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  Abstract 

 Understanding the molecular basis of crop 
nutrient use effi ciency is a prerequisite for 
genetic improvement aimed at maximizing 
yield and minimizing inputs. Plant breeding 
has been hugely successful at developing 
high yielding varieties, albeit often with 
high nutrient requirements. In addition, sub-
stantial progress has been made in improv-
ing nutrient use effi ciency in terms of 
agronomic practice. Recent developments in 
genetic and genomic resources, combined 
with existing physiological and biochemical 
knowledge, should facilitate substantial 
further genetic improvements targeted at 
yield increase and effi cient resource utiliza-
tion. However, this is not a trivial task, given 
the complexity of the plant systems involved: 
The traits need to be defi ned and resolved 
into specifi c processes, and appropriate 
genetic targets need to be identifi ed. This 
overview considers some issues relating 
to likely traits, the potential molecular basis 
of the traits, and potential routes for 
improvement.    

  Chapter 1 

An Overview of Nutrient Use Effi ciency 
and Strategies for Crop Improvement  
  Malcolm J.     Hawkesford   

   Introduction 

 The major challenge facing plant biology is 
to improve crop production to feed an 
expanding world population. This is against 
a background of pressure on agricultural 
land use and climate change having negative 
impacts on growing conditions and limiting 
geographic regions for agriculture (Parry 
and Hawkesford,  2010 ). The adverse effects 
of agriculture, and specifi cally fertilizer use, 
include damage to the environment, a large 
carbon footprint for the manufacture and use 
of agrochemicals, and the utilization of non-
renewable resources. One solution is to 
increase the area of land for agriculture, as 
well as increasing production while main-
taining the current rate of inputs; however, 
this is predicted to have substantial negative 
impacts on the environment (Tilman et al., 
 2001 ; Tilman et al.,  2002 ), is unsustainable 
in terms of phosphate use, and would have 
a huge economic footprint in terms of energy 
demands for nitrogenous fertilizer produc-
tion. The challenge is to increase yield, 
decrease inputs, and improve resistance to 
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detrimental effect on production (law of the 
minimum). Some nutrients are required at 
high levels (the macronutrients nitrogen, 
phosphorus, potassium, and sulfur; see 
Chapters  8  –  14 ), while others are only 
required at low levels (the micronutrients: 
iron, zinc, magnesium, etc., see Chapters  15 , 
 16 , and  17 ). In some cases, excess or luxury 
accumulation of nutrients in plant organs is 
an issue, negatively impacting on crop 
growth or quality for the consumer. 

 Agricultural production systems have a 
range of demands for nutrients; low input as 
compared with intensive highly managed 
systems will have different issues and the 
solutions will be specifi c for each system. 
Solutions for effi cient fertilizer capture and 
conversion to biomass or yield in high - input 
agriculture will be quite different from 
targets in extensive, organic, or low - input 
agriculture. In recent years, the emphasis has 
alternated from a primary objective of 
improving yields (a target that has always 
been present in all but the most productive 
environments) to minimizing impacts on the 
environment (especially in intensively 
cropped systems), and back to yield in order 
to achieve global food security. In the 21st 
century, sustainable food production has 
become a major issue with a growing world 
population, negative impacts of climate 
change, and demands on land use. 

 To optimize progress on crop improve-
ment, an understanding of nutrient use effi -
ciency from the agronomic or agro - ecosystem 
level down to the molecular level (the genes 
involved and their regulation) is required. 
Substantial progress is being made on the 
functions and regulation of genes and pro-
teins; molecular data are usually interpreted 
at the cellular level; however, it is essential 
that this understanding is placed at the organ, 
plant, and whole - crop levels. Targets for 
improvement need to take into account the 
different agricultural systems, crop physiol-
ogy and yield components, and the demands 

abiotic and biotic stresses. Improving crop 
nutrient use effi ciency ideally requires an 
understanding of the whole system, from the 
macro -  (agro - ecosystem) to the molecular 
level. While acknowledging the critical con-
tribution of agronomy to improving effi cient 
nutrient use, particularly in classically inef-
fi cient systems, there is a point at which crop 
genetic improvement becomes essential for 
further improvement. This may be achieved 
by conventional breeding, as indeed has 
been the case to the present day with ever 
increasing yields, albeit often in parallel 
with increased nutrient demands, with 
marker - assisted breeding utilizing genetic 
information derived from basic plant science, 
and by the utilization of this same informa-
tion to produce genetically modifi ed crops. 

