et al. 2017). Under these conditions, legume response
to drought would be similar to that of other cultivated crops, even though attention
should be paid to specific features of legume plants (Fig. 10.1). In herbaceous
crops, most of the nitrate is reduced predominantly in the shoots via the reducing
equivalents derived from photosynthesis (Scheurwater et al. 2002; Hachiya et al.
2016). Leaf nitrate reduction declines rapidly in response to drought in important
crops such as maize (Foyer et al. 1998) or wheat (Fresneau et al. 2007) which
correlate with the decline of the photosynthetic process. However, temperate
legumes assimilate nitrate chiefly in the roots when growing under low N supply,
while shoot nitrate assimilation becomes increasingly important as the nitrate
concentration increases (Andrews 1986). Conversely, tropical legumes exhibit
constant ratios of the shoot to root nitrate assimilation where this ratio is specific for
each of the species (Andrews 1986). These features have not been tested for the
current model plants for temperate and tropical legumes, Medicago and Lotus,
respectively. Unlike nitrate, ammonium is chiefly assimilated in the roots by the
coordinated activities of GS and GOGAT (Funayama et al. 2013; Guan et al. 2015;
Trepp et al. 1999a, b). In the context of legume plants, ammonium nutrition would
closely mimic the symbiotic N-fixing legumes since bacteroids assimilate very little
of the fixed ammonia, which is mainly exported to the host plant (Brown and
Dilworth 1975; Vance et al. 1994). In this context, legumes have been shown to be
relatively tolerant to ammonium nutrition (Dominguez-Valdivia et al. 2008; Ariz
et al. 2010).

Roots are the first organs that sense water deficit in soils and interact directly
with edaphic water, and therefore drought responses of this organ are highly
important. Several studies try to dissect the molecular response of roots of different
legumes to drought stress (Micheletto et al. 2007; Zhang et al. 2014). In this
context, the primary nitrogen assimilation pathway does not seem to be severely
affected under drought stress conditions. This response seems coherent since
drought affects cell growth and protein synthesis even at a very moderate level
(Hsiao 1973) and hence nitrogen demand is expected to be reduced. With regard to
carbon economy, Muller et al. (2011) highlighted a lack of correlation between
carbon availability and sink organ growth under water-deficit stress.
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Regarding nitrogen metabolism, drought provokes an overall accumulation of
amino acids in roots of nodulated (Gil-Quintana et al. 2013a, b) and non-nodulated
plants (Frechilla et al. 2000), thereby dismissing a possible nitrogen starvation in
drought-stressed plants. In addition, changes in protein synthesis and degradation
may strongly affect the pool of free amino acids. Taking as reference the amino acid
composition of the Arabidopsis proteome, Hildebrandt et al. (2015) estimated that
the pool size of the protein-bound amino acids varied less than tenfold. Therefore,
inhibition of protein synthesis (Lyon et al. 2016) or enhancement of proteolytic
activities (Kohli et al. 2012) could influence the overall accumulation of the free
amino acid pools in drought-stressed tissues. Lyon et al. (2016) highlight the
importance of protein turnover dynamics in drought recovery processes. On the
other hand, pool sizes of the free amino acids, which are around 100- to 1000-fold
smaller than the corresponding pools of protein-bound amino acids, are highly
diverse (Gil-quintana et al. 2013a; Watanabe et al. 2013). This reflects the various
functional roles of these compounds and their interaction with the synthesis of other
relevant compounds such as nucleotides or hormones. Amino acid synthetic
pathways mainly consume intermediates from glycolysis, the pentose phosphate
pathway, and the citric acid cycle and the involved enzymes are mostly located in
the plastid with some of them addressed to the cytosol (reviewed in Pratelli and
Pilot 2014). In general, the primary products of nitrogen assimilation, Glu, Gln,
Asp, and Asn, constitute the larger pools in plants (Coruzzi 2003) although they are
not much induced during stress, and accordingly, primary nitrogen assimilation
enzyme activities rarely increase in response to drought stress (Larrainzar et al.
2009). Conversely, other less abundant amino acids under control conditions such
as Pro (Jacoby et al. 2011), branched chain amino acids (Joshi et al. 2010), Lys and
Thr (Obata and Fernie 2012), and His and Trp (Larrainzar et al. 2009) respond
individually to drought. Accordingly, the expression of different enzymes involved
in the synthesis of some amino acids is eventually affected (Pratelli and Pilot 2014).
Unlike the amino acid synthesis, catabolism is mainly addressed to the mitochon-
dria or the cytosol (Hildebrandt et al. 2015). The involvement of mitochondria
favors the nitrogen and carbon recycling during the senescence processes occurring
under drought stress since mitochondria functionality remains longer than that of
other organelles (Avila-Ospina et al. 2014). Aratjo et al. (2011) pointed to protein
degradation and amino acid catabolism as an alternative carbon source for respi-
ratory processes in stressed plants. Research on amino acid metabolism needs to be
expanded for a better understanding on intracellular compartmentalization
(Mintz-Oron et al. 2012) dealing not only to photosynthetic tissue but also to those
exhibiting a heterotrophic metabolism such as roots.

Furthermore, an active long-distance transport of the amino acids between root
and shoot occurs involving both the phloem and the xylem vascular tissues (Jeschke
and Hartung 2000). In legumes, amino acids are mainly transported via the xylem
(Atkins et al. 1983) but concomitantly some amino acids may be transferred to the
phloem to supply nitrogen directly to the sink (Zhang et al. 2010; Tegeder 2014).
Recent studies have shown that transport of amino acids between shoot and roots
determines nitrogen uptake and metabolism (Miller et al. 2008; Santiago and
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Tegeder 2016). However, the role of long-distant transport of amino acids needs to
be studied further to better understand the changes in the source—sink interactions
occurring under drought. The amino acid exchange requires continuous inward and
outward transport across membranes, and numerous genes encoding amino acid
transporters have been described (Jack et al. 2000). The induction of proline
transporters has been reported in Arabidopsis and rice exposed to drought and salt
stress (Rentsch et al. 1996; Zhao et al. 2012). In addition, the expression level of
different amino acid transporters showed a differential response to drought among
shoots and roots in wheat, suggesting that they may play a role in the amino acid
exchange among aerial and underground tissues (Wan et al. 2017).

Future Prospects

Legume crops can fix atmospheric nitrogen through their symbiotic association
with N-fixing bacteria or by using chemical fertilizers. In this latter case, the legume
root exhibits particular features such as a higher tolerance to ammonium and the
ability to carry out nitrate reduction to a greater extent than other non-legume crops.
Regarding nodulated plants, the nitrogen fixation process has been shown to be
rapidly inhibited under moderate drought stress conditions. For those nitrogen-
fertilized legumes, few studies have been carried out at root level, although it is
widely known that nitrate reductase activity is severely affected in leaves. However,
although the different nitrogen assimilation processes seem to be impaired in
legumes, the general accumulation of nitrogen compounds occurring in the different
tissues dismisses any possible nitrogen scarcity playing a pivotal role in the legume
response to drought. Indeed, cell growth is one of the processes firstly affected by
water-deficit stress at a moderate level and hence nitrogen demand is presumed to
be lower under drought stress. Further knowledge on long-distant transport of
nitrogen compounds and amino acid metabolism compartmentalization may con-
tribute to improving legume nitrogen utilization under moderate water-stress
conditions.
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Chapter 11 )
Exploiting Genetic Variability of Root s
Morphology as a Lever to Improve

Nitrogen Use Efficiency in Oilseed Rape

Julien Louvieaux, Hugues De Gernier and Christian Hermans

Innovation to Make a Step Change for Reducing
the Environmental Impact of Nitrogen Fertilization

Asustained improvement in crop yield is required to meet the food demands of the
rapidly growing world population. By 2050, a societal challenge will be to almost
double food production from existing land areas in order to feed more than nine
billion people (Lynch and Brown 2012; Ray et al. 2013; Pradhan et al. 2015), while
facing yield-depressing consequences of climate change (Moore and Lobell 2015).
Plant mineral nutrition drives all terrestrial food webs. In that context, the root
organ is a pivotal yield determining factor because it is responsible for water and
nutrient capture in the soil.

Nitrogen (N) is the essential macronutrient required in the greatest amounts by
plants and it accounts for one to five percent of the dry matter (Marschner 2012).
Plants need that element for life’s building blocks, such as nucleic acids and pro-
teins, and also for a variety of secondary metabolites (Xu et al. 2012). Plants cannot
directly access to the main gaseous reservoir (N,) in the atmosphere. From the soil,
they mainly absorb inorganic N forms such as nitrate (NO3; ) and ammonium
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(NH,"), as well as N-containing organic compounds such as amino acids and
peptides (Nédsholm et al. 2009; Tegeder and Rentsch 2010). In agricultural
ecosystems, N is continually depleted by such processes as exportation of
N-containing crop residues from the plot, microbial denitrification and nitrate
leaching (Fig. 11.1). Therefore, the soil N reserve must be replenished every so
often in order to maintain high crop yield. Nitrogenous chemical fertilizers have
been intensively dampened for decades but excessive nitrate concentrations are
detrimental to people (methaemoglobinaemia) and environment (eutrophication,
greenhouse gas emission) (Buckart and Stoner 2007; Wick et al. 2012; Richard
et al. 2014). As much as two-thirds of the applied N may not be recovered in the
harvested crop organs (Liu et al. 2010).

One way to reduce N-fertilizer input is to breed for crops with higher nitrogen
use efficiency (NUE) (Kant et al. 2011; Han et al. 2015). The Green Revolution
programs of the 1960s achieved to increase crop yield unprecedentedly but without
considering NUE as a breeding criterion. The case of wheat is well documented.
Barraclough et al. (2010) reported that UK breeders have selected high-yield
genotypes but at high fertilizer inputs. At present, the improvement of NUE is
central for promoting ecofriendly agriculture (Bouchet et al. 2016a; Li et al. 2017,

Ideotype

N-rich patch

Fig. 11.1 Premises on ideal root architectural attributes to optimize nitrogen acquisition in time
and space. Nitrate (NO; ) can leach through the soil and quickly be depleted in surface strata.
A root system with rapid exploitation of deep soil would optimize the capture of that mobile
resource. External nitrate has a dual effect on lateral root development: (i) a localized stimulation
of N-starved roots elongation at the contact with rich nitrate source and (ii) a systemic inhibition of
uniformly high nitrate concentrations on lateral root elongation. A plant ideotype that limits
N-runoffs would rapidly develop a branched and deep root system
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Stahl et al. 2017). Moll et al. (1982) gave the most basic and widely used definition
for NUE as the harvested dry matter divided by unit of N available in the soil. NUE
has two main components: the uptake efficiency (NupE), which describes the
capacity to acquire N from the soil, and the utilization efficiency (NutE), the
capacity to utilize the absorbed N to produce harvestable organs (Han et al. 2015).
The latter one can be divided, in its turn, into the N assimilation (NAE) and the N
remobilization (NRE) efficiencies. Both NupE and NutE components underlie
distinct genetic mechanisms and differences exist between and within crop species.

Definitely, a second green revolution is anticipated for breeding crops that
require fewer fertilizers and with optimized root morphology in order to enhance
nutrient acquisition (Lynch 2007; Den Herder et al. 2010; McAllister et al. 2012).
While current attempts to improve NUE are mostly focusing on NutE processes
(McAllister et al. 2012; Havé et al. 2017), this chapter focuses on less conventional
approaches that incorporate root morphology and N transport system to improve
NupE (Garnett et al. 2009).

The Model Species Arabidopsis thaliana as a Resource Base
for Understanding Nitrogen Acquisition in Plants

The root system architecture and the activity of N transporters are critically con-
tributing to N capture in the soil (Gent and Forde 2017a, b). The manipulation of
those two features can lead to NupE amelioration. Before tackling crop issues, we
will first concisely review current knowledge in Arabidopsis thaliana, which is
universally recognized as a model organism for fundamental plant biology research
and also for translational research in crops (Lavagi et al. 2012; Forde 2014, Havé
et al. 2017; Li et al. 2017; Nour-Eldin et al. 2017). Although Arabidopsis has no
agronomic interest, it is close parent to Brassica crops (see previously). Therefore,
it may be used as a resource base because of its comparatively smaller genome than
those cultivated species, thereby facilitating genetic analysis.

The Nitrate Influence on the Root Morphology
of Arabidopsis thaliana

Since plants are sessile organisms and cannot migrate toward more prosperous
habitats, they have evolved mechanisms to adapt to fluctuations in water and
nutrient availability. The root system architecture is a term that refers to the spatial
configuration of the entire root organ in the soil (Lynch 1995). It exhibits a high
degree of plasticity in response to nutrient availability (Lopez-Bucio et al. 2003). In
this case, nitrate is a major determinant of root morphology and biomass allocation
between plant organs (Hermans et al. 2006; Forde 2014; Kiba and Krapp 2016).
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Learning about mechanisms of root growth stimulation or repression by nitrate
availability may help to draw strategies to optimize root system architecture and
ultimately NUE.

The formation of lateral roots contributes to shape the root system architecture.
Many of the advances in understanding the molecular mechanisms that regulate
lateral root growth and development are driven from Arabidopsis studies. Lateral
roots are formed from the pericycle (the outermost cell layer of the root vascular
cylinder) through hormonal auxin-dependent cell cycle activation (Himanen et al.
2002; Laskowski and Ten Tusscher 2017). After asymmetric divisions, the founder
cells will constitute a lateral root primordium that passes through the endodermal,
cortical, and epidermal tissue layers of the parent root, before penetrating the soil
(Lavenus et al. 2013; Vermeer and Geldner 2015; Birnbaum 2016). Malamy and
Benfey (1997) described eight stages in the lateral root development from the
initiation to the emergence (Fig. 11.2a). Diverse nitrate signaling pathways are
depicted to act at multiple stages of lateral root development, depending on nitrate
concentration and distribution in the growth medium (extensively reviewed in
Forde 2014; Kiba and Krapp 2016; O’Brien et al. 2016; Gent and Forde 2017a, b;
Sun et al. 2017; Undurraga et al. 2017).

In vitro culture systems are commonly used to observe the 2D root morphology
of Arabidopsis in response to mineral nutrient supply (De Pessemier et al. 2013;
Xiao et al. 2015). Here, we will describe the global and local nitrate effects on root
morphology of seedlings grown in vertical agar plates (Fig. 11.2b—c) (Zhang et al.
2007). First, uniformly low nitrate levels stimulate lateral root development, which
substantially increases the root surface area available for N acquisition (Fig. 11.2b).
Nonetheless, lateral root growth can be restricted under severe N deficiency con-
ditions for an extended period (Krouk et al. 2010; Gruber et al. 2013; Araya et al.
2014). Conversely homogeneous high nitrate levels inhibit lateral root elongation
by preventing lateral root primordium activation at postemergence (Zhang et al.
1999). Second, when roots of N-deficient plants come into contact with nitrate,
lateral root outgrowth is enhanced within the nitrate-rich patch (Fig. 11.2¢) (Zhang
et al. 1999). That response is known as the foraging capacity.

