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The Editorial on the Research Topic

Nitrogen Use Efficiency and Sustainable Nitrogen Management in Crop Plants

INTRODUCTION

Reactive nitrogen (N) impacts all UN sustainable development goals. Nitrogenous fertilizers have
enhanced food security and without them, half of our current human population would not be
alive. However, reactive N pollution has crossed earth’s planetary boundary of sustainability (Steffen
et al., 2015), and nitrogenous fertilizers are among its major contributors. The loss of nitrous oxide,
ammonia, nitrates, etc. from unused N-fertilizers causes adverse impacts on soil, water, air, climate
change, and biodiversity loss. Billions of dollars per annum are also spent on N-fertilizers globally
(Sutton et al., 2019). For over two decades, the International Nitrogen Initiative (INI) has been
galvanizing scientists and policy makers to overcome this growing challenge from agriculture,
fossil fuel burning, and other anthropogenic sources (www.initrogen.org). Its efforts culminated
in the recent intergovernmental recognition of this global concern and the adoption of the first
ever India-led UN resolution on sustainable nitrogen management (Raghuram and Sharma, 2019;
UNEP, 2019; Raghuram et al., 2021; Sutton et al., 2021).

The resolution heralds the global transition from highlighting problems to finding solutions.
Some regions/countries of the world have already quantified their N-losses, such as Europe (Sutton
et al., 2011), India (Abrol et al., 2017), and Pakistan (Aziz et al., 2021), while others will do their
own assessments for informed policy interventions. The solutions for crop N use efficiency (NUE)
have to come from the integration of plant biology, agronomy, genetics, and allied disciplines,
as there is no single means to improve crop NUE. Open access journals like Frontiers can accelerate
this process with frequent calls for submissions on this topic. This collection of research and review
articles is not only very timely from this perspective, but is also becoming a series, considering
that another call is already open (https://www.frontiersin.org/research-topics/25179/nitrogen-
use-efficiency-plant-biology-to-crop-improvement). The uniquely interdisciplinary nature of
Frontiers journals and their collaboration on Research Topics complements other subject-wise
collections, such as this triennial on plant NUE (https://academic.oup.com/jxb/issue/71/15) and
this INI-led focus on environmental aspects (https://iopscience.iop.org/journal/1748-9326/page/
Focus_on_Reactive_Nitrogen).
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INTERIM OPTIONS

In the meantime, a lot can be done to improve overall NUE
in cropping, based on the lessons learnt so far. Agriculture
was invented in Asia over 11,000 years ago; farmers exploited
natural biological N fixation in symbiotic legumes to sustainably
support human civilization and population growth for millennia
(Galloway et al., 2008). The fixed N left over in the soil after
a legume crop supports the N needs of the next non-legume
crop to a large extent. The restoration of legume-based cropping
systems from repeated monocultures or other unsustainable
crop-rotations can substantially reduce N-fertilizer demand. In
addition, all the available manure, crop waste, and other nutrient-
rich wastes ought to be recycled to support agriculture and
horticulture to minimize fertilizer dependence.

Similarly, one can expand the use of microbial bio-
fertilizers and slow-release chemical fertilizers incorporating
urease inhibitors and/or nitrification/denitrification inhibitors,
by making them affordable. Further, the agronomic optimization
of the 4Rs of nutrient stewardship, i.e., right source, right
form, at right time, and with the right method of application
will maximize N utilization and minimize N losses. Some of
them are aided by leaf color charts or equipment such as
chlorophyll meters, aerial spectral sensors, digital photography,
fertigation, or other application machinery. These measures
may not eliminate fertilizer demand, but they can significantly
reduce it by minimizing wastage of resources as well as reducing
environmental impact.

REORIENTING PLANT SCIENCE

RESEARCH

In whichever form N-inputs are provided to the crop, there is
bound to be wastage unless the crop uses most, if not all that is
provided. This is essentially a biological problem, which needs
to be tackled by understanding and using the phenotype and
genotype of N-response and NUE for crop improvement by
selection and/or breeding. There is adequate genetic variability
for this in many crops (Pathak et al., 2008; Raghuram, 2008;
Raghuram and Sharma, 2019). However, the excessive emphasis
on yields during the green revolution years meant that crop
improvement favored even small increases in yield by ignoring
the large increases in inputs, especially of fertilizers. This
was further compounded by the conspicuous lack of low N-
input screening programs, resulting in reducing efficiencies with
increasing yields.

This approach may also have resulted in the loss or rejection
of N-use efficient genotypes due to their apparently low N-
responsive yield. This calls for revisiting the germplasm and
including the landraces and farmers’ varieties for screening under
low N-input conditions to identify donor genotypes for NUE.
This cannot be left to the choices of individual scientists but
must be institutionalized through appropriate policies, resources,
and other support systems. The lack of such systems may largely
explain the delay in scientific breakthroughs toward NUE or
any input use efficiency for that matter. After all, it is far

more convenient for individuals to work with well characterized
“improved” varieties rather than to rediscover things from
scratch using landraces.

Nevertheless, the extensive as well as intensive growth of
research into the functional biology of N-response and toward
crop improvement for NUE in the last couple of decades is
impressive. Yet, identifying the most important genes/alleles
involved and bringing them together to improve NUE in the
field remains a formidable challenge. This collection of articles
provides glimpses into some of the latest research trends toward
NUE improvement. It may even have set a few new trends,
such as in phenotyping and shortlisting/validating candidate
genes for NUE. This collection contains 17 original research
articles, 3 reviews, 1 opinion, and 1 perspective article. We have
categorized them under five headings for summarizing their
findings as follows:

DEFINING NUE FOR TODAY AND

TOMORROW

Selecting the genotypes with high NUE and designing better N
management for them require reliable definitions and indicators.
A major problem in this field has been the diversity of
definitions and indicators used by agronomists, physiologists,
and others. In this context, Congreves et al. provide their
perspective on some traditionally ignored indices to improve
the concept of NUE. They include widening the range of soil
N forms, considering how plants mediate their response to the
soil N status, blending agronomic performance with ecosystem
functioning, and capturing the synchrony between available N
and plant N demand, including the below-ground/root N pools.

PHENOTYPE, GENOTYPE, AND

CANDIDATE GENES FOR NUE

A major hurdle in crop improvement for NUE was the lack of
comprehensive characterization of its phenotype and genotype
and experimental distinction between N-response and NUE
in any crop. Sharma et al. systematically studied 25 common
phenotypic parameters in rice, of which 20 were found to be
N-responsive. Only eight of them contributed to yield and
NUE, of which only six were common to the different N-
forms, urea, and nitrate. They also identified 34 genes associated
with the NUE phenotype in rice. Kumari et al. complemented
this approach with a meta-analysis of N-responsive genes and
yield-related genes in rice from literature, using various genetic
and bioinformatic tools. They reported a novel approach for
hierarchical shortlisting of NUE candidate genes using their
associated traits, important physiological processes, quantitative
trait loci, and their chromosomal hotspots.

Automated phenotyping methods and phenomics are
revolutionizing phenotyping in greenhouses or even in open
fields. Here, Wang et al. reported an automated digital image-
based phenotyping tool for screening NUE of perennial rye
grasses that can be used for other forage crops and for genomic
selections. Similarly, canopy cover (CC) is a measurement of the
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proportion of cropland covered by vertical projection of a crop
canopy with the help of digital photography and computerized
image analysis. CC has been used earlier in many crops for
measuring growth indices, with only few studies focusing on the
effect of N and the cultivar relationship. Zhao et al. reported that
CC is an easily measured index using a digital camera in winter
wheat, but it has many weaknesses and so it could not be used
for measuring N- status.

For developing new cultivars with improved NUE, old
genotypes with genetic variability could be used. Lupini et al.
reported that landraces and ancient genotypes have better
vegetative growth and tolerance to both N-stress and water
stress. They suggested that ancient durum wheat genotypes
are more suitable for sustainable cropping systems in the
Mediterranean environment.

MOLECULAR PHYSIOLOGY OF NUE

NUE is a complex polygenic trait spanning many physiological
processes such as N uptake, primary assimilation, partitioning,
translocation, secondary remobilization, etc., which makes
its genetic dissection and engineering very challenging.
The et al. reviewed the research related to N-metabolism,
transport, and their applications in improving NUE. They
highlighted the limitations of earlier targets of genes and
processes and discussed other options for the improvement
of NUE in plants. Amino acid metabolism is the foundation
for both nitrogen uptake efficiency (NUpE) as well as nitrogen
utilization efficiency (NutE). It also plays important roles
during abiotic stress including, cold, drought, etc., and
acclimation to a low N-condition. Genetic engineering
of amino acid metabolism has shown some promise in
the improvement of crop NUE, especially under low N
conditions. Dellero has reviewed the present and future
targets of amino acid metabolism for NUE improvement and
sustainable agriculture.

The stem is the most important organ for increasing harvest
index in cereal crops. Souza and Tavares emphasize in their
mini review that a clear understanding of N-regulation of
stem development will reveal more genetic tools to alter stem
architecture and plant N demand. In poplar, soil N availability
plays an important role in the sustainability of high biomass
production. For better plant growth and improved NUE,
appropriate N application is needed. Hu et al. reported photo
respiratory metabolism, polyamines metabolism, and excitation
energy allocation in photosystem II as potential regulatory hubs
for poplar response to soil N-availability.

FROM TRANSGENIC TO GENOME

EDITING FOR NUE

Engineering any multi-genic trait through transgenics can be
a challenge, unless one or a few genes account for most
of the potential for its improvement. Efforts for transgenic
improvement of NUE over the last three decades have met
with limited success, mostly due to the trial and error approach

in the choice of genes (Raghuram and Sharma, 2019; Madan
et al., 2022). However, things seem to be improving, as Chen
et al. show here that the co-overexpression of OsNAR2.1 and
OsNRT2.3a could increase rice yield, N transport efficiency, N
recovery efficiency, and agronomic N use efficiency in rice. Over
expression of OsNRT2.3a alone did not show any significant
difference in agronomic traits, nitrate uptake, and biomass and
N accumulation between transgenic and wild-type lines, but
co-overexpression was more effective.

Lysine-histidine-type transporter 1 (OsLHT1) is a key
transporter for the uptake of root amino acids and for
redistribution of N from source leaves to grain in rice. Using
a knockout of this gene in rice, Guo et al. demonstrate
its important role in grain yield by the translocation of
amino acids from vegetative to reproductive organs. Alanine
aminotransferase (AlaAT) has been a focus of NUE transgenics
for many years. Here, Tiong et al. reported improved NUE
and increased growth and seed yield in wheat, barley, and rice
through its overexpression. A comprehensive profiling of genetic
and metabolic responses to the overexpression of AlaAT was
reported, unraveling the mechanisms and pathways contributing
to NUE.

Shi and Tong showed that overexpression of TaLAMP1
affects wheat adaptation to N availability and regulates plant
architecture including plant height, spike number, and grain
number. Wheat breeding with improved yield and yield response
to N-fertilizer and grain N concentration could be achieved by
optimizing TaLAMP1 expression. Genome editing is an effective
way to manipulate multiple genes/alleles in a single genotype and
is expected to take NUE research to the next level, but application
of CRISPR/Cas9 could be very challenging in polyploids. Tiwari
et al. discussed the prospects for NUE improvement in potato,
a tetraploid. They highlighted the major issues related to genome
editing in potato and lessons learnt from earlier research in plants
from transgenics to CRISPR/Cas9.

SUSTAINABLE N-MANAGEMENT

Agronomic measures and crop management practices must be
optimized for every crop to realize its full potential for NUE.
Zhang et al. analyzed the effects of traditional fertilization and
bag-controlled release fertilizer (BCRF) on the growth and
development of roots, shoots, leaves, and fruit quality and
yield in peach. They reported that BCRF can improve the
utilization efficiency of fertilizer, reduce ammonia volatilization,
and enhance fruit yield and quality in peach trees. Naher
et al. reported a bio-organic fertilizer as a green technology
that reduces synthetic N requirement by 30% and triple
superphosphate (TSP) by 100% in rice production, along with
improved soil health.

Accurate diagnosis of N uptake and dry matter accumulation
is very essential for improvement of NUE. For this purpose,
Zhao et al. reported an N diagnostic model to construct
N dilution curves under various water and N fertilizer
management conditions. In summer maize, Ren et al. used
DSSAT simulations to optimize the N application and planting
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density to maximize yield. They also reported that irrigation,
sowing dates, and pest control need to be considered in
order to narrow down the observed yield gap. Bhardwaj
et al. reported the use of integrated nutrient management
to reduce inorganic fertilizer by supplementing it with green
manure or grain legume intercropping. They found that
organics management provided the most consistent nutrient
supply equivalent to or exceeding inorganic fertilizers at
several critical stages of growth, especially at tillering and
stem elongation.

Although most of the total N uptake by crops occurs in the
pre-flowering stage, post-flowering uptake is still important to
crop yield and NUE. Mustard and canola have low NUE and
water use efficiency (WUE) as compared to other cereals. Riar
et al. reported that N supply rate and timing influenced the
partitioning of pre- and post-flowering water use in canola and
mustard. They highlighted the importance of N uptake and water
availability to the expression of NUE, and that NUEmay be more
sensitive to seasonal conditions than WUE. Heuermann et al.
found that as compared to urea, ammonium nitrate promoted

N uptake and increased cytokinin synthesis and translocation in
oilseed rape.
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Strategic use of nitrogen (N) may improve N use efficiency, but there is limited information
on the influence of N supply at crucial growth stages on N accumulation, water use, and
water use efficiency of canola and mustard. In this study, we hypothesize that genetic
variation among canola and mustard can alter the response of timing and rate of post-
sowing N application at targeted phenological growth stages by improving N and water
use and their efficiencies. Field experiments were conducted in South Australia during two
growing seasons with contrasting water availabilities. Two mustard and four canola
cultivars, including two triazine tolerant (TT) and two non-TT cultivars were evaluated
under different post-sowing N application strategies comprising three N rates and different
timings of application. Mustard used more water than canola in the season with higher
rainfall, but canola and mustard used similar amounts of water in the drier season.
Nitrogen increased the water use efficiency (WUE) of canola and mustard cultivars.
Nitrogen rate and timing did not influence the total water use of canola and mustard but
influenced the partitioning of pre- and post-flowering water use. Even though, highest N
uptake was observed in the treatment with continuous supply of N with 200 kg N ha−1 in
five splits it did not influence the N efficiencies parameters which indicate that yield of
canola and mustard are limited by N rate in these environments. In treatment with limited N
supply, targeting N at the rosette stage improve N use efficiency of canola and mustard.
However, the limited N uptake potential of mustard makes timing of N application the most
important consideration whereas correct N rate should be main consideration for canola.

Keywords: nitrogen, water use, water distribution, N use efficiency, water use efficiency
INTRODUCTION

Canola (Brassica napus L. cv.) and mustard (B. juncea) together are the third-largest oilseed crop
globally, with production of 75 MT yr−1 on over 35 million ha in 2018 (FAO, 2018). Canola
products have high value for high protein meal for livestock, unsaturated oil for human
consumption and also as biofuel. Plant breeding and agronomy have improved the adaptation
and productivity of canola and mustard in Australia (Kirkegaard et al., 2016; Meier et al., 2020)
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resulting in an improvement in average yields from 0.5 t ha−1 in
1961 to 2.0 t ha−1 in 2018 (FAO, 2018). Canola has become a
profitable crop as well as contributing to weed control and
disease break for cereals in cropping systems around the globe
(Heap, 2014; Kirkegaard et al., 2016). Production has also
increased significantly in Australia over the last decade from c.
1.8 Mt in 2008–2009 to 3.9 Mt in 2017–2019 (ABARES, 2020).
However, most of this increase has come from an expansion of
area rather an increase in mean yield, which has shown relatively
little change (ABARES, 2020).

Australian production of canola is based on both open-
pollinated (genetically “true to type” OP) and hybrid varieties
(F1) hybrids, and both conventional and triazine-tolerant (TT)
varieties are grown (Brill et al., 2016; Kirkegaard et al., 2016;
Zhang et al., 2016). Mustard is a minor crop, but it is suited to
dry areas, and canola-quality B. juncea that meets Australian
oilseed industry standards are available (Burton et al., 2008).
Open-pollinated TT varieties are currently the main varieties
grown in Australia (Kirkegaard et al., 2016), but imidazolinone
herbicide-tolerant canola cultivars are becoming popular due to
their higher yield potential (Hudson and Richards, 2014).

Average yields of canola in Australia are generally below their
water-limited potential (Kirkegaard et al., 2016). Canola and
mustard have higher demands for N, but lower water and N use
efficiency (NUE) compared to cereals (Hocking et al., 1997a;
Hocking et al., 1997b; Dreccer et al., 2000). In rainfed
environments, N and water interact strongly to determine yield
and poor uptake and use of one can lead to inefficient use of the
other resource (Sadras, 2004; Ma and Herath, 2016; Riar et al.,
2016). Inefficient use of water and N may be partly responsible
for the sub-optimal performance of canola. Maaz et al. (2016)
showed that greater water availability could improve N uptake
and utilization efficiency of canola. To achieve the full yield
potential of canola and mustard, it is necessary to overcome
constraints limiting their growth and production in such
environments. It will be challenging to realize the full benefits
of genetic improvement without improving the N and water use
of these crops (Sinclair and Rufty, 2012). Understanding the
response to N availability at various growth stages in improving
N and water use of canola and mustard could play an essential
role in enhancing productivity in water-limited environments
with low soil fertility.

Nitrogen is expensive and a difficult to manage input in
environments with variable rainfall. Nitrogen losses from
agricultural systems are also becoming a serious concern.
Recovery of fertilizer N in crops is generally less than 50%
(Fageria and Baligar, 2005), which cannot be justified from
environmental and economic perspectives (Grant et al., 2002).
Campbell et al. (2004) stated that total N yield is a function of
plant-available water as water is a significant driver of grain yield
in rainfed systems. Moreover, water deficits at a critical growth
stage can limit N uptake and utilization in plants (Benjamin
et al., 1997) and can reduce crop response to N fertilizers. Many
studies have shown the importance of the effects of water
availability on N response of crops and vice-versa (Sadras,
Frontiers in Plant Science | www.frontiersin.org 210
2004; Norton and Wachsmann, 2006; Sinclair and Rufty, 2012;
Pan et al., 2016). According to Riar et al. (2016) the gap between
actual and potential yield in rainfed system was lower when
water and N equally co-limited the growth of canola.

In rainfed environments, water is a limiting resource, and
its availability depends on the amount of water stored during
the fallow and the amount of growing season rainfall. It
is widely accepted that the management of fertilizer inputs
is one of the essential tools for the improvement of WUE in
these environments (Cooper et al., 1987; Angus and Van
Herwaarden, 2001; Sadras and Roget, 2004). Many previous
studies on the water use of oilseed crops have not investigated
the influence of N on water uptake from different depths in the
soil profile (Johnston et al., 2002; Campbell et al., 2007; Angadi
et al., 2008; Gan et al., 2009). A common practice in N
management in canola is to apply N as split or delayed
applications to match N supply with crop demand better
(Norton, 2016). The effects of N applications at targeted
growth stages on the growth and seed yield of canola and
mustard were reported in an earlier study (Riar et al., 2017). In
the study reported here, we tested the hypothesis that targeting
post sowing N application to specific phenological growth
stages can improve NUE and WUE in canola and mustard.
Still, responses may differ due to genetic variation associated
with different yield potentials of species and among cultivars
within species. Six different canola and mustard varieties,
representative of the range of varieties grown in southern-
Australia were compared to examine whether genetic
differences in yield potential affect the responses to N and
are reflected in differences in patterns of water and N uptake
and efficiency.
MATERIALS AND METHODS

Site Description
Field experiments were conducted at the Roseworthy farm of the
University of Adelaide (latitude 34.53°S; longitude 138.72°E),
South Australia during the 2011 and 2012 growing seasons. The
long term annual average rainfall for Roseworthy is 440 mm with
a growing season average rainfall (defined in South Australia as
rainfall from April to October (French and Schultz, 1984)) of 329
mm rainfall (Figure 1).

The main soil type of the sites in 2011 and 2012 was classified
as calcisols (FAO, 1988; Driessen et al., 2000), equivalent to
calcarosol in the Australian soil classification (Isbell, 2002). To
estimate the average soil moisture and nitrate-N in each
experiment, nine soil cores were taken to a depth of 100 cm 1 day
prior to sowing using a 4 cm hydraulic core. The soil cores were
divided into 20 cm increments, bulked, dried at 40°C, and sieved
(<2 mm) for analysis by a commercial laboratory (CSBP Perth,
Western Australia). The amount of the mineral-N (ammonium +
nitrate) in the 0–100 cm layer was 77 and 71 kg ha−1 in 2011 and
2012, respectively. Detailed soil characteristics of the experimental
sites are given in Table 1.
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Experimental Design and Crop
Management
Two mustard (Varuna and Oasis) and four canola cultivars with
mid-maturity, including two triazine-tolerant [TT—Fighter TT
(OP) and Hyola555TT (hybrid) and two non-TT cultivars (AV
Garnet (OP) and Hyola575cl (Imidazolinone herbicide-tolerant
canola cultivar)], were evaluated under different N application
strategies, comprising three N rates (0, 100, and 200 kg N ha−1 as
granular urea; 46% N) and different timings of application
(Table 2). In 2011, the effect of two times of sowing was
investigated, and the treatments were arranged in a split-split
plot design with time of sowing as the main-plots, canola, and
mustard cultivar as the sub-plots and N treatments as sub-sub-
Frontiers in Plant Science | www.frontiersin.org 311
plots in three replications. In 2011, the effect of time of sowing on
seed yield was not significant (Riar et al., 2017) so in 2012, only
one time of sowing was used, and treatments were arranged in a
split-plot design with cultivars in main-plots and N treatments in
sub-plots with three replications. In 2011, N and water use and
efficiencies were only measured in the first time of sowing.

The trials were sown with a cone seeder with knifepoint drill
and press wheels at a depth of 25 mm. Plot area was 15 m2, with
each plot being 10 meters long by six rows with a 250 mm inter-
row spacing. Basal fertilizers were 10 kg N ha−1, and 11 kg P ha−1

as diammonium phosphate (DAP) applied at sowing and 100 kg
S ha−1 as a pre-planting gypsum application. Seeding rates were
adjusted for each cultivar based on their seed weight and
TABLE 1 | Soil characteristics of each site used during 2011 and 2012.

Year Layer (cm) Ammonium N1

(mg kg−1)
Nitrate N2

(mg kg−1)
Colwell

P3

(mg kg−1)

Colwell
K4

(mg kg−1)

Sulfur5

(mg kg−1)
Organic C6

(%)
Conductivity7

(dS/m)
pH level H2O

8

(pH)
Boron9

(mg kg−1)
Bulk Density

2011 0–20 7.0 4.0 23.0 580 7.2 0.99 0.211 7.5 2.07 1.31
20–40 3.0 2.0 7.0 220 7.2 0.57 0.170 8.2 2.39 1.21
40–60 2.0 1.0 10.0 222 18.0 0.32 0.230 8.1 6.18 1.24
60–80 2.0 2.0 3.0 424 56.8 0.20 0.464 8.5 17.03 1.41
80–100 1.0 5.0 <2.0 543 66.7 0.15 0.404 8.7 25.50 1.41

2012 0–20 12.7 10 56.7 509 20.1 1.21 0.300 7.7 1.89 1.31
20–40 5.3 4.0 13.7 192 12.5 0.66 0.200 8.6 3.25 1.23
40–60 4.0 1.6 9.7 132 16.8 0.34 0.210 8.8 4.21 1.36
60–80 3.0 1.7 5.0 179 29.6 0.25 0.428 9.1 9.62 1.33
80–100 2.3 2.0 3.0 276 55.0 0.19 0.622 9.3 13.19 1.13
July 2020
 | Volume 11
1&2 2M KCL solution for 1 hour; 3Bicarbonate-extractable P; 4Bicarbonate-extractable K; 5KCI-40; 6Organic carbon (Walkley and Black 1934). 7&81:5 soil-water extract. 91:4 dilute HCL.
Analyses were conducted by CSBP Soil and Plant Analysis Laboratories, Perth WA using the methods described in Rayment and Lyons (Rayment and Lyons, 2011).
FIGURE 1 | Monthly mean maximum and minimum temperature, monthly rainfall during 2011 and 2012 with long-term means for Roseworthy.
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germination percentage to achieve a plant establishment
of 35 plants m−2. Plant numbers were counted after crop
establishment, and it showed that on average there was 84% and
82% establishment in 2011 and 2012, respectively. Weeds and
diseases were managed with standard agronomic practices, and
overall weed and disease incidence wasminimal during both years.

Nitrogen treatments were designed to generate a range in
crop biomass and canopy size (Table 2) and targeted at specific
growth stages. A control treatment with no N (N0) and a high N
control (N200) in which a total of 200 kg N ha−1 was applied in
five equal split applications at key growth stages: rosette (GS30),
green-bud (GS51), 30% of flowers on main raceme open (GS61),
start of pod filling (GS67), and 10% pod maturity (GS71) was
used to maintain a steady supply of N throughout the season
with the aim of having a non-limiting supply of N. The growth
stages were recorded using the BBCH canola scale (Lancashire
et al., 1991). The low and high N controls were designed to
provide a boundary function of crop response to N in both years.
All other treatments with 100 kg N ha−1 were designed to
examine the effects of N supply at a specific growth stage on
water and N use and their efficiencies. In South Australian
rainfed farming systems, N is generally applied prior to sowing
or a maximum 10 kg ha−1 at sowing and remainder top-dressed
after emergence (Parker et al., 2009), as applying the entire N at
the start of the season can be economically risky because of
variable spring rainfall, and the risk of high rates of N reducing
seedling emergence if it applied near the seed. Where a split
application was used, the rates of N were equal at all times of
applications. Nitrogen (granular urea; 46% N) was broadcast
using a hand spreader (Scotts Easy Handheld Spreader) at the
desired growth stage either when the soil was wet or if rainfall
was forecast within 24 h after application. On average, there was
13.2 and 9.92 mm rainfall in the week following the N
applications in 2011 and 2012 respectively.
Sampling and Measurements
Destructive samples from two rows of 50 cm length (0.25 m2)
were taken at flowering and maturity to measure crop biomass.
Leaf loss at maturity was not accounted for in the dry matter and
Frontiers in Plant Science | www.frontiersin.org 412
N measurements at harvest. Nitrogen content of shoots was
measured at 50% flowering (GS65) and maturity (GS99). For
each sampling, a quadrat sample (two rows of 50 cm length) was
harvested and samples were dried in an oven at 80°C for 48 h. A
weight-based subsample equivalent to 25% of the quadrat sample
were analyzed for N content and then converted to N uptake
m−2 accordingly.

The dried samples were ground through a 2 mm sieve prior to
chemical analysis. Nitrogen concentrations of the total above-
ground biomass samples at flowering and maturity (pods + seed +
straw) were measured with a LECO combustion analyzer
(NitroFlow 60, St. Joseph, Michigan.); the ground plant samples
were combusted at 950˚C and flushed with oxygen and the N
oxides measured. Nitrogen concentration in whole seed was
measured using a near infra-red grain analyzer (Cropscan 1000B,
Next Instruments Pty Ltd). Nitrogen uptake was calculated from the
whole plant N concentration and the crop biomass at the time of
sampling. Nitrogen harvest index (NHI) was calculated from the
seed N content and the total N uptake at maturity:
NHI =
Total N uptake in seed

Total N uptake in above-ground biomass
(1)

The efficiency of N use for canola and mustard was calculated
by using the following formulae (Fageria and Baligar, 2005;
Rathke et al., 2006):

 NUESY (kg kg−1)

= Seed yield
Total mineral N + fertliser N + N mineralization

(2)

where growing season mineralized N was estimated by using the
following equation proposed by Dunsford et al. (2015):

N mineralization  =  

Growing Season Rainfall x 0:15 x Organic matter Content %

(3)

Nuptake efficiency (kg kg−1) =
Total N uptake

Total mineral N + fertiliser N + N mineralisation
(4)
TABLE 2 | Details of N rates, number of split applications and growth stages in the different N treatments used for canola and mustard during 2011 and 2012 (BBCH-
scale (canola) where GS30, Beginning of stem elongation: no internodes (“rosette”); GS51, Flower buds visible from above (“green bud”); 63, 30% of flowers on main
raceme open (“flowering”); 67, Flowering declining: majority of petals fallen(“pod initiation”); 71, 10% of pods have reached final size (“pod development”) (Lancashire
et al., 1991).

Year N Rate Splits Applied N kg ha−1 at different growth stages (BBCH scale)

Rosette
(GS30)

Green bud
(GS51)

Flowering
(GS63)

Pod initiation
(GS67)

Pod development
(GS71)

2011 + 2012 0 0
2011 100 3 33.3 33.3 33.3
2011 100 2 50 50
2011 100 2 50 50
2012 100 1 100
2012 100 1 100
2012 100 1 100
2012 100 5 20 20 20 20 20
2011 + 2012 200 5 40 40 40 40 40
July 2020 | Volum
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Agronomic efficiency (kg kg−1) =
SF − SC

F
(5)

Apparent Recovery ( % ) =
NF − NC

F
� 100 (6)

Physiological efficiency  (kg kg−1) =
YF − YC

NF − NC
(7)

where SF and SC are the seed yield of the fertilized and
unfertilized plots, YF and YC are the total above-ground
biomass of the fertilized and unfertilized plots, NF and NC is
the N contained in biological yield (kg ha−1) of fertilized and
unfertilized plots, and F was the amount of fertilizer N applied as
granular urea (McDonald, 1989; Fageria and Baligar, 2005).
Agronomic efficiency reflects the efficiency with which applied
N is used, and physiological efficiency can be viewed as the
response of crop to additional N uptake from fertilizer. The total
soil N measure at the start of the seasons was used to estimate N
supply including seasonal N mineralization estimate.

Water use andWUEweremeasured in selected treatments with
total N rates of 0, 100, and 200 kg N ha−1. In both years WUE was
measured in 0 kg N ha−1 control and 200 kg N ha−1 in five equal
splits. In 2011, measurements were also made in 100 kg N ha−1 in
three equal splits at rosette (GS30), flowering (GS63), and pod
development (GS71) and in 2012, in the treatment with a single
application of 100 kg N ha−1 at rosette (GS30). To examine genetic
variation in transpiration efficiency (TE) in 2011 the C isotope
discrimination based on the relative abundance of the stable
isotopes 12C and 13C was measured using mass spectrometry
(e lemental analyzer , E A1108, Ser ies1 : Car lo Erba
Istrumentazione, Milan, Italy). Measurements were based on
leaves collected from four randomly-selected plants per plot at
the rosette stage in the nil N control plots. The leaf material was
dried at 80°C for 48 h, ground twice and the second time in a ball
mill before the isotopic compositionwasmeasured. Carbon isotope
composition values (d 13C) were converted to D by assuming
isotopic composition of air to −8 ‰. Soil moisture content was
measured to 100 cm depth pre-sowing, at flowering and maturity
using a 4 cm hydraulic core. A single core was taken from each plot
across all replicates at each time of sampling. Cores were sub-
divided intofive layers each of 20 cm length to assess the cropwater
extraction fromvarious depths. The change in soilwater over 0–100
cmwasused to estimatecropwateruse (CWU) in treatmentswith0,
100, and 200 kgN−1 and assumingnodrainage below the root zone,
where P is growing season rainfall, DS is the difference in soil
moisture between harvest and sowing:

CWU (mm) = P�DS (8)

In addition, water use of two canola cultivars with contrasting
early vigor (AV Garnet and FighterTT) was measured with a
capacitance probe (Diviner 2000, Sentek. SA) at 16 different
times during the growing season.

Statistical Analysis
The data were analyzed by analysis of variance (ANOVA) using
the GenStat statistical analysis software (15th edition; VSN
International) (VSN International, 2013). In the model,
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cultivar and N treatments were considered as fixed effects and
replicates as a random effect. A combined analysis of the 2 years
was not possible because of the different N treatments in the two
experiments (Table 2), but an analysis based on the treatments
common to both years (0 and 200 kg N ha−1) was conducted in
which year was considered as a random effect. This analysis
showed significant interactions with years for water use and N
uptake, so the results for each year are presented. Orthogonal
comparisons were used to compare the different groups of
cultivars and N treatment based on a single degree of freedom
comparisons. For other statistical comparisons, Tukey post hoc
test Honest Significant Differences (HSD) at 5% level of
probability (P < 0.05) was used to compare the treatments.
RESULTS

Growing season (April-October) rainfall was similar in both
years (232 mm in 2011 and 220 mm in 2012) (Table 3), but the
annual rainfall (January-December) was 102 mm lower in 2012
(292 mm) than 2011 (394 mm), and the distribution of rainfall
varied considerably between the 2 years. In 2011, the season had
a wet start with above-average rainfall in February and March, so
the soil water to a one-meter depth at sowing was 230 mm
whereas 2012 had a dry start with starting soil water of 70 mm. In
2012, rainfall during the spring (September–November) was less
than half of that received over this period in 2011 (Table 3).
From here on, we consider 2011 as an average year (462 mm soil
water during crop growing period (sowing to harvest rainfall+
Soil water at sowing) and 2012 as a drier than average year (290
mm soil water during crop growing period (sowing to harvest
rainfall + soil water at sowing) (Table 3).

Water Use Pattern and Efficiency
Water Distribution in the Soil Profile
As a result of high pre-sowing rainfall in 2011, the soil water content
was >0.2 mm mm−1 at all depths at the time of sowing (Figure 2).
Analysis of different depth increments for water content at
flowering showed that cultivars did not differ in water extraction
at any depth. However, a significant difference was observed in
water extraction at 0–20 cm for N treatments at flowering (P =
0.029) and maturity (P = 0.022). The reduction in soil water
increased as the rate of N increased (Figure 2). There were no
TABLE 3 | Rainfall and water availabilities at various phases of two growing
years (2011 and 2012).

Year Annual
rainfall

GS
rainfall

Pre-
sowing
rainfall

(Jan-April)

Pre-
flowering
rainfall
(May-
August)

Post-
flowering
rainfall

(Sept-Nov)

Soil
water
at

sowing

2011 394 232 140 132 94 230
2012 292 220 74 161 45 70
Long
term
average

440 329 98 202 118
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changes in soil profile water content at flowering in treatments with
noN applied and the reduction with 100 kgN ha−1 was smaller than
measured with 200 kg N ha−1 (Figures 2A, B).

In contrast to 2011, the very dry summer and autumn in 2012
resulted in the soil profile at sowing being very dry (Figure 3)
however, not all rainfall received until flowering was used by
Frontiers in Plant Science | www.frontiersin.org 614
canola (Figures 3A–F) so there was some accumulation of soil
water but soil moisture at flowering was still generally lower than
at flowering in 2011. At maturity, canola (both TT and non-TT)
and mustard were able to dry the soil profile between flowering
and maturity. The reduction in soil moisture increased with N
rate and ended to be greater in mustard than in canola.
A B

D E F

G IH

C

FIGURE 3 | Soil water distribution in profile at sowing, flowering and maturity for TT canola cultivars (Fighter and Hyola555TT) (A–C), non-TT canola cultivars (AV
Garnet and Hyola 575cl) (D–F), and mustard cultivars (Oasis and Varuna) (G–I) at 0 kg N ha−1 (A, D, G) 100 kg N ha−1 (B, E, H), and 200 kg N ha−1(C, F, I) in
2012. Where horizontal bars show the standard error for the measured value.
A B C

FIGURE 2 | Soil water distribution in profile at sowing, flowering and maturity for canola and mustard cultivars under three different N regimes; (A) 0, (B) 100, and
(C) 200 kg N ha−1 in 2011. Where horizontal bars show the standard error for the measured value. Cultivars did not differ in water extraction pattern so only main
effects of N are shown as cultivar × N interactions were also not significant.
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Pre-Flowering and Post-Flowering Water Use
Crop water use by canola and mustard cultivars were not
significantly different in each year. On average, CWU by all
cultivars was 349 ± 2.9 mm in 2011 and 171 ± 2.3 mm in 2012
(Figure 4). There was no significant difference in CWU by
mustard and canola in either year, but the pattern of water use
differed, which was more strongly expressed in 2012 (Table 4
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and Figure 4). While there was no difference in total water use
between canola and mustard, there was a tendency for mustard
to use less water than canola during the pre-flowering period
[3.7% less in 2011 (NS); 29% in 2012 (P <.0001)] but more water
than canola in the post-flowering period [14% more in 2011
(P=0.015); 26% in 2012 (P= 0.0001)] (Table 4). There was no
significant difference in CWU between TT varieties and non-TT
varieties or between open-pollinated and hybrid varieties in 2011
(Table 4). In 2012 the pattern of water use between open-
pollinated and hybrid varieties differed significantly: open-
pollinated varieties used significantly less water (14 mm) than
hybrid varieties up to flowering and 22 mm more water after
flowering (Figure 4).

In 2011, N treatments affected the partitioning of water use
between pre-flowering and post-flowering growth periods without
changing the total water use of canola and mustard (Figure 4). All
cultivars with a total application of 200 kg N ha−1 split between
five key growth stages usedmore water than 100 kgN ha−1 in three
splits and the control prior to flowering (Figure 4).

In 2012, the pattern of pre-flowering and post-flowering
water use was similar to 2011 in canola and mustard cultivars
(Figure 4). However, there was a significant cultivar × nitrogen
interaction for total crop water use. In general, pre and post-
flowering water use was higher in treatments with N as compared
to the control.

In addition, water use of two canola cultivars with contrasting
early vigor (AV Garnet and FighterTT) revealed that water use of
FIGURE 4 | Total water use [pre (colored bars) and post-flowering water use (transparent bars)] of different cultivars as influenced by N rates of 0, 100, and 200 kg
N ha−1 during the growing season of 2011 and 2012 (The 200 kg N ha−1 treatment had only received 80 kg N ha−1 by flowering). In 2011 only mean of all cultivar for
N treatments are shown as only N treatments shown significant effects whereas in 2012 the cultivar × N interaction was significant. Bars showing same or
overlapping letters do not exhibit significant difference among each other.
TABLE 4 | The significance of single degree of freedom orthogonal comparisons
for total, pre, and post-flowering water use and water use efficiency of different
cultivars are shown: canola vs mustard TT canola vs non-TT canola (TT vs non-
TT), and open-pollinated canola vs hybrid canola (OPc vs HYc).

Orthogonal
comparisons

Water use (mm) WUE
(kg ha−1 mm−1)

Pre-
Flowering

Post-
Flowering

Total GY DM

2011
Canola vs Mustard NS 0.015 NS NS 0.0186

TT vs nonTT NS NS NS NS <0.001
OPc vs HYc NS NS NS NS NS

2012
Canola vs Mustard <0.001 <0.0001 NS 0.0106 NS

TT vs nonTT NS NS NS 0.0034 0.0339
OPc vs HYc <0.0003 0.0002 NS 0.0057 0.0018
A lack of differences between single degree of freedom orthogonal comparisons is noted
by NS (P > 0.05 = not significant).
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these two cultivars was not significantly different at any sampling
time. Crop water use in treatments supplied with N was more than
the control, but the difference was not significant. Total water used
by the crop was similar between N treatments and the control.
Water was extracted from the soil profile at a depth of 40 cm was
evident, but the 40–60 cm profile depth mostly remained
unchanged during crop growth and some soil water accumulated
during the growing season in the depth of 70–100 cm.

Water Use Efficiency (WUE)
Measurements of C isotope discrimination revealed D ranged
from 18.74 ‰ to 19.79 ‰ but there were no significant genetic
differences in stable carbon ratios among the cultivars (Table
S1). Orthogonal contrasts indicated the mean WUESY and
WUEDM of canola and mustard were not significantly different
in 2011 and 2012 (Table 4 and Figures 5A, B), on an average
WUESY was 5.7 kg ha−1 mm−1 in 2011 and 5.8 kg ha−1 mm−1 in
2012. However, in both years TT cultivars of canola had
significantly lower WUESY (4.7 kg ha−1 mm−1 in 2011 and 5.4
kg ha−1 mm−1 in 2012) than non-TT cultivars (6.8 kg ha−1 mm−1

in 2011 and 7.0 kg ha−1 mm−1 in 2012) with Fighter TT having
the lowest WUE in both seasons (Table 4 and Figure 3A). The
WUEDM of non-TT cultivars was 26.7 kg ha−1 mm−1 and 21.1 kg
ha−1 mm−1 compared to 16.7 kg ha−1 mm−1 and 16.4 kg ha−1

mm−1 for the TT cultivars in 2011 and 2012, respectively. The
differences in WUESY and WUEDM between the OP and hybrid
cultivars was not significant in 2011, but the WUESY of the OP
cultivar was 1.5 kg ha−1 mm−1, and WUEDM was 6.3 kg ha−1

mm−1 lower than hybrid cultivars in 2012.
Applying fertilizer N improved WUESY in both years (Figure

5A). The highest WUE occurred when the crops received a
regular supply of N throughout the season i.e. 200 kg N ha−1 in
five splits. In 2011, the highest WUESY was achieved with 200 kg
N ha−1 in five splits, followed by 100 kg N ha−1 in three splits and
control (Figure 5A). In 2012, the highest WUESY was achieved
with 200 kg N ha−1 in five splits followed by 100 kg N ha−1 at
rosette and control, respectively (Figure 5A). Trends for
WUEDM were in same order as WUESY. In 2011, WUEDM did
not differ between 200 kg N ha−1 and the split application of 100
kg N ha−1 (three splits starting at the rosette stage in 2011 and
Frontiers in Plant Science | www.frontiersin.org 816
single dose at rosette stage in 2012), but both were higher than
the WUEDM in control (Figure 5B).

Nitrogen Uptake and Use Efficiency
Nitrogen Uptake, Seed N Content, and Nitrogen
Harvest Index
Total N uptake at maturity varied considerably between the two
growing seasons. On average, the total N uptake by the crop at
maturity in 2012 was only 37.5% of the 2011 uptake. Canola and
mustard did not differ in N uptake during the pre- and post-
flowering periods in 2011 (Table 5). Nitrogen uptake remained
low in TT cultivars during the pre- and post-flowering growing
periods; hence total N uptake in TT canola at maturity was lower
than that of non-TT cultivars.

In 2012, total N uptake by TT and non-TT varieties was
similar due to similar N uptake during the pre-flowering and
post-flowering periods (Table 5). There was some reduction in
shoot N during the post-flowering period in 2012, which varied
from 10 to 28 kg N ha−1, which was due to loss of dry leaf matter.
Total N uptake in open-pollinated cultivars was lower than the
hybrid cultivars due to low N uptake during the pre-flowering
period. Mustard had lower N uptake than canola during the pre-
flowering period (P= 0.028), and the difference was not
significant at maturity (P=0.076).

Nitrogen application improved the total N uptake in both
years. Highest N uptake was achieved with the application of 200
kg N ha−1 in both years, followed by 100 kg N ha−1 and the
control (Tables 6 and 7). Post-flowering N uptake was higher
with 200 kg N ha−1 than all other N treatments in 2011. Nitrogen
application at the rosette and green-bud stages in 2011 resulted
in higher N uptake than the application of N at flowering. All
other treatments that received 100 kg N ha−1 had similar total N
uptake at maturity.

Difference in N uptake was not reflected in seed N content.
Seed N content showed a significant cultivar × N interaction. On
average, canola had 1.5%–3.0% and 2.3%–3.4% seed N content in
2011 and 2012, respectively compared to 1.1%–3.3% and 1.2%–
4.1% in mustard in 2011 and 2012, respectively.

Nitrogen harvest index (NHI) of cultivars varied considerably
between the seasons. In the average season (2011) with high N
A B

FIGURE 5 | Water use efficiency grain yield (WUESY) (A) and WUE dry matter (WUEDM) (B) of different cultivars under N rates of 0 kg N ha−1, 100 kg N ha−1, and
200 kg N ha−1 during the growing season of 2011 and 2012. Values are presented as mean of replications for cultivars and N treatments as cultivar × N treatment
interactions for WUEGY and WUEDM were absent during both years.
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post-flowering uptake, NHI was lower (0.25) than the dry season
(2012) with low total N post-flowering uptake (0.40) due to low
water availability and also loss of N from leaf fall (Table 5). In
both years, the lowest NHI was in Oasis (canola quality mustard)
whereas the highest was observed in Varuna (Indian mustard).
In canola cultivars, TT cultivars had a higher NHI than non-TT
cultivars in 2011, but they had similar NHI in 2012.

In 2011, the control and 200 kg N ha−1 treatments had the
highest NHI but NHI with 200 kg N ha−1 did not differ from the
treatment that had a total 100 kg N ha−1 in three equal splits at
rosette, flowering, and pod development stages (Table 6). All
treatments with an application of total 100 kg N ha−1 had similar
NHI. In 2012, higher NHI was observed in the treatments with a
single application of 100 kg N ha−1 at rosette stage and at
flowering stage than the application of 200 and 100 kg N ha−1
Frontiers in Plant Science | www.frontiersin.org 917
in five splits at key growth stages, and a single application 100 kg
N ha−1 at green-bud stage (Table 7), but all N treatment had
similar NHI compared to control.

Nitrogen Use Efficiency
In the higher rainfall season of 2011, N uptake efficiency and N
use efficiency of the canola and mustard were similar (Table 8).
Among the canola cultivars, TT cultivars had lower N uptake
efficiency and N use efficiency than non-TT cultivars. In the drier
conditions in 2012, mustard had lower N uptake efficiency and
NUE than canola. All canola cultivars had similar N uptake
efficiency, but TT cultivars had lower N use efficiency than non-
TT cultivars.

Nitrogen uptake efficiency was significantly reduced with
applications of N in 2011 (Table 6) but was similar in all
TABLE 6 | N uptake, Nitrogen Harvest Index, and NUE of canola and mustard cultivars as under different N regimes during 2011.

N Rate Targeted GS for N N uptake kg ha−1 NHI N uptake
efficiency
kg N kg−1

N supply

NUESY Agronomic
efficiency

kg kg−1 N fert.

Physiological
efficiency

Physiological
efficiency kg

kg -1

Apparent
recovery %

Pre-flowering Post-Flowering Total

0 70c 53b 123c 0.31a 1.33a 16.6a

100 30,63, 71 122a 68b 189b 0.25bc 0.98b 11.3b 6.5a 45.0a 66.1a

100 51,67 110ab 88ab 198ab 0.22c 1.03ab 10.7b 5.2a 21.5a 74.9a

100 63,71 86bc 75b 161bc 0.24bc 0.84b 9.2b 2.4a 14.3a 37.9a

200 30,51,63,67,71 122a 127a 249a 0.28ab 0.85b 8.6b 4.8a 25.5a 62.7a

Orthogonal comparisons
N vs no N <.001 0.006 <.001 <.001 0.001 <.001
100 kg N ha−1 vs 200 kg N ha−1 0.059 <.001 <.001 0.01 NS NS NS NS NS
100 R vs 100 GB/F 0.01 NS NS NS NS NS 0.013 <.001 NS
100 GB vs 100 F 0.019 NS 0.027 NS NS NS 0.023 NS 0.009
July 2
020 | Volume 11
Growth stages were measured on BBCH-scale (canola): 30, Beginning of stem elongation: no internodes (“rosette”); 51, Flower buds visible from above (“green bud”); 63, 30% of flowers
on main raceme open; 67, Flowering declining: majority of petals fallen and 71, 10% of pods have reached final size (Lancashire et al., 1991). Values are presented as mean of replications
and mean of cultivars as there was no cultivar x N treatments interactions were found. Contrast were determined by Tukey test. Different lowercase letters indicate significant difference
(Tukey's test P < 0.05). The significance of single degree of freedom orthogonal comparisons are also shown: N vs no N, 100 kg N ha−1 vs 200 kg N ha−1, 100 kg N ha−1 at rosette vs 100 kg
N ha−1 at green-bud or Flowering (100 R vs 100 GB/F), and 100 kg N ha−1 at green-bud vs 100 kg N ha−1 at Flowering (100 GB vs 100 F). A lack of differences between single degree of
freedom orthogonal comparisons is noted by NS (not significant).
TABLE 5 | N uptake and Nitrogen Harvest Index for different cultivars of canola and mustard during 2011 and 2012.

Cultivar N uptake (kg ha−1) NHI

Pre-flowering Post-Flowering Total

2011 2012 2011 2012 2011 2012 2011 2012

AV-Garnet 110ab 76b 92a −11a 202ab 66abc 0.25b 0.47a

Fighter TT 89ab 86ab 62a −27a 151b 59c 0.33a 0.44a

Hyola555TT 84b 109a 68a −28a 152ab 81ab 0.27ab 0.40a

Hyola575cl 116ab 94ab 96a −12a 211a 82a 0.26b 0.46a

Oasis 126a 69b 62a −10a 188ab 60bc 0.13c 0.20b

Varuna 87b 79ab 113a −12a 201ab 67abc 0.33a 0.49a

Orthogonal comparisons
Canola vs Mustard NS 0.028 NS NS NS NS 0.034 0.003
TT vs nonTT 0.004 NS NS NS 0.003 NS 0.044 NS
OPc vs HYc NS 0.025 NS NS NS 0.003 NS NS
| Article
Contrasts were determined by Tukey test. Different lowercase letters indicate significant difference (Tukey's test P < 0.05). The significance of single degree of freedom orthogonal
comparisons are also shown: canola vs mustard, TT canola vs non-TT canola (TT vs non-TT), and open-pollinated canola vs hybrid canola (OPc vs HYc). A lack of differences between
single degree of freedom orthogonal comparisons is noted by NS (not significant).
Values are presented as mean of replications and mean of N treatments as there was no cultivar x N treatments interactions were found.
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treatments during 2012 when uptake efficiency was lower than
2011 (Table 7). Nitrogen use efficiency was significantly reduced
with the application of N in both years. Nitrogen uptake
efficiency and N use efficiency were not affected by the N rate
in both years. The N uptake efficiency was not affected by
delaying the N applications in both years, but N use efficiency
declined with delayed N application beyond the rosette stage in
drier condition of 2012.

Agronomic efficiency varied between the contrasting
seasons. In a season with dry post-flowering period (2012),
agronomic efficiency was less than half that observed in 2011
(Tables 6–8). Agronomic efficiency was very similar across
canola and mustard cultivars in 2011, but mustard had higher
agronomic efficiency than canola during the dry growing
Frontiers in Plant Science | www.frontiersin.org 1018
condit ions of 2012. Orthogonal comparisons of N
treatments revealed that agronomic efficiency was higher
when N was applied at the rosette growth stage than
delaying N until green-bud or flowering in both years.
Agronomic efficiency was higher at the green-bud stage than
at flowering when N was applied at 100 kg N ha−1 in two splits.
All other treatments were statistically similar to each other in
both years.

There was a strong effect of seasonal conditions on average
apparent recovery, being 60% in 2011 and 19% in 2012. In 2011,
apparent recovery among the cultivars ranged from 55% to 68%.
In 2012, canola had a lower apparent recovery than mustard,
possibly due to the lower apparent recovery of hybrid canola
than open-pollinated cultivars (Table 8). In 2011, delayed
TABLE 8 | Nitrogen efficiencies of different cultivars of canola and mustard during 2011 and 2012.

Cultivars N uptake efficiency
Kg N kg−1 N supply

NUESY Agronomic
efficiency kg kg−1 N fert.

Physiological
efficiency kg kg -1

Apparent
recovery %

2011 2012 2011 2012 2011 2012 2011 2012 2011 2012

AV-Garnet 1.10a 0.35a 13.6a 5.9a 5.3a 0.7b 34a 27a 68a 22a

Fighter TT 0.82a 0.29ab 9.7ab 3.6bc 3.7a 1.6ab 17a 43a 54a 23a

Hyola555TT 0.82a 0.36a 9.2b 4.7ab 6.2a 0.6b 23a 31a 68a 8a

Hyola575cl 1.16a 0.34a 12.4ab 5.2a 4.2 a 1.5ab 34a 38a 58a 9a

Oasis 1.03a 0.22b 11.3ab 3.1c 4.7a 3.0ab 23a 47a 56a 23a

Varuna 1.11a 0.23b 11.4ab 3.1c 4.4a 4.2a 30a 46a 59a 26a

Orthogonal comparisons
Canola vs Mustard NS <.0001 NS <.0001 NS 0.001 NS NS NS 0.048
TT vs nonTT 0.0005 NS 0.0004 <.0001 NS NS NS NS NS NS
OPc vs HYc NS 0.0483 NS NS NS NS NS NS NS 0.018
July 2020 | Volume
 11 | Article
Values are presented as mean of replications and mean of N treatments as there was no cultivar x N treatments interactions were found. Contrast were determined by Tukey test. Different
lowercase letters indicate significant difference (Tukey's test P < 0.05). The significance of single degree of freedom orthogonal comparisons are also shown: canola vs mustard (C vs M), TT
canola vs non-TT canola (TT vs non-TT), and open pollinated canola vs hybrid canola (OPc vs HYc). A lack of differences between single degree of freedom orthogonal comparisons is
noted by NS (not significant).
TABLE 7 | N uptake, Nitrogen Harvest Index, and NUE of canola and mustard cultivars under different N regimes during 2012.

N Rate Targeted GS for N N uptake kg ha−1 NHI N uptake
efficiency
kg N kg−1

N supply

NUESY Agronomic
efficiency

kg kg−1 N fert.

Physiological
efficiency kg

kg -1

Apparent
recovery %

Pre-flowering Post-Flowering Total

0 0 57c −8a 49b 0.41ab 0.37a 5.9a

100 30 102a −36a 65b 0.48a 0.28ab 4.6b 3.1a 44.2a 15.8a

100 51 99ab −35a 64b 0.39ab 0.27b 3.6bc 1.0a 35.7a 15.0a

100 63 69bc −4a 65b 0.44ab 0.28 ab 4.1bc 2.0a 35.3a 15.7a

100 30,51,63,67,71 86abc −16a 70b 0.36b 0.29ab 3.9bc 1.8a 38.3a 20.7a

200 30,51,63,67,71 101a −1a 101a 0.38ab 0.30ab 3.4c 1.9a 39.6a 25.7a

Orthogonal comparisons
N vs no N <.001 NS <.001 NS NS <.0001
100 kg N ha−1 vs 200 kg N ha−1 NS 0.034 <.001 NS NS NS NS NS 0.092
100 S vs 100 SP NS NS NS 0.008 NS NS NS NS NS
100 R vs 100 GB/F 0.061 NS NS 0.037 NS 0.0267 0.014 NS NS
100 GB vs 100 F 0.006 0.022 NS NS NS NS NS NS NS
Growth stages were measured on BBCH-scale (canola): 30, Beginning of stem elongation: no internodes (“rosette”); 51, Flower buds visible from above (“green bud”); 63, 30% of flowers
on main raceme open; 67, Flowering declining: majority of petals fallen and 71, 10% of pods have reached final size (Lancashire et al., 1991). Values are presented as mean of replications
and mean of cultivars as there was no cultivar x N treatments interactions were found. Contrast were determined by Tukey test. Different lowercase letters indicate significant difference
(Tukey's test P < 0.05). The significance of single degree of freedom orthogonal comparisons are also shown: N vs no N, 100 kg N ha−1 vs 200 kg N ha−1, 100 kg N ha−1 at rosette vs 100 kg
N ha−1 at green-bud or Flowering (100 R vs 100 GB/F), and 100 kg N ha−1 at green-bud vs 100 kg N ha−1 at Flowering (100 GB vs 100 F). A lack of differences between single degree of
freedom orthogonal comparisons is noted by NS (not significant).
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application of N to flowering reduced the apparent recovery
more than N application at the green-bud stage (Table 5) but
was similar in 2012 (Table 6). All other treatments were similar
to each other in both years.

Interestingly, physiological efficiency did not differ much
between years, unlike the agronomic efficiency and apparent
recovery, which varied considerably between the two years.
Average physiological efficiencies were 27 kg kg−1 in 2011 and
39 kg kg−1 in 2012. In 2012, higher physiological efficiency was
observed when a total 100 kg N ha−1 was applied in three splits
starting at the rosette stage than N applications with a similar
amount in two splits at later growth stages. The amount of N
applied had no effect on the physiological efficiency of canola and
mustard in both in both years. These results indicate that early N
application at rosette stage is better than late applications for
improving N efficiency.
DISCUSSION

Nitrogen use efficiency depends on the ability of crops to utilize
soil N and the efficiency by with which the N taken up is used for
growth and yield formation. This study suggested that N uptake
was the more important factor influencing NUE in canola and
mustard because uptake efficiency and fertilizer N recovery
varied more between seasons and among treatments than
physiological efficiency. The results also highlighted the
importance of water availability in rainfed environments to the
expression of NUE.