 Nutrients, along with light, temperature, 
and water, are critical determinants of crop 
production, but fertilizers are costly inputs 
and inappropriate overuse can have many 
ecologically damaging effects, making effi -
cient use of fertilizers a major issue for agri-
culture. For example, excessive nitrogen use 
results in a major fraction of anthropogenic 
nitrous oxide and methane emissions, which 
contribute substantially to climate change, 
and ineffi cient nutrient uptake may result in 
pollution of inland and coastal waters by 
leaching and runoff. Worldwide, it has been 
estimated that nitrogen use effi ciency (NUE) 
for cereal production is only 33% (nitrogen 
removed in grain as a percentage of that 
applied) (Raun and Johnson,  1999 ). Both 
agronomic practice and plant breeding have 
a responsibility to optimize effi cient nutrient 
use, particularly nitrogen, in crop systems. 
Furthermore, crop improvements to antici-
pate changing patterns of rainfall and tem-
perature must include an anticipation of 
nutritional demands infl uenced by changing 
cropping systems and crop ideotypes. 

 Optimal plant growth demands a bal-
anced nutrient supply, with a defi ciency of 
any individual essential nutrient having a 
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of the consumer. Safe, sustainable, and 
secure food, feed, fi ber, and fuel production 
will demand optimized genetic material 
including the trait of nutrient use effi ciency.  

  Yield and  f ertilizers: the  n eed 
for  c rop  i mprovement 

  Meeting the  y ield  p otential 

 Plant breeding has resulted in considerable 
increases in yield for many crops (for 
example: maize [Evans and Fischer,  1999 ], 
wheat [Ortiz - Monasterio et al.,  1997 ; 
Brancourt - Hulmel et al.,  2003 ], sugar cane 
[Robinson et al.,  2007 ]), with the principal 
target being resistance to biotic and abiotic 
stresses, as well as for yield itself. Yield is a 
good measure of nutrient use effi ciency, 
especially as related to nitrogen (Barraclough 
et al.,  2010 ): The defi nition of NUE is grain 
or total biomass (depending on crop) yield 
divided by available nutrient (see Table  1.1 ). 
Theoretical or best yields are seldom 
achieved in practice as production fi eld con-
ditions are seldom as ideal as breeding plots, 
which have optimum inputs and agronomy 
(Fig.  1.1 A). This discrepancy is inevitable as 
the  “ yield gap ”  is usually reported on a 
national level and will encompass growth of 
varieties in a range of conditions and envi-
ronments (Austin,  1999 ; Fischer and 
Edmeades,  2010 ). Including traits for resis-
tance to as many stress factors as possible, 
for example, drought (Chapter  18 ) and salin-
ity stress (Chapter  19 ) in breeding programs, 
will narrow this gap but is unlikely ever to 
close it. Breeding for resistance to stress, as 
well as yield, is a key target for crop improve-
ment (Araus et al.,  2008 ). A greater issue is 
the observed plateau of yield improvements, 
probably due to abiotic and biotic stress. 
Initial large improvements in wheat yields 
were brought about by introduction of 
dwarfi ng genes and the consequent improve-
ment in (grain) harvest index (HI). However, 

in more recent years, there have been incre-
mentally smaller improvements in theoreti-
cally achievable yields. In some cases, 
theoretical yields may not be achievable due 
to limiting fertilizer application. Theoretical, 
record, and average (wheat) yields are approxi-
mately 18, 16, 8 (in the United Kingdom), and 
3   t   ha  − 1  (worldwide), respectively.      