Lateral root developmental responses to nitrate supply have been associated,
namely with the MADS-box transcription factor ARABIDOPSIS NITRATE
REGULATED 1 (ANR1) (Zhang and Forde 1998; Gan et al. 2012), the microRNA
167a/b and AUXIN RESPONSE FACTOR 8 (ARFS8) (Gifford et al. 2008) and with
some nitrate transporters (see below). More and more players are being identified
(Sun et al. 2017) but we cannot simply cover all of them in this section. Despite
the evolutionary distance between Arabidopsis and crops, some of the
above-mentioned genes may have a similar role in coordinating nitrate availability
with the root development (Forde 2014).
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Fig. 11.2 Root morphological responses to nitrate supply of the model species Arabidopsis
thaliana (in vitro culture). A. Temporal sequence of lateral root primordium development in
Arabidopsis thaliana Columbia-0 (Col-0). Roman numbers (I to VII) represent seven stages of
development and E, the emergence out of the parent root. Different tissue layers are indicated by
arrowheads: pericycle (Pe), endodermis (Ed), cortex (Co), and epidermis (Ep). Scale bar: 20 um.
B. Root morphology in response to homogeneous nitrate supply. Col-0 seedlings grew for 14 days
on vertical agar plates containing 0.05, 0.5, 5, 25, or 50 mM nitrate. Medium formulation is
described in Hermans et al. (2010a). Growth conditions were constant temperature of 20 °C and light
period of 16 h light (50 pmol photons m™2 s~')/8 h darkness. Scale bar: 1 cm. B. Root morphology
response to heterogeneous nitrate supply. Split-root experiment shows a distinct promotion of root
growth in the right sector with high nitrate supply (5 mM) relative to the left deplete sector
(0.05 mM). Col-0 grew for one week on homogeneous 5 mM nitrate medium and then primary root
was pruned to two first-order lateral roots, at a distance of 1 cm below the hypocotyl. After one
week, the two main lateral roots with identical size were placed on two agar sectors which were
containing 0.05 or 5 mM nitrate and separated by a gap of 2 mm width. Arrowhead marks the
position of the two root tips at the time of transfer. [llustration represents a root system 27 days after
germination. Growth conditions were the same as in panel B. Scale bar: 1 cm

The Molecular Identification and Functional
Characterization of Nitrate Transporters
in Arabidopsis thaliana

The uptake of nitrate from the soil solution to the root is a process that occurs at the
plasma membrane of root cells through the action of well-characterized transport
systems (Fan et al. 2017). The low-affinity transport (LAT) system is active at high
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(>0.5-1 mM) and the high-affinity transporter (HAT) system at low (<0.2 mM)
nitrate concentrations, respectively. Both systems include inducible and constitutive
carriers (Nacry et al. 2013). In Arabidopsis, nitrate transporters are encoded at least
by four gene families: NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER
FAMILY (NRTI/NPF), NITRATE TRANSPORTER 2 (NRT2), CHLORIDE
CHANNEL FAMILY (CLC), and SLOW ANION ASSOCIATED CHANNEL
HOMOLOG (SLAC/SLAH) (Léran et al. 2014; Noguero and Lacombe 2016). Since
its isolation from an Arabidopsis mutant screen for resistance to chlorate (Tsay et al
1993), NRT1.1/NPF6.3 is the most extensively characterized of all nitrate carriers.
That transporter has double-affinity for nitrate (Wang et al. 1998). Mechanistically,
the phosphorylation of a threonine residue decouples the NRT1.1 homodimer
configuration and switches the transporter from LAT (homodimer) to HAT (dimer
decoupled) state (Liu and Tsay 2003; Parker and Newstead 2014; Sun et al. 2014).
Besides facilitating nitrate uptake, NRT1.1 is also depicted as a transceptor
(transporter/receptor) that emerges as a main hub for sensing environmental nitrate
conditions and triggering different signaling pathways (Bouguyon et al. 2015). For
example, nitrate sensed by NRT1.1 may elicit the production of second messengers
(e.g., cytosolic calcium levels), which would consequently trigger cascades to
change the expression levels of some nitrate assimilation pathway genes
(Undurraga et al. 2017). Remarkably, both NRT1.1 and NRT2.1 modulate the root
system architecture. The lateral root proliferation in nitrate-rich zones (as depicted
in Fig. 11.2c) is demonstrated to rely in part on the dual auxin/nitrate transport
activity of NRT1.1 (Remans et al. 2006a; Krouk et al. 2010; Mounier et al. 2014;
Bouguyon et al. 2016). Similarly, NRT2.1 plays a key role in root morphological
responses to N limitation (Little et al. 2005; Remans et al. 2006b).

Finally, enhancing nitrate acquisition by manipulating transporters has revealed
to be a successful target for improving NUE (Fan et al. 2017). There are few
examples in cultivated plants of higher nitrate transporter expression resulting into
increased plant growth, yield, and NUE (Fu et al. 2015; Hu et al. 2015, Fan et al
2016; Chen et al. 2016, 2017).

Premises on Ideal Root Architectural Attributes
to Optimize Nitrogen Acquisition in Oilseed Rape

One sensible target to improve NupE is enhancing soil exploration and N resource
capture by plants (Lynch and Brown 2012). A common rationale shared by different
authors (Lynch 2013, Li et al. 2016; Pierret et al. 2016) is that NupE can be
improved by favouring a branched and deep root system that explores an important
soil volume in order to prevent N leaching (Fig. 11.1). Field trials support that such
root features underlie high NUE in crops (Yu et al. 2015). Also, some quantitative
trait loci (QTLs) are involved concurrently in NUE and root morphology, sug-
gesting that NUE can be improved through direct selection of root morphological
traits (Li et al. 2015; Pestsova et al. 2016).
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Our focus is on winter oilseed rape, which is the second most important oilseed
crop in the world (Stahl et al. 2017). Oilseed rape (Brassica napus L.,
2n = 4x = 38) has an allotetraploid genome resulting from the interspecific cross
between turnip (B. rapa, A genome, 2n = 2x = 20) and cabbage (B. oleracea, C
genome, 2n = 2x = 18). Besides Brassica species are closely related to the plant
model Arabidopsis thaliana (2n = 2x = 10), which we have introduced (see pre-
viously). Winter oilseed rape is an increasingly important cash crop that diversifies
cereal-dominated crop rotations and that can absorb N from the soil and to incor-
porate it in vegetative biomass during the autumn. Unfortunately, oilseed rape has a
low ratio of seeds produced per N unit applied, around half that for cereals (Moll
et al. 1982; Bouchet et al. 2014, 2016a) and the small recovery involves risks for N
leaching. Increasing NUE is therefore essential to ensure the environmental and
economic sustainability of that crop production (Bouchet et al. 2016a). There are
indications that NUE is more strongly correlated with the NupE than with the NutE
under limiting N fertilization in field conditions (Berry et al. 2010; Schulte auf’m
Erley et al. 2011; Nyikako et al. 2014; Miersch et al. 2016). This suggests that
NupE is a valuable target for the creation of N-efficient oilseed rape genotypes.
Furthermore, there are indications that the seed yield is most closely correlated with
root growth following stem extension at low N supply (Kamh et al. 2005). Another
report indicates that an N-efficient cultivar is characterized by a high root pro-
duction during the vegetative growth stage (Ulas et al. 2012). Therefore, all these
elements advocate for root morphology optimization as a valuable strategy to
improve NUE in oilseed rape.

An Example of High-Throughput Screening of Root
Morphology in Laboratory Conditions and Validation
upon Field Trial

Some recent studies started to explore the genetic diversity of root biomass pro-
duction and root morphology in oilseed rape (Kamh et al. 2005; Schulte auf’m
Erley et al. 2007; Rahman and McClean 2013; Fletcher et al. 2015; Bouchet et al.
2016a; Thomas et al. 2016a, b; Zhang et al. 2016) and very few ones focusing on
the response to N supply (Leblanc et al. 2008; Lemaire et al. 2013). Here, we
challenged a diversity set of winter oilseed rape genotypes in a controlled envi-
ronment, for identifying contrasting root morphologies with different N treatments.
Eventually, the crop performance was challenged in a field trial. Correlations
between traits measured in laboratory and field conditions were established. That
way, we tested our hypothesis that root biomass production and root morphological
traits could be positive indicators of shoot biomass production and presumably of
yield performance. The panel was composed of two inbred lines and 26 hybrid
cultivars from different breeding companies (registration between 2009 and 2016).
They were recommended by the French Technical Center for Oilseed Crops and
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Industrial Hemp (Terres-Inovia, France) for the northern France growing condi-
tions. Actually that selection reflects the current predominance of modern hybrid
cultivars in crop-producing countries (Gehringer et al. 2007; Stahl et al. 2017). One
of the main reasons is that hybrids are the most productive genotypes whatever the
N nutrition conditions (Kessel et al. 2012).

The Phenotyping Seedlings in a Laboratory Environment

We used the pouch-and-wick system for observing root morphology (Adu et al.
2014, Thomas et al. 2016a, b). With that hydroponic setting, seedlings grew for
seven days on vertical germination paper imbibed with a nutrient solution containing
02 mM (N-) or 5mM (N+) nitrate, as the sole source of N (Fig. 11.3).
Representative root organs are presented in Fig. 11.4. Biomass production and root
morphological traits measured in hydroponics are defined in Table 11.1. On average
for the panel, the shoot biomass (S, —16%) and the total biomass (R + S, —13%)
were lower, and the root-to-shoot biomass ratio (R:S, +20%) was more important,
whereas the root biomass (R) was not different at N— compared to N+ (Fig. 11.5a—

y

ﬁ

Fig. 11.3 Hydroponic pouch-and-wick system to observe root morphology of winter oilseed rape.
a The system is made of two black rigid plates and a blue germination paper (20 x 30 cm)
imbibed with a nutrient solution. b Containers (19 L capacity) can hold up to 25 systems.
¢ Close-up of the systems. d The blue color of the germination paper allows to clearly
discriminating the roots of seven-day-old seedlings. Scale bar: 5 cm



11  Exploiting Genetic Variability of Root Morphology ... 193

ES MAMBO

N+

PT256
PAMELA

4

v n o

z = z ]

S [ = = s S 5 2

= o 5 o & 2 2 £ m (:é

822 .2 %2 o ,.38§ g8 S 25 ,E¢2¢%
O 9 Z g3z ¥ 88582 82 we S &S %5z E 2 2
X N = a X X 29 S 2 2 K 5 53 ) X & X e = X X e 3
L'—lEiIuEmNmBZNNDmNNHqumm£<
¥ ¥ B 2 ¥ » ¥ & < B 0 u ¥ Z < p ¥ ¥ ¥ < 3 ¥ ¥ % 2
A FE 3 0 B8 A Z A e« A A< T 0D O AaAA <o AcC A

B

Fig. 11.4 Root morphologies of winter oilseed rape genotypes in response to nitrate supply.
Pictures of representative root organs of 28 genotypes after seven-day growth in the hydroponic
pouch-and-wick system with 0.2 mM (N—) or 5 mM (N+) nitrate supplies. Root organ scans were
annotated with the RootNav image analysis software version 1.7.6 (Pound et al. 2013). Genotypes
are ranked from the left to the right by increasing sum of lateral root lengths (XL;g) value
measured at N-. The formulation of the nutrient solution is derived from Hermans et al. (2010b).
Growth conditions were constant temperature of 21 °C, photoperiod of 16 h light (150 pmol
photons m ™2 s~ ')/8 h darkness and relative humidity of 70%. Scale bar: 2 cm

Table 11.1 Definitions of biomass production and root morphological traits measured in
hydroponics

Biomass production traits

R Root biomass
S Shoot biomass
R+S Total biomass
R:S Root to shoot biomass ratio

Root morphological traits

Lpr Length of primary root = L, + L3 + Lz

Lz Length of primary root zone 2, delimited between the first and last lateral root

Lz Length of primary root zone 3, delimited between the hypocotyl junction and the
first lateral root

Lz Length of primary root zone 4, delimited between the last lateral root and the
primary root tip

Nir Number of lateral roots >1 mm

2Lir Sum of lateral root lengths

ML r Mean length of lateral roots = XL /Ny g

TRL Total root length = Lpg + XL g

Dir — 7, Density of lateral roots in zone 1 = Nyr/Lpr

Dir — Z» Density of lateral roots in zone 2 = (N g — 1)/Lz,

SRL Specific root length = (Lpr + XL g)/R
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Fig. 11.5 Biomass production and root morphological traits of winter oilseed rape genotypes in
response to nitrate supply (hydroponics). Twenty-eight genotypes grew for seven days in the
pouch-and-wick system with 0.2 mM (N—) or 5 mM (N+) nitrate supplies. Growth conditions are
detailed in the legend of Fig. 11.4. Traits measured at N— are plotted versus those measured at N+ .
The different genotypes are represented by horizontal and vertical lines (standard deviations), which
intersect at the mean values of the trait. The dashed line, with a slope of one, serves as a guide to
compare the two nitrate conditions. a root biomass (R), b shoot biomass (S), ¢ total biomass
(R + S), d root to shoot biomass ratio (R:S), e length of the primary root (Lpg), f length of primary
root zone 2 (Lz,), g length of primary root zone 3 (Lzz), h length of primary root zone 4 (Lzy),
i number of lateral roots (N ), j sum of lateral root length (XL;r), k mean length of lateral root
(ML R), 1 total root length (TRL), m density of lateral roots in zone 1 (D g — Z1), n density of
lateral roots in zone 2 (D g — Z2), o specific root length (SRL), p definition of the primary root
zones. n = 2 (6 pooled organs) for biomass traits, n = 12 for root morphological traits

d). Concerning the root morphological traits, the length of primary root (Lpg, +32%),
the lengths of primary root zone 4 (Lz4, +51%), the sum of lateral root lengths
(XL R, +25%), the mean length of lateral roots (ML g, +37%), the total root length
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(TRL, +27%), the density of lateral roots in zone 2 (Dyigr — Z2, +4%), and the
specific root length (SRL, +26%) were more important, the density of lateral roots in
zone 1 (D g — Z1, —9%) was lower, while the lengths of primary root zone 2 and 3
Lz, Lz3) and the number of lateral roots (Npr) did not change during
N-— compared to N+ conditions (Fig. 11.5e-0). All mentioned differences between
N treatments were significantly (P < 0.01) different. We observed a large diversity
of root morphologies between genotypes. For example, the differences between the
two most extreme genotype values were in the range of 36 and 47% for Lpgr, and of
143 and 124% for XL, R, respectively, at N— and N+ . The two inbred lines
(ES MAMBO and PAMELA) had some of the poorest root morphological features
among the panel (Fig. 11.4). This testifies the overall superiority of hybrids com-
pared to inbred lines as reported by Thomas et al. (2016b).

The Assessement of On-Field Performance

After phenotyping root morphology at a young developmental stage, we challenged
the performance of these 28 genotypes to the field conditions. Crop field trial was
conducted at the Centre pour I’Agronomie et 1’Agro-industrie de la Province du
Hainaut (CARAH) in Belgium. The genotypes grew in microplots (13.5 m?) with a
randomized complete block design in four replicates. Culture conditions and fer-
tilization level are described in Fig. 11.6 legend. Seed yield and seed quality traits,
as well as optical indices, are listed in Table 11.2. The values of the seed yield and
seed quality traits (Table 11.2) were falling in the range of the survey conducted by
Stahl et al. (2017). Large variations of these traits were found among the diversity

Table 11.2 Definitions and values of traits measured in the field. Values are the means of 28
genotypes (each genotype assessed in four microplots) + std

Seed yield and seed quality traits

SY Seed yield corrected to a standard water content of 9% 4,756 £ 442 kg ha™!
TSW 1,000 seed weight with moisture adjusted to 9% 385 +£025¢
NConc Concentration of N in dry seeds 3.20 £+ 0.09%
ProtConc | Concentration of protein in dry seeds 20.0 £+ 0.6%
OilConc Concentration of oil in dry seeds 47.0 £ 1.0%

SNU Seed N uptake = NConc x SY 138 + 12 kg ha™!
ProteinY Protein yield = ProtConc x SY 865 + 73 kg ha™!
oilY Oil yield = OilConc x SY 2,037 + 213 kg ha™*
GLS Glucosinolates concentration in dry seeds 13.1 & 1.9 pmol g_l
Optical indexes measured on the leaf canopy

CHL Chlorophyll index 512+ 1.7

FLAV Flavonol index 1.40 £ 0.06

NBI Nitrogen balance index 36.8 £ 1.9
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Fig. 11.6 Field traits of winter oilseed rape genotypes. The spider plot shows for 28 genotypes,
the percentage variation of the normalized trait values relative to the average of the panel (0%
indicates no difference compared to average). On each of the axes is plotted one trait: seed yield
(SY), 1,000 seed weight (TSW), seed N concentration (NConc), seed protein concentration
(ProtConc), seed oil concentration (OilConc), seed N uptake (SNU), seed protein yield (ProtY),
seed oil yield (OilY), seed glucosinolates concentration (GLS), chlorophyll index (CHL), flavonol
index (FLAV), and nitrogen balance index (NBI). SY was measured with the Delta plot combine
harvester (Wintersteiger), NConc, ProtConc, OilConc and GLS with the XDS NIR analyzer (Foss),
TSW with the Numigral seed counter (Chopin Technologies) and CHL, FLAV and NBI with the
Dualex optical device (Scientific +) in leaves at flowering stage. ES MAMBO is indicated by the
red curve and DK EXPANSION by the blue curve. Field experiments were conducted at CARAH
in Belgium (50°36'41" N, 3°4520" E) on a loamy soil using a complete randomized block design
with four replicates. Date of sowing: September 8, 2015, seeding rate: 60 seeds m ™2, weed control:
metazachlor, quinmerac, and clomazone at pre-emergence, N-fertilizer application: 90 kg N ha™"'
at the beginning of the culture (September 29, 2015) and 82 kg N ha ! at the beginning of the
spring vegetation (March 21st 2016), date of harvest: July 30, 2016

set: 34% difference between the two most extreme genotypes for seed yield (YS),
29% for 1,000 seed weight (TSW), 10% for seed N concentration (NConc) and seed
protein concentration (ProtConc), 4% for seed oil concentration (OilConc), 25% for
seed N uptake (SNU), 40% for seed protein yield (ProtY), 25% for seed oil yield
(OilY) and 59% for glucosinolate concentration (GLS) (Fig. 11.6). An optical
sensor device was used to determine three indices at the leaf canopy level during the
flowering stage: chlorophyll (CHL), flavonol (FLA), and nitrogen balance index
(NBI), which is the ratio between the two first indices and an indicator of N
sufficiency (Cerovic et al. 2015). Differences between the most extreme genotypes
were 9% for CHL, 16% for FLA, and 59% for NBI (Fig. 11.6).
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Correlations Between Phenotypic Traits

Pearson’s product moment correlation coefficients (cor) were calculated between
measured traits (Fig. 11.7). We will successively detail and discuss some significant
(P < 0.05) inter-trait phenotypic correlations in hydroponics and field environments
separately, then between these two data sets.