The responses to N and the values for NUE among Brassica
spp. and cultivars varied to a considerable degree with the
availability of water during the growing season. Nitrogen use
efficiency in 2012 was less than half the values measured in 2011
and this reflected the recovery and uptake of N more so than the
physiological efficiency. The timing of N supply and the amount
of N uptake are important in determining the uptake and
redistribution of N and are important factors affecting a crop's
ability to use available N efficiently. In Brassica spp. N uptake is
most rapid between the rosette and flowering stages (Hocking
and Stapper, 2001b) and so maximizing N uptake during this
period can make a substantial contribution to improving crop
NUE. Yau and Thurling (1987) found that high N uptake was
associated with vigorous root growth, which is often related to
water availability because N uptake is a function of plant
available water (Campbell et al., 2007). A relationship between
long and vigorous root growth with higher N uptake has been
reported previously (Kamh et al., 2005). The responses to N were
greater in 2011 when soil moisture availability was higher due to
the greater amount of soil moisture at the start of the season and
the higher seasonal rainfall. Similar results were also found by
Norton and Wachsmann (2006). They also showed that small
changes in crop water use had a substantial effect on the
improvement in seed yield. Even though WUESY did not differ
greatly between the two growing seasons, the NUE in the drier
season (2012) was only one-third of that observed in the year
with average rainfall (2011), indicating the NUE is perhaps more
Frontiers in Plant Science | www.frontiersin.org 1119
sensitive to seasonal conditions that WUE. It is clear that
strategies to improve NUE in rainfed environments, either
from N management or genetic improvement, need to
consider the effect of moisture availability on N uptake and use.

Previous studies have shown the importance of N on crop
water use and vice-versa (Sadras, 2004; Norton andWachsmann,
2006; Sinclair and Rufty, 2012); effective use of soil moisture and
high WUE depends on having adequate supplies of N but
equally, responses to high soil N require adequate supplies of
soil moisture. This interaction between N and water is described
as co-limitation (Sadras, 2004). Riar et al. (2016) examined the
degree of N and water co-limitation in canola and mustard and
showed that the yield gap between actual and potential yield was
reduced in rainfed environments when water and N equally co-
limited growth. The interaction between water and N was
observed in the two growing seasons. Applying N increased
crop WUE but in 2012 when soil moisture was lower, the yield
response to N were less (Riar et al., 2017) and N use efficiency
was low. Improving the NUE of canola in cropping systems
therefore should consider strategies that optimize the WUE and
NUE rather than improving NUE alone.

The strong link between WUE and NUE means that soil
properties that impede the effective use of soil moisture may have
an effect on NUE. Many of the soils of the region have chemical
and physical constraints that can limit root growth (Adcock
et al., 2007) and the soils in these experiments had high
concentrations of boron and increased salinity at depth.
However this did not appear to affect water use adversely and
N was the major influence on water use. The depth of water use
was not affected by N rate. However the amount of water use to
increase with N rate, especially in 2011. Norton andWachsmann
(2006) also found that water use by canola and mustard cultivars
was influenced by N rate in the Victorian Wimmera.

Apart from water, factors like crop cultivars (Grami and
LaCroix, 1977; Yau and Thurling, 1987; Balint and Rengel,
2011) and N supply (Smith et al., 1988; Mason and Brennan,
1998) can contribute to plant growth, grain yield, and N uptake.
The early flowering period is critical to yield because seed
number per m2, a major determinant of yield, is largely
determined during this period (Dreccer et al., 2000); therefore,
it is important to have adequate uptake of N by this stage.
Nitrogen use efficiency (NUESY) is related to the recovery of N by
the crop and the degree of remobilization of N during pod
formation and seed development. Seasonal conditions had a
marked effect on both of these and the pattern of N uptake
influenced the degree of N remobilization. Canola is an
indeterminate crop and has the potential to maintain N uptake
to help meet the demands of the developing seed when there is
sufficient soil moisture and this extended period of uptake can
enhance N recovery and NUE. This was clearly seen in 2011
when total N uptake was 2.7 times higher than in the drier year,
2012, but N uptake at flowering was only about 20% higher than
in 2012. Norton (2016) suggested that canola has the capacity to
recover from early stress because N uptake can continue up to
the seed filling stage under suitable conditions like high water
availability but if the season is dry the ability to recover from
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early N stress is limited. The differences in post flowering N
uptake in the present study support this argument. Most of the
total N uptake occurred in the pre-flowering, but post-flowering
uptake was still important to yield and NUE. An extended period
of N uptake in 2011 improved the N uptake efficiency, N use
efficiency, agronomic efficiency and apparent N recovery by
between 2.5 and 3.5 fold compared to 2012. It has been
suggested that at high N rates yield of canola becomes
increasingly source-limited (Dreccer et al., 2000) so the high
post-flowering N uptake in 2011 would have also helped
maintain green leaf area and photosynthesis rate; a
consequence of the continued uptake would be reduced N
remobilization from the leaves resulting in low NHI. In
contrast, the low soil moisture in 2012 led to low post
flowering N uptake, reduced N recovery and increased N
remobilization as indicated by higher NHI and increased leaf
senescence. Across the two seasons, NHI decreased with
increased post-flowering N uptake (r = −0.75; P = 0.0006; n =
11). Nitrogen harvest index values reported here are within the
range reported for canola by Papantoniou et al. (2013) [0.25–0.47
in the present study vs 0.32–0.66 reported by Papantoniou et al.
(2013)] and close to the lower range reported by Ma and Herath
(2016) (0.41–0.83) but much lower than the findings of Hocking
and Stapper (2001a).

Nitrogen uptake efficiency of cultivars under different N
regimes is an important source of variation for NUE (Grami
and LaCroix, 1977; Yau and Thurling, 1987; Möllers et al., 1999;
Zhang et al., 2010). However there were no cultivar × nitrogen
interactions in this study for N uptake efficiency and other NUE
parameters indicating that the genetic differences were consistent
across different N treatments. Earlier studies have also reported
no significant interactions between N and cultivars (Norton,
2002; Riffkin et al., 2012; Riar et al., 2014). This is an important
result because it suggests that the genetic differences in NUE
were associated with the characteristics of growth among the
varieties rather than being affected by the amount and pattern of
N supply. It also suggests that selecting for high NUE for
different background levels of N may be feasible.

Nevertheless, there were consistent differences in productivity
among the cultivars. The differences in WUE and NUESY
between the TT and non-TT cultivars were stable and
consistent with earlier studies (Robertson and Kirkegaard,
2006). The cultivars used in this study had similar stable
carbon isotope discriminations, indicating they had similar
intrinsic transpiration efficiencies. This suggests the lower
radiation use efficiency of TT cultivars (Robertson et al., 2002)
may be the reason for their low WUESY and WUEDM compared
to the non- TT cultivars. Water use efficiency for seed yield
values for canola and mustard cultivars reported here are within
the range of 3–18 kg ha−1 mm−1 reported from 42 different case
studies simulated by Robertson and Kirkegaard (2006). The
poorer growth of the TT-cultivars also influenced their NUE
and N recovery. In 2011, N uptake by the TT canola was lower
than non-TT cultivars even though their crop water use was
similar. Post-flowering N uptake was also higher in non-TT
cultivars, which could be related to their more vigorous shoot
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and root growth during early growth as water extraction depth
for TT and non-TT cultivars at maturity was similar. Use of the
TT cultivars has improved the options available for weed
management in cropping systems, but the inherently low RUE
of these cultivars (Robertson et al., 2002) is a constraint to
improved NUE.

Mustard was compared to canola because it is considered
more suited to low rainfall environments, partly because of its
early flowering, but in the present experiments it did not show a
consistent difference in NUE compared with canola. Nitrogen
uptake efficiency of canola and mustard was similar in a year
with average rainfall (2011), but mustard had lower N uptake
efficiency and NUESY than canola in the drier conditions of 2012,
primarily due to its lower yield in 2012 (Riar et al., 2017).
Mustard used less water during the pre-flowering phase than
canola, which was attributed to its shorter pre-flowering
duration. On average over the 2 years, the pre-flowering period
of the canola cultivars was 15 d longer than the mustard varieties
(93 vs 79 d). Therefore, a higher proportion of water use in
mustard was associated with dry matter accumulation during the
post-flowering period. Thurling (1974) also found that mustard
produced 85% of its dry matter during the post-flowering
growth, whereas canola produced 55% of its total dry matter
during this phase. Physiological efficiency of canola and mustard
did not differ between 2011 and 2012, but the poorer N uptake
efficiency in 2012 indicates that the differences in NUESY
between the 2 years were related to the recovery of N. The
shorter pre-flowering period, when N uptake is at its peak
(Hocking and Stapper, 2001b), may have limited N uptake
despite a longer post-flowering period. Crop phenology is an
important characteristic that affects yield and NUE, but there has
been relatively little work to look at the importance of phenology
to N recovery and NUE in canola.

Among the efficiency parameters, physiological efficiency
showed relatively little variation between seasons and
treatments. The values for physiological efficiency (27 kg kg−1

in 2011 and 39 kg kg−1 and 2012) are similar to those reported by
Smith et al. (1988) in rapeseed and by Anderson and Hoyle
(1999) for wheat for these Mediterranean environments. The
relative consistency in physiological efficiency among treatments
and the similarities between different experiments suggests that
there may be limited variation in this trait and that a focus for
future work should be on recovery of soil and fertilizer N.

Targeting N application to specific phenological growth
stages altered the pattern of crop water use, which influenced
N uptake and NUE of canola and mustard in this Mediterranean
environment. The timing of N application at different growth
stages did not influence the total N uptake at maturity, which was
affected more by the rate of N supply in both years. Similar
findings were reported by Marquard and Walker (1995).
However, targeting early applications of N (rosette, green bud,
and flowering stages), when the rate of N uptake was increasing,
improved early N uptake and enhanced NUE parameters. In
these trials, it was also found that greatest yield responses were
with N applied at the rosette stage (Riar et al., 2017). These
responses can be driven from the association of N with water as
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this period of vegetative growth of canola and mustard
corresponded with high water availability in both years. Higher
rates of N application and delayed N application beyond the
rosette stage decreased the agronomic efficiency of canola and
mustard in both years.

For future plant based research to improve NUE, one should
consider the effect of cultivars with different degrees of vigor to N
uptake. In this study cultivars (non-TT and hybrids) with high
early vigor had high N uptake, which could also indicate their
root vigor as high N uptake with vigorous roots was reported by
Yau and Thurling (1987). This can solve the problem of N uptake
from soil but not internal N utilization. Even though we did not
find any variation in physiological efficiency for the cultivars
studied, Svečnjak and Rengel (2006) found variation in internal
N utilization of different canola cultivars and this variation can
be utilized to find cultivars more efficient in acquired N
remobilization. Genes associated with enzyme alanine
aminotransferase have been already incorporated in to
Canadian canola cultivars (Norton, 2007) this can help crop to
have high N remobilization under stress conditions. The present
study suggests that improvements in NUE were achieved by
increasing the recovery of N rather that substantial changes in
the physiological efficiency. Therefore, crops traits and
management practices that will increase N recovery should be
a focus of future work. In these environments, early uptake of N
is important because crop yields are most responsive to N
applied at the rosette-green bud stage, but the ability to
maintain N uptake during the post-flowering period when soil
moisture availability is high will also improve NUE. To improve
N recovery and NUESY applying N at early growth stage, prior to
the start of flowering, and exploring the genetic potential of
canola and mustard cultivars to take up N from soil should be the
focus of future work.
CONCLUSIONS

This study highlights the importance of N uptake and water
availability to the expression of NUE. N responses and values of
NUE varied considerable with water availability during growing
season. Seasonal conditions affected N uptake and influenced the
degree of N remobilization. Most of the total N uptake occurred
in the pre-flowering, but post-flowering uptake was still
important to yield and NUE. Post flowering N uptake in the
present study clearly showed the capacity of canola and mustard
to recover from early stress. In these environments, NUE appears
to be more sensitive to seasonal conditions than WUE indicating
that clear strategies to improve NUE in rainfed environments
need to consider the effect of moisture availability on N uptake
and use from N management or genetic improvement. Water
and N interaction of this study also highlight the need of
strategies that optimize the WUE and NUE rather than
improving NUE alone. Genetic differences in NUE were
associated with the characteristics of growth among the
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varieties rather than being affected by the amount and pattern
of N supply. It also suggests that selecting for high NUE for
different background levels of N may be feasible. Shorter pre-
flowering period of mustard limited pre-flowering N uptake and
future work should look at the importance of phenology to N
recovery and NUE in canola and mustard. For future plant based
research to improve NUE, one should consider the effect of
cultivars with different degrees of vigor to N uptake. The
relatively consistent physiological efficiency or relative
consistency physiological efficiency or relative consistency in
physiological efficiency among treatments and the similarities
between different experiments suggests that there may be limited
variation in this trait and that a focus for future work should be
on recovery of soil and fertilizer N.
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Proper allocation of nitrogen (N) from source leaves to grains is essential step for high crop
grain yield and N use efficiency. In rice (Oryza sativa) grown in flooding paddy field, amino
acids are the major N compounds for N distribution and re-allocation. We have recently
identified that Lysine-Histidine-type Transporter 1 (OsLHT1) is the major transporter for
root uptake and root-to-shoot allocation of amino acids in rice. In this study, we planted
knockout mutant lines of OsLHT1 together wild-type (WT) in paddy field for evaluating
OsLHT1 function in N redistribution and grain production. OsLHT1 is expressed in
vascular bundles of leaves, rachis, and flowering organs. Oslht1 plants showed lower
panicle length and seed setting rate, especially lower grain number per panicle and total
grain weight. The concentrations of both total N and free amino acids in the flag leaf were
similar at anthesis between Oslht1 lines and WT while significantly higher in the mutants
than WT at maturation. The Oslht1 seeds contained higher proteins and most of the
essential free amino acids, similar total starch but less amylose with lower paste viscosity
than WT seeds. The mutant seeds showed lower germination rate than WT. Knockout of
OsLHT1 decreased N uptake efficiency and physiological utilization efficiency (kg-grains/
kg-N) by about 55% and 72%, respectively. Taken together, we conclude that OsLHT1
plays critical role in the translocation of amino acids from vegetative to reproductive
organs for grain yield and quality of nutrition and functionality.

Keywords: rice, amino acids, transporter, OsLHT1, nitrogen allocation, grain yield, grain quality
INTRODUCTION

In natural soil ecosystem, nitrogen (N) is presented in diversity forms including both inorganic and
organic N (Rasmussen et al., 2010; Robertson and Groffman, 2015). Rice (Oryza sativa) is
commonly grown in flooding paddy filed where ammonium is dominant form of inorganic N
(Xu et al., 2012). Rice absorbs N rapidly at the vegetative stage, especially at the early stage of growth
(Muhammad and Kumazawa, 1974; Masclaux-Daubresse et al., 2010). When the panicles emerge,
the N is highly distributed to both the flag leaves and panicles (Muhammad and Kumazawa, 1974;
Itoh et al., 2005). During grain-filling stage, the N supplied for panicles is mainly redistributed from
leaves and about 70% of N can be transported into the panicle (Muhammad and Kumazawa, 1974).
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The leaf blades are the main organ of photosynthesis and the N in
the flag leaf contributes significantly to the yield (Ma et al., 1989).

In flooding paddy soil, ammonium absorbed in rice roots is
further assimilated in plastid into amino acids which are then
transferred from roots to leaves via xylem. Amino acids in leaves
are loaded into sieve elements and companion cells complexes
and released to seeds (Tegeder, 2012; Tegeder, 2014; Tegeder and
Masclaux-Daubresse, 2018). Import of amino acids into phloem
and seeds is the key event in source to sink partitioning of N, and
the sink development and grain yield rely on the amounts of
amino acids translocation (Santiago and Tegeder, 2016; Tegeder
and Hammes, 2018). Several membrane proteins for amino acid
allocation have been characterized recently and manipulation of
these transporters is able to regulate plant growth. In
Arabidopsis, AtLHT1, with the strong expression in the surface
of roots, young leaves, flowers, and siliques, is involved in amino
acid uptake and import into the mesophyll cells (Chen and Bush,
1997; Hirner et al., 2006). Disruption of AtLHT1 exhibited
decrease of shoot biomass and seed yield while AtLHT1
overexpression improved the N use efficiency under limiting N
(Hirner et al., 2006). Furthermore, AtAAP2 is expressed in the
phloem and functions in xylem-to-phloem transfer step.
Increased amino acids allocation to leaves in aap2 mutants
resulted in higher seed yields (Zhang et al., 2010; Perchlik and
Tegeder, 2018). AtAAP8 is shown to be expressed in leaf phloem
and siliques. It functions in amino acid loading into the phloem
and import into seeds. Decreased amino acid loading into
phloem and partitioning to sinks in aap8 mutants led to
decreased siliques and seed numbers (Schmidt et al., 2007;
Santiago and Tegeder, 2016). AtAAP1 is localized to
Arabidopsis embryos and regulates amino acid distribution to
the developing embryos. Amino acid loaded into embryo via
AtAAP1 could also affect seed protein reserves and seed yield
(Sanders et al., 2009). Similarly, in pea plants, overexpression of
Amino Acid Permease1 (AAP1) in the phloem and embryos was
able to improve seed yield and N use efficiency (Zhang et al.,
2015; Perchlik and Tegeder, 2017).

In rice, 85 putative amino acid transporters were identified
(Zhao et al., 2012). However, only a few of them have been
associated with N translocation from source leaves to grains.
OsAAP3 is localized to roots and leaves. Disruption of OsAAP3
decreased amino acid levels in various tissues, and promoted the
tiller growth, and further improved the grain yield (Lu et al., 2018).
OsAAP5 is expressed in leaves and panicles and regulates tiller
growth by affecting cytokinin levels. Loss-of-function of OsAAP5
could improve grain yield (Wang J. et al., 2019). Further, storage
proteins act as a N sink and N allocation affects the composition of
grain storage compounds (Perez et al., 1996; Chen et al., 2012). The
major organic compounds of rice grains are starch, protein and
lipids (Fitzgerald et al., 2009; Li et al., 2018). Amylose and
amylopectin are the two types of starch (Shewry et al., 1995;
Fitzgerald et al., 2009; Chen et al., 2012). Notably, OsAAP6 was
revealed to function in affecting amino acid allocation and
regulating grain protein content in rice (Peng B. et al., 2014).

Recently, based on the genetic association analysis between
root 15N-aspartate uptake rate of rice core accessions and single-
Frontiers in Plant Science | www.frontiersin.org 225
nucleotide polymorphisms of putative amino acids transporter
genes, we found that Lysine-Histidine-type Transporter 1
(OsLHT1) is a key transporter for root amino acids uptake in
rice (Guo et al., 2020). Repression of OsLHT1 also decreased
amino acids allocation from root to shoot and rice growth (Wang
X. et al., 2019; Guo et al., 2020). Notably, the reduction in shoot
biomass of Oslht1 versus wild-type (WT) plants was accelerated
during development (Guo et al., 2020). In this study, we analyzed
the effect of OsLHT1 knockout on N allocation from source
leaves to developing grains and the components of storage
proteins and starches in the grains. The results show that
OsLHT1 contributes to forming grain yield and quality, and
high N use efficiency in rice.
MATERIALS AND METHODS

Plant Materials, Growth Conditions, and
Harvest
Field experiments were conducted at the research base of
Nanjing Agricultural University in Ledong county, Hainan
Province, China. Seeds of Oslht1 mutant lines with Nipponbare
background (Guo et al., 2020) were germinated and planted
according to Chen et al. (2016) and Fan et al. (2016). Fields were
managed according to local agricultural practices and 180-kg N/
ha was applied during the growth season. For molecular and
physiological analysis, rice plants were harvested at both anthesis
and maturity. Panicles, leaves, and culms were collected, dried at
60°C for 3 days and weighed. Panicles were considered as
reproductive tissues while leaves and culms were considered as
vegetative tissues.

RNA Extraction, and Gene Expression
Analysis
WT plants were planted in the paddy field (see above). At the
anthesis stage, spikelet, rachis, leaf blades, leaf sheaths, nodes,
and internodes were collected. Total RNA isolation and first-
strand cDNA synthesis were performed according to Guo et al.
(2020). RT-qPCR was performed with SYBR Premix Ex Taq™ II
(Perfect Real Time) Kit (TaKaRa Biotechnology, Dalian, China)
on the QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems, MA, USA) using OsLHT1-specific primers (F: 5′;-
GGACTCCGGCAGATCATCA; R: 5′;-CTGGTTTCATCATGT
GTGCCTA). Relative expression levels were normalized to the
rice housekeeping gene OsActin1 using specific primer pairs (F:
5′;-CAACACCCCTGCTATGTACG; R: 5′;-CATCACCAGAGT
CCAACACAA) and presented as 2-△CT.

Analysis of OsLHT1 Promoter-GUS Line
Seeds of OsLHT1 promoter-GUS lines (Guo et al., 2020) were
grown in the field (see above). GUS assays were done as
described previously (Ai et al., 2009).

Free Amino Acid Analysis
Oslht1 mutant and WT plants were grown in the field (see
above). At the anthesis or/and maturity stage, flag leaves and dry
July 2020 | Volume 11 | Article 1150
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seeds were collected for amino acid analyses. Flag leaf free amino
acid extraction was performed according to Peng B. et al. (2014).
Amino acid contents in dry seeds were analyzed according to
Zhou et al. (2009) and Wang et al. (2008) with some
modifications. Rice grains were husked and ground to a flour
consistency in a mill (JFS-13A, Hangzhou, China). Seed flour
(0.100 g) was used for extraction with 5 ml of 6 MHCl in a sealed
air-evacuated tube at 110°C for 22 hours. The hydrolysate
was diluted to 100 ml. 1 ml dilution was dried in a Termovap
Sample Concentrator MD200-1 (Allsheng, China) and
re-dissolved in 1 ml water. Amino acid concentrations were
determined using an L-8900 automatic amino acid analyzer
(Hitachi, Tokyo, Japan). All steps were performed according to
the manufacturer’s instructions. Most individual proteinous
amino acid were analyzed, and results show the combined total
amounts of Asn and Asp, and Gln and Glu, respectively (Peng B.
et al., 2014; Guo et al., 2020).

Analysis of Total N, Protein, Starch,
Amylose Concentrations and Pasting
Properties
Oslht1 mutant and WT plants were grown in the field (see
above). At the anthesis or/and maturity stage, panicles, leaves,
culms, and dry seeds were collected for total elemental N,
protein, starch, and amylose analyses. Rice tissues were husked
and ground to a flour consistency in a mill (JFS-13A, Hangzhou,
China). Total N content was analyzed according to Kjeldahl
method (Chen et al., 2016). Protein content was obtained by
multiplying 5.95 as the protein conversion factor (GB5009.5-
2016, National Food Safety Standards, China). Total starch was
extracted using a starch assay kit (Megazyme, Wicklow, Ireland)
according to the manufacturer’s instructions and determined
with ultraviolet spectrophotometer U-1800 (Hitachi, Tokyo,
Japan). Amylose content was analyzed according to Liu et al.
(2009). Rapid Visco Analyser (RVA, Perton, Warriewood, NSW,
Australia) were used for evaluating pasting properties of
endosperm of both Oslht1 and WT seeds as described by Peng
C. et al. (2014).

Analysis of N Uptake Efficiency (NUpE)
and N Utilization Efficiency (NUtE)
NUpE and NUtE were calculated according to Moll et al. (1982)
and Xu et al. (2012). NUpE is the percentage ratio of total
accumulated N in the above-ground shoot to total supplied
fertilizer N. NUtE is the ratio of total grain yield to total
accumulated N in the above-ground shoot.

Seed Germination Analysis
A total of 100 respective fully filled seeds of Oslht1 mutant lines
and Nipponbare WT were surface-sterilized for 30 min in 30%
(v/v) NaClO solution, washed with sterilized water and then
placed in water in Petri dishes (d=15 cm) with two sheets of filter
paper. The seeds were incubated at 28°C in the dark for 2 days
and then moved into a tissue culture chamber with 14-hour-days
at a light intensity of 6000 lux, 40% humidity, and temperatures
of 28°C. The water was exchanged every day. Seeds were
Frontiers in Plant Science | www.frontiersin.org 326
photographed and plant root length, shoot length and
germination rate were measured.

Statistical Analysis
Data are generally presented as means ± SD (standard deviation)
of at least 5 biological repetitions. Significant differences were
analyzed using IBM SPSS Statistics 20 program at one-way
ANOVA followed by Tukey’s test.

Accession Numbers
Sequence data from this article can be obtained from The Rice
Genome Annotation Project (http://rice.plantbiology.msu.edu/)
under the following accession numbers: Oryza sativa japonica
LOC_Os08g03350 (OsLHT1), LOC_Os03g50885 (OsActin1).
RESULTS

OsLHT1 Is Highly Expressed in Vascular
Bundles of Leaves and Rachis
We have previously shown that OsLHT1 transcripts were
detected in roots and leaf blades at the seedling stage (Guo
et al., 2020). Here we show OsLHT1 expression highly in leaf
blades, leaf sheaths and rachis, and relatively weak in spikelet,
node and internode at the anthesis stage (Figures 1A, B). Since
the leaf I (the youngest or flag leaf) and developing panicles are
growing organs and need large amount of nitrogenous
compounds transported via stem from leaves (Muhammad and
Kumazawa, 1974), the abundant expression of OsLHT1 in leaves
and rachis hints that OsLHT1 may play a role in leaf-to-panicle
amino acid allocation. GUS staining was observed throughout all
cell types of root-shoot junction, with the strong expression
levels in the vascular bundles (Figure 1C). GUS activity was
present in leaf sheaths and leaf blades, specifically in the cells of
the major and minor veins (Figures 1D–F). In addition, OsLHT1
is strongly expressed in flowering organs, hulls and germinated
seeds (Figures 1G, H), demonstrating its potential role in rice
reproductive growth.

Knockout of OsLHT1 Suppressed
Development of Both Panicles and Grains
To detect the contribution of OsLHT1 in rice grain production,
we compared the performance of WT and Oslht1 mutants in the
paddy field. At the maturation, in comparison to WT, Oslht1
plants showed shorter height, brown leaf and spikelet (Figure
2A), shorter panicle length (Figure 2B), lower grain number per
panicle, seed setting rate, grain weight per panicle and total grain
yield per plant (Figures 2C–F). The OsLHT1-mutation reduced
1000-grain weight about 10% (Figure 2G), which was relatively
less affected in comparison to the other parameters.

Knockout of OsLHT1 Affected Distribution
of Different N Components in Leaf and
Grains
In cereal crops, there is a considerably higher distribution of N
from flag leaf to the panicle after the emergence of panicles
July 2020 | Volume 11 | Article 1150
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(Muhammad and Kumazawa, 1974; Zhang et al., 2007; Chen
et al., 2016; Tegeder and Masclaux-Daubresse, 2018). As
expected, the contents of both total N and free amino acids in
the flag leaf was dramatically decreased from anthesis to mature
stage in both WT and Oslht1 mutant lines of rice (Figures 3A,
D), confirming that large portion of grain N was allocated from
the flag leaf in addition of direct contribution of root acquired N
from soil. Remarkably, there was no significant difference of the
content of total N (mg/g), total free amino acids and most of
individual free amino acids (mg/kg FW) in the flag leaf between
WT and Oslht1 plants at the anthesis stage (Figures 3A–C).
However, their contents were significantly higher except similar
level of aspartate, asparagine and serine in the mutant lines than
in WT at the maturity stage (Figures 3D–F). In comparison to
Frontiers in Plant Science | www.frontiersin.org 427
the increase of total N in Oslht1 lines by about 15-30%, total free
amino acids accumulated in the mutants were increased by about
60-120% at the maturation (Figures 3D, E). Since amino acids
represent the main form of N that was transported over long
distances to the reproductive tissues and OsLHT1 is an amino
acid transporter (Guo et al., 2020), the results demonstrated that
OsLHT1 greatly contributes N re-allocation from source leaves
to developing grains.

Since the mutation of OsLHT1 limited rice growth, as
expected, total N per plant was significantly lower in the
mutants than in WT at anthesis stage (Figure 4A), particularly
at maturation stage (Figure 4C), while the difference of N in the
leaves was relatively smaller than that in other organs (Figure
4C). At the anthesis stage, 67% of the total N was found in
FIGURE 1 | Expression levels of OsLHT1 in rice. Rice (cv. Nipponbare) was grown in paddy field (see materials and methods). (A) The individual organ of the plant
at the anthesis stage to be sampled for extraction of total RNA. (B) The relative expression of OsLHT1 quantified by RT-qRCR. Rice housekeeping gene OsActin1
was used as an internal control. Values are means ± SD (n=5 biological replicates). (C–E) GUS staining in root-shoot junction (C), leaf sheath-leaf blade junction (D),
and vascular bundles (VB) of mature leaf blades (E). (F) Cross-sections of a leaf blade showing a major (mVB) and minor (miVB) vascular bundles. Scale bar: 100
mm. (G) GUS staining in flower and lemma. (H) GUS staining in three-day-old germinated seeds.
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vegetative tissues and 33% in the reproductive tissues (Figure
4B). In contrast, in Oslht1 mutants, 77% of total N levels
remained in the vegetative tissues while about 23% of the total
plant N was detected in the reproductive tissues (Figure 4B). At
the maturity stage, higher percentage of N was allocated to
reproductive tissues compared to that at the anthesis stage.
Oslht1 mutants only moved around 40% of total N to the
reproductive tissues compared to 62% in WT plants (Figure
4D). These data indicated the great contribution of OsLHT1 to
leaf-to-panicle allocation in the forms of amino acids.
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Knockout of OsLHT1 Affected the
Components of Grain Storage Compounds
and Cooking Texture of Brown Rice
As reported, the dry seeds of both Oslht1mutants andWT plants
contained a high amount of total and individual free amino acids
in addition to rich starch (Figure 5) (Fitzgerald et al., 2009; Li
et al., 2018). Compared with WT, Oslht1 seeds accumulated
higher total N and proteins (Figures 5A, D), total and individual
free amino acids (Figures 5B, C) with the increase by up to 30-
35%. In contrast, amylose content in Oslht1 seeds was reduced by
A

B D

E F G

C

FIGURE 2 | Effect of OsLHT1 mutation on rice growth and grain yield components. Both wild-type (WT, cv. Nipponbare) and Oslht1 mutants were grown in paddy
field and harvested at the maturity stage for determining yield components (see Materials and Methods). (A) Image of Oslht1 and WT plants in the field. (B) Mean
panicle length. (C) Total grain number per panicle. (D) Total grain weight per panicle. (E) Total grain yield per plant. (F) Mean seed setting rate. (G) Mean 1000-seeds
weight. Values are means ± SD (n = 7). Asterisks indicate significant differences between each Oslht1 mutant line and WT detected by one-way ANOVA followed by
Tukey’s test. **p < 0.01.
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about 31% (Figure 5F) even though total starch content in the
mutant and WT seeds was kept at the same level (Figure 5E).

The altered storage compounds in Oslht1 grains affected
cooked texture and pasting properties of the endosperm starch.
BothWT and Oslht1 seed starches showed the similar patterns of
pasting with peak viscosity and breakdown when the
temperature was increased. However, compared with WT, the
peak and cool paste viscosity of the Oslht1 starch were all
decreased (Figure 5G).

Knockout of OsLHT1 Affected Both N
Uptake and Physiological Utilization
Efficiency
Increasing both the grain and N harvest indexes to drive N
acquisition and utilization is an important approach for breeding
future high N use efficient cultivars (Xu et al., 2012). In this
study, we also analyzed both N uptake efficiency (NUpE) and N
utilization efficiency (NUtE) (Xu et al., 2012) ofOslht1 plants and
WT grown in the paddy field with the moderate application level
of N fertilizer (180-kg/ha). Knockout of OsLHT1 resulted in
Frontiers in Plant Science | www.frontiersin.org 629
decrease of NUpE by about 50% while it decreased NUtE by
about 70% to 90% (Figure 6). The extreme low NUtE of Oslht1
was caused mainly by low grain harvest index (the grain to straw
ratio) due to limited N re-allocation.

Knockout of OsLHT1 Affected Seed
Germination Speed and Rate
To resolve if the change in Oslht1 grain storage compounds
affects seed viability, we performed germination test of the seeds.
The seeds of both WT and mutants began to germinate after
soaking in water for 24 h and peaked at 72 h. After 72 h, the
germination rate of WT seeds reached 95%, while Oslht1 seeds
germinated only between 80-86% and no further increase after
that (Figure 7A). Furthermore, the significant differences of
seedling growth were also observed between Oslht1 and WT
(Figure 7B). After 12-day growth in nutrient-free water, in
comparison to WT, Oslht1 root and shoot length showed
incredibly significant decrease (Figures 7C, D). The results
clearly showed an inhibitory effect on the germination efficacy
of the seeds in the loss-of-function of OsLHT1.
A B

D E F

C

FIGURE 3 | Effect of OsLHT1 mutation on content of total N, total, and individual free amino acid in rice leaf at anthesis and maturity. Both wild-type (WT, cv.
Nipponbare) and Oslht1 mutants were grown in paddy field until mature. The flag leaf (fully expanded youngest leaf from top) of WT and Oslht1 plants was sampled for
the analysis of total N (A, D), total free amino acids (B, E), and individual free amino acid (C, F). FW, fresh weight. Values are means ± SD (n = 7). Asterisks indicate
significant differences between each Oslht1 mutant line and WT detected by one-way ANOVA followed by Tukey’s test. *p < 0.05; **p < 0.01; ns, not significant.
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DISCUSSION

OsLHT1 Functions in Amino Acid
Allocation to Panicles and Grains
Amino acids in mature leaves are transported via phloem of
minor veins to sink tissues (Noctor et al., 2002; Tegeder, 2014).
In our previous study, the promoter-GUS assay in rice indicated
that OsLHT1 is localized in the leaf blade, especially in the cells
of the major and minor veins (Guo et al., 2020). Here we further
present high expression of OsLHT1 in multiple tissues including
leaf blades, sheaths, nodes, rachis and spikelets at the anthesis
stage, especially in the major and minor veins of leaf blade
(Figure 1), supporting the role of OsLHT1 in the phloem loading
of leaf or root-synthesized amino acids.

Next, OsLHT1 functions in N allocation most probably in the
broad spectrum of amino acids as shown in the seedling stage
(Guo et al., 2020). In this study, N translocation from source leaves
to panicles was clearly established with analysis of four
independent Oslht1 mutant lines. Inactivation of OsLHT1
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resulted in increased accumulation of total N and amino acids
in the flag leaves ofOslht1mutants from anthesis to maturity stage
(Figure 3). Considering that OsLHT1 is involved in root-to-shoot
allocation and loss function of OsLHT1 reduced root-synthesized
amino acid levels in leaves (Guo et al., 2020), the large amounts of
amino acids accumulated in the mutant leaves suggested that the
process of amino acids synthesized in source leaves might be
stimulated, or less amino acid amounts were allocated into
phloem. Since lower percentage of N was contained in the
reproductive tissues of Oslht1 mutants (Figure 4), it provides
strong support that lack of OsLHT1 function reduced the amino
acids allocation from source leaves to panicles. Since OsLHT1 is
localized in the major and minor veins of leaf blade and serves as
an amino acid importer (Figure 1F; Guo et al., 2020), this decrease
might result from the reduced amino acid import into phloem. In
Arabidopsis, many members of AAP family are expressed in the
phloem of major and minor veins and contribute to source to sink
allocation at the reproductive stage (Sanders et al., 2009; Zhang
et al., 2010; Santiago and Tegeder, 2016; Perchlik and Tegeder,
A B

DC

FIGURE 4 | Effect of OsLHT1 mutation on total N content and relative distribution of N in different organs at anthesis and maturity. Both wild-type (WT, cv.
Nipponbare) and Oslht1 mutants were grown in paddy field and sampled at anthesis and mature time. (A, C) Total N content in panicles, leaves, culms and total
shoot. (B, D) Relative amount of N in vegetative tissues (VT) and reproductive tissues (RT). Leaves and culms were considered as vegetative tissues while panicles
were considered as reproductive tissues. Values are means ± SD (n = 7). Asterisks indicate significant differences between each Oslht1 mutant line and wild-type
(WT, Nipponbare) detected by one-way ANOVA followed by Tukey’s test. *p < 0.05; **p < 0.01.
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2018). Although AAP and LHT transporters are two distinct
groups, they usually have overlapping functions in amino acid
translocation (Tegeder and Ward, 2012; Perchlik et al., 2014).
Therefore, OsLHT1, a member of LHT family, is one of the major
transporters responsible for the transfer process of amino acids
in rice.
Frontiers in Plant Science | www.frontiersin.org
 831
Amino acids move from the location of the synthesis to the sites
of usage to satisfy the demand of plant growth (Tegeder, 2014).
At the seedling stage, amino acids are synthesized in the root and
exported to supply the developing leaves. In our previous studies,
compared with WT, total amounts of free amino acids were
reduced in leave blades of Oslht1 mutants (Guo et al., 2020). At
the reproductive stage, amino acids could move from roots to
flag leaves and, at the same time, flag leaf could also serve as the
source organs to supply amino acids to panicles (Muhammad
and Kumazawa, 1974). Since no difference of the free amino acid
content in the flag leaf between WT and Oslht1 lines was
observed at the anthesis stage, amino acids imported into flag
leaves and exported from flag leaves might be dynamically
balanced before anthesis (Figures 3A, B). At the maturity
stage, much higher percentage of amino acids needs to be
allocated to the panicles for meeting the demand of seed
production. The higher free leaf amino acids and total N in
Oslht1 mutants than in WT (Figures 3D–F) indirectly supports
the conclusion that OsLHT1 functions in amino acid allocation
to panicles and grains.

OsLHT1 Contributes to Grain Production
and Nutrition Quality and Functionality of
Brown Rice
A number of studies indicated that rice sink production is
positively related to root N uptake and the amounts of N
supplied by vegetative tissues (Fan et al., 2016; Wang et al.,
2018). In Arabidopsis, LHT1 is crucial for organic N uptake from
soil (Ganeteg et al., 2017). Atlht1 T-DNA insertion mutants
displayed dramatic growth inhibition when grown in soil (Hirner
A B
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FIGURE 5 | Effect of OsLHT1 mutation on content of total N, total and individual amino acid, total crude protein, total starch and amylose, and pasting properties of
endosperm starch in harvested grains. Both wild-type (WT, cv. Nipponbare) and Oslht1 mutants were grown in paddy field until mature. (A) Total N concentration.
(B, C) Total and individual amino acid content. (D) Total crude protein content. (E) Total starch content. (F) Amylose content. Values in a-f are means ± SD (n = 7).
Asterisks indicate significant differences between each Oslht1 mutant line and WT detected by one-way ANOVA followed by Tukey’s test. **p < 0.01; ns, not
significant. (G) Pasting properties of endosperm starch. The viscosity value at each temperature is the mean of three replicates. The red line indicates the
temperature changes during the measurements.
A B

FIGURE 6 | Effect of OsLHT1 mutation on nitrogen uptake, utilization, and
total use efficiency. Both wild-type (WT, cv. Nipponbare) and Oslht1 mutants
were grown in paddy field until mature. (A) NUpE: nitrogen uptake efficiency =
(total accumulated N/total supplied fertilizer N)*100%. (B) NUtE: nitrogen
utilization efficiency = total grain yield/total accumulated N. Values are means ±
SD (n = 7). Asterisks indicate significant differences between each Oslht1
mutant line and WT detected by one-way ANOVA followed by Tukey’s test.
**p < 0.01.
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et al., 2006). In Oslht1 mutants, less N distributed into shoot at
early stage and panicle sinks at late stage decreased shoot
biomass and grain yield production (Figure 2; Wang X. et al.,
2019; Guo et al., 2020). We have discussed the mechanism of
OsLHT1 function in dramatically alteration of rice growth (Guo
et al., 2020). We proposed that OsLHT1 mutation could decrease
both xylem loading and leaf amino acid import, resulting in N
deficiency and growth impairment as observed in Oslht1 mutant
(Hermans et al., 2006; Grechi et al., 2007; Guo et al., 2020). The
altered leaf structure and size of Oslht1 mutants can affect
transpiration, water transport and photosynthesis which
further limits root N uptake, allocation and re-distribution, as
well as downstream carbon-N interaction (Oliveira and Coruzzi,
1999; Lejay et al., 2003; Palenchar et al., 2004; Gutiérrez et al.,
2007). In addition, the reduced import of amino acids into
mesophyll cells by Oslht1 mutation could trigger a stress
response which in turn restricts plant growth (Pilot et al.,
2004; Hirner et al., 2006; Liu et al., 2010; Yang et al., 2014;
Sonawala et al., 2018). When an amino acid is not allocated at a
sufficient step, it could also serve as the limiting step for rice
growth and development (Mo et al., 2006; Muñoz-Bertomeu
et al., 2009; Xia et al., 2014). The decreased grain yield was partly
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due to the extremely low seed setting as well as reduction in grain
weight (Figures 2F, G). Specific C-, N-regulatory and C/N
interaction pathways play crucial roles in seed germination
(Osuna et al., 2015). OsLHT1-mutation resulted in significant
increase of total N and most of individual amino acids, and
decrease of amylose concentration in rice grains (Figure 5).
Internal C/N status could affect seed germination by moderating
gibberellin acid and abscisic acid metabolism (Koornneef et al.,
2002; Yamaguchi and Kamiya, 2002; Osuna et al., 2015). In
addition, seed size is commonly showing positive correlation
with seed germination (Ambika et al., 2014). Therefore, the
relatively smaller seed size, lower amylose and higher amino
acids of Oslht1 mutants could contribute to the delay of seed
germination (Figure 2G). Furthermore, decreased grain weight
was partially resulted from less seed storage amylose content
(Figure 5F) while few seed number was caused by decreased
amino acid allocation (Figures 3 and 4) (Tan et al., 2010;
Santiago and Tegeder, 2016). Both root-to-shoot and leaf-to-
panicle amino acid allocation were reduced, and eventually led to
low grain number (Figure 2) (Guo et al., 2020). However, total N
and protein levels per grains were still higher in Oslht1 mutants
(Figures 5A, D). The results may hint that the trade-off occurs
A
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FIGURE 7 | Effect of OsLHT1 mutation on seed germination, root and shoot growth rate. 100-seeds of each homozygote T4 Oslht1 mutant line and wild-type (WT,
Nipponbare) were placed in nutrient-free tap-water. (A) Seed germination rate. DAG, day after germination. (B) Images of seedlings on nutrient-free water on 5 DAG
and 12 DAG. Scale bar= 1 cm. (C, D) Root and shoot length of each plant grown in the nutrient-free water for 12 days. Asterisks indicate significant differences
between each Oslht1 mutant line and WT detected by the Student’s t-test, **p < 0.01.
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between producing more seed number and keeping high N per
seed during the grain filling phase (Seiffert et al., 2004; Drechsler
et al., 2015). Overexpressing AAP1 in pea plants could allocate
more N to seeds and produce high seed number (Perchlik and
Tegeder, 2017). However, in Arabidopsis, decreased amino acid
partitioning to sinks led to decreased seed numbers while seed
protein levels were unchanged (Schmidt et al., 2007; Santiago and
Tegeder, 2016). In rice, amino acid transporter OsAAP6 functions
as an important regulator of grain protein content and nutritional
quality. OsAAP6 showed no effect on grain yield. However,
transgenic plants with higher OsAAP6 expression levels
produced much more grain storage protein (Peng B. et al.,
2014). The variation in seed numbers and seed N pools may be
caused by the species or other unknown complex mechanism
(Fageria and Baligar, 2005; Hirel et al., 2007; Sanders et al., 2009).

The OsLHT1 mutation induced incredibly low yield and
alteration of storage compounds in the kernels. In comparison
to WT, Oslht1 brown rice kernel accumulated significant higher
protein and lower amylose (Figures 5D, F), which may cause the
change of pasting properties of endosperm starch (Figure 5G). It
has been shown that the formation of protein–starch complexes
affects rice starch gelatinization properties, tending to increase
flour peak viscosity (Saleh and Meullenet, 2015). The decrease in
flour breakdown viscosity of Oslht1 kernels (Figure 5G) suggests
a greater protection of the amylose granule integrity. This study
Frontiers in Plant Science | www.frontiersin.org 1033
demonstrated that changes in rice protein impacted rice flour
pasting properties.

Plant N use efficiency (NUE) is inherently complex and it is the
combination of N uptake efficiency (NUpE) and N utilization
efficiency (NUtE) (Xu et al., 2012). NUE is governed by multiple
interacting genetic, environmental and management factors
(Balasubramanian et al., 2004; Xu et al., 2012). Many genes
involved in N uptake, assimilation, translocation and regulation
have been identified to make great contributions to the NUE, such as
amino acid transporter AtAAP2 in Arabidopsis, nitrate transporter
OsNRT1.1b, OsNRT2.3b and ammonium transporter in rice (Zhang
et al., 2010; Ranathunge et al., 2014; Bao et al., 2015; Hu et al., 2015;
Fan et al., 2016). Rice plants mainly acquire ammonium and
transport of N to above ground parts in the forms of amino acids
(Xu et al., 2012). Since OsLHT1 plays the key role in the allocation of
amino acids from root to shoot (Guo et al., 2020) and N re-
distribution from source leaves to developing grains (Figures 3–5),
the inhibitory effect of Oslht1 mutation on shoot growth acted the
feedback role in preventing root N acquisition, which resulted in low
NUpE (Figure 6). The confined panicle development in Oslht1
plants decreased grain to straw ratio, which in turn reduced NUtE
for root acquired N to produce grains (Figure 6).

In summary, as shown in Figure 8, OsLHT1 is not only for
root acquisition and long-distance transport of amino acids, it
also plays the major role in N allocation from source leaves to
A B

FIGURE 8 | Overview model illustrating the OsLHT1 functions in maintaining both N uptake efficiency and N utilization efficiency in rice. In wild type (A), rice roots
directly acquire ammonium and amino acids (AAs) from soil. Ammonium in root cells is rapidly assimilated into AAs that are delivered to shoot (sink leaves) in xylem
at vegetative stage. Our previous study (Guo et al., 2020) has shown that OsLHT1 (for simplicity, it is indicated by LHT1 in the figure) directly contributes root
acquisition and root to shoot transport of a broad spectrum of amino acids. At reproductive stage, large portion of N is re-allocated mainly in the form of amino acids
from source leaves to panicles occurring in the phloem. OsLHT1 plays critical role in this process and functions in grain yield and nutrition quality. (B) Knockout of
OsLHT1 dramatically reduces N supply from source leaves to developing panicles which are accompanied by reduced shoot biomass and grain yield with higher
storage proteins and lower amylose. The higher levels of N in roots or leaves might negatively affect root ammonium uptake in oslht1 plants, probably by a feedback
regulatory mechanism, which results in lower N uptake efficiency (NUpE). The limited grain yield by loss of OsLHT1 function results in low N utilization efficiency
(NUtE). The sizes of the arrows located to the right of the features analyzed indicate the significant changes in Oslht1 mutants compared with wild-type plants (up,
increase; down, decrease).
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developing panicle and grains for reaching the potential grain
yield and quality of nutrition and functionality.
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The NO3
- transporter plays an important role in rice nitrogen acquisition and nitrogen-use

efficiency. Our previous studies have shown that the high affinity systems for nitrate uptake
in rice is mediated by a two-component NRT2/NAR2 transport system. In this study,
transgenic plants were successful developed by overexpression of OsNAR2.1 alone,
OsNRT2.3a alone and co-overexpression of OsNAR2.1 and OsNRT2.3a. Our field
experiments indicated that transgenic lines expressing p35S:OsNAR2.1 or p35S:
OsNAR2.1-p35S:OsNRT2.3a constructs exhibited increased grain yields of
approximately 14.1% and 24.6% compared with wild-type (cv. Wuyunjing 7, WT)
plants, and the agricultural nitrogen use efficiency increased by 15.8% and 28.6%,
respectively. Compared with WT, the 15N influx in roots of p35S:OsNAR2.1 and p35S:
OsNAR2.1-p35S:OsNRT2.3a lines increased 18.9%‑27.8% in response to 0.2 mM, 2.5
mM 15NO3

–, and 1.25 mM 15NH4
15NO3, while there was no significant difference between

p35S:OsNAR2.1 and p35S:OsNAR2.1-p35S:OsNRT2.3a lines; only the 15N distribution
ratio of shoot to root for p35S:OsNAR2.1-p35S:OsNRT2.3a lines increased significantly.
However, there were no significant differences in nitrogen use efficiency, 15N influx in roots
and the yield between the p35S:NRT2.3a transgenic lines and WT. This study indicated
that co-overexpression of OsNAR2.1 and OsNRT2.3a could increase rice yield and
nitrogen use efficiency.

Keywords: Oryza sativa, OsNAR2.1, OsNRT2.3a, co-overexpression, agronomic nitrogen use efficiency, nitrogen
recovery efficiency
INTRODUCTION

Nitrogen (N) is an essential macronutrient for plant growth and crop productivity, it affects all levels
of plant function from metabolism to resource allocation, growth, and development (Crawford,
1995; Scheible et al., 2004). Nitrate nitrogen (NO3

–) and ammonium nitrogen (NH4
+) are two main

inorganic nitrogen sources in plant growth. Conventionally cultivated rice is submerged, and
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nitrification is inhibited, NH4
+ is the main inorganic nitrogen in

rhizosphere soil, therefore, rice is generally considered as
ammonium-preferring plant (Arth et al., 1998; Kronzucker
et al., 1999). However, for its well-developed aerial tissue, rice
can transport and secrete oxygen from photosynthesis above
ground to the rhizosphere (Aurelio et al., 2003). Oxygen can
stimulate the growth and reproduction of nitrifying bacteria in
the rhizosphere, so the part of NH4

+ in the rhizosphere can be
nitrified into NO3

– (Li et al., 2008). Therefore, in the actual
growth of rice, its root system has been in the mixed nutrition of
NH4

+ and NO3
– (Kirk and Kronzucker, 2005). Aurelio et al.

(2003) found that most rice varieties could absorb the same
amount of NH4

+ and NO3
–, and the amount of NO3

– absorbed
by rice would be much larger than that of NH4

+ because of the
strong nitrification in rhizosphere. During the late stage of rice
growth and development, when it has been going through the
process of long-term alternate wetting and drying irrigation or
the whole growth stage of upland rice, the uptake of NO3

– was
also higher than that of NH4

+ by rice (Arth et al., 1998; Wang
et al., 2004).

In addition to be a nutrient, NO3
– also serves as a signaling

molecule, which induces changes in plant growth and gene
expression (Kirk and Kronzucker, 2005; Liu et al., 2015). For
example, NO3

– could break seed dormancy (Alboresi et al.,
2005), and induced multiple genes for plant growth and
development (O’Brien et al., 2016). Furthermore, the
development of lateral root, leaf growth and altering flowering
time could be regulated by NO3

–(Zhang et al., 1999; Rahayu
et al., 2005; Castro et al., 2011; Hsu and Tsay, 2013; Naz et al.,
2019). NO3

– could be sensed by the plant, and the uptake of
NO3

–, especially in rice, can increase the uptake of NH4
+ to a

certain extent (Duan et al., 2006; Chen et al., 2017).
Two different NO3

– uptake systems in plants, the high-affinity
NO3

– uptake systems (HATS) and low-affinity NO3
– uptake

systems (LATS) are regulated by NO3
– supply and enable plants

to cope with low or high NO3
– concentrations in soils (Miller et al.,

2007; Xu et al., 2012). As we known, the NRT2 and NPF families
contribute to HATS and LATS responding the NO3

– uptake and
translocation in plants (Miller et al., 2007; Léran et al., 2014). Some
high-affinity NO3

– transporters belonging to the NRT2 family have
been reported to require a partner protein, NAR2, for their function
(Tong et al., 2005; Yong et al., 2010; Xu et al., 2012). In rice, two-
component NRT2-NAR2 system also exists in the NO3

– transport
process, and OsNAR2.1 is the essential partner of OsNRT2 nitrate
transporters for nitrate uptake over low and high concentration
range (Miller et al., 2007; Feng et al., 2011; Liu et al., 2015).
OsNRT2.1, OsNRT2.2, and OsNRT2.3a were similarly shown to
require OsNAR2.1 for NO3

– uptake, and their interaction at the
protein level was demonstrated by using a yeast two hybrid assay, an
oocyte expression system and western blotting (Feng et al., 2011;
Yan et al., 2011; Liu et al., 2014).

Previous studies have shown that pOsNAR2.1:OsNAR2.1
expression or pOsNAR2.1:OsNAR2.1 expression increased the
expression of OsNRT2.1 and OsNAR2.1, and OsNRT2.1 or
OsNAR2.1 driven by OsNAR2.1 promote can improve nitrate
uptake and final grain yield in rice (Chen et al., 2016; Chen et al.,
Frontiers in Plant Science | www.frontiersin.org 238
2017). Yan et al. (2011) reported that knockdown of OsNAR2.1
could suppress the expression of OsNRT2.1, OsNRT2.2, and
OsNRT2.3a in rice roots, and then reduced nitrate uptake and
affected its growth. OsNRT2.1 and OsNRT2.2 are responsible for
NO3

− uptake from the soil (Katayama et al., 2009; Fan et al.,
2017). OsNRT2.3a is a root-to-shoot NO3

− transporter (Tang
et al., 2012). However, overexpression of OsNRT2.3a alone did
not increase nitrogen uptake and transport in rice (Fan et al.,
2016). In this study, we focus on co-overexpressed OsNAR2.1
and OsNRT2.3a in rice, overexpression of OsNAR2.1 or
OsNRT2.3a alone as control and explored the effect of co-
overexpression of OsNAR2.1 and OsNRT2.3a on NO3

– uptake,
yield and nitrogen use efficiency uptake by rice.
MATERIALS AND METHODS

Construction of Vectors and Rice
Transformation
The open reading frames (ORF) of OsNAR2.1 (AP004023) and
OsNRT2.3a (AK109776) were amplified from the full-length
cDNA of rice cv. Nipponbare, and the primer sequences were
shown in Supplementary Table S1. PrimeSTAR HS DNA
Polymerase (TaKaRa Biotechnology Co., Ltd, Dalian, China)
was used to amplify the ORF of OsNAR2.1 and OsNRT2.3a, and
the two-step PCR parameters were 95 °C for 5 min followed by
98 °C for 10 s, 68 °C for 2 min (30 cycles) and 72 °C for 10 min.
Full-length coding sequences of OsNAR2.1 was amplified
subcloned into the pSAT4.35SP vector. After PI-PspI digestion
of pSAT4.35SP-OsNAR2.1, the fragment was cloned into the PI-
PspI site of vector pRCS2-ocs-nptII (Goodin et al., 2007) in the
antisense orientation and got OsNAR2.1-pRCS2-ocs-nptII, as
p35S:OsNAR2.1, then confirmed by gene sequencing. The ORF
of OsNRT2.3a was subcloned into the pSAT6.supP vector. After
I-SceI digestion of pSAT6.supP-OsNRT2.3a, the fragment was
cloned into the I-SceI site of vector pRCS2-ocs-nptII and got
NRT2.3a-pRCS2-ocs-nptII, as p35S:OsNRT2.3a, confirmed by
gene sequencing. For the construction of co-overexpression of
OsNAR2.1 and OsNRT2.3a (p35S:OsNAR2.1-p35S:OsNRT2.3a),
we used I-SceI for digestion of NRT2.3a-pRCS2-ocs-nptII
construction, the fragment was cloned into the I-SceI site of
construction NAR2.1-pRCS2-ocs-nptII. The vectors were
introduced into Agrobacterium tumefaciens strain EHA105 by
electroporation and then transformed into rice as described
previously (Tang et al., 2012).
qRT-PCR and Southern Blot Analysis
The total RNA extraction of plants and genes expression analysis
were performed as described previously (Chen et al., 2016; Chen
et al., 2017). The primers for PCR are shown in Table S2.

