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Nutrient use efficiency (NUE) is typically measured as the ratio

of yield to soil nutrient availability but ignores contributions of

underlying plant traits. Relevant plant traits can be grouped as

root acquisition efficiency, shoot radiation use efficiency, and

plant metabolic efficiency. The intentional integration of these

traits will lead to synergistic improvements of NUE. Recent

progress in trait-focused research includes phenotyping root

nutrient uptake rates and respiration, engineering reduced

photorespiration, and identification of nutrient assimilation

pathways. Traits need to be conceptualized in agricultural

systems contexts to improve synchrony of plant demand and

soil supply of nutrients, including consideration of crop

mixtures. Use of simulation modeling and multi-objective

optimization will allow accelerating NUE gains beyond

selection for a single ratio.
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Introduction
Nutrient use efficiency (NUE) component analysis was

first put forth in a seminal paper by Moll et al. [1��]; which,

as of 2021, is Agronomy Journal’s third most cited paper

(Web of Science). This team of researchers worked at the

intersection of crop genetics, physiology, and soil science
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to explore nitrogen use efficiency, which they defined as

grain production per unit of available soil nitrogen. Their

analysis assessed the contribution of two components:

uptake efficiency as the fraction of available soil nitrogen

found in the plant and utilization efficiency as the grain

weight produced per unit plant nitrogen. These compo-

nents can be further broken down to explore nutrient loss

pathways in the soil, partitioning within the plant [2], or

carry-over dynamics in perennial systems [3]. Neverthe-

less, a limitation of this NUE framework is that the

measures do not account for the many underlying plant

functional traits that influence them. Furthermore, as an

index, the interpretation of NUE requires a keen under-

standing of the behavior of the numerator and denomi-

nator terms. For example, NUE may be equivalent

between two genotypes when both terms are equivalent

or due to the same proportional changes. In contrast,

NUE may differ among genotypes when both terms

diverge simultaneously (i.e. higher yield at lower nitrogen

supply). However, under some scenarios, differences may

only be driven by changes in a single term (yield, plant

uptake, or supply) thus reducing the usefulness of calcu-

lating NUE. This may be the case in breeding trials

conducted in small plots with single rates of fertilizer.

In fact, Moll et al. [1��] explicitly recommended develop-

ing selection indices in contrasting environments or along

a fertility gradient to impose pressure on both compo-

nents and identify genetics that control NUE [4]. Other-

wise, breeders are only selecting on the numerator, such

as grain yield or nutrient content, which are coarse mea-

sures influenced by many plant traits. If the plant and soil

components are not studied more carefully, potential

trade-offs between yield and nutrient content may go

undetected. Given these constraints and limitations, a

more explicit treatment of plant traits underlying nutrient

use efficiency is needed.

Trait-based approaches for increasing NUE
Trait-based breeding extends back to at least the ideo-

type concept proposed by Donald [5], where the ideotype

is hypothesized to be the ideal phenotype for a particular

environment and production system. In the context of
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2 Plant biotechnology
NUE, trait-based breeding requires knowledge of the

underlying plant traits and genes that contribute to the

efficiency terms described above such as grain yield,

shoot mass, and nutrient content (Table 1). Essentially,

we need crop physiologists and breeders that are pheno-

typic engineers — but which traits matter?

Ultimately, roots are responsible for all nutrient acquisition

from the soil. However, the ability of the plant to grow and

produce roots is largely determined by photosynthate allo-

cation driven by shoot traits, and therefore nutrient uptake

efficiency is not only determined by root traits as commonly

assumed. From the root perspective, the concept of acqui-

sition efficiency is relevant, defined as the nutrient amount

acquired on a root carbon expenditure basis [6,7]. Acquisi-

tion efficiency will be influenced by root system architec-

ture (RSA), or the 3D placement of roots over time [8]. An

efficient RSA is one that maximizes the abundance of roots

in the most fertile soil while minimizing overlap of nutrient

depletion zones. These principles are captured by the

concept of exploitation efficiency, defined as the volume

of soil depleted of nutrients relative to the volume of roots

[6]. Dominant RSA traits include angle, number of axial

roots (developmentally first order), lateral root branching

density, and lateral root length. Genetic control of hormone

pathways affecting root distribution traits should provide

opportunities to enhance nutrient uptake and therefore

NUE, such as OsPIN2, auxin transport affecting root angle

[9]; OsEIN2, ethylene-insensitivity affecting root penetra-

tion [10]; and DRO1, auxin signaling affecting root depth

[11]. Because of its accessibility, the new open-source

software RhizoVision Explorer will help accelerate RSA

research by allowing more researchers to measure these

important parameters and contribute to root biology [12��].
While RSA determines where roots are located, physiological

traits determine what roots are doing.