(1) During hydroponics, both R and S biomasses correlated strongly and posi-
tively with Lpg, Nir, 2L g, Dir — Z1, and TLR (min. cor = 0.69 for R and 0.61
for S; max. cor = 0.84 for R and 0.75 for S), with some stronger correlations
observed at N— (Fig. 11.7). We previously defined a root system ideotype for
maximizing spatial N capture with profuse and profound root branching (Fig. 11.1).
However, that strategy may express conflicting views because increased root pro-
duction could negatively impact on aboveground biomass and final yield.
Nonetheless, our concept proves here to be pertinent in laboratory setups, as
genotypes with high total root length also produced high shoot biomass at two N
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Fig. 11.7 Inter-trait phenotypic correlations in winter oilseed rape genotypes. Biomass production
and root morphological traits were measured at 0.2 mM nitrate (N—) or 5 mM nitrate (N+) in
hydroponics. Seed yield and seed quality traits as well as optical indices were measured in the
field. The trait definitions are given in Tables 11.1 and 11.2. Circle area and color intensity
indicate the strength of the correlation. Blue or red colors indicate positive or negative correlations.
Star indicates a correlation coefficient significantly (p < 0.05) different from zero. Graphics are
drawn with R package corrplot (version 0.77)
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supplies (Fig. 11.7). This suggests that high root branching can be a positive NUE
indicator, thereby supporting the long-term objective of our research.

(ii) During field trial, SY correlated negatively with NConc and ProtConc
(cor = —0.42) but positively with OilConc (cor = 0.5), while OilConc correlated
negatively with NConc and ProtConc (cor = —0.65 and —0.67 correspondingly)
(Fig. 11.7). Since SNU, ProtY, and OilY are, respectively, the products of NConc,
ProtConc, and OilConc with SY (Table 11.2), these traits implicitly show high
positive correlations. It is well known that oil and protein concentrations in seeds
are negatively correlated (Bouchet et al. 2016b; Stahl et al. 2017) and some
identified QTLs affect these two traits in an opposite manner (Chao et al. 2017).
A possible reason can be that oil and protein biosynthetic pathways happen in the
endoplasmic reticulum during the same period of seed development, suggesting a
competition with one another pathway for carbon resources utilization (Chao et al.
2017; Stahl et al. 2017). Glucosinolates (GLS) are toxic sulfur-containing sec-
ondary metabolites playing a role in plant defence against pests (Burow and Halkier
2017). Their consumption may be linked to a reduced number of cancer (e.g.,
colon) incidences (Wu et al. 2013) but too high GLS in food is goitrogen
(Eisenbrand and Gelbke 2016). For that reason, research efforts have achieved to
reduce GLS as low as 815 pmol g in seeds of oilseed rape (Table 11.2)
(Nour-Eldin et al. 2017). We found that GLS correlated positively with NConc and
ProtConc (cor = 0.66 and 0.67 respectively) (Fig. 11.7), and this is probably
because GLS is derived from amino acids. Furthermore, GLS negatively correlated
with OilConc (cor = —0.74) (Fig. 11.7), comforting the results by Gu et al. (2017)
who found a negative correlation between GLS and oil body size in seed cells.
Finally, optical parameters measured at the flowering stage could somehow predict
yield traits. FLA correlated negatively with SY (cor = —0.45) but positively with
TSW (cor = 0.58), while NBI correlated positively with SY (cor = 0.39). This
opens more considerations regarding to the ‘“stay-green” strategy with delayed
senescence to improve source to sink relationships (Bouchet et al. 2016a, Haveé
et al. 2017).

(iii) When comparing hydroponics and field data, R biomass and root mor-
phological traits (Lpr, N r, XL r, DLr — Z1, and TRL) correlated positively with
seed NConc and ProtConc (cor ranging from 0.30 to 0.59) (Fig. 11.7). Topp et al.
(2016) pointed out that there can be sometimes little correlation between root
phenotypes collected in controlled and field environments. Nonetheless, Thomas
et al. (2016b) already indicated that the primary root length measured with the
pouch-and-wick culture system was a good predictor of emergence, early vigor, and
seed yield in the field. Our preliminary results are encouraging us to conduct more
field trials and to test the genotype-by-environment interactions in different pedo-
climatic conditions and with different N fertilization levels, as emphasized by
Bouchet et al. (2016b) and Stahl et al. (2017).
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A Rhizotron Setting to Observe Root Growth Belowground

We previously depicted a high-throughput screen of 2D root morphology in con-
trolled conditions. Nonetheless the field greatly differs from the laboratory envi-
ronment. Hence, in the ground, the roots are exploring strata with different texture
and with heterogeneous distribution of water and nutrients (Pierret et al. 2016). The
microbial communities of the rhizosphere also impact on the root growth of their
host plants (Verbon and Liberman 2016). Undeniably, observing crop rooting in situ
remains an incredible challenge: A drawback is to extract an entire root system from
the soil substrate without deterioration. We will illustrate how a rhizotron system can
be used to examine root proliferation in deep soil horizons with a camera.

Fig. 11.8 Field observations of root morphology. a—b Soil coring of winter oilseed rape plantlets
at stage BBCH 14 (four leaves unfolded). Root system after being washed (a). Scale bar = 5 cm.
Aerial part prior to coring (b). c—d Tube rhizotron system for nondestructive observation of root
development. Placement of clear acrylic tubes (6.35 cm inner diameter and 105 cm in length) at an
angle of 60° between the field rows (c¢). Close-up of tubes sealed with plugs (c). The CI 600 in situ
Root Imager (CID Bio-Science, USA) is inserted in the tube to capture digital images of roots in
the soil
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Common field observations of root organs consist of trench excavation or soil
coring (Topp et al. 2016). Soil cores are obtained after washing roots from adherent
soil substrate with caution to avoid damage (Fig. 11.8a, b). Because that process is
tedious and destructive, it does not allow the simultaneous and over time observation
of a large number of root organs. By overcoming that limitation, a rhizotron system
gives the ability to nondestructively incorporate elements of time and depth to root
density information over the seasons (Mufoz-Romero et al. 2010; Topp et al. 2016).
In the next illustration, we have monitored root growth of two winter rapeseed
genotypes (DK EXPANSION and ES MAMBO) with contrasting root morpholo-
gies, as identified in hydroponics (Fig. 11.4). Transparent tubes were installed down
to 70 cm profile depth at an angle of 45° between the field rows (Fig. 11.8c—e).
We observed the root intersections with an in situ camera and found that the root
system rapidly developed within weeks after sowing until winter came (Fig. 11.9).
During the spring, no marked root development around the tubes was visible.

(a) (b)

9-X 22-X 11-XI 30-111 10-IV 9-X 22-X 11-XT 30-111 10-IV

,,}':.--2 N e

Root intersection (%)
3.7 7.8 7.3 4.7 43 1.0 4.8 6.9 5.1 4.9

Fig. 11.9 Observation of root development belowground with a camera system. Original
(top) and skeletonized (bottom) root intersection images of the two winter oilseed rape genotypes
DK EXPANSION (a) and ES MAMBO (b) Images were taken at five different days during the
culture (year 2015-206) with the CI-600 in situ Root Imager (CID Bio-Science, USA). Scale bar:
10 cm
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These observations are in accordance with Barraclough (1989) who estimated after
soil coring, that as much as two-thirds of the total crop root production were already
achieved before winter at a depth of 0—180 cm. The author also reported that more
than three quarters of the root total length were deployed in the top 40-cm horizon.
Besides, our rhizotron system permitted to discriminate between the two genotypes.
For instance, the hybrid cultivar DK EXPANSION had faster root proliferation than
ES MAMBO during the first weeks after germination (Fig. 11.9), thereby con-
firming the hydroponic observations at a young developmental stage (Fig. 11.4).

Conclusion

This chapter illustrated how synergistic activities in laboratory and field environ-
ments can be used to gain insights on the root growth and development of winter
oilseed rape. Such screen may speed up the delivery of genotypes with great
morphological features. We provided an example of a root phenotyping procedure
in controlled setups with a proof of concept evaluation. The rationale is that
N-efficient genotypes are those with a dense root system to explore an important
soil volume. In this study, the genotypes with high total root length values produced
high aerial biomass. This indicates no trade-off between those traits during
hydroponic culture. We are currently dissecting the genetic bases underlying
nitrate-dependent root morphology changes using several genomic strategies that
exploit the natural variation in large collections of genotypes. That information
could be incorporated in crop improvement programs (marker-assisted selection
with genes holding the promise to optimize root system architecture). Studies for
enhancing NUE must be seen in a global strategy with multiple factors to be
considered. Introgression of positive root traits and high N transport activity must
be sought in genotypes with high N utilization efficiency.
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Genetic Improvement of Nitrogen Use e
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Andreas Stahl and Rod Snowdon

Oilseed Rape in the Global Context

Oilseed rape (Brassica napus L.), also known as rapeseed or canola, is mainly
grown for its high-quality vegetable oil for human nutrition, for industrial use as a
substitute for fossil oil, and for its high-value protein in the extraction meal. With a
ten-year average production volume of around 58 M metric tons (2004-2013,
http://faostat.fao.org/), oilseed rape is the third most important oil crop globally
behind soybean and oil palm. During the past ten years, the average worldwide
production area exceeded 30 M ha annually, particularly in Canada (6.5 M ha),
China (7 M ha), the European Union (EU; 7.8 M ha), Australia (1.8 M ha), and the
United States of America (0.5 M ha). Within the EU, France (1.43 M ha) and
Germany (1.40 M ha) are the countries with the biggest production areas. In South
Asia (in particular India), mustard (Brassica juncea) is the dominating from. The
annual on-farm yield increases for the period from 1991 to 2010 in Canada, China,
India, France, and Germany were estimated at 33, 37, 15, 21, 68 kg/ha, corre-
sponding to 1.7, 2, 1.4, 0.6, and 1.7%, respectively (Fischer et al. 2014). More
recent data from Canada report increases of 54 kg/ha and year (2.6%) between
2000 and 2013 (Morrison et al. 2016), reflecting a recent trend toward higher
performing hybrid cultivars. Edible oilseed rape is grown as winter types in Europe,
with a growing period of around 11 months, whereas early flowering spring-sown
canola forms grown in Canada are harvested after only 4 months. Australian
growth conditions suit intermediate types with European, Canadian, and Asian
ancestry (Cowling 2007).

In the main growing regions, oilseed rape has become one of the most important
dicotyledonous crops, with an integral role as a break crop in cereal crop rotations
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(Kirkegaard et al. 2016). The positive influence of its root system on soils, the
phytosanitary effect, and residual nitrogen from plant residues have a strong pos-
itive influence on yields of subsequent cereals (Christen and Sieling 1993; Christen
et al. 1992). European winter oilseed rape also provides soil coverage for almost the
entire year, preventing soil erosion and reducing nutrient leaching.

As for most non-legume crops, nitrogen (N) is the nutrient that has to be sup-
plied to oilseed rape in the highest quantities and the fertilization is imperative to
achieve high-yield levels. Since oilseed rape has a relatively high acquisition of
nitrogen during vegetative growth stages, but a comparatively low nitrogen
recovery in harvested organs (seeds), its cultivation is often associated with an
N-balance surplus that can potentially damage other ecosystems (Sieling and Kage
2008; Hirel et al. 2007). This unused nitrogen not only lowers the economic pro-
ductivity of the crop, but can also exacerbate gaseous N-emissions, nitrate leaching,
or run-off. Rockstrom et al. (2009) estimated that, on a global scale, pollution of
ecosystems with excess nitrogen has already crossed an acceptable boundary.
Furthermore, energy-dependent mineral fertilizer production by the Haber-Bosch
process raises carbon dioxide emissions and lowers the greenhouse gas balance.
Since oilseed rape is the primary feedstock for European biodiesel production, it
must meet EU legislatory demands for reductions in greenhouse gas generation
resulting from crop production, in order to enhance the sustainability standard of
renewable energy. As an overall consequence, noteworthy increase of nitrogen use
efficiency (NUE) in oilseed rape is essential to address these constraints and achieve
more economical, sustainable vegetable oil and protein production in temperate
agricultural zones.

Addressing NUE Throughout the Entire Production System

Since future sustainability standards must be regarded as an economic and
ecological benchmark across the entire production system, NUE is always the
result of Genotype x Nitrogen x Environment x Management interactions
(G x N x E x M) within the overall cropping system (Dresbell and
Thorup-Kristensen 2014). These interdependences are best illustrated by examples.
Firstly, NUE can be altered enormous by management practices, for example by
precise adjustments in timing and dosage of N fertilization through sophisticated
application methods. In this regard, state-of-the-art sensor technologies and a more
accurate plant demand prediction are important issues (Pahlmann et al. 2017,
Sieling and Kage 2010; Miiller et al. 2008; Henke et al. 2007). Secondly, favorable
or unfavorable alterations in one aspect of the N cycle normally also affect the
subsequent plant growth conditions. For example, N that is unused by the previous
crop might be at least partially usable by the subsequent crop (mostly wheat),
depending on the environmental and management conditions. Furthermore, a large
number of biotic and abiotic constraints, which are also influenced by N avail-
ability, can significantly limit the seed yield and thus the realized NUE. Obviously,
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if plants are affected by diseases or drought they will not achieve comparable NUE
levels to those of healthy or sufficiently rain-fed plants. In this context, however,
maintaining crop health and reducing yield losses by management decisions or
resistance breeding is rather an elimination of inefficiencies than a direct tool to
engineer NUE. The same is true for the avoidance of seed yield loses by increased
resistance to lodging or pod shatter (Raman et al. 2014). Although all these com-
plex interactions certainly contribute to a more efficient use of N, in this chapter we
focus on genetic improvement of NUE under optimal crop management practices,
beyond solutions to biotic and non-nitrogen abiotic penalties. We outline which
traits in particular must be addressed in order to improve NUE and how existing
genetic potential in B. napus can be used to enhance NUE by breeding improved
varieties of oilseed rape.

The Glass Half Full: NUE Is Already Constantly Improving

In a very simplistic interpretation, NUE can be defined at the end of the crop season
as the seed yield per unit of plant-available N (Good et al. 2004; Moll et al. 1982).
From this perspective, varieties attaining higher seed yields at a given nitrogen
availability level can be claimed to be more N-efficient. It is extensively docu-
mented that—for different investigated time periods—modern varieties significantly
outperform older varieties under the same environmental conditions, giving strong
evidence that breeding drives improvement of NUE (Stahl et al. 2017;
Lotze-Campen et al. 2015; Koeslin-Findeklee et al. 2014; Kessel et al. 2012;
Gehringer et al. 2007). Interestingly Kessel et al. (2012) observed high correlations
(r=0.96) for seed yield between high and low nitrogen fertilization levels,
demonstrating that the ranking of genotypes at reduced N levels is not tremendously
different from high N levels. Hence, breeders have apparently indirectly selected
more efficient varieties simply by targeting seed yield as the most important
breeding aim. High-performing hybrid oilseed rape varieties tend to have a general
yield advantage over inbreds (Wang et al. 2016; Gehringer et al. 2007), with
heterosis levels between 4 and 63% (Becker 1987). In the context of NUE, heterosis
is considered to be increased under limiting conditions. For European hybrid
varieties, Wang et al. (2016) reported heterosis up to 20% under high N and up to
35% under limiting N conditions. However, the physiological and genetic basis for
heterosis is not well understood in B. napus. As a consequence, strategies to further
improve NUE should include investigation of driving forces of heterosis. Moreover,
breeding progress is not solely expressed in higher yields but can also affect other
plant traits. For example, modern cultivars including hybrids were found to have
lower N concentration in senesced leaves than older varieties or synthetic B. napus
accessions (Kessel et al. 2012).
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NUE as the Final Result of Numerous Plant Growth
Characteristics

However indirect selection for NUE has been successful in the past, achieving
higher levels of NUE more rapidly in future breeding requires more directed
selection. One strategy can be to evaluate diverse material under divergent N
environments (Ceccarelli 1994), whereas another option is to test and select only
under low-N environments in order to more directly select genotypes with a high
NUE. An ideal genotype will capture a high percentage of available N, producing a
higher seed yield per unit of acquired N and leaving minimal N in the plant residues
at harvest (Moll et al. 1982). In this context it becomes obvious that NUE is not a
single trait, but rather a conglomerate of traits that can be clustered in those that
affect nitrogen-uptake efficiency (NupE) or nitrogen utilization efficiency (NutE)
(Sattelmacher et al. 1994; Moll et al. 1982). In light of the fact that NUE is
influenced by a great number of factors, favorable allele combinations for a trait
influencing one factor might be masked by other traits and, thus, remain hidden and
overseen in selection processes. In order to combine and pyramid complementary
traits enhancing NUE, endpoint selection based on the yield is not sufficient to
optimally exploit the genetic potential. Only a knowledge-based combination of
numerous traits will lead to superior NUE. Therefore, we propose to dissect the
complex breeding aim into sub-traits which must be assessed throughout the entire
vegetation period (Stahl et al. 2016; Thurling 1991). To make this possible, a
deeper understanding of individual target traits is required.