The Southern blot was used to identify the copy number of
inserted T-DNA. The genomic DNA extraction of the T2 plant,
DNA digestion and hybridization were following the reported
paper (Chen et al., 2017).
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Field Experiments for Harvest Yield
We selected the positive T1 transgenic lines by PCR. The sequence
of the resistance screening gene (792 bp) on the vector was
amplified by forward primer (5’ ATGATTGAACAAGATGGAT
TGCA 3’) and reverse primer (5’ GAAGAACTCGTCAAGA
AGGCGAT 3’). The Southern blot was used to identify the copy
number of inserted T-DNA of the T2 plant, we chose the single-
copy T2 lines and planted them to screen T3 and T4 generation
plants with stable inheritance. T1, T2, and T4 generation plants
were grown in plots at the Nanjing Agricultural University from
June to October in 2013, 2014, and 2016 in Nanjing, Jiangsu. The
rice plants of T3 generation plants were cultivated in plots at the
Experimental Site of Zhejiang University June to October 2015 in
Changxing, Zhejiang. Soil properties in Nanjing field experiment
was described as before (Chen et al., 2016; Chen et al., 2017). Basal
applications of 30 kg P/ha as Ca(H2PO4)2 and 60 kg/K ha (KCl)
were made to all plots 3 days before transplanting. N fertilizer as
urea accounted for 40%, 30% and 40% of the total N fertilizer was
applied prior to transplanting, at tillering, just before the heading
stage, respectively.

T1‑T2 generation transgenic plants and wild-type (cv.
Wuyunjing 7, WT) plants were planted in the plots with
300 kg N/ha. T3 generation transgenic plants and WT plants
were planted in 3 plots with 150 kg N/ha and the plots without
nitrogen fertilizer as blank control. T4 generation transgenic
plants and WT plants were planted in 3 plots with 300 kg N/ha
and the plots without nitrogen fertilizer as blank control. T2
generation transgenic plants of cv. Nipponbare and wild-type
(cv. Nipponbare, NP) plants were planted in 3 plots with 150 kg
N/ha and the plots without nitrogen fertilizer as blank control.
The plots size was 2 × 2m, and the seedlings were planted in a 10 ×
10 array. Compared with WT, the flowering period of p35S:
OsNAR2.1 lines were 4‑5 days earlier, that of p35S:OsNRT2.3a
lines had no significant change, and that of p35S:OsNAR2.1-p35S:
OsNRT2.3a lines were 2‑3 days earlier. During rice flowering and
mature stages, the samples of T4 generation transgenic plants and
WT were collected for further analysis.

Dry Weight, Total Nitrogen Measurement,
and Calculation of Nitrogen Use Efficiency
We conducted biomass and nitrogen analysis of the T4 generation
shoot samples grown under 300 kg N/ha fertilizer condition
according to our previous reported method (Chen et al., 2016).
Dry matter at anthesis stage (DMA), grain yield (GY), dry matter
at maturity stage (DMM), total nitrogen accumulation at anthesis
stage (TNAA), grain nitrogen accumulation at maturity stage
(GNAM), total nitrogen accumulation at maturity stage
(TNAM), harvest index (HI), the contribution of pre-anthesis
assimilates to grain yield (CPAGY), dry matter translocation
(DMT), dry matter translocation efficiency (DMTE), contribution
of pre-anthesis nitrogen to grain nitrogen accumulation
(CPNGN), nitrogen translocation (NT), nitrogen translocation
efficiency (NTE), nitrogen harvest index (NHI), agronomic
nitrogen use efficiency (ANUE), physiological nitrogen use
efficiency (PNUE), and nitrogen recovery efficiency (NRE)
were calculated according to Chen et al. (2016; 2017). CPAGY
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(%) = (DMT/GY) × 100%; HI (%) = (GY/DMM) × 100%; DMT
(kg/ha) = DMA – (DMM – GY); DMTE (%) = (DMT/DMA) ×
100%; CPNGN (%) = (NT/GNAM) × 100%; NT (kg/ha) = TNAA
– (TNAM –GNAM); NTE (%) = (NT/TNAA) × 100%; ANUE (kg/
kg) = (GY – GY of zero-N plot)/N supply; PNUE (kg/kg) = (GY –
GY of zero-N plot)/TNAM; NRE (%) = (TNAM –TNAM of zero-
N plot)/N supply.

Determination of Total N Content, Root
15N Influx Rate, and 15N Distribution Ratio
WT and transgenic rice seedlings were grown in IRRI solution
containing 1 mM NH4

+ for 2 weeks, and then transferred into
three different forms of nitrogen treatments including in 0.2 mM
NO3

–, 2.5 mM NO3
–, and 1.25 mM NH4NO3. The full strength

IRRI solution used has the following compositions: 1.0
mMMgSO4·7H2O, 1.25 mM NH4NO3, 0.3 mM KH2PO4,
1.0 mM CaCl2, 0.35 mMK2SO4, 0.5 mM Na2SiO3, 20.0 mM
Fe-EDTA, 20.0 mM H3BO3, 9.0 mM MnCl2, 0.77 mM ZnSO4,
0.32 mM CuSO4, and 0.39 mM (NH4)6Mo7O24, pH 5.5. The
nutrient solution was replaced every 3 days and the pH was
adjusted to 5.5 every day. Plants were grown in a growth room
with a 14 h light (30°C) (8:00‑22:00)/10 h dark (22°C)
(22:00‑8:00) and 60% relative humidity. After 3-week
treatment, the biomass and nitrogen concentration of every
line under each N treatment were measured.

For root 15N uptake experiment, rice seedlings were grown in
1mM NH4

+ for 3 weeks and then under nitrogen starvation
condition for 1 week before 15N uptake experiment. The plants
were rinsed in 0.1 mM CaSO4 for 1 min, then transferred to a
solution containing either 0.2 mM 15NO3

–, 2.5 mM 15NO3
– or

1.25 mM 15NH4
15NO3 (atom % 15N: 99%) for 5 min, and finally

rinsed again in 0.1 mM CaSO4 for 1 min.
For root 15N distribution ratio experiment, WT and

transgenic seedlings were grown in 1 mM NH4
+ for 3 weeks,

nitrogen starvation was then carried out for 1 week. The plants
were rinsed in 0.1 mM CaSO4 for 1 min, then transferred to the
nutrient solution containing 0.2 mM 15NO3

–, or 1.25 mM
15NH4

15NO3 for 12 h, and finally rinsed again in 0.1 mM
CaSO4 for 1 min. The 15N influx rate and 15N distribution
ratio were calculated following the method reported in Chen
et al. (2017) and Tang et al. (2012).

Statistical Analysis
For our data statistical analysis, the single factor analysis of
variance (ANOVA) and Tukey’s test data analysis was applied.
All statistical evaluations were conducted using the IBM SPSS
Statistics ver. 20 software. (SPSS Inc., Chicago, IL, United States).
RESULTS

Generation of Transgenic Plants Expressing
p35S:OsNAR2.1-p35S:OsNRT2.3a
Construction and Field Traits Analysis
In this study, we further introduced the p35S:OsNAR2.1 (Figure
S1A), p35S:OsNRT2.3a (Figure S1B) and p35S:OsNAR2.1-p35S:
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OsNRT2.3a (Figure S1C) expression construction intoWuyunjing7
(WT) which is a high yield rice cultivar used in Jiangsu, China.
We generated 18 lines, including 6 p35S:OsNAR2.1 lines (N
lines), 6 p35S:OsNRT2.3a lines (A lines), and 6 p35S:OsNAR2.1-
p35S:OsNRT2.3a lines (NA lines). Then we conducted field
experiments and analyzed the grain yield and biomass of these
transgenic lines. T1–T2 generation transgenic plants and WT
plants were planted in the plots with 300 kg N/ha in Nanjing,
Jiangsu. Compared to WT plants, the yield and biomass for N
lines of T1 plants increased by approximately 17.4% and 7.1%,
respectively (Figure S2A). However, there was no significant
difference between A lines and WT (Figure S2B). The yield and
biomass of NA lines of T1 plants increased by approximately
30.5% and 19.5%, respectively (Figure S2C). Based on RNA
expression data for the T1 generation (Figures S2D–F) and T2
generation (Figures 1D–F), we selected three N T2 lines named
N1, N2, N3 (Figure 1A), three A T2 lines named A1, A2, A3
Frontiers in Plant Science | www.frontiersin.org 440
(Figure 1B), and three NA T2 lines named NA1, NA2, NA3
(Figure 1C) for further analysis. Southern blot analysis showed
that N1 and N2 were two independent transgenic lines with one
transgenic copy respectively (Figure 1G); A1 and A2 were two
independent transgenic lines with one transgenic copy
respectively (Figure 1H); NA1 and NA2 were two independent
transgenic lines with one transgenic copy respectively
(Figure 1I).

For the T3 transgenic plants were planted in the plots with
150 kg N/ha in Changxing, Zhejiang. With WT as control, the
grain yield of N (N1 and N2) lines was increased by 14.5%, and
agronomic nitrogen use efficiency increased by 15.1% (Figure
S3). The grain yield and agronomic nitrogen use efficiency of NA
(NA1 and NA2) lines increased by 27.1% and 31.4% compared
with WT (Figure S3). There was no significant difference in
grain yield and agronomic nitrogen use efficiency between A
lines and WT (Figure S3).
FIGURE 1 | Identification of transgenic lines. Phenotype of (A) p35S:OsNAR2.1 transgenic lines (N1, N2, and N3), (B) p35S:OsNRT2.3a transgenic lines (A1, A2,
and A3), and (C) p35S:OsNAR2.1-p35S:OsNRT2.3a transgenic lines (NA1, NA2, and NA3). qRT-PCR analysis the expression of OsNAR2.1 and OsNRT2.3a of
(D) p35S:OsNAR2.1 transgenic lines, (E) p35S:OsNRT2.3a transgenic lines, and (F) p35S:OsNAR2.1-p35S:OsNRT2.3a transgenic lines. RNA was extracted from
culm. Error bars: SE (n = 3). The different letters indicate a significant difference between the transgenic line and the WT (P < 0.05, one-way ANOVA). Southern blot
analysis the copy number of (G) p35S:OsNAR2.1 transgenic line, (H) p35S:OsNRT2.3a transgenic lines, and (I) p35S:OsNAR2.1-p35S:OsNRT2.3a transgenic lines.
Genomic DNA isolated from T2 generation transgenic plants was digested with the Hind III and EcoR I restriction enzymes. A G418 gene probe was used for
hybridization. P, positive control; M, marker.
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The data of the field experiment for T4 generation which
planted in the plots with 300 kg N/ha in Nanjing, Jiangsu
Province were analyzed in detail. Compared with WT, the total
tiller number per plant and seed setting rate increased by 26.2%
and 16.3% respectively, while the panicle length, grain weight
and grain number per panicle was reduced by 4.9%, 11.4%, and
11.6% respectively, and the grain yield increased by 14.1% (Table 1).
For the NA lines, there was no significant difference in seed setting
rate and tiller number between and N lines, but the grain yield
increased by 24.6% (Table 1) compared to the control. However,
there was no significant difference between all agronomic traits of A
lines and WT (Table 1).

Dry Matter Accumulation and N Analysis in
Transgenic Lines
Anthesis stage is a particular time from vegetative growth to
reproductive growth of rice, and dry matter and nitrogen
accumulation during anthesis stage have positive influence on
the formation offinal yield of rice (Good et al., 2004). We sampled
shoot tissues at the anthesis stage and at the mature stage
separately to determine the biomass and the total N content.
Analysis using WT as control, we found that at the anthesis stage,
the biomass of panicles, leaves and culms in N lines increased by
18.7%, 18.3%, and 20.0% respectively; the biomass of panicles,
leaves and culms in A lines had no significant difference; the
biomass of panicles, leaves and culms in NA lines increased by
21.1%, 19.3%, and 26.6% (Figure 2B). At the mature stage, the
biomass of panicles in N lines increased by about 14.0%, but the
biomass of leaves and culms for N was not significant. There was
no significant difference between the biomass of panicles, leaves
and culms between A lines andWT. For the NA lines, the biomass
of panicles, leaves and culms was increased by 26.4%, 15.5%, and
12.8% respectively compared with WT (Figure 2C).

At anthesis stage, there was no significant difference of the
total nitrogen concentration in leaves between N lines and NA
lines, but increased by about 8.8% compared with WT. For the
total nitrogen concentration in panicles and culms, there was no
significant difference between N lines, NA lines and WT. There
was no significant difference in total nitrogen concentration
between different parts of A lines and WT (Figure 2D). At
maturity stage, there was no significant difference in total
nitrogen concentration between N, A and NA lines and WT
(Figure 2E).
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The variation of biomass and total nitrogen concentration
eventually led to the difference of total nitrogen content per
plant. At anthesis stage, there was no significant difference in
total nitrogen concentration in panicles, leaves and culms
between N and NA lines, but increased by about 18.3%, 29.2%,
and 24.7% compared to WT (Figure 2F). At maturity stage, the
total nitrogen content in panicles of N lines increased by about
14.2%, there was no significant difference in the total nitrogen
content in leaves and culms between N lines and WT. The total
nitrogen content in panicles, leaves and culms of NA lines
increased by about 23.0%, 17.7%, and 15.7% respectively,
however, there was no significant difference in total nitrogen
content between A lines and WT in different plant parts
(Figure 2G).

Dry matter and N translocation in rice plants were
investigated by determining dry matter at anthesis stage
(DMA), dry matter at maturity (DMM), grain yield (GY), total
N accumulation at anthesis stage (TNAA), total N accumulation
at maturity stage (TNAM) and grain nitrogen content at
maturity stage (GNAM) respectively. Compared with WT, the
DMA, DMM, GY, TNAA, TNAM, and GNAM of N lines
increased by 19.0%, 6.2%, 12.1%, 22.5%, 6.8%, and 14.9%
respectively, NA lines increased by about 23.3%, 18.6%, 22.6%,
28.3%, 19.5%, and 21.9%, respectively. There were no significant
differences in DMA, DMM, GY, TNAA, TNAM, and GNAM
between A lines and WT (Table 2).

Nitrogen Use Efficiency Estimation of the
Transgenic Lines
We also detected dry matter translocation (DMT), DMT
efficiency (DMTE), the contribution of pre-anthesis assimilates
to grain yield (CPAGY), nitrogen translocation (NT), NT
efficiency (NTE), and the contribution of pre-anthesis N to
grain N accumulation (CPNGN), based on a method described
by Chen et al. (2016). Compared with WT, DMT, DMTE,
CPAGY, NT, NTE, and CPNGN of N lines increased by
106.5%, 73.5%, 81.1%, 50.6%, 22.9%, and 31.1%, respectively,
NA lines increased by 59.1%, 28.9%, 29.7%, 40.8%, 9.8%, and
15.7%, respectively. There were no significant differences in
DMT, DMTE, CPAY, NT, NTE, and CPNGN between A lines
and WT (Table 3).

Based on a method described by Chen et al. (2016), we
calculated the physiological nitrogen use efficiency (PNUE),
TABLE 1 | Comparison of agronomic traits of transgenic lines.

Genotype WT N1 N2 A1 A2 NA1 NA2

Total tiller number per plant 20.48b 26.25a 25.80a 21.11b 20.96b 25.44a 25.92a
Panicle length (cm) 13.78a 13.05b 13.17b 13.68a 13.78a 13.80a 13.94a
Grain weight (g/panicle) 2.32a 2.02b 2.09b 2.29a 2.34a 2.42a 2.39a
Seed setting rate (%) 72.67b 84.04a 83.33a 73.96b 74.79b 84.51a 86.22a
Grain number per panicle 130.67a 114.20b 116.87b 129.53a 131.63a 133.45a 135.28a
1000-grain weight (g) 25.79a 25.93a 25.16a 26.04a 25.72a 26.24a 25.72a
Grain yield (g/plant) 26.37c 29.98b 30.19b 25.81c 26.27c 32.55a 33.19a
Grain-straw ratio 0.97c 1.17a 1.16a 0.97c 0.96c 1.06b 1.04b
August 2020
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Statistical analysis of data from T4 generation; n = 3 plots for each mean. The different letters indicate a significant difference between the transgenic line and the WT. (P < 0.05, one-way
ANOVA).
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nitrogen harvest index (NHI), harvest index (HI), agronomic
nitrogen use efficiency (ANUE) and nitrogen recovery efficiency
(NRE). Compared with WT, the PNUE of N lines did not change
significantly, NHI and HI increased by about 7.6% and 9.0%
respectively; the PNUE, NHI, and HI of A and NA lines had no
significant difference compared with WT (Table 3). But the
ANUE and NRE of N lines increased by 15.8% and 11.1%
respectively; the NA lines increased by 28.6% and 21.2%
respectively, while the ANUE and NRE of A lines did not
change compared with WT (Figures 3A, B).
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The Expression of OsNAR2.1 and OsNRT2s
in Transgenic Lines in Different Growth
Stages of WT and Transgenic Lines
Chen et al. (2016, 2017) reported that the expression of
OsNAR2.1 and OsNRT2.1 in culms significantly affected rice
yield and nitrogen use efficiency. In this study, we analyzed the
expression of OsNAR2.1 and OsNRT2s in culms of WT and
transgenic lines at 30 days (the vegetative growth period), 60
days (the anthesis stage), and 75 days (the grain filling stage)
separately. During these three periods, the expressions of
FIGURE 2 | Biomass and nitrogen content in different parts of transgenic lines at the anthesis stage and maturity stage. (A) Photograph of wild-type (cv. Wuyunjing
7, WT) and T4 generation transgenic lines in the field experiment at Nanjing. Biomass in various parts of WT and T4 generation transgenic plants at (B) the anthesis
stage and (C) maturity stage. Nitrogen concentration in different parts of transgenic lines and WT at the (D) anthesis stage and (E) maturity stage. Nitrogen content
in different parts of transgenic lines and WT at the (F) anthesis stage, and (G) maturity stage. Error bars: SE (n = 3). The different letters indicate a significant
difference between the transgenic line and the WT (P < 0.05, one-way ANOVA).
TABLE 2 | Biomass and nitrogen content of transgenic lines.

WT N1 N2 A1 A2 NA1 NA2

DMA (kg/m2) 0.86b 1.01a 1.04a 0.86b 0.87b 1.04a 1.08a
DMM (kg/m2) 1.33c 1.41b 1.42b 1.31c 1.34c 1.56a 1.60a
GY (kg/m2) 0.66c 0.73b 0.74b 0.64c 0.65c 0.80a 0.81a
TNAA (g/m2) 13.17b 15.99a 16.28a 12.86b 12.94b 16.74a 17.06a
TNAM (g/m2) 15.87c 16.93b 16.97b 15.62c 16.01c 18.74a 19.19a
GNAM (g/m2) 9.11c 10.43b 10.49b 9.01c 9.17c 11.03a 11.17a
August 202
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Dry matter at anthesis (DMA), dry matter at maturity (DMM), grain yield (GY), total nitrogen accumulation at anthesis (TNAA), total nitrogen accumulation at maturity (TNAM), and grain
nitrogen accumulation at maturity (GNAM). Statistical analysis of data from T4 generation; n = 3 plots for each mean. The different letters indicate a significant difference between the
transgenic line and the WT. (P < 0.05, one-way ANOVA).
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OsNAR2.1 and OsNRT2.3a of N (N1, N2, and N3) or NA (N1,
NA2, and N3) lines were significantly higher compared with
WT. But there was no significant difference of the expressions
of OsNRT2.1and OsNRT2.2 between N and NA lines (Figure
4). Compared with WT, the expression of OsNAR2.1 increased
Frontiers in Plant Science | www.frontiersin.org 743
by about 14 times in N lines, while OsNRT2.3a increased by
about 51% in those lines. The expression of OsNAR2.1 and
OsNRT2.3a in NA lines increased about 12-fold and 10-fold
respectively (Figure 4). Compared with WT, the expression of
OsNRT2.3a in A (A1, A2, and A3) lines increased about 10
TABLE 3 | Dry matter transport efficiency, N transport efficiency, and N-use efficiency of transgenic lines.

WT N1 N2 A1 A2 NA1 NA2

DMT (g/m2) 182.32c 363.04a 389.77a 192.34c 203.39c 284.88b 295.08b
DMTE (%) 21.20c 36.13a 37.44a 22.45c 19.86c 27.28b 27.40b
CPAGY (%) 27.62c 48.43a 51.63a 29.81c 27.34c 35.44b 36.21b
HI (%) 49.35b 53.88a 53.68a 49.27b 48.83b 51.21ab 51.03ab
NT (g/m2) 6.40c 9.49a 9.79a 6.25c 6.02c 8.99b 9.04b
NTE (%) 48.61c 59.33a 60.17a 48.59c 46.53c 53.74b 53.02b
CPNGN (%) 70.32c 91.00a 93.43a 69.39c 65.66c 81.80b 80.95b
NHI (%) 57.36b 61.59a 61.79a 57.16b 56.99b 58.68ab 58.22ab
PNUE (g/g) 51.77a 53.59a 54.37a 51.85a 50.16a 53.47a 53.34a
August 20
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Dry matter translocation (DMT), dry matter translocation efficiency (DMTE), the contribution of pre-anthesis assimilates to grain yield (CPAGY), harvest index (HI), nitrogen translocation
(NT), nitrogen translocation efficiency (NTE), contribution of pre-anthesis nitrogen to grain nitrogen accumulation (CPNGN), nitrogen harvest index (NHI) and physiological nitrogen use
efficiency (PNUE). Statistical analysis of data from T4 generation; n = 3 plots for each mean. The different letters indicate a significant difference between the transgenic line and the WT. (P <
0.05, one-way ANOVA).
A B

FIGURE 3 | Comparison of nitrogen use efficiency between the WT and transgenic lines. (A) Agronomic nitrogen use efficiency (ANUE), (B) nitrogen recovery
efficiency (NRE). Error bars: SE (n = 3). The different letters indicate a significant difference between the transgenic line and the WT (P < 0.05, one-way ANOVA).
A B C

FIGURE 4 | Expression of OsNAR2.1 and OsNAR2s in transgenic lines and WT during the experimental growth period. Samples were collected (A) 30 days (the
vegetative growth period), (B) 60 days (the anthesis stage) and (C) 75 days (the grain filling stage) after seedlings were transplanted to the field. RNA was extracted
from culms. Error bars: SE (n = 3). The different letters indicate a significant difference between the transgenic line and the WT (P < 0.05, one-way ANOVA).
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times, while the expression of OsNAR2.1, OsNRT2.1, and
OsNRT2.2 did not change significantly (Figure 4).

Agronomic Nitrogen Use Efficiency
Estimation for Co-Overexpression of
OsNAR2.1 and OsNRT2.3a in the cv.
Nipponbare Rice
We also introduced the p35S:OsNAR2.1 (Figure S1A), p35S:
OsNRT2.3a (Figure S1B), and p35S:OsNAR2.1-p35S:OsNRT2.3a
(Figure S1C) expression construct into Nipponbare cultivar. We
generated 6 lines, including 2 p35S:OsNAR2.1 lines (n lines), 2
p35S:OsNRT2.3a lines (a lines), and 2 p35S:OsNAR2.1-p35S:
OsNRT2.3a lines (na lines) (Figure 5C). Southern blot analysis
showed that n1 and n2 were two independent transgenic lines
with one transgenic copy respectively (Figure 5B); a1 and a2
were two independent transgenic lines with one transgenic copy
respectively (Figure 5C); na1 and na2 were two independent
transgenic lines with one transgenic copy respectively (Figure
5D). Based on Southern blot analysis and gene expression
analysis (Figures 5E–G) of T2 plants, they are independent
lines. Compared with NP (Nipponbare), the grain yields of n
lines and na lines increased by 16.0% and 37.3% (Figure 5H),
and the agronomic nitrogen use efficiency increased by 14.9%
and 35.2% (Figure 5I), respectively.
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The Plant Seedling Growth and Total
Nitrogen Content Evaluation in Transgenic
Lines
We further analyzed the growth and nitrogen uptake of
transgenic lines at seedling stage. WT and transgenic rice
seedlings were grown in IRRI solution containing 1 mM NH4

+

for 2 weeks and then transferred into 0.2 mM NO3
–, 2.5 mM

NO3
–, or 1.25 mM NH4NO3 for 3 additional weeks (Figure S4).

Compared with WT, under 0.2 mM NO3
– treatment, the

biomass of root and shoot in N lines increased 151.2% and
102.7% respectively, it increased 204.0% and 150.7% respectively
in NA lines (Figure 6A). Under 2.5 mM NO3

– treatment, the
biomass of root and shoot in N lines increased 136.8% and
142.8% respectively, it increased 170.1% and 185.7% respectively
in NA lines (Figure 6B). Under 1.25 mM NH4NO3 treatment,
the biomass of root shoot in N lines increased 58.9% and 56.2%
respectively, it increased 85.5% and 102.1% respectively in NA
lines (Figure 6C).

Moreover, we measured the total nitrogen concentration, and
found that there was no significant difference in total nitrogen
concentration between N lines and NA lines under different
treatments. Compared withWT, the total nitrogen concentration
in root and shoot of N lines or NA lines increased by 30.5% and
26.6% respectively under 0.2 mM NO3

– treatment (Figure 6D),
FIGURE 5 | Grain yield and agronomic nitrogen use efficiency of Nipponbare transgenic lines. (A) Phenotype of wild-type (cv. Nipponbare, NP), p35S:OsNAR2.1
transgenic lines (n1 and n2), p35S:OsNRT2.3a transgenic lines (a1 and a2), and p35S:OsNAR2.1-p35S:OsNRT2.3a transgenic lines (na1, na2). Southern blot
analysis the copy number of (B) p35S:OsNAR2.1 transgenic lines, (C) p35S:OsNRT2.3a transgenic lines, and (D) p35S:OsNAR2.1-p35S:OsNRT2.3a transgenic
lines. Genomic DNA isolated from T2 generation transgenic plants was digested with the Hind III and EcoR I restriction enzymes. A G418 gene probe was used for
hybridization. P, positive control; M, marker. qRT-PCR analysis the expression of OsNAR2.1 and OsNRT2.3a of (E) p35S:OsNAR2.1 transgenic lines, (F) p35S:
OsNRT2.3a transgenic lines, and (G) p35S:OsNAR2.1-p35S:OsNRT2.3a transgenic lines. RNA was extracted from culm. Comparison of (H) grain yield and (I)
agronomic nitrogen use efficiency between the NP and transgenic lines. Error bars: SE (n = 3). The different letters indicate a significant difference between the
transgenic line and the WT (P < 0.05, one-way ANOVA).
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increased by 37.4% and 27.4% respectively under 2.5 mM NO3
–

treatment (Figure 6E), increased by 21.1% and 18.0%
respectively under 1.25 mM NH4NO3 treatment (Figure 6F).

The total nitrogen content per plant was also calculated. After
0.2 mM NO3

– treatment, the total nitrogen content of the root
and shoot in N lines increased 223.5% and 151.2% respectively, it
increased 302.0% and 224.0% respectively in NA lines (Figure
6G). After 2.5 mM NO3

– treatment, the total nitrogen content
increased 221.7% and 201.2% respectively in N lines, it increased
275.0% and 273.9% respectively NA lines (Figure 6H); under
1.25 mM NH4NO3 treatment, the total nitrogen content
increased 89.1% and 81.3% respectively in N lines, it increased
128.7% and 142.7% respectively in NA lines (Figure 6I).

We further analyzed the expression of OsNAR2s and
OsNRT2s in transgenic lines treated with 0.2 mM NO3

– and
1.25 mM NH4NO3. The expression patterns of the transgenic
lines were similar under the treatment of 0.2 mM NO3

– and 1.25
mM NH4NO3. In the N lines, the expression of OsNAR2.1
increased by about 12.4 times compared with WT, and the
Frontiers in Plant Science | www.frontiersin.org 945
expression of OsNRT2.1, OsNRT2.2, and OsNRT2.3a increased
by 55%-98% (Figures S5A, D). In the A lines, the expression of
OsNRT2.3a in increased about 11 times, but the expression of
OsNAR2.1, OsNRT2.2 , and OsNRT2.2 did not change
significantly (Figures S5B, E). However, for the NA lines, the
expression of OsNAR2.1 increased by 13.8 times, the expression of
OsNRT2.3a increased by 10.1 times, and the expression ofOsNRT2.1
and OsNRT2.2 increased by 53%-120% (Figures S5C, F). The
expression of OsNAR2.2, OsNRT2.3b and OsNRT2.4 did not
change significantly in N, A, and NA lines (Figure S6).

15N Influx Rates and 15N Distribution Ratio
Influx Determination
We analyzed short-term 15N uptake in same-size seedlings of the
transgenic lines and WT which exposed to 0.2 mM 15NO3

–, 2.5
mM 15NO3

–, or 1.25 mM 15NH4
15NO3 for 5 min. There was no

significant difference of 15N influx rate between N lines and A
lines. Compared with WT, the influx rate of 15NO3

– increased
27.6% and 20.1% in response to 0.2 mM 15NO3

– and 2.5 mM
A B

D E F

G IH

C

FIGURE 6 | Total nitrogen content of transgenic plants at different nitrogen supply levels. WT and transgenic rice seedlings in the solution containing 1 mM NH4
+ of

IRRI for 2 weeks, and in different forms of nitrogen for 3 additional weeks. Dry weight of seedlings treated with (A) 0.2 mM NO3
–, (B) 2.5 mM NO3

–, and (C) 1.25
mM NH4NO3; Total nitrogen concentration of seedlings treated with (D) 0.2 mM NO3

–, (E) 2.5 mM NO3
–, and (F) 1.25 mM NH4NO3; Total N content of seedlings

grown with (G) 0.2 mM NO3
–, (H) 2.5 mM NO3

– and (I) 1.25 mM NH4NO3. Error bars: SE (n = 4). The different letters indicate a significant difference between the
transgenic line and the WT (P < 0.05, one-way ANOVA).
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15NO3
–, respectively; the influx rate of 15NH4

15NO3 increased
20.6% responded to 1.25 mM 15NH4

15NO3 (Figures 7A–C). The
influx rate of 15N did not change compared with that of WT in
the A lines (Figures 7A–C).

We also detected 15N distribution ratio experiment in root.
WT and transgenic seedlings were grown in 1 mM NH4

+ for 3
weeks and treated in nitrogen starvation condition for 1 week.
15N concentration experiment was conducted under the nutrient
solution containing 0.2 mM 15NO3

– or 1.25 mM 15NH4
15NO3 for

12 h. Under 0.2mM 15NO3
– treatment, there was no significant

difference of the 15N concentration in roots between N and NA
lines, but the 15N concentration increased by 19.7% compared
withWT. 15N concentration in roots of N and NA lines increased
by 25.5% and 48.1%, respectively compared with WT (Figure
8A). Under 1.25 mM 15NH4

15NO3 treatment, there was no
significant difference in 15N concentration in roots between N
and NA lines, but it increased by 20.0% compared with WT. 15N
concentration in roots of N and NA lines increased by 21.2% and
33.2%, respectively (Figure 8B). Under the treatment of 0.2 mM
15NO3

– and 1.25 mM 15NH4
15NO3, there was no significant

difference in 15N concentration in roots and shoots between A
lines and WT (Figures 8A, B). Finally, compared with WT, the
15N of shoot to root ratio in the NA lines increased by 25.9% and
20.7% respectively under 0.2 mM 15NO3

– and 1.25 mM
15NH4

15NO3 treatments (Figures 8C, D). There was no
significant difference of the 15N in shoot to root ratio between
WT, N lines and A lines under 0.2 mM 15NO3

– or 1.25 mM
15NH4

15NO3 (Figures 8C, D).
DISCUSSION

Increasing NO3
– uptake is an effective way to improve yield and

nitrogen use efficiency in rice. Fang et al. (2013) found that
overexpression of nitrate transporter OsPTR9 could promote
lateral root formation, increase grain yield of rice. Overexpression
of OsNRT1.1B, a low affinity NO3

– transporter protein gene,
increased rice nitrogen use efficiency by about 30% (Hu et al.,
2015). Overexpression of high affinity nitrate transporter gene
OsNRT2.3b increased the buffer capacity of cell pH and
Frontiers in Plant Science | www.frontiersin.org 1046
significantly increased grain yield and nitrogen use efficiency of
rice (Fan et al., 2016). Overexpression of nitrate transporter gene
OsNRT1.1A in rice greatly improved nitrogen utilization and grain
yield, and maturation time was also significantly shortened (Wang
et al., 2018). Gao et al. (2019) reported that overexpression of
OsNR2 increased the activity of nitrate reductase and the uptake of
nitrate by rice, thus increasing the yield and nitrogen use efficiency
of rice. Overexpression of OsNAR2.1 or OsNRT2.1 by the native
promoter of OsNAR2.1 can improve grain yield and nitrogen use
efficiency of rice (Chen et al., 2016; Chen et al., 2017; Luo et al., 2018;
Chen et al., 2019). OsNAC42 as a transcription factor enhances
nitrate uptake in rice by regulating nitrate transporter gene
OsNPF6.1, thereby enhancing the regulation of rice nitrogen use
efficiency (Tang et al., 2019). In this study, we investigated the effect
of co-overexpression of OsNAR2.1 and OsNRT2.3a on NO3

–

uptake, yield and nitrogen use efficiency uptake by rice.
OsNAR2.1 act as a partner protein with OsNRT2s for

transport of NO3
– in rice (Yan et al., 2011; Tang et al., 2012;

Liu et al., 2014). Chen et al. (2017) found that pOsNAR2.1:
OsNAR2.1 increased the expression of OsNAR2.1 by 3‑5 times in
rice, and in this study the expression of OsNAR2.1 in p35S:
OsNAR2.1 increased by more than 10 times (Figure 1D, Figure
4, Figures S6A, D). This because different promoters lead to
different expression patterns of OsNAR2.1, which leads to
inconsistent growth phenotypes of transgenic rice. Compared
with WT, the DMA, DMM, GY, TNAA, TNAM, and GNAM of
p35S:OsNAR2.1 lines increased by 19.0%, 6.2%, 12.1%, 22.5%,
6.8%, and 14.9% respectively (Table 2), of pOsNAR2.1:OsNAR2.1
lines increased by 25%, 25%, 24%, 33%, 34%, and 35% (Chen
et al., 2017). This result also accords with our previous
conclusion that controlling the expression ratio of OsNAR2.1
and OsNRT2.1 in rice in an appropriate proportion can improve
more grain yield and nitrogen use efficiency in rice (Chen et al.,
2016; Chen et al., 2017).

Compared with WT, the dry matter and total nitrogen
accumulation of NA lines increased significantly at anthesis and
maturity (Figure 2, Table 2), the DMTE, NTE, CPAGY, and
CPNGN increased by 28.9%, 9.8%, 29.7%, and 15.7% respectively
(Table 3). During rice filling, 70%‑90% of nitrogen was transported
from vegetative organs to panicles (Yoneyama et al., 2016). The
A B C

FIGURE 7 | 15N influx rates of transgenic lines. WT and transgenic seedlings were grown in 1 mM NH4
+ for 3 weeks and nitrogen starved for 1 week. 15N influx

rates were then measured at (A) 0.2 mM 15NO3
–, (B) 2.5 mM 15NO3

–, and (C) 1.25 mM 15NH4
15NO3 during 5 min. DW, dry weight. Error bars: SE (n = 4). The

different letters indicate a significant difference between the transgenic line and the WT (P < 0.05, one-way ANOVA).
August 2020 | Volume 11 | Article 1245

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Chen et al. Co-Overexpression of OsNAR2.1 and OsNRT2.3a
accumulation of nitrogen and biomass in early stage has a great
influence on rice yield. Compared with WT, the GY, ANUE and
NRE of NA lines increased by 22.6%, 28.6% and 21.2% respectively
(Table 3, Figure 3). Compared withWT, the GY, ANUE, and NRE
of N lines increased by 12.1%, 15.8%, and 11.1% respectively (Table
3, Figure 3), which was significantly lower than that of NA lines.
Similarly, co-overexpression of OsNAR2.1 and OsNRT2.3a
increased agronomic nitrogen use efficiency of cv. Nipponbare
rice. Compared with Nipponbare rice, the grain yields of p35S:
OsNAR2.1 and p35S:NAR2.1-p35S:NRT2.3a lines increased by
16.0% and 37.3% (Figure 5H), and the agronomic nitrogen use
efficiency increased by 14.9% and 35.2% (Figure 5I), respectively.
This means the co-overexpression of OsNAR2.1 and OsNRT2.3a
transgenic plants have functions in different rice varieties and it can
provide a physiological basis for rice breeding.

Kronzucker et al. (2000) used 13N to show that the presence of
NO3

– promotes NH4
+ uptake, accumulation, and metabolism in

rice. Duan et al. (2006) found that increasing NO3
– uptake

promotes dry weight and NO3
– accumulation and assimilation

of NH4
+ and NO3

– by ‘Nanguang’, which is an N-efficient rice
cultivar, during the entire growth period. Li et al. (2006) showed
that supplying NH4

+ and NO3
– enhances OsAMT1;3,OsAMT1;2,

and OsAMT1;1 expression compared with supplying only NH4
+
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or NO3
–, thereby enhancing NH4

+ uptake by rice. The influx
rates of 15NH4

+ and 15NO3
– in pOsNAR2.1:OsNAR2.1 transgenic

lines increased by 21 and 22% in 1.25 mM 15NH4NO3 and 1.25
mM NH4

15NO3, respectively (Chen et al., 2017). Further studies
showed that when 0.2 mM NO3

–, 2.5 mM NO3
– or 1.25 mM

NH4NO3 were provided as the sole nitrogen source, the dry
weight and total nitrogen content of NA lines were higher than
that of N lines (Figure 6). In the 5-min 15N absorption
experiment, we found that there was no significant difference
in the influx rate of 15N between N and NA strains at 0.2 mM
15NO3

–, 2.5 mM 15NO3
–, or 1.25 mM 15NH4

15NO3 (Figures 7A–
C). Compared with N lines, the 15N shoot to root ratio of NA
lines increased by 25.9% and 20.7% respectively under 0.2 mM
15NO3

– and 1.25 mM 15NH4
15NO3 treatments for 12 h (Figures

8C, D). OsNRT2.1 and OsNRT2.2 are responsible for NO3
–

uptake at the roots, while OsNRT2.3a is responsible for NO3
–

transport from roots to shoots (Feng et al., 2011; Yan et al., 2011;
Tang et al., 2012; Chen et al., 2016). Overexpression of OsNAR2.1
can increase the NO3

– and NH4NO3 uptake from roots (Figures 8A,
B), but it cannot increase the transport ratio from roots to shoots
(Figures 8C, D), this because more OsNRT2.3a needs to be
expressed in order to increase the roots-to-shoots transport ratio.
In this study, we also found that overexpression of OsNRT2.3a alone
A B

DC

FIGURE 8 | 15N concentration and 15N distribution ratio in WT and transgenic lines. WT and transgenic seedlings were grown in 1 mM NH4
+ for 3 weeks and

nitrogen starved for 1 week. 15N concentration in the roots and shoots of the WT and transgenic lines under the nutrient solution containing (A) 0.2 mM 15NO3
– or

(B) 1.25 mM 15NH4
15NO3 for 12 h. The shoot-to-root ratio of the total 15N content at (C) 0.2 mM NH4

+ or (D) 1.25 mM 15NH4
15NO3. DW, dry weight. Error bars: SE

(n = 4). The different letters indicate a significant difference between the transgenic line and the WT (P < 0.05, one-way ANOVA).
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did not change rice growth. There was no significant difference in
NO3

– uptake, agronomic traits, biomass and nitrogen accumulation
between A lines andWT (Tables 1 and 2, Figure 2, Figure S3). The
reason may be that the expression of OsNRT2.3a alone did not affect
the expression of OsNAR2.1 (Figures 1 and 4, Figure S5).

In conclusion, co-overexpression of OsNAR2.1 and OsNRT2.3a
could increase the uptake as well as the transport rate of NO3

– and
NH4NO3 from roots to shoots, eventually leading to increasing the
total nitrogen content and biomass of rice seedlings under 0.2 mM
NO3

–, 2.5 mM NO3
–, and 1.25 mM NH4NO3 conditions. Field

experiments also showed that co-overexpression of OsNAR2.1 and
OsNRT2.3a could increase rice biomass and total nitrogen
accumulation, as well as improve rice dry matter transport efficiency
and nitrogen transport efficiency, inducing improving rice yield,
agronomic nitrogen use efficiency and nitrogen recovery efficiency
in rice. Through co-overexpression of OsNAR2.1 and OsNRT2.3a
have the same advantages in different rice varieties, it may also
function in different crops. This approach provides an effective way
to improve grain yield and nitrogen use efficiency in plant.
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Nitrogen fertilization is common for poplar trees to improve growth and productivity. The
utilization of N by poplar largely depends on fertilizer application patterns; however, the
underlying regulatory hubs are not fully understood. In this study, N utilization and
potentially physiological regulations of two poplar clones (XQH and BC5) were
assessed through two related experiments (i: five levels of N supply and ii: conventional
and exponential N additions). Poplar growth (leaf area) and N utilization significantly
increased under fertilized compared to unfertilized conditions, whereas photosynthetic N
utilization efficiency significantly decreased under low N supplies. Growth characteristics
were better in the XQH than in the BC5 clone under the same N supplies, indicating higher
N utilization efficiency. Leaf absorbed light energy, and thermal dissipation fraction was
significantly different for XQH clone between conventional and exponential N additions.
Leaf concentrations of putrescine (Put) and acetylated Put were significantly higher in
exponential than in conventional N addition. Photorespiration significantly increased in
leaves of XQH clone under exponential compared to conventional N addition. Our results
indicate that an interaction of the clone and N supply pattern significantly occurs in poplar
growth; leaf expansion and the storage N allocations are the central hubs in the regulation
of poplar N utilization.

Keywords: exponential fertilization, nitrogen utilization efficiency, photorespiration, polyamine, polyamine
acetylation, Populus
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INTRODUCTION

Soil nitrogen (N) availability is one of primary factors
determining plant N status. Soil N, which exists in multi forms
(such as nitrate, ammonium, and amino acids), is highly mobile.
Soil N availability is variable in natural field conditions due to
biotic (e.g., microbial consumption) and abiotic (e.g., rainwater
leaching) factors (Kant et al., 2011). Under the background of
global warming, N limitation on plant growth has been predicted
to be a long-term challenge for dryland vegetation systems
(Hooper and Johnson, 1999). N uptake by roots is significantly
restricted under severe drought stress even if soil N is sufficient
(Hu and Chen, 2020). Moreover, N limitation is common in
plants grown in infertile soil or good soil with short-rotation.
Limitations of soil N availability result in inhibition of lateral
root initiation, leaf development (e.g., leaf number and leaf area)
even whole plant growth (Yeh et al., 2000). Deficiency of N in
plant is commonly accompanied with significant alternations of
gene expressions, metabolic and physiological processes (Lea
et al., 2007; Hu et al., 2014; Song et al., 2019a; Song et al., 2019b;
Hu et al., 2020). How to improve plant adaptation to N
deficiency is a high concern in dryland agriculture.

Conventional N fertilization, which delivers fertilizers at a
constant rate during the growth period (Hu et al., 2015), is
preferred by farmers to improve plant N use efficiency and
overall productivity. In the past decades, excess N fertilizer was
applied into global agricultural systems (Good and Beatty, 2011).
However, crops can utilize only 30–40% of the supplemental N
(Raun and Johnson, 1999). High N supply can produce
inhibitory effects on root growth (e.g., lateral root elongation)
(Zhang et al., 2007), and reduce plant N utilization efficiency
(Coleman et al., 2006). Appropriate fertilization managements
are very crucial for crops to obtain maximum N utilization
efficiency. Most of the plants obey the S-shaped growth pattern
(i.e., lag phase, log phase, and stationary phase). Correspondingly,
plant N demand is relatively less at an initial growth stage (lag
phase), and rapidly increases in the log phase, and slightly
decreases in the stationary phase. Exponential N fertilization has
been established on a basis of plant “S” growth pattern, so it was
considered an optimal fertilization model for the plants such as
Pinus monticola (Dumroese et al., 2005) and trembling aspen
(Pokharel and Chang, 2016). However inconsistent results were
reported in some woody species such as Eucalyptus globulus and
hybrid poplar; for example, at a lower N-fertilization rate, plant
morphological and nutritional traits were similar between
exponentially and conventionally fertilized seedlings (CloseI
et al., 2005; Zabek and Prescott, 2007). Plant responses to N
addition are highly plastic due to the genetic-dependent (such as
species preference to N form) and -independent (such as N
addition patterns) factors (da Silveira Pontes et al., 2010). The
applicability and efficacy of exponential models for different
woody species are still largely unknown.

Leaves are the major N sink of plants supplied with N
fertilizers. Leaf N is primarily located in the chloroplasts (in
form of chloroplast proteins). During chloroplast development,
polyamines (PAs) serve as an N source for the synthesis of
Frontiers in Plant Science | www.frontiersin.org 251
chlorophyll and chloroplast proteins (Sobieszczuk-Nowicka and
Legocka, 2014). Polyamines are small, polycationic molecules
mainly present in chloroplasts and photosynthetic subcomplexes
including thylakoid membranes, photosystem II complex and
light-harvesting complex (Kotzabasis et al., 1993). Considerable
evidence emphasized the importance of PAs in modulating the
functionality and efficiency of photosynthetic apparatus
(Shu et al., 2012; Sobieszczuk-Nowicka and Legocka, 2014).
PAs can stimulate leaf conversion of protochlorophyllide to
chlorophyllide (Beigbeder et al., 1995) and positively modulate
photosystem II activity and linear electron transfer (Ioannidis
and Kotzabasis, 2007). Exogenous PAs have positive impacts on
leaf photochemical processes in plant response to abiotic stresses
(Shu et al., 2012). Moreover, PAs participate in the modulation of
energy production and dissipation processes of the chloroplast
(Ioannidis et al., 2012; Kotakis et al., 2014). Small changes of
plastid-associated PAs can fine tune proton motive force and
ATP production in the thylakoids (Ioannidis and Kotzabasis,
2014). In higher plants, free PAs are the main forms present in
plant organs (Chen et al., 2019). Free PAs are implicated in the
regulation of C and N metabolisms (such as amino acids
and tricarboxylic acid cycle). Therefore, PAs are significantly
important in leaf physiological responses to N supply. However,
to date, the information of PAs-associated plant response to
exponential N addition is unavailable.

Photorespiration is physiologically important in the
regulation of photosynthetic carbon (C) and N metabolism in
leaves (Wang et al., 2014). In early studies (e.g., Zelitch, 1973),
photorespiration is considered an excess energy dissipating
process, which protects the photosynthetic apparatus from
stress damages. So lowering photorespiration was operated
as a potential pathway to increase leaf C fixation and plant
productivity. However, increasing evidence suggests the
importance of photorespiration in the regulation of N metabolism
(e.g., having a positive correlation with nitrate assimilation,
Bloom, 2015; stimulating the fixation of C into amino acids,
Busch et al., 2018). Photorespiration was implicated in plant
adaptation to low N stress (Tang et al., 2018). Under NO3

−

supply (with one case of sunflower plants, Busch et al., 2018),
photorespiration significantly increased, being accompanied
with improvements in leaf N assimilation and CO2 uptake.
Moreover, photorespiratory pathway significantly varies with
leaf age (Gjerstad, 1975). For example, the photorespiration rate
is high in developing poplar leaves, whereas the value declines in
the matured leaves. Leaf maturation and senescence are closely
correlated with N availability (Hallik et al., 2009). Photorespiratory
pathway is a potentially regulatory hub in plant adaptation to
N availability.

Poplar trees are short-rotation woody plants in the northern
hemisphere (Hart et al., 2015). Poplar plantations have high
biomass production at the cost of high water and N consumption
(Rockwood et al., 2004). Soil N (particularly NO3

−) losses have
been reported in poplar plantations (e.g., P. maximowiczii × P.
nigra, Balasus et al., 2012; Populus tremula L. × P. tremuloides
Michx., Rytter and Rytter, 2018) under the short-rotation
regimes. The limitation of soil N availability is an important
August 2020 | Volume 11 | Article 1271

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Hu et al. Poplar Response to Soil Nitrogen Availability
factor influencing the sustainability of high biomass production
of the short-rotation poplar plantations. Appropriate N
applications are essential for poplars to improve plant growth
and N utilization efficiency (Franklin et al., 2016). In this study,
two poplar clones XQH (Populus psedosimonii × P. nigra cv.
Baicheng- 1) and BC5 (Populus × Xiaozhanica cv. Baicheng-5),
which are widely afforested in Northern China and have high
tolerance to infertile soil, were selected as the materials. It was
hypothesized that (1) fertilization patterns (a total amount of N
supply and conventional and exponential N additions) were the
primary factors determining plant N status and utilization
efficiency of different poplar trees; (2) leaf levels of PAs and
photorespiration were implicated in poplar response to soil N
availability. Special attention was focused on storage N (free
amino acids, soluble proteins, PAs, and photorespiratory N)
allocations in leaves of the poplar clones in the growing season of
post- (conventional and exponential) fertilization year.
MATERIALS AND METHODS

Plant Material
Two poplar clones (XQH and BC5) were propagated from 2-
year-old cuttings. Cuttings of each clone were cultivated in 8.0-L
pots filled with 2:1:1:1 (v:v:v:v) black soil–vermiculite–perlite–
silver sand (total N: 0.86 g.kg−1, total P: 0.42 g.kg−1, available P:
32.15 mg.kg−1, organic matter: 22.76 g.kg−1) at Tree Breeding
Garden of Northeast Forestry University, Harbin city, China.
The clones were watered with tap water (about 600 ml per pot)
every two days. Physical and chemical properties of tap water
were described in detail in the Water Quality Report (Harbin
Water Supply Group Co., Ltd 2018).

Experimental Design
Two experiments were set up to assess (1) growth performance and
leaf N utilization under five N-supply levels and (2) photosynthetic
C and N metabolisms and excitation energy allocations in leaves
under conventional and exponential N additions.

Experiment 1 (Exp. 1)
After plant growth for 2.5 months, seedlings of each poplar clone
were separated into five groups (12 seedlings per group): the
control (CK) group: seedlings grown without N addition during the
growing season; the N2, N3, N4, and N5 groups: seedlings grown
with 2, 3, 4, and 5 g N (in the form of urea, CH4N2O) addition per
plant. N addition was conducted on July 8, July 28, and August 18 in
2017, respectively. On the first fertilization, P (1.430 g pot−1; Ca
(H2PO4)2.H2O) and K (0.133 g pot−1; K2SO4) fertilizers were applied.
Leaf N concentration, photosynthetic, and growth parameters were
measured from July 8, 2017 at an interval of 20 days.

Experiment 2 (Exp. 2)
Based on the results of Exp. 1 and our previous experimental
results (Ahmed, 2019), a total amount (6 g pot−1) of N fertilizer
was used as an optimal N amount in Exp. 2. 1.5 months old
Frontiers in Plant Science | www.frontiersin.org 352
seedlings of each poplar clone were separated into three groups
(60 seedlings per group): the control (CK) group: seedlings
without N addition during the growing season, (CF) group:
seedlings with a conventional N addition (by two times), and
(EF) group: seedlings with an exponential N addition (by six
times). On the first fertilization (June 20, 2018), N (3 g N pot−1

for CF, and 0.387 g pot−1 for EF; the N form of CH4N2O), P
(1.430 g pot−1; Ca(H2PO4)2.H2O), and K (0.133 g pot−1; K2SO4)
fertilizers were applied. Each amount of exponential N addition
was calculated on the formula Nt = Ns × (ert − 1) − N(t − 1)

(Hawkins et al., 2005), where Nt is the amount of N to be added
at time t for a given relative addition rate r, Ns the initial N
content in plant, and N(t − 1) is the cumulative amount of N added
up to and including the last fertilizer addition (Ingestad and Lund,
1986). Exponential N fertilization was conducted at an interval of
10 days (from June 20 to August 10, 2018), and conventional
fertilization was conducted on June 20 and July 20 in 2018,
respectively. Before sampling, non-destructive measurements
[shoot height (SH), basal diameter (BD), leaf area (LA), leaf
photosynthesis) were conducted. For the measurements of
organ metabolite concentration, key enzyme activity, and fresh
organ (leaves, stem barks, and roots), samples were separately
collected in growing seasons of the fertilizing year (on July 10, July
30, 2018) and post-fertilization year (May 24 and June 20, 2019),
respectively. Samples collected were stored immediately in fresh
boxes with ice packs. After washing with distilled water and
surface-drying, all samples were stored at −80°C for future use.

Growth Traits
In Exp. 1 and Exp. 2, SH and BD were measured using a ruler
and a vernier caliper, respectively. Leaf area (5th to 7th leaves
from the top) of each plant was calculated by a grid count
method. Fresh weight (FW) of plant organs was measured; dry
weight (DW) was measured after oven-drying at 90°C to a
constant mass. Absolute water content (AWC) of shoots was
calculated as described by Ghashghaie et al. (1992): AWC =
(FW − DW)/DW.

Gas Exchange Rates and Chlorophyll Index
In Exp. 1 and Exp. 2, photosynthetic parameters of the 5th–7th

fully-expanded leaves (from the top) were measured by using a LI-
6400 portable photosynthesis system (LI-COR Bioscience, Inc.,
NE, USA). Net CO2 assimilation rate (Pn), stomatal conductance
(gs), and transpiration rate (Tr) were determined at 380 ml.L−1

CO2, 65% RH, and 1,400 mmol.m−2.s−1 PPFD (photosynthetic
photon flux density). Measurements were performed in the
mornings between 9:00 a.m. and 11:00 a.m. Chlorophyll index
(SPAD value) of the midpoint of the 3rd–5th fully-expanded leaves
(from the top) was measured by a SPAD 502 Plus Chlorophyll
Meter (Minolta Camera Co., Osaka, Japan).

Leaf N Concentration and Utilization Efficiency
In Exp. 1, about 100-mg dried samples were treated by H2SO4–
H2O2 Kjeldahl digestion method. Total N was determined by an
indophenol method; the detailed procedures were described by
Ohyama et al. (1991). Photosynthetic N utilization efficiency
August 2020 | Volume 11 | Article 1271
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(PNUE) and transpiration-water N utilization efficiency
(WNUE) were calculated by the following equations:

PNUE = Pn=(N� DW=LA)

WNUE = Tr=(N� DW=LA)

Where DW is leaf dry weight (g), LA is leaf area (m2), N is
leaf N concentration (%), Pn is net photosynthetic rate
(mmol.m−2.s−1), Tr is transpiration rate (mmol.m−2.s−1).

Chlorophyll Fluorescence Variables
In Exp. 2, in the growing season of post-fertilization year (2019),
chlorophyll fluorescence parameters of poplar leaves were
measured using a portable fluorometer (M-PEA, Hansatech,
King’s Lynn, UK). Leaves were first dark-adapted for 30 min,
then exposed to a saturating red light pulse (650 nm, 3,000 mmol
photons.m-2.s-1) provided by an array of six light-emitting
diodes. Chlorophyll fluorescence variables were calculated
automatically in Handy PEA v 1.3 software (Hu et al., 2019).
CS: excited cross-section, RC: the reaction centers (RCs) of
photosystems; ABS/CSo: absorption flux per CS at t = 0, which
expresses antenna chlorophyll per CS, ABS/RC: absorption flux
per active RC, DIo/CSo: dissipated energy flux of PSII per CS at
t = 0, DIo/RC: dissipated energy flux per RC, ETo/ABS: quantum
yield of electron transport between the two photosystems, ETo/
CSo: electron transport flux per CS at t = 0, ETo/RC: electron
transport flux per active RC, Fo/Fv: the efficiency of the oxygen-
evolving complex (OEC) of PSII, RC/CSm: density of active RCs
of PSII per excited CS.

Free Amino Acids, Soluble Sugars, and
Soluble Proteins
In Exp. 2, fresh samples (about 100mg power) were hydrolyzed in
deionized water (1 ml); homogenates were transferred to a 1.5-ml
centrifuge tube and boiled at 95°C for 15 min, then cooled with
tap water. The tubes were then centrifuged at 8,000 × g at 4°C
(total free AAs) or 25°C (soluble sugars) for 10 min. For soluble
proteins, homogenate was centrifuged at 10,000 × g at 4°C for
10 min. Solution concentration was determined separately using
free AAs, soluble sugars, and soluble protein assay Kits (Comin
Biotechnology Co. Ltd, Suzhou, China) according to the
manufacturer’s instructions. Metabolite concentration was
calculated according to linear regression equations of the
standard curve.