Various protein transporters at the root epidermis, cortex,

and endodermis are responsible for shuttling ions from

the soil solution into root cells and vasculature [13]. While

many transporters have been identified, little is known

about how the types, abundance, and function of these

transporters result in differences in uptake rates on a root

length or mass basis [14��]. Griffiths and York [14��]
Table 1

Definitions of nutrient use efficiency component metrics, examples o

Nutrient use

efficiency

metrics

Definition Example related traits 

Root acquisition

efficiency

Nutrient uptake per

carbon cost of root

Specific uptake rate, specific

deep rooting, root longevity, 

Radiation use

efficiency

Carbon fixed per light

intercepted

Specific leaf area, leaf angle,

green, photorespiration, phot

Metabolic

efficiency

Dry weight produced per

photosynthate spent

Specific respiration rate, root

cell size and file number, tiss
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proposed this specific nutrient uptake rate could be a

target of phenotyping and selection. Evidence for the

variability in uptake rates was found in maize, where

nitrogen uptake rates varied substantially both along an

individual root with greater uptake near the tip, and also

among root classes with lateral roots having the greatest

uptake [15]. A phenotyping platform was developed and

used to measure specific nutrient uptake rates of several

nutrients across the 26 parents of the maize Nested

Association Mapping (NAM) diversity panel, which dis-

covered substantial heritable genetic variation for these

traits and that the specific uptake rates of multiple nutri-

ents are generally correlated [16��]. Selection on greater

specific nutrient uptake rates could be used directly in

breeding programs, while at the same time progress could

be made to understand how greater uptake rates are

achieved and sustained at lower nutrient levels. Potential

genetic targets for nutrient transport and signalling

genetic control include miR444a [17], a MADS-box tran-

scription factor affecting nitrate signaling pathways, and

NRT1.1B [18], a nitrate transporter affecting uptake and

root-to-shoot transport. These recent conceptual and

technological developments offer a path forward to incor-

porate biotechnological approaches to increase NUE

through optimized roots.

While the roots are responsible for uptake, they require

photosynthate from the shoot for growth, maintenance,

and activities such as nutrient transport. Therefore, an

overlooked aspect of nutrient uptake efficiency is overall

plant vigor. Vigor is generally defined as fast growth and

resiliency to adverse conditions [19], but underlying traits

are less clear. Theoretically, any trait value that promotes

plant growth would increase NUE by allowing more

photosynthate to be allocated to the root system. Radia-

tion use efficiency (RUE) is defined as the biomass

produced (usually shoot) by capturing an amount of light

in a given time period [20], and is a good shoot-specific

analog for root nutrient acquisition efficiency. At the leaf

level, RUE is related to the instantaneous photosynthetic

assimilation rate which can be measured with some

difficulty using direct gas-exchange measures [21] but

also proxies such as chlorophyll fluorescence can be used

in higher throughput [22]. Similar to roots, assimilation
f related traits, and potential gene targets

Potential gene targets

 root length, root mass fraction,

root angle, root branching

OsPIN2 [9], OsEIN2 [10], DRO1 [11],

miR444a [17], NRT1.1B [18]

 photosynthetic capacity, stay-

osynthetic responsiveness

Rca [25], OsDWARF4 [26]

 cortical aerenchyma, cortical

ue density, carbon cost

ERECTA [31]
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Whole-plant phenotypic engineering for NUE York, Griffiths and Maaz 3
rate determines the potential of a leaf segment to fix

carbon, while optimization of shoot architecture can max-

imize light interception throughout the day and minimize

intra-plant and inter-plant shading in a field [23�]. Maxi-

mum potential assimilation rates are important, but

recent work also demonstrated that improving the respon-
siveness of photosynthesis to induce after shading events

could increase overall photosynthetic efficiency [24��].
Genetic manipulation of RUE could be achieved through

targets such as Rca (Rubisco activase) affecting photo-

synthetic induction [25] and OsDWARF4 (brassinoster-

oid biosynthesis) affecting leaf inclination [26]. Like root

acquisition efficiency, RUE determines the flux of

needed compounds into the plant, but ultimately internal

efficiency of resource use is needed to increase overall

NUE.