Acquisition of and Response to Nitrogen

For biomass development at the beginning of their lifecycle, oilseed rape plants
have a high demand for uptake of nitrogen and other nutrients from the soil.
Generally, members of the Brassicaceae family are considered to have a strong
ability to acquire nitrogen and produce vegetative plant biomass (Cramer 1993). In
particular, in case of European winter oilseed rape production, the 11-month
growing season beginning shortly after the preceding crop allows uptake of N in
autumn and consequent prevention of leaching. Numerous studies have pointed out
that under low-N supply (residual soil N plus fertilizer) the relative contribution of
NupE is more important than the NutE. On the other hand, in cases where N supply
is high, the relevance of NutE rises while that of NupE is diminishing (Wang et al.
2016; Miersch et al. 2016a, b; Nyikako et al. 2014; Kessel et al. 2012; Schulte
auf‘m Erley et al. 2011; Berry et al. 2010). Nevertheless, several studies suggest
that water and nitrogen acquisition can still be meaningful and an important con-
tributor to NUE, in particular during flowering and post-anthesis, even under
intensive growth conditions (White et al. 2013; Ulas et al. 2012; Schulte
auf‘m Erley et al. 2011; Berry et al. 2010; Kamh et al. 2005; Wiesler et al. 2001).
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In this regard a stay-green habit is suggested to be advantageous, since the leaves
still maintain a high level of assimilates for transporters in the roots to take up N.
However, the direction of causality is not yet clarified (Kamh et al. 2005). Berry
et al. (2010) calculated a yield increase of 16 kg/ha for each additional kilogram of
N taken up after flowering.

For N acquisition, the root system (reviewed in Garnett et al. 2009) and early
vigor might be potentially relevant to ensure crop establishment. Investigations of
the root system during early plant developmental stages have been subjected to
previous studies in B. rapa (Adu et al. 2014) and B. napus, either for early vigor
and drought adaptation (Hatzig et al. 2014, 2015) or in conjunction with phos-
phorus acquisition (Shi et al. 2013). In order to select directly for specific root traits,
or indirectly by use of genetic marker associations, it is necessary at least initially to
phenotype large populations and determine relevant target traits or markers. For
early developmental stages, Shi et al. (2013) used a doubled-haploid population
(n = 190) to determine genomic regions associated with root traits. Indeed, they
found a significant QTL on chromosome AO3 associated with root architectural
traits which also colocated with QTL identified in B. napus, B rapa, and
Arabidopsis. However, for effective use of data generated at early developmental
stages under controlled (artificial) environments, the transferability to field condi-
tions and the relevance at later developmental stages is a critical point that is not
necessarily given. The reasons for this poor transferability are manifold (reviewed
in Poorter et al. 2016). Nevertheless, some studies have demonstrated relationships
between root traits in artificial and field conditions (Thomas et al. 2016). For
example, in a Canadian study with eight genotypes, a relationship was observed
between root seedling traits and seed yield under field conditions (Koscielny and
Gulden 2012). Most portions of the root system are thought to be fully developed
prior to flowering (Le Deunff and Malagoli 2014; Rahman and McClean 2013;
Barraclough 1989); however, few studies have been conducted on genetic diversity
of the root system in B. napus beyond the early developmental stages, most likely
because of the difficulties in accessing the root system. One of the first studies
looking at the inheritance of the root system at more developed growth stages was
conducted by Rahman and McClean (2013). In their mapping study, based on a
segregating F2 population from a cross between spring-type and winter-type B.
napus, the authors hypothesized a trigenic dominant control of root vigor per se.
However, transferability of data from single biparental mapping populations to a
general context is difficult, and crosses between winter-type and spring-type
genotypes have an extremely high dependency on vernalization and flowering-time
traits that can strongly mask other traits. Furthermore, to date there is only scarce
knowledge available about the genetic variation of root traits in B. napus in rela-
tionship to N availability. Several studies agree that the total root length is much
more relevant for nitrogen uptake than the root mass (Schulte auf’m Erley et al.
2007; Kamh et al. 2005). Moreover, a faster root penetration rate is suggested to
reduce nitrogen leaching in deeper soil layers (Thorup-Kristensen 2006). By direct
comparison between two extreme lines, (Kamh et al. 2005) showed that a higher
root length in deeper soil layers positively influenced NupE. In addition, the
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finding, that hybrids have longer roots than inbred lines (Koeslin-Findeklee et al.
2014) and can acquire up to 49% more N than their corresponding parents (Wang
et al. 2016), suggests that the exploitation of heterosis could confer an N-uptake
advantage. In order to access late root phenotypes in populations large enough to
facilitate genetic mapping, Fletcher et al. (2014) used the “root pulling force”—the
force needed to pull adult plants out of field soil—as a proxy for the root system
size. The result was a strong correlation between flowering time and root pulling
force; however, two major QTL for root system size were identified on chromo-
somes AO8 and CO7 that do not colocalize with flowering time and, thus, can be
considered as candidate regions for further investigations of adult plant root
architecture in B. napus (Fletcher et al. 2014).

A larger root system might be beneficial on the one hand in soil layers with a
high occurrence of plant-available nutrients, but on the other hand it can also be
associated with a metabolic cost for building and maintenance of the root system. In
particular in cases where the root system size is not limiting for N acquisition, a
large root system can counteract the benefits. Therefore, the ability of a genotype to
react to divergent N levels deserves further attention. It is known that nitrate is not
only a nutrient, but also an important signaling molecule that allows plants to adapt
to different nitrogen levels (Zhang and Forde 1998, 2000). In recent studies of adult
plant roots under controlled conditions (Hohmann et al. 2016), we revealed by a
so-called shovel-omics approach tremendous genetic variation for root traits within
the gene pool of B. napus. Arguably even more interesting is the observation of a
strong genetic variation for the response to divergent N supply under field growth
conditions (Bouchet et al. 2016).

In case of low nitrogen availability, plants frequently increase their root surface
and alter their transporter activity (reviewed in Kiba and Krapp 2016), probably in
order to capture more nitrogen, and diminish shoot growth. Hence, it is not sur-
prising that the root-to-shoot ratio increases as a result of low N (Passioura 1983).
Nitrogen uptake might be influenced by the root surface and thus by the number of
lateral roots (Fig. 12.1). This in turn is controlled among others by the root-specific
N-responsive gene ANRI (Gan et al. 2012), CLAVATA3/ESR (CLE) peptides, and
the nitrated-inducible CLAVATAI (CLV1) leucine-rich repeat receptor-like kinase
(Araya et al. 2014). There are examples that further control takes place by nitrogen
on the transcriptional and post-transcriptional level (Coruzzi and Zhou 2001).
Finally, in Arabidopsis the microRNAs such as miR167 and miR393 regulate the
target genes ARF8 and AFB3, respectively, which alter the root system architecture
depending on the supplied N (Vidal et al. 2010; Gifford et al. 2008). Due to this
genetic complexity, targeted genetic approaches to regulate NUE for breeding are
difficult. In the foreseeable future, successful exploitation of genetic variation for
root traits and their response to different environments will clearly require exten-
sive, precise and standardized phenotyping pipelines, (Thorup-Kristensen and
Kirkegaard 2016; Dorlodot et al. 2007) and appropriate statistical modeling
approaches (Araya et al. 2016).
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Fig. 12.1 Comparison of root morphology between elite winter oilseed rape genotypes with few
lateral roots (left) and with intense lateral root network (right) grown under field conditions. (A.
Stahl and R. Snowdon, unpublished data)

The Bottleneck in Rapeseed: Nitrogen Utilization

Flowering is characterized by a paroxysm of change from the vegetative to the
generative developmental stage (Fig. 12.2). Associated with this is a change in
source—sink relationships. Whereas, prior to flowering, the vegetative plant organs
form the sink for nitrogen, post-flowering they now become the source for devel-
oping generative organs that now form the new N sink. Compared to other crops
such as wheat and maize, the seed N of oilseed rape at harvest mainly originates
from protein degradation in other plant segments (Masclaux-Daubresse et al. 2008;
Malagoli et al. 2005; Rossato et al. 2001). Oilseed rape development is charac-
terized by an early start of senescence processes and leaf abortion after flowering.
Since not all of the nitrogen is remobilized, aborted leaves cause N loss from the
plant-internal N pool to the upper soil layer of the field. Kessel (2000) measured
that 10% of the total N uptake is lost by dropped leaves. The N losses in senesced
leaves decline from flowering until maturity not only just because the previously
aborted leaves are bigger, but also due to a higher N concentration in the leaves
(Stahl 2016). Data from Wang et al. (2016) indicated that N remobilization into
seeds depends rather on plant genetic effects than on level of N supply and that the
responsible processes are not source limited. This is in agreement with the finding
that phloem loading of amino acids is efficient and not below that found in other
crops, suggesting a sink limitation (Tilsner et al. 2005). Taken together, one might
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argue that—from an overall viewpoint—the desynchronization between source and
sink activitiesin oilseed rape is a physiological bottleneck for increased NUE.
Directly after flowering the source offers an overload of nitrogen that cannot be
captured by the small, just developing sink. As a result, nitrogen is lost in high
concentration via aborted leaves that are not able to fully remobilize their N
reserves (Stahl 2016; Rossato et al. 2001). Gombert et al. (2010) support this
hypothesis of sink-limited N remobilization, in particular at high N fertilization
levels. At later stages, the sink is much more developed and is able to incorporate
nitrogen more efficiently; however, meanwhile many leaves have already been lost
and the only remaining source organs are the stems and roots (and later the silique
walls) segments (Masclaux-Daubresse et al. 2008; Malagoli et al. 2005; Rossato
et al. 2001). During this phase, the stem and taproot are considered to act as buffer
organs (Rossato et al. 2001). Indeed, a direct comparison of extreme genotypes
revealed that there is a genetic difference in the proportion of N that is remobilized
from leaves and stems (Girondé et al. 2015a, b). In fact, however, the source—sink
relationship is even more complex, because of an undetermined growth behavior
and sequential entry into the generative phase. While the main raceme and early
side branches have already finished flowering and switched to the generative phase,
late side branches with their leaves are still developing and flower late. For this
reason, the complete flowering period can take a few weeks.

This complex temporal chorography of flowering, senescence, and N remobi-
lization makes it obvious that regulation of flowering time is essential for efficient
allocation of plant-internal resource (Fig. 12.2). In a recent study on a diverse
collection of European winter-type oilseed rape, early flowering was revealed to be
beneficial for an increased NUE at low-N supply (Fig. 12.3). The notion that
control of flowering time is a critical regulator for yield traits, and its potential target
for manipulation by breeders, was already described by Schiessl et al. (2014) and
Jung and Miiller (2009). Further, genome-wide association studies in spring-type
and winter-type canola oilseed rape (Schiessl et al. 2015; Xu et al. 2016), along
with as biparental QTL mapping in spring-type B. napus (Luo et al. 2014; Quijada
et al. 2006; Udall et al. 2006), identified important chromosomal regions with
relevance for flowering-time regulation. Schiessl et al. (2015) found one region on
chromosome A(09, with common associations with plant height and seed yield,
containing the AGL transcription factor and putative meristems regulator Bn. FUL
(Melzer et al. 2008). In Arabidopsis, FUL plays a role in silique development via
NO TRANSMITTING TRACT (Chung et al. 2013), suggesting a potential
involvement in the new sink formation. Sequence variation in other important
flowering time regulating genes, described by Schiessl et al. (2014), represents
interesting diversity for analysis of N effects.

On the other hand, not only the regulation of flowering time is associated with
yield and NUE performance of individual genotypes, but also the nitrogen
(Fig. 12.4) and chlorophyll content, along with the timing and degree of senescence
(Gregersen et al. 2013). It was confirmed that photosynthesis and chlorophyll
contents—especially in siliques (Hua et al. 2014)—have a positive relationship to
seed oil content (Wu et al. 2014). Recently, Qian et al. (2016b) discovered that a
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Fig. 12.2 Rapeseed N dynamics over the crop cycle. The figure depicts the interconnected
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sequential nitrogen remobilization efficiency (NRE) (1); post-flowering nitrogen-uptake efficiency
(NUpE) (2); sequential and monocarpic NRE during the flowering and seed filling periods (3); and
the interactions between NUE, leaf area index (LAI), and pod area index (PAI) (4). Thousand seed
weight (TSW). (First published in Agronomy for Sustainable Development, Bouchet et al. 2016)

deletion of the stay-green gene NON-YELLOWING 1 (NYEI) is associated with low
chlorophyll and seed oil content in Asian B. napus forms. More interestingly,
signatures of selection suggest an artificial selection of haplotypes carrying this
deletion during breeding of oilseed rape, indicating a selective advantage in at least
some environments. Related to this, a strong interdependency exists between
senescence processes and the plant nitrogen status. On one side a shortage of
nitrogen supply can induce senescence processes (Bi et al. 2007), whereby the onset
of senescence affects the remobilization of plant-internal N. Delayed senescence, in
turn, enables an extended period of sunlight usage for photosynthesis, which
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Fig. 12.3 Correlation nitrogen use efficiency (NUE) with flowering time at low nitrogen (right)
and high nitrogen fertilization (left) in a highly diverse set of winter-type winter oilseed rape
accessions separated into an old, non-adapted group with high erucic acid content (+) and rather
modern group (0). Gray shaded areas depict 95% confidence interval. Cultivar Olimpiade is
marked with black triangles (First published in Plant and Soil, Stahl et al. 2016)

potentially leads to higher yields (Kant et al. 2015; Gan and Amasino 1995),
especially under abiotic stress (reviewed in Jameson and Song 2016). Furthermore,
in light of nitrogen remobilization, a delayed continuous senescence can allow the
source organs (at this stage mainly leaves) to continuously release stored leaf
metabolites toward the sink. In particular under consideration of the disbalance
between source and sink activation in oilseed rape, this delay might be advanta-
geous as long as the genotypes do not stay green for too long and miss a final N
remobilization from vegetative organs to the seeds. Alteration of source—sink
relationships is strongly mediated by the hormone cytokinin, the presence of which
delays leaf senescence, prevents degradation of photosynthetic proteins (Jameson
and Song 2016; Guo and Gan 2014), and activates specific cell cycle genes
(Schaller et al. 2014). Particularly under abiotic constraints such as nitrogen defi-
ciency and drought stress, maintenance of cytokinin levels was shown to confer
yield advantages in other crops (Peleg et al. 2011). Besides environmental influ-
ences, senescence is also under genetic control by so-called senescence-associated
genes (SAGs). A number of SAGs have been identified not only in Arabidopsis
thaliana (van der Graaff et al. 2006; Buchanan-Wollaston et al. 2005), but also in B.
napus (Lee et al. 2015). In particular the gene SAGI2, encoding a cysteine protease
responsible for degradation of the photosynthetic apparatus, was found to be very
responsive to senescence induction in B. napus (Koeslin-Findeklee et al. 2015). As
a molecular marker for leaf senescence (Brunel-Muguet et al. 2013; Gombert et al.
2006), SAG12 expression was revealed to be an even more sensitive indicator than
SPAD measurements (Koeslin-Findeklee et al. 2014). Zhao et al. (2015) showed
that moderate enhancement of cytokine levels may lead to increased branching,
enhanced photosynthesis, better abiotic and biotic stress resistance, and ultimately
higher yields. Cytokinins are not just an important regulator of senescence, but also
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Fig. 12.4 Correlation nitrogen use efficiency (NUE) with N concentration in leaves at flowering
at low nitrogen (right) and high nitrogen fertilization (left) in a highly diverse set of winter-type
winter oilseed rape accessions separated into an old, non-adapted group with high erucic acid
content (+) and rather modern group (0). Gray shaded areas depict 95% confidence interval (First
published in Plant and Soil, Stahl et al. 2016)

play a regulatory role in shoot apical meristem, are relevant for inflorescence
architecture (discussed in the next paragraph), enhance the cell division of the seeds
(Jameson and Song 2016; Hwang et al. 2012; Brugiere et al. 2008; Emery et al.
2000; Singh et al. 1988), and are therefore considered to be key driver of seed yield
(Han et al. 2014). It was observed for B. napus that source leaves, floral buds, and
pods depend on cytokinin supplied from maternal sources immediately after
anthesis. On the other hand, elongating pods and developing seeds produce their
own cytokinin (Song et al. 2015). This finding underlines a differential regulation of
yield components, suggesting that manipulation of different traits requires a dedi-
cated spatial and temporal regulation of each target trait. The endogenous cytokinin
level can be modified by altering genes encoding for the isopentyl transferase
(IPT) which is the key biosynthetic enzyme and/or by the cytokinin oxidase/
dehydrogenase which causes cytokine degradation (Zhao et al. 2015). Furthermore,
it was demonstrated in rice that cytokinins could be directly altered in plant
breeding programs. As an example, a loss-of-function mutant of the gene Osckx2
led to increased cytokinin levels and 20% higher yield in rice (Ashikari et al. 2005).