Composition Analysis of Free Amino Acids

In Exp. 2, fresh samples (about 150 mg power) were hydrolyzed
in 1 ml deionized water. Samples were diluted and derivatized as
done by Gao et al. (2017). The combined supernatant was labeled
with iTRAQ reagents (API 20AA kit) and quantified by HPLC–
MS/MS (UltiMate 3000 [Thermo Fisher Scientific Inc., Waltham,
MA, USA]–API 3200 QTRAP [AB Sciex, Boston MA, USA])
using MSLAB HP-C18 column (150 mm long, 4.6 mm diameter,
5 mm particle size; Beijing Amino Acid Medical Research Co.).
The detailed information on parameters and operations was
described by Hu and Chen (2020).
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Tricarboxylic Acids
In Exp. 2, fresh samples (about 150 mg power) were hydrolyzed
in 1 ml deionized water. Then 50 ml solution was added to 200 ml
of methanol (containing the internal standards). After standing
for 1 min, samples were centrifuged at 13,000 × g at 4°C for
4 min. The supernatant was consequently collected and analyzed
by HPLC-MS/MS (Ultimate3000-API 3200 Q TRAP) with ESI in
negative ion mode. Chromatographic separation was conducted
on a MSLab HP-C18 column (150 °C 4.6 mm, 5 mm; a flow rate
of 1 ml·min−1; column temperature of 50°C). Two solvents,
solvent A (water with 2 mmol·L−1 ammonium formate) and
solvent B (acetonitrile with 2 mmol·L−1 ammonium formate),
were used as mobile phases. Elution was operated as described by
Gao et al. (2017). Mass spectrometry conditions were based on
the descriptions by Jin et al. (2016).

Free Polyamine Analysis
In Exp. 2, fresh samples (about 150 mg power) were hydrolyzed
in 1.5-ml 5% (w/v) perchloric acid. Samples were centrifuged at
15000 × g at 4°C for 30 min, and the supernatant was kept for
further analysis. Free polyamines (putrescine: Put, spermidine:
Spd, and spermine: Spm) and acetylated polyamines (A-Put,
A-Spd, and A-Spm) were determined by HPLC-MS/MS
(Ultimate3000-API 3200 Q TRAP) using a MSLab HP-C18
column (150 ×4.6 mm, 5 mm). The detailed measurements
were described by Hu et al. (2019).

Activity of Glycolate Oxidase and Catalase, and
H2O2 Concentration
In Exp. 2, the activity of key enzymes (CAT: catalase and GO:
glycolate oxidase) was separately assayed by using CAT and GO
assay kits (Comin Biotechnology Co. Ltd, Suzhou, China). The
detailed measurements were operated according to the
manufacturer’s instructions. Enzyme activity was calculated
based on the absorbance values and a standard curve.

Fresh samples (100 mg leaf powder) were mixed with 1 ml
acetone in ice bath. The homogenates were centrifuged at 8 000 × g
at 4°C for 10 min. The supernatant was determined by monitoring
the absorbance of the titanium–peroxide complex (binding
between Ti

4+ and H2O2) at 415 nm. The detailed measurements
were operated according to Zhao and Shi (2009).

Statistical Analyses
Normality of data distribution and homogeneity of variance were
first checked using the Shapiro–Wilk test and Levene’s test,
respectively. Logarithmic transformation was applied if data
did not meet the assumptions of normality and homogeneity
of variance. Two-way analysis of variance (ANOVA) followed by
Duncan’s test was used to examine the differences between
experimental treatments. Differences were considered significant
at P < 0.05. Non-parametric test (Kruskal–Wallis test) was applied
for data of logarithmic transformation that still did not meet
normality distribution and homogeneity of variance. Correlations
between the excitation energy fractions (such as ABS/CS and DIo/
CS) and polyamine or photorespiratory metabolic parameters
were estimated using Pearson’s correlation coefficient (r) at the
significant level of 0.05. The analyses were performed using Excel
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software (Microsoft Office Standard 2013, Microsoft, Redmond,
WA, USA) and IBM SPSS Statistics 20.0 (IBM Corp., Armonk,
NY, USA).
RESULTS

Leaf N Concentration and Utilization
Efficiency in Both Clones Under Different
N Supply Levels
N concentration significantly increased in fertilized compared to
unfertilized seedlings of both XQH and BC5 clones (Figure 1A).
Leaf N was significantly higher in seedlings of the BC5 clone
under N3 than under the other N-supply levels; in contrast, leaf
N was not different for the XHQ clone between N-supply levels.
N concentration was not statistically different between the two
clones under the unfertilized condition (CK) but was higher
in the XQH than in the BC5 clone under N2, N4, and
N5 conditions.

Pn was significantly higher for both clones under N3 and N4
compared to that under CK and under N5 (Figure 1B). Pn value
was not different between the two clones under CK and was
significantly higher in the XQH clone than in the BC5 clone
under N3, N4, and N5. PNUE and WNUE significantly
decreased in seedlings of both XQH and BC5 clones under N2
and N3 compared to that under CK. PNUE and WNUE were
Frontiers in Plant Science | www.frontiersin.org 554
higher for both polar clones under N4 than under the other N-
supply levels (Figures 1C, D). PNUE and WNUE were higher in
seedlings of XQH than of the BC5 clone under the same N-
supply level (except for N3).

Total Leaf Area, Shoot Dry Weight and
Absolute Water Content in Both Clones
Under Different N Supply Levels
Total LA significantly increased in seedlings of both XQH and
BC5 clones under the fertilized (except BC5 clone under N5)
compared to unfertilized conditions (Figures 2A, D). LA was
higher for the XQH clone under N2 (Figure 2A) or N4 (Figure
2D) and for the BC5 clone under N3 compared to the other N
supply levels. LA was significantly higher in seedlings of the
XQH than of the BC5 clone under N4 and N5 (Figure 2D).

Shoot DW was higher in both clones under fertilized (except
BC5 clone under N5) than unfertilized conditions (Figures 2B,
E). Shoot DW was significantly lower in the XQH than in the
BC5 clone under CK. Shoot DW was significantly different
between XQH and BC5 clones under the same N-supply level
in the second fertilization (Figure 2B) but not different in the
third fertilization (Figure 2E). Shoot AWC increased in both
poplar clones under the fertilized compared to unfertilized
conditions (Figures 2C, F). The AWC values decreased in the
third (Figure 2F) compared to the second fertilization (Figure
2C). Shoot AWC was significantly higher in the BC5 clone under
A B

DC

FIGURE 1 | Leaf N concentration (%, A), net photosynthetic rate (Pn, B), photosynthetic N utilization efficiency (PNUE, C) and transpiration-water N utilization
efficiency (WNUE, D) of two poplar clones (XQH and BC5) under different N-supply levels. CK: seedlings grown without N addition; N2, N3, N4, and N5: seedlings
grown with 2, 3, 4, and 5 g N (in form of urea) per plant, respectively. An accumulative amount of N addition is 0 (CK), 4 g (N2), 6 g (N3), 8 g (N4), and 10 g (N5) per
plant, respectively. The same lowercase letter above the error bars indicates no significant difference (p < 0.05; Duncan’s test).
August 2020 | Volume 11 | Article 1271

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Hu et al. Poplar Response to Soil Nitrogen Availability
N3 than under CK and N5 conditions. Shoot AWC was
significantly higher in the XQH than in the BC5 clone under N2.

Growth Performance of Two Poplar
Clones Under Conventional and
Exponential N Applications
Growth performances (SH, BD, and LA) were better for the XQH
and BC5 clones under fertilized than unfertilized conditions in
the growing season of fertilizing (2018) and post-fertilization
Frontiers in Plant Science | www.frontiersin.org 655
(2019) years. There were no differences in the growth parameters
of the XQH and BC5 clones between CF and EF treatments. SH
was significantly higher in the XQH than in the BC5 clone with
the same N supply in both fertilizing and post-fertilization years
(Table 1).

Leaf Pn significantly increased in fertilized compared to
unfertilized seedlings of the BC5 clones in the fertilizing (2018)
and post-fertilization (2019) years (Table 1). In contrast, leaf Pn
was higher in fertilized than in unfertilized seedlings of XQH
A

B

D

E

FC

FIGURE 2 | Leaf area (LA; A, D), shoot dry weight (DW; B, E) and absolute water content (AWC; C, F) of two poplar clones (XQH and BC5) under different N-
supply levels. CK: without N addition; N2, N3, N4, and N5: with 2, 3, 4, and 5 g N (in form of urea) per plant, respectively. (A–C) represented the accumulative
amount of N addition of 0 (CK), 4 g (N2), 6 g (N3), 8 g (N4), and 10 g (N5) per plant; (D–F) represented the accumulative amount of N addition of 0 (CK), 6 g (N2),
9 g (N3), 12 g (N4), and 15 g (N5) per plant. The same lowercase letter above the error bars indicates no significant difference (p < 0.05; Duncan’s test).
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clone only in the fertilizing year (2018). Leaf Pn was not different
for the two poplar clones between CF and EF treatments in the
years 2018 and 2019.

Leaf Soluble C and N Metabolites of Two
Poplar Clones Under Conventional and
Exponential N Applications
Free AAs concentration was higher, but SPs were lower in
fertilized than unfertilized seedlings of the XQH clone in the
years 2018 and 2019. Concentration of free AAs or SPs was
significantly different between CF- and EF-treated XQH clones
only in 2018. For the BC5 clone, free AAs concentration
significantly increased only in EF-treated seedlings compared
to CK in 2018 and 2019. SP concentration was significantly lower
in CF-treated seedlings (in 2018) and EF-treated seedlings (in
2019) than in CK.

SS concentration was significantly higher in fertilized than
unfertilized seedlings of the XQH and BC5 clones, without
difference between the CF and EF seedlings. OA concentration
was not different for the BC5 clone between treatments. OA
concentration was significantly higher for the XQH clone under
EF than CK condition.

Leaf Polyamines Content in Two Poplar
Clones Under Conventional and
Exponential N Applications
Put concentration was significantly higher in the EF seedlings
than in the control ones (for both XQH and BC5 clones) and CF
seedlings (only for XQH clone) (Table 2). Leaf Put was
significantly higher in the XQH than in the BC5 clone under
both CK and EF conditions. Concentrations of Spd and Spm
were not different for the XQH clone between treatments;
in contrast, Spm concentration was significantly lower in
the fertilized than in the unfertilized BC5 clones, without
difference between CF and EF treatment.

Acetylated Put concentration significantly increased in the
XQH clone under EF compared to CK and CF conditions; in
contrast, acetylated Spd and Spm were not different between
treatments. Acetylated polyamines were not different for the BC5
clone between treatments.

Chlorophyll Fluorescence Parameters of
Two Poplar Clones Under Conventional
and Exponential N Applications
Leaf Chl index of the XQH clone significantly increased
under the fertilized compared to unfertilized conditions,
without differences between CF and EF treatments (Table 3).
In contrast, leaf Chl was not different for the BC5 clone
between treatments.

For the XQH clone, ABS/CSo and DIo/CSo significantly
increased under EF compared to CK and CF conditions.
ETo/CSo was significantly higher in the fertilized than in
the unfertilized seedlings. In contrast, the above chlorophyll
fluorescence parameters were not different for the BC5 clone
between treatments. The PSII reaction center-based indexes
(ABS/RC, ETo/RC, and DIo/RC) were not different for the
T
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XQH clone between treatments; whereas the values of ABS/RC
and DIo/RC were significantly lower for the BC5 clone only
under CF (than CK) condition. RC/CSm was significantly higher
for both XQH and BC5 clones only under CF (than CK)
condition. ETo/ABS and Fo/Fv were not different for both
poplar clones between treatments.

Leaf Photorespiration of Two Poplar
Clones Under Conventional and
Exponential N Applications
Activity of GO significantly increased in leaves of XQH clone
under the fertilized compared to the unfertilized controls, with
significantly higher values under EF than CF conditions
(Table 4). In contrast, GO activity was not different in the
leaves of fertilized and unfertilized seedlings of BC5 clone.

H2O2 concentration was significantly lower in the XQH
and BC5 clones under EF compared to CK conditions, without
differencebetweenCFandEF treatments.CATactivity significantly
decreased in both clones under CF compared to CK and EF
conditions with a significant difference for the BC5 clone between
EF and CK conditions.

Glycine concentration was not different for the two clones
between treatments, with significantly higher values in the leaves
of the XQH than BC5 clone. Glycine-to-serine ratio significantly
increased in the XQH clone under EF compared to CF and CK
conditions. Glutamate-to-glutamine was lower in the CF-
than EF-treated XQH clone, without differences between
fertilized and unfertilized seedlings for both poplar clones. MA
concentration significantly increased in the fertilized compared
to the unfertilized seedlings of both clones.
DISCUSSION

Organic N fertilizers (such as urea) are commonly used in the
management of poplar seedlings. Organic N application
significantly improved poplar growth (Coleman et al., 2006;
Zhang et al., 2018). In our study, an interaction of the clone
and N supply was found significant in the growth performance of
poplar plants. Clone XQH performed better than BC5 under
N supply by exhibiting enhanced growth attributes and N
utilization. BC5 clone is more sensitive to N than XQH clone
(Figures 1 and 2). Leaf morphology and physiology are
Frontiers in Plant Science | www.frontiersin.org 857
significantly important in plant adaptation to alternations of
the environmental factors (including soil N availability). Under
N supply, increasing N allocation to leaves is an adaptive strategy
for plants to improve photosynthetic C and N use efficiency
(Perchlik and Tegeder, 2018). However, in our study, PNUE and
WNUE significantly decreased but N concentration significantly
increased in the leaves of both XQH and BC5 clones under
low N supply compared to the unfertilized control. This result
implies that the N allocated to the leaves may be used
preferentially for leaf expansion, which is indicated by a
significant increase of the leaf area. The storage N such as
nitrate and water-soluble proteins are the regulatory hub of
leaf expansion and photosynthetic capacity (Liu et al., 2018).
During leaf expansion, the storage N in the leaves are primarily
used for cell division and chloroplast development (Roggatz
et al., 1999). The N allocation strategy is applicable to our
results that low N supply (N2 or N3) increased N allocation to
the leaves, further stimulating leaf expansion. However, growth
inhibition occurred in the BC5 clone at high N supply (N5); this
may be due to the restrictions of root growth and N uptake as
well as subsequent N transport upward to shoots (White, 2012).

Soluble proteins and amino acids are considered major N
sources for leaf expansion. In general, leaf concentration of SPs
decreases along with leaf expansion (Liu et al., 2018). Our results
showed that leaf area significantly increased in the fertilized than
unfertilized seedlings of both XQH and BC5 clones, without
difference in leaf area between CF and EF (Table 1). Leaf AAs
and SPs are significantly different in the XQH clone under both
EF and CK conditions but not different under CF and CK
conditions in post-fertilizing year. There were no statistical
differences in the storage N in the seedlings of the BC5 clone
under conventional and exponential N additions in the post-
fertilizing year. Our results confirmed a higher continuity of
storage N utilized by poplar trees under exponential compared to
conventional N addition. Leaf level of the storage N is an effective
index in evaluating the real efficacy of different N application
(such as CF and EF) models. Compared to the storage N, the
growth parameters (such SH, BD, and shoot biomass) are
ineffectual in distinguishing the difference in poplar responses
to N-application patterns (Zabek and Prescott, 2007; and the
present study).

Polyamines are significantly important in the regulation of
cell division, protein synthesis, and other cellular processes in
TABLE 2 | Leaf free polyamines concentration (mg·g−1 FW) of two poplar clones (XQH and BC5) supplied with conventional (CF) and exponential (EF) N in the growing
season of post-fertilization year.

Poplar Treatment Polyamines Acetylated polyamines

Put Spd Spm A-Put A-Spd A-Spm

CK 0.53 ± 0.21b 0.15 ± 0.02b 0.60 ± 0.05c 0.05 ± 0.02b 0.16 ± 0.11a 0.27 ± 0.13a

XQH CF 0.69 ± 0.10b 0.17 ± 0.04b 0.61 ± 0.11c 0.09 ± 0.04b 0.17 ± 0.10a 0.30 ± 0.26a

EF 1.79 ± 0.91a 0.16 ± 0.03b 0.72 ± 0.07bc 0.13 ± 0.08a 0.31 ± 0.20a 0.29 ± 0.06a

CK 0.18 ± 0.08c 0.24 ± 0.06a 1.23 ± 0.44a 0.07 ± 0.05b 0.18 ± 0.11a 0.12 ± 0.07b

BC5 CF 0.44 ± 0.25bc 0.19 ± 0.04ab 0.89 ± 0.14b 0.08 ± 0.02b 0.22 ± 0.10a 0.13 ± 0.07b

EF 0.48 ± 0.20b 0.22 ± 0.06ab 0.89 ± 0.14b 0.11 ± 0.04ab 0.19 ± 0.13a 0.15 ± 0.06b
Augu
st 2020 | Volume 11
CK, seedlings without N application; Put, putrescine; Spd, spermidine; Spm, spermine; A, acetylated. Means with the same lowercase letter are not significantly different (p < 0.05;
Duncan’s test). (mean ± SD; n = 4).
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leaves (Nieves et al., 1998; Alcázar et al., 2010). The availability of
N influences the cellular PA biosynthesis in plants. For example,
cellular PAs (putrescine, spermidine, and spermine) significantly
decreased in plants (rice) under N deficiency compared to N
supply (Sung et al., 1995). Moreover, cellular PAs in the plants
(such as tobacco and poplar) were significantly affected by
supplemental N forms (e.g., the ratio of nitrate to ammonium
nutrition, Altman and Levin, 2006; the ratio of nitrite to nitrate,
Hu et al., 2019). Our results indicate that exponential additions
of the organic N (urea) significantly increased leaf Put
concentration of the XQH and BC5 poplar clones but
decreased leaf Spm of the BC5 clone. Putrescine is a central
metabolite of PA metabolism, closely linked with amino acids,
organic acids, and hormonal cross-talks (Hu and Chen, 2020). In
previous studies (e.g. Li et al., 2015), Put conversion to higher
PAs (such as Spd and Spm) is considered as an adaptive strategy
for the plants to environmental alterations. However, excess
accumulation of higher PAs in the cells may be toxic, at least
in part, to plasma membranes (Capell et al., 2004; Hu and Chen,
2020). Our results support the above view because light
absorption index (ABS/CSo) has a negative correlation with
Spm concentration (r = −0.80, p = 0.05; Figure S1), in contrast
to a positive correlation with Put concentration (r = 0.74, p =
0.09). Polyamine acetylation possibly through the conjugation
with hydroxycinnamic acids is another important mechanism in
the regulation of cellular PA level (Luo et al., 2009). Our results
confirmed the significant occurrence of PA acetylation
(acetylated Put in the XQH poplar clone with exponential N
addition; Table 2). We inferred that Put acetylation may be
implicated in dissipation of excess excitation energy captured by
light-harvesting complex II because of a significant positive
correlation between acetylated Put and the dissipated energy
flux (DIo/CSo; Figure S1). However, only the correlation
analysis is not adequate to confirm the correlations between
PAs and the photochemical processes. A systematic study
(through using PA-associated mutants and/or the inhibitors
or stimulators specially related to PA metabolism and
photochemical processes) or the direct evidence is needed to
confirm the close correlations and uncover the underlying
mechanisms in poplar response to changes of soil N availability.

In this study, photorespiration is responsive to organic N
additions, particularly for the XQH clone; leaf GO activity and
Gly/Ser ratio significantly increased under exponential compared
to conventional N additions. Photorespiration is significantly
important in the regulation of leaf C and N metabolisms through
the glyoxylate and glycine recycling (Wang et al., 2014), Glu-
involved metabolic pathways (i.e., the biosynthesis of proteins
and amino acids; Hu et al., 2019), and mitochondrial malate
dehydrogenase-mediated tricarboxylic acid cycle (Tomaz et al.,
2010). Photorespiratory N cycle [ammonia release through
glycine decarboxylation and reassimilation by chloroplastic
glutamine synthetase (GS2)] is significantly faster than
primary nitrogen assimilation (Keys et al., 1978). For the GS2-
deficient mutants, the inability to reassimilate photorespiratory
ammonium resulted in leaf accumulation of free ammonium
(e.g., tobacco; Oliveira et al., 2002), even the whole plant death
T
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(e.g., barley; Blackwell et al., 1987). The study by Oliveira et al.
(2002) has demonstrated a close correlation between the levels of
cytosolic GS1 and photorespiration and inferred that the efficiency
of reassimilation of photorespiratory ammonium was an important
factor determining NUE and plant growth (Oliveira et al., 2002).
Our study confirmed significant alternations of Gly-to-Ser ratio and
Glu-to-Gln ratio in poplar leaves when plants were subjected to
exponential (compared to conventional) N addition. However, a
direct link of photorespiration with NUE or plant growth is
unavailable in our results. A recent study using NO3

− as N source
reported the photorespiration-mediated stimulation on leaf CO2

assimilation (Busch et al., 2018); in contrast, under NO3
− deficiency,

both the photosynthetic and photorespiratory rates decreased. In
our study, leaf photosynthetic and photorespiratory levels are
significantly higher in the fertilized than the unfertilized poplar
clones. Several studies have demonstrated the importance of
photorespiration in regulating leaf allocation of excitation energy
in plants (such as Schima superba, Crytocarya concinna, and
Populus alba × Populus berolinensis) with N addition (e.g., Cai
et al., 2008; Hu et al., 2014). Our results showed significantly positive
correlations of photorespiration (GO activity) with light absorption
(ABS/CSo) and thermal dissipation (DIo/CSo) processes (Figure
S2). However, metabolomics and transcriptome experiments are
needed to uncover the real roles of photorespiration in complex
regulation networks in plant response to N addition.
CONCLUSIONS

Poplar growth is significantly reduced under the limitation of soil N
availability. Supplemental N application significantly stimulated
leaf expansion, photosynthetic C and N metabolisms, and shoot
growth. The efficacy of N supply largely depends on an interaction
of the clone and N application (a total N amount and a
conventional or exponential N model). The storage N (such as
AAs and SPs) may be significantly important in the regulation of
Frontiers in Plant Science | www.frontiersin.org 1059
leaf expansion in poplar adaptation to exponential N addition.
Allocation of excitation energy in photosystem II, the polyamines
(Put and the acetylated Put) and photorespiratory metabolism (GO
activity, Gly-to-Ser ratio, and Glu-to-Gln ratio) are implicated in
poplar response to soil N availability.
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Alcázar, R., Altabella, T., Marco, F., Bortolotti, C., Reymond, M., Koncz, C., et al.

(2010). Polyamines: molecules with regulatory functions in plant abiotic stress
tolerance. Planta 231, 1237–1249. doi: 10.1007/s00425-010-1130-0
Altman, A., and Levin, N. (2006). Interactions of polyamines and nitrogen nutrition in
plants. Physiol. Plant. 89 (3), 653–658. doi: 10.1111/j.1399-3054.1993.tb05229.x

Balasus, A., Bischoff, W. A., Schwarz, A., Scholz, V., and Kern, J. (2012). Nitrogen
fluxes during the initial stage of willows and poplars in short-rotation coppices.
J. Plant Nutr. Soil Sci. 175 (5), 729–738. doi: 10.1002/jpln.201100346

Beigbeder, A., Vavadakis, M., Navakoudis, E., and Kotzabasis, K. (1995). Influence
of polyamine inhibitors on light-independent and light-dependent chlorophyll
TABLE 4 | Leaf photorespiratory levels of two poplar clones (XQH and BC5) supplied with conventional and exponential N application in the first post-fertilization year.

Poplar Fertilization GO CAT H2O2 (mmol·g−1 FW) Gly (mg·g−1 FW) Gly : Ser Glu : Gln MA (mg·g−1 FW)

(nmol·min−1·mg−1 prot)

CK 0.46 ± 0.02d 0.47 ± 0.05bc 95.38 ± 5.46b 4.24 ± 0.24a 0.38 ± 0.04bc 34.90 ± 16.03ab 484.81 ± 18.04b

XQH CF 0.82 ± 0.10c 0.33 ± 0.03d 80.31 ± 5.12d 5.28 ± 1.44a 0.43 ± 0.05b 18.50 ± 6.58b 1014.43 ± 69.45a

EF 1.25 ± 0.22a 0.42 ± 0.05c 76.71 ± 7.74d 5.98 ± 1.56a 0.55 ± 0.09a 43.02 ± 0.26a 1103.63 ± 52.47a

CK 0.89 ± 0.09bc 0.85 ± 0.05a 126.15 ± 4.28a 2.70 ± 0.84b 0.25 ± 0.08d 28.73 ± 4.64ab 240.74 ± 66.99c

BC5 CF 0.82 ± 0.08c 0.31 ± 0.03d 125.10 ± 4.78ab 2.52 ± 0.41b 0.27 ± 0.07cd 33.74 ± 6.19ab 369.85 ± 98.38b

EF 1.07 ± 0.16ab 0.52 ± 0.06b 116.68 ± 6.76b 2.69 ± 0.82b 0.27 ± 0.08cd 27.06 ± 14.75b 281.60 ± 33.17b
Au
gust 2020 | Volume
CAT, catalase; Gln, glutamine; Glu, glutamic acid; Gly, glycine; GO, glycolate oxidase; H2O2, hydrogen peroxide; MA, malic acid; Ser, serine. Means with the same lowercase letter are not
significantly different (p < 0.05; Duncan’s test). (mean ± SD; n = 4).
11 | Article 1271

https://www.frontiersin.org/articles/10.3389/fpls.2020.01271/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.01271/full#supplementary-material
https://doi.org/10.1007/s00425-010-1130-0
https://doi.org/10.1111/j.1399-3054.1993.tb05229.x
https://doi.org/10.1002/jpln.201100346
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Hu et al. Poplar Response to Soil Nitrogen Availability
biosynthesis and on the photosynthetic rate. J. Photochem. Photobiol. B: Biol.
28, 235–242. doi: 10.1016/1011-1344(95)07113-G

Blackwell, R. D., Murray, A. J. S., and Lea, P. J. (1987). Inhibition of photosynthesis in
barley with decreased levels of chloroplastic glutamine synthetase activity. J. Exp.
Bot. 38, 1799–1809. doi: 10.1093/jxb/38.11.1799

Bloom, A. J. (2015). Photorespiration and nitrate assimilation: a major intersection
between plant carbon and nitrogen. Photosynth. Res. 123 (2), 117–281. doi:
10.1007/s11120-014-0056-y

Busch, F. A., Sage, R. F., and Farquhar, G. D. (2018). Plants Increase CO2 uptake
by assimilating nitrogen via the photorespiratory pathway. Nat. Plants 4 (1),
46–54. doi: 10.1038/s41477-017-0065-x

Cai, X. A., Sun, G. C., Zhao, P., and Liu, X. J. (2008). High-nitrogen and low-
irradiance can restrict energy utilization in photosynthesis of successional tree
species in low subtropical forest. Sci. China Ser. C 51, 592–603. doi: 10.1007/
s11427-008-0077-x

Capell, T., Bassie, L., and Christou, P. (2004). Modulation of the polyamine
biosynthetic pathway in transgenic rice confers tolerance to drought stress.
PNAS 101 (26), 9909–9914. doi: 10.1073/pnas.0306974101

Chen, D., Shao, Q., Yin, L., Younis, A., and Zheng, B. (2019). Polyamine function
in plants: metabolism, regulation on development, and roles in abiotic stress
responses. Front. Plant Sci. 9, 1945. doi: 10.3389/fpls.2018.01945

CloseI, D. C., Hunter, B. S., and Beadle, C. L. (2005). Effects of exponential
nutrient-loading on morphological and nitrogen characteristics and on after-
planting performance of Eucalyptus globulus seedlings. For. Ecol. Manage. 205
(1-3), 397–403. doi: 10.1016/j.foreco.2004.10.041

Coleman, M., Tolsted, D., Nichols, T., Johnson, W. D., Wene, E. G., and
Houghtaling, T. (2006). Post-establishment fertilization of Minnesota hybrid poplar
plantations. Biomass Bioenerg. 30, 740–749. doi: 10.1016/j.biombioe.2006.01.001

da Silveira Pontes, L., Louault, F., Carrère, P., Maire, V., Andueza, D., and
Soussana, J. F. (2010). The role of plant traits and their plasticity in the
response of pasture grasses to nutrients and cutting frequency. Ann. Bot. 105
(6), 957–965. doi: 10.1093/aob/mcq066

Dumroese, R. K., Page-Dumroese, D. S., Salifu, K. F., and Jacobs, D. F. (2005).
Exponential fertilization of Pinus monticola seedlings: Nutrient uptake
efficiency, leaching fractions, and early outplanting performance. Can. J. For.
Res. 35 (12), 2961–2967. doi: 10.1139/x05-226

Franklin, H., McEntee, D., and Bloomberg, M. (2016). “The potential for poplar
and willow silvopastoral systems to mitigate nitrate leaching from intensive
agriculture in New Zealand,” in Integrated Nutrient and Water Management
For Sustainable Farming. Eds. L. D. Currie and R. Singh (Palmerston North,
New Zealand: Occasional Report No. 29. Fertilizer and Lime Research Centre,
Massey University), 10 pages.

Gao, G., Clare, A. S., Rose, C., and Caldwell, G. S. (2017). Reproductive sterility
increases the capacity to exploit the green seaweed Ulva rigida for commercial
applications. Algal Res. 24, 64–71. doi: 10.1016/j.algal.2017.03.008

Ghashghaie, J., Brenckmann, F., and Saugier, B. (1992). Water relations and
growth of rose plants cultured in vitro under various relative humidities. Plant
Cell Tiss. Org. 30 (1), 51–57. doi: 10.1007/BF00040000

Gjerstad, D. H. (1975). Photosynthesis, photorespiration, and dark respiration in
Populus × euramericana: effects of genotype and leaf age. Retrospective Theses
Diss. pp, 5416.

Good, A. G., and Beatty, P. H. (2011). Fertilizing nature: A tragedy of excess in the
commons. PloS Biol. 9 (8), e1001124. doi: 10.1371/journal.pbio.1001124

Hallik, L., Kull, O., Niinemets, Ü, and Aan, A. (2009). Contrasting correlation
networks between leaf structure, nitrogen and chlorophyll in herbaceous and
woody canopies. Basic App. Ecol. 10 (4), 309–318. doi: 10.1016/j.baae.2008.08.001

Hart, Q. J., Tittmann, P. W., Bandaru, V., and Jenkins, B. M. (2015). Modeling
poplar growth as a short rotation woody crop for biofuels in the Pacific
Northwest. Biomass Bioenerg. 79, 12–27. doi: 10.1016/j.biombioe.2015.05.004

Hawkins, B. J., Burgess, D., and Mitchell, A. K. (2005). Growth and nutrient
dynamics of western hemlock with conventional or exponential greenhouse
fertilization and planting in different fertility conditions. Can. J. For. Res. 35,
1002–1016. doi: 10.1139/x05-026

Hooper, D. U., and Johnson, L. (1999). Nitrogen limitation in dryland ecosystems:
Responses to geographical and temporal variation in precipitation.
Biogeochemistry 46, 247–293. doi: 10.1007/BF01007582

Hu, Y. B., and Chen, B. D. (2020). Arbuscular mycorrhiza induced putrescine
degradation into g-aminobutyric acid, malic acid accumulation, and
Frontiers in Plant Science | www.frontiersin.org 1160
improvement of nitrogen assimilation in roots of water-stressed maize
plants. Mycorrhiza 30, 329–339. doi: 10.1007/s00572-020-00952-0

Hu, Y. B., Fernández, V., andMa, L. (2014). Nitrate transporters in leaves and their
potential roles in foliar uptake of nitrogen dioxide. Front. Plant Sci. 5, 360. doi:
10.3389/fpls.2014.00360

Hu, Y. L., Hu, Y., Zeng, D. H., Tan, X., and Chang, S. X. (2015). Exponential
fertilization and plant competition effects on the growth and N nutrition of
trembling aspen and white spruce seedlings. Can. J. For. Res. 45, 78–86. doi:
10.1139/cjfr-2014-0187

Hu, Y. B., Peuke, A. D., Zhao, X. Y., Yan, J. X., and Li, C. M. (2019). Effects of
simulated atmospheric nitrogen deposition on foliar chemistry and physiology
of hybrid poplar seedlings. Plant Physiol. Biochem. 143 (10), 94–108. doi:
10.1016/j.plaphy.2019.08.023

Hu, Y. B., Li, C. M., Jiang, L. P., Liang, D. Y., and Zhao, X. Y. (2020). Growth
performance and nitrogen allocation within leaves of two poplar clones after
exponential and conventional nitrogen applications. Plant Physiol. Biochem.
doi: 10.1016/j.plaphy.2020.06.053

Ioannidis, N. E., and Kotzabasis, K. (2007). Effects of polyamines on the
functionality of photosynthetic membrane in vivo and in vitro. Biochim.
Biophys. Acta 1767 (12), 1372–1382. doi: 10.1016/j.bbabio.2007.10.002

Ioannidis, N. E., and Kotzabasis, K. (2014). Polyamines in chemiosmosis in vivo: a
cunning mechanism for the regulation of ATP synthesis during growth and
stress. Front. Plant Sci. 5, 71. doi: 10.3389/fpls.2014.00071

Ioannidis, N. E., Cruz, J. A., Kotzabasis, K., and Kramer, D. M. (2012). Evidence
that putrescine modulates the higher plant photosynthetic proton circuit.
PLoSONE 7, e29864. doi: 10.1371/journal.pone.0029864

Jin, X. H., Huang, H., Wang, L., Sun, Y., and Dai, S. L. (2016). Transcriptomics and
metabolite analysis reveals the molecular mechanism of anthocyanin
biosynthesis branch pathway in different Senecio cruentus cultivars. Front.
Plant Sci. 7, 1307. doi: 10.3389/fpls.2016.01307

Kant, S., Bi, Y. M., and Rothstein, S. J. (2011). Understanding plant response to
nitrogen limitation for the improvement of crop nitrogen use efficiency. J. Exp.
Bot. 62 (4), 1499–1509. doi: 10.1093/jxb/erq297

Keys, A. J., Bird, I. F., Cornelius, M. J., Lea, P. J., Wallsgrove, R. M., and Miflin, B. J.
(1978). Photorespiratory nitrogen cycle. Nature 275, 741–743. doi: 10.1038/
275741a0

Kotakis, C., Theodoropoulou, E., Tassis, K., Oustamanolakis, C., Ioannidis, N. E.,
and Kotzabasis, K. (2014). Putrescine, a fast-acting switch for tolerance against
osmotic stress. J. Plant Physiol. 171, 48–51. doi: 10.1016/j.jplph.2013.09.015

Kotzabasis, K., Fotinou, C., Roubelakis-Angelakis, K. A., and Ghanotakis, D.
(1993). Polyamines in the photosynthetic apparatus. Photosynth. Res. 38, 83–
88. doi: 10.1007/BF00015064

Lea, U. S., Slimestad, R., Smedvig, P., and Lillo, C. (2007). Nitrogen deficiency
enhances expression of specific MYB and bHLH transcription factors and
accumulation of end products in the flavonoid pathway. Planta 225 (5), 1245–
1253. doi: 10.1007/s00425-006-0414-x

Li, J. Y., Dong, T. F., Guo, Q. X., and Zhao, H. X. (2015). Populus deltoides females
are more selective in nitrogen assimilation than males under different nitrogen
forms supply. Trees 29 (1), 143–159. doi: 10.1007/s00468-014-1099-6

Liu, T., Ren, T., White, P. J., Cong, R. H., and Lu, J. W. (2018). Storage nitrogen co-
ordinates leaf expansion and photosynthetic capacity in winter oilseed rape. J. Exp.
Bot. 69 (12), 2995–3007. doi: 10.1093/jxb/ery134

Luo, J., Fuell, C., Parr, A., Hill, L., Bailey, P., Elliott, K., et al. (2009). A novel polyamine
acyltransferase responsible for the accumulation of spermidine conjugates in
Arabidopsis seed. Plant Cell 21, 318–333. doi: 10.1105/tpc.108.063511

Nieves, N., Martinez, M. E., Blanco, M. A., González, J. L., Borroto, E., Lorenzo, J. C.,
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Perennial ryegrass (Lolium perenne L.) is a dominant species in temperate Australian
pastures. Currently, nitrogenous fertilizers are used to support herbage production for
pasture and fodder. Increasing the nitrogen use efficiency (NUE) of pasture grasses could
decrease the amount of fertilizer application and reduce nitrogen (N) leaching into the
environment. NUE, defined as units of dry matter production per unit of supplied nitrogen, is
a complex trait in which genomic selection may provide a promising strategy in breeding.
Our objective was to develop a rapid, high-throughput screeningmethod to enable genomic
selection for y -60NUE in perennial ryegrass. NUE of 76 genotypes of perennial ryegrass
from a breeding population were screened in a greenhouse using an automated image-
based phenomics platform under low (0.5 mM) and moderate (5 mM) N levels over 3
consecutive harvests. Significant (p < 0.05) genotype, treatment, and genotype by
treatment interactions for dry matter yield and NUE were observed. NUE under low and
moderate N treatments was significantly correlated. Of the seven plant architecture features
directly extracted from image analysis and four secondarily derived measures, mean
projected plant area (MPPA) from the two side view images had the highest correlation
with dry matter yield (r = 0.94). Automated digital image-based phenotyping enables
temporal plant growth responses to N to be measured efficiently and non-destructively.
The method developed in this study would be suitable for screening large populations of
perennial ryegrass growth in response to N for genomic selection purposes.

Keywords: perennial ryegrass, biomass, imaging, nitrogen use efficiency, phenomics
INTRODUCTION

Global population growth demands a continuing increase in the efficiency of agricultural production.
The application of nitrogenous fertilizers to crops and pastures can improve productivity, but also adds
to the cost of production whilst contributing to nutrient runoff and the emission of nitrous oxide, a
greenhouse gas, through denitrification. Global total nitrogen (N) consumption and average application
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rate on cropland increased more than eight times between 1961 and
2013 (Lu and Tian, 2017). The N nutrition of dairy pasture systems
in southern Australia relies almost completely on N fertilizer today
(Rawnsley et al., 2019). Therefore, the challenge remains of how to
achieve high production with less cost and lower environmental
impact. Several strategies have been identified that could reduce the
demand for N fertilizer in agriculture. For plant breeders, the
selection and breeding of plant cultivars that capture N and
convert it to protein more efficiently would offer considerable
benefit. Raun and Johnson (1999) demonstrated that a 1%
increase in nitrogen use efficiency (NUE) in cereal production
worldwide would result in US $235 million in savings from
reduced annual applications of N fertilizer in addition to the
environmental and social benefits.

NUE is known to be a complex quantitative trait and many
genes are involved including for nitrogen signalling, uptake,
transport/remobilization, and transcription factors (Han et al.,
2015; Liu et al., 2015; Li et al., 2017). For a quantitative trait,
genomic selection (GS) provides a promising strategy in breeding
(Hayes et al., 2013). However, GS depends on the availability of an
accurate and high-throughput phenotyping approach to be
successful, which has historically been a challenging bottleneck.
New technologies in image-based phenotyping are now allowing
researchers to overcome these experimental limitations.

Perennial ryegrass is a dominant species in temperate pastures. N
fertilizer greatly impacts perennial ryegrass growth, development and
chemical composition, which is related to herbage quality for grazing
livestock. A widely adopted application rate recommendation was
20–60 Urea-N kg ha-1 after grazing (Rawnsley et al., 2019).
Sometimes the rates are greater in more intensive systems (Gislum
et al., 2003; Gourley et al., 2017). Differences in NUE among
perennial ryegrass cultivars after defoliation were reported using
hydroponics (Wilkins et al., 1997) and field trials under variable N
application rates (Wilkins et al., 2000). The variation among cultivars
indicated selection and breeding for improving NUE via GS would
be possible. However, these researchers were working at the cultivar
level and only a limited number were tested whilst themethodologies
were not high throughput. Development of GS for improving NUE
in perennial ryegrass requires rapid and high-throughput effective
screening methods.

Plant phenotyping in controlled environments can be particularly
useful in studying different genotypes in response to specific
conditions and eliminating variation caused by other factors.
For the past decade, there has been increased research into
applying image-based high-throughput phenotyping in controlled
environments for different crops and traits (Das Choudhury et al.,
2019). Recently, an automated image-based system was used to
screen NUE for wheat varieties at the vegetative phase (Nguyen
et al., 2019). To date, there have been limited reports of using such
systems for forage grasses, where unique challenges exist due to
differences in plant architecture such as dense tillers, occlusion of
leaves, and regrowth after repetitive defoliation. Traditionally,
pasture grass response to N supply is measured as a biomass
yield by destructively harvesting the foliage. Non-destructive
measurements such as tiller count and leaf area estimates have also
been applied for perennial ryegrass. However, these measurements
Frontiers in Plant Science | www.frontiersin.org 263
still involve manual handling of plants and may cause inadvertent
damage. Automated digital image-based analysis offers a non-
destructive, high throughput, and less invasive option.

The objectives of this study were to develop an image-based
method for rapid NUE screening for perennial ryegrass and to
explore the genetic variation of NUE within an advanced
breeding population under low and moderate N levels.
MATERIALS AND METHODS

Plant Materials
Seventy-six perennial ryegrass genotypes from an advanced
breeding population were used in this study. Plants were initially
grown in a greenhouse in plastic pots (120 mm diameter) with
commercial potting mix (BioGrow Australia Pty. Ltd., Mount
Gambier, South Australia, Australia) at Agriculture Victoria,
Hamilton Centre, Hamilton, Victoria, Australia. Each plant was
propagated into 8 clonal ramets of 5 tillers each into forestry tubes
(50 × 50 × 120 mm) three weeks before setting up the experiment.
Plants were grown in the same greenhouse with temperature set to
22°C under ambient light conditions.

Imaging Greenhouse and Experiment
Design
The phenotyping experiment was conducted at Plant Phenomics
Victoria, Bundoora, Victoria, Australia, which is equipped with two
greenhouses containing a LemnaTec 3D Scanalyzer phenomics
platform (LemnaTec, GmbH, Aachen, Germany; Figure 1).

A randomized complete block design was used with two N levels
and four replicates. A total of 608 pots were laid out into 16 rows
with 38 pots per row. Each replicate consisted of four rows, i.e. two
rows for each of the low N and moderate N treatments. The 76
genotypes were randomly allocated within each of the treatment
rows. Two levels of N treatments were alternated between the rows.

Treatment and Growth Conditions
Plants were cut to 5 cm height at the commencement of the
experiment and transplanted into white 200 mm diameter pots
(catalogue P200E04, Garden City Planters Pty. Ltd., Dandenong
South, Victoria, Australia). Pots were filled with potting mix
containing coir peat, composted pine bark, composted sawdust,
SaturAid® (soil-wetting agent), lime, and gypsum (Australian
Growing Solutions Pty. Ltd., Tyabb, Victoria, Australia). No
nutrient components were added to the potting mix. Pots were
placed into carriers which were tagged with radio frequency
identification (RFID) chips for tracking and moved in the
greenhouse on the LemnaTec Scanalyzer 3D via a series of
conveyors to watering and imaging stations. Watering was
controlled programmatically and checked daily via weighing
scales, which allowed estimates of evapotranspiration to be
calculated for each individual pot (Ge et al., 2016). Plants were
grown in the greenhouse at 22°C for 16 h (day) and 15°C for 8 h
(night). Natural sunlight was supplemented with full-spectrum
light-emitting diode (LED) growth lights (Samsung, Seoul, South
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Korea) with an approximate photosynthetic photon flux of 600
µmol m-2 s-1 at canopy height when it fell below 500 µmol m-2 s-1.

Half-strength Hoagland solution (Hoagland and Arnon, 1950)
(100 ml) with modified N levels of 0.5 mM or 5 mM (Jiang et al.,
2016) was applied to each pot twice weekly. KNO3 and Ca(NO3)2
were used as nitrate sources in the solution. Potassium and calcium
levels were equalized across treatments by adding KCl and CaCl2
into the lesser N treatment solution (Jiang et al., 2016).

Image Acquisition and Analysis
Imaging was conducted twice a week via a series of visible-
spectrum (red-green-blue, RGB) cameras (Prosilica GT, Allied
Vision Technologies GmbH, Stadtroda, Germany) fitted with a
50 mm focal lens (T* 250 ZF, Carl Zeiss AG, Oberkochen,
Germany) and located within an imaging cabinet. RGB images
of each plant were taken from above (top view) and from the side
at two angles (0° and 90°). Plant images were analyzed using a
customized grid programmed within LemnaGrid software before
the plant architecture features (Table 1) were extracted. The
imagery data were treated as repeated measures.

The following derived volume estimations, which have been
reported correlated to biomass in maize (Klukas et al., 2014),
field pea (Nguyen et al., 2018) and wheat (Nguyen et al., 2019)
were calculated.

V = As:0∘ + As:90∘ + At

Vlemnatec =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
As:0∘ � As:90∘ � At

p

Vkeygene = As:0∘ + As:90∘ + log
At

3

� �

Where As.0° is the projected area from the 0° side view image,
As.90° is the projected area from the 90° side view image, and At is
the projected area from the top view image.
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Destructive Harvests and Nitrogen Use
Efficiency
The total duration of the experiment was 3 months. Three
manual cuts of individual plants were conducted at
approximately 4-week intervals and at 5 cm height from the
potting mix. Chronologically, the corresponding three regrowth
periods were defined as acclimation phase (AP), experimental
phase-1 (EP-1), and experimental phase-2 (EP-2). The fresh
biomass (FM) of plant material was measured and samples were
then dried at 60°C for 48 h and dry biomass (DM) was weighed.
The AP allowed plants to establish after transplanting and
acclimate to the experimental conditions, whilst also permitting
the consumption of any residual N from the root surface and
metabolization of excess N stored in the roots and crown to be
completed so that a proper assessment of the N treatments in EP-1
and EP-2 could be made.

NUE was calculated in both EP-1 and EP-2 as follows:

NUE =
DM(g)
NS(g)

where DM is the dry biomass, and Ns is the supplied N.
Seven applications of the nutrient solution were applied to

each pot during each of the experimental phases, which is
A

B

C

FIGURE 1 | Imaging greenhouse (A), a raw side-view image of a perennial ryegrass plant (B), and the processed image object from the raw image (C). The
diameter of the pots is 200 mm.
TABLE 1 | Features extracted from digital RGB images of perennial ryegrass plants.

Trait Unit Description

Area pixel Projected plant area from top or side view images
Calliper Length pixel The longest dimension of the projected canopy
Compactness A ratio of projected plant area to convex hull area
Convex Hull Area pixel Projected minimum area contained the object
Convex Hull
Circumference

pixel Circumference of the projected convex hull

Width pixel Projected maximum length horizontally
Height pixel Projected maximum length vertically
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equivalent to 4.9 mg N per pot in the low N treatment and 49 mg
N in the moderate N treatment. The application rate of 49 mg N
per pot is equivalent to approximately 20 kg/ha.

Plant Growth Analysis
Absolute plant growth rate (AGR) on DM (g d-1) in EP-1 and
EP-2 were calculated as average accumulated DM per day during
their respective growth periods. AGR on mean projected plant
area (MPPA, pixel d-1) from the two side view images was
calculated as follows:

AGR =
MPPA2 −MPPA1

t2 − t1

and relative growth rate (RGR) on MPPA was calculated as
follows:

RGR =
Ln(MPPA2) − Ln(MPPA1)

t2 − t1

where t2 and t1 were the respective finish and start time points of
a growth period, Ln(MPPA2) and Ln(MPPA1) was the natural
logarithm of MPPA at the time of t2 and t1 respectively. The RGR
results were given as per day (i.e. 0.2 d-1 is equivalent to 20%
increase in a day) (Poiré et al., 2014).

Statistical Analysis
Statistical analysis was conducted using GenStat v.18 (VSN
International, 2015). Linear mixed model analysis was conducted
using a restrictedmaximum likelihood (REML) approach in GenStat
where N treatment level, genotype and their interaction were fitted as
fixed factors and replicate as random factor. The best linear unbiased
estimations (BLUEs) of DM and NUE for each genotype under low
and moderate N levels were obtained from REML and plotted in
Microsoft Excel. Pearson’s correlation coefficient (r) between features
extracted from images and FM and DM were computed and plotted
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using the “PerformanceAnalytics” package in R statistical software
(version R-3.5.1) (R Core Team, 2017).
RESULTS

Perennial Ryegrass Genotype Response to
Different N Supplies
REML analysis showed that DM was significantly greater in
plants with moderate N compared to those with low N supply
(p < 0.001) in both EP-1 and EP-2 (Figure 2A). Different
genotypes within each treatment also showed a significant
difference in DM (p < 0.001) and the genotype by N treatment
interaction was also significant (p < 0.001). In contrast, NUE was
signicantly less in moderate N supply than that in low N supply
(p < 0.001) in both EP-1 and EP-2 (Figure 2B). Genotype effect
was significant for NUE (p < 0.001) in both EP-1 and EP-2 and
genotype by N interaction was also significant in EP-1 (p < 0.001)
and in EP-2 (p < 0.05).

There was significant variation among genotypes for DM and
NUE under both low and moderate N supplies (Table 2). The
estimates of NUE under low N supply were in a range of 61.7–476.5
and 72.4–353.1 g DM g-1 Ns in EP-1 and EP-2, respectively. The
population mean were significantly lower in EP-2. The estimates of
NUE under moderate N supply were in a range of 6.0–77.4 and
11.8–83.0 g DM g-1 Ns in EP-1 and EP-2, respectively. There was no
difference of population means between EP-1 and EP-2. In terms of
NUE, the best genotype was over 4 times and 7 times greater than
that of the worst geotype under low and moderate N supply,
respectively. The NUE variance in EP-1 was two-fold of that in
EP-2 under lowNwhilst the variance was no different between EP-1
and EP-2 under moderate N. The correlations of DM and NUE
between low and moderate N treatments were significant in both
EP-1 and EP-2 (Figure 3).
A B

FIGURE 2 | Box and whisker plots of dry biomass (A) and nitrogen use efficiency (B) in experimental phase-1 (EP-1) and experimental phase-2 (EP-2) under two
levels of N treatment (0.5 mM and 5 mM N).
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Relationships Between Features Extracted
From Images and Biomass of Perennial
Ryegrass Plants
The correlations between FM, DM, and the 7 plant architecture
features (Table 1) from side view and top view images are shown
in Figures 4A, B, respectively. All traits were significantly
correlated with varied correlation coefficients. Out of the 7
features, the projected plant area of the side view image
demonstrated the highest correlation with FM and DM. The
mean projected plant area (MPPA) from the two side view
images slightly improved the correlation with FM and DM
than a single image alone (Figure 5). The derived V, VLemnaTec

and Vkeygene were also highly correlated with FM and DM with
correlation coefficient of 0.947, 0.946, 0.954 and 0.933, 0.928 and
0.940, respectively. Vkeygene was as good as the MPPA. The plant
architecture features showed slightly higher correlations with FM
than with DM.

Temporal Dynamics of MPPA
Since the MPPA from the two side view images showed the highest
correlation with FM and DM, the temporal dynamics of MPPA
after defoliation were investigated under two N treatments for AP,
EP-1 and EP-2 (Figure 6). In AP, MPPA accumulation showed a
linear trend over time and there was no significant difference
between the two nitrogen treatment levels. In EP-1 and EP-2, MPPA
accumulation under the 5 mM N treatment was significantly faster
Frontiers in Plant Science | www.frontiersin.org 566
than those under 0.5 mMN treatment. Under the low N treatment,
MPPA continued to increase within 4 weeks of defoliation,
however, the accumulation of MPPA became much slower after
3 weeks and the limited N restricted plant growth. The absolute
growth rate (AGR) on MPPA increased in the first week after
defoliation and then decreased thereafter under both low and
moderate N (Figure 7). The relative growth rate (RGR) declined
sharply within the 3 weeks after defoliation then decreased
gradually thereafter.

The AGR on the DM basis was 0.046 and 0.092 g d-1 under
0.5 and 5 mMN in the EP-1 and 0.035 and 0.094 g d-1 in the EP-2.
AGR on the MPPA basis was 2555 and 4858 pixel d-1 under 0.5
and 5 mM N in EP-1 and 2310 and 5168 pixel d-1 in EP-2. Strong
correlations between AGR on DM and MPPA were observed in
EP-1 and EP-2 (Figure 8).
DISCUSSION

Automated Image-Based Phenotyping in
Controlled Environments
In this paper we describe the development of an automated
image-based phenotyping methodology to screen NUE in a
breeding population of perennial ryegrass.

Our results demonstrated that a LemnaTec Scanalyzer 3D
image-based greenhouse phenomics platform can be used to
A B

FIGURE 3 | Scatter plots of best linear unbiased estimates (BLUEs) of dry biomass (A) and nitrogen use efficiency (B) of 76 genotypes under two levels of N
treatment over the two experimental phases (Blue dots: EP-1; orange dots: EP-2). BLUEs were derived from the restricted maximum likelihood (REML) in GenStat
where genotype, N treatment and their interaction were fitted as fixed factors and replicate was fitted as random factor for each variate in each experimental phase.
TABLE 2 | Summary statistics of best linear unbiased estimations of dry biomass (DM) and nitrogen use efficiency (NUE) of 76 genotypes of a perennial ryegrass
breeding population under two levels of N in two experimental phases (EP-1 and EP-2).

N Level DM (g) NUE (g DM g-1 Ns)

Mean ± S.D. Range CV Mean ± S.D. Range CV

EP-1 0.5 mM 1.29 ± 0.446 0.30–2.34 0.35 263.3 ± 91.18 61.7–476.5 0.35
5 mM 2.60 ± 0.755 0.30–3.80 0.29 52.99 ± 15.34 6.0–77.4 0.29

EP-2 0.5 mM 0.95 ± 0.295 0.36–1.73 0.31 194.5 ± 60.22 72.4–353.1 0.31
5 mM 2.57 ± 0.720 0.58–4.07 0.28 52.31 ± 14.74 11.8–83.0 0.28
August 2020
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extract trait features from images as a reliable proxy for
numerous traits of interest in perennial ryegrass, including
NUE. The aim of this experiment was to quantify seven plant
architecture features and four derived measurements, which has
been amply demonstrated. In our study, the MPPA and Vkeygene

showed the highest correlations with FM (r = 0.95) and DM (r =
0.94). We also observed a strong correlation between digital
volume and FM, as has been shown by others in Brachypodium
(Poiré et al., 2014), sorghum (Neilson et al., 2015), field pea early
Frontiers in Plant Science | www.frontiersin.org 667
stage of growth (Nguyen et al., 2018), and wheat vegetative phase
(Nguyen et al., 2019). In perennial ryegrass, incorporating the
digital area from the top view image did not improve the
correlation with biomass yield via our MPPA metric. This may
be because the perennial ryegrass canopy structure appears
denser and more symmetrical when compared to wheat or
sorghum. The correlation between MPPA and FM was found
to be slightly greater than that between MPPA and DM. Greater
correlation between image based data with FM than with DM
A B

FIGURE 4 | The correlations between features from 0°-side view (A) and top view (B) images and fresh and dry biomass over the two experimental phases. FM,
fresh biomass; DM, dry biomass; CL, calliper length; CHA, convex hull area; CHC, convex hull circumference. In each panel, the diagonals are the histograms of
individual traits. The windows above and below the diagonals are Pearson’s correlation coefficients (r) and bivariate scatter plots with non-parametric regression
smooth lines, respectively. The asterisks are the statistically significant levels (***p < 0.001). Sample number = 1164.
A B

FIGURE 5 | Relationships between the mean projected plant area (MPPA) from 0° and 90°-side view images and fresh biomass (FM, A) and dry biomass (DM, B)
over the two experimental phases.
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FIGURE 6 | Accumulation of mean projected plant area (MPPA) from 0° and 90° -side view images in acclimation phase (AP) and experimental phase-1 (EP-1) and
phase-2 (EP-2) after defoliation. The error bar is the standard deviation of the mean for the group.
FIGURE 7 | Absolute and relative growth rate (AGR and RGR) over time on the mean projected plant area (MPPA) from the two side view images under two levels
of N treatment (0.5 and 5 mM) during experimental phase-1 (EP-1) and experimental phase-2 (EP-2).
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was also found in maize (Klukas et al., 2014). This may be
because the image features were based on living plants and
variation in moisture content in plants were not captured in
the RGB imagery. The correlation with DM may be further
improved by hyperspectral images by which water content can be
estimated (Ge et al., 2016). Furthermore, the features extracted
were based on 2D images; 3D reconstruction of plant may
provide a more accurate estimation (Gibbs et al., 2017).

Our results have demonstrated that we can use image-based
phenomics to quantify biomass accumulation and growth in
greenhouse-grown perennial ryegrass without the need for
destructive harvesting. The savings that this brings are considerable;
less labor is required to undertake research of this nature and results
can be obtained faster, effectively speeding-up breeding programs.