  Nutrient  r esponse  c urves 

 As already stated, most plant breeding is 
performed under  “ ideal ”  conditions, which 
usually include high fertilizer inputs. 
Nutrient use effi ciency has seldom been a 
key target; however, yield and NUE are 
closely related at a given fertilizer input. 
Nutrient use effi ciency is the product of both 
uptake and utilization effi ciencies (see the 
next sections for fuller descriptions), and 
therefore selecting for yield effectively 
selects for the combination of these two very 
separate traits. Small improvements, or even 
negative trends in one trait (most likely 
acquisition or uptake), may be hidden by 
gains in the other (in this case, utilization 
effi ciency). Therefore, selecting for yield 
alone may not select for optimal nutrient 
acquisition characteristics, especially at 
reduced inputs or in environments with spe-
cifi c nutrient defi ciencies. It is obvious that 
maximum acquisition is determined by 
availability; however, the effi ciency of scav-
enging mechanisms will have a substantial 
impact on acquisition, although this may not 
be sustainable in the long term in any single 
location if nutrients are being mined and not 
replaced. Traits that will contribute to effi -
cient acquisition are mainly root - associated 
properties for which there are immense prac-
tical diffi culties for assessment. A simple 
approach is to determine overall nutrient 
capture (nutrient uptake), which integrates 
the separate features of root architecture and 
function contributing to this trait (see below 
for details on the dissection of this trait), 
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     Fig. 1.1.     Schematic yield trends and relationships 
with nutrient inputs. (A) Yield improvements in recent 
years (second half of the 20th century onward), showing 
theoretical yield improvements delivered by breeders 
under ideal growing conditions and those typically 
achieved on farms. (B) Possible theoretical nitrogen 
response curves for two varieties, where variety 1 out-
performs variety 2 (increasing nitrogen inputs further 
often results in a down trend of this curve) at all nitro-
gen inputs. (C) The inverse relationship between yield 
and nutrient content, in this case nitrogen content 
expressed as protein content, at three fertilizer levels.  
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tilization with any limiting nutrient will 
improve yield. The tendency for yields to 
reach a plateau as shown for nitrogen in 
Figure  1.1 B are indicative of secondary lim-
iting factors being present, which may be 
other nutrients, or may be due to constraints 
with conversion to harvestable biomass 
(limiting photosynthesis). A consequence of 
this plateauing is decreased NUE, specifi -
cally attributable to the nitrogen utilization 
effi ciency component (see below).  

  Yield  q uality  c onundrum 

 In many crops, including grain crops, yield 
is determined by photosynthetic carbohy-
drate production and storage. As a conse-
quence, as yield is increased, other nutritional 
components are often diluted as is seen for 
the protein content in grain (Fig.  1.1 C; 
Monaghan et al.,  2001 ). Similarly, reduced 
micronutrient concentrations in grain will 
occur as a result of dilution with starch. 
Outliers to the regression relationship 
between yield and quality shown in Figure 
 1.1 C at any defi ned nutrient (nitrogen in this 
case) input must have particularly effi cient 
acquisition and/or partitioning mechanisms. 
It has been suggested that postanthesis nitro-
gen uptake is an important contributory 
mechanism (Monaghan et al.,  2001 ; Kichey 
et al.,  2007 ; Bogard et al.,  2010 ), although 
the molecular and genetic basis for this has 
not been determined. It may be assumed that 
deep rooting systems, which have access to 
untapped nutrient reserves at depth in the 
soil profi le, may be important, along with 
mechanisms to ensure that such nutrients 
that are taken up are preferentially allocated 
to the harvested sink material.  

  The  d iversity of  i nputs to  c ropping 
 s ystems 

 Agricultural systems span a wide range of inputs 
from none (organic), through extensive (low 
input), to intensively farmed (high - input) 

but this is not ideal as selection for the 
component traits is not achieved. There is 
little data to indicate whether best uptake 
performance as selected at high inputs 
equates to best performance at low inputs. 

 Increasing inputs of nitrogen fertilizer 
will, in the absence of other limiting nutri-
ents or environmental constraints, result in 
increasing yield (Fig.  1.1 B). Similarly, fer-
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effi ciency, it is important to separate the indi-
vidual processes and identify the respective 
genes involved, monitoring improvements 
with the appropriate physiological measures.   

 Resolving NUE into two component 
traits, nitrogen uptake effi ciency (NUpE) 
and nitrogen utilization effi ciency (NUtE), is 
a fi rst step to resolving the complexity, and 
subsequently each of these traits can be sub-
divided into many specifi c physiology traits, 
each of which are complex traits in itself, the 
result of networks of biochemical pathways, 
encoded by multiple genes and subject to 
complex regulatory processes (Figs.  1.2  and 
 1.3 ; Nikiforova et al.,  2005 ; Gojon et al.,  2009 ).   