NUE in Light of Seed Quality and Plant Architectural Traits

In principal there are two options to increase the sink for nitrogen and increase the
amount of N that the plants extract from the field: (1) elevated seed protein con-
centration, and (2) increased seed yield per se. The seed protein concentration in
oilseed rape generally varies between about 15 and 20%; however, in more diverse
material a much broader spectrum can be observed. It is widely known that seed
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protein has a negative correlation between seed yield and seed oil concentration,
due to a competition for the same carbon resources (Zhao et al. 2006; Rathke et al.
2005). Oil yield is still the most important economic parameter for oilseed rape
production (Funk and Mohr 2010), even though the valuable protein is attracting
increasing rising attention. Hence, until now breeders have generally selected for
genotypes high in oil content, with high per se yield and hence a high oil yield. For
this reason, modern high-yielding varieties show higher oil concentration in seeds.
In the past, this led to the paradoxical observation that higher seed N concentration
appears to be negatively associated with an increased NUE in modern breeding
pools (Koeslin-Findeklee et al. 2014; Stahl and Snowdon, unpublished data). As a
consequence, increasing the seed protein concentration in order to raise NUE of
rapeseed oil will only be a promising strategy if genotypes can be found that at least
partially break the negative correlation between oil and protein content, or if the
protein yield as an oil-extraction by-product receives the necessary economic
attention. The suggestion to include protein in the ecological footprint calculation
associated with NUE has some merit, but would justify breeding attempts toward
enhanced seed protein content at the cost of prioritising oil content. A more rea-
sonable scenario is selection for the sum of oil plus protein (Grami and Stefansson
1977), or at least including the protein content of the meal as a breeding goal in
order to increase the recovered N in seeds. A monitoring conducted in Australia
observed that both oil content in seeds and protein content in the meal increased by
0.09 and 0.05% per year respective between 1978 and 2012 (Potter et al. 2016),
suggesting that the negative correlation between seed oil and protein can partially
be broken.

Irrespective of seed quality traits, yield per se is by far the most important factor
to increase NUE. Seed yield is strongly dependent on the principal plant archi-
tecture, since it has a major impact on optimized light capture for photosynthesis,
along with the development of the primary yield components, number of siliques
per plant, number of seeds per silique, and thousand seed weight (TSW), respec-
tively. In rapeseed, the development of axillary meristems to develop side branches
besides the main raceme is of fundamental relevance for yield formation. Although
plant architecture and yield components show a high plasticity and are influenced
by many environmental factors, for example the sowing density (Junior et al. 2012;
Diepenbrock 2000), there is also a noteworthy genetic variance for yield-associated
architectural traits that has not yet been directly targeted in plant breeding. A recent
study of branching angle across a diverse population of 143 genotypes, including
mainly spring but also 6 winter types, discovered genetic variation up to 50° (20°—
70°) and a high heritability (Liu et al. 2016). In the same study, significant asso-
ciations to branching angle were found on chromosomes A2, A3, A7, C3, C5, and
C7. Another complementary study, also analyzing a DH population, demonstrated
that plant architectural traits are in significant correlation with seed yields. On the
other hand, QTL related to plant architecture were found to be more stable than
yield-related QTL, since they are less strongly influenced by the environment.
In general, the genes underlying the identified QTL could be grouped into the
categories auxin/IAA, gibberellins, and transcription factors (Cai et al. 2016).
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Another study investigated the heterosis for yield components in a winter-type B.
napus DH mapping population between cv. Express and R53. Midparent heterosis
for seed yield was found to be 30%, for number of siliques per area 19% and for
number of seeds per siliques 11.2%. No heterosis was observed for thousand seed
weight. A total of 33 QTL were identified that play a potential role in heterosis for
yield and yield components. Furthermore, the authors found that a combination of
dominance, overdominance and epistatic effects were involved in expression of
heterosis (Radoev et al. 2008). Cai et al. (2014) conducted association mapping for
six yield-related traits including architectural traits and yield components, finding
18 markers that were repeatedly detected over two years. To our knowledge,
however, detailed genetic mapping studies of multiple plant architectural traits have
not been performed under divergent nitrogen fertilization levels.

Collective alterations of plant architectural traits can be a strategy to enhance the
harvest index (HI), the ratio of seed yield compared to the entire plant biomass.
Genetic variation for HI was reported by Svecnjak and Rengel (2006). An extreme
alteration in harvest index can be achieved by the use of dwarf genes to produce
semidwarf hybrids, as those show reduced stem elongation and therewith a lower
plant residual biomass. One prominent dwarfing gene is the bzh gene described and
mapped on chromosome A06 by Foisset et al. (1996, 1995). In a recent study,
Miersch et al. (2016a, b) used a doubled-haploid population of 108 genotypes to
produce test hybrids, segregating into bzh semidwarf and normal-type hybrids, in
order to assess the effects of the dwarf phenotype on NUE under high- and zero-N
fertilization, respectively. The result was that semidwarf hybrids outperformed the
normal-type hybrids for seed yield exclusively under N deficiency (Miersch et al.
2016a, b). Based on this result, it appears that the dwarf gene not only alters the
plant length, but also shows pleiotropic effects on seed yield. Furthermore,
branching on dwarf cultivars originates in lower stem sections, leading to a more
even distribution of plant biomass across the vertical axis of the plant (Wang et al.
2004). In other studies using independent genetic backgrounds for semidwarf and
normal-type rapeseed, no advantage of semidwarf hybrids for reduction of N
leaching was observed (Sieling and Kage 2008; Koeslin-Findeklee et al. 2014). As
an extension of the harvest index concept, the nitrogen harvest index can be used to
express the proportion of N that is stored in seeds at harvest compared to the
amount of N in the entire mature plant.

Use of Genetic and Genomic Resources in Breeding
Programs

Oilseed rape (B napus L.) has a relatively young evolutionary age and is the
allotetraploid hybrid of the diploid progenitor species B. oleracea (C genome
donor) and B. rapa (A genome donor) (Chalhoub et al. 2014). Each of those species
is in fact also the result of ancient polyploidization, showing triplication of an
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ancestral genome (Parkin et al. 2014, 2005). In general, B. napus potentially has an
extremely wide genetic and morphological variation (Bus et al. 2011). However,
due to adaptation to local cropping systems and strict selection for double-low
(00) seed quality (zero erucic acid content and low glucosinolate content), today’s
elite varieties represent a very small gene pool with only narrow genetic diversity
(Qian et al. 2014; Hasan et al. 2006). On the other hand, genetic diversity is a
prerequisite for plant breeders and avoidance of drift due to a low effective pop-
ulation size is essential for long-term breeding success. Hence, genetic replenish-
ment of genetic diversity is essential for maintenance of breeding progress (Griggs
et al. 2014; Cowling and Léon 2013; Cowling 2007). Therefore, breeders face the
challenge to enrich their gene pools with genetic diverse material (Girke et al.
2012a, b), while at the same time attempting to avoid compromising the high
standards they have already achieved for important adaptation and quality traits
(Cowling et al. 2009). In B. napus, very large chromosome blocks with low genetic
diversity and high linkage disequilibrium, containing essential QTL for major seed
quality and flowering-time traits considerably hamper the re-enrichment of depleted
gene pools (Qian et al. 2014). Interestingly, there is a genome bias in this phe-
nomenon, with much larger conserved LD blocks in the C subgenome than in the A
subgenome (Qian et al. 2014). Furthermore, conserved haplotype blocks can lead to
inadvertent co-selection of linked traits. For example, Qian et al. (2016a) discov-
ered a conserved haplotype block on chromosome A02 which contains an ortholog
of the key glucosinolate biosynthesis genes METHYLTHIOALKYMALATE
SYNTHASE-LIKE I (MAMI), along with a number of chlorophyll-related genes.
Strong linkage in repulsion can hinder trait combination, and hence breeders require
a boost in recombination to exchange strongly conserved chromosome segments.
Numerous studies have demonstrated that de novo allopolyploidization of B. napus
from its ancestors is a promising strategy to induce homeologous chromosome
recombination and overcome low recombination rates (Mason and Batley 2015;
Mason and Snowdon 2016). In the context of increased NUE, Wang et al. (2014)
demonstrated that production of resynthesized B. napus lines by interspecific
hybridization has the potential to enlarge the genetic variation and allow the
identification of more efficient genotypes. Also, Bouchet et al. (2016) and Stahl
et al. (2016) found a very broad genetic variation for traits associated with nitrogen
uptake and utilization efficiency across adapted and non-adapted B. napus geno-
types. For hybrid breeding programs, the enrichment of genetic diversity and
separation into heterotic pools is of fundamental importance (Zou et al. 2010).

Tools to Accelerate Breeding Progress

So far the evidence confirms that classical breeding approaches have obviously
been successful to increase the seed yield tremendously and therewith NUEin
oilseed rape (Stahl et al. 2017). However, future breeding programs can be
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streamlined by implementing several emerging tools that could help further boost
NUE breeding progress.

Candidate gene approaches are frequently suggested as an option to improve
specific traits. Potential genes are known for some sub-traits influencing NUE, and
research in B. napus can benefit from a close relationship to the model crucifer, A.
thaliana (Bancroft et al. 2015; Cheung et al. 2009; Parkin et al. 2005), but targeting
specific genes (e.g., through targetted mutations) is complicated by the genome
complexity of the allopolyploid. The earlier genome triplication since the diver-
gence forms A. thaliana, followed by the allopolyplodization and genome
restructuring (Chalhoub et al. 2014), has greatly expanded gene copy number in B.
napus (Lysak et al. 2005; Chalhoub et al. 2014). As a consequence, targeting single
gene copies often does not result in a phenotypic change, since there are number of
copies that might compensate each other. For example, Orsel et al. (2014)
demonstrated that the sixteen BnaGLNI genes, coding for a cytosolic glutamine
synthetase isoform, show divergent tissue-specific expression and environmentally
dependent control. Moreover, one trait might be compensated by the superiority in
other traits, so that modification of a single trait may not necessarily result in an
improved phenotype (Boote et al. 2013).

In order to determine potential genomic regions which might be responsible for
particular trait expression, high-resolution genotyping with high-density
genome-wide markers is already state of the art and broadly used in genetic
research and breeding (reviewed in Voss-Fels and Snowdon 2015; Snowdon et al.
2012). For B. napus, the Illlumina Brassica Consortium Infinium array, released in
2012 and carrying functional assays for 52,157 markers (Clarke et al. 2016), is a
very powerful tool for forward genetics, genomic prediction, or genomic selection
(Ganal et al. 2012). Although this high number of markers is necessary for
high-resolution genetic studies in diverse populations, in breeding populations with
more conserved LD the extensive SNP information is often redundant. Filtering of
SNP loci can lead to a much more effective chip, including only genome-specific
SNPs that cluster clearly in both genomes (Clarke et al. 2016).

Although biparental QTL mapping can be useful to dissect agronomic traits in
breeding populations (Wurschiim 2012), studies revealed that NUE is controlled by
multiple small-scale effects, making the sole use of marker-assisted selection for
NUE unrealistic (Bouchet et al. 2014). Nevertheless, the improvement of single
NUE-influencing traits by marker-assisted selection, such as root morphology, plant
architecture, or seed quality traits, could be potentially helpful. Indeed, several
studies have identified chromosomal regions associated with yield-related traits that
might be interesting for candidate gene searches (Basunanda et al. 2010; Radoev
et al. 2008; Udall et al. 2006). However, there are extremely few examples for
successful implementation of marker-assisted selection for QTL involved in
quantitative traits (Bernardo 2016).

In contrast, high-density genome-wide markers are highly suited to genomic
selection (GS) and predictive breeding strategies, and these offer unprecedented
possibilities for improvement of complex traits such as NUE (Snowdon and Iniguez
Luy Snowdon et al. 2012). Genome-wide association studies (GWAS) in B. napus
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have elucidated traits from early developmental stages (Hatzig et al. 2015) until
maturity and harvest (Korber et al. 2016). The latter study detected 112 SNP-trait
associations for various traits using a species-wide diversity set comprising 405 B.
napus winter and spring-type accessions.

The use of genome-wide marker data not only allows GWAS, but also can be
used to estimate the breeding value of a genotype based on the calibration of a
model by a training population which is extensively phenotyped in different
environments. Genomic selection (GS) approaches attempt to predict the
genotype-specific breeding value based on whole genome-wide marker profiles.
Advantages of GS are the time and cost-effective (pre-)selection of breeding
material (Jonas and de Koning 2013; Heffner et al. 2010, 2011; Crossa et al. 2010).
Results from spring-type oilseed rape using a ridge-regression best linear unbiased
prediction (BLUP) in combination with 500 cross-validations demonstrated that it is
possible to predict seed yield and seed quality traits. Prediction accuracy ranged
from 0.29 for seedling emergence, a trait with very low heritability, to 0.81 for the
highly heritable trait oil content (Jan et al. 2016). Considerations of GXE effects
(Cullis et al. 2010) into GS selection models can lead to noteworthy improvements
in prediction accuracy. With a precise GS tool, breeders have the chance to pres-
elect their material and, thus, at least partially replace expensive field trials or other
extensive phenotypic screenings by genomic screenings. However, if the heri-
tability for a trait is low, as for NUE, and the additive and nonadditive genetic
variance is large, the training population must be large to achieve adequate pre-
diction adequacy (Heffner et al. 2011). From this perspective, the optimized use and
detailed integration into breeding program will still have to be evaluated.
Nevertheless, traits such as NUE, for which phenotypic selection can be chal-
lenging, can potentially profit considerably from GS techniques. In future, the
integration of crop growth models into GS models as it has been implemented in
maize is an attempt to increase prediction accuracy by consideration of functional
biological relationships (Technow et al. 2015). For rapeseed, genomic prediction of
hybrid performance (Jan et al. 2016), along with modeling of nitrogen uptake
(Malagoli et al. 2005) and plant-internal nitrogen partitioning (Malagoli and Le
Deunff 2014), has each been conducted individually. However, approaches inte-
grating both methods have yet to be developed and require further research.