Breeding for improved NUE through GS may reduce the
amount of N fertilizer application required in the field, with the
environmental benefits that this would bring. Our approach
provides a useful tool for plant breeders and researchers. Given
the complexity of NUE, screening in controlled environments can
eliminate other confounding factors which would be impossible to
control in field trials, for example water, temperature, and other
mineral nutrients in the soil. Whilst field performance would
always be the best method for evaluating lines prior to commercial
release, our approach permits the screening of large numbers of
candidate lines and selecting those which show most promise
before field trials need to commence.

In perennial pasture, some of the nutrients stored in
underground organs will mobilize to the leaves following grazing
and regrowth. So, to screen perennial pasture plant responses to N
supply and NUE, an acclimation period is necessary. One growth
cycle of 4 weeks proved to be a suitable time for acclimation in
which plant growth response showed no difference between the N
treatment levels (Figure 6). Results from the two experimental
Frontiers in Plant Science | www.frontiersin.org 869
phases were consistent (Figures 6 and 7) which indicated good
repeatability under these experimental conditions.

NUE of Perennial Ryegrass
Perennial ryegrass response to N supply has long been of interest
to pasture agronomists. Early work showed the response of tiller
number, leaf number and leaf area, dry biomass increased along
with the increase of N application in field plots (O’Brien, 1960)
and sand pot culture (Luxmoore and Millington, 1971). It is as
expected that greater biomass production was observed under
the moderate N than that under low N (Table 2). However,
higher N application reduces NUE which is in agreement with
previous reports (Jiang et al., 2016). It was found that high plant
tissue N content was correlated with low NUE (Garcez and
Monteiro, 2016). This may be the primary reason why NUE
under moderate N were less than that under low N. Nevertheless,
significant variations identified within the breeding population
in the present study would be a resource for genomic selection.
Since the N concentration of herbage samples were not analyzed
in the present study, the differences in NUE attribute to uptake or
utilization was unknown.

Plant Growth
The automated phenotyping greenhouse allows images to be taken
within a time series and enables investigation of plant growth
response throughout the growth period without sacrificing
replicates for destructive harvest (Poiré et al., 2014). It is very
useful for outcrossing perennial pastoral grasses under repetitive
defoliation. The AGR on MPPA under moderate N supply were
almost double that under low N supply. This agrees with the AGR
on biomass production under those two N levels. It was reported
that greater biomass production under greater N was mainly from
increased tiller number and tiller size (weight). The temporal RGR
FIGURE 8 | Relationships between absolute growth rate (AGR) on the mean projected plant area (MPPA) from the two side view images and on dry biomass (DM)
during experimental phase-1 (EP-1) and experimental phase-2 (EP-2).
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pattern largely resembled the pattern in Brachypodium which
showed an initial decay phase in the first 3 weeks then became
more stable, representing the transition from an early exponential
growth stage to a late more linear growth stage (Poiré et al., 2014).

In summary, the NUE and plant growth response to N
application were assessed rapidly in a perennial ryegrass
breeding population under controlled greenhouse conditions. It
provides a tool to screen large populations for genomic selection.
The image-based system will be applicable for screening NUE for
perennial ryegrass and other comparable forage grasses.
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The accuracy of nitrogen (N) diagnosis is essential to improve N use efficiency. The
standard critical N concentration (standard Nc) dilution curves, an expression of the
dynamics of N uptake and dry matter accumulation in plants, are widely used to
diagnose the N status of crops. Several standard Nc dilution curves were proposed
and validated for several crops, based on experiments involving different N fertilizer
treatments. However, standard Nc dilution curves are affected by crop water status,
e.g., resulting from differences in irrigation management. This paper aimed at developing
a N diagnostic model under the coupling effect of irrigation and fertilizer managements.
For this purpose, Nc dilution curves were developed under different irrigation rates.
Additionally, plant water content (PWC), leaf water content (LWC), leaf area index
(LAI), equivalent water thickness (EWT), and leaf area duration (LAD) were introduced
into the model, to construct a modified Nc (mNc) dilution curve. The mNc dilution
curves were designed using the principle of hierarchical linear model (HLM), introducing
aboveground dry biomass (AGB) as the first layer of information, whereas the second
layer of information included the different agronomic variables (PWC, LWC, LAI, EWT,
and LAD). The results showed that parameters “a” and “b” of the standard Nc dilution
curves ranged from 5.17 to 6.52 and −0.69 to −0.38 respectively. Parameter “a” was
easily affected by different management conditions. The performance of standard Nc

dilution models obtained by the cross-validation method was worse than that of mNc

dilution models. The Nc dilution curve based on 4 years of data was described by
the negative power equation Nc = 5.05 × AGB−0.47, with R2 and nRMSE of 0.63
and 0.21, respectively. The mNc dilution curve considers different treatments and was
represented by the equation mNc = a×AGB−b, where a = 2.09 × PWC + 3.24,
b = −0.02 × LAI + 0.51, with R2 and nRMSE of 0.79 and 0.13, respectively. For
winter wheat, C3 crop, there would be a few problems in using standard Nc dilution
methods to guide field management, however, this study provides a reliable method
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for constructing mNc dilution curves under different water and N fertilizer management.
Due to the significant differences in hereditary, CO2 fixation efficiency and N metabolism
pathways for C3 and C4 crops, the construction of mNc dilution curve suitable for
different N response mechanisms will be conducive to the sustainable N management
in crop plants.

Keywords: water and nitrogen coupling effect, nitrogen nutrition index, plant water content, hierarchical linear
model, modified critical nitrogen dilution curve

INTRODUCTION

Nitrogen (N) is the element used in the largest quantity,
as chemical fertilizer in agricultural production, causing
environmental concerns worldwide (Reis et al., 2016). China
is the largest user of N fertilizers in the world (FAO, 2015).
Over-application of N fertilizers not only wastes tremendous
resources, but also threatens the health of the environment
(Wei et al., 2018). Rapid and accurate diagnosis of the N
status of crops is needed to improve its management and
achieve sustainable agricultural development goals in China and
worldwide, given the usually low efficiency of use of this element
in most cropping systems (Cassman, 1999). How to improve the
accurately of nitrogen diagnosis is one of the keys to alleviating
the environmental problems caused by an unreasonable N use.

The standard critical N (standard Nc) dilution curve has
been widely used to diagnose the N status of crops (Justes
et al., 1994; Lemaire and Meynard, 1997). The standard Nc is
defined as the minimum N concentration required to achieve
maximum growth at a certain aboveground dry biomass (AGB)
accumulation, which is expressed as Nc = a × AGB−b, where
the parameter “a” represents standard Nc for per 1 Mg AGB
ha−1, and parameter “b” is a statistical parameter governing the
slope of the relationship (Lemaire and Meynard, 1997). Different
approaches, in addition to the original one based on AGB (Nc-
AGB) (Justes et al., 1994), have been developed to derive the
standard Nc dilution curve, e.g., using the development stages
(Nc-stage) (Zhao et al., 2014), or the leaf area index (LAI)
(Ata-Ul-Karim et al., 2014b). As a practical tool for N status
diagnosis, the N Nutrition Index (NNI) was proposed, based
on the standard Nc model (Lemaire and Meynard, 1997) and
has become widely used on a range of different crops (Dordas,
2011; Caviglia et al., 2014; Huang et al., 2015). The NNI, as
established using agronomic data or remote sensing data, has
been applied to diagnose N status, recommend appropriate N
fertilizer inputs, predict the grain protein content, and estimate
yields (Xue and Yang, 2008; Gaju et al., 2014; Qu et al., 2017).
The standard Nc dilution model for winter wheat was first
established by Justes et al. (1994) and has been extensively applied
in many studies. However, the standard Nc dilution model
is strongly influenced by climate, topography, and agronomic
management in different regions (Ziadi et al., 2010; Yue et al.,
2012; Huang et al., 2018). Besides, the shape of the standard
Nc dilution curve is determined by allometric relationships
between N concentration and structural growth and metabolism,
which could vary across genotypes. Greenwood et al. (1990)
established independent standard Nc dilution models for species

with different carbon cycles. One model was for C3 species
(Nc = 5.7AGB−0.5: tall fescue, lucerne, potato, wheat, rape, and
cabbage) and another was for C4 plants (Nc = 4.1 × AGB−0.5:
sorghum and maize). Dry matter partitioning among different
plant organs affects the shape of the standard Nc curve (Kage
et al., 2002). Therefore the introduction of correction factors
taking into account these effects has been proposed (Ratjen and
Kage, 2016). Previous models have taken into account differences
in Nc dilution curves based on stem biomass, leaf biomass, LAI,
and spike biomass, although differences due to environmental
factors, such as crop water availability have been less investigated
(Ata-Ul-Karim et al., 2014a,b; Yao et al., 2014; Zhao et al.,
2016). Errecart et al. (2014) have shown that the critical N
dilution curve for tall fescue in water deficit conditions was lower
than the critical curve in irrigated conditions. Their conclusions
postulated that water limited plants should have an intrinsic
lower critical N concentration (for a similar biomass) than well-
watered plants. More recently, Kunrath et al. (2018) analyzed
more deeply N-water interactions for tall fescue and alfalfa by
using N dilution curves. They concluded that (i) water deficit
had a strong effect on both mineral N availability for grass
and N biological fixation for alfalfa; (ii) the reduction of water
transpiration efficiency of both grass and legume crop was strictly
proportional the reduction of their N status; and (iii) the ratio
N uptake/transpiration was a relevant estimator of the effect of
water-N interactions.

Practically, the effect of irrigation and fertilization on standard
Nc dilution curves was considered by constructing a piecewise
Nc model under different irrigation conditions (Rong and Nong,
2017). Pandey et al. (2000) analyzed water deficit effects on shoot
growth, N uptake and water extraction with varying level of N
supply. Their results showed that crops differ in their ability to
maintain AGB at different levels of water deficit and N supply.
Therefore, it seems worth considering the effect of water status on
the standard Nc dilution curve if different irrigation regimes are
used. Irrigation not only affects the availability of soil nitrogen,
but also affects N uptake, transport, and assimilation. Insufficient
water supply limits the efficient use of N, whereas excessive water
supply results in N leaching, increased N loss, and reduced crop
yields. Numerous studies have shown that the interacting effect
of water and N is a complex problem that affects crop growth
and development (Wang et al., 2015, 2018). Adequate N supply is
essential to utilize the benefits of additional water from rainfall
and irrigation. Conversely, adequate water supply is required
to use the benefits of N fertilization. The parameters “a” and
“b,” defined above, are therefore affected by both irrigation and
N rates. A significant issue is how to modify the standard Nc
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dilution curve, in order to include the information on water
status, e.g., considering irrigation volumes.

The hierarchical linear model (HLM) has been introduced
for the analysis of hierarchically structured data. It is a
statistically sound methodology with regression models that
explicitly take into account variability at different levels (Kuo
et al., 2000; Chakraborty et al., 2018). The model provides
an analytical method that resolves the complex interactions
of nesting in social, economic, and environmental contexts
(Hebblewhite and Merrill, 2008). Li et al. (2020) used the HLM
model to determine the protein content of grain under diverse
environmental conditions and obtained a higher accuracy than
linear regression models.

Leaf or stem water potential (ψ) (Meron et al., 1987), crop
water stress index (CWSI) (Idso et al., 1981), relative leaf water
content (Bowman, 1989; Hunt and Rock, 1989; Ceccato et al.,
2001) and other indicators are often used to characterize water
deficit status of plants. Pre-dawn or midday leaf water potential
measurements have been widely used to assess plant water status
(Meron et al., 1987; Donovan et al., 2001), but they are incredibly
impractical. There has been much interest in the CWSI as a
potential tool for water stress monitoring from remote platforms
(Cohen et al., 2005; Veysi et al., 2017). However, it requires
thermal infrared data, which are typically acquired at a lower
resolution than optical data. On the other hand, leaf (LWC) or
plant water content (PWC) can be obtained more easily from
optical remote sensing platforms (Ceccato et al., 2001).

Our objectives in this study were: (i) to investigate the effects
of different irrigation treatments on the standard Nc dilution
model for winter wheat, (ii) to construct modified Nc (mNc)
dilution models that include different agronomic variables, i.e.,
PWC, LWC, LAI, equivalent water thickness (EWT), and leaf
area duration (LAD), as correction factors; (iii) to validate
the standard Nc dilution model and the newly proposed mNc
dilution models using independent data.

MATERIALS AND METHODS

Experimental Design
Experiments were carried out during the 2013 to 2016
growing seasons at the Xiaotangshan Experimental site
(40◦11′31′′∼40◦11′18′′N, 116◦26′10′′∼117◦27′05′′E) in Beijing,
China. The soil was classified as heavy loam (FAO, 2015) with
15.3∼19.1 mg kg−1 organic matter, 8.21∼ 41.71 mg kg−1 nitrate-
N, 0.45 ∼ 8.20 mg kg−1 ammonium-N, 60.58 ∼ 109.61 mg kg−1

available potassium, and 3.14 ∼ 21.18 mg kg−1 available
phosphorus at 0 ∼ 30 cm soil depth. Precipitation data were
obtained from the European Center for Medium-Range
Weather Forecasts (ECMWF)1 (Figure 1). The ERA-Interim
data at 0.125◦ resolution has been proved to be reliable and
applied to the prediction of crop production (Poli et al., 2010;
Xu et al., 2020).

Data were obtained from four winter wheat growing seasons,
as summarized in Table 1. Experiment 1 was conducted during

1http://www.ecmwf.int/

FIGURE 1 | Precipitation at the experimental site during each growing season.

the 2012 ∼ 2013 growing season, using a randomized complete
block design with two replicates of two factors: N fertilizer and
wheat verities [Nongda211(P1), Zhongmai 175 (P2), Jing9843
(P3) and Zhongyou 206(P4)]. The N fertilizer treatments in
experiment 1 were as follows: (i) 0 kg N ha−1 (N1); (ii) 110 kg
N ha−1 (N2); (iii) 220 kg N ha−1 (N3), and (iv) 440 kg N ha−1

(N4). Experiments 2 and 3 were conducted during the 2013 ∼
2014 and 2014 ∼ 2015 growing seasons, using an orthogonal
design of L16(34), with three replicates and testing three factors:
N fertilizer rates, wheat varieties, and irrigation rates. The N
fertilizer treatments were as follows: (i) 0 kg N ha−1 (N1); (ii)
90 kg N ha−1 (N2); (iii) 180 kg N ha−1 (N3), and (iv) 270 kg
N ha−1 (N4). Irrigation rates in experiment 2 were 0 mm (W0),
146 mm (W1), and 292 mm (W2). Irrigation rates in experiment
3 included 0 mm (W0), 192 mm (W1), and 384 mm (W2).
Experiment 4 was conducted during the 2015 ∼ 2016 growing
season, using a randomized complete block design with three
replicates. N fertilizer was applied with the following rates: (i)
0 kg N ha−1 (N1), (ii) 90 kg N ha−1 (N2), (iii) 180 kg N ha−1

(N3), and (iv) 270 kg N ha−1 (N4). Wheat varieties included
Lunxuan 167 and Jingdong 18. Fertilizers included urea (46% of
N), superphosphate (12% of P2O5), and potassium sulfate (50% of
KCl). The N fertilizer was applied in two splits for all experiments:
50% as a basal application before sowing and 50% at the jointing
stage. For all treatments, sufficient P (45 kg P2O5 ha−1) and
K (75 kg KCl ha−1) fertilizers were incorporated into the soil
before sowing. Plot designs for the different growing seasons are
inconsistent with Xu et al. (2020).

Plant Sampling and Analysis
Twenty tillers of winter wheat plants per experimental plot were
randomly sampled at jointing, booting, anthesis and filling stages,
i.e., respectively, Zadoks stage (ZS) 31, 47, 65, 75 (Zadoks et al.,
1974), to determine AGB, PNC, PWC, LWC, LAI, EWT, and
LAD. The number of samples collected in each experiment is
reported in Table 1. The wheat samples collected were sealed in a
plastic bag. Upon returning from the field, leaves and stems were
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TABLE 1 | Experimental field information of each growing season.

Experimenta Season Sowing date Sampling period Zadoks stage No.a

Exp1 2012 ∼ 2013 27th September Jointing
Booting
Anthesis
Filling

31
47
65
75

48
48
48
48

Exp2 2013 ∼ 2014 4th October Jointing
Booting
Anthesis
Filling

31
45
65
75

48
48
48
48

Exp3 2014 ∼ 2015 7th October Jointing
Booting
Anthesis
Filling

31
47
65
75

48
48
48
48

Exp4 2015 ∼ 2016 27th September Jointing
Booting
Anthesis
Filling

31
47
65
75

24
24
24
24

a Exp and No. represent the experiment code (see text) and the number of samples, respectively.

separated and weighed. Samples were then packed in paper bags,
green-killed for 30 min at 105◦C, and dried at 80◦C to a constant
weight. Fresh AGB and dry AGB were calculated according to
the number of winter wheat stems per unit area during each
growth period. The formula for calculating PWC and LWC was
as follows:

PWC = (AGBfresh − AGB)/AGBfresh (1)

LWC = (AGBl−fresh−AGBl)/AGBl−fresh (2)

Where AGBfresh, AGB, AGBl−fresh, and AGBl represent the
fresh plant aboveground biomass, aboveground dry biomass,
fresh leaf biomass and dry leaf biomass, respectively.

The N content of leaves, stems, and spikes were determined
using the standard Kjeldahl method. PNC was calculated using
the following formula:

PNC(%) = (Nl × AGBl + Ns × AGBs + Np ×

AGBp)/(AGBl + AGBs + AGBe) (3)

Where Nl, Ns, and Np represent leaf N concentration, stem N
concentration, and panicles N concentration, respectively. AGBl,
AGBs, and AGBp represent dry leaf biomass, dry stem biomass,
and dry panicles biomass, respectively.

Leaf area was measured with a laser leaf area meter (CI-
203, CID Inc., Camas, WA, United States), and the calculation
formula of LAI is as follows:

LAI = LAm/n × T/A × 10000(n = 20) (4)

Where LAm, n, T, and A represent the leaf area of collected
wheat, the number of collected tillers, the number of tillers in the
survey area and the size of the survey area, respectively.

The calculation formula of leaf EWT and LAD is as follows:

EWT = (AGBl−fresh−AGBl) × LAm (5)

LAD = (LAI2−LAI1)/(T2 − T1) (6)

Where T and LAI represent time and leaf area index.

Critical N (Nc) Concentration Dilution
Curve
Standard Nc Model
With the standard Nc dilution curve approach, it is essential to
determine standard Nc points at which N fertilizer neither limits
plant growth nor enhances it. We used the same computational
procedures followed by Justes et al. (1994). A standard Nc point
was determined as follows: (a) the AGB and PNC under different
applied N rates were compared through the least significant
difference test (LSD) at the 95% level of significance (SPSS
Inc., Chicago. IL, United States). The N-limiting treatment
was defined as a treatment in which an additional N fertilizer
application led to a statistically significant increase in the AGB.
The non-N-limiting treatment was identified as a treatment in
which an additional N fertilizer application did not lead to a
significant increase in the AGB, but resulted in a significant
increase in the PNC. The AGB and PNC were used to determine
whether N treatments limited crop growth. A simple linear
regression was utilized to fit data from the N-limiting treatments.
For each sampling period, a critical point was defined as follows:
(a) the data of AGB and PNC were used to identify if a N
treatment limited the growth of the crop; (b) a simple linear
regression was used to fit data from the N-limiting treatments
(the oblique line); (c) The maximum AGB was calculated with
data from the non-N-limiting treatments as the average of the
observed data (the vertical line); (d) the Nc point corresponded
to the ordinate of the intersection point of the oblique and
vertical lines. Figure 2 is a schematic diagram of standard Nc
point selection procedure. The Nc points were then fitted using
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FIGURE 2 | Schematic diagram of standard critical N (Nc) concentration point
selection. The symbols (O) and (X) represent the data points for N-limiting
treatments and N-limiting treatments. The symbol (•) represents the calculated
standard Nc points.

a power regression equation to construct the standard Nc curve.
The standard Nc dilution curve is calculated as:

Nc = a × AGB−b (7)

Where “a” and “b” are parameters obtained by calibrating the
standard Nc dilution curve.

Modified Nc (mNc) Dilution Curve Under Different
Irrigation and N Rates
In the standard approach, parameters “a” and “b” are considered
as constant, regardless of different irrigation and fertilizer
treatments, although it is known that these factors influence
the parameters (Errecart et al., 2014). We propose here a
mNc dilution curve that allows parameters “a” and “b” vary
under different irrigation and fertilizer treatments, for a better
characterization of the N diagnosis. Other agronomic variable,
i.e., PWC, LWC, LAI, EWT, and LAD, are assessed to improve
the standard Nc dilution curve calculation.

The hierarchical linear model (HLM) was introduced for the
analysis of nested structured data (Lininger et al., 2015). It is
a statistically sound methodology with regression models that
explicitly consider variability at different levels. We followed
the common approach suggested in the literature (Lininger
et al., 2015) to build HLMs, considering the sources of
variation at two levels. At level 1, mNc varies over time as
a negative power function of a specific irrigation rate. The
change function describes the trajectory of standard Nc over
AGB and is characterized by a set of specific change parameters.
At level 2, these specific change parameters are viewed as
varying across irrigation treatments, possibly a function of
different agronomic variables. For the mNc dilution curve there
are two additional independent variables passed to the next
level in the HLM (Level-2) that again considered parameter
“a” and “b” as a function of agronomic variables. Therefore,
the parameters to be estimated for mNc dilution curve are
the four parameters in Level-2 (β1, β2, β3, and β4). The

HLM model parameters were obtained using optimization
algorithm in Matlab 2016 (Mathworks, Inc., Natick, MA,
United States) programming. The mNc dilution curve is
described as follows:

Level1 :mNc = a × AGB−b (8)

Level2 : a = β1 × f(AV1) + β2 (9)

b = β3 × f(AV2) + β4 (10)

Where β1, β2, β3, and β4 are the parameters to be estimated
of the mNc model, respectively. β1 and β3 represent slopes of
each agronomic variable. β1 and β3 represent the intercept. AC
represents one of the different agronomic variables tested. AC1
and AC2 are one of five agronomic variables (i.e., PWC, LWC,
LAI, EWT or LAD) randomly selected, respectively, including 25
combinations. Figure 3 shows a diagram of the methodologies
used to obtain the standard Nc and the mNc models.

Nitrogen Nutrition Index (NNI)
NNI is the ratio of the actual plant N concentration to the mNc
value for the corresponding biomass value. In order to verify the
N diagnostic function of mNc dilution curve, the corresponding
prediction NNI was calculated as:

NNI = PNC/mNc (11)

where NNI, PNC, and mNc represent nitrogen nutrition
index, plant N concentration and predicted critical nitrogen
concentration points using the mNc method, respectively.

Model Evaluation
To test whether there was a significant difference in the
regression relationships under different management conditions,
we examined the difference of regression coefficients using the
F-test (SPSS Inc., Chicago, IL, United States). We evaluated
model performance using the determination coefficient (R2) and
the normalized root mean squared error (nRMSE). These were
calculated as follows:

R2
= 1−

∑n
i=1(Yi − Y

′

i )/(n− p− 1)∑n
i=1
(
Yi − Y ′i

)2
/(n− 1)

(12)

RMSE =

√√√√ 1
n

n∑
i=1

(Yi − Y ′i )2 (13)

nRMSE = RMSE/mean(Y) (14)

Where, n, Y
′

i , Y i, and p represented the number of samples,
predicted value, measured value and the number of independent
variables, respectively.

Akaike information criterion (AIC) was used to find out
whether the mNc dilution curve, in which more parameters are
included, performed better than the standard Nc dilution curve.
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FIGURE 3 | Flow chart for standard Nc dilution model (A) and the mNc dilution model (B). AGBlim and PNClim represent AGB and PNC corresponding to N limitation
plots, respectively. AGBnon and PNCnon represent AGB and PNC corresponding to non-N -limitation plots, respectively. The k1 and k2 were parameters obtained by
calibrating PNClim with AGBlim.

The AIC value is closely related to L and K value. Among them,
the smaller the K value is, the more concise the model is, and the
larger the L value is, the more accurate the model is. The general
equation is (Bartholomeus, 1987):

AIC = (−2 L + 2K)/n (15)

L = (n/2) × ln(2 × PI)− (n/2) × ln(SSe/n)− n/2 (16)

Where L and K represent log-likelihood function and the
numbers of estimated parameters, respectively. The PI, Sse and
n represent circular constant, residual sum of squares and the
samples number, respectively.

RESULTS

Standard Nc Dilution Curve for Winter
Wheat
According to the standard Nc dilution theory, the Nc dilution
curve divides the data points into three categories: N-limited
status below the curve, N-excess states above the curve, and N
optimum close to the curve. The average standard Nc dilution
curve based on all the data pooled together could be characterized
by the negative power equation Nc = 5.05×AGB−0.47, with R2

and nRMSE, of 0.63 and 0.21. However, using the standard Nc
dilution curve, there was a large variability depending on the
year and water availability conditions (Figure 4A). Additionally,
it is known that in water limited conditions (W0) the N uptake
is also affected (Kunrath et al., 2018), thus the estimation of

standard Nc dilution curve is influenced by uncertainty and
possibly underestimated.

Figure 4B represents the nRMSE between the value of selected
points using the standard Nc method and the predicted Nc
value using the average standard Nc dilution curve. It shows
greater nRMSE values for the most diverse irrigation conditions.
The average standard Nc dilution curve overestimated or
underestimated the data from 2013 to 2015 W0 and 2012 to 2013
respectively, greatly impacting the N status assessment, needed
e.g., to carry out reasonable N applications in the field.

Instead, when specific Nc dilution curves were developed
for the different treatments, i.e., developing different models
for each experiment, significant differences in the parameters
“a” and “b” were found (Figure 5). The parameter “a” ranged
from 5.17 to 6.52, whereas parameter “b” ranged from −0.69
to −0.38 (Table 2). Standard Nc models based on different
water management conditions showed better performances, with
ranges of R2 and nRMSE respectively of 0.78 to 0.96 and 0.03 to
0.20. The value of parameter “a,” i.e., the Nc for an AGB of 1 Mg
ha−1, obtained from the 2012–2013 and from the 2013–2015
non-irrigated data (W0) data was significantly different from
that derived from all the other experiments. In general, whereas
parameter “a” was significantly different among the experiments,
there was no significant difference in parameter “b.”

Agronomic Variables of Winter Wheat
Under Different N Fertilizer and Irrigation
Treatments
In order to further analyze the coupled effect of irrigation
and fertilizer management on different agricultural variables,
we examined their differences in different growth periods
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FIGURE 4 | Standard Nc dilution curve (A) during different growing seasons and nRMSE values using standard Nc method (B). 2012∼2013 and 2015∼2016
represent different winter wheat growing seasons. W represents irrigation treatments.

FIGURE 5 | Matrix of significant differences among parameters “a” (A) and “b” (B) of standard Nc dilution curves obtained separately for the different experiments.
A significant level P < 0.05 and P < 0.01 is indicated by the symbol * and **, respectively. W represents irrigation treatments.

under irrigation and fertilizer management, using the LSD
methodology. The results of the differences (P-values) between
separate management on the agronomic variables considered are
reported in Table 3. There was significant (P < 0.05) influence
of management on LAI at jointing, booting and anthesis stages
under different irrigation and N rates, but not in the filling stage.
There was no significant influence of irrigation or fertilization
treatments on PWC, LWC, EWT, and LAD.

The mNc Dilution Curve
A mNc dilution model was constructed employing agronomic
variables as an additional layer of information for the different

treatments. Figure 6 presents R2 and nRMSE of the mNc dilution
curve using calibrated sets. Compared to the standard method, all
the mNc dilution models obtained better performances. During
Exp1.3.4, Exp2.3.4, Exp1.4, and Exp2.4, the mNc models using
PWC and LAI, representing parameter “a” and “b,” obtained best
performance with R2 of 0.78, 0.86, 0.88, and 0.88 and nRMSE
of 0.16, 0.12, 0.11, and 0.11, respectively. During Exp1.2.3,
Exp1.2.4, and Exp1.3, the mNc models using LAI and LAD,
representing parameter “a” and “b,” obtained best performance
with R2 of 0.76, 0.76, and 0.76 and nRMSE of 0.16, 0.15, and 0.16,
respectively. During Exp1.2 and Exp2.3, the mNc models using
LAI and LAI, representing parameter “a” and “b,” obtained best
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TABLE 2 | Parameters of the standard Nc dilution curve for winter wheat obtained
in the different experiments.

Treatments Irrigation rates a b R2 nRMSE

2012∼2013 187 mm 5.17 −0.38 0.78 0.12

2013∼2015: W0 25 mm 5.19 −0.69 0.96 0.05

2013∼2014: W1 171 mm 5.86 −0.54 0.86 0.14

2013∼2014: W2 317 mm 6.52 −0.62 0.95 0.03

2014∼2015: W1 217 mm 5.35 −0.51 0.85 0.04

2014∼2015: W2 409 mm 5.30 −0.48 0.64 0.20

2015∼2016 180 mm 6.33 −0.58 0.91 0.09

W represents different irrigation treatments.

TABLE 3 | P-value between irrigation and N rates on PWC, LWC, LAI, EWT, and
LAD.

Jointing stage
ZS = 31

Booting stage
ZS = 45

Anthesis
stage ZS = 65

Filling stage
ZS = 75

PWC 0.44 0.74 0.65 0.99

LWC 0.56 0.99 0.95 0.98

LAI 2.71 × 10−2* 0.04* 3.00 × 10−3* 0.76

EWT 0.99 0.98 0.99 0.80

LAD 0.53 0.17 0.58 0.68

A significant level P < 0.05 is indicated by the symbol*. PWC, plant water content;
LWC, leaf water content; LAI, leaf area index; EWT, equivalent water thickness;
LAD, leaf area duration; ZS, Zadoks stage.

performance with R2 of 0.75 and 0.92 and nRMSE of 0.15 and
0.09, respectively.

We selected the model using PWC and LAI, representing
parameter “a” and “b” respectively, for further analysis. Although
this model did not have the highest R2 across all experiments,
the nRMSE was always quite low. The relationship between
measured mNc and predicted mNc using validation sets is
shown in Supplementary Figure S1. The mNc dilution models
from the corresponding calibration sets, achieved a satisfactory
performance with nRMSE range of 0.11 to 0.23 on the
validation sets.

Nitrogen Nutrition Index Based on mNc
Dilution Curve
In order to have a unique model for all the experiments and
to evaluate its effectiveness in N diagnosis, we constructed
the standard Nc dilution model and the mNc dilution
model with all the data and compared their performance
(Figure 7). The standard Nc dilution model was expressed
as Nc = 5.05 × AGB−0.47, with R2 and nRMSE of 0.63
and 0.21. The mNc dilution curve was represented by the
equation mNc = a×AGB−b, where a = 2.09 × PWC + 3.24,
b = −0.02∗LAI + 0.51, with R2 and nRMSE of 0.79 and
0.13, respectively.

Our results showed that NNI decreased with the declining rate
of N application, and NNI was significantly different at different
growth periods (Figure 8). NNI values were less than 1 for N1
treatments for both the calibration and the validation set. NNI
values of N2 treatments and N3 treatments were close to 1,
indicating that these treatments were optimal for winter wheat.
NNI values of N4 treatments were almost always greater than 1.

FIGURE 6 | The determination coefficient (A) and the normalized root mean squared error (B) between all possible mNc dilution models. The values of ordinates are
composed of two agronomic parameters (API-AP2) (see Eqs. 9 and 10). API and API represent coefficients “a” and “b,” respectively.
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FIGURE 7 | Relationships between measured standard Nc and predicted standard Nc using a unique standard Nc method (A) mNc method (B) for all the
experiments.

FIGURE 8 | Changes in the N nutrition index on mNc dilution curve at different growth period. (A) 2012 ∼ 2013, (B) 2013 ∼ 2014, (C) 2014 ∼ 2015,
(D) 2015 ∼ 2016.

These results illustrate that NNI based on the mNc dilution curve
can be used as a more robust diagnostic tool for N status of winter
wheat as compared to the standard methodology.

Since the mNc dilution model, employs more parameters
than the standard methodology, the AIC was calculated
to assess differences in terms of how concise the models
are considering the number of parameters (Table 4). The

results showed that the AIC index of mNc dilution model
was lower than standard Nc dilution model, even after
additional input variables were added in the mNc dilution
model, which further confirmed that the mNc dilution model
is a more efficient model in addition to being a better
predictor for different irrigation rates than the standard
Nc dilution model.
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TABLE 4 | Predicting AIC value of Nc and mNc for winter wheat.

SSe K L AIC

Nc 19.25 −186.86 2 3.43

mNc 9.311 −146.92 4 2.74

DISCUSSION

Critical Nitrogen Dilution Curves in
Wheat
The standard Nc dilution curve of winter wheat was expressed
using the negative power relationship between AGB and PNC
in this paper. The developing morphology of tissues and organs,
the N proportion and the internal physiological mechanisms of
winter wheat at different growth stages may result in declining
PNC (Kage et al., 2002). Figure 9 showed the contribution of dry
stem matter toward total plant dry matter is significantly higher
than that of leaf dry matter. The main components of winter
wheat stems are carbohydrates such as cellulose, hemicellulose,
and lignin, which results in a lower N concentration in stems.
The stem standard Nc dilution curve and the plant standard
Nc dilution curve are shown in Figure 9A. Similar results were
achieved by Ata-Ul-Karim et al. (2014a), when they analyzed the
crop model of rice stems and plant standard Nc. Future studies
will consider the ratio of carbon and N and material distribution
in plants to further explore the standard Nc dilution curve.

The parameters of the standard Nc dilution curve under local
irrigation management established in this paper were different
from those of predecessors, as shown in Figure 9B. The standard
Nc dilution curves in the current study were lower than that of
Justes et al. (1994). The reasons for this discrepancy could be

related to a relatively longer growing period and more favorable
weather conditions (lower spring temperature and more rainfall)
in Europe. Higher temperatures will reduce the growth days,
which give winter wheat less time to accumulate N in AGB.
However, the standard Nc dilution curves in this study were
similar to the curve constructed by Yue et al. (2012). In that
study, the two experimental sites were both located in the North
China Plain which has a continental monsoon climate. Therefore,
climatic conditions may possibly explain some differences in
standard Nc dilution curves. The standard Nc dilution curve
in this study was constructed for different irrigation rates,
varieties, and N rates. In future studies, more dataset from
different ecological sites should be introduced to improve the
universality of the model.

The mNc Dilution Curve for Winter Wheat
Based on HLM Model
Figure 3A showed that the standard Nc value at the same biomass
level was different under different treatments. In this study, the
effects of irrigation and N rates on standard Nc dilution curves
were analyzed using rain-fed, moderate, and excessive irrigation
treatments, but the effects of water on the internal structure
and physiological mechanisms of crops were not investigated.
Subsequent studies may further explore the duration of irrigation,
irrigation frequency, and irrigation gradient. Based on the above
results, standard Nc value was affected not only by N rates,
but also by irrigation rates. The standard Nc dilution model
(Figure 4B) overestimated Nc value for the 2013 ∼ 2014 rainfed
(W0) condition, but underestimated predicted Nc value in
2012 ∼ 2013. The Nc dilution curves constructed in this paper
under different irrigation conditions were all a negative power
type, but there were some differences among the parameters.

FIGURE 9 | Comparison of standard Nc dilution curves for different plant organs (A) and produced by different studies (B). Blue line represents the standard Nc

dilution curve of Justes et al. (1994) (Nc=535×AGB0.44). Brown line represents the standard Nc dilution curve of Yue et al. (2012) (Nc=4.15×AGB−0.38). Black line
represents the standard Nc dilution curve of the current study [2013 ∼ 2014 (Wl): Nc=5.35×AGB−0.53]. Red line represents the standard Nc dilution curve of the
current study (2014 ∼ 2015: Nc=5.30×AGB−0.50).
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Parameter “a” and “b” under different treatment were dissimilar.
As shown in Figure 5B, the parameter “a” of different
management had a significant difference. There was no
significant difference for parameter “b” under most treatments.
Therefore, different management was shown to affect mainly
parameter “a”. The reason for the above results maybe
that parameter “a” represents standard Nc for 1 t AGB
ha−1. This biomass value might be occurring at different
stages for different irrigation treatments. Instead, parameter
“b” is a statistical parameter governing the slope of the
relationship (Ziadi et al., 2008). While an appropriate level
of irrigation is conducive to improving N absorption rate,
excessive irrigation accelerates N leaching and reduces fertilizer
efficiency (Sandhu et al., 2000). Therefore, this paper argues
that the standard Nc dilution curve could be inaccurate
for field management under the coupling effect of water
and N fertilizer. The validation results in this paper also
proved these problems.

This paper proposed a standard mNc dilution model under
different N and irrigation management using different agronomic
variables. Plant water provides a medium for enzymatic
reactions and is also the raw material of photosynthesis.
Plant water directly or indirectly affects the accumulation
of plant material (Evans, 1989). In addition, LAI has a
strong correlation with photosynthesis and respiration. Ata-
Ul-Karim et al. (2014b) demonstrated that the Nc dilution
curve as a function of LAI efficiently identified the N-limiting
and non-N-limiting conditions. In addition, through the
analysis of variance of multiple factors, different irrigation
and fertilization treatments have a significant influence
on LAI, but not on PWC. These results were similar to
the results of significant differences of parameter “a” and
parameter “b.” Therefore, it is feasible to express parameter
“a” and parameter “b” using PWC and LAI, respectively.
Both parameters are affected concurrently by water and
N and show a decline ontogenically (Thornton et al.,
1999), so they have a strong interaction with the critical
dilution curve. However, in the present work they turned
out to be useful for the improvement of the estimation
of the mNc dilution curve across years and experiments.
Moreover LAI and PWC can be readily estimated from
remote sensing (Ceccato et al., 2001; Upreti et al., 2019),
it has great potential in promoting large-scale N status
monitoring.

The accuracy of nitrogen diagnosis is vital to improve
N use efficiency. The mNc dilution model created in this
study has more advantages in N diagnosis than standard LAI
dilution model. In this paper, C3 crop, which has different N
metabolism pathway and characteristics from C4 crop (Oaks,
1994; Bräutigam et al., 2014), the standard Nc dilution curves
of C3 and C4 counstructed by Greenwood et al. (1990) also
had significant differences. In order to improve N use efficiency,
it is necessary to further construct mNc dilution curve by
combining N absorption, transport and signal transduction
functions and regulatory mechanisms. This study was based

on field-scale agronomic data for analysis and verification
and did not address mNc dilution curve over considerable
areas. In order to establish a real-time, widely-applicable LAI
diagnosis model, an appropriate N diagnosis model should
be established under multiple cultivation modes, data sources,
and scales.

CONCLUSION

The accuracy of nitrogen diagnosis is vital to improve nitrogen
utilization efficiency. It was shown that the standard LAI
dilution curve could not be accurate across year under variable
irrigation regimes. The PWC and LAI could be used to modify
the standard Nc dilution curve by integrating the effect of
water and N fertilizer. Under different management conditions,
parameter “a” is more affected than “b.” The mNc dilution
curve considers different treatments and is represented by the
equation mNc = a×AGB−b, where a = 2.09 × PWC + 3.24,
b = −0.02 × LAI + 0.51, with R2 and nRMSE of 0.79 and
0.13, respectively. We conclude that the N diagnostic approach
developed in the present study provides a new procedure and an
easy alternative tool to assess plant N status for guiding precision
N management during the vegetative growth period.
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Nitrogen Utilization for Summer
Maize (Zea mays L) by Combining the
Effects of Varying Nitrogen Fertilizer
Input and Planting Density in DSSAT
Simulations
Hao Ren1†, Zhenhai Li2†, Yi Cheng1, Jibo Zhang3, Peng Liu1* , Rongfa Li1,
Qinglong Yang1, Shuting Dong1, Jiwang Zhang1 and Bin Zhao1*

1 State Key Laboratory of Crop Biology, College of Agronomy, Shandong Agricultural University, Tai’an, China, 2 Beijing
Research Center for Information Technology in Agriculture, Beijing Academy of Agriculture and Forestry Sciences, Beijing,
China, 3 Shandong Climate Center, Jinan, China

In China, the most common grain crop is maize (Zea mays). The increasing pressure to
meet the food demands of its growing population has pushed Chinese maize farmers
toward an excessive use of chemical fertilizers, a practice which ultimately leads to
a massive waste of resources and widespread environmental pollution. As a result,
increasing the yield and improving the nitrogen (N) use efficiency of maize has become
a critical issue for agriculture in China. This study, which analyzes the combined data
from a simulation carried out using the Decision Support System for Agrotechnology
Transfer (DSSAT), a field experiment, and a household survey, explored the effectiveness
of several approaches aimed at narrowing the maize yield gap and improving the
N utilization efficiency in the Huang-Huai-Hai Plain (HHHP), the most important area
for the production of summer maize in China. The various approaches we studied
deploy different methods for the integrated management of N fertilizer input and the
planting density. The study produced the following results: (1) For the simulated and
actual maize yields, the root mean square error (RMSE), the normalized root mean
squared errors (NRMSE) and the index of agreement (d) were 1,171 (kg ha−1), 12%
and 0.84, respectively. These results show that the model is viable for the experiment
included in the study; (2) The potential yield was 15.58 t ha−1, and the yields achieved
by the super-high-yield cultivation pattern (SH), the optimized nutrient and density
management pattern (ONM), the simulated farmer’s practice cultivation pattern (FP) and
actual farmer’s practice (AFP) were 11.43, 11.06, 10.33, and 7.95 t ha−1, respectively.
The yield gaps associated with the different yield levels were large; (3) For summer
maize, the high yield and a high N partial factor productivity (NPFP) was found when
applying a planting density of 9 plants m−2 and an N application amount of 246 kg
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ha−1. These results suggest that the maximum yield that can actually be achieved by
optimizing the N application and planting density is less than 73% of the potential yield.
This implies in turn that in order to further narrow the observed yield gaps, other factors,
such as irrigation, sowing dates and pest control need to be considered.

Keywords: DSSAT, nitrogen fertilizer, planting density, yield gap, NPFP

INTRODUCTION

Between 2000 and 2050, the global maize production is expected
to grow by more than 450 million tons in order to meet the
demands posed by population growth and improving living
standards (Hubert et al., 2010). In 2017, China produced 2.59
million tons of maize, which accounted for 22.84% of the global
maize production (FAO, 2018). The HHHP is China’s largest
summer maize growing region: it accounts for 35% of its total
maize planting area and 30% of its total maize production
(National Bureau of Statistics, 2018). Increasing the maize yield
in the HHHP is of great importance to China’s food security, and
indeed that of the world. In the HHHP, the highest maize yield
was 21,030 kg ha−1 (Li and Wang, 2010), whereas the average
maize yield was only 5,881 kg ha−1 (National Bureau of Statistics,
2018), which points to a huge potential for increasing the yield.

Raising the potential crop yield is difficult to achieve in a
short time (Rincent et al., 2014; Li et al., 2017; Zhang H. et al.,
2018; Simkin et al., 2019), and therefore a substantial increase
in current yields can only be achieved by narrowing the yield
gap (Wang et al., 2014). Typically, the yield gap is defined as
the difference between the average yield achieved by farmers in
a given area over a certain period of time and the estimated
reference yield (usually referred to as the potential yield or
the water limit yield) (Maria Carolina et al., 2018; Agus et al.,
2019; Marloes et al., 2019). The potential yield can be defined
and measured in a number of ways, for example through using
crop growth models, by conducting maximum yield trials, or by
measuring the maximum yield achieved by farming households
(Van Ittersum and Rabbinge, 1997; Lobell et al., 2009; Marloes
et al., 2019). Currently, China’s actual maize yield is only 58% of
the average potential yield of 13,875 kg ha−1, which makes for a
yield gap of 42% (Global Yield Gap Atlas, 2019). This yield gap is
the result of farmers not using suitable cultivars and production
techniques. Narrowing the yield gap is a logical and modern
strategy that has been touted as a solution to the world’s need
to increase global food production (Lobell et al., 2009; Liu et al.,
2016; Marloes et al., 2019). Several approaches to narrowing the
yield gap have been studied. Zhang J. et al. (2019) reported that
improving soil properties could reduce the maize yield gap. Cui
et al. (2013) reported that effective N management could narrow
the maize yield gap while reducing greenhouse gas emissions. All
studies agree that quantifying the potential yield and the yield
gap for maize could help to reveal the factors that limit the yield,
and ultimately lead to suggestions for technical management
measures to narrow the existing yield gap (Wang et al., 2014; Liu
et al., 2016; Agus et al., 2019; Marloes et al., 2019).

Current research focuses on how to reduce the yield gap
in a sustainable way. Over the past century, the availability

of a reliable fertilizer supply has enabled farmers to greatly
increase the crop yield per unit land area, and meet the
food demands of a growing population (Foley et al., 2011).
In order to increase their crop yield, some farmers overuse
chemical fertilizers, which has caused an explosive increase of
N fertilizer in China (FAO, 2018). Moreover, a large amount of
resources is wasted, which is not conducive to the sustainable
development of agriculture (Zhang et al., 2015). Therefore,
researchers carried out several studies aimed at assessing the
N nutrition status of crops and improving the N utilization
efficiency in maize (Zhang et al., 2015; Zhang Y. et al., 2018;
Li Z. H. et al., 2019). In one example, the application of N
was carried out in stages or delayed (Guo et al., 2018), in
another organic fertilizer and inorganic fertilizer were used
together (Yang et al., 2019). Other lines of research found that
a suitable planting density is another fundamental factor to be
considered for achieving a high maize yield (Luo et al., 2020).
Additional studies showed that integrating the management
of the N fertilizer input and the planting density can be
an important means to improve crop yield and N utilization
efficiency (Wei et al., 2017). However, the planting densities used
by different maize cultivators vary greatly in different ecological
areas (Solomon et al., 2017), so it is necessary to determine both
the appropriate N management method and the optimal planting
density for each of those areas, notwithstanding the fact that the
agronomic experiments needed to achieve this consume a lot of
time and resources.

Crop growth models are agronomic decision systems
recognized by scientists. By simulating probable outcomes of
crop management strategies, they can be used to rapidly
appraise new crops, products, and practices and qualify or
disqualify them for adoption, so as to save a lot of the
time and labor cost associated with experiments, making them
important tools for agricultural technology research (Van Diepen
et al., 1989; Dzotsi et al., 2010; Liu et al., 2016; Setiyono
et al., 2019; Saddique et al., 2020). The DSSAT model is the
most commonly used model package (Yakoub et al., 2017) to
characterize the growth, development, yield, irrigation and N
uptake of multiple crop species (Boote et al., 2017; Hoogenboom
et al., 2019; Qu et al., 2019; Zhang D. et al., 2019). Examples
of successful DSSAT deployments abound in the literature.
Malik et al. (2019) reported that improved irrigation and N
management practices as suggested by the DSSAT-CERES-maize
model could improve maize yield and N use efficiency under
Mediterranean climate conditions. Kadigi et al. (2020) used
DSSAT to evaluate the economic feasibility of an improved
planting density (used to realize an optimized plant population)
and better N-fertilizer crop management practices for increasing
maize net returns in semi-arid and sub-humid agro-ecological
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zones in the Wami River sub-Basin in Tanzania. Finally, Banger
et al. (2018) used the DSSAT-CERES maize model to analyze
the impact of N management on maize yield in the Midwest
region of the U.S.

Conceiving production methods that balance increased
production with more efficient N use is a major challenge.
Most previous studies in this area have focused on single-
factor agronomic management (Osmond et al., 2015; Yang et al.,
2019), with a few studies combining N fertilization and planting
density. Moreover, some studies only rely on a single experiment
(Guo et al., 2016; Zhang Y. et al., 2018; Luo et al., 2020) or
a single model simulation (Liu et al., 2012; Cheng et al., 2015;
Malik et al., 2019), and fail to investigate the actual production
levels achieved by farmers. In this paper, we combined a
DSSAT model simulation with a field experiment and a peasant
household survey to analyze the effects of integrated agronomic
management on summer maize yield and N fertilizer utilization.
The objectives of the research presented in this paper are (1)
Using DSSAT to calibrate and validate the characteristics of
summer maize in the HHHP of China, (2) Quantifying the yield
gap for several agronomic management mode with different yield
levels, and (3) Determining the optimal fertilizer application and
planting density management practices under environmentally
sustainable conditions.

MATERIALS AND METHODS

Field Experiment
Sites and Experimental Conditions
The experiments were conducted from 2012 to 2016 at
the Wenkou Experimental Station, Shandong Agricultural
University, Taian, Shandong Province, China (35◦58′10 N,
117◦03′30 E and 178 m). The soil at the experimental field
consists of sandy loam (Typic Hapli-udic Argosols); its physical
and chemical properties are shown in Table 1.

Treatments and Experimental Design
All on-farm experiments followed a standardized experimental
protocol. We set up three experimental treatments and defined
the following three corresponding yield levels: SH, defined as the
maximum yield under local climatic conditions with unlimited
supply of nutrients and water; ONM, defined as the yield obtained
after optimizing the fertilization program and planting density;
and FP, the yield achieved by simulating the farmers’ management
practices at the experimental station.

The experiment deployed a randomized block design with
three treatments and four replications (Table 2). Each plot was
180 m2. Plots were separated by 30-cm-wide earthen dams to
allow flood irrigation of each plot. Adequate irrigation was
provided as required by the momentary growth rate of the maize.
The experimental blocks were separated by 1-m walkways. N, P,
and K were provided as urea (containing 46% N), superphosphate
(containing 12% P2O5), and potassium chloride (containing 60%
K2O), respectively. As organic fertilizer, we used chicken manure,
which contained 315 g kg−1 organic carbon (dry basis), 32.3 g
kg−1 P2O5, 30.4 g kg−1 K2O, and had a C/N of 11.3. TA
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TABLE 2 | Nutrient and density management measures at different management levels.

Treatment planting
density (plant

m−2)

Nutrient type Nutrient input
(kg ha−1)

Fertilization period and fertilization ratio (%)

Before
sowing

6-leaf stage 12-leaf stage Anthesis One week
after anthesis

SH 9 N 450 10 20 30 20 20

P2O5 270 100

K2O 450 50 50

Chicken manure 15000 100

ONM 8.25 N 360 10 20 50 20

P2O5 225 100

K2O 405 50 50

FP 6 N 322.5 50 50

P2O5 112.5 48 52

K2O 195 20 80

AFP 6 N 330 ± 105 50 50

P2O5 278 ± 84 100

K2O 275 ± 73 100

FIGURE 1 | Meteorological data and actual and simulated phenological periods of summer maize from 2012 to 2016.

Agronomic Management and Measurements
The experimental fields were managed by collaborating farmers,
under the guidance of the researchers. The maize variety
Zhengdan 958 (Zheng58 × Chang 7-2, ZD958), which is
commonly planted in northern China, served as the experimental
variety. The 5-year sowing and harvesting times are shown
in Figure 1. Pest and weed control followed local high-yield
practices. Physical and chemical data for the soil were obtained
before planting. The phenological stage was accurately recorded:
six plants from each replication were sampled at the following six
growth stages: 9th leaf stage, 12th leaf stage, anthesis stage, milk
stage, dent stage and maturity stage. To measure the biomass, all
samples were heat-treated at 105◦C for 30 min, and then dried
at 70◦C until the weight remained constant, after which they
were weighed. At the same time, the leaf area of the maize was
measured by leaf area meter (LI-3100C, LI-COR) and the leaf
area index (LAI) was calculated. To determine the yield and its
component measurements, all ears from 9 m2 at the center of

the plots were harvested and the number of harvested plants
was counted. For this study, the dry grain yield was used as
the grain yield.

Actual Farmer’s Practice
The AFP yield was determined by a survey of 281 plots
of agricultural land near the experimental site. The survey,
which was carried out in 2016, asked farmers to provide the
following information about their summer maize crop: yield,
maize varieties planted, planting density, and the amount of
fertilizer they applied (Table 2). Generally, the farmers irrigated
their fields once after sowing and once at the 9-leaf stage.

DSSAT Model
Model Description and Fundamental Data Set
DSSAT (version 4.7) (Hoogenboom et al., 2019) has been
tested and applied extensively in China (Liu et al., 2012;
Li et al., 2015; Zhang D. et al., 2019). It can be used
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FIGURE 2 | Comparisons between the measured and simulated values of LAI in three patterns during the summer maize growth seasons during 2012 and 2016.

to simulate the phenology, biomass and yield of maize.
Crop simulation models simulate the growth, development,
and yield of a specific crop as a function of a set of
dynamic parameters characterizing the soil, the crop, and
the atmosphere. The parameters comprise soil data, crop
management data, and meteorological data. For each soil
horizon, the soil data, including a number of physical indicators
(soil texture, permanent wilting point, field capacity, volumetric
water content at saturation and bulk density), and chemical
indicators (soil organic carbon, inorganic N, and pH), were
measured through ground investigations (Table 1). The crop
management data used in the model (for example seeding
time, irrigation parameters, planting density, and fertilizer
input) follow the experimental parameters described in section
“Field Experiment.” The meteorological data, including the
precipitation, solar radiation, and minimum and maximum
air temperature, were acquired from the European Centre for
Medium-Range Weather Forecasts (Figure 1).

Model Parameter Calibration
The DSSAT-Maize model used for our study was calibrated
using crop data for the 3 years from 2012 to 2014. We
used a trial-and-error method to determine which maize crop
parameters optimize the model’s performance (Li et al., 2015).
The maize crop parameters were divided into three subsets:
species-, ecotype-, and cultivar-specific (or genetic coefficients).
The relevant subsets were saved with each DSSAT input file.
For the species-specific parameters we used the DSSAT-Maize
model’s default values for maize. The values for ecotype and
cultivar-specific phenological parameters (Table 3), which are
required for DSSAT-Maize, were obtained by fitting the model
to the observed biomass, leaf area index (LAI), and yield,
and to the dates of emergence, anthesis and maturity for the
relevant experimental maize treatment (see Table 3 for the
parameter description).

Statistical Analysis
Potential Yield, Rain-Fed Yield, Yield Gaps and N
Partial Factor Productivity
According to its definition, the potential yield (YP), which is
the yield of an adapted crop cultivar grown without limiting its
water or nutrients supply, and without subjecting it to pests and
diseases, is only affected by climatic conditions (note that the
model does not include water and N constraints) (Evans and
Fischer, 1999); The attainable yield (AY), which is defined as
80% of the potential yield, is difficult to exceed in regional field
production, and the high water and fertilizer input it requires
results in a reduced resource utilization efficiency (Lobell et al.,
2009); The rain-fed yield is defined as the potential yield of rain-
fed maize (limited only by water input by the model). Using these
definitions along with the SH yield, the ONM yield, the FP yield,
and the AFP yield (that is to say the yields achieved with the
treatments defined in section “Materials and Methods”) several
yield gaps can be defined:

YGT = YP − AFP (1)

YG1 = YP − AY (2)

YG2 = AY − SH (3)

YG3 = SH −ONM (4)

YG4 = ONM − FP (5)

YG5 = FP − AFP (6)

To evaluate whether optimization measures lead to
improvements in N utilization efficiency, we used the NPFP as
an evaluation index:

NPFP = Grain yield/N input (7)
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TABLE 3 | DSSAT-CERES-maize model partial parameters meaning and calibration value of this study.

Parameter type Parameters Parameter description Values

Regulate phenological periods P1 Thermal time from seedling emergence to the end of the juvenile phase (expressed in degree days
above a base temperature of 8◦C) during which the plant is not responsive to changes in
photoperiod.

270

P2 Extent to which development (expressed as days) is delayed for each hour increase in photoperiod
above the longest photoperiod at which development proceeds at a maximum rate (which is
considered to be 12.5 h)

0.45

P5 Thermal time from silking to physiological maturity (expressed in degree days above a base
temperature of 8◦C).

800

Regulate biomass RUE Radiation use efficiency, g plant dry matter/MJ PAR 4.3

Regulate LAI PHINT Phylochron interval; the interval in thermal time (degree days) between successive leaf tip
appearances.