While root acquisition efficiency and shoot radiation use

efficiency determine the flux of nutrients and carbon into

the plant, metabolic efficiency can influence both by

using those resources internally to optimize growth

[27]. Luxury respiration is the use of photosynthate for

processes that are not necessary or beneficial for growth.
Figure 1

f

d

a

b c

e

6

1
5

2

3 4

TOPSOIL

SUBSOIL

Integration of above-ground and below-ground plant traits and processes in

and shoot plant traits presents an opportunity for improving NUE.

www.sciencedirect.com 
Respiration by roots was recently shown to be heritable

with greater levels of respiration associated with less

shoot mass in wheat using a novel high-throughput phe-

notyping system that allowed genome wide association

studies [28��]. Additionally, biological systems engineer-

ing approaches have shown that shoot photorespiration

can be reduced to maximize the efficiency of net carbon

fixation [29��]. Identifying potentially redundant or

wasteful metabolic processes is one path forward to

increase overall nutrient efficiency [30��]. One specific

example of a metabolism gene target is ERECTA, a

putative leucine-rich repeat receptor-like kinase affecting

stomatal control over transpiration efficiency [31]. Adjust-

ment in leaf metabolism and assimilate partitioning were

shown to increase NUE using combined transcriptomic,

proteomic, and physiological traits [32�]. Therefore,

increasing carbon fixation, internal carbon and nutrient

metabolic efficiency, and root acquisition efficiency

simultaneously will lead to a virtuous cycle of positive

feedback that would dramatically increase NUE. How-

ever, these traits do not act in isolation, so trait interac-

tions must be considered.
CO2 enters leaves
Carbon and N flow inside leaves
Carbon assimilation by chloroplasts
C allocation to roots
C allocation to shoots

N allocation to roots
N allocation to shoots

C allocation to rhizosphere
C loss via respiration

NUp topsoil foraging and interception
NUp at depth
NUp at the soil-root interface
NUp via transporters

N cycle

a)
b)
c)
d)
e)
f)
g)

1)
2)
3)
4)
5)
6)
7)

Exudation

Respiration

N
itrogen fixation

F
ertilizeration

M
in

er

ali
zation

Root upta

ke

N
itrification

Decompos
iti

on

Deni
tri

fic
at

io
n

Im
m

obilization
Leachate

OM

NO

N2
N2g

7

N

NH4
+

NO3
-

N2O

Current Opinion in Biotechnology

fluencing NUE. A trait-based breeding approach that integrates root

Current Opinion in Biotechnology 2022, 75:102682



4 Plant biotechnology

Figure 2

a) Ineffective fertilization regime 1) Precicion fertilization regime with added biostimulants
b) Poor seedling vigor 2) Early seedling vigor
c) Poor early nutrient capture with reduced root & shoot investment 3) Effective early nutrient capture with enhanced root & shoot investment
d) Ineffective rooting for resource capture at depth in late season
e) Ineffective association with soil microbes with low nutrient cycling
f) Early senescence with reduced time for uptake & decreased grain filling
g) Poor radition use efficiency with shallow leaves & high light competition
h) Monoculture with inter-crop competion & no addition nutrient supply in

late season
8) Precision intercropping with niche complementarity & function e.g. BNF

increasing N pool for crop

7) High radition use efficiency with erect leaves & minimal light competition
6) Stay-green with prolonged nutrient uptake & increased grain filling
5) Effective association with soil microbes with high nutrient cycling
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System-based breeding approach for improvement of nutrient use efficiency. Left panel shows ineffective integration of plant and management

strategy and the right panel shows effective integration.
Trait integration is rarely considered at the whole plant

level, but has important implications for NUE (Figure 1).

Traits that affect the acquisition of the same resource can

form functional modules with tight integration and syn-

ergistic influences [33], such as root hairs and root angle

for foraging of soil phosphorus, or leaf angle and photo-

synthetic efficiency for fixing carbon. At the whole plant

level, integration is possible through metabolism. For

example, an increase in total photosynthesis would allow

growth of a more extensive root system that could acquire

nitrogen from new soil zones, potentially creating a posi-

tive feedback. Traits can therefore form complex net-

works and an integrative hierarchy of influence for a

particular process, leading to increased NUE and yield

[34�]. Ultimately, understanding the function of traits

requires knowledge of the systems context within which

the traits operate.

Systems context for engineering NUE
While trait–trait interactions can drive increased NUE in

multiple environments, the agricultural systems context

must be evaluated to achieve further gains (Figure 2).