  Acquisition  e ffi ciency and  r oot 
 a rchitecture 

 Nutrient capture (NUpE) is essentially a 
root trait, although to be fully expressed, it 
also requires adequate sinks for temporary 
storage or fi nal deposition of the nutrients. 
Effi cient acquisition will depend fi rst on 
root architecture (see Chapter  2 ), root func-
tions in terms of transporters and 
exudates(Chapter  10 ), and often the pres-
ence of symbiotic associations such as 
mycorrhiza (Chapters  3  and  12 ). As indi-
cated in Figure  1.2 , early root establishment 
is essential for scavenging soil nutrients 
prior to the application of fertilizer, or alter-
natively to capture fertilizer applied at the 
time of sowing. Nutrients will be immedi-
ately available in the soil solution, and 
further availability will be depend on min-
eralization of organic matter and release 
from sparingly soluble soil minerals 
(oxides, clays, etc.). High activity of the 
high - affi nity transporter systems required 
for uptake into root cells, expressed in the 
plasma membranes of cells of roots, root 
tips, root hairs, or in associated organisms 
(mycorrizha), will be important in this situ-
ation as diffusion of nutrients through soil 
is the rate - limiting factor. In addition, a 

systems. These different situations present 
quite different challenges in terms of the 
ideal germplasm required. Targeting 
improvement of nutrient use effi ciency 
needs to take into account these contrasting 
agro - ecosystems, the associated agronomic 
practices, and end - product requirements 
(e.g., bread vs. feed wheat). In some cases, 
it is clear that substantial improvements in 
NUE can be achieved through improved 
agronomic practice alone. Genetic improve-
ments are likely to be small and incremental 
by comparison. In low and no input systems, 
with ever more nutrient capture - effi cient 
varieties, there is a danger of  “ mining ”  
reserves, leaving land completely unproduc-
tive; here the target for genetic improvement 
needs to be low - nutrient - requiring geno-
types combined with improved agronomy to 
supply minimal nutrition. In many extensive 
systems, where fertilizers are applied at seed 
sowing, improved early capture is a critical 
phenotype. In intensive, high - input systems, 
conversion to biomass is the principal 
concern, along with minimization of losses 
from the system from overfertilization or 
inappropriate application.   

  Nutrient  u se  e ffi ciency:  c ritical 
 p rocesses,  d efi nitions, 
 m echanisms, and  t argets for 
 i mprovement 

 Within the broad concept of nutrient use effi -
ciency and depending on the nutrient in 
question, many defi nitions of effi ciency are 
possible (see Table  1.1 ). In this work, 
depending on the nutrient involved, authors 
use their own defi nitions, but in all cases 
these are clearly stated. Table  1.1  lists many 
of the common defi nitions of effi cient nutri-
ent and fertilizer use. As already indicated, 
effi cient use of any nutrient comprises two 
fundamental aspects: acquisition effi ciency 
and utilization effi ciency (see also Fig.  1.2 ). 
For the target of improving crop nutrient use 
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function) to improve acquisition is to 
enhance mechanisms for increasing bio-
availability of nutrients (e.g., for phosphorus 
by acid secretions, see Chapters  3  and  12 ), 
or to inhibit nitrifi cation losses by the secre-
tion of bio - inhibitors of this process 
(Subbarao et al.,  2007a,b ).  

  Acquisition  e ffi ciency and  n utrient 
 t ransporter  s ystems 

 A key step in mineral nutrient acquisition is 
the initial transmembrane transport step. In 
many cases, for any individual nutrient, 
there are gene families encoding multiple 

well - developed shallow root system will be 
ideal for intercepting further applications of 
fertilizer. Deeper roots assume importance 
with the depletion of surface nutrients, as 
water near the surface becomes limiting and 
restricts uptake of nutrients, or in the case 
of high water supply, for the interception of 
nutrients that would be potentially leached 
from the soil profi le. In some cases, local 
proliferation of roots in response to nutrient 
supply is observed (Drew and Saker,  1978 ), 
controlled by specifi c transcription factors 
(Zhang and Forde,  1998 ; Forde  2002 ). 