37.5

Regulate yield G2 Maximum possible number of kernels per plant. 800

G3 Kernel filling rate during the linear grain filling stage and under optimum conditions (mg/day). 6.9

Model Performance Evaluation
The following statistical indexes were calculated to evaluate the
performance of the DSSAT-maize model: RMSE, NRMSE, and
d (Willmott, 1982). The calculation made use of the following
equations:

RMSE =

√∑n
i=1 (Si −Oi)

2

n
(8)

NRMSE =

√∑n
i=1 (Si −Oi)

2

n
×

100
O

(9)

d = 1−
∑n

i=1 (Si −Oi)
2∑n

i=1
(∣∣Si−O

∣∣+ ∣∣Oi −O
∣∣)2 (10)

In equations (8–10), Si is the simulated data, Oi is the observed
data, O is the average value of observed data, and n is the number
of pairs of simulated and observed data.

Using the SPSS 13.0 software, an ANOVA analysis was
performed on the differences between SH, ONM, and FP at the
0.05 level. Graphs were generated with the R for 3.0.0 software.

RESULTS

Maize Phenology and Meteorological
Data
From 2012 to 2016, the average time from sowing date to
anthesis was 54.4 days, with a coefficient of variation of 7.4%,
and the time from anthesis to maturity was 53 days, with a
coefficient of variation (CV) of 9.3%. The average solar radiation
during the growth period of summer maize was 2,857.59 MJ
m−2, with a CV of 2.2%; the average effective accumulated
temperature was 1,624.72◦C, with a CV of 2.4%; and the average
rainfall was 291.97 mm, with a CV of 25.1%. The precipitation
varied considerably from year to year, mainly due to the fact
that in 2014 the precipitation was unusually low (Figure 1).

FIGURE 3 | Relationship between simulated and measured LAI of summer
maize in three patterns. The 2012–2014 data were used to calibrate the
model, and the 2015–2016 data were used to validate the model.

In order to guarantee that the maize could develop normally,
the field management for this experiment was adapted to
provide supplemental irrigation at times when the precipitation
was insufficient.

Model Calibration and Validation
The DSSAT-Maize model was calibrated with the experimental
data collected during 2012 and 2014, and validated with the
experimental data collected during 2015 and 2016. The estimated
cultivar coefficients for the Maize cultivar ZD958 are shown in
Table 2. Over the 5 years covered by the simulation, the data
indicate a close agreement between the simulated and observed
values for anthesis, maturity, LAI, biomass and grain yield in
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FIGURE 4 | Comparisons between the measured and simulated values of biomass in three patterns during the summer maize growth seasons during 2012 and
2016.

maize. The model accurately simulated the number of days from
seeding to anthesis and maturity with the RMSE of 2.47 days,
the NRMSE of 1% and the d-value of 0.99 (Figure 1). Fitting
the diagrams for the simulated LAI (Figure 2) and biomass
(Figure 4) values to the measured values shows that the overall
fit was good. The RMSE, NRMSE and d values for the LAI were
0.86, 19% and 0.84 (Figure 3), for the biomass they were 2,489 kg
ha−1, 19% and 0.97 (Figure 5), and for the yield they were
1,171 kg ha−1, 12% and 0.84 (Figure 6), respectively. Overall,
the validation showed that the DSSAT-Maize model could be
deployed successfully to provide yield evaluations and decision
diagnoses for this experimental station.

Yield Potentials and Yield Gaps
The YP, AY, SH, ONM, FP, AFP, and Rain-fed yields were 15.58,
12.46, 11.43, 11.06, 10.33, 7.95, and 8.54 t ha−1, respectively. The
YG1, YG2, YG3, YG4, YG5, and YGT were 3.12, 1.03, 0.37, 0.73,
2.38, and 7.63 t ha−1, respectively. The SH, ONM, FP, AFP, and
Rain-fed yield accounted for 73.39, 71.01, 66.31, 51.03, and 54.8
(%) of the YP, respectively (Figure 7). At the same time, the rain-
fed potential only accounted for 54.8% of the YP, indicating that
irrigation was an indispensable and important measure in the
location under study.

Simulated Yield Response to N Fertilizer
Amount and Planting Density
The N fertilizer input and planting density are important
agronomic measures to improve maize yield (Wei et al., 2017).
The relationship between the N application amount and the grain
yield is logarithmic. For the same planting density, an increase in
N fertilizer input causes the yield to increase gradually, but at the
same time the yield increase rate is seen to decrease gradually. The
relationship between the planting density and the maize yield is
polynomial. For the same N input, an increase in the planting

FIGURE 5 | Relationship between simulated and measured biomass of
summer maize in three patterns. The 2012–2014 data were used to calibrate
the model, and the 2015–2016 data were used to validate the model.

density causes the yield to increase initially, but then decrease
again, where the point at which the yield peaks depends on the
N input (Figure 8). Fitting the yield response to the N fertilizer
application and planting density showed that the optimal N
application amount increases linearly as the planting density
increases, until the latter reaches 6.2 plants m−2, after which the
optimal N application amount remains constant. For a density of
9 plants m−2, the optimal N application amount was 246 kg ha−1

(Figure 9). For each of the three fertilization methods simulated
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FIGURE 6 | Comparisons between the measured and simulated values of yield in three patterns during the summer maize growth seasons during 2012 and 2016.

FIGURE 7 | Summer maize yield at different grain yield levels. YP, yield
potential; AY, attainable yield (80% of YP); SH, super-high-yield treatment;
ONM, optimized nutrient and density management treatment; SFP, Simulated
local farmer’s practice cultivation treatment; AFP, actual farmer’s yield
(Household survey data); Rain-fed yield, potential of rain-fed maize yield (Only
limited by water); YGi, yield gap between different yield levels (i is 1, 2, 3, 4, 5,
and T). The percentage data in the bar chart is the ratio of different yield levels
to the yield potential of summer maize.

by the DSSAT model, the yield response to the N fertilizer
amount and the planting density was fundamentally consistent.
Interannual climate variation mainly affected the upper limit of
the yield and did not significantly affect the yield response to the
N fertilizer amount and the planting density (Figure 8).

NPFP Response to N Fertilizer Amount
and Planting Density
Optimizing the N fertilizer amount and increasing the planting
density were effective methods to improve the N use efficiency

(Zhang D. et al., 2019). The relationship between the N
application amount and the NPFP follows a power function. With
increasing N input, the NPFP for maize decreased gradually at
a decreasing rate. For the same N fertilizer input, an increase
in the planting density caused the NPFP to increase initially,
and then decrease again. Interactions between the N fertilizer
input and the planting density had a significant effect on the
NPFP. Figure 10 shows that for the optimal planting density
of 9 plants m−2 and the optimal N fertilizer input of 247 kg
ha−1, the simulated NPFP was 40.29 kg kg−1, which was 67.24%
higher than the NPFP for AFP, and 25.90% higher than the
NPFP for FP (Figure 11). As simulated by the DSSAT model, the
rules for the NPFP response to N fertilizer and planting density
are fundamentally consistent for all three fertilization methods.
Interannual climate change mainly affected the upper limit of the
NPFP and had little effect on the rules for the NPFP response to
N and planting density (Figure 10).

DISCUSSION

Model Simulation and Application
Crop models have been widely used to simulate and compare
crop yields that are hard to study in the field directly. The
DSSAT model has been proven to be applicable to spring maize
(Liu et al., 2012; Li et al., 2015), but it has been used less
frequently for summer maize growth simulations in China. As
described in “Maize Phenology and Meteorological Data,” despite
some deviations in the process used to simulate the LAI, the
biomass and the yield of maize, the statistical analysis and
evaluation of the data indicated that for this experiment the
model provided a quite reliable simulation (Figures 1–5). This
suggested that the DSSAT model could successfully simulate
the summer maize production potential, which suggests that
we can use it to make agricultural management decisions for
our experimental sites. The DSSAT model has been widely used
to provide an accurate basis for cultivation measures like N
application, planting density and irrigation amount, and it has
been improved constantly over the years (Amouzoua et al., 2019;
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FIGURE 8 | The response of simulated maize yield to nitrogen fertilizer and planting density. The figure above shows the simulated yield Response to different
fertilization methods based on SH pattern (a), ONM pattern (b), and FP Pattern (c) respectively. SH, the ratio of organic fertilizer to nitrogen chemical fertilizer was
1:1, and base fertilizer and topdressing at the following growth stages: 6-leaf stage, 12-leaf stage, anthesis, and 1 week after the anthesis stage with a ratio of
1:2:3:2:2; ONM, basal fertilizer and topdressing at growth stages 6-leaf stage, 12-leaf stage, and 1 week after the anthesis stage with a ratio of 1:2:5:2 by nitrogen
chemical fertilizer; FP, basal fertilizer and fertilizer dressed at the 12-leaf stag at a ratio of 1:1 by nitrogen chemical fertilizer.

FIGURE 9 | The response of optimal nitrogen application to planting density was simulated by DSSAT. The lower-right corner figure is the fitting analysis of the N
application at the planting density was 9 plant m−2, and the optimal N application amount is 246 kg ha−1

Malik and Dechmi, 2019; Saddique et al., 2019). Nevertheless, we
still found some deficiencies in the model when we used it, as
described below.

Figure 6 shows that for 2012 and 2014, the measured
yields were lower than the simulated yield, which could have
been caused by rust diseases in the late growth period of the
maize (Data not shown). Analogous to the studies mentioned
before, the LAI increase and the aging exhibited by the model
are also affected by soil moisture content (Çakir, 2004). For

example, the model subroutine LAIS, which is used to calculate
changes in the LAI, limits the potential rate by taking the
soil water stress (both deficit and saturation), soil water stress
factors, temperature, and growth rate reduction factor into
account (Kraalingen and Van, 1995; Reynolds and Acock, 1997).
The reason why the simulated LAI is low may be that the
test site applies limited irrigation (Figure 3). Applying N
fertilizer according to the rules of plant N requirement is an
effective way to the increase maize yield and N utilization
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FIGURE 10 | The response of simulated maize NPFP to nitrogen fertilizer and planting density. The figure above shows the simulated NPFP Response to different
fertilization methods based on SH pattern (a), ONM pattern (b), and FP Pattern (c) respectively. SH, the ratio of organic fertilizer to nitrogen chemical fertilizer was
1:1, and base fertilizer and topdressing at the following growth stages: 6-leaf stage, 12-leaf stage, anthesis, and 1 week after the anthesis stage with a ratio of
1:2:3:2:2; ONM, basal fertilizer and topdressing at growth stages 6-leaf stage, 12-leaf stage, and 1 week after the anthesis stage with a ratio of 1:2:5:2 by nitrogen
chemical fertilizer; FP, basal fertilizer and fertilizer dressed at the 12-leaf stag at a ratio of 1:1 by nitrogen chemical fertilizer.

FIGURE 11 | Summer maize nitrogen partial factor productivity (NPFP) at
different yield levels.

efficiency (Zhan et al., 2011; Perez, 2015; Osmond et al.,
2015; Zhang et al., 2015). In this study, this fertilization
method was adopted for the SH and ONM treatments,
but the simulation results showed no significant difference
between the yield response to the divided and the concentrated
application of N, meaning they cannot be used to make effective
recommendations for the application time and proportion of N
(Figures 7, 8).

Narrowing Yield Gaps Through
Adaptation of Agricultural Practices
The purpose of this study was to identify and quantify the factors
that restrict maize production in the HHHP and to assess the

effectiveness of various integrated cultivation practices aimed at
narrowing the yield gap caused by agronomic mismanagement.
The results point at several significant opportunities to increase
the maize yields in this area beyond their current levels. The
survey data show that the AFP treatment achieved 51% of
the potential yield and 93% of the rain-fed potential yield
(Figure 7). Other studies have reported yield gaps that were
not consistent with our findings. Liu et al. (2016) reported that
farmers in Northeast China only achieved 36% of the potential
yield of spring maize, while Li S. et al. (2019) believed that
the summer maize yield achieved by farmers in North China
reached 72% of the potential yield. The most likely explanation
for the discrepancies between the findings of those studies and
ours is the fact that the former concern geographical areas
that are quite different from the area we studied. Furthermore,
our study indicated that in areas where irrigation is used to
grow summer maize, the main factor limiting yield increases
is not a lack of water, but the application of a suboptimal
combination of N fertilizer and planting density. Therefore,
an agronomic management model for narrowing the yield gap
should consider the integrated management of the N fertilizer
amount and the planting density as the most effective means to
increase the yield.

The attainable yield is the maximum yield that can be
achieved at a field scale or at a regional scale (Li S. et al.,
2019). Previous studies have shown that even with the best
cultivation management techniques, it is difficult to achieve
a crop yield that exceeds 80% of the biophysical ‘potential
yield,’ even at a field scale (Lobell et al., 2009). Therefore,
we define the attainable yield as 80% of the potential yield.
Referring back to the yield gap definitions used in the statistical
analysis YG1 is mainly affected by uncontrollable factors that
cannot be completely matched, for example uncontrollable
climate events and changes in crop management quality. SH,
which is designed to provide an excessive nutrient supply at
the optimum planting density, aims to achieve the maximum
field-scale yield in the experimental area. YG2 is primarily
limited by management factors other than nutrient input and
planting density, such as sowing date, pests and diseases, or soil
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conditions. According to the simulation analysis, when the N
fertilizer input exceeded 247 kg ha−1 (Figure 9), the effect of N
fertilizer input on the yield increase was no longer significant.
This indicates that the factors with the greatest influence on
YG3 and YG4 are the N fertilizer application mode (application
period) and the planting density. YG5 is the yield gap that is the
most likely to be narrowed. Considering that FP adopts a fertilizer
input and planting density similar to AFP, we can conclude that it
is mainly caused by underutilization of agricultural technologies
(including variety selection, irrigation management, and pest
control). Therefore, any approach to reducing the yield gap
should focus on improving the agrotechnical service provisions
for low-yield farms.

Improving Yield and NPFP by Adopting
Better Agricultural Practices
Optimizing N fertilizer management practices is an important
aspect of reducing production costs and environmental risks. Due
to the diversity of fertilization methods and factors that influence
their effectiveness, the optimal fertilizer application rate for crops
in different cropping systems in different regions is subjected
to large variations. Taking the economic benefits and the N
utilization efficiency into account, a dynamic biogeochemical
model for maize recommended an N application rate of 191 kg
N ha−1 for three states in the Midwest region of the United States
(Sela et al., 2018). Chen et al. (2011) reported that the optimal
N application rate for maize as recommended by the soil crop
management system was 237 kg N ha−1 in China; Zhang Y.
et al. (2018) showed that the optimal N application rate for
maize as suggested by the results of field trials conducted
in the North China Plain was 240 kg N ha−1. Our study
showed that the yield response to the N application amount
is significantly reduced when it exceeds 246 kg N ha−1, and
that continued N application would not only be ineffective
for increasing the yield, but also lead to a reduced NPFP.
This means that there is room for further optimization of
the N management practices deployed in our ONM treatment.
On the other hand, when applying an adaptive N condition,
densification is an effective way to obtain a higher yield and
a higher N utilization efficiency. However, once a density of
12 plants m−2 is reached, further densification is counter-
effective, and decreases the yield (Figures 8, 10). It is worth
noting that, although the light and temperature conditions of
the test site meet the requirements for a planting density of
12 plants m−2, it is problematic to apply a planting density
exceeding 9 plants m−2 due to the impact of high winds (Guo
et al., 2018). The research conducted by Luo et al. (2020)
in Northern China also verified our results. It is true that
when applying a high planting density the upper yield limit is
proportional to the N fertilizer rate. The optimal N application
rate for the used planting density, however, is more or less
constant for high planting densities, which enables farmers to
treat the relationship between N fertilizer input and maize yield
more rationally (Figure 9). In the near future, guiding and
encouraging farmers to improve their fertilizer management and

cultivation techniques in appropriate ways is essential for the
sustainable development of agriculture, not only in China but
around the world.

Our simulation analysis method is based on previous studies
(Banger et al., 2018; Li S. et al., 2019; Malik and Dechmi, 2019;
Malik et al., 2019). We did not adopt a long-term meteorological
simulation; a lack of analyses quantifying the impact of climate
change precludes a successful incorporation into any simulation.
In order to make a better recommendation, we plan to conduct a
multi-point verification of the conclusions from this experiment
in the next round of research, and further analyze the relevant
effects of different N fertilizer management measures (notably
applying N fertilizer in stages, and applying organic and inorganic
fertilizer together).

CONCLUSION

This study found that the DSSAT model can accurately simulate
the effect of cultivating measures on maize, and that the
simulation results for maize phenology, LAI, biomass and yield
accurately match the actual yield results.

The YGT between AFP and YP in the HHHP was 7.63 t ha−1,
which indicates a high potential for yield improvement. The
results showed that the optimization of cultivation management
measures, for example coordinating the N application amount
and the planting density, could effectively increase the AFP yield
by reducing the yield gap to 4.52 t ha−1. Adopting an N fertilizer
rate of 246 kg ha−1 and a planting density of 9 plants m−2 are
effective measure for improving the maize yield and the N use
efficiency of summer maize cultivated in the HHHP.
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In a context of a growing worldwide food demand coupled to the need to develop a 
sustainable agriculture, it is crucial to improve crop nitrogen use efficiency (NUE) while 
reducing field N inputs. Classical genetic approaches based on natural allelic variations 
existing within crops have led to the discovery of quantitative trait loci controlling NUE 
under low nitrogen conditions; however, the identification of candidate genes from mapping 
studies is still challenging. Amino acid metabolism is the cornerstone of plant N management, 
which involves N uptake, assimilation, and remobilization efficiencies, and it is finely 
regulated during acclimation to low N conditions and other abiotic stresses. Over the last 
two decades, biotechnological engineering of amino acid metabolism has led to promising 
results for the improvement of crop NUE, and more recently under low N conditions. This 
review summarizes current work carried out in crops and provides perspectives on the 
identification of new candidate genes and future strategies for crop improvement.

Keywords: source-sink relationships, senescence, amino acid, catabolism, assimilation, transport, nitrogen use 
efficiency (NUE), crop plant

INTRODUCTION

More than half of the world’s population are fed by crops grown with the addition of synthetic 
nitrogen (N) fertilizers (Zhang et  al., 2015). This supply of N coupled to other essential 
nutrients has allowed farmers to increase crop production per unit to meet food demand over 
the last century. However, nearly 50% of N fertilizers applied to the field are not used by 
crops, independently of world region or crop type. This N surplus has led to disastrous 
consequences that threaten the sustainability of agricultural production systems. The application 
of inorganic N fertilizers in agricultural areas has largely contributed to the increase of soil 
acidification, gaseous ammonia emissions in the atmosphere, and nitrate levels in our water 
resources, with dangerous consequences for human health (Behera et  al., 2013; Ward et  al., 
2018). Therefore, it is crucial to improve crop N use efficiency (NUE) while reducing N inputs 
to the field to meet the growing food demand in a sustainable agriculture context. Plant NUE 
can be  defined as the maximal quantity of seeds or biomass (depending on downstream 
applications) obtained from a defined amount of N supplied to plants (Xu et  al., 2012). Plant 
NUE comprises the capacity to take up N from the soil (N uptake efficiency, NUpE) and the 
capacity to utilize this N efficiently within the plant to produce the harvested product 
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(N utilization efficiency, NUtE). NUtE integrates the capacity 
to assimilate inorganic N into carbon (C) skeletons (N assimilation 
efficiency, NAE) to produce amino acids (AA) and subsequently 
essential N-containing molecules (proteins, DNA, RNA, 
chlorophylls, etc.) and the capacity to remobilize assimilated 
N from source-to-sink tissues (N remobilization efficiency, NRE; 
Avice and Etienne, 2014). AA metabolism is the cornerstone 
of plant N management since it is actively involved in both 
NUpE and NUtE through AA and protein biosynthesis, 
senescence-induced degradation of proteins into AAs, and 
overall source-to-sink AA transport (Tegeder and Masclaux-
Daubresse, 2018). Comparison of pool sizes between free AAs 
and AAs in proteins nicely highlights the fine regulation exerted 
on AA metabolism to support primary metabolism and plant 
growth (Hildebrandt et al., 2015). Regulation of AA metabolism 
also plays an active role during acclimation to low N conditions 
and other abiotic stresses including heat, cold, dark, drought, 
and salt (Kant et  al., 2011; Hildebrandt, 2018). Therefore, AA 
metabolism is an interesting target for the improvement of 
crop NUE in both sustainable agriculture and future climate 
change contexts. The use of classical genetic approaches based 
on natural allelic variations existing within plant species and 
varieties for this purpose have already been undertaken for 
rice, maize, wheat, barley, and rapeseed (Han et  al., 2015; 
Bouchet et  al., 2016). While some quantitative trait loci (QTL) 
associated with crop NUE under low N conditions have been 
found, the identification of determinant candidate genes from 
mapping studies is still a challenge. Over the two last decades, 
genetic engineering of AA metabolism has given some promising 
results with respect to the improvement of crop NUE and 
more recently under low N conditions. This review summarizes 
current and promising future targets for the genetic manipulation 
of AA metabolism in crops with respect to NUE improvement 
and tolerance to low N conditions and other abiotic stresses.

AMMONIA ASSIMILATION

Nitrogen is first taken up from the soil by plant roots in the 
form of nitrate ions, ammonium ions, and AAs. Prior to 
be  assimilated, nitrate is reduced to nitrite in the cytosol, 
which is then reduced to ammonium in plastids. This reduction 
can occur either directly in the roots or in the leaves after 
a transport step via the xylem (Masclaux-Daubresse et  al., 
2010; Yoneyama and Suzuki, 2019). In plants, the major 
ammonia assimilation route is via the glutamine synthetase/
glutamate:2-oxoglutarate aminotransferase (GS/GOGAT) cycle; 
however, asparagine synthetase (ASN) and glutamate 
dehydrogenase (GDH) can also participate depending on plant 
status (Masclaux-Daubresse et  al., 2010).

Glutamine Synthetase/Glutamate:2-
Oxoglutarate Aminotransferase Cycle
GS catalyzes the ATP-dependent condensation of ammonia and 
Glu to form Gln. Then, GOGAT transfers the amide group of 
Gln to 2-oxoglutarate to produce two molecules of Glu with 
the consumption of reducing power (either as reduced ferredoxin 

or as NADH). There are two types of GS enzyme in plants: 
GS1 and GS2. In Arabidopsis, a single gene (GLN2) encodes 
the chloroplast-localized GS2 isoform that is mainly responsible 
for ammonia assimilation in photosynthetic tissues and for the 
reassimilation of photorespiratory ammonia released by the 
activity of mitochondrial glycine decarboxylase complex (GDC; 
Wallsgrove et  al., 1987). In Arabidopsis, GS1 is encoded by five 
genes (GLN1-1 to GLN-5). While GS1 enzymes are located to 
the cytosol, their expression patterns in leaves, roots, and phloem 
companion cells can significantly vary depending on environmental 
conditions. GS1 enzymes play a key role in roots for ammonium 
assimilation and in vascular tissues for N reallocation as Gln 
to sink tissues during senescence (Martin et  al., 2006; Lothier 
et  al., 2011; Avila-Ospina et  al., 2015). There are also two types 
of GOGAT in plants: Ferredoxin-GOGAT (Fd-GOGAT), present 
in leaf chloroplasts and encoded by two genes in Arabidopsis 
(GLU1 and GLU2) and NADH-GOGAT, present in plastids of 
phloem companion cells and encoded by a single gene in 
Arabidopsis (GLT1; Suzuki and Knaff, 2005).

GS1 has attracted attention for many years as a potential 
target for the improvement of crop NUE, due to its central 
role in ammonia assimilation in roots and N remobilization 
during senescence (Figure  1; Thomsen et  al., 2014). Indeed, 
this last role has been reinforced recently by the characterization 
of a triple gln1-1/gln1-2/gln1-3 mutant of Arabidopsis. This 
multiple T-DNA insertion line had a lower seed yield and N 
remobilization activity from cauline and rosette leaves to seeds 
under both high and low N conditions (Moison et  al., 2018).

In terms of biotechnological applications, a major strategy 
was to constitutively overexpress specific GS1 cDNAs under 
the control of a CaMV35S promoter to improve NUpE and 
NAE in crops under low N conditions (Table  1). From a 
global point of view, some interesting results were obtained 
for Lotus japonicus, Nicotiana tabacum, and Zea mays in terms 
of NUE. However, significant differences were found depending 
on the GS1 genes used. Indeed, overexpression of GS1-5 from 
Glycine max in Nicotiana tabacum decreased plant growth and 
pod number per plant while only the overexpression of GS1 
genes from Pisum sativum succeeded to increase plant biomass 
under high, moderate, and low N conditions. Since GS1 activity 
seemed to be  rate-limiting for NAE in Nicotiana tabacum, a 
possible explanation for these differences was that the efficient 
regulation of the assembly/disassembly of GS1 subunits by 
phosphorylation, nitration and the redox state of the cells may 
depend on specific exogenous GS1 isoforms (Thomsen et  al., 
2014). That said, toxicity of a strong GS1 activity in multiple 
organs has been observed for Pisum sativum and Oryza sativa. 
Indeed, GS1 activity has a high energetic cost and can stimulate 
the import of ammonium from roots thereby contributing to 
its toxic accumulation. Nevertheless, the simultaneous 
overexpression of OsGS1.1 and OsGS2 in Oryza sativa increased 
NAE and plant biomass (Table 1). This surprising result suggested 
that the GS2 could be  a better candidate than GS1 isoforms 
for NUE improvement. To address the negative effects of GS1 
overexpression, either organ-specific or moderate promoters 
have been used. These strategies were successful for Sorghum 
bicolor and especially Pisum sativum, where the root-specific 
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expression of GS1-5 from Glycine max increased plant biomass 
and N uptake in both high and low N conditions. Recently, 
the impact of GS1 overexpression has been investigated in 
Nicotiana tabacum, Oryza sativa, and Hordeum vulgare during 
abiotic stresses such as drought, salt stress, osmotic stress or 
elevated CO2 combined with N limitations. The results indicated 
that GS1 was a suitable target for improving NUE, grain yield, 
and tolerance to several different stresses. Taken together, all 
the results summarized here give interesting perspectives for 
improving NUE and tolerance to multiple abiotic stresses in 
many crops by targeting both GS enzymes.

Regarding GOGAT engineering, overexpression of an 
endogenous NADH-GOGAT (OsGOGAT1) in Oryza sativa 
increased NUpE in low N conditions but grain yield was decreased 
by up to 50% (Table  1). Interestingly, pyramiding OsGOGAT1 
with a rice gene encoding an ammonium transporter succeeded 
to rescue this low grain yield phenotype. Unfortunately, this 
pyramiding strategy was not successful for maize. While the 
constitutive expression of NADH-GOGAT from wheat decreased 
shoot dry weight and kernel yield, the introduction of an 

alternative pathway to boost the biosynthesis of 2-oxoglutarate 
and glutamine (the two substrates of GOGAT) did not recue 
the negative phenotype (Canas et  al., 2020). Overall, the results 
were somewhat deceiving, and they appear to suggest that 
GOGAT activity has a low control coefficient on N assimilation.

Asparagine Synthetase
Asparagine synthetase (ASN) can produce asparagine either 
by the condensation of ammonia and aspartate or by the 
transamination of glutamine and aspartate. In Arabidopsis, ASN 
is encoded by three genes: ASN1, ASN2, and ASN3 (Gaufichon 
et al., 2016). ASN1 and ASN2 are important for AA metabolism 
and transport (redistribution/remobilization) at the seed filling 
stage (Gaufichon et  al., 2013, 2017). However, ASN1 is 
preferentially induced by leaf senescence compared to ASN2 
and ASN3 (Figure 1; Have et al., 2017). In Arabidopsis, constitutive 
overexpression of ASN1 using a CaMV35S promoter enhanced 
N allocation to seeds by promoting the phloem source-to-sink 
remobilization of asparagine and significantly increased the 
thousand seed weight (Lam et al., 2003; Gaufichon et al., 2017).

FIGURE 1 | Current and promising targets for genetic manipulation of amino acid metabolism and transport to improve crop nitrogen use efficiency for a 
sustainable agriculture. Red lightning refers to gene targets known to be upregulated during senescence. Red “N-” refers to targets with a known biotechnological 
potential in low N conditions in certain crops. AAP, amino acid permease; ALAAT, alanine:2-oxoglutarate aminotransferase; ASN, asparagine synthetase; D2HGDH, 
D-2-hydroxyglutarate dehydrogenase; GDCH, H-protein of the glycine decarboxylase complex; GS, glutamine synthetase; IVDH, isovaleryl-CoA dehydrogenase; 
LHT, lysine histidine transporter; mtLPD, mitochondrial L-protein of the glycine decarboxylase complex; ProDH, proline dehydrogenase; ProT, proline transporter; 
SHMT, serine hydroxymethyl aminotransferase; TAT, tyrosine aminotransferase; UMAMIT, usually multiple amino acid move in and out transporter.
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(Continued)

TABLE 1 | Transgenic approaches manipulating amino acid metabolism and transport to improve nitrogen use efficiency in crops.

Genes Gene source Promoter Target plant Phenotype observed References

Glutamine synthetase
GS1b Medicago sativa CaMV35S Lotus japonicus Increase plant biomass and N uptake at the 

vegetative stage
Ortega et al., 2004

Nicotiana tabacum Increase leaf AA content in high N conditions 
but not in low N conditions; No effect on plant 
growth, photosynthesis and chlorophyll 
content

Fuentes et al., 2001

GS1 Pisum sativum CaMV35S Nicotiana tabacum Increase plant biomass at the vegetative stage 
in high, moderate and low N conditions

Oliveira et al., 2002

GS1.2 Populus simonii x 
Populus nigra

CaMV35S Nicotiana tabacum Increase plant biomass, photosynthesis, AA 
content and cell wall biosynthesis

Lu et al., 2018b

GS1-5 Glycine max CaMV35S Nicotiana tabacum Decrease plant growth and final pod number 
per plant

Seger et al., 2015

CaMV35S Pisum sativum No effect on plant biomass and N uptake

Fei et al., 2006
LBC3 Pisum sativum No effect on plant biomass and N uptake
rolD Pisum sativum Increase plant biomass and N uptake in high 

and low N conditions
GLN1-3 Zea mays CsVMV Zea mays Increase grain yield and grain number without 

affecting the thousand kernel weight and grain 
N content

Martin et al., 2006

GLN1-2 Sorghum bicolor Ubq Sorghum bicolor Increase total biomass and grain number of 
greenhouse- grown or field-grown plants in 
high N conditions but not in low N conditions

Urriola and Rathore, 2015

GS1.1 Oryza sativa CaMV35S Oryza sativa Increase N uptake and N assimilation; 
Decrease plant growth, total biomass and 
grain yield in high, moderate and low N 
conditions

Cai et al., 2009;

Bao et al., 2014

GS1.2 Oryza sativa CaMV35S Oryza sativa
glnA Escherichia coli CaMV35S Oryza sativa

GS1.1 Hordeum vulgare Cisgenic expression Hordeum vulgare Increase plant NUE and grain yield under both 
high and low N inputs either in ambient or 
elevated CO2 conditions; decrease grain 
protein content

Gao et al., 2019

GS1.1, GS2 Oryza sativa CaMV35S Oryza sativa Increase N assimilation and plant biomass; 
increase tolerance to drought, salt and PEG-
based osmotic stress via a better N 
remobilization towards proline biosnthesis

James et al., 2018

GS1 Triticum aestivum CaMV35S Nicotiana tabacum Increase tolerance to drought Yu et al., 2020
GS2 Triticum aestivum CaMV35S Nicotiana tabacum
NADH-Glutamate:2-oxoglutarate aminotransferase

NADH-GOGAT Medicago sativa CaMV35S Nicotiana tabacum Increase plant biomass and total C and N 
contents at the flowering stage

Chichkova et al., 2001

OsGOGAT1 Oryza sativa endogenous Oryza sativa Increase grain weight Yamaya et al., 2002
OsGOGAT1 Oryza sativa Activation tagging 

lines
Oryza sativa Increase NUpE in low N conditions; increase N 

content of grains; decrease grain yield per plant
Lee et al., 2020a

OsGOGAT1, OsAMT1 Oryza sativa Activation tagging 
lines

Oryza sativa Increase NUpE in low N conditions; increase N 
content of grains; maintain grain yield per plant

NADH-GOGAT Triticum aestivum Actin1 Zea mays Decrease shoot dry weight and kernel yield Canas et al., 2020
Asparagine synthetase

ASN1 Pisum sativum CaMV35S Nicotiana tabacum Increase asparagine biosynthesis without 
affecting overall plant biomass

Brears et al., 1993

ASN1 Oryza sativa Ubi Oryza sativa Increase N content of grains; no impact on 
grain yield

Lee et al., 2020b

ASN-A Escherichia coli CaMV35S Brassica napus Decrease seed yield and N seed content in 
high and low N conditions

Seiffert et al., 2004

35S/MAS Lactuca sativa Increase plant biomass; no impact on final 
seed yield per plant

Giannino et al., 2007

PCpea Lycopersicum 
solanum

Increase NUpE with different ratios of NO3/NH4 
present in the soil; no impact on plant biomass

Martinez-Andujar et al., 
2013

NADH-Glutamate dehygrogenase
legdh1 Lycopersicum 

solanum
CaMV35S Nicotiana tabacum No impact on plant biomass Purnell et al., 2005

GDHA Nicotiana 
plumbaginifolia

CaMV35S   Nicotiana tabacum Decrease plant biomass; increase tolerance to 
salt stress

Terce-Laforgue et al., 
2013, 2015GDHB

GDHA,GDHB
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TABLE 1 | Continued

Genes Gene source Promoter Target plant Phenotype observed References

NADPH-Glutamate dehydrogenase
gdhA Aspergillus niger CaMV35S Oryza sativa Increase ammonia assimilation and plant 

biomass under high N conditions; Increased 
grain yield under field conditions

Abiko et al., 2010

gdhA Aspergillus nidulans CaMV35S Solanum tuberosum Increase tuber number, tuber dry weight and 
carbon and nitrogen content per tuber in both 
moderate and low N conditions

Egami et al., 2012

GDH Pleurotus 
cystidiosus

Ubi Oryza sativa Increase N assimilation and thousand grain 
weight under moderate and low N field 
conditions

Zhou et al., 2014

GDH Trichurus Ubi Oryza sativa Increase N assimilation, thousand grain 
weight, grain number and seed protein content 
under high, moderate and low N field 
conditions

Du et al., 2019

GDH Magnaporthe grisea Ubi Oryza sativa No impact on plant growth; increase tolerance 
to dehydration

Zhou et al., 2015

GDH Sclerotinia 
sclerotiorum

Ubi Oryza sativa No impact on plant growth and grain yield; 
decrease seedling growth

Du et al., 2014

gdhA Escherichia coli CaMV35S Nicotiana tabacum Increase N uptake, N assimilation and plant 
biomass under both controlled and field 
conditions

Ameziane et al., 2000

Ubi Zea mays Increase grain biomass production in field 
conditions; Improve tolerance to drought 
stress

Lightfoot et al., 2007

Glycine decarboxylase complex/ serine hydroxymethyl aminotransferase
GDCH1 Arabidopsis thaliana ST-LS1 Nicotiana tabacum Increase photosynthesis and plant biomass Lopez-Calcagno et al., 

2019CaMV35S Nicotiana tabacum Decrease plant growth and biomass
SHMT1 Oryza sativa actin Oryza sativa Increased photosynthesis and grain number 

per panicle
Wu et al., 2015

Alanine:2-oxoglutarate aminotransferase
ALAAT Hordeum vulgare btg26 Brassica napus Increase nitrate influx, NUpE, plant biomass 

and seed yield in greenhouse conditions and in 
the field under low N conditions

Good et al., 2007

Ant1 Oryza sativa Increase plant biomass, NUpE and  
final seed yield under high N conditions 
independently of soil N source (ammonia/
nitrate)

Shrawat et al., 2008

Ant1 Saccharum 
officinarum

Increase plant biomass and NUE in low N 
conditions

Snyman et al., 2015

Ant1 Triticum aestivum Increase plant biomass and grain yield in 
moderate N conditions but not in low N 
conditions

Pena et al., 2017
UBI4 Triticum aestivum

Ant1 Sorghum bicolor No impact on plant biomass
UBI4 Sorghum bicolor

ALAAT2 Cucumis sativa Ant1 Oryza sativa Increase NUpE and grain yield in high and 
moderate N conditions

Sisharmini et al., 2019

Amino acid permease
AAP1 Vicia faba LeB4 Vicia narbonensis Increase N uptake from roots and seed protein 

content
Rolletschek et al., 2005

Pisum sativum
AAP1 Pisum sativum AAP1 Pisum sativum Increase NUpE and NUE under both high and 

low N conditions
Perchlik and Tegeder, 
2017

AAP1 Oryza sativa CaMV35S Oryza sativa Increase tiller number and grain yield Ji et al., 2020
AAP3 Oryza sativa CaMV35S Oryza sativa Decrease tiller number and grain yield Lu et al., 2018a
AAP3 RNAi

AAP3 CRISPR

Oryza sativa NA Oryza sativa Increase bud outgrowth, tiller number and 
grain yield

AAP5 Oryza sativa CaMV35S Oryza sativa Decrease tiller number and grain yield Wang et al., 2019a
AAP5 RNAi

AAP5 CRISPR

Oryza sativa NA Oryza sativa Increase bud outgrowth, tiller number and 
grain yield

AAP6a Glycine max CaMV35S Glycine max Increase source-to-sink AA transport and N 
content in seeds under both high and low N 
conditions

Liu et al., 2020
endogenous Glycine max

AAP6 Oryza sativa CaMV35S Oryza sativa Increase AA uptake from roots, AA transport 
and grain protein content at final harvest; 
maintain grain yield

Peng et al., 2014
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Since plant ASNs play a minor role in primary N assimilation 
(compared to GS), an interesting strategy was the overexpression 
of a bacterial type-A isoform from E. coli (ASN-A), which 
can only use ammonia as an amide donor compared to plant 
ASNs. This led to an increase in biomass of Lactuca sativa 
and NUpE of Lycopersicum solanum but brought about opposite 
effects in transformed Brassica napus in both high and low N 
conditions (Table  1). However, Brassica napus has a highly 
dynamic apoplastic NH4 pool, which may explain a higher 
sensibility to an accumulation of ammonia triggered by ASN-A 
activity (Nielsen and Schjoerring, 1998). A second strategy has 
consisted of boosting N reallocation to seeds by overexpressing 
plant ASNs. Indeed, an increase in total N, protein, and AA 
content of seeds without affecting grain yield per plant was 
observed when OsASN1 was overexpressed in Oryza sativa 
(Lee et  al., 2020b). Although plant ASNs have been shown 
already to represent interesting targets to modulate seed quality 
without affecting plant biomass, their potential for NUE 
improvement under low N conditions must still be  addressed.

Glutamate Dehydrogenase
Glutamate dehydrogenase (GDH) is involved in ammonia 
assimilation and production by catalyzing the reversible  
amination of 2-oxoglutarate to glutamate. Plant GDH is located 
in the cytosol and mitochondria as a multiprotein complex 
comprising three NAD(H)-dependent subunits (α, β, and γ) 
encoded by three genes in Arabidopsis (GDH1, GDH2, and 
GDH3). A fourth gene GDH4 encoding a putative NADP(H)-
dependent GDH has been identified in Arabidopsis but its exact 
catalytic activity and function are both still not clear (Igarashi 
et  al., 2009). Although NADH-GDH can incorporate ammonia 
into 2-oxoglutarate to form glutamate in response to high levels 
of ammonia under stress conditions (Skopelitis et  al., 2006), 
the major catalytic activity of NADH-GDH in plant cells is 
restricted to glutamate deamination and thus ammonia production 
(Masclaux-Daubresse et  al., 2006). However, NADH-GDH-
mediated glutamate deamination in roots significantly contributes 
to AA catabolism and TCA cycle activity during dark-induced 
senescence and hypoxia recovery (Miyashita and Good, 2008; 
Fontaine et al., 2012; Diab and Limami, 2016). Without surprise, 
biotechnological engineering of higher plants by overexpressing 
plant GDH isoforms did not increase either plant biomass or 
NUpE (Table  1). In tobacco, a better tolerance to salt stress 
was observed, but plant biomass remained lower when compared 
to control lines in normal conditions. Consequently, some research 
groups focused their work on the overexpression of either 
bacterial or fungal NADPH-GDH (Table 1). Indeed, Aspergillus 
niger NADPH-GDH α-subunit (gdhA) exhibited a higher maximal 
velocity and affinity for ammonia when compared to plant 
NADH-GDH and even cytosolic GS1 (Abiko et al., 2010). Except 
for GDH from two fungi (Sclerotinia sclerotiorum and Magnaporthe 
grisea), this strategy gave strikingly results in Solanum tuberosum, 
Oryza sativa, Nicotiana tabacum, and Zea mays. All overexpression 
lines showed higher N assimilation when compared to control 
lines coupled to positive effects on either plant biomass and/
or grain yield under field and/or low N conditions. Interestingly, 
fungal and bacterial GDH have a higher potential for the 

improvement of NUE in crops compared to plant GS1. Indeed, 
NAD(P)H-GDH activity produces glutamate, a major AA, which 
is transported and used in many transamination reactions, by 
using 2-oxoglutarate, an organic acid efficiently produced by 
the tricarboxylic acid (TCA) cycle, as a carbon skeleton to fix 
ammonia. Conversely, GS activity produces glutamine, a 
transported AA requiring GOGAT enzyme activity to be further 
converted to glutamate. Therefore, GOGAT activity may become 
limiting in GS1-overexpressing lines while in GDH-overexpressing 
lines N assimilation becomes directly connected to TCA cycle 
activity and mitochondrial respiration. Considering Oryza sativa, 
these interesting results with GDH-overexpressing lines may 
also question a potential toxic accumulation of ammonia in 
some plant GS1-overexpressing lines, since a strong bacterial/
fungal GDH activity could also stimulate ammonia import. An 
issue that still needs to be addressed is the phenotypical differences 
observed when overexpressing different fungal GDHs in Oryza 
sativa. Indeed, these phenotypical differences cannot be explained 
by different kinetic parameters since recombinant GDH from 
Aspergillus niger, Trichuris, and Sclerotinia sclerotiorum exhibited 
similar Km values for NH4 and 2-oxoglutarate (Abiko et al., 2010; 
Du et  al., 2014, 2019).

AMINO ACID BIOSYNTHESIS AND 
DEGRADATION

Photorespiratory N-Related Enzymes
Under current atmospheric conditions (415 μl.L−1), ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) oxygenase activity 
produces 2-phosphoglycolate, which is an inhibitor of Calvin-
Benson cycle enzymes (Flugel et al., 2017). The photorespiratory 
cycle metabolizes this toxic 2-phosphoglycolate to make useful 
3-phosphoglycerate, a metabolite hub of C metabolism (Hodges 
et al., 2016; Timm and Hagemann, 2020). This important pathway 
takes place in all photosynthetic cells and contributes to the 
production and degradation of glycine and serine through  
the successive action of the following enzymes: glutamate: 
glyoxylate aminotransferase (GGAT), glycine decarboxylase 
complex (GDC), serine hydroxymethyl aminotransferase (SHMT), 
and serine:glyoxylate aminotransferase (SGAT). In Arabidopsis, 
it has been shown that GGT1, SHMT1, and SGAT1 are the 
photorespiratory genes (Somerville and Ogren, 1980; Voll et  al., 
2006; Dellero et al., 2015, 2016). GDC is a multiprotein complex 
comprising four subunits which are also involved in other 
enzymatic complexes: the P-protein encoded by a single gene 
(GDP1), the L-protein encoded by two genes (LPD1 and LPD2), 
the T-protein encoded by a single gene (GDT1), and the H-protein 
encoded by three genes (GDCH1, GDCH2, and GDCH3; Douce 
et  al., 2001; Engel et  al., 2007). Considering that the GDC step 
releases CO2 and ammonia and that photorespiration cannot 
be  completely suppressed, researchers have improved plant 
productivity by introducing alternative pathways to optimize 
the refixation of photorespiratory CO2 and to minimize ammonia 
losses (Maurino, 2019).

The recent overexpression of specific subunits of the 
photorespiratory GDC complex intriguingly gave promising 
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results that suggested GDC to be  the rate-limiting step of the 
cycle (Timm and Hagemann, 2020; Figure  1, Table  1). Indeed, 
Arabidopsis lines overexpressing LPD or GDCH genes exhibited 
an increase in net CO2 assimilation rate and overall plant biomass 
by up to 20% at the vegetative stage compared to control lines 
(Timm et  al., 2012, 2015). In tobacco, similar improvements 
were achieved in field conditions but only when GDCH1 
overexpression was driven by a leaf-specific and light-regulated 
promoter (Lopez-Calcagno et  al., 2019). Perhaps surprisingly, 
the constitutive overexpression of OsSHMT1 in rice significantly 
increased photosynthetic efficiency and grain number per panicle 
by up to 25% (Wu et  al., 2015), whereas the overexpression 
of either SGAT1 or GGAT1 in Arabidopsis did not increase 
plant biomass (Igarashi et  al., 2006; Modde et  al., 2017).

Given these results, it is tempting to think that the phenotype 
of plants overexpressing subunits of the GDC complex or SHMT1 
may be  due to a modified flux through the photorespiratory 
cycle thus reducing the accumulation of toxic photorespiratory 
intermediates rather than an altered glycine/serine metabolism. 
Indeed, lower amounts of 2-phosphoglycolate would improve 
Calvin-Benson cycle activity, RuBisCO net CO2 fixation, and 
ultimately plant growth and N management. That said, the 
overexpression of PGLP1 in Arabidopsis did not significantly 
increase plant biomass and photosynthetic performances under 
current atmospheric conditions (21% O2; Flugel et  al., 2017). 
However, these transgenic lines showed a higher photosynthetic 
rate when compared to control lines without changing their 
water use efficiency under drought stress (Timm et  al., 2019). 
As yet, we  do not know whether overexpressing GDC subunits 
or SHMT1 confers an advantage under drought stress or low 
N inputs. This perspective may be  promising for improving 
plant NUE with respect to climate change conditions.

Alanine:2-Oxoglutarate Aminotransferase
Plant alanine:2-oxoglutarate aminotransferase (ALAAT) catalyzes 
the reversible transamination of glutamate and pyruvate to 
produce 2-oxoglutarate and alanine in the cytosol and 
mitochondria of various cell types. In Arabidopsis, mitochondrial 
ALAAT is encoded by two genes: ALAAT1, which is strongly 
expressed in vascular tissues of shoots and roots compared to 
ALAAT2, which is weakly expressed in vascular tissues of 
shoots (Ricoult et al., 2006; Miyashita et al., 2007). Interestingly, 
ALAAT1 is induced in roots when plants are facing hypoxia 
stress such as waterlogging, where it plays an essential role 
in storing C and N skeletons and optimizing ATP production 
(Diab and Limami, 2016).

A successful strategy for crop improvement consisted in the 
root specific expression of a barley HvALAAT1 cDNA (Table 1). 
This led to an increase in NUpE, plant biomass, and seed yield 
in Brassica napus, Oryza sativa, Sacharum officinarum, and 
Triticum aestivum, although these results were sometimes only 
observed in high N conditions or low N conditions depending 
on the crop tested. In addition, neither root-specific nor 
constitutive expression of HvALAAT1 using an ubiquitin promoter 
succeeded to increase plant biomass in Sorghum bicolor, and 
thus suggesting that ALAAT activity was not rate-limiting for 
NUE in Sorghum bicolor. Recent results have confirmed a link 

between a higher ALAAT activity in roots and improved N-related 
phenotypes since the expression of ALAAT2 from Cucumis 
sativus, ALAAT1 and ALAAT2 from Mus musculus, and ALAAT 
from Pyrococcus furiosus in either Arabidopsis or Oryza sativa 
successfully increased plant growth in high or low N conditions 
(McAllister and Good, 2015; Sisharmini et  al., 2019). How 
ALAAT activity leads to improved agronomical performance 
of plants has not been clearly elucidated (McAllister et  al., 
2012). However, based on some of the phenotypes observed 
in overexpressing lines, ALAAT could contribute to plant fitness 
in several ways. First, ALAAT may stimulate glycolysis and 
thereafter TCA cycle activity in roots by actively consuming 
pyruvate. Second, ALAAT may boost N uptake and assimilation 
in roots by actively recycling glutamate to 2-oxoglutarate for 
GOGAT activity. Finally, overproduction of alanine through 
ALAAT activity may efficiently activate alanine transport between 
plant organs thereby increasing the sink demand for N.

Amino Acid Catabolism During Leaf 
Senescence
The regulation of the balance of AA and protein biosynthesis 
and degradation in plant cells is of primary importance to 
support different plant growth stages (Hildebrandt et al., 2015). 
Specifically, when cells are facing senescence or adverse stresses, 
the activation of autophagy processes results in an intense 
degradation of stored proteins (Masclaux-Daubresse et al., 2017). 
This mechanism allows plants to remobilize C and N for the 
production of valuable compounds for stress tolerance/adaptation, 
for the production of energy, and for the establishment of 
sink tissues (Hildebrandt, 2018; Tegeder and Masclaux-Daubresse, 
2018). Interestingly, developmental and dark-induced senescence 
(prolonged dark stress) share common pathways for the regulation 
of AA metabolism and this includes the activation of the 
mitochondrial catabolism of branched-chain amino acids 
(BCAAs; namely leucine, valine, and isoleucine; Chrobok et al., 
2016; Law et  al., 2018; Figure  1). This metabolic pathway is 
of primary importance since it recycles the N of each BCAA 
while redirecting their C skeleton to the TCA cycle in the 
form of acetyl-CoA. At the same time, this AA catabolism 
actively participates in mitochondrial energy production, by 
providing electrons to a flavoprotein of the ubiquinone complex 
of the mitochondrial electron transfer chain (METC; Figure 2; 
Araujo et  al., 2010; Hildebrandt et  al., 2015). Since ammonia 
reassimilation during senescence and AA transport both require 
ATP to function, BCAA catabolism represents a promising 
target to boost source-to-sink N remobilization in plants by 
remobilizing N from BCAAs while participating in mitochondrial 
ATP production.

Besides BCAAs, the catabolism of other AAs can also 
contribute to mitochondrial energy production during dark-
induced senescence (Figure  2). The characterization of a 
D-2-hydroxyglutarate dehydrogenase (D2HGDH) Arabidopsis 
mutant d2hgdh coupled to 13C-lysine labeling experiments 
confirmed that lysine degradation via D2HGDH supplied 
electrons to the METC during dark-induced senescence (Araujo 
et  al., 2010). Recently, the analysis of Arabidopsis tyrosine 
aminotransferase 1 mutants showed that Tyr degradation 
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significantly contributed to TCA cycle activity during 
dark-induced senescence by supplying fumarate (Wang et  al., 
2019b). Proline dehydrogenase (ProDH), the first enzyme of 
mitochondrial degradation of proline, has also attracted attention. 
In Arabidopsis, ProDH1 can form part of a low-molecular-mass 
complex in the mitochondrial membrane and actively contribute 
to the METC by acting as an electron donor (Cabassa-Hourton 
et  al., 2016). The analysis of a prodh1prodh2 double mutant 
confirmed that the proline oxidation significantly contributed 
to the METC during dark-induced senescence (Launay et  al., 
2019). In oilseed rape, certain BnProDH homologous genes 
(BnaA&CProDH1a, BnaA&CProDH1b, BnaAProDH2a, and 
BnaCProDH2a) were induced by prolonged dark conditions 
(Dellero et  al., 2020a). However, variations of proline content 
between sink and source-to-senescent leaves at the vegetative 
stage were mostly correlated to a reduction of proline biosynthesis 
rather than to an increase of proline oxidation (Dellero et  al., 
2020a,b). This recent finding has questioned the importance 
of proline catabolism with respect to crop improvement. In 
potato, the short-term inhibition of the activity of the 
2-oxoglutarate dehydrogenase complex (involved in the 
production of succinate in the TCA cycle) with a phosphonate 
analog resulted in a severe inhibition of mitochondrial respiration 
(Araujo et  al., 2008). Nevertheless, long-term downregulation 
of this complex by antisense inhibition in tomato slightly 
reduced plant biomass and flowering time without affecting 
final fruit size, thereby suggesting that METC activity required 
for fruit production can be  supported by alternative substrates 
(Araujo et  al., 2012). Since isoleucine, leucine, lysine, proline, 
valine, and tyrosine are used as alternative respiratory substrates 
for mitochondrial respiration in plants during dark-induced 
senescence, enzymes of their respective catabolic pathways 
represent interesting and promising targets to boost source-
to-sink N remobilization in plants. Extending this work to 
other crops will definitely provide exciting results on the exact 
contribution of their catabolism on plant NUE and perhaps 
under low N conditions.

AMINO ACID UPTAKE AND TRANSPORT

During vegetative growth and reproductive stages, AAs are 
transported from soil to roots (AA uptake) and between roots, 
shoots, and sink tissues through the vascular tissues of xylem 
and phloem. AA transport from roots to shoots is apoplasmically 
achieved by the xylem and xylem loading is expected to be  a 
passive step since it is facilitated by the difference of water 
potential between roots and leaves (Rennie and Turgeon, 2009). 
AA transport from source leaves to sink tissues is symplasmically 
achieved through the phloem. However, phloem loading and 
unloading events and xylem-to-phloem loading can also follow 
an apoplasmic route, which require the activity of specific 
plasma membrane AA transporters (Tegeder and Masclaux-
Daubresse, 2018). These transporters are involved in the cellular 
import of a broad range of AAs in co-transport with protons, 
and they belong to five multigene families: amino acid permeases 
(AAP; eight genes in Arabidopsis), cationic amino acid 

transporters (CAT; nine genes in Arabidopsis), lysine histidine 
transporters (LHT; ten genes in Arabidopsis), proline transporters 
(ProT; three genes in Arabidopsis), and “usually multiple amino 
acid move in and out transporters” (UMAMIT; 43 genes  
in Arabidopsis; Su et  al., 2004; Lehmann et  al., 2011; 
Tegeder and Ward, 2012; Dinkeloo et  al., 2018).

Reverse genetic approaches based on the characterization 
of Arabidopsis mutants have succeeded to identify the function 
of many AA transporters in recent years (Figure 1). Concerning 
AA uptake, the disruption of AAP1, AAP5, LHT1, LHT6, or 
ProT2 expression successfully decreased AA uptake capacities 
in the corresponding transgenic plants (Lee et  al., 2007; 
Svennerstam et  al., 2007, 2011; Lehmann et  al., 2011; Perchlik 
et  al., 2014). In addition, AAP1 can contribute to salt stress-
induced proline uptake while LHT1 plays a role in AA import 
into leaf cells (Hirner et al., 2006; Wang et al., 2017). However, 
the importance of AAP1 for crop improvement can be questioned 
since potato StAAP1 antisense lines showed no differences with 
respect to C and N contents in seeds and overall seed yield 
when compared to control lines (Koch et al., 2003). Concerning 
AA export from either roots or source leaves, AAP2 and AAP6 
play a key role in xylem-to-phloem loading of AAs while the 
role of AAP3 seems to be  easily compensated by other AA 
transporters (Figure 1; Okumoto et al., 2004; Hunt et al., 2010; 
Zhang et  al., 2010). AAP8 and UMAMIT18 are involved in 
phloem loading of AA for leaf export (Figure  1; Ladwig et  al., 
2012; Santiago and Tegeder, 2016, 2017). Interestingly, deletion 
of Arabidopsis AAP8 decreased AA exudation from leaves at 
both vegetative and reproductive stages and ultimately decreased 
seed yield by up to 40% compared to the control line. Concerning 
AA import into seeds, UMAMIT11 and UMAMIT14 are both 
responsible for phloem unloading of AAs to seeds while 
UMAMIT24, UMAMIT25, UMAMIT28, and UMAMIT29 are 
involved in seed loading of AAs (Figure  1; Muller et  al., 2015; 
Besnard et al., 2016, 2018). Perhaps surprisingly, single deletion 
of UMAMIT11, UMAMIT14, UMAMIT28, or UMAMIT29 
decreased seed size at final harvest. From a global point of 
view, many AAP and UMAMIT transporters mentioned here 
are transcriptionally upregulated during natural leaf senescence 
and represent interesting targets for crop improvement (Figure 1; 
Have et  al., 2017).