Most conventional breeding is performed in high-input,

high-yielding systems. In nutrient-rich environments, a
Current Opinion in Biotechnology 2022, 75:102682 
system-based approach should aim to identify plant traits

that increase the uptake efficiency of nutrients by achiev-

ing better synchrony between plant nutrient demand and

the supply by the soil [35�]. For instance, plants may

regulate nutrient cycles through the exudation of nitrifi-

cation inhibitors to slow nitrogen cycling [36,37]. In

systems with seasonally dynamic nutrient cycling,

increasing cold tolerance in summer crops for early

growth in temperate regions [38] or the perennialization

of annual crops [39] may allow plants to establish more

extensive root systems to acquire nutrients in warming

soils with rapid nutrient mineralization.

Breeding in nutrient-poor systems would require the

evaluation of genotypes where nutrient supply may be

restricted by lack of inputs and/or soil nutrient cycling

due to presence of marginal landscapes, economic con-

straints, environmental pressures, or ideologies that pre-

vent use of sound nutrient management. In this context,

shoot and root traits may be targeted to enhance the

scavenging of nutrients. The enhancement of NUE

through plant–microbe–soil interactions is a strategy

widely purported [3]. This may involve selection of root

trait values that promote nutrient cycling, enable
www.sciencedirect.com
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Figure 3
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The interactions among traits, such as those related to root acquisition

efficiency (RAE) and radiation use efficiency (RUE), may lead to a

rugged performance landscape with respect to nutrient use efficiency

(NUE). How to traverse from local to global optima of performance

with thousands of such interactions remains a significant challenge

requiring methods of multi-objective optimization.
associative or symbiotic interactions with soil microbes, or

enhance root morphological features [40]. However, it

may also be instrumental to identify plant trait values that

can help maintain photosynthesis under nutrient stress

[3], such as stay-green that prolongs nutrient uptake later

in the season, leaf longevity, or prolonged grain filling,

although such traits may also reduce the N harvest index

[41]. In landscapes plagued by nutrient limitations

induced by water stress (e.g. from drought to flooding),

breeding for anatomical roots traits including reduced

cortical cell area or increased aerenchyma may improve

nutrient acquisition by lowering root metabolic costs and

permit nutrient remobilization from senescing roots [42–

44].

A more radical systems-level approach may be multi-

species breeding, in which ideotypes are combined as

ideomixes [45] using a multi-tiered breeding strategy to

optimize plant combinations in diverse spatiotemporal

configurations [46�]. Co-breeding companion crops in

intercropped or rotational sequences could enhance

NUE [47�] by selecting for complementary patterns of

nutrient uptake, plant height, RSA, and rhizosphere

interactions. In polycultures, positive NUE-outcomes

are linked to precision intercropping due to complemen-

tary root foraging strategies that allow niche segregation

and decreased plant competition [48]. Given that plant–

microbe–soil interactions are inherently complex, bree-

ders will need a firm grasp on traits linked to nutrient

uptake, the microbiome, and root exudation in order to

reap the benefits of co-planting or relay cropping [49].
www.sciencedirect.com 
Conclusion
Increasing NUE would have multiple positive impacts for

society, such as producing more food on less land,

decreasing fertilizer costs for farmers, and alleviating

environmental pollution to groundwater and the atmo-

sphere. Thinking of NUE as only a ratio of productivity to

the amount of nutrients available limits progress because

the contributions of underlying traits are ignored. We

have outlined how considering concepts like acquisition

efficiency, radiation use efficiency, and metabolic effi-

ciency can contribute to phenotypic engineering, with

examples of their underlying traits. Interactions among

traits and environments may lead to rugged (or hilly)

performance landscapes (Figure 3), as shown by 3D

visualization where performance, such as NUE or yield,

forms a surface plot [50��]. In this case, where there may

be multiple valleys of performance, reaching the highest

peaks of efficiency is difficult when trying ‘hill-climbing’

approaches such as traditional breeding. Breeding gains

will be made more quickly by moving beyond a single-

focus and instead focusing on improving multiple under-

lying traits simultaneously. Multi-objective optimization

is a suitable framework for this approach by searching for

optimal solutions while taking into account trade-offs.

Whereas a functional phenomics approach can be used to

partition variation in an outcome such as nutrient uptake

into underlying traits to better understand the process

[34�], an approach like multi-trait genomic selection could

be useful for direct breeding programs [51��]. Simulation

modeling can explore trait utility beyond what is possible

in the field [52�], and for understanding the functionality

of annual crop mixtures [53], leading to identifying

research priorities. Ultimately, we suggest plant scien-

tists, breeders, and agronomists think of themselves as

phenotypic engineers to design phenotypes for a particu-

lar function and environment for optimizing nutrient use

efficiency.
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