 An alternative approach to enhancing 
capture mechanisms (root architecture and 

     Fig. 1.2.     Parameters infl uencing components of nutrient use effi ciency at the crop plant level. Both nutrients and 
water acquisition depend on root architecture and function. The developing canopy will determine yield; however, 
for grain crops, nutrient (particularly nitrogen) redistribution from the canopy to the grain (essential for effi cient 
nutrient use and for quality attributes) will negatively affect photosynthesis and limit yield.  
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tive acquisition from soil solutions with low 
concentrations of ions. Patterns of expres-
sion within the root are often complex to 
effectively transfer the respective ions from 
the soil solution to the vasculature for trans-
fer to the shoot material. In some instances, 
vacuolar storage may also play an important 
part (Kataoka et al.,  2004 ). Many studies 
have focused on the impacts of nutrient limi-
tation on patterns of transporter expression 
and the contribution to overall nutrient use 
effi ciency strategies of plants in limiting 
nutrient availability (Buchner et al.,  2004, 
2010 ). For phosphate and sulfate, there is an 
apparent de - repression system controlling 
gene expression, facilitating increased 
expression when nutrient demand exceeds 
availability (Smith,  2002 ; Hawkesford and 
De Kok,  2006 ). For nitrate, the pattern is 
more complex, with some transporters 
induced and others repressed, depending on 
the presence of nitrate and the nutritional 
status of the plant (see Chapter  10 ). 

 The transporters play essential roles, con-
tributing to nutrient use effi ciency, for the 

homologs. In  Arabidopsis , for example, 
there are two gene families for nitrate trans-
porters,  NRT1  and  NRT2 , with 53 and 7 
members, respectively (see Chapter  10 ), a 
gene family of 14 sulfate transporters 
(Chapter  14  and Hawkesford,  2003 ) and 9 
members of the phosphate transporter family 
pht1 (Chapter  12  and Smith et al.,  2003 ). 
While in most cases there are families spe-
cifi c for a single nutrient, there are instances 
of nonspecifi city: Sulfate transporters effec-
tively transport selenate (Shinmachi et al., 
 2010 ) and molybdate (Tomatsu et al.,  2007 ; 
Baxter et al.,  2008 ; Fitzpatrick et al.,  2008 ; 
Shinmachi et al.,  2010 ). While there is some 
potential redundancy of function with these 
large gene families, it has become apparent 
that there is tissue, developmental, and even 
membrane specifi city with regard to expres-
sion patterns. Functionally, there are usually 
both high and low affi nities for the substrate 
ions, depending on functional requirements: 
In relation to primary uptake into root 
cells, the most common functionality is for 
high - affi nity uptake, as required for effec-

     Fig. 1.3.     Simple pathway linking supply and demand of nutrients to regulation of gene expression, as envisioned 
at the cellular level. Complex pathways with multiple components link demands for and availability of nutrients for 
plant growth, mediated by changes in metabolism, usually as a result of changes in gene expression, but in some 
cases at the level of enzyme/pathway activity (allosteric regulation).  
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development, and all aspects of metabolism. 
Potential targets for nutrient use effi ciency 
improvement are therefore diverse. Obvious 
targets in, for example, nitrogen metabolism 
(see Chapters  8  and  9 ) include genes of the 
assimilatory pathway. Glutamine synthetase 
has been a specifi c target for transgenic 
approaches (Chapter  8 ), as it is not only 
involved in primary assimilation but also has 
a role in effi cient recycling of ammonia 
during senescence processes (Kichey et al., 
 2006 ). Generally, results of single - gene 
manipulation have been disappointing, in 
part because metabolic pathways form net-
works that have a great plasticity in respond-
ing to perturbations, whether due to gene 
targeting or environmental fl uctuations, for 
example, in nutrient supply (Wasaki et al., 
 2003 ; Palenchar et al.,  2004 ; Nikiforova 
et al.,  2005 ). Typically, nutrient uptake is 
balanced by nutritional requirement for 
growth, and a coordination of pathway 
expression and activity is seen (Prosser 
et al.,  2001 ; Hawkesford and De Kok,  2006 ; 
Howarth et al.,  2008 ; Gojon et al.,  2009 ) and 
excess uptake of nutrient is avoided. Excess 
accumulation of some ions does occur but 
only to the point at which available storage 
pools are saturated (for example, nitrate 
accumulation in vacuoles); this is a strategy 
to aid with fl uctuating supplies of nutrients 
but is not helpful when one nutrient becomes 
permanently limiting.  