Outlook

The acquisition of increasing quantities of large-scale “omics” data and their
association with agronomic traits in suitable populations open the possibility to
considerably improve our understanding of plant physiological processes of NUE
and their genetic determinants (Raman et al. 2016). Ongoing developments in
high-throughput data collection and high-performance computing facilitate in silico
modeling of plants from genome to phenome, in order to resolve crop development
in different environments (Zhu et al. 2016).
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It stands to reason that progress in genomics can substantially help to adapt
oilseed rape to future growth conditions (Nelson et al. 2016). As for most other
important crops, next-generation sequencing and high-throughput genomics tools
(Edwards et al. 2013) have provided access to the genomes of B. napus (Chalhoub
et al. 2014) and its ancestors B rapa (Wang et al. 2011) and B. oleracea (Yu et al.
2013). As more and more B. napus genomes are resequenced (e.g., Schmutzer et al.
2015), we will get closer and closer to achieving a complete catalog of genes and
variants in the species pangenome (Golicz et al. 2016a, b), and using this infor-
mation to gain insight into gene presence—absence and/or copy-number variation
associated with complex traits such as NUE. Ultimately, new breeding technologies
based on genome-editing techniques (Cardi and Varshney 2016; Mao et al. 2013)
will provide interesting new tools to discover, characterize, and engineer NUE in
rapeseed.
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Chapter 13 )
The Importance of Organic Nitrogen s
Transport Processes for Plant

Productivity and Nitrogen Use Efficiency

Mechthild Tegeder and Molly Perchlik

Abbreviations

AAP Amino Acid Permease

AMT Ammonium Transporter

CAT Cationic Amino acid Transporter
DUR Degradation of urea (urea transporter)

LHT Lysine-Histidine-type Transporter

NRT Nitrate Transporter

PTR Peptide Transporter

NPF NRT1/PTR Family

ProT Proline Transporter

UmamiT Usually Multiple Acids Move In and out Transporter
UPS Ureide Permease

Summary

Plants need large amounts of nitrogen for growth, development, and reproduction.
Generally, inorganic nitrogen is acquired from the soil or atmosphere and reduced
in nodules, roots, or photosynthetically active source leaves to amino acids or
ureides. These organic compounds present the main nitrogen forms transported
from source to sink, and their regulated partitioning is critical for plant metabolism,
growth, and efficient nitrogen use. Nitrogen uptake and long-distance transport of
organic nitrogen from root to leaf to seed requires the function of plasma membrane
transporters. Amino acid and ureide transporters are localized to critical positions
along the path where they control nitrogen acquisition, export from nodules,
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xylem-to-phloem transfer, phloem loading, and seed import. These transporters
present important targets for manipulation of nitrogen partitioning to improve seed
yield and quality, and nitrogen use efficiency.

Introduction

Nitrogen (N) is an essential macronutrient that is needed in large amounts for plant
growth and development. It is an important component of many biological mole-
cules, including amino acids, which are the building blocks of proteins and
enzymes. Amino acids are also used as N precursors or donors for the synthesis of
nucleic acids, ureides, chlorophyll, and many other N metabolites, such as alka-
loids, which are involved in plant defense (Lam et al. 1996; Epstein and Bloom
2005; Zrenner et al. 2006; Miret and Munné-Bosch 2014; Ziist and Agrawal 2016).
In addition, amino acids are the main long-distance N transport forms in most plant
species.

Plants generally acquire inorganic N from the soil through uptake of nitrate and
ammonium via transport proteins (Fig. 13.1; Loqué and von Wirén 2004; Krapp
et al. 2014). Uptake of organic N compounds also occurs (e.g., amino acids and
peptides), especially in ecosystems with low soil N mineralization and in cropping
systems that use organic fertilizers such as manure or compost (Farley and Fitter
1999; Rentsch et al. 2007; Nasholm et al. 2009; Tegeder and Rentsch 2010). In
addition, legumes can acquire atmospheric dinitrogen through a symbiotic rela-
tionship with bacteria that reside in root nodules. This fixed N is reduced to amino
acids and ureides in nodules of temperate and tropical legumes, respectively
(Bergersen 1971; Schubert 1986; Tegeder 2014). Inorganic N that is taken up by
the root is assimilated into amino acids either in roots or in leaves, depending on the
plant species, N availability, and the diurnal cycle (Fig. 13.1; Andrews et al. 1992;
Lam et al. 1996; Stohr and Méck 2001; Ferrario-Méry et al. 2002; Miller et al.
2007; Xu et al. 2012; Krapp 2015). Amino acids that are taken up or synthesized in
roots are either metabolized within root cells or transported to the shoot for use
(Miflin and Lea 1977; Schobert and Komor 1990).

In plants that mainly reduce N in roots, the newly produced amino acids are
translocated in the xylem transpiration stream to source leaves (Fig. 13.1; Miflin
and Lea 1977; Schobert and Komor 1990). Along this path, amino acids can be
transferred from the xylem to the phloem to directly supply developing sinks, such
as young leaves, flowers, and seeds with N (Pate et al. 1975; van Bel 1984; Zhang
et al. 2010). However, many plant species preferentially transport nitrate to source
leaves where photosynthesis provides the reductants and carbon skeletons for
amino acid synthesis (Andrews 1986; Lam et al. 1996; Lewis et al. 2000;
Nunes-Nesi et al. 2010; Tegeder and Masclaux-Daubresse 2017).

In leaves, the organic N compounds are either used for metabolism, stored as
amino acids, ureides or proteins, or exported into the phloem to supply developing
sink tissues with N (Ellis 1979; Millard 1988; Liu et al. 2005; Lee et al. 2014;
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Fig. 13.1 Model of nitrogen (N) fixation, uptake, assimilation, and partitioning in plants.
Legumes fix atmospheric N, through a symbiotic relationship with bacteria in root nodules. In
tropical and temperate legumes, the fixed N is reduced to ureides or amino acids, which are
transported from the nodules via the xylem to the shoot. Alternatively, plants take up amino acid
and inorganic N (ammonium, NH,4"; nitrate, NO3"), the later being from assimilated into amino
acids in the roots or shoot. Root amino acids (and NO;5 ) are moved in the xylem to the shoot.
Some of the xylem amino acids are transferred along the transport path to the phloem for direct N
supply of sinks. However, the majority of amino acids are delivered with the transpiration stream
to source leaves. Root-derived amino acids and ureides, and leaf-synthesized amino acids are
loaded into the phloem for N supply of developing sinks such as fruits and seeds. Ureides are
converted within the seed coat to amino acids. Amino acids are released from the seed coat into the
seed apoplast followed by import into embryo (for details, see recent reviews Tegeder 2014;
Tegeder and Masclaux-Daubresse 2017). Soil-to-root and root-to-shoot-to-seed N transport require
a series of membrane transport steps. Some transporters (arrows with a circle) that are localized in
key positions where they control N uptake and partitioning to sinks are indicated (see text and also
Table 13.1)

Tegeder and Masclaux-Daubresse 2017). The N compounds enter the phloem
primarily in leaf minor veins and are then moved toward sinks using an osmotic
pressure gradient (Fig. 13.1; Pate 1980; Knoblauch et al. 2016). Once in the sink, N
compounds are symplasmically unloaded from the phloem and move toward the
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sink cells. Within the seed coat of seed sinks, organic N catabolism, transamination,
and re-assimilation processes may occur (Atkins et al. 1975; Rainbird et al. 1984;
Weber et al. 1995; Gallardo et al. 2007), followed by release of amino acids into the
seed apoplast and import into the embryo for development and storage compound
accumulation (Patrick 1997; Offler et al. 2003).

Efficient plant uptake, allocation, and use of N in source and sink are essential
for plant biomass production and reproductive success (Fig. 13.2). In modern
cropping systems, large amounts of industrially produced N fertilizers are supplied
in order to guarantee N availability for maximum seed yields. However, many
crop plants inefficiently acquire and use N, and an increase in N fertilization is often
not proportional to increases in yield production (Ju et al. 2004; Delin and Stenberg
2014; Lassaletta et al. 2014; Mueller et al. 2014; Zhu et al. 2016). Depending on the
crop species, soil conditions, and N supply, plants may take up less than half of the
N fertilizer (Raun and Johnson 1999; Kumar and Goh 2002; Yang et al. 2015; Zhu
et al. 2016). While a number of factors may impact N uptake and usage, including
inorganic N import into the roots, N assimilation, and its regulation may (Kumar
et al. 2006; Tsay et al. 2011; Ruffel et al. 2011; Nacry et al. 2013; Bao et al. 2015;
Stahl et al. 2016), recent studies suggest that amino acid and/or ureide partitioning
processes within the plant also play essential roles in plant productivity and N use
efficiency (Fig. 13.2; Rolletschek et al. 2005; Schmidt et al. 2007; Weigelt et al.
2008; Tan et al. 2010; Zhang et al. 2010, 2015; Carter and Tegeder 2016; Santiago
and Tegeder 2016).

Long-distance partitioning of amino acids and ureides requires plasma
membrane-bound transport proteins that facilitate movement of the organic N from
nodules or roots to leaves and finally to sinks (Fig. 13.1; Delrot et al. 2001; Rentsch
et al. 2007; Tegeder 2014). This review discusses key transporters that control N
root uptake, and root-to-shoot and leaf-to-seed partitioning of organic N, and
examines their importance for plant growth, development, and seed production.
Further, we evaluate the importance of amino acid transporters in source and sink
for the efficiency of N uptake and use.

Importance of Nitrogen Root Uptake Systems for Plant
Performance

Root N uptake from the soil is mediated by plasma membrane transporters, influ-
enced by the availability of soil N, and controlled by plant N assimilation processes
and the N demand of the plant (Fig. 13.1; Ruffel et al. 2011; Nacry et al. 2013;
Stahl et al. 2016). A range of inorganic and organic N transporters with varying
substrate specificities and affinities are present in roots (Wang et al. 1998; Sonoda
et al. 2003; Yan et al. 2011; Haynes 2012; Fan et al. 2017). This diversity enables
the root to regulate uptake in response to varying soil environments, including
different N forms and concentrations.
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Fig. 13.2 Model on nitrogen (N) uptake, partitioning, and N use efficiency. Uptake of inorganic
and organic N (N,,) and root-to-sink partitioning of N, are indicated. N use efficiency (NUE) is
defined as the amount of seed yield relative to N supply (Moll et al. 1982). NUE is comprised of
two components: N uptake (NUpE) and utilization efficiency (NUtE). NUpE is the proportion of N
in the shoot relative to the N supply, and it is influenced by the amount of N uptake and
root-to-shoot N partitioning. NUtE describes the amount of shoot N used for seed production,
which is influenced by leaf-to-seed N partitioning. Additionally, NUE is affected by photosynthetic
N use efficiency, or the rate of CO, fixation per area leaf N (Commichau et al. 2006; Makino 2011)

Inorganic Nitrogen Uptake

Nitrate uptake is achieved by transporters of the NRT1 family (Nitrate
Transporterl), also named NPF transporters (Nitrate Transporterl/Peptide
Transporter Family), and the NRT2 family (Fan et al. 2017). NRT1 transporters
are mostly low-affinity systems (Huang et al. 1999; Liu et al. 1999; Guo et al. 2002;
Léran et al. 2014), while NRT2 transporters primarily function in high-affinity
nitrate uptake (Wang et al. 1998; Okamoto et al. 2003; Li et al. 2007; Yan et al.
2011). Studies on natural variation and using manipulation of NRTI or NRT2
expression have shown that NRT function affects N acquisition, plant productivity,
and N use for seed production (Table 13.1). For example, overexpression of
ZmNRTI1.1 and ZmNRT1I.3 in maize roots led to improved nitrate uptake, seed yield,
and N use efficiency (Allen et al. 2016). Likewise, variation in NRT1.1B/OsNPF6.5
expression in root and shoot tissue of the Oryza sativa (rice) subspecies indica and
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Japonica seems to correlate with efficient use of N for seed development (Hu et al.
2015). Further, OsNRT2.1 overexpression in rice roots and leaves resulted in
increased biomass, seed yield, and N use efficiency (Chen et al. 2016; 2017).
Similar successes have also been reported when NRT1 or NRT2 transporters were
constitutively overexpressed in rice (Table 13.1; Fang et al. 2013; Fan et al. 2016a,
b; Feng et al. 2017).

Uptake of ammonium is regulated by saturable, high-affinity ammonium trans-
porters (AMTs) and non-saturable, low-affinity systems (i.e., aquaporins or cation
channels) (Glass et al. 2002; Sonoda et al. 2003; Jahn et al. 2004; Loqué et al. 2005;
Lea and Azevedo 2006; Guo et al. 2007; Barzana et al. 2014). In Arabidopsis
thaliana, six AMT genes are present, while 10 AMTs have been identified in rice.
Up to date, genetic manipulation of ammonium transporters had relatively little
success. For example, overexpression of OsAMTI;1 and OsAMT1I;3 in rice under
control of the CaMV-35S promoter resulted in increased ammonium uptake, but
biomass and seed yield were either not changed or decreased (Table 13.1; Kumar
et al. 2006; Bao et al. 2015). Nevertheless, the use of a ubiquitin promoter-
OsAMTI;1 construct led to more biomass and seed productivity (Table 13.1;
Ranathunge et al. 2014). Overall, manipulation of ammonium transport processes to
improve plant N uptake and use may be challenging, since alterations in cellular
ammonium pools or excess ammonium can be toxic for the plant cell (Britto and
Kronzucker 2002; Bittsanszky et al. 2015).

Uptake of Organic Nitrogen

High amounts of organic N may be found in cropping systems that rely on manure
or compost for N nutrition (Khan 1971; Gregorich et al. 1994; Senwo and Tabatabai
1998). Although peptides, proteins, and other N compounds can be acquired by the
plant, research on root uptake of organic N has mainly focused on amino acids
(Rentsch et al. 2007; Komarova et al. 2008; Paungfoo-Lonhienne et al. 2008;
Tegeder and Masclaux-Daubresse 2017). In Arabidopsis, five transporters have
been shown to affect amino acid uptake by roots, and these include Amino Acid
Permeases AAP1 and AAPS, Proline Transporter ProT2, and Lysine-Histidine-type
Transporters LHT1 and LHT6 (Grallath et al. 2005; Hirner et al. 2006; Lee et al.
2007; Svennerstam et al. 2007, 2008, 2011; Lehmann et al. 2011; Perchlik et al.
2014; Ganeteg et al. 2017). However, all of these amino acid transporters were
characterized using Arabidopsis mutants and it still remains to be examined if and
how their increased expression in roots affects N acquisition and usage, and plant
growth.

Soils often contain considerable amounts of urea (Kojima et al. 2006). Following
microbial hydrolysis, a majority of the urea-N is accessible to the plant as am-
monium, but direct urea uptake also occurs (Mérigout et al. 2008). As shown in
Arabidopsis and rice, urea is actively taken up and transported within root tissues
via the high-affinity urea transporter DUR3 (Kojima et al. 2007; Wang et al. 2012;
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Bohner et al. 2015). Constitutive expression of rice DUR3 in Arabidopsis dur3-1
mutants resulted in increased urea uptake and shoot growth, suggesting manipu-
lation of root urea import as a potential approach to improve plant performance
(Wang et al. 2012).

Function of Nodule Ureide Transporters in Atmospheric
Nitrogen Fixation and Plant Growth

Legumes can access the large atmospheric N pool through a symbiotic interaction
with rhizobia that are housed in root nodules (Fig. 13.1). The final organic products
available to the plant are amides in nodules of temperate legumes (e.g., pea, Pisum
sativum) and the ureides allantoin and allantoic acid in case of tropical legumes
such as soybean (Glycine max) and common bean (Phaseolus vulgaris) (Streeter
1979; Scharff et al. 2003; Tajima et al. 2004; Todd et al. 2006; Atkins and Smith
2007). While the molecular mechanisms for nodule amide transport processes
remain to be identified, transport of ureides out of the nodules requires the function
of UPS1 (Ureide Permease 1) proteins (Pélissier et al. 2004; Collier and Tegeder
2012; Carter and Tegeder 2016). When overexpressing the common bean UPSI
transporter (Pélissier et al. 2004; Pélissier and Tegeder 2007) in soybean nodules,
ureide transport from nodules to shoot and finally to seeds were increased resulting
in a significantly improved seed yield (Table 13.1; Carter and Tegeder 2016). In
addition, atmospheric N fixation was enhanced in the transgenic versus control
nodules by around 100%. Together, these results support that organic N export out
of the nodules is a key regulatory step in N fixation, shoot N supply, and seed
development in legumes. The data further suggest significant improvements in plant
N acquisition and use efficiency.

Role of Amino Acid Transporters in Root-to-Shoot Nitrogen
Supply and Photosynthetic Use Efficiency

Amino acids that are taken up from the soil or synthesized in roots or nodules are
translocated in the xylem mainly to photosynthetically active, transpiring leaves
(Figs. 13.1 and 13.2; Miflin and Lea 1977; Schobert and Komor 1990). The rate of
N transport from the root to leaves is influenced by the rate of N flux from the root
cells to the xylem, transpiration rate and its associated hydrostatic pressure gradient
between root and leaf, and import of N into the mesophyll cells (Engels et al. 1992;
Gouia et al. 1994; Windt et al. 2006). Amino acid xylem loading requires the export
of amino acids into the apoplast from either nodule or root endodermal cells, the
pericycle or vascular parenchyma cells (Tegeder 2014). Root-localized Usually
Multiple Acids Move In and out Transporters (UmamiTs) are predicted to function
in this efflux step (Ladwig et al. 2012; Miiller et al. 2015; Besnard et al. 2016).
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Import of the organic N into the leaf cells is, at least in part, mediated by LHT1,
since a mutation in the transporter results in decreased uptake of amino acids
by mesophyll cells and their accumulation in the apoplast, overall negatively
affecting growth (Hirner et al. 2006; Liu et al. 2010; Svennerstam et al. 2011).
Future studies will need to address if an increase in amino acid import into the
source leaf cells affects N flux rates from the roots to the shoot and, subsequently,
root N uptake and assimilation.