Up until now, biotechnological engineering of AA transport 
has been essentially focused on AAPs (Table  1). A successful 
strategy has consisted in the overexpression of AAP1 and AAP6 
in different tissues (phloem, embryo, seed, or all plant organs) 
to improve AA transport from source-to-sink tissues in Vicia 
narbonensis, Pisum sativum, Oryza sativa, and Glycine max. 
Consequently, these overexpressing plants exhibited higher N 
root uptake and/or AA transport capacities in both high and 
low N conditions, thereby resulting in higher N seed content 
and/or seed yield. From a global view, similar phenotypes were 
observed by using promoters differing in strength and conferring 
different tissue localizations. This confirmed the multifunctional 
role of AAP1 and AAP6 in plant N metabolism and highlighted 
them as valuable targets for crop improvement. However, this 
overexpression strategy was not successful for other AAPs, 
hence reinforcing the interest of exploring the roles of AAPs 
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specifically in crops. Indeed, the constitutive overexpression 
of OsAAP5 and OsAAP3 in rice gave negative NUE phenotypes 
while either RNA interference or genome-editing of these genes 
using CRISPR technologies (Clustered Regularly Interspaced 
Short Palindromic Repeats) increased bud outgrowth and tiller 
number by up to 30% and grain yield by up to 50%. Perhaps 
such results reflect the fact that OsAAP3 and OsAAP5 can 
promote the uptake of lysine and arginine from roots and 
these AAs can inhibit specifically root growth and axillary 
bud outgrowth in rice through the negative regulation of 
cytokinin production. Similarly, Arabidopsis knock-out lines 
for AAP2 showed a better NUpE and seed yield under both 
high and low N conditions. Nevertheless, interesting phenotypes 
obtained by downregulating AA transport seems to be restricted 
to AAP only. In fact, the downregulation of OsLHT1 in rice 
through either knock-out or CRISPR technology inhibited AA 
uptake from roots and their translocation to leaves while 
negatively impacting plant growth, and finally, seed yield by 
up to 50% (Wang et  al., 2019c; Guo et  al., 2020).

It can be seen above that the potential of AAP and UMAMIT 
genes for improving NUE in N-limiting conditions has not 
been fully investigated among crops while the recent genome-
wide identification of AAP genes and their regulation during 
various stresses in many crops will definitely provide interesting 
targets for the future improvement of crop NUE (Ma et  al., 
2016; Wan et  al., 2017; Qu et  al., 2019; Duan et  al., 2020; 
Zhou et  al., 2020).

CONCLUDING REMARKS AND 
PERSPECTIVES

Over the two last decades, major advances have been achieved 
to improve NAE and NUE under high and low N conditions 
through the genetic manipulation of AA metabolism. Concerning 
NAE improvement, while plant GS1 has represented an interesting 
target, breakthrough results in low N conditions for many crops 
have been obtained mainly by expressing in bacterial ASN and 
fungal and bacterial GDH genes in plants. Indeed, plant GS1 
activity is regulated at multiple levels and represents a rather 
high energetic cost; therefore, an uncontrolled increase of GS1 
activity is prone to interfere with plant physiology and metabolic 
cell homeostasis. Probably bacterial ASN and fungal and bacterial 
GDH are insensitive to plant cell regulations and their in vitro 
affinity for ammonia appears to be much better when compared 
to GS1. Thus, an interesting strategy to maintain NAE while 
reducing field N inputs could consist in the overexpression of 
non-plant ASN and GDH isoforms. However, we  do not know 
whether any beneficial effects in low N conditions would 
be conserved in the context of climate change, i.e., in combination 
with elevated CO2 and temperatures as well as prolonged periods 
of drought. Work performed using Nicotiana tabacum, Hordeum 
vulgare, and Oryza sativa clearly illustrated that plant GS1 
remains an interesting target for this purpose (Table  1). Since 
a gene-pyramiding strategy for OsGS1.1 and OsGS2 in Oryza 
sativa gave attractive results, it might be  interesting to boost 
ATP production while overexpressing plant GS1. For this purpose, 

targeting branched-chain AA catabolism may be  a promising 
strategy. One may question the interest of boosting both AA 
biosynthesis and AA degradation. However, AA catabolism is 
often activated during stress-induced senescence and it has a 
high capacity for ATP production compared to the ATP required 
to reassimilate their N. The complete oxidation of a molecule 
of either BCAA, Lys, Pro, and Tyr releases around 29 ATP 
while the reassimilation of their N requires only 1 ATP 
(Hildebrandt et al., 2015). Therefore, this strategy could be ideal 
during senescence-inducing stress conditions by optimizing the 
redirection of carbon and nitrogen fluxes within plant cells. 
Specifically, the potential of IVDH, an enzyme that can participate 
in both lysine and valine catabolism, should be further evaluated 
within a gene pyramiding context.

Besides N assimilation and AA remobilization, AA transport 
represents an important rate-limiting step for NUE in many 
crops. This transport is of prime importance for NUE, as it 
affects N uptake, sink/source relationships, and ultimately seed 
N content. The assessment of the biotechnological potential of 
many AAPs in Arabidopsis has contributed to the development 
of genetic engineering approaches targeting AAPs in crops. 
However, results obtained with Oryza sativa confirmed that a 
strong AA transport activity can sometimes interfere with plant 
physiology (via cytokinin balance), and that this behavior is 
largely dependent on N metabolism topology in the tested crop. 
Of course, boosting AA uptake by overexpressing AAP1 and 
AAP6  in different tissues always resulted in a higher final seed 
N content in many different crops and even in low N conditions 
for the two leguminous species Pisum sativum and Glycine 
max. However, there was not always a positive impact on plant 
biomass or grain yield, perhaps due to limitations in sink size. 
In fact, successful engineering of sink/source relationships was 
mainly achieved through multi-target transformations improving 
both C/N remobilization and sink strength/size (Sonnewald and 
Fernie, 2018). It was recently shown that N reassimilation via 
the photorespiratory pathway increased plant net CO2 uptake 
(Busch et  al., 2018). Therefore, overexpression of either 
AAP1/AAP6 in crops could be coupled with the overexpression 
of photorespiratory proteins at the interface between C and N 
metabolisms, such as GDCH and SHMT1.

The identification of new targets for genetic engineering 
represents a major challenge. Given that a systematic knock-out/
overexpression approach for each potential target in different 
crops would represent a tedious and time-consuming strategy, 
the development of 15N-based fluxomic approaches using crops 
could help to identify novel, suitable metabolic steps to target 
for NUE improvement. Whole-plant 15N-based fluxomic 
approaches have been deployed already to analyze the impact 
of low N conditions on global NUpE and NUtE at the organ 
level and to identify the origin of N allocated to seeds (Have 
et al., 2017; Salon et al., 2017). Therefore, the further development 
of 15N-based fluxomics to explore AA metabolism in crops 
would be  highly beneficial. For instance, the recent use of 
scalable metabolic flux modeling after 15N-glycine labeling 
showed that metabolic fluxes associated with de novo biosynthesis 
of proline and valine were strongly affected by leaf sink/source 
balances in Brassica napus (Dellero et  al., 2020b). Future work 
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should focus on developing more detailed and complete isotopic 
models of compartmented AA metabolism in crops under 
normal and low N conditions to identify new targets to improve 
NUE (and abiotic stress tolerance).

An important future challenge to consider regarding the 
improvement of crop NUE for sustainable agriculture is to 
propose non-GMO (Genetically Modified Organism) strategies. 
Indeed, genetically modified plants are not always publicly 
accepted especially in Europe due to a strong lobbying by 
environmental organizations. Forward genetic approaches based 
on natural genetic variation in crops have led to some interesting 
results for GS and AAPs. A QTL analysis of Oryza sativa 
identified OsAAP6 as a positive regulator of grain protein 
content and AA uptake. Interestingly, the genetic diversity of 
grain protein content within indica cultivars was associated 
to two variations in the potential cis-regulatory elements of 
the OsAAP6 5'-untranslated region (Peng et al., 2014). Similarly, 
a genetic analysis in Oryza sativa identified an indica haplotype 
containing a 51  bp insertion in the promoter sequence of 
AAP5 compared to japonica haplotypes. The indica haplotype 
had a lower OsAAP5 transcript level and produced more tillers 
than japonica haplotypes (Wang et al., 2019a). Different genetic 
analysis in Triticum aestivum and Zea mays successfully 
identified GS-containing QTLs related to NUE parameters (N 
uptake and biomass; Fontaine et  al., 2009; Li et  al., 2015; 
Silva et al., 2018). In addition to these interesting perspectives, 
it is well-known that monocultural farming practices can 
impoverish the genetic diversity of soil microbiota, which is 
an important and overlooked actor of plant N metabolism 
by directly connecting plants to their neighboring environment. 

A major beneficial effect of bacteria on plant N acquisition 
is the symbiotic relationship between rhizobia and leguminous 
plants (Dellagi et al., 2020). While this bacteria-plant symbiotic 
interaction essentially occurs within Fabaceae, some plant-
growth-promoting rhizobacteria and arbuscular mycorrhizal 
fungi with a wide-range of specificity for crops may have an 
interesting potential for the improvement of plant N nutrition 
that should be  further evaluated.
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FIGURE 2 | Contribution of amino acid catabolism to the activity of the tricarboxylic acid cycle and to the mitochondrial electron transfer chain during dark-induced 
senescence in Arabidopsis. BCAAT, branched-chain amino acid aminotransferase; D2HGDH, D-2-hydroxyglutarate dehydrogenase; ETF, electron-transfer 
flavoprotein; ETFQO, electron-transfer flavoprotein:ubiquinone oxidoreductase; IVDH, isovaleryl-CoA dehydrogenase ProDH, proline dehydrogenase; P5C, 
1-pyrroline-5-carboxylic acid; TAT, tyrosine aminotransferase; TCA, tricarboxylic acid; UQ, ubiquinone; 2-OG, 2-oxoglutarate.
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INTRODUCTION

Feeding the world population increasing from current 7.7 to 9.7 billion by 2050 is a big challenge
(United Nations, 2019). This is further serious in developing countries where degradation of
soil health, increasing fertilizers cost and reducing cultivable lands are the major constraints
(St Clair and Lynch, 2010). Presently, 119.41 million tons of nitrogen (N) fertilizers are
applied worldwide in crops to achieve desirable yield (FAO, 2018). Plant N uptake, transport,
utilization/assimilation and remobilization are controlled by a complex network of genes involved
in these biological processes. Significant research advancements have been made in nitrogen
use efficiency (NUE) in plants like Arabidopsis, rice, maize and wheat (Li et al., 2017), and
physiological and molecular mechanisms underlying N pathways have been elucidated in plants
(Kant et al., 2011). Although, many studies have been undertaken in different N regimes and
candidate genes have been identified for increasing NUE but success in achieving N-use efficient
genotypes is limited due to its complex genetics and genotype by environment interaction (Baligar
et al., 2001). Interestingly, a considerable number of transgenic plants with increased NUE have
been developed in cereals (Li et al., 2020). Notably, progress in CRISPR/Cas9 [clustered regularly
interspaced short palindromic repeat (CRISPR)/CRISPR-associated nuclease 9] genome editing
combined with base-editing technology provides a great opportunity for enhancing NUE in plants
(Khatodia et al., 2016; Li et al., 2018).

Potato (Solanum tuberosum L.) is the fourth most important food crop of the world after rice,
wheat and maize. Potato is an N fertilizer intensive crop that requires 180–240 kg N/ha fertilizers
to produce high tuber yield (35–45 t/ha); of total applied N, plants acquire only 40–50% and
remaining N is lost in environment (Trehan and Singh, 2013). Owing to the adverse impacts
and high production cost caused by excess N fertilizers application, improving NUE of plant is
an environmental-friendly approach to achieve sustainable crop yield (Fageria et al., 2008). This
opinion article highlights prospects for improving NUE in potato based on the lessons learnt from
the transgenics to the CRISPR/Cas9 genome editing research in plants.

APPLICATIONS OF TRANSGENICS AND CRISPR-CAS

TECHNOLOGIES FOR IMPROVING NUE IN PLANTS

Transgenic technology has been applied in plants to create genetically modified organism (GMO)
by overexpression or knockout/silencing of genes. Genes have been transferred within or across
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the species to introduce new or enhance/alter endogenous gene
expression (Good et al., 2007). Whereas, gene silencing (RNAi)
process inhibits gene expression or translation by disrupting
targeted mRNA (Liang et al., 2014). N metabolism pathways
genes such as nitrate or ammonium transporters, assimilation
genes and transcription factors (TFs) have been manipulated
for improving NUE in cereals (Li et al., 2020). Generally,
overexpression of genes driven by the constitutive (Ubiquitin
and CaMV35S) or tissue-specific (e.g., OsNAR2.1) promoters has
been deployed to develop N-use efficient transgenic plants (Chen
J. et al., 2016). Hu et al. (2015) have demonstrated overexpression
of OsNRT1.1B allele of indica rice into japonica to increase NUE.
RNAi technology has been deployed to knockdown the NAC-like
TF OsNAP to improve NUE in rice (Liang et al., 2014).

The recently discovered CRISPR/Cas9 system has
revolutionized the plant research. CRISPR/Cas9 (type-
II, originates from Streptococcus pyogenes) is an adaptive
immunity found in bacteria or archaea to combat with invading
nucleic acids (Khatodia et al., 2016). The unprecedented
advances in CRISPR/Cas9 facilitate an easy, versatile and
robust technology to accelerate genomics-assisted crop
improvement. CRISPR/Cas9 has been successfully deployed
to edit N transporter gene to enhance NUE by introgression of
NRT1.1B-indica allele into japonica rice (Li et al., 2018). Until
now, CRISPR/Cas9 has been mostly applied to mutate negative
regulators, instead of overexpression of positive regulators. The
gene BT2, a member of the Bric-a-Brac/Tramtrack/Broad gene
family, suppresses nitrate uptake and NUE; and overexpression
of BT2 decreased NUE in rice under low nitrate by decreasing
expression of NRT2.1 and NRT2.4 genes (Araus et al., 2016).
Further, symbiotic N fixation (SNF)-associated genes have also
been inactivated by CRISPR/Cas9 in Lotus japonicus (Wang et al.,
2016), and thus progress in genome editing would accelerate
SNF research in legumes and non-legumes. Recently, cytosine-
and adenine- base editors (CBEs/ABEs) called base-editing,
based on CRISPR/Cas9, have emerged as a newer technology
for precise modification of nucleotides [C to T (or G to A),
and A to G (or T to C)] for gain or loss of gene functions in
eukaryotes (Li et al., 2018; Mishra et al., 2020). The base-editing
has been demonstrated in rice for nitrate transporter gene
OsNRT1.1B to improve NUE (Lu and Zhu, 2017; Zong et al.,
2018). Collectively, the successful examples of a few N-use
efficient plants (transgenics and genome-edited) are summarized
in Supplementary Table 1.

RECENT RESULTS IN CROPS NUE

MODIFICATION

Increasing N Uptake and Transport

Efficiency
A number of N transporter genes such as low-affinity nitrate
transporter NRT1.1b (Fan et al., 2015; Hu et al., 2015), high-
affinity nitrate transporters NRT2.1 (Chen J. et al., 2016; Chen
et al., 2017), NAR2.1 and NRT2.3a (Chen et al., 2020), NRT2.3
(Fu et al., 2015), and NRT2.3b (Fan et al., 2016), peptide
transporter PTR9 (Fang et al., 2013), ammonium transporter

AMT1;1 (Ranathunge et al., 2014), and quantitative trait loci
qNGR9, synonymous with gene DEP1 (Sun et al., 2014) have
shown to enhance NUE in rice. Similarly, TFs such as MADS25
(Yu et al., 2015) and NAC2-5A (He et al., 2015) have also
been found effective in developing N use efficient rice and
wheat, respectively. The roles of microRNA miR166 targeting
Dof TF RDD1 have also been confirmed to promote ammonium
uptake and transport in rice (Iwamoto and Tagiri, 2016).
Recently, functions of several genes have been elucidated in
plants for high NUE such as nitrate transporterOsNPF4.5 (Wang
et al., 2020), NAC42-activated nitrate transporter (Tang et al.,
2019) and nitrate reductase gene OsNR2 (Gao et al., 2019).
Collectively, genetic engineering in N transporters have been
proven successful to increase plant growth, root architecture, N
uptake and transport and total N content, and thus improved
NUE of plants (Supplementary Table 1).

Increasing Plant N Utilization and

Remobilization Efficiency
Several genes have been engineered to enhance N utilization
efficiency in plants. For example NIN-LIKE PROTEIN 7 (NLP7)
(Yu et al., 2016), asparagine synthetase ASN1 (Lam et al.,
2003), autophagy-related gene ATG7-1 (Wada et al., 2015) and
glutamine synthetase GS1;2 (Brauer et al., 2011) have improved
NUE in Arabidopsis/rice. The functions of TFs such as bZIP
AtTGA4 (Zhong et al., 2015), HY5 (Chen X. B. et al., 2016),
NAC-like NAP (Liang et al., 2014), Dof1 ZmDof1 (Yanagisawa
et al., 2004; Kurai et al., 2011), NAC1-type NAC-S (Zhao et al.,
2015) and Nuclear Factor Y NFYA-B1 (Qu et al., 2015) have
been demonstrated in development of N-use efficient plants
of Arabidopsis/rice/wheat. Importantly, barley AlaAT (alanine
aminotransferase) has most successful in increasing NUE in
rice (Shrawat et al., 2008), canola (Good et al., 2007) and
sugarcane (Snyman et al., 2015). The miR166 targeting Dof TF
RDD1 enhances transport of nutrients including ammonium and
sucrose, N uptake and content, and grain yield under low N in
rice (Iwamoto and Tagiri, 2016) (Supplementary Table 1).

RESULTS AND TARGETS FOR IMPROVING

NUE IN POTATO

In potato, several studies have reported on application of soil
and agronomic practices for N management (review by Trehan
and Singh, 2013), but very limited on genomics uses to enhance
NUE. Hence, knowledge about genes and regulatory elements
such as TFs and microRNAs (miRNAs) are important to improve
NUE. Moreover, the underlying molecular and physiological
mechanisms and genetic factors remain elusive in potato
for root system architecture, carbon-nitrogen economy and
Nmetabolism (uptake, transport, utilization and remobilization).
Recently, we have reviewed application of integrated genomics,
physiology and breeding approaches for improving NUE (Tiwari
et al., 2018) and traits phenotyping under aeroponic in potato
(Tiwari et al., 2020d). Further, recent studies provide information
about the genes and miRNAs associated with N stress in potato
(Tiwari et al., 2020a,b,c; Zhang et al., 2020). Potato is highly
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amenable to tissue culture and therefore transgenics protocols
are well established. Also, CRISPR/Cas9 tool has been applied in
potato such as creation of homozygous mutants, knockdown of
steroidal glycoalkaloids, caroteinoid biosynthesis and phosphate
transport (review by Nadakuduti et al., 2018; Dangol et al., 2019).

We summarize here potential candidate genes for improving
NUE in potato based on the recent research (Tiwari et al.,
2020a,b,c; Zhang et al., 2020). Our studies indicate that
in potato roots, high-affinity nitrate transporters are the
key candidate genes for manipulation in N uptake and
transport. Moreover, genes like ferric chelate reductase, protein
phosphatase 2 C, glutaredoxin, GDSL esterase/lipase, cytochrome
P450 hydroxylase and TFs also appear important in roots.
In stolons, nitrate transporter, urea active transporter and
sodium/proline symporter facilitate N transport. We have also
elucidated miRNAs (up-regulated: miR156/157 and miR482, and
down-regulated: miR397 and miR398) in roots under N stress.
Further, glutaredoxin gene family has been found the most
prominent candidate gene under N stress in shoots. Another
study shows effect of overexpression of glutaredoxin gene
OsGRX6 on signaling and N status in rice (El-Kereamy et al.,

2015). We have identified tartrate-resistant acid phosphatase,
glycerophosphodiester phosphodiesterase and TFs (Myb and
WRKY), and miRNAs (up-regulated: miR156 and miR319, and
down-regulated: miR398 and miR5303) in shoots under N stress.
Indeed, stolon formation is a critical stage of tuber formation
in potato. Hence, carbohydrate metabolism genes like glucose-
6-phosphate/phosphate translocator 2 and glucose-1-phosphate
adenylyltransferase, and amino acid synthesis genes such
as 2-oxoglutaratedependent dioxygenase, malate synthase and
branched-chainamino-acid aminotransferase play crucial roles
in potato tuberization. Likewise, inhibitors (cysteine protease
and metallocarboxypeptidase), storage protein (patatin), TFs
(heat stress, BTB/POZ and LOB domains, F-box), dehydration-
responsive protein RD22 and hydroxyproline-rich glycoprotein
are essentially involved in potato tuberization. Recently, Zhang
et al. (2020) have observed key roles of nitrate transporters
(StNRT2. 4, StNRT2. 5, and StNRT2. 7), glutamate dehydrogenase,
glutamine synthetase and carbonic anhydrase in N metabolism
in potato. Thus, like other plants, gene manipulation of
N transporters in roots and assimilatory genes of carbohydrate
and amino acids metabolism in shoots/stolons, and TFs (Myb

FIGURE 1 | An outline of selected differentially expressed genes identified in potato under N stress based on transcriptome (RNA-seq and small RNA) sequencing of

plant grown in aeroponic culture (Tiwari et al., 2020a,b,c). It summarizes the potential candidate genes, transcription factors and microRNAs in different potato tissues

(root, shoot/leaf, and stolon) for improving nitrogen use efficiency in potato by gene manipulation via transgenics and/or CRISPR/Cas9 genome editing coupled with

based-editing technologies.
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and WRKY) could be manipulated by constitutive or tissue-
specific promoters. Further, gene knockdown could be applied
via RNAi (miR156, miR397, miR398, miR319, and miR482) or
others targeting N pathways genes for improving NUE in potato
(Figure 1). Moreover, CRISPR/Cas9 has been deployed in potato
for multiple genes like Acetolactate synthase 1 (Butler et al.,
2015) and granule-bound starch synthase (GBSS) (Andersson
et al., 2017). Overall, candidate genes, TFs and miRNAs could be
attempted for genetic manipulation to increase NUE in potato via
transgenic or CRISPR/Cas9 or base-editing technologies.

Potato is a tetraploid and therefore application of
CRISPR/Cas9 is more challenging. Albeit, all four alleles of
StGBSS gene in potato have been knocked out and genome-
edited mutants have been regenerated (Andersson et al., 2017).
Moreover, various transformation methods like Agrobacterium,
geminivirus replicon, protoplasts and polyethylene glycol have
been suggested for Cas9 application in potato (Butler et al., 2015;
Nadakuduti et al., 2018), of which protoplasts is an excellent one
(Andersson et al., 2017). Further, suitable sgRNA promoters like
Arabidopsis (AtUp) and potato (StU6p), and plant promoters
like CAMV35S have been suggested for potato (Belhaj et al.,
2013). Nevertheless, selection of target gene, design of guide
RNA, efficient CRISPR/Cas9, plant transformation and off-target
mutants are the major issues of genome editing in potato.

CONCLUSIONS

Plant N metabolism involves a network of genes associated
in N uptake, transport, utilization, remobilization and
storage processes. NUE is a complex multigenic trait and
therefore its improvement becomes difficult particularly in
tetraploid potato. However, a substantial success has been
achieved through transgenic and little via CRISPR/Cas in
plants. CRISPR/Cas9 has been mostly applied to negative
regulators of genes, and therefore in future it is expected
to discover such additional genes. Here, we have suggested
a few candidate genes based on our research findings for

improving NUE in potato applying transgenics or CRISPR/Cas9
technologies. Further, strengthening the knowledge on genes,
TFs, and microRNAs and elucidating underlying molecular
and physiological mechanisms of N pathways are vital for
NUE research. Collectively, CRISPR/Cas9 coupled with base-
editing strategies represents an invaluable system for precise
genome editing. Nonetheless, robust Cas9 array system with
multiplexing of targets, transformation and regeneration,
phenotypes and people awareness would be challenges in
genome editing research.
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Understanding the molecular mechanisms in wheat response to nitrogen (N) fertilizer
will help us to breed wheat varieties with improved yield and N use efficiency. Here,
we cloned TaLAMP1-3A, -3B, and -3D, which were upregulated in roots and shoots
of wheat by low N availability. In a hydroponic culture, lateral root length and N uptake
were decreased in both overexpression and knockdown of TaLAMP1 at the seedling
stage. In the field experiment with normal N supply, the grain yield of overexpression
of TaLAMP1-3B is significantly reduced (14.5%), and the knockdown of TaLAMP1
was significantly reduced (15.5%). The grain number per spike of overexpression of
TaLAMP1-3B was significantly increased (7.2%), but the spike number was significantly
reduced (19.2%) compared with wild type (WT), although the grain number per spike
of knockdown of TaLAMP1 was significantly decreased (15.3%), with no difference in
the spike number compared with WT. Combined with the agronomic data from the field
experiment of normal N and low N, both overexpression and knockdown of TaLAMP1
inhibited yield response to N fertilizer. Overexpressing TaLAMP1-3B greatly increased
grain N concentration with no significant detrimental effect on grain yield under low
N conditions; TaLAMP1-3 B is therefore valuable in engineering wheat for low input
agriculture. These results suggested that TaLAMP1 is critical for wheat adaptation to N
availability and in shaping plant architecture by regulating spike number per plant and
grain number per spike. Optimizing TaLAMP1 expression may facilitate wheat breeding
with improved yield, grain N concentration, and yield responses to N fertilizer.

Keywords: Triticum aestivum L, LAMP1, agronomic trait, nitrogen uptake, grain nitrogen concentration, nitrogen
fertilizer response, plant architecture

INTRODUCTION

Nitrogen (N) is the most important macronutrient required for crop growth and development.
Global yield variability is heavily controlled by fertilizer use, irrigation, and climate (Mueller et al.,
2012). Agriculture is facing great challenges to ensure global food security by increasing yields while
reducing environmental costs (Chen et al., 2014). Crops with a higher N use efficiency (NUE)
is essential for the sustainability of agriculture, which could minimize the loss of N and reduce
environmental pollution. NUE is defined as the grain yield produced per unit of N available in
the soils and can be divided into two plant physiological components: N uptake efficiency and N
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utilization efficiency (Kant et al., 2011; Xu et al., 2012). The plant
has two general stages for N use. During biomass formation, there
is the amount of N uptake, storage, and assimilation into amino
acids and other important nitrogenous compounds. During the
grain filling, N is partitioned to seeds, resulting in final yield.
In the processes of N uptake and assimilation, the function of
several structural genes has been studied extensively in the past
decade (Lea and Azevedo, 2006; Xu et al., 2012; Krapp, 2015).
A variety of nitrate and ammonium transporters function in N
absorption by roots (Crawford and Glass, 1998; Forde, 2000;
Howitt and Udvardi, 2000; O’Brien et al., 2016) and a number
of enzymes for assimilation and transfer of the absorbed N into
amino acids and other compounds, such as nitrate reductase,
glutamine synthetase, and glutamate synthase (Campbell, 1988;
Lam et al., 1996; Näsholm et al., 2009).

It is important to understand the N fertilizer response of crops
in improving NUE either by increasing yield under existing levels
of N supply or by maintaining yield by decreasing N levels (Kant
et al., 2011). Genome-scale gene expression has been successfully
used to identify key genes in mediating NUE. An early nodulin
(ENOD93) gene was identified by transcriptional profiling
experiment, and the function in regulating NUE was evaluated
by transgenic approach, overexpressing the OsENOD93-1 gene
increased shoot dry biomass and grain yield of transgenic rice
plants (Bi et al., 2009). In microarray analysis, TaNFYA-B1 was
found to be upregulated by low N and low phosphorus (P)
availabilities, and overexpression of TaNFYA-B1 increased grain
yield and grain N concentration under low N and P supply levels
in a field experiment (Qu et al., 2015). A NAC transcription
factor TaNAC2-5A was upregulated under low N conditions;
overexpression of TaNAC2-5A increases shoot N accumulation
and grain yield, with higher N harvest index (He et al., 2015).

Map-based cloning also identified several genes important for
NUE and yield performance. OsNRT1.1B diverges between indica
and japonica of cultivated rice; OsNRT1.1B-indica variation
was associated with enhanced nitrate uptake and root-to-shoot
transport and upregulated expression of nitrate-responsive genes.
In the field experiment of near-isogenic and transgenic lines, the
OsNRT1.1B-indica allele has significantly higher grain yield and
NUE compared with the lines without the allele (Hu et al., 2015).
OsDEP1was a coincidence with qNGR9, a major quantitative trait
locus for N-regulated plant growth response; the different alleles
of OsDEP1 have different N response, rice carrying with dep1-1
allele could improve harvest index and grain yield at moderate
levels of N fertilization (Huang et al., 2009; Sun et al., 2014).
Recently a genome-wide association analysis has identified the
NAC transcription factor OsNAC42 and its downstream nitrate
transporter OsNPF6.1, which are critical for the response of
panicle number to N availability; the elite haplotypes of these two
genes greatly increased NUE and yield in rice (Tang et al., 2019).
These results show that the gene involved in the response of yield
components to N availability is critical for NUE and yield.

Plant hormones are important for plant development and
response to environmental cues, e.g., the response of plants
to nutrient availability (Rubio et al., 2008; Krouk et al.,
2011). The plasticity of root architecture in response to N
availability largely determines N acquisition efficiency. The

auxin biosynthesis Tryptophan Aminotransferase-Related genes
AtTAR2 in Arabidopsis and TaTAR2 genes in wheat plays
critical roles in regulating lateral root development under low N
treatment (Ma et al., 2014; Shao et al., 2017). Overexpression of
TaTAR2.1-3A increased grain yield under both low and high N
conditions (Shao et al., 2017). N fertilizer is known to upregulate
the biosynthesis of cytokinin, which is coordinating shoot
and root development, and thus spatiotemporal regulation of
cytokinin would benefit crop traits of yield and improve nitrogen
use efficiency (Gu et al., 2018). Cytokinin levels are regulated by a
balance between biosynthesis (IPT) and degradation, decreased
expression of CKX, and enhanced IPT activity resulting in
enhancing seed size. During senescence, the levels of active
cytokinin’s decrease, with premature senescence leading to a
decrease in yield (Jameson and Song, 2016).

Glutamate carboxypeptidase II (GCPII) catalyzes the
hydrolysis of N-acetylaspartylglutamate to glutamate and
N-acetylaspartate (Rojas et al., 2002; Mesters et al., 2006). The
plant putative GCPIIs have a high degree of conservation with
the animal GCPIIs, possessing the N-terminal membrane-
spanning domain, conserved zinc residues, and catalytic residues
(Poretska et al., 2016). However, the biochemical function of
the plant GCPIIs is currently unknown. The Altered Meristem
Program 1 (AMP1) in Arabidopsis encodes a putative glutamate
carboxypeptidase and has significant similarity with mammalian
N-acetyl-linked acidic dipeptidases (Helliwell et al., 2001).
Arabidopsis amp1 mutant was isolated on the basis of an
increased rate of leaf initiation and increased level of cytokinin
biosynthesis (Chaudhury et al., 1993; Chin-Atkins et al., 1996;
Nogué et al., 2000). Loss-of-function of AtAMP1 has pleiotropic
effects on plant development, including altered shoot apical
meristems, increased cell proliferation, polycotyly, constitutive
photomorphogenesis, and early flowering time (Chaudhury
et al., 1993; Helliwell et al., 2001). The contents of amino acids
are changed in amp1 mutant compared with wild type (WT) (Shi
et al., 2013). The pleiotropic phenotypes of the amp1 mutants
may be associated with the critical role of AtAMP1 in translation
inhibition of microRNAs (miRNAs), as AtAMP1 mediates the
activities of multiple miRNAs in reducing the protein levels of
their target genes (Li et al., 2013). AtAMP1 and its paralog LIKE
AMP1 (AtLAMP1) have partially overlapping roles in regulating
plant development; AMP1 is an endoplasmic reticulum integral
membrane protein that interacts with Argonaute1 and requires
miRNA-mediated translation inhibition of target mRNAs
but not mRNA cleavage (Li et al., 2013; Huang et al., 2015).
ZmVP8, the ortholog of AMP1 in maize (Zea mays), modulates
meristem development and seed maturation by controlling the
accumulation of abscisic acid (Suzuki et al., 2008). OsPLA3, the
VP8 orthologs in rice, regulates various developmental processes
and cytokinin homeostasis (Kawakatsu et al., 2009). However,
it is unclear what primary defect could account for the various
aspects of the mutant phenotype of Arabidopsis, rice and maize.
Despite a wealth of phenotypic data, GCPII function has not
been linked to N response, especially in wheat.

Here, we found that TaLAMP1 is inducible by N starvation in
wheat. The altered expression level of TaLAMP1 influenced the
root growth and N uptake at seedling. In the field experiment,
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both overexpression and knockdown of TaLAMP1 reduced grain
yield and yield response to N fertilizer. We also found that
altering TaLAMP1 expression changed root morphology and
plant architecture of wheat plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The wheat (Triticum aestivum L.) variety Kenong 199 (KN199)
was used to isolate the sequences and evaluate the expression
of the TaLAMP1 genes, and KN199 was used to generate the
transgenic lines. The T3 transgenic lines were used in the
hydroponic culture. The nutrient solution and growth conditions
of the hydroponic culture were described by Shao et al. (2017).
Briefly, two N treatments of high N (2-mM N NO3

−) and
low N (0.2-mM NO3

−) were set with four replicates for each
treatment. CaCl2 and KCl were used to balance the calcium
and potassium concentrations of the different treatments. The
growth chamber was with 20 ± 1◦C, 50 to 70% relative
humidity, a photon fluence rate of 300-mmol photons m−2 s−1,
and 16 h day/8 h night cycle conditions. Five days after
germination, wheat seedlings were transferred to plastic boxes
containing nutrient solution, and the solution was refreshed
every 2 days. After grown for 12 days, the roots and shoots
of three plants from three biological replications were collected
separately for gene expression analysis. The roots and shoots
of four plants from four biological replications were collected
separately for measuring shoot dry weight, root dry weight,
and root morphological parameters. The root morphological
parameters were measured as described previously (Ren et al.,
2012). The N concentration in roots and shoots were measured
using a semiautomated Kjeldahl method (Kjeltec Auto 1030
Analyzer, Tecator).

The T4 transgenic lines were used in the field experiment in
the 2015–2016 wheat growing season, which was conducted at
the experimental station of the Institute for Cereal and Oil Crops,
Hebei Academy of Agriculture and Forestry Sciences, Hebei
Province, China (114.725891 E, 37.948118N). The experiment
consisted of high N (225 kg N fertilizer per ha) and low N
(94.5 kg N fertilizer per ha) treatments. The N fertilizer was
applied as urea, with 2/3 applied before sowing and 1/3 applied
at the stem elongation stage. The field experiment followed a
randomized block design with four replications. The seeds were
manually sown on September 29th of 2015; the plants were
harvested in the middle of the following June. Each individual
lines in each replication had a 2-m long row with a spacing of
5 cm between plants and 23 cm between rows. Field management
followed normal agronomic procedures during the whole growth
period. At maturity, 30 representative plants were harvested to
measure plant height, biomass yield per plant, spike number per
plant, grain yield per plant, grain number per spike, grain weight
per spike, harvest index, and N concentration in aerial parts.
According to the dry weight of 500 dried grains, a 1,000-grain
weight was determined, which was manually counted. During the
grain filling stage, we measured Soil Plant Analysis Development
(SPAD) values at six time points of the flag leaves. SPAD values

were determined quickly using SPAD-502 chlorophyll meter
(Zhejiang Top Cloud-Agri Technology Co., Ltd.).

Vector Construction and Transformation
The overexpression construct harboring only the coding
sequence of TaLAMP1-3B complementary DNA (cDNA), a
2,910-bp fragment, including the whole coding region, was
inserted into the vector pJIT163 under the control of the
ubiquitin promoter. This was subsequently transformed into
KN199 by particle bombardment, and nine independent
transgenic lines were harvested. OE1, OE2, and OE3 were
used for phenotypic evaluation. The TaLAMP1 RNAi construct
was generated by insertion of a hairpin sequence containing
two 481-bp cDNA inverted repeat fragments targeting the
TaLAMP1 sequence of KN199 into pUBI-RNAi, under the
control of the ubiquitin promoter. We got eight independent
RNAi transgenic lines and phenotypically evaluated three of the
RNAi lines, R1, R2, and R3.

Quantitative Real-Time PCR
Real-time quantitative PCR was performed using the LightCycler
480 system (Roche, Mannheim, Germany) using the LightCycler
480 SYBR Green I Master Mix (Roche, Mannheim, Germany).
Total RNA was extracted with TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, United States). Reverse transcription
was performed with the Maxima cDNA Kit with dsDNase (Fisher
Scientific Italia, Thermo Fisher Scientific Inc) using 1-µg total
RNA. The relative transcript level of each cDNA sample was
calculated from triplicates using the formulate 2−1 Ct after
normalization to TaActin (wheat) control. The primers used for
qRT-PCR analysis are listed in Supplementary Table 1.

Subcellular and Tissue Localization
pRI101-35S:TaLAMP1-3B–eGFP was transformed into
Arabidopsis by dipping method; root tip cells of T2 lines
were observed with a Zeiss LSM 710 NLO laser scanning
microscope (Zeiss, Germany)1 with 488- and 543-nm laser.

Zeatin Riboside Qualification
The seedlings of KN199 and the T3 transgenic lines TaLAMP1
were used in the hydroponic culture containing 2.0-mM NO3−

for 5 days; the whole seedlings were collected and frozen in liquid
nitrogen and ground to a fine powder. To quantify the content
of zeatin riboside (ZR), 0.5-g powder of each transgenic line was
taken. The methods for extraction and purification of ZR were
described previously (Zhang et al., 2016). Our samples were sent
to the Phytohormone Research Institute of China Agricultural
University for ZR analysis using enzyme-linked immunosorbent
assay according to the procedure.

Nitrate Uptake Assay Using 15NO3
−

The seedlings of KN199 and the T3 transgenic lines TaLAMP1
were grown for 7 days in the nutrient solution containing 2.0-
mM NO3− (high N), then transferred to 0.2-mM NO3

− (low

1www.zeiss.com
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N) for 2 days and resupply to 2.0-mM 15NO3
−; roots were

collected for 15N analysis, as described previously (Chen et al.,
2016). The plants were transferred to 0.1-mM CaSO4 for 1 min,
then to 2.0-mM 15NO3

− nutrient solution with a 99% atom
excess of 15N for short-term labeling (5 min). At the end of
labeling, the roots were washed for 1 min in 0.1-mM CaSO4
and quickly separated from the shoots. 15N-labeled nutrient
solution was made from Ca(NO3)2 (98 atom% 15N, 98%, Sigma-
Aldrich Company, United States). Roots samples were dried
overnight at 80◦C, and the 15N content was measured using the
Antineutrophil cytoplasmic antibody–multiple sclerosis system
(PDZ Europa Ltd). Net 15NO3

− absorption value = DW ∗ δ15N.

Statistical Analysis
One-way analysis of variance was performed with SPSS17.0
for Windows (SPSS). Sequence data from this article can be
found in the Gramene2 data libraries under the following
accession numbers: TaLAMP1-3A, TraesCS3A02G276800;
TaLAMP1-3B, TraesCS3B02G311000; TaLAMP1-3D,
TraesCS3D02G277000; TaNRT2.1-6B, TraesCS6B02G044300;
TaNPF6.3-1D (NRT1.1B), TraesCS1D02G214300; TaNR1-6D,
TraesCS6D02G020700; TaGS1-6A, TraesCS6A02G298100;
TaGDH2-2B, TraesCS2B02G409300.

RESULTS

Identification of TaLAMP1 Genes in
Wheat
Variations in gene expression profiles were analyzed by
Affymetrix wheat 61K GeneChip of Wheat variety Kenong
9204 (KN9204) flag leaves in the grain filling stage. The
N concentrations in flag leaves were found to increase
with N application rates (Supplementary Figures 1A,B).
Two probes Ta.9132.3.S1_s_at and Ta.5139.1.S1_at were found
to be upregulated by low N treatment (Supplementary
Figures 1C,D). Based on the sequences provided by the Plant
Expression Database and the National Center for Biotechnology
Information, we isolated the full-length cDNA and genomic
DNA sequences of three TaLAMP1 partial homologs from the
winter wheat variety KN199 by rapid amplification of cDNA
ends and genomic walking PCR. The coding region of the
three TaLAMP1 genes each consists of 12 exons interrupted by
11 introns (Figure 1A) and encoding a protein of 729 amino
acid residues (Supplementary Figure 2). The TaLAMP1s shared
95% amino acid sequence similarity between each other and
had three functional domains of peptidases superfamily, zinc
peptidases such as superfamily and TFR dimer superfamily
(Supplementary Figure 2). A phylogenetic tree was constructed
with the full-length putative amino acid sequences of GCPII
subfamily members of plants and animals. Phylogenetic assays
showed that TaLAMP1-3A, 3B, and 3D clustered in the same
clade with AtLAMP1 (Figure 2).

2http://www.gramene.org/

Expression Pattern of TaLAMP1 in Wheat
To further evaluate the response patterns of TaLAMP1 expression
to N availability, we analyzed the expression of TaLAMP1-3A, 3B,
3D in wheat seedlings grown in 2-mM NO3

− (high N treatment)
and 0.2-mM NO3

− (low N treatment). Compared with high N
treatment, the expression of TaLAMP1 genes was significantly
increased in both shoots and roots under low N treatment,
with higher expression in roots than in shoots (Figures 1B,C).
At 14 days post-anthesis (DPA), TaLAMP1 transcripts were
detected in all the investigated organs, with relatively higher
expression in roots and aging leaves and lower expression in
spikes, stems, leaf sheaths, and young leaves (Figure 1D). We
next investigated the subcellular localization of TaLAMP1-3B
and root epidermal cells, and protoplast of wheat confocal
microscopy analyses showed that TaLAMP1-3B was cytoplasm
localized (Figures 1E–G and Supplementary Figure 3). These
results suggested that TaLAMP1 might participate in wheat N
response and play a function in both shoots and roots during
vegetative and reproductive development.

TaLAMP1 Affected Wheat Growth and N
Uptake at Seedling
The TaLAMP1s shared 95% amino acid sequence similarity
between each other; they also have similar expression pattern
during the developmental stage and in different N supply
condition, so we chose TaLAMP1-3B as a representative gene
to investigate the biological function; we developed TaLAMP1-
3B overexpression and TaLAMP1 RNAi lines by using the wheat
variety KN199 as WT. Comparing with WT and negative control
(NC) transgenic plants, the expression of TaLAMP1-3B was
increased in the overexpression lines, and TaLAMP1-3A, 3B, and
3D were all downregulated in knockdown lines (Figure 3A).
These results indicated that TaLAMP1-3B was successfully
overexpressed in these three overexpression lines, and TaLAMP1
was successfully knocked down in these three RNAi lines.

We investigated growth and N-use-related traits of wheat
seedlings grown in nutrient solutions containing 2-mM N (high
N treatment) and 0.2-mM N (low N treatment). Compared
with high N treatment, the seedling growth of wheat plants
was significantly inhibited by low N treatment (Figures 3B,C).
Compared with WT and NC, the transgenic lines tended to
have lower trait values of shoot dry weight (Figure 4A), root
dry weight (Figure 4B), maximum root length (Figure 4C),
lateral root length (LRL, Figure 4D), shoot N concentration
(Figure 4E), root N concentration (Figure 4F), and N uptake
(Figure 4G), although the significant difference between the
transgenic lines and WT depended on traits and N treatments.
The data in Figure 4 also show that altering TaLAMP1 expression
changed the response of LRL and N uptake to N availability.
Compared with high N treatment, low N increased LRL of
WT by 12.0% while not increased that of overexpression lines
(Figure 4D). We used the data in Figure 4G to calculate
the response of N uptake to N availability by using the fold
change of high N treatment vs. low N treatment. The average
fold change (N uptake ratio of HN/LN) of WT, NC, the
three overexpression lines, and the three knockdown lines were
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FIGURE 1 | Genomic structure and expression pattern of TaLAMP1 and subcellular location of TaLAMP1. (A) Genomic structure of TaLAMP1 genes in wheat. Black
boxes mean exons of TaLAMP1; there are 12 exons in TaLAMP1-3A, 3B, and 3D. (B,C) Expression of TaLAMP1-3A, -3B, and -3D in shoots (B) and roots (C) of the
wheat seedlings under different N supply levels. Seedlings of KN199 were grown for 10 days in the nutrient solution containing 2.0-mM NO3

− (HN) and 0.2-mM
NO3

− (LN); then, shoots and roots were collected for gene expression analysis. “*” indicates statistically significant differences between HN and LN treament at the
P < 0.05 level. (D) Expression of TaLAMP1 in different tissues at 14 days post-anthesis (DPA) of the field-grown KN199 plants. Wheat plants were grown under high
N conditions; the roots and aerial parts were collected at 14 DPA. Gene expression was normalized using the expression of TaActin. Data are mean ± SE of three
biological replications. (E–G) Root cells of Arabidopsis transformed with a 35S:TaLAMP1-3B:GFP plasmid (E), stained with PI (F), and merged (G). Bars = 10 µm.

3.32, 3.21, 2.59, and 3.33, respectively. These results indicated
that altering TaLAMP1 expression changed root morphology,
and overexpressing TaLAMP1 inhibited low-N-induced root
branching and the response of N uptake to N availability.

Because the transgenic lines had lower N uptake than WT,
we next examined root 15NO3

− influx rate. When the 15NO3
−

influx rates were measured in 2-mM 15NO3
−, one (OE2) of

the two tested overexpression lines and both (R1 and R2) of
the two knockdown lines had lower influx rates than did WT
and NC, but only R1 showed a significant difference with WT
and NC (Figure 5A). All the tested transgenic lines exhibited
lower total 15N uptake than WT and NC (Figure 5B). We also
analyzed the expression of genes involved in N uptake and
assimilation. Compared with the WT and negative control plants,
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FIGURE 2 | Phylogenetic analysis of GCP II proteins. Neighbor-joining (NJ) method was used to perform a phylogenetic analysis of 35 GCP IIs from 18 species such
as Triticum aestivum (TRIae), Hordeum vulgare (HORvu), Oryza sativa (ORYsa), Sorghum bicolor (SORbi), Zea mays (ZEAma), Arabidopsis thaliana (ARAth), Brassica
napus (BRAna), Vitis vinifera (VITvi), Nicotiana tabacum (NICta), Gossypium hirsutum (GOShi), Medicago truncatula (MEDtr), Danio rerio (DANre), Glycine max
(GLYma), Homo sapiens (HOMsa), Pan troglodytes (PANtr), Rattus norvegicus (RATno), and Mus musculus (MUSmu). Red, blue, and purple colors highlight the
GCPIIs of the plant. Green color highlights the GCPIIs of animals.

the overexpression lines displayed lower expression of the nitrate
transporter TaNRT2.1-6B (Figure 5C) and higher expression
of the nitrate transporter TaNFP6.3-1D (Figure 5D), nitrate
reductase TaNR1-6D (Figure 5E), and glutamate dehydrogenase
TaGDH2-2B (Figure 5G). The knockdown lines had lower
expression of TaNRT2.1-6B (Figure 5C) and higher expression
of TaGDH2-2B (Figure 5G). There was a similar expression level
of the glutamine synthetase TaGS1-6A between TaLMAP1-3B
transgenic lines and WT (Figure 5F).

Agronomic Traits of TaLAMP1
Transgenic Lines in the Field Experiment
In the field experiment, we investigated the growth performance
and agronomic traits under low N fertilization (94.5 kg N
fertilizer per ha) and high N fertilization (225 kg N fertilizer
per ha) in the 2015–2016 growing season by using the T4
transgenic lines. Under high N conditions, at least two of the
three overexpression lines had lower biomass yield (Figure 6B),
grain yield (Figure 6C), and spike number (Figure 6D) but
had higher grain number per spike (Figure 6F) than WT; there
was no significant difference between the overexpression lines
and WT in plant height (Figure 6A), 1,000-grain weight (TGW,

Figure 6E), and harvest index (HI, Figure 6K). These results
indicated that overexpressing TaLAMP1-3B reduced biomass and
grain yield mainly by reducing spike number. The knockdown
lines had higher plant height (Figure 6A) but lower grain yield
(Figure 6C) and grain weight per spike (Figure 6G) than WT.
There was no significant difference between the knockdown lines
and WT in spike number per plant (Figure 6D) and TGW
(Figure 6E). These results indicated that the knockdown of
TaLAMP1 reduced grain yield mainly by reducing grain weight
per spike. Under low N conditions, the overexpression lines
showed no difference with WT in most investigated agronomic
traits (Figures 6A–G,K). At least two of the knockdown lines
had higher plant height (Figure 6A) but lower grain yield
(Figure 6C), grain number per spike (Figure 6F), and grain
weight per spike (Figure 6G) than WT. These results indicated
that altering TaLAMP1 expression changed plant architecture
reflecting by plant height, spike number per plant, and grain
number per spike, and the phenotypes of the agronomic traits
in the transgenic lines depended on N supply levels. N fertilizer
apparently increased grain yield in WT (Figure 6C). However,
the increasing effects were higher in WT than in the transgenic
lines. Analyzing the response of yield components to N fertilizer
revealed that the poor yield response of the overexpression
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FIGURE 3 | Phenotypes of the wild type and TaLAMP1 transgenic lines under HN and LN conditions at the seedling stage. Seedlings of KN199 and TaLAMP1
transgenic lines were grown for 12 days in the nutrient solution containing 2.0-mM NO3

− (High N treatment) and 0.2-mM NO3
− (Low N treatment); then, roots and

shoots were collected for further analysis. KN199 and NC are wild types and negative transgenic lines, respectively. OE1, OE2, and OE3 are TaLAMP1-3B
overexpression transgenic lines; R1, R2, and R3 are TaLAMP1 knockdown transgenic lines. (A) Relative expression of TaLAMP1 in the TaLAMP1-3B overexpression
and TaLAMP1 knockdown transgenic lines of wheat. Root samples were collected to evaluate expression level of TaLAMP1. Gene expression was normalized using
expression of TaActin. Data are mean ± SE (n = 3). (B,C) Image of wheat plants (B) and root morphology (C). 2 mM and 0.2 mM indicated N supply level.
Bars = 5 cm.

lines was mainly due to the poor response of spike number to
N fertilizer, whereas that of the knockdown lines has mainly
resulted from the poor response of grain weight per spike (a
combination effect of grain number per spike and TGW) to N
fertilizer (Table 1).

N Use-Related Traits of TaLAMP1
Transgenic Lines in Field Experiment
The transgenic lines did not show visible leaf color difference
with WT and NC at anthesis (Zadoks stage 64). After anthesis
(Zadoks stage 77), the overexpression lines of TaLAMP1 showed
a certain degree of stay-green, whereas the knockdown lines
exhibited faster chlorophyll degradation than WT, especially
under low N conditions (Figures 7A,B). For instance, SPAD

value in the flag leaves of knockdown lines was much lower
than in WT after 21 days post-anthesis (Zadoks stage 85) under
low N condition, demonstrating that chlorophyll degradation
proceeded at a significantly more rapid pace in the knockdown
lines than WT (Figures 7C,D).

We measured N concentration in grains and straws and
calculated aerial N accumulation (ANA) and N harvest index at
maturity. The transgenic lines had higher grain N concentration
(GNC) than WT under both low and high N conditions
(Figure 6H). The overexpression lines had higher straw N
concentration than WT under high N conditions (Figure 6I).
The knockdown lines had lower ANA than WT under high
N conditions (Figure 6J). The transgenic lines showed similar
values in HI and N harvest index (Figures 6K,L) with WT under
both low and high N conditions.
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FIGURE 4 | Growth and N-use-related traits of the wild type and TaLAMP1 transgenic at seedling stage. Seedlings of KN199 and TaLAMP1 transgenic lines were
grown for 12 days in nutrient solution containing 2.0-mM NO3

− (High N treatment, HN) and 0.2-mM NO3
− (Low N treatment, LN); then, roots and shoots were

collected for data analysis. KN199 and NC are wild types and negative transgenic lines, respectively. OE1, OE2, and OE3 indicated TaLAMP1-3B overexpression
transgenic lines; R1, R2, and R3 indicated TaLAMP1 knockdown transgenic lines. Data are means ± SE of four biological replicates. NC indicated mean value of
negative transgenic lines separated from overexpression and knockdown lines. (A) Shoot dry weight; (B) Root dry weight; (C) Maxima root length; (D) Lateral root
length; (E) Shoot N concentration; (F) Root N concentration; (G) N uptake. “*” indicates statistically significant differences between KN199 and transgenic lines at
the P < 0.05 level.

DISCUSSION

TaLAMP1 Responded to N Availability
Our microarray analysis identified two N-responsive probe sets
of TaLAMP1 genes, which belong to a conserved superfamily
of GCPII. The qRT-PCR further confirmed that TaLAMP1-3A,
-3B, and -3D were upregulated in both shoots and roots by low
N availability (Figures 1A,B). The altered expression of genes
involved in N uptake and assimilation in the transgenic lines
suggests a possible role of TaLAMP1 in mediating N metabolism.
The contents of amino acids were changed in Arabidopsis amp1
mutant, suggesting that AMP1 may involve in the amino acid
metabolism in a plant (Shi et al., 2013). N fertilizer is well known
to increase plant cytokinin biosynthesis through upregulating
isopentenyltransferase (IPT) genes (Gu et al., 2018). An increased

cytokinin level was observed in the Arabidopsis amp1 mutant
(Chaudhury et al., 1993; Helliwell et al., 2001) and the rice pla3
mutant (Kawakatsu et al., 2009). We also observed that the ZR
level in whole seedlings of the knockdown lines was higher than
did WT (Supplementary Figure 4). As such, AMP1 homologs
have a conserved role in regulating cytokinin homeostasis in
higher plants. The increased ZR level in the TaLAMP1-RNAi
lines suggests that the downregulation of TaLAMP1 by high
N availability may be critical for the response of cytokinin
biosynthesis to N fertilizer.

TaLAMP1 Regulates N-Use-Related
Traits
Both the overexpression and knockdown lines of TaLAMP1
had lower N uptake than WT under at seedling stage when
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FIGURE 5 | 15NO3
− influx rate and gene expression of TaLAMP1 transgenic seedlings. Seedlings of KN199 and TaLAMP1 transgenic lines were grown for 7 days in

the nutrient solution containing 2.0-mM NO3− (HN), then transferred to 0.2-mM NO3− (LN) for 2 days and resupply to 2.0-mM 15NO3
− for 5 min; roots were

collected for 15N analysis and gene expression analysis. KN199 and NC are wild types and negative transgenic lines, respectively. OE1 and OE2 are TaLAMP1-3B
overexpression transgenic lines; R1 and R2 are TaLAMP1 knockdown transgenic lines. (A,B) Root 15NO3

− influx rate (A) and net 15N absorption in roots (B) of
TaLAMP1 transgenic lines. Data are shown as mean ± SE (n = 5). (C–G) Relative expression of TaNRT2.1-6B (C), TaNPF6.3-1D (D), TaNR1-6D (E), TaGS1-6A (F),
and TaGDH2-2B (G). Gene expression was normalized using the expression of TaActin. Data are the mean ± SE (n = 3). “∗” indicates statistically significant
differences between KN199 and the transgenic lines at the P < 0.05 level.

the plants were grown in hydroponic culture (Figure 4G). The
knockdown lines also had lower ANA under high N conditions
in the field experiment (Figure 6J). A smaller root size reflected
by lower root dry weight (Figure 4B), shorter maximum root
length (Figure 4C), and lateral root length (LRL, Figure 4D) may
contribute to the lower N uptake of the transgenic lines. The
lower N uptake of the knockdown lines may also be associated
with the lower nitrate influx rate and expression of TaNRT2.1-6B
in roots (Figures 5A,C).