  Utilization  e ffi ciency 

 Effi ciency of utilization may be defi ned as 
biomass production (predominantly fi xed 
carbon) as a function of nutrient taken up 
(see Table  1.1 ). This is most often applied for 
nitrogen, as total canopy nitrogen content 
refl ects the extent of photosynthetically active 
biomass, as the greatest proportion of the total 
nitrogen content in this tissue is a major com-
ponent of proteins involved in photosynthesis. 
The effectiveness of this capacity in producing 

most part extremely effectively scavenging 
nutrients from the soil (potentially present at 
low concentrations), and particularly in con-
junction with effective root proliferation. As 
targets for improvement of NUE, sophisti-
cated strategies are likely to be important. 
Modifi cations to the selectivity (Rogers 
et al.,  2000 ) may enhance preferential uptake 
of benefi cial ions and exclude toxic ions. 
Overriding negative feedback mechanisms 
may facilitate luxury uptake, but appropriate 
sinks or temporary storage would also be 
required (see below). One approach that 
apparently overrides limits on nitrogen 
uptake is the overexpression of alanine 
amino transferase in root exodermal tissues, 
thus channeling nitrogen away from metab-
olites involved in negative feedback (see 
Chapter  9 ). In some instances, enhancing 
remobilization and optimizing partitioning 
to harvested organs may require optimiza-
tion of transporter expression.  

  Metabolic  r esponses to  n utrient 
 a vailability 

 Plant responses to nutrient availability are 
complex and involve changes in pathway 
fl uxes, in activity of pathway enzymes medi-
ated by posttranslation modifi cations and/or 
changes in substrate/inhibitor ratios (alloste-
ric effects), as well as changes in expression 
of genes encoding the pathway enzymes and 
many additional proteins (Fig.  1.3 ). The chal-
lenge for the plant is to optimize growth and 
development given the available nutrient 
inputs. Matching availability to demand may 
entail many regulatory steps and sensory 
mechanisms. It is essential to understand these 
networks before intervention through trans-
genesis or molecular breeding. For the most 
part, our knowledge of these regulatory loops 
is restricted in plants (Gojon et al.,  2009 ). 

 Nutrient use effi ciency, although simply 
divided into uptake and utilization, encom-
passes all processes of plant growth and 
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nutrients, whether nitrogen or minor but 
important nutritional components including 
Fe, Zn, and Se. Adequate sinks will prevent 
negative feedback regulation on the initial 
acquisition/assimilatory processes and 
should provide important remobilizable 
storage that can be accessed should supply 
be limiting as well as during production of 
harvested organs such as seed. Sinks may be 
subcellular, for example, vacuoles, may be 
chemical such as nitrogen stores in protein, 
or may be defi ned at the organ level, for 
example, stems (see Chapter  4 ). Attempts 
have been made to engineer both metabo-
lism and (Zhu and Galili,  2003 ) protein 
sinks to enhance nutritional quality with 
high methionine, cysteine, or lysine content 
(Tabe and Higgins,  1998 ; Nikiforova et al., 
 2002 ; see also Chapter  6 ). As already indi-
cated, one explanation for the remarkable 
improvement in NUE seen by the overex-
pression of alanine aminotransferase is that 
alanine is a local metabolic sink for nitrogen 
that does not have negative feedback effects 
on uptake, unlike glutamate (Chapter  9 ).  

   HI  and  p artitioning of  n utrients 

 By defi nition, measures of nutrient use effi -
ciency will be optimum if HI is high and 
nutrients are partitioned to the harvested 
material. This ignores the impact at the 
whole ecosystem level, and there may be 
merit in not harvesting some nutrients but 
allowing them to be recycled within the 
fi eld; this might particularly apply to phos-
phorus; it does, however, assume that leach-
ing losses will be minimal between crops. In 
many instances, partitioning to the cropped 
organ is preferable, for example, nitrogen in 
the case of grain protein (Chapter  6 ) and 
minerals for human nutrition (Chapters  14 , 
 16 , and  17 ). As indicated, a major improve-
ment in yields and NUE was obtained with 
the introduction of dwarfi ng genes (into 
wheat and rice), minimizing the nonhar-

harvestable biomass is defi ned by NUtE. The 
key attributes that will enhance NUtE are pho-
tosynthetic activity, canopy size, longevity, and 
sink organ capacity (Fig.  1.2 ). 