Not all amino acids that are transported out of the root are directed to leaves. In
particular during vegetative phase, up to 21% (van Bel 1984) of the organic N may be
retrieved from the transpiration stream along the pathway for metabolism (Bailey and
Leegood 2016), establishment of N storage pools (Streeter 1979; Millard 1988), or
xylem-to-phloem transfer to directly supply growing sinks with N (Fig. 13.1;
Dickson et al. 1985; Pate et al. 1975; van Bel 1984; 1990). Arabidopsis AAP6 is
localized to the vascular parenchyma and is thought to be involved in amino acid
removal from the xylem (Hunt et al. 2010), while AAP2 has been shown to function
in amino acid loading into the transport phloem (Zhang et al. 2010). Mutants of aap6
and aap?2 both demonstrated reduced phloem amino acid levels, and in aap?2 plants
less N was transported to developing sinks, resulting in decreased seed protein levels
(Hunt et al. 2010; Zhang et al. 2010). However, no negative effects were observed
with respect to aap? seed yield or seed germination rates (Zhang et al. 2010). On the
contrary, in aap2 mutants, xylem allocation of amino acids to leaves was elevated,
leading to increased carbon fixation (Zhang et al. 2010). Overall, leaf carbon meta-
bolism and partitioning to aap? siliques and seeds were enhanced, which resulted in
higher fatty acid levels per seed, seed number, and seed oil yields. This suggests that
at least for oil (or starch) crop plants, optimizing N allocation to photosynthetically
active source leaves presents a promising approach to increase seed carbon/oil/starch
yields, and potentially photosynthetic N use efficiency (Makino and Osmond 1991;
Escudero and Mediavilla 2003; Dordas and Sioulas 2008).

Influence of Phloem Loading of Amino Acids
and Source-to-Sink Transport on Seed Development

Xylem-derived and leaf-synthesized amino acids are used for leaf metabolism,
transiently stored in amino acid or protein pools, or loaded into the phloem for
translocation to sinks (Fig. 13.1 and 13.2; Tegeder and Masclaux-Daubresse 2017).
The amount of N that is allocated to sinks and used for seed development is affected
by several physiological factors including N uptake, metabolism, and source-to-sink
allocation (Habash et al. 2001; Tsay et al. 2011; Girond¢ et al. 2015). In particular
during senescence, leaves are considered strong sources for amino acids, and
effective N mobilization during leaf senescence and redistribution to sinks can
significantly impact the efficiency of N utilization for seed development (Moll et al.
1982; Muurinen et al. 2007; Masclaux-Daubresse and Chardon 2011). The
phloem is primarily comprised of sieve elements and companion cells (SEs/CCs),
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which accommodate the long-distance transport of amino acids to sink (Kempers
et al. 1998; Oparka and Turgeon 1999). Depending on the plant species and fre-
quency of functional plasmodesmata, phloem loading occurs either symplasmically
via plasmodesmata, or apoplastically involving cellular export and import processes
(van Bel 1993; Rennie and Turgeon 2009). At least with respect to sucrose, many
crop plants are considered to be apoplastic phloem loaders (Geiger et al. 1973;
Winter et al. 1992; Aoki et al. 2004; Slewinski et al. 2009; Chen et al. 2012), and a
similar phloem-loading mechanism is assumed for amino acids and other
N-containing compounds (Servaites et al. 1979; Lohaus et al. 1995; Fischer et al.
1998). In apoplastic loading, amino acids are passively exported from parenchyma
or bundle sheath cells into the cell wall space. In Arabidopsis, UmamiT18/SIARI1 is
involved in this efflux step (Ladwig et al. 2012) and potentially BAT1 (Diindar and
Bush 2009). The amino acids move within the apoplastic space to the SE-CC
complex of the phloem where they are actively taken up (Diindar and Bush 2009;
Ladwig et al. 2012; Santiago and Tegeder 2016). Based on localization studies in
Arabidopsis, pea, and common bean, several members of the AAP transporter family
have been identified as potential phloem loaders (Tegeder et al. 2007; Tan et al.
2008; Tegeder and Rentsch 2010; Tegeder and Ward 2012). However, up to date a
function in amino acid import into the SEs/CCs has only been demonstrated for
AAPS (Santiago and Tegeder 2016). Analysis of Arabidopsis aap8 mutants showed
decreased amino acid import into the phloem resulting in reduced seed yield. The
study suggests that amino acid transporter function in phloem loading regulates seed
number and size, and is most probably important for efficient N utilization for seed
development (Santiago and Tegeder 2016).

The importance of amino acid phloem loading for sink development has further
been demonstrated by overexpressing a yeast sulfur (S)-methyl-methionine trans-
porter (i.e., MMP1) in the leaf phloem (and embryo) of pea plants (Tegeder et al. 2007;
Tan et al. 2010). Long-distance transport of S-containing amino acids, including
S-methyl-methionine, was increased in the transgenic plants, positively co-regulating
amino acid metabolism and source-to-sink allocation, and seed N import (Tan et al.
2010). Together, this led to increased biomass production, seed yield, and seed protein
levels. However, S import into the embryo was unchanged. S-methyl-methionine is
converted in seed coats to methionine, and results suggest that the ‘pulling force’ for
methionine uptake by the embryo was limited in the transgenic plants and that seed
loading of methionine or other S compounds may present a bottleneck in increasing
S-rich, high-quality seed storage proteins (Tan et al. 2010).

Amino Acid Transporter Function in Seed Sinks
and Their Importance for Nitrogen Storage Pools

Developing fruits and seeds are major sinks for N during reproductive phase. Phloem
unloading in seeds is generally assumed to occur via the symplasmic pathway
through plasmodesmata (Patrick 1997). However, post-phloem transport of amino
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acids into seeds involves both apoplastic and symplasmic transport routes dependent
on the developmental stage and seed tissue (Peoples et al. 1985; Patrick 1997; Offler
et al. 2003; Stadler et al. 2005; Miiller et al. 2015). Symplasmic isolations occur
between the outer and inner integuments of the seed coat (Schneitz et al. 1995;
Stadler et al. 2005). Further, the maternal seed coat encircles the endosperm and the
developing embryo, which are all symplasmically disconnected (Stadler et al. 2005).
Overall, the lack of plasmodesmata necessitates a sequence of export and import
steps to finally release the amino acids into the seed apoplast for uptake by the
embryo. Arabidopsis transporters that are involved in amino acid movement toward
the embryo for development and/or storage protein synthesis include UmamiTs, the
Cationic Amino acid Transporter CAT6 and AAPs (Fig. 13.1; Hammes et al.
2006; Schmidt et al. 2007 Sanders et al. 2009; Ladwig et al. 2012, Miiller et al. 2015).
The majority of N uptake by the embryo happens via the outer cotyledon epi-
dermal cells exposed to the seed apoplast, although some of the N may move
apoplastically and is taken up into the storage cells of the cotyledon parenchyma
(Offler et al. 2003). Up to date, only AAP1 has been shown to function in import of
amino acids into the embryo (Sanders et al. 2009). Studies with Arabidopsis aapl
mutants resolved that decreased amino acid uptake by embryo epidermis cells (and
potentially parenchyma cells) led to reduced seed protein levels. In addition, source
leaf N metabolism and source-to-sink N allocation seemed negatively affected,
ultimately resulting in decreased silique development (Sanders et al. 2009). These
results suggest that transporter function in seed sinks controls seed N storage pool,
and may negatively feedback regulate sink development. However, when overex-
pressing AAPI in the storage parenchyma cells of pea and Vicia narbonensis
cotyledons, N uptake into the embryo was increased, but seed yields were not altered
in the transgenic legumes (Rolletschek et al. 2005, Weigelt et al. 2008). Together
with the function of phloem transporters (see above), this indicates that both amino
acid loading into the phloem and import into the embryo may present bottlenecks for
efficient use of N for seed development and establishment of seed N pools.

Effects of Concurrent Increases in Amino Acid Phloem
and Seed Loading on Seed Yield and Plant Nitrogen Use
Efficiency

Plants generally display a trade-off between seed number and seed protein accu-
mulation (Martre et al. 2003; Seiffert et al. 2004; Gambin and Borras 2010;
Drechsler et al. 2015; Santiago and Tegeder 2016). The amount of amino acids
loaded into the phloem and allocated to sinks could therefore impact fruit and seed
number, and/or seed N level (Santiago and Tegeder 2016; Tan et al. 2010). In
addition, seed import processes influence seed protein pools (Lemaitre et al. 2008;
Sanders et al. 2009; Tan et al. 2010, Drechsler et al. 2015; Santiago and Tegeder
2016; Rolletschek et al. 2005, Weigelt et al. 2008; see above). To increase both, the
amount of N that is ‘pushed’ into the phloem and the amount that is ‘pulled’ into the
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seed, recently an AAPI amino acid transporter was simultaneously overexpressed in
the phloem and embryo of pea plants (Zhang et al. 2015). In these plants, phloem
loading and seed import of amino acids were increased leading to higher seed
numbers and significantly enhanced seed yields and seed storage protein levels
when grown in very high N environments. In addition, N uptake and metabolism
were upregulated, probably via feedback control.

The AAPI pea plants were further examined with respect to plant nitrogen use
efficiency (NUE) and by evaluating the seed yield relative to high, moderate and low
N applications (Table 13.1; Perchlik and Tegeder 2017). Regardless of the N supply,
the AAPI plants performed better than controls and exhibited improved NUE. In
addition, the transgenic plants achieved the same seed yield as controls with half the
amount of N fertilizer. When analyzing the different components of NUE, specifi-
cally N utilization efficiency (NUtE) and N uptake efficiency (NUpE), some varia-
tions were observed (c.f. Fig. 13.2). Under high N, only NUpE efficiency was
improved, while under low N, NUtE was enhanced. However, both NUpE and NUtE
were significantly increased when N supply was moderate (Perchlik and Tegeder
2017). Overall, the data suggest that engineering amino acid partitioning from leaf to
seed provides a promising approach for plant breeding not only to facilitate
improved seed yield and quality, but also to support efficient plant N use.

Conclusions

Organic N allocation is an essential component for establishing seed yield and seed
N pools. Nodule ureide transporters and amino acid transporters involved in N
root-to-shoot movement, xylem-to-phloem transfer, phloem loading, and seed
import are critical in regulating N partitioning to sinks. The function of these
transporters also has significant impact on N soil uptake, N utilization in source and
sink, and overall plant N use. Repression or targeted overexpression of key ureide
and amino acid transport proteins can positively affect both N and carbon meta-
bolism and partitioning in plants leading to increases in biomass production, seed
development, and N use efficiency. However, current data mostly derive from
studies with plants grown in controlled environments, and it will now be crucial test
their performance under field conditions. Further, organic N transport processes
from root to seed involve a series of export and import steps for a range of amino
acids (and ureides), and many of the responsible transporters have not yet been
characterized, although they may present promising targets to alter N allocation to
specific organs or tissues and to optimize plant N use efficiency.
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Chapter 14 )
New Screening Strategies e
for Dinitrogen Fixation in Soybean

Raphael Lemes Hamawaki, Curtis Wolf and Stella K. Kantartzi

Introduction

Soybean (Glycine max [L.] Merr.) is currently the most cultivated legume world-
wide that is used for food and feed due to its high protein and oil content. The
increasing demand for affordable and environmentally friendly agricultural products
leads to the development of different strategies that will decrease the production
cost, while mitigating environmental impacts. The world growing population that is
expected to reach 9.7 billion people by 2050 (United Nations 2015) imposes a
significant challenge to the modern agriculture. This new scenario demands not just
advances in agricultural technologies like chemicals, fertilizers, and new cultivars
but also requires a huge effort to minimize environmental impacts related to
activities for the intensification of modern agriculture like soil erosion, loss of
fertility, depletion of nutrient reserves, pollution of soil and water, and loss of
genetic resources (Hamuda and Patko 2010). Particularly, in the field of plant
nutrition one of the greatest challenges is to increase yield, while maintaining or
reducing the input of plant nutrients.

Biological processes that allow plants to recover nutrients from the environment
through symbiotic associations with fungi (mycorrhizae) and bacteria (rhizobia) are
gaining more relevance in science. For instance, mycorrhizal networks were found
to be associated with nutrient transferring from one plant to another in natural
environments (van der Heijden 2016), and attempts have been made to transfer the
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capacity of dinitrogen fixation to non-legume crops (Mus et al. 2016). Since soy-
bean is the most cultivated N,-fixing crop, the impact of any improvement or
reduction in N, fixation activity can be substantial when considered its impact in the
worldwide soybean cultivation. Soybean is grown with almost no supply of
nitrogenous fertilizers. Recent studies demonstrated that modern soybean cultivars
have limited N, fixation capacity, and this fact causes the N requirements of
high-yielding fields not to be met (Salvagiotti et al. 2008). Furthermore, compared
with old cultivars, modern genotypes have a reduced biological nitrogen fixation
(BNF) capacity (Van Kessel and Hartley 2000). Several studies have focused on the
selection of enhanced rhizobia strains and on the improvement of soybean geno-
types to increase the soybean N, fixation capacity.

The overall performance of BNF is determined by both the host plant and the
symbiotic bacteria. Moreover, the efficiency of this relationship will be dictated by
the capacity of these organisms to interact with each other in the presence of a
diverse range of environmental factors (Keyser and Li 1992).

Therefore, in the context of the bacteria enhancement, the progress is evidenced by
the new selected strains that have been released by both public and private institutions.
These improved bacterial strains increase N, fixation in soybean fields through the use
of liquid- and peat-based inoculants. On the host side, several attempts have been made
to increase the N, fixation capacity of soybean genotypes through breeding techniques;
however, little progress has been made, probably because only traits related to nodu-
lation have been used to measure the BNF capacity. Therefore, further strategies need
to be investigated in order to increase the BNF capacity of soybean genotypes. In this
chapter, we aimed to present new screening strategies for improving the BNF capacity
of soybean and discuss tentative approaches that might support the selection of soybean
genotypes for enhanced dinitrogen fixation.

Soybean Symbiosis for N, Fixation

The symbiotic association between leguminous plants and rhizobia is traced back
65—149 million years in the Cretaceous period, and its evolution was mostly driven
by the requirement of the host plant for an essential nutrient supply and of the
microsymbiont for a safe and protected environment to survive and multiply
(Devine and Kuykendall 1996). Throughout this period of evolution, a complex
gene network was developed between the host and the bacteria. These genes
activate and regulate all the mechanisms involved in the nodule formation and N,
fixation, which begins with the host recognition and nodule initiation and ends with
the nitrogenase synthesis and its activity throughout the symbiosis period. In the
host, most genes are directly related to nodules and nodulation traits, whereas the
genetic control of N, fixation is yet to be revealed.

Soybean is able to form nodules with fast-growing Rhizobium and slow-growing
Bradyrhizobium genera. Despite this common ability, there are few genetic simi-
larities between these two genera of rhizobia (Devine and Kuykendall 1996). On
the host side, this characteristic demonstrates that soybean is widely adapted to
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different genera and populations of rhizobia. However, whether or not this repre-
sents an advantage or imposes a limitation to soybean is being subject of investi-
gation in the field of host genetic control of BNF.

Wide adaptation might also be seen as a disadvantageous characteristic if con-
sidered the infection of soybean roots by inefficient Bradyrhizobium strains, which
ultimately causes a restriction in dinitrogen fixation. In this respect, some adaptive
mechanisms that soybean acquired during its evolution are the capacity to restrict
nodulation with inefficient strains. On the other hand, one important advantage that
a broad adaptation to different rhizobia strains can offer is the ability that some
genotypes have to nodulate promiscuously with wild rhizobia in the soil. This
aspect is employed by breeders when newly developed cultivars are unable to form
nodules without inoculation with certain strains of Bradyrhizobium. To reverse this
process, soybean cultivars are backcrossed with soybean genotypes capable to
nodulate promiscuously (Kueneman et al. 1984).