Altering the expression of TaLAMP1 also greatly changed
N concentrations in roots and aerial parts at the seedling
stage (hydroponic culture) and maturity (field experiment).
Both overexpression and knockdown of TaLAMP1 tended
to reduce the N concentrations in shoots and roots at the
seedling stage, regardless of N supply levels (Figures 4E,F).
However, both the overexpression and knockdown lines of
TaLAMP1 had significantly higher GNC than WT under high
and low N conditions (Figure 6H). The distinct effects of
TaLAMP1 on N concentrations may be due to the different

growth conditions (hydroponic culture vs. field experiment)
or developing stages (seedling stage vs. maturity). Another
possible explanation for these distinct effects is that TaLAMP1
may have roles in mediating post-anthesis N uptake or
N remobilization. Grain N accumulation is the sum of N
uptake and remobilization from the vegetative parts post-
anthesis (Pan et al., 2006), and post-anthesis N uptake and N
remobilization positively contribute to grain N accumulation
in wheat (Kichey et al., 2007). The accelerated leaf senescence
in the knockdown lines under low N conditions supported the
role of TaLAMP1 in N remobilization. There was a certain
negative correlation between grain yield and grain protein
concentration (Kibite and Evans, 1984; Bogard et al., 2010), and
low input of N fertilizer can reduce both grain yield and grain
protein concentration. As overexpressing TaLAMP1-3B greatly
increased GNC (7.1–18.4% higher than WT) but not significantly
reduced grain yield under low N conditions (Figures 6C,H),
TaLAMP1-3B is therefore valuable in engineering wheat for low
input agriculture.
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FIGURE 6 | Agronomic and N-use-related traits of the wide type KN199 and TaLAMP1 transgenic in field experiment in 2015–2016 growing season. (A) Plant
height; (B) Biomass per plant; (C) Grain yield per plant; (D) Spikes number per plant; (E) 1,000-grain weight; (F) Grain number per spike; (G) Grain weight per spike;
(H) Grain N concentration; (I) Straw N concentration; (J) Aerial N accumulation; (K) Harvest index; (L) Nitrogen harvest index. KN199 and NC are wild types and
negative transgenic lines, respectively. OE1, OE2, and OE3 are TaLAMP1-3B overexpression transgenic lines; R1, R2, and R3 are TaLAMP1 knockdown transgenic
lines. HN represents the normal N condition (225 kg N fertilizer per ha) for wheat growth in the field. LN represents low N treatment (94.5 kg N fertilizer per ha) for
wheat growth in the field. Data are the mean ± SE of four replications, each with 30 plants. “*” indicates statistically significant differences between KN199 and the
transgenic lines at the P < 0.05 level.

TaLAMP1 Influences Plant Architecture
and Yield Response to N Fertilizer
The data collected from the hydroponic culture (Figure 4) and
the field experiment (Figure 6) showed the roles of TaLAPM1
not only in regulating root morphology but also in shaping plant

architecture (plant height, spike number, and grain number).
However, the phenotypes of the transgenic lines depended on N
availability, and the transgenic line and WT differed in response
to N fertilizer. At the seedling stage, overexpressing TaLAMP1-
3B inhibited low-N-induced root branching and the response
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TABLE 1 | Response of yield traits to N fertilizer of the TaLAMP1 transgenic lines.

Grain yield per plant (%) Spike number (%) Grain weight per spike (%) 1,000-grain weight (%) Grain number per spike (%)

KN199 17.83 ± 0.43 20.34 ± 0.27 −4.17 ± 0.11 −0.56 ± 0.05 −4.04 ± 0.15

Negative control 20.96 ± 0.31 23.9 ± 0.14 −6.46 ± 0.47 1.11 ± 0.42 −5.25 ± 0.47

OE1 1.12 ± 0.09* 3.66 ± 0.25* −2.99 ± 0.29 −4.27 ± 0.31 1.88 ± 0.11

OE2 6.41 ± 0.11* 13.42 ± 0.06 −8.17 ± 1.11 −4.28 ± 0.14 −4.11 ± 1.65

OE3 13.58 ± 0.16 12.67 ± 0.03 −1.21 ± 0.49 −1.14 ± 0.46 2.04 ± 0.24

R1 12.66 ± 1.15 31.81 ± 0.18 −14.36 ± 0.11* −3.87 ± 0.18 −11.09 ± 0.25*

R2 10.82 ± 0.22* 20.93 ± 0.26 −9.3 ± 0.17* −2.16 ± 0.62 −6.72 ± 0.44

R3 8.21 ± 0.71* 16.52 ± 0.02 −7.3 ± 1.22 0.98 ± 0.09 −8.03 ± 1.81

KN199 and NC are wild types and negative transgenic lines, respectively. OE1, OE2, and OE3 are TaLAMP1-3B overexpression transgenic lines; R1, R2, and R3 are
TaLAMP1 knockdown transgenic lines. N fertilizer response value means the value of (HN-LN)/LN × 100%. “*” indicates statistically significant differences between KN199
and the transgenic lines at the P < 0.05 level.

FIGURE 7 | SPAD values in the flag leaves of the TaLAMP1 transgenic lines and wild type after flowering in 2015–2016 field experiment. (A,B) Images of the
transgenic lines and wild-type plants under high N (A) and low N (B) conditions at 4 weeks after flowering. (C,D) SPAD values in the flag leaves under high N (C) and
low N (D) conditions. Data are mean ± SE of four biological replications. * indicates a significant difference between the transgenic lines and control plants (wild type
and negative control) at P < 0.05.
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of N uptake to N availability (Figures 4D,G). In the field
experiment, overexpressing TaLAMP1 significantly inhibited the
response of grain yield to N fertilizer, mainly by inhibiting the
response of spike number per plant to N fertilizer (Table 1).
Considering the downregulation of TaLAMP1 expression by high
N treatment and inhibitory effect of overexpressing TaLAMP1 on
spike number per plant, it is assumed that the downregulation of
TaLAMP1 expression by high N treatment is required for spike
number response to N fertilizer and, hence, the yield response
to N fertilizer.

ZmVP8 in maize and OsPLA3 in rice have been shown to
regulate plant height, and loss of function of these two genes
resulted in shortened internodes phenotype (Kawakatsu et al.,
2009; Lv et al., 2014). Our current study showed that the
knockdown lines of TaLAMP1 had higher plant height than WT
(Figure 6A). Phylogenetic analysis of GCPII proteins found that
ZmVP8 and OsPLA3 displayed the closest relation with AtAMP1,
whereas the three TaLAMP1s did not belong to the clade that
contains AtAMP1, ZmVP8, and OsPLA3 (Figure 2). As such,
AMP1 (ZmVP8 and OsPLA3) and AMP1-like (TaLAMP1) genes
differentially regulate plant height of cereal crops, although the
rice pla3 mutant and the TaLAMP1 knockdown lines had an
increased cytokinin level. The increased ZR level could partially
explain the increased plant height of the knockdown lines.

The increased ZR level in the knockdown lines may not
be associated with the reduced grain number per plant in
the knockdown lines, as it has been reported that increased
cytokinin levels benefit more grain numbers per spike in rice
(Ashikari et al., 2005). A recent study showed that the Arabidopsis
amp1 mutant has extra stem cell niches in the presence
of an intact primary shoot apical meristem, and this defect
appears to be neither a specific consequence of the increased
cytokinin levels in amp1 mutant nor directly mediated by the
WUSCHEL/CLAVATA feedback loop (Huang et al., 2015). The
underlying mechanism for the altered root morphology and plant
architecture of the TaLAMP1 transgenic lines is still needed
for further investigation. Although we observed the changes in
N concentration in the investigated organs of the transgenic
lines, we did not know the roles of TaLAMP1 in regulating
the distribution of N metabolites in specific cells. It has been
reported that the loss-off function of AMP1 in Arabidopsis exerts
a large influence on amino acid composition (Shi et al., 2013).
Our current study showed that the transgenic lines had altered
expression of genes involved in N assimilations (Figures 5D–G).
Dissecting the roles of TaLAMP1 in regulating N assimilation
and distribution of N metabolites will help us understand the
altered root morphology and plant architecture in the transgenic
lines. In Arabidopsis thaliana, miRNAs are mainly loaded
into ARGONAUTE1 (AGO1) to posttranscriptionally regulate

gene expression; AMP1 and ARGONAUTE1 are colocalized in
the endoplasmic reticulum, which implicates the endoplasmic
reticulum in miRNA-mediated gene silencing; a possible role
of TaLAMP1 is to influence the expression of nitrogen-related
miRNAs and their target genes by AGO1 complex the molecular
processes are still unknown; further research is needed to
investigate the upstream regulatory genes of TaLAMP1; it will
help us to know the function and expression in the pathway of
nitrogen absorption and accumulation.
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Desiraju Subrahmanyam2, C. N. Neeraja2, Surekha Kuchi2, Ashwani Jha1,
Rajender Parsad3, Vetury Sitaramam4* and Nandula Raghuram1*

1 School of Biotechnology, Guru Gobind Singh Indraprastha University, Dwarka, India, 2 ICAR Indian Institute of Rice
Research, Hyderabad, India, 3 ICAR Indian Agricultural Statistics Research Institute, New Delhi, India, 4 Anant Cooperative
Housing Society, Pune, India

Crop improvement for Nitrogen Use Efficiency (NUE) requires a well-defined phenotype
and genotype, especially for different N-forms. As N-supply enhances growth, we
comprehensively evaluated 25 commonly measured phenotypic parameters for N
response using 4 N treatments in six indica rice genotypes. For this, 32 replicate
potted plants were grown in the green-house on nutrient-depleted sand. They
were fertilized to saturation with media containing either nitrate or urea as the
sole N source at normal (15 mM N) or low level (1.5 mM N). The variation in
N-response among genotypes differed by N form/dose and increased developmentally
from vegetative to reproductive parameters. This indicates survival adaptation by
reinforcing variation in every generation. Principal component analysis segregated
vegetative parameters from reproduction and germination. Analysis of variance
revealed that relative to low level, normal N facilitated germination, flowering and
vegetative growth but limited yield and NUE. Network analysis for the most connected
parameters, their correlation with yield and NUE, ranking by Feature selection and
validation by Partial least square discriminant analysis enabled shortlisting of eight
parameters for NUE phenotype. It constitutes germination and flowering, shoot/root
length and biomass parameters, six of which were common to nitrate and urea.
Field-validation confirmed the NUE differences between two genotypes chosen
phenotypically. The correspondence between multiple approaches in shortlisting
parameters for NUE makes it a novel and robust phenotyping methodology of relevance
to other plants, nutrients or other complex traits. Thirty-Four N-responsive genes
associated with the phenotype have also been identified for genotypic characterization
of NUE.
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INTRODUCTION

Reactive nitrogen (N) is the largest nutrient input for agriculture,
but the imbalanced, excessive or inefficient use of N fertilizers
is increasingly becoming an economic as well as environmental
burden, both globally (Sutton et al., 2019; Zhang et al., 2020)
and in India (Abrol et al., 2017). Cereals consume most
of the N fertilizer globally, especially the predominantly rice
growing countries of Asia and Latin America (Zhang et al.,
2015). Nitrogen use efficiency (NUE) is defined in many ways
including uptake, utilization or photosynthetic efficiency, but
agronomically understood as output–input ratio and expressed
in cereals as grain yield per unit N input (Raghuram and Sharma,
2019). Rice is an ideal target crop to improve NUE because of its
lowest NUE among cereals (Zhang et al., 2015), its huge genetic
diversity that includes wild relatives and a vast post-genomic
resource base. Urea is the predominant N fertilizer in most of
the rice-growing developing countries, whereas nitrate is more
commonly used in the developed world. Agricultural soils tend
to have a mix of multiple forms of N (Akhtar et al., 2012),
which have not yet been factored into by any biological studies
to characterize NUE so far.

While some improvement in agronomic NUE can be attained
through slow-release fertilizers (Li T. et al., 2018), bio-fertilizers
(Bargaz et al., 2018; Quevedo-Amaya et al., 2020) and crop
management practices (Guo et al., 2017; Cui et al., 2018;
Santiago-Arenas et al., 2020), the improvement of inherent
plant NUE has to be tackled biologically. The lack of a well-
defined phenotype for N response and NUE has hampered
biological interventions for crop improvement (Mandal et al.,
2018; Raghuram and Sharma, 2019; Sinha et al., 2020). However,
there has been some recent progress in identifying phenotypic
parameters for N-response/NUE in model plants (Li et al.,
2017). In rice, the parameters include leaf chlorophyll content
(Ladha et al., 2007; Thind and Gupta, 2010; Mathukia et al.,
2014; Jia et al., 2020), dense and erect panicle (Sun et al.,
2014) and root length and density (Morita et al., 1988; Xu
et al., 2012; Yang et al., 2012; Li et al., 2015; Peng et al.,
2015; Rogers and Benfey, 2015; Kiba and Krapp, 2016; Steffens
and Rasmussen, 2016; Xie et al., 2017; Duque and Villordon,
2019). But no study has comprehensively evaluated all the
phenotypic parameters for N-response in urea and nitrate, nor
distinguished between N-response and NUE phenotypically in
any crop.

There have been several attempts to find genes involved
in N-response through functional genomics (Pathak et al.,
2020). Single gene transgenics were used to improve N-uptake,
assimilation or remobilization, but with little improvement of
NUE, if any (Mandal et al., 2018; Raghuram and Sharma, 2019;
Sinha et al., 2020). Recent attempts in rice have been more
encouraging (Fang et al., 2013; Fan et al., 2014; Sun et al., 2014),
especially when NAR2.1 and NRT2.3a were co-overexpressed
(Chen et al., 2020). However, there is ample scope to find
newer regulatory targets outside the N-metabolic pathway, or
revert to forward genetics approach of using phenotype. Even
genome-wide association mapping (Tang et al., 2019) and marker
development require proven phenotypic association data.

Recently, we showed that germination and crop duration
constitute the NUE phenotype in rice and ranked 21 genotypes
for yield at low N (Sharma et al., 2018). Earlier physiological
studies in rice clearly linked seed weight, germination and yield:
Larger/heavier seeds respired faster, germinated faster, flowered
early and yielded less, indicating the overall meristematic
control throughout the plant life cycle (Sitaramam et al., 2008).
Since osmotica inhibit respiration universally, their effects at
different stages of the Arabidopsis life cycle were used to
confirm the energetic basis of phenological traits (Sitaramam
and Atre, 2007). Vegetative plant growth, largely dominated
by vacuolar elongation, is necessary but not sufficient for
yield in cereals due to the involvement of reproductive parts
in grain yield, unlike in green leafy vegetables (Löfke et al.,
2015). Accordingly, the measurements of the effect of N on
various phenotypic parameters may be logically classified into
germination, vegetative and reproductive categories, to derive the
most effective parameters that contribute to NUE.

We report here the most comprehensive study of NUE
phenotype in any crop, based on life-long analysis of
N-responsive changes in 25 parameters using six rice genotypes.
We identified and shortlisted parameters that are specific to only
N-response or only NUE or both, and field-validated a pair of
contrasting genotypes for yield and NUE.

MATERIALS AND METHODS

Plant Materials
Six rice genotypes of Oryza sativa ssp. indica were used,
of which three were from the early germinating or short
duration group viz, Aditya, Swarnadhan, and Nidhi and the
other three were from the late germinating or long duration
group, namely, Panvel1, Triguna, and Vikramarya. They were
selected from our previous phenotypic ranking of 21 indica
genotypes for NUE (Sharma et al., 2018). The seeds of the
genotype Panvel1 were procured from Kharland rice research
station, Panvel, Maharashtra, India, while the seeds of all other
genotypes were from the ICAR Indian Institute of Rice Research,
Hyderabad, India.

Green-House Experimental Conditions
Seeds of the above six rice genotypes were weighed individually
and only seeds of modal weight (+0.5 mg) were used for
the green-house studies to control intra-varietal variation
(Sitaramam et al., 2008; Sharma et al., 2018). They were surface-
sterilized with 0.1% mercuric chloride for 50 s, followed by 8–10
washes with deionized water and soaked in deionized water
for 2 h. They were then sown in pots filled to two-thirds of
their height with nutrient-depleted sand, prepared by repeated
washing till it had no detectable N as described earlier (Sharma
et al., 2019). Prior to sowing, the pots were saturated for 2 days
with Arnon–Hoagland medium (Hoagland and Arnon, 1950)
containing nitrate or urea as the sole source of N at normal
(15 mM N) or low level (1.5 mM N). It was achieved in the
case of urea by replacing the dual sources of N [5 mM each of
KNO3 and Ca (NO3)2] in the original medium with 7.5 mM
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urea to maintain the total N concentration at 15 mM. The
media components were obtained from SRL, India. There were
32 replicate pots/plants for each of the six genotypes and 4 N
treatments (low or 1.5 mM nitrate N, normal or 15 mM nitrate
N, low or 0.75 mM urea N, and normal or 7.5 mM urea N).
Therefore, the experimental design was 6 × 4 × 32 as shown
in Supplementary Figure S1. The growth conditions in the
green-house were 28◦C temperature, 75% humidity, 270 µmol
m-2 s−1 light intensity and 12/12 h photoperiod. The pots
were replenished with sterilized media to saturation every 3 or
more days as needed, till the excess media drained off from the
perforated bottom of the pot.

The measured physiological and agronomic parameters for
phenotyping were based on literature and IRRI-IBPGR (1980).
They have been classified into germination (G), vegetative (V)
and reproductive (R) categories, numbered for lucidity and
their full forms and short forms italicized throughout for better
readability. All the timed measurements were based on the
number of days from sowing. They were: weight of the individual
seeds and days to germination (G), which was measured as the
day of visible emergence of plumule from the soil, 15 vegetative
(V) and 9 reproductive (R) parameters viz, chlorophyll content
before flowering at 79 days (V1: chlorophyll) measured by SPAD
meter, green leaf number per plant at vegetative stage at 81 days
(V2: green leaves at vegetative stage) counted manually, yellow leaf
number per plant at vegetative stage at 81 days (V3: yellow leaves
at vegetative stage) counted manually, total leaf number per plant
at vegetative stage at 81 days (V4: total leaves at vegetative stage)
counted manually, leaf width before flowering at 86 days (V5:
leaf width) for which youngest leaf was used to measure in mm
with the help of a scale, stem thickness before flowering at 87 days
(V6: stem thickness) measured by Vernier calipers from the lower
half of the stem, shoot length before harvest (V7) measured in
mm from the base of the plant to the tip of the longest leaf
of the plant every 10 days until it stabilized), total leaf number
per plant at the onset of flowering (V8: total leaves at flowering)
counted manually, green leaf number per plant at the onset of
flowering (V9: green leaves at flowering) counted manually, yellow
leaf number per plant at the onset of flowering (V10: yellow leaves
at flowering) counted manually, fresh biomass per plant without
panicle at harvest (V11: fresh biomass) in mg, shoot length after
harvest (V12) measured in mm from root-shoot transition point
to the tip of the longest leaf, root length (V13: root length) in
mm from root-shoot transition point to the tip of the longest
root, total plant height (root + shoot) at harvest (V14: total plant
height) in mm from the longest root tip to the longest leaf tip, dry
biomass per plant (without panicle) at harvest (V15: dry biomass)
weighed in mg repeatedly after drying at 65◦C in an oven, until
it stabilized, days to onset of flowering (R1: flowering) counted
manually from the date of sowing, unfilled grain weight per plant
(R2) in mg total grain weight per plant (R3) in mg, filled grain
weight per plant (R4) in mg, panicle weight per plant (R5) in mg,
filled grain number per plant (R6) counted manually, total grain
number per plant (R7) counted manually, unfilled grain number
per plant (R8) counted manually, weight of panicle remains per
plant (R9), measured in mg after removing seeds from panicles.
The data for all vegetative parameters were collected between 79

and 87 days before flowering began in any of the six genotypes.
For each parameter, data were collected in a single day across all
768 plants spanning all genotypes and N treatments. Out of the
six genotypes, Swarnadhan did not set seed at all and therefore
not included in the analysis. Thus, the final analysis of greenhouse
data was based on 4 treatments× 5 genotypes = 20 combinations.

Field Experimental Conditions
Two out of the six rice genotypes used for phenotyping in
the greenhouse viz, Nidhi and Panvel1 were evaluated under
field conditions at the ICAR Indian Institute of Rice Research
for three seasons over 2 years (Kharif, 2017, 2018; Rabi, 2017-
2018). The dates of sowing, planting and harvest are provided
in Supplementary Table S1. The geographical coordinates of
the experimental farm were 17◦ 19′′ N latitude and 78◦ 23′′ E
longitude, at an altitude of 542 m above sea level and mean
annual precipitation of 750 mm. The characteristics of the field
soil were, pH 8.1; EC 0.7l dS/m; free CaCO3 5.01%; CEC 44.1
C mol (p+)/kg soil; soil organic carbon 0.70%; soil available N
215 kg/ha; available phosphorus 46 kg/ha; potassium 442 kg/ha,
and zinc 12.5 ppm.

The field experiment was conducted by transplanting 1 month
old seedlings in a split plot design with plot size 9.0 m × 5.5 m
(L × W) with N levels as the main plot and varieties as
the subplots in two replicates for each of the three seasons.
The cropping geometry was 20 cm × 10 cm (line to line
distance × plant to plant distance), hence for every square
meter, there were 50 hills. Urea was the sole source of applied
N at the rate of 50 (N50), 100 (N100), 150 (N150) kg N/ha
in three equal splits (1/3 at basal, 1/3 at tillering, and 1/3 at
panicle initiation stage), with a control of no added N (N0). The
same plots were used for N0, N50, N100, and N150 treatments
in each season. Yield parameters viz, grain weight per meter
square and thousand grain weight were measured using plants
from a sample of one-meter square from two different locations
of each plot, containing 50 plants per sample. For all other
parameters 5 representative plants were taken per sample, so
that each measurement yielded two replicate sample values,
each representing five plants. This was repeated over three
seasons so that there were six data points in all for every
parameter (2 replicates per season × 3 seasons). They were
harvested at maturity, divided into vegetative and reproductive
parts, dried and weighed for determining dry matter. Grain and
straw yield was adjusted to 14% grain moisture content and
expressed in kg ha−1. Straw and grain samples were analyzed
for N in a FOSS automatic nitrogen analyzer using the inbuilt
micro Kjeldahl protocol. The various yield and NUE indices
were calculated as per their standard definitions as follows:
agronomic NUE (AgNUE, kg grain yield increase/kg N added;
Yield in N treated plot – yield in control)/N applied), partial
factor productivity (PFP, kg grain/kg N added; Grain Yield/N
applied), internal efficiency (IE, kg grain/kg N taken up; Grain
Yield/Total N uptake), physiological efficiency (PE, kg grain
yield increase/kg N taken up; Yield in N treated plot – yield
in control)/(N uptake in N treated plot- N uptake in control),
recovery efficiency (RE, Increase in N uptake/unit N added; N
uptake in N treated plot- N uptake in control)/N applied × 100)
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and nitrogen harvest index [NHI, N uptake grain/N uptake total
(grain+ straw)].

Network and Feature Selection Analyses
To map the interactions between parameters, a correlation matrix
was constructed using the mean values of each parameter for 32
replicates on each of the five genotypes under four N treatments
(low/normal nitrate/urea). This was done separately for low or
normal dose of N (data not shown as they were similar), as well
as for the pooled data of both doses as shown. The significantly
correlated parameters were used as source and target groups to
cluster and construct interaction networks using Cytoscape ver.
3.6 (Shannon et al., 2003) with y files layout, in order to visualize
the most connected N-responsive parameters that may together
contribute to NUE. Separate networks were made for combined
data of N, only nitrate and only urea.

To bioinformatically rank the phenotypic parameters based
on their N-response, Feature selection was carried out using Java
Machine Learning library (Abeel et al., 2009). As NUE is best
understood in terms of yield, all the grain-related reproductive
parameters that always ranked at the top were excluded to
repeat the Feature selection analysis with the remaining 17
parameters (G, V, and R1) to identify parameters that contributed
to NUE, other than those related to yield. The mean values of 17
parameters were used for 32 replicates of 5 rice genotypes under
normal N (control) and low N (test) levels, for only nitrate, only
urea, and combined N data.

Data Analysis
MS excel was used to calculate coefficients of variation. For
this purpose, the mean values of 32 replicates for each
treatment were averaged for all five genotypes and used
to determine the coefficients of variation using the formula
[(standard deviation/mean)∗100] and plotted against the time
of measurement. SPSS ver. 16 was used to perform ANOVA,
MANOVA and Principal Component Analysis (PCA). ANOVA
was done to identify parameters in which N effect was
significant for each of the parameters separately. The % effect
of normal N minus low N on each of the 25 phenotypic
parameters was calculated using the mean values of 32 replicates
and pooled for all the genotypes. MANOVA was done to
identify whether N effect was significant when parameters
were bunched into vegetative and reproductive groups. PCA
was done to plot principal components 1 vs. 2 and 2 vs.
3 to identify the grouping of vegetative, reproductive and
germination parameters. For this purpose, the mean values
of 32 replicates for normal and low urea treatments were
transformed using (X-mean)/STD and taken together for all
five genotypes were used. These transformed mean values of
each parameter were used for all genotypes and subjected to
PCA separately for nitrate and urea treatments, by pooling
their data for both doses (low/normal). Correlation coefficients
between NUE and shortlisted parameters from Feature selection
and network analysis were obtained and their significance
was tested using MS Excel. Partial Least Squares Discriminant
Analysis (PLS-DA) was carried out using the software tool
SIMCA (trial ver. 15, Umetrics, Umea, Sweden) to revalidate the

results obtained through Feature selection and significance of
correlation coefficients.

Meta Data Analysis
N responsive genes were mined from our microarray data of
rice N-response in ssp. indica and ssp. japonica deposited at
NCBI (GSE 12940, GSE20924, and GSE140257). Genes associated
with the eight shortlisted phenotypic traits were retrieved from
Oryzabase database1, while genes associated with yield were
retrieved from database RicyerDB (Jiang et al., 2018) and
literature. Venn selections were carried out to find common genes
between different datasets using the online tool Venny2.12. The
protein sequences of genes were retrieved from RAP database and
their predicted sub-cellular localizations was determined using
the program Prot Comp 9.0 with default parameters for plants3.
Rice Expression Database (Xia et al., 2017) was used to find the
tissue/stage specific expression of selected genes.

RESULTS

Reproductive Parameters Have Higher
Variance Between Genotypes and N
Forms/Doses
Understanding the nature and extent of variation provides
a robust basis for phenotyping. To assess the physiological
variance between genotypes while controlling variance within
the population of each genotype, the weight distribution of
the starting seeds was recorded and only seeds of modal
weight (+0.5 mg) were planted. Yet, the variance and
normal weight distribution fully reappeared in the second-
generation seeds (Figure 1A), indicating a genetically enforced
restoration of variation. Further details on the nature and
magnitude of phenotypic variation in N-response among
genotypes throughout their life cycle were revealed by
plotting the coefficients of variation of each parameter,
against the time of measurement for normal N (Figure 1B)
or low N (Figure 1C). The coefficients ranged from 2 to
38 for vegetative parameters and 6 to 136 for reproductive
parameters, clearly indicating that physiological variation
increased developmentally, from vegetative to reproductive
stage. In terms of N-source and dose, the vegetative parameters
showed higher variation in nitrate than in urea, with their
coefficients ranging between 2–38 and 3–33 respectively,
within which the variation also increased from low to
normal N dose. However, the reproductive parameters
showed higher variation in urea than in nitrate, with their
coefficients ranging between 7–136 and 6–95 respectively.
These results clearly demonstrate the differential effects of N
form and dose on different aspects of growth physiology in the
germplasm evaluated.

1https://shigen.nig.ac.jp/rice/oryzabase/
2https://bioinfogp.cnb.csic.es/tools/venny/
3http://linux1.softberry.com/berry.phtml?Topic=protcomppl&group=programs&
subgroup=proloc
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FIGURE 1 | Magnitude of variation in phenotypic parameters throughout the life cycle: (A) Frequency distribution of individual seed weights for the starting seed
population of the genotype Nidhi and their subset of modal weight used for sowing, as well as for harvested seeds: First generation seeds (Blue), n = 1000, weight
21.01 ± 1.6 mg, skewness, –0.131, kurtosis –0.54; modal seeds Green, n = 240, weight 20.9 ± 0.28 mg, skewness –0.058, kurtosis, –1.203, Second generation
seeds (Red), n = 600, weight, 13.9 ± 2.3 mg, skewness, –1.717, kurtosis 4.813). N response in the first generation was measured for each of the 25 phenotypic
parameters using 32 replicate potted plants of five rice genotypes at (B) normal N (15 mM) and (C) low N (1.5 mM) of either urea or nitrate as the sole source of N.
The mean values of 32 replicates for each treatment were averaged for all five genotypes and used to determine the coefficients of variation using the formula
[(standard deviation/mean)*100] and plotted against the time of measurement. The parameters have been grouped and color-coded as related to germination (green)
vegetative (blue) and reproductive (red) growth, with open circles indicating urea treatments and filled circles indicating nitrate treatments.
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Principal Component Analysis
Segregates Vegetative and Reproductive
Parameters
To validate the qualitative differences in N-response and
identify their groups statistically, PCA was carried out using
transformed mean data of each parameter for all treatments
for each genotype (Figure 2). The cumulative amount of
phenotypic variation explained by the first three PCs was
84.66% (Supplementary Table S2). PC1 explained 47.87% of

the phenotypic variation, with all the reproductive parameters
and the vegetative parameters of plant biomass, flowering, and
germination emerging as important within the characteristic
vector of PC1. PC2 explained 27.62% of the phenotypic variation.
Except V3, R1, R2, R5, R7, and R8, all other parameters emerged
as important within the characteristic vector of PC2, comprising
of root/shoot length and plant biomass. Overall, the plots for the
first two principal components (Figure 2A) and between the
2nd and 3rd principal components (Figure 2B) clearly revealed
that barring very few exceptions, there was a broad segregation

FIGURE 2 | Principal component analysis of the effect of N on 25 phenotypic parameters in five rice genotypes. The mean values of 32 replicates for normal and low
urea treatments were transformed using (X-mean)/STD and taken together for all five genotypes for principal component analysis. As the first three components
accounted for 85% of the variance, plots of the principal component 1 vs. 2 (A) and 2 vs. 3 (B) have been shown. The parameters have been grouped and
color-coded as related to germination (green) vegetative (blue) and reproductive (red) growth to denote: chlorophyll (V1), green leaf number at vegetative stage (V2),
yellow leaf number at vegetative stage (V3), total leaf number at vegetative stage (V4), leaf width (V5), stem thickness (V6), shoot length before harvest (V7), total leaf
number at flowering (V8), green leaf number at flowering (V9), yellow leaf number at flowering (V10), fresh biomass (V11), shoot length after harvest (V12), root length
(V13), total plant height (V14), dry weight of plant (V15), flowering (R1), unfilled grain weight (R2), total grain weight (R3), filled grain weight (R4), panicle weight (R5),
filled grain number (R6), total grain number (R7), unfilled grain number (R8), weight of panicle remains (R9). The segregation of these groups as apparent in these
plots for urea treatment has also been found in nitrate treatment (data not shown).
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of the vegetative (V) and reproductive (R) parameters, with
germination (G) grouping with the latter.

Magnitude and Significance of N-effect
Varies on Different Phenotypic
Parameters
Multivariate analysis of variance (MANOVA) with vegetative and
reproductive parameters revealed that the effect of N was highly
significant (P < 0.0001), regardless of whether the contrast was
for the N form (nitrate or urea) or dose (normal, 15 mM and
low, 1.5 mM). However, two-way ANOVA for N-treatments and
genotypes revealed more nuanced effects of N on the individual
parameters as elaborated chronologically in Figure 3 in terms
of the % effect of normal N over low N for (A): Combined N
data for nitrate and urea; (B): nitrate only and (C): urea only.
Their mean data with their standard deviation and standard error
are provided in Supplementary Tables S3, S4. For this purpose,
mean data values for each of the parameters were averaged for all
the genotypes and the % effect of N on each parameter (normal
N minus low N) was plotted. It is evident that N affects different
parameters to different extents, both in terms of N form and N
dose. When the % effects of urea or nitrate are taken together
(Figure 3A), the % effect of increasing N dose was positive on
most of the vegetative (V) parameters by 2.7–38.4%. However,
it was negative on most of the reproductive (R) parameters, by
−0.22% to −66% and on days to germination (G) by −16.3%.
They were all significant (P < 0.05, ANOVA), except R4, R5, R6,
and R7. Overall, it is evident that N dose hastened germination
and flowering, up-regulated most vegetative parameters and
down-regulated most reproductive parameters (Figure 3A). The
significantly up-regulated ‘reproductive’ parameters were unfilled
seed number (R8, 13.39%) and the weight of panicle remains (R9,
65.5%), which could well be the vegetative part of a reproductive
organ. The most down-regulated parameter was unfilled grain
weight (R2,−66.2%).

The effect of nitrate alone and urea alone (Figures 3B,C)
broadly resemble the overall effect of N, in terms of the
opposite effects of boosting vegetative and limiting reproductive
parameters. This was particularly true for nitrate, which also
showed a broadly increasing effect of N from early to late
vegetative development (Figure 3B). However, majority of the R
parameters other than R9 were not significant in nitrate, whereas
in urea, more R parameters were significant namely, flowering
(R1), unfilled grain weight (R2), total grain weight (R3), and weight
of panicle remains (R9, Figure 3C). The effect of nitrate dose on
vegetative (V) parameters ranged between 3.4 and 39.7%, while
the urea effect ranged between 3.3 and 51.6%, except for V3
and V13, on which urea had a negative effect. The most up-
regulated parameter was weight of panicle remains (R9, 88.97% in
urea) and fresh biomass (V11, 39.71% in nitrate), while the most
down-regulated parameter was unfilled seed weight in urea (R2,
−56.78%) and filled grain weight in nitrate (R4,−12.07%). These
effects were significant (P < 0.05, ANOVA) for all the parameters
except V1 and R1–R8 in nitrate (Figure 3B).

The effect of urea was broadly similar to that of nitrate, except
on yellow leaves at vegetative stage (V3) and root length (V13)

(Figure 3C). All the four most down-regulated parameters and
two of the four most up-regulated parameters were the same
between nitrate and urea treatments, though the extents of their
regulation varied (Figures 3B,C). However, there were some
differences in the manner in which nitrate and urea affected
panicle weight (R5), filled grain number (R6), total grain number
(R7), and root length (V13) (Figures 3B,C), which explain why
different parameters appear to be non-significant in different N
regimes.

Network Analysis Reveals Highly
Connected Phenotypic Parameters for
N-response/NUE
When multiple phenotypic parameters contribute to NUE, those
that interact most may be better correlated among themselves
than the rest. Such interactions were visualized as networks by
correlation and clustering approach using Cytoscape software.
Figure 4 shows the networks for 20 significantly correlated
parameters for combined data of nitrate and urea (A), 21
significantly correlated parameters for nitrate only (B) and
24 significantly correlated parameters for urea only (C). In
the combined network for nitrate and urea (Figure 4A),
flowering (R1) emerged as the most connected parameter
interacting with 10 of the 19 parameters. It was followed
by germination (G), panicle weight (R5), and total grain
number (R7) with nine connections, shoot length after harvest
(V12, eight connections), root length (V13, seven connections),
filled grain weight (R4, six connections), shoot length before
harvest (V7, six connections), filled grain number (R6, five
connections) and so on.

The nitrate network (Figure 4B) revealed germination(G) and
shoot/root length (V12, V13) as the most connected, interacting
with 12 of the 21 significant parameters for nitrate response.
They were followed by 11 connections for unfilled grain number
(R8) and shoot length before harvest (V7), 10 for dry biomass
(V15), 9 for fresh biomass (V11) and so on, with 7 for flowering
(R1). The urea network revealed two clusters, broadly separating
the vegetative (V) and reproductive (R) parameters (Figure 4C),
mainly because of lack of interaction between G and V1 as well
as between R parameters and the majority of V parameters.
The four vegetative parameters that clustered along with the
reproductive parameters later turned out to be important for
NUE, due to their strong correlation with yield. Interestingly,
the most connected parameters of all three networks are same
as those in the left cluster of the urea network. They reveal the
hitherto unknown universal biological interactions/mechanisms
underlying N-response and/or NUE.

Shortlisting Phenotypic Parameters for
N-responsive Yield and NUE
As NUE in rice is best measured as reproductive yield per unit
N input and the relevant R parameters are inherent to the
calculation of NUE, other parameters contributing to it from
germination upto the flowering stage are of main interest for
phenotyping. Feature selection analysis was used to rank 17 such
parameters (Supplementary Table S5) using combined nitrate
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FIGURE 3 | Differential effect of N on various phenotypic parameters. Seeds of modal weight from five genotypes were sown on nutrient-free sand in 32 pots for
each genotype/N treatment and grown at 28◦C in the green-house. They were fertilized with Arnon Hoagland medium with normal N (15 mM) or low N (1.5 mM)
using urea or nitrate as the sole source of N. The % effect of normal N minus low N on each of the 25 phenotypic parameters was calculated using the mean values
of 32 replicates and pooled for all the genotypes. The % effect of N is shown for (A) Combined data for nitrate and urea; (B) nitrate only and (C) urea only. The actual
values of % N effect for each of the 25 parameters are shown in the table below the X axis of each plot. The measured parameters were grouped and numbered as
germination-related (green) vegetative (blue) and reproductive (red) to denote: chlorophyll (V1), green leaf number at vegetative stage (V2), yellow leaf number at
vegetative stage (V3), total leaf number at vegetative stage (V4), leaf width (V5), stem thickness (V6), shoot length before harvest (V7), total leaf number at flowering
(V8), green leaf number at flowering (V9), yellow leaf number at flowering (V10), fresh biomass (V11), shoot length after harvest (V12), root length (V13), total plant
height (V14), dry weight of plant (V15), flowering (R1), unfilled grain weight (R2), total grain weight (R3), filled grain weight (R4), panicle weight (R5), filled grain number
(R6), total grain number (R7), unfilled grain number (R8), weight of panicle remains (R9). All the parameters have been arranged according to their time of
measurement. Their significance values are indicated as asterisks for ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001, respectively. All the values were significant
(P < 0.05, ANOVA) except for R4, R5, R6, and R7 in plot A, V1, R1, R2, R3, R4, R5, R6, R7, R8 in plot B, V13, V14, R4, R5, R6, R7, and R8 in plot C.
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FIGURE 4 | Networks of significantly correlated N-responsive phenotypic parameters. The networks were constructed using Cytoscape on the mean values of each
parameter for 32 replicates on five genotypes and 4 N treatments (normal and low nitrate or urea). The networks are shown for (A) combined data for nitrate and
urea; (B) nitrate only and (C) Urea only. The 25 measured parameters were grouped and numbered as germination-related (G) vegetative (V) and reproductive (R) to
denote: chlorophyll (V1), green leaf number at vegetative stage (V2), yellow leaf number at vegetative stage (V3), total leaf number at vegetative stage (V4), leaf width
(V5), stem thickness (V6), shoot length before harvest (V7), total leaf number at flowering (V8), green leaf number at flowering (V9), yellow leaf number at flowering
(V10), fresh biomass (V11), shoot length after harvest (V12), root length (V13), total plant height (V14), dry biomass (V15), flowering (R1), unfilled grain weight (R2),
total grain weight (R3), filled grain weight (R4), panicle weight (R5), filled grain number (R6), total grain number (R7), unfilled grain number (R8), weight of panicle
remains (R9).

and urea data (A), only nitrate (B), or only urea (C). It is
evident that germination (G), flowering (R1), shoot length/plant
height (V12, V14) and chlorophyll (V1) ranked among the
top half of parameters in all three N regimes. Three more
parameters emerged when any two out of three N treatments
were considered viz, shoot/root length (V7, V13) and total leaves
at flowering (V8). Three more parameters ranked among the top
11 when any one of the three N treatments were considered
viz, fresh biomass (V11), dry biomass (V15), and green leaves at
flowering (V9). This allowed the shortlisting of 11 parameters:
germination (G), flowering (R1), chlorophyll (V1), shoot length
before harvest (V7), total leaves at flowering (V8), green leaves
at flowering (V9), fresh biomass (V11), shoot length after harvest
(V12), root length (V13), total plant height (V14) and dry
biomass (V15). This shortlisting eliminated 6 parameters: green
leaves at vegetative stage (V2), yellow leaves at vegetative stage
(V3), total leaves at vegetative stage (V4), leaf width (V5), stem
thickness, (V6), and yellow leaves at flowering (V10). Thus,
11 out of 17 parameters were shortlisted by this analysis for
further validation.

Correlation Analysis Validates
Shortlisted Phenotypic Parameters for
Grain Yield in Low N
To further validate and shortlist the 11 phenotypic V parameters
for their contribution to yield as a derivative for NUE, their
correlation with mean grain yield was examined in normal
and low N. Each row of Supplementary Figure S2 represents
one shortlisted parameter and each column represents either
combined data for nitrate/urea, only nitrate or only urea. In
the case of combined N data, nine parameters were significantly
correlated for grain yield, especially at low N viz, germination (G),
flowering (R1), shoot length (V7, V12) total leaves at flowering
(V8), biomass (V11, V15), root length (V13), and plant height
(V14). Thus, correlation analysis for combined N data validated
nine out of 11 parameters shortlisted by Feature selection.

In the case of nitrate, six of the above nine parameters
[except flowering (R1), total leaves at flowering (V8), and
root length (V13)] correlated significantly for grain yield
at low N level but were not significant under normal N
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levels (Supplementary Figure S2, middle column). In urea,
eight of the above nine parameters (except total leaves at
flowering, V8) correlated significantly with yield under low
urea (Supplementary Figure S2, right column). Thus, separate
correlation analyses on nitrate and urea treatments validated
eight of the 11 parameters shortlisted by Feature selection.

Shortlisted Phenotypic Parameters
Correlated With NUE
To check whether the nine phenotypic parameters shortlisted
above (by grain yield at low N) are a true reflection of NUE,
their coefficients of correlation were calculated directly with
NUE (grain yield/N). Eight of them significantly correlated
with NUE in low nitrate/urea combined data viz., germination
(G), shoot length before harvest (V7), fresh biomass (V11),
shoot length after harvest (V12), root length (V13), total plant
height (V14), dry biomass (V15), and flowering (R1) (Table 1
and Supplementary Figure S3, 1st column). Six of them
also correlated significantly in low nitrate alone (Table 1 and
Supplementary Figure S3, middle column), while all eight of
them correlated significantly in low urea alone (Table 1 and
Supplementary Figure S3, right column).

Segregation of Phenotypic Parameters
for NUE From N-response and Grain
Yield
Out of the 25 phenotypic parameters tested for N-response
to nitrate/urea, ANOVA revealed that 20 were significantly
N-responsive, 13 of which were common for nitrate/urea, 16
in nitrate alone and 18 in urea alone (Table 2). Out of them,
11 were highly ranked by Feature selection and were also
highly connected in network analysis. To segregate the NUE
parameters from N-responsive parameters, nine of them that
were significantly correlated with grain yield at low N were
identified (Supplementary Figure S2). Their direct correlation
with NUE revealed 8 parameters, viz., germination (G) flowering
(R1), shoot length (V7, V12), fresh and dry biomass (V11,
V15), root length (V13), and plant height (V14) (Table 2 and
Supplementary Figure S3). Among them, V13 and R1 were

significant for NUE only in urea, whereas the remaining six were
significant in both nitrate and urea. Thus, these six emerged as
global phenotypic parameters for N-responsive yield and NUE
regardless of N regime (nitrate or urea). This is the segregation of
few NUE parameters from 20 N-responsive parameters as well as
their segregation in terms of nitrate/urea.

PLS-DA Validates the Shortlisted NUE
Parameters by Clustering Them With
Yield Parameters
In order to further validate the results obtained through PCA,
Feature selection and significance of correlation coefficients,
an independent partial least square discriminant analysis (PLS-
DA) was done. For this purpose, we used the mean values of
N-response for all 25 parameters in low or normal doses of
nitrate or urea or both. It clustered all the above shortlisted
NUE parameters along with all the reproductive yield parameters
and clearly separated all the others (Supplementary Figure S4),
independently validating those shortlisted for NUE. Interestingly,
the few vegetative parameters that clustered along with the
reproductive parameters later turned out to be important for
NUE, due to their strong correlation with yield.

Novel and Robust Methodology Relies
on Correspondence Between Multiple
Approaches
Our approach to data analysis in this study combined several
commonly used statistical tools such as PCA, PLS-DA, and
ANOVA with novel application of computational tools in NUE
phenotyping, such as Feature selection and networks. Figure 5
summarizes them as a novel methodological flowchart: Both
PCA (Figure 2) and PLS-DA (Supplementary Figure S4)
independently segregated all the 25 measured parameters
into very similar vegetative and reproductive groups, with
germination clustering with the latter. Similarly, ranking of
vegetative parameters, germination and flowering by Feature
selection converged with 10 phenotypic parameters shortlisted
based on the network analysis of significantly correlated
parameters. These 10 were a subset of the 20 significantly

TABLE 1 | Correlation of 9 shortlisted phenotypic parameters with NUE: NUE was calculated as grain yield/per unit N input for nitrate and/or urea.

Parameters shortlisted for
NUE phenotype

Normal nitrate and urea
(combined data)

Low nitrate and urea
(combined data)

Normal nitrate Low nitrate Normal urea Low urea

Germination (G) NS 0.05 NS 0.05 NS 0.05

Chlorophyll (V1) 0.05 NS NS NS 0.01 NS

Shoot length before harvest (V7) NS 0.001 NS 0.001 NS 0.001

Fresh biomass (V11) NS 0.05 NS 0.01 NS 0.05

Shoot length after harvest (V12) 0.05 0.001 NS 0.001 0.01 0.001

Root length (V13) NS 0.01 NS NS NS 0.05

Total plant height(V14) 0.05 0.001 NS 0.001 0.02 0.001

Dry biomass (V15) NS 0.05 NS 0.01 NS 0.05

Flowering (R1) 0.05 0.01 NS NS NS 0.01

(Total N input was calculated from all the doses of media added to the pots throughout the plant life cycle). Correlation coefficients between NUE and nine of the shortlisted
parameters were determined in normal N and low N and the significance values are shown for either combined data for nitrate and urea, nitrate only and urea only.
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TABLE 2 | Segregation and shortlisting of phenotypic parameters for N-response, yield and NUE: The % effect of normal N over low N on each of the 25 parameters
was calculated using the mean values of 32 replicates and combined for all the genotypes.

S. No. N-responsive parameters Low N-responsive yield related parameters N- use efficiency parameters

1 (a,b,c) Germination (G) (a,b,c) Germination (G) (a,b,c)Germination (G)

2 (a,c) Chlorophyll (V1) (a,b,c) Shoot length before harvest (V7) (a,b,c)Shoot length before harvest (V7)

3 (a,b,c) Green leaf number at vegetative stage(V2) (a) Total leaf number at flowering (V8) (a,b,c)Fresh biomass (V11)

4 (b,c) Yellow leaf number at vegetative stage (V3) (a,b,c)Fresh biomass (V11) (a,b,c)Shoot length after harvest (V12)

5 (a,b,c)Total leaf number at vegetative stage (V4) (a,b,c)Shoot length after harvest (V12) (a,c)Root length(V13)

6 (a,b,c)Leaf width(V5) (a,b,c)Root length(V13) (a,b,c)Total plant height (V14)

7 (a,b,c)Stem thickness (V6) (a,b,c)Total plant height (V14) (a,b,c) Dry biomass (V15)

8 (a,b,c)Shoot length before harvest (V7) (a,b,c)Dry biomass (V15) (a,c)Flowering (R1)

9 (a,b,c)Total leaf number at flowering (V8) (a,c)Flowering (R1)

10 (a,b,c)Green leaf number at flowering (V9)

11 (a,b,c)Yellow leaf number at flowering (V10)

12 (a,b,c)Fresh biomass (V11)

13 (a,b,c)Shoot length after harvest (V12)

14 (a,b)Root length (V13)

15 (a,b)Total plant height(V14)

16 (a,b,c) Dry biomass (V15)

17 (a,c)Days to flowering (R1)

18 (a,c)Unfilled grain weight (R2)

19 (a,c)Total grain weight (R3)

20 (ns)Filled grain weight (R4)

21 (ns)Panicle weight (R5)

22 (ns)Filled grain number (R6)

23 (ns)Total grain number (R7)

24 (a)Unfilled grain number (R8)

25 (a,b,c)Weight of panicle remains (R9)

Twenty of the 25 parameters were confirmed as N-responsive based on the significance test and shown in the 1st column. Ten of these parameters shortlisted from
Feature selection and network analyses were subjected to correlation analysis with grain yield in normal and low N and those parameters that significantly correlated
with yield at low N are shown in the 2nd column. NUE was calculated as yield per unit N input for all genotypes/treatments and their correlation with each of these 10
parameters was analyzed. Those that significantly correlated with NUE are shown in the 3rd column. The superscripted alphabet a/b/c over the parameter I first column
denotes parameter in combined nitrate and urea N, only nitrate N and only urea N.

N-responsive parameters identified by ANOVA (Figure 3 and
Table 2). Most significantly, eight out of these 10 parameters
correlated very significantly with NUE in terms of yield per
unit N (Tables 1, 2 and Supplementary Figure S3). This
convergence between multiple approaches of data analysis makes
it a robust phenotyping methodology for NUE and possibly other
quantitative traits.

Field Data Validate NUE in Two
Genotypes
The field performance of two of the six rice genotypes originally
used for phenotyping in this study (Nidhi and Panvel1) was
evaluated over three seasons using four treatments – either
no added N (N0) or three different doses of urea (50,
100, and 150 kg N/ha). The late-germinating, late-flowering,
long duration genotype Panvel1 performed significantly better
(P < 0.05) than the early germinating, early flowering,
short duration genotype Nidhi, in terms of the yield and
NUE parameters measured viz., grain yield (g/m2), 1000
grain weight, recovery efficiency, partial factor productivity,
physiological efficiency, internal efficiency and agronomic
efficiency except nitrogen harvest index, which was only

significant at N100 and N150 but not at N0 and N50
(Figure 6).

Metadata Analyses Point to the
Molecular Basis for NUE Phenotype
In order to understand the molecular basis of the phenotype
for NUE, literature and online databases were explored as
described under “Metadata Analysis” in section “Materials and
Methods.” A search at Oryzabase yielded 105 genes associated
with any of the eight phenotypic traits shortlisted for NUE in
this study, as shown in the last column of Table 2. These 105
genes listed in Supplementary Table S6 include some genes
from mitochondria and chloroplast. Their predicted protein
localization revealed a different distribution, such as 35% in the
extracellular region, followed by 26% in the nucleus, 14% in
the plasma membrane, 10% in the chloroplast and 3% in the
mitochondria (Supplementary Figure S5). These results indicate
that apart from the nucleus, organelles might play a significant
role in the regulation of the NUE phenotype.

Further delineation of these 105 genes associated with the
phenotype was done on the basis of their association with yield
and N-response, as NUE is often defined in terms of yield/N. Out
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FIGURE 5 | Potential methodology for shortlisting of phenotypic parameters. Various tools shown here can be used in the mentioned sequence to find out the
phenotypic parameters for nitrogen use efficient or any other trait.

of the 105 genes associated with phenotype, a search at RicyerDB
revealed that 54 genes were also associated with yield. These 54
genes were used for Venn selections with the 6,276 N-responsive
genes identified in our transcriptomic studies (Pathak et al.,
2020, GSE12940, GSE20924, and GSE140257). This revealed 34
N-responsive genes that were independently associated with yield
as well as with the phenotypic traits shortlisted here for NUE
(Supplementary Table S7). Out of them, 14 genes were reported
as related to plant height, 11 to flowering, 7 to root length, 1
to biomass, 1 to plant height and root length, and 1 to plant
height and biomass (Supplementary Table S7). These numbers
are shown on the correlation map linking the various shortlisted
phenotypic parameters, with respect to their urea response in
our study (Figure 7). It clearly reveals that the identified NUE
parameters span all the crucial stages of plant growth, indicating
the physiological basis for phenology. A search for the known
expression patterns of these 34 genes was carried out on the
Rice Expression Database, which provides RNAseq data spanning
nine tissues from 284 experiments (Xia et al., 2017). Most of
them were found to be differentially expressed in terms of
tissues or developmental stages, including few associated with the
phenotype and/or yield such as RCA1, TSD2, EXP10, MFP, ABF6,

DHAR1, and DRP2 (Figure 8). In view of their N-responsive
expression in our microarray studies and reported association
with yield and NUE phenotype, they emerge as candidate genes
for NUE for further validation.

DISCUSSION

A major challenge for biological improvement of NUE in
any crop has been the incomplete characterization of the
phenotype and genotype for NUE, as is the lack of low-
input screening programs (Mandal et al., 2018; Raghuram
and Sharma, 2019) with rare exceptions (Rao et al., 2018).
Rice is an excellent target crop to improve NUE, but the
characterization of its phenotype is neither comprehensive
nor complete, despite considerable progress, as detailed in
the Introduction. Considering that developed countries use
ammonium nitrate as fertilizer while developing countries mainly
use urea, simultaneous phenotypic assessments with different
forms of N are lacking to identify parameters of NUE that are
common or unique to various forms of N. A major challenge in
field phenotyping is the lack of precise control of N-form/dose
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FIGURE 6 | Field validation of the performance of rice genotypes. Field evaluation of the genotypes Nidhi and Panvel1 was conducted for 3 seasons over 2 years in
N0, N50, N100, and N 150 N kg of added urea/ha. Mean data of the effect of urea dose on the genotypes are shown for grain weight/m2, 1000 grain weight,
recovery efficiency, partial factor productivity, nitrogen harvest index and harvest index. The significance levels by t-test are shown between the bars being compared
(∗ denotes significant at P < 0.05, and ns denotes non-significant).

in the soil and the difficulty to distinguish between intra-varietal
and inter-varietal variation. Moreover, field experiments can
either monitor many parameters in a few varieties or a few
parameters in many varieties, making the identification of few
critical parameters a crucial requirement for large scale screening
of the germplasm.

The present study is a comprehensive life cycle analysis of
25 phenotypic parameters using two groups of rice genotypes
grown in 32 replicates in the green-house with nitrate or urea

as the sole N source at normal or low doses (four treatments)
and field validation of two contrasting genotypes for NUE. The
measured phenotypic parameters were chosen from those most
commonly reported in literature, including the generic listing
of rice traits by IRRI-IBPGR (1980). The rice genotypes of ssp.
indica were chosen in two groups of 3 each, based on their
contrasting germination rates and crop duration (early or late
genotypes), with corresponding differences in yield and NUE
as we reported earlier (Sharma et al., 2018). The experimental
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FIGURE 7 | A model depicting the NUE phenotype in terms of molecular physiology. The shortlisted parameters constituting the NUE phenotype are depicted in
terms of the growth physiology of the plant, they are germination, plant height, root length, flowering, biomass, and grain yield. The alphabets NN (normal urea or
15mM N) and LN (low urea or 1.5 mM N) along the arrows denote the N treatments for which correlation were calculated between connected phenotypic
parameters along with the significance values of their urea response (∗ denotes significant at P < 0.05, ∗∗ denotes significant at P < 0.01, and ns denotes
non-significant). The number of genes involved in each phenotypic parameter is indicated by Venn selections between the 6276 N-responsive genes compiled from
NCBI GEO/database (GSE 12940, 20924, 140257) and the number of genes reported to be associated with each phenotypic parameter. The numbers in red
denote the genes specific to N-response while those in green denote genes related to that particular phenotypic parameter and blue denotes the genes common
between nitrogen and the phenotypic parameter.

design minimized internal variation within each genotype by
using seeds of modal weight (Sharma et al., 2018). External
variation was minimized by using: (a) nutrient-depleted sand

(Sharma et al., 2019) to eliminate the roles of soil nutrients
and microbial N-transformations; (b) defined sterilized media
with known concentrations of either nitrate or urea as the sole
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FIGURE 8 | Tissue/state specific expression of phenotype-associated N-responsive genes. N-responsive genes identified in our microarray (GSE12940, GSE20924,
and GSE140257) were shortlisted based on their reported association with yield and phenotypic traits identified in this study and their expression pattern retrieved
from the Rice Expression Database is shown. They are EXPLA1, TIFY 11A, CYP99A3, TIFY 10A, BRD1, RCA1, ARF2, TSD2, PSAF, SD1, EXPA10, D61, RPL1, IM1,
DEP1, OsMPS, AHAS, DHAR1, AFB6, MFP, DRO1, AL1a, AMT1, DRP2, OsDOF, HSP70, UbDKY4, HAP31, NIN7, OsRR1, EFTU, and HAP3F.

N source; (c) controlled temperature, humidity and light. This
design enabled the identification of even subtle differences in the
effect of N form and dose on various parameters and genotypes.

Phenology of N Response
Yield is often associated with the NUE phenotype, as NUE is
commonly defined in terms of yield per unit N. However, gross
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grain yield (measured as grain weight per plant or 1000 grain
weight) as a distinctive inheritable property of each genotype
seems to work differently from individual seed weight. Seeds of
modal weight (±0.5 mg) were chosen for physiological evaluation
of N response, as it was reported earlier that seed weight
contributes to variation in germination, respiration, flowering
time and yield in rice (Sitaramam et al., 2008). However, the
next generation seeds fully restored their normal distribution
of seed weights (Figure 1A), though their overall lower weights
could be due to the lower light intensity in the green-house
as compared to the field (Chen et al., 2019). We showed