 Photosynthetic activity includes the 
ability to intercept light, which is clearly 
linked to canopy architecture and the light 
harvesting complex density, as well as the 
biochemistry of the carbon fi xation pro-
cesses, particularly Rubisco, for effi cient 
fi xation of carbon dioxide (Parry et al., 
 2003 ). An alternative and radical solution is 
to engineer C4 photosynthesis, which is up 
to 50% more effi cient than C3 photosynthe-
sis, into C3 plants such as rice (Hibberd 
et al.,  2008 ). Attributes of canopy develop-
ment and architecture include rapid estab-
lishment, followed by proliferation and 
eventual canopy closure (full coverage of 
the ground), and then effective architecture 
to intercept radiant light. Depending on the 
harvestable product, which may be the 
canopy itself, or it may be biomass derived 
from this, for example, woody stem or gen-
erative material such as seed, the canopy 
must be photosynthetically active for as 
long as possible. Delaying senescence and 
prolonging the period of photosynthesis 
results in increased carbon fi xation (see 
Chapters  4  and  5 ). However, the complexity 
of processes involved in leaf senescence is 
highlighted by transcriptome analysis, 
emphasizing the diffi culty in manipulating 
this process to enhance yield (Gregersen 
and Holm,  2007 ). As a target, this process 
has huge potential for crop improvement, as 
by defi nition for a fi xed amount of nutrient 
(nitrogen) taken up, the more carbon that is 
fi xed, the better the NUtE (for a full discus-
sion on the physiology associated with these 
traits, see Chapter  4 ).  

  Sinks 

 An important attribute for uptake effi ciency 
is having adequate sinks to store acquired 



 AN OVERVIEW OF NUTRIENT USE EFFICIENCY 15

hormonal (Signora et al.,  2001 ) or may be 
metabolites, for example, carbohydrates 
(Hermans et al.,  2006 ). Ultimately, partition-
ing to the cropped organ is of most impor-
tance in agricultural production.   

  Strategies and  a pproaches for 
the  g enetic  i mprovement of 
 NUE   t raits 

 There is considerable pressure to improve 
fertilizer use effi ciency (see above: eco-
nomic, environmental, nonrenewable res-
ource use), and this has been traditionally 
achieved by agronomic practice and breed-
ing for yield in specifi c environments and 
agronomic systems. In the case of nitrogen, 
breeding for yield is equivalent to breeding 
for nitrogen utilization effi ciency at any 
given nitrogen input, and there has been con-
siderable progress in improving yields and, 
therefore, the NUtE component of NUE. 
Generally, wheat varieties responding well at 
high inputs also respond well at low inputs 
(Ortiz - Monasterio et al.,  1997 ; Barraclough 
et al.,  2010 ). However, there is a strong case 
for selection at varied inputs and for seeking 
new and untested germplasm to fi nd new 
alleles for greater NUtE effi ciency. 

 However, acquisition effi ciency has been 
much less specifi cally selected for, in part 
due to the diffi culties of phenotyping roots. 
Here, selection at low inputs is vital. 
Additionally, it will certainly be necessary 
to introduce wider germplasm pools (land-
races, wild relatives) into screening pro-
grams, as alleles for high effi ciency of 
acquisition will have almost certainly been 
lost from the gene pool without the selection 
pressure for high acquisition effi ciency. 

 Many new technologies for gene discov-
ery (microarrays, deep sequencing tilling 
transformation SNP detection) are now 
available and may be combined with estab-
lished breeding approaches (breeding, quanti-
tative trait loci [QTLs], germplasm 

vested fraction of wheat and rice. Although 
there are efforts to extend the repertoire of 
dwarfi ng genes, which may have additional 
benefi ts (Ellis et al.,  2005 ), overall, as the HI 
for many crops has already been optimized, 
there is likely little benefi t from further 
manipulation of the HI. For those crops for 
which this is not the case, improving the HI 
is a high priority. While nutrient harvest 
index (NHI) for nitrogen is usually high in 
cereals, this is not the case for all minerals 
in all crops. Even in wheat, different miner-
als are partitioned with varied effi ciency: 
selenium and molybdenum were shown to 
be differentially partitioned to grain 
(Shinmachi et al.,  2010 ). In  Brassica napus  
(oil seed rape, Colza), sulfur is very ineffi -
ciently partitioned to the seed (Blake - Kalff 
et al.,  1998 ). 