The Role of N, Fixation in Soybean Production

The great diversity and wide range of biological processes that N participates in
plants make this nutrient one of the most absorbed and frequently the most limiting
mineral element in plant nutrition. The total N consumed for the production of grain
and oilseed crops represents 60% of all the three major nutrients (i.e., N, P, and K)
supplied to agriculture (FAOSTAT 2013). Global farming is estimated to consume
100 Tg of N annually through the use of fertilizers, soil mineral N, and N, fixation
(Herridge and Rose 2000); the annual contribution of the latter is likely to be in the
range of 20-22 Tg (Herridge et al. 2008).

Soybean is a major oilseed crop worldwide accounting for 39% of the total land
harvested and 30% of the total production of oil crops (FAOSTAT 2014). As a
supplier of protein and oil, soybean is probably the most relevant N,-fixing legume
crop. Its cultivation is estimated to contribute annually 77% of the total N, fixed
that represents 16.4 Tg of N, fixed globally (Herridge and Rose 2000).

The Need to Improve N, Fixation in Soybean

Despite the significant input of N and the raising environmental concerns regarding
the use of fossil fuels for the production of N fertilizers, little attention has been paid
in soybean breeding programs to the improvement of N, fixation. A previous study
that analyzed 362 experiments in North America and Australia demonstrated an
annual decline of 0.7% in the amount of N, fixed by soybean cultivars released
from 1970 to 2000 (Van Kessel and Hartley 2000). In the last 30 years, the progress
that has been achieved in soybean genetic improvement has been remarkable:
31.2 kg ha™' yr ! on average in the USA (Specht et al. 1999) and 28 kg ha "



258 R. L. Hamawaki et al.

worldwide (Wilcox 2004). Despite the progress in yield potential, many concerns
have been raised regarding the capacity of current and future cultivars to meet their
N demand solely by BNF and the available soil N (Salvagiotti et al. 2008).

Achievements in Breeding Soybean for Enhanced
N, Fixation

The improvement of BNF in soybean can be approached from the host and the
microsymbiont bacterial side. From the bacterial side, the selection of superior
strains and enhancement of the symbiotic capacity of Bradyrhizobium japonicum
through mutations have deployed highly efficient bacterial strains that have
increased the total N, fixation of soybean plants (Keyser and Li 1992). From the
soybean side, US soybean cultivars were combined with Asian genotypes, that
nodulate promiscuously and fix N, with indigenous rhizobia strains, to develop
progenies with high performance, nodulation, and N, fixation (Herridge and Rose
2000). Other breeding efforts to improve N, fixation capacity have been made, but
with limited results. A soybean breeding program that aimed to increase symbiotic
nitrate tolerance was initiated in Australia in 1980 (Herridge et al. 2008). The
results showed that a high nitrate concentration in the soil can interfere with the
initiation of nodulation at the beginning of plant development and the peak of N,
fixation process.

Herridge and Rose (2000) selected 32 genotypes with different levels of sym-
biotic nitrate tolerance and crossed them with high-yielding cultivars. The distri-
bution frequency of nitrogen fixation in the segregating populations did not deviate
from the normal distribution, indicating that this trait might be quantitative and,
thus, regulated by multiple genes. The study of quantitative traits is challenging,
since they are heavily influenced by various environmental factors.

Approaches to Enhance N, Fixation Through Specific Genes

Aiming to accelerate the genetic improvement of soybean genotypes for N, fixa-
tion, several studies have been pursued on specific genes that regulate N, fixation
and nodulation. Devine (1984) reported rj1, a gene that restricts the nodulation by
some Bradyrhizobium strains, whereas Herridge and Rose (2000) identified R;2,
Rj3, and Rj4 and compared the level of nodulation restriction. However, the
improvement of N fixation through the control of rhizobia populations and their
diversity is challenging.

Another approach to improve N, fixation in soybean is to increase the number of
nodules using nitrate-tolerant symbiotic (nts) soybean. These genotypes, known as
supernodulators, were developed using mutation breeding and are characterized by
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a non-sensitive nodulation to soil nitrate levels (Carroll et al. 1985). Soybean has a
mechanism, called autoregulation of nodulation (AON) that prevents excessive
nodulation through a negative feedback system that prevents the plant from allo-
cating energy to sustain nodules in soil types that can partially supply N to the plant
(Caetano-Anolles and Gresshoff 1991). A mutation in the nodule autoregulation
receptor kinase (NARK) modifies AON and results in a supernodulator phenotype
(Searle et al. 2003). Although supernodulating mutants produce 10-20x more
nodules than the wild type, they are 30—40% less productive and show a restricted
root growth (Day et al. 1986; Gremaud and Harper 1989). For instance, the
supernodulating cultivars Bragg, Williams, Elgin 87, and Enrei are on average 20—
41% less productive than the parental lines (Wu and Harper 1991; Pracht et al.
1994; Herridge and Rose 2000). As a result, no supernodulating genotypes have
been released as commercial cultivars.

Tentative Breeding Strategies

Evaluation of Traits Directly and Indirectly Related
to N, Fixation

Soybean genotypes with a high N absorption and high N, fixation are more likely to
be more productive; one reason is that they can meet the high N demand in periods
that are critical for soybean development such as during the initial root development
and pod-filling stages. The pattern of N accumulation derived from N, fixation in
soybean does not follow that of total N accumulation by the plant. The N, fixation
activity starts a few weeks after germination during the V2 and V3 stages, continues
to increase during the plant development, and reaches a peak at the R3-R5 stage
(Zapata et al. 1987). Afterward, the rate of N, fixation declines and this is due to the
energy required for the pod-filling stage (Imsande 1989; Keyser and Li 1992).
Therefore, at the early vegetative and late reproductive stages, the symbiosis can
just provide a limited amount of N that is likely not to supply the total amount
required by the plant (Keyser and Li 1992). The remaining N required is either
absorbed from the soil or reallocated from the vegetative tissues. Thus, the plant
relies on soil N which may limit plant productivity in cases of deficiency. As a
result, an effective strategy for improving N, fixation through breeding would be to
assess the genetic variability for high N, fixation in the early and late develop-
mental stages.

In 2015, we conducted one cycle of greenhouse experiment to evaluate the N,
fixation capacity of 25 genotypes with a diverse genetic background using the >N
dilution technique (Table 14.1). The main objective of this approach was to identify
traits that are reliable indicators of a superior N, fixation. Leaf and pod atom% '°N
excess represents the amount of the heavier stable isotope of N expressed as a
percentage of the total N. Since the abundance of >N in the atmospheric N is very
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low (0.3663 atom% '°N), the enrichment of a growing medium or soil with >N
labeled fertilizer allows to estimate the amount of N that soybean plants uptake
from the soil and also the remaining N derived from BNF. To calculate this dif-
ference, two non-nodulating soybean genotypes (i.e., Nitrasoy and D68-099) that
rely exclusively on the N provided by the soil were used as controls. The N,
fixation activity was assessed in the early and late growth stages to identify
genotypes with a consistent N, fixation capacity throughout plant development.

The genotype effect was significant (p < 0.001) for all the evaluated traits. The
leaf and pod atom% '°N excess of the non-nodulating genotypes Nitrasoy and
D68-099 as well as of PI 96169B were the highest among all the evaluated
genotypes. The nodule number of nodulating genotypes ranged from 18.9 to 108.5
compared with 0-0.9 of the non-nodulating genotypes and PI 96169B. These
results demonstrated a wide variation in nodulation capacity among the evaluated
genotypes.

SPAD meter readings were used to estimate differences in BNF capacity based
on chlorophyll content. N, fixation is related to the photosynthetic activity that
provides carbohydrates to the microsymbiont and affects the Rubisco activity
during photosynthesis (Vollmann et al. 2011). In our study, SPAD meter readings
were tested as a trait related to early N, fixation. The results revealed a wide
variation among the evaluated genotypes that ranged between 22.6 and 38.5 for the
nodulating genotypes and between 27.6 and 30.2 for the non-nodulating genotypes.

Another important trait that can be a strong indicator of an enhanced N, fixation
capacity is the plant biomass. The main reason for this association is the large N
accumulation that is required to grow large plants. Thus, the selection for this trait
implies the improvement of the ability of the plant to meet this higher N demand
(Herridge and Rose 2000). Although larger soybean plants do not necessarily have
higher yields, in breeding programs the use of a trait to estimate the plant‘s capacity
to accumulate biomass may assist to point out the lines with enhanced capacity of
N, fixation when selecting lines with similar yield potential.

The shoot dry mass of the nodulating genotypes was 3,013-16,094 mg com-
pared with that of the non-nodulating genotypes 2,988-3,213 mg. These results
showed that plants with high N, fixation are larger in size, and that they are greatly
influenced by the allocation of N in the plant body.

Estimation of N, Fixation Capacity in Different Stages
During the Plant Development

In the same experiment, we measured the early stage %Ndfa using leaf samples
collected 5 weeks after germination. Additionally, pod samples were collected at
the R7 developmental stage for the analysis of the late %Ndfa. The performance of
each genotype regarding %Ndfa in the early and late evaluations are presented in
Fig. 14.1.
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Fig. 14.1 Percentage of nitrogen derived from atmosphere (%Ndfa) for 25 soybean genotypes
evaluated in early (leaf) and late (pod) growth stages under greenhouse conditions

Overall, the results indicated the high dependence of soybean plants on the N
derived from N, fixation, except for the two non-nodulating lines Nitrasoy and
D68-099. Additionally, our data revealed that the level of genetic variability for N,
fixation capacity in the early growth stages was higher than that in late growth
stages.

Differences among genotypes in the early and late measurements of N, fixation
could be attributed to nodule aging. Nodules are formed on the main root at the
beginning of plant development and last for 65 days on average; after this period,
they become inactive (Bergersen 1958). In order to maintain a high rate of N,
fixation after the R2 stage, the soybean plant forms a secondary set of nodules
usually on the lateral and deep roots (Keyser and Li 1992; Imsande 1989; Zapata
et al. 1987). The underlying genetic mechanism that controls the formation of
nodules in different stages of plant development remains unknown, and thus, further
studies are needed to more efficiently improve N, fixation capacity in soybean.

Evaluating the Association of Traits with N, Fixation

In soybean breeding programs, the N, fixation capacity is usually evaluated based
on characters related to nodulation, because the direct measurement of total N,
fixation and %Ndfa is costly. Previous genetic studies have identified quantitative
trait loci (QTL) associated with the number, weight, and size of nodules (Hwang
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et al. 2014; Santos et al. 2013). However, information on the effect of these traits on
yield is limited, preventing their use in breeding programs.

A weak association between plant growth and nodulation has been reported for
some N,-fixing legume species in which non-nodulating and low-nodulating
genotypes have similar yield to that of high nodulating genotypes (Rupela and Rao
2004). Abaidoo et al. (1999) evaluated the N, fixation capacity of soybean geno-
types based on nodulation traits and concluded that the exclusive use of these traits
to select genotypes for high N, fixation is inappropriate, and greenhouse conditions,
and they recommended the use of additional parameters related to N, fixation
capacity. The weak correlation between nodulation characters and total N, fixation
could be attributed to factors that cause nodules to be inefficient to fix nitrogen,
therefore limiting the amount of N to the plant.

One of the known causes for this low efficiency of dinitrogen fixation is the low
competitiveness of strains supplied by inoculants in soils long cultivated with
soybeans. In these areas, their capacity to colonize nodules is considerably low
compared with that of native rhizobia. It has been reported that only 10% of
soybean nodules are formed by strains provided by the inoculant. This means that
90% of the rhizobia strains present in nodules are of unknown origin and therefore
can be less efficient for dinitrogen fixation. Ultimately, this causes an overall low
efficiency of BNF and a limited yield (Kvien et al. 1981; Greder et al. 1986;
Herridge and Rose 2000).

The capacity of Bradyrhizobium to fix atmospheric N, greatly varies under field
conditions from high to extremely low. A previous study showed that the pro-
portion of each strain that colonizes the soybean roots follows a normal curve
(Bergersen 1970). Although soybean can compensate the inability of ineffective
nodules to fix N, by increasing the photosynthates provided to the effective nod-
ules, in situations in which ineffective nodules reduce the nodule mass of effective
nodules, the total N, fixed will be decreased (Singleton and Stockinger 1983).

In summary, the assessment of nodulation traits to evaluate and select genotypes
for N, fixation capacity is unreliable. Some indirect traits of N, fixation could serve
as auxiliary tools to efficiently select genotypes for BNF. For instance, these traits
could indirectly measure the capacity of the plant to maintain a high photosynthetic
rate and supply carbohydrates to the pod and BNF, or the allocation of N, fixed in
the seeds and plant tissues (Imsande 1989; Keyser and Li 1992).

In our greenhouse experiment we assessed traits that affect or are affected by N,
fixation, which was estimated through the value of atom% '°N excess (a parameter
of the '°N dilution technique). To identify the traits that interact with N, fixation,
we tested the association of SPAD readings (i.e. measuring the greenness of leaves)
with leaf %N at the early growth stages and with shoot dry mass, total seed weight,
total seed number, days to maturity, pod %N, nodule number, and nodule dry
weight at the late growth stages. The results yielded significant and negative cor-
relations of early N, fixation with SPAD readings (r = —0.45; p < 0.001) and leaf
%N (r = —0.49; p < 0.001). The late N, fixation (pod atom% 15 N excess) was
significantly negatively correlated with shoot dry mass (r = —0.51; p < 0.001), seed
number per plant (r = —0.48; p < 0.001), nodule number (r = —0.39; p < 0.001),



14 New Screening Strategies for Dinitrogen Fixation in Soybean 265

total seed weight (r = —0.38; p < 0.001), days to maturity (r = —0.36; p < 0.001),
nodule dry weight (r = —0.30; p < 0.001), and pod %N (r = —0.28; p < 0.001).
Additionally, a significant moderate correlation (r = 0.45; p < 0.05) was identified
between early N, fixation and late N, fixation, indicating that N, fixation capacity is
widely affected by or affects related traits, and that traits indirectly linked to N,
fixation are possibly more strongly associated with N, fixation than those that are
directly associated.

Since many of the tested correlations between the evaluated traits and the pod
atom% '°N excess were found to be significant, this confirms that the late N,
fixation is affected or is being affected by these traits. Therefore, a multiple
regression model was tested between all characters evaluated at the R7 stage and
late N, fixation. Through this analysis, it was possible to identify those traits that
are mostly associated with late N, fixation and determine whether fixation capacity
can be accurately predicted at this stage. The multiple regression model revealed
that the number of days to maturity, shoot dry mass, seed weight per plant, pod %N,
and nodule dry weight significantly contributed to late N, fixation (R? = 0.47;
p < 0.001). Although the model yielded a moderate value for R?, it showed that
multiple traits need to be evaluated in order to more accurately assess the N,
fixation capacity of soybean genotypes.

Herridge and Rose (2000) highlighted the importance of screening multiple traits
associated with N, fixation when selecting genotypes for enhanced BNF, since the
related genes might naturally segregate. Additionally, Van Kessel and Hartley
(2000) reported that to select genotypes for high N, fixation, it is critical to conduct
field experiments in soils with low N content.

Selecting Genotypes with Enhanced N, Fixation Capacity

For breeding purposes and future molecular studies, it would be helpful to select
genotypes with distinct characteristics that would allow identifying putative loci
linked to BNF. To this end, we performed a cluster analysis using Ward’s method
based on early and late N, fixation measurements. As shown in Fig. 14.2, the 25
genotypes were classified into three different categories. Cluster 1 (red) included
genotypes with an inconsistent behavior for N, fixation. For instance, JTN-4307
showed a relatively high late N, fixation, but low early N, fixation. Cluster 2
(green) included genotypes with a relatively high N, fixation, of which Davis
showed the highest early and late N, fixation measurements. Cluster 3 (blue)
included genotypes with a relatively low N, fixation, including the non-nodulating
lines D68-099 and Nitrasoy.
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Fig. 14.2 Dendrogram of leaf and pod atom% "°N excess for 25 soybean genotypes using Ward’s
method

Future Outlook

Previous studies have focused on improving the BNF capacity of soybean geno-
types; however, the incorporation of the associated traits into soybean lines is yet to
be achieved. Improving N, fixation in soybean is complex, since BNF is a multi-
genic character highly affected by the environment. Therefore, the use of strategies
that are more appropriate for the improvement of quantitative traits may be more
suitable to evaluate and select genotypes with enhanced BNF. We carried out a
study to assess traits that are directly and indirectly related to BNF using soybean
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genotypes with different genetic backgrounds, and found that these traits have a
significant correlation with N, fixation activity compared with nodulation traits.
Our results also suggested that at least two measurements of integrated N, fixation
activity should be performed during plant development in order to more accurately
select genotypes for BNF capacity. This approach may help to develop soybean
lines with improved BNF that will reach their maximum yield potential without the
additional use of nitrogenous fertilizers.
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