 Manipulating senescence to produce 
stay - green phenotypes, thus enhancing yield 
may have a detrimental effect on the HI and 
NHI. In this case, additional selection for 
late but rapid nutrient remobilization would 
be required. Conversely, enhancing the rate 
of senescence by the introduction of a NAC 
transcription factor increased remobilization 
and enhanced grain protein as well as zinc 
and iron content (Uauy et al.,  2006 ; Waters 
et al.,  2009 ). However, increasing the onset 
and rate of senescence may have a negative 
effect on yield. 

 Many nutrient defi ciencies lead to 
changes in biomass allocation between roots 
and shoots, generally increasing the 
root   :   shoot ratio (Hermans et al.,  2006 ). This 
is an adaptive strategy, facilitating the 
ability to scavenge for nutrients. In nutrient -
 poor environments, this would be an advan-
tageous trait; however, this does need to be 
balanced with production of harvestable 
material. Little is known about the signaling 
pathways involved; however, the signals 
may be linked to imbalances in nutrient 
accumulation in shoot tissues. Signals from 
the shoots to the roots (Forde,  2002 ) may be 
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more robust than selection based on bio-
chemical pathways alone.    

  Prospects 

 The main targets for improving NUE have 
been outlined and a case for a thorough 
understanding of the underlying molecular 
process has been made. The major targets 
are improving nutrient capture and intercep-
tion to avoid losses, modifying requirements 
(reducing if possible) and enhancing utiliza-
tion effi ciency by generally improving 
carbon fi xation and yield. An ideotype of an 
idealized set of traits for nutrient use effi -
ciency can be defi ned and will be crop spe-
cifi c (Foulkes et al.,  2009 ). Furthermore, 
such ideotypes will be specifi c to different 
environments and cropping systems. 

screening). In combination with the identifi -
cation of new traits, technologies for intro-
ducing these into modern breeding lines 
are required (synthetic polyploids, alien 
introgression, gene transformation; Able 
et al.,  2007 ). As already mentioned and 
cautioned by others, single - gene introduc-
tions, perhaps through crop transgenesis, are 
often not successful, particularly when 
gene selection is from only preexisting bio-
chemical knowledge (Sinclair et al.,  2004 ), 
almost certainly due to a lack of appreciation 
of the complexity of the systems being 
manipulated. 

 Figure  1.4  outlines an approach for 
genetic improvement, beginning with a 
statement of the need to precisely defi ne the 
trait of interest. Ideally, in order to effec-
tively target the trait, this needs to be 
resolved to the smallest subcomponent, 
encoded by just a few genes. After trait 
prioritization, assessment of variation is 
required. This may be either natural varia-
tion, or variation induced by mutation or by 
crossing an examination of mapping popula-
tions, and will provide material directly for 
commercial breeding. Variation may also be 
used to aid in the identifi cation of the target 
genes. Transcriptome approaches will indi-
cate genes coexpressed with traits of inter-
est; however, these candidates are usually 
very numerous (Wang et al.,  2000, 2001, 
2003, 2004 ; Lu et al.,  2005 ; Gregersen and 
Holm,  2007 ). Examination of occurrence 
across diverse germplasm and expression 
patterns under multiple conditions will 
narrow these candidate lists to a few key 
genes worth further investigation. Defi nitive 
implication in crop improvement with 
respect to NUE may require transgenesis in 
the crop of interest. Such genetically modi-
fi ed crops may be the end product, or the 
genes may be used as  “ perfect ”  markers for 
screening other natural populations, avoid-
ing the need for transgenesis. Critically, 
genes identifi ed by such a route may be 

     Fig. 1.4.     Approaches to fi nding novel target genes 
and crop improvement. Germplasm identifi ed with 
appropriate traits is of direct value for crop improve-
ment. Identifi ed genes will facilitate breeding either as 
markers or in transgenic approaches.  

•      Trait de convolution and prioritization

•      Assessment of variation

–     Provision of materials for breeding

–     Aid gene discovery

•      Identification of genes/markers

–     Target appropriate tissues

–     Correlation with traits

–     Mapping populations

•      Breeding or biotechnology



 AN OVERVIEW OF NUTRIENT USE EFFICIENCY 17

smaller incremental improvements are 
likely. The prospect of step changes in 
primary production by engineering the pho-
tosynthetic process itself will require addi-
tional concomitant improvements in nutrient 
acquisition effi ciency.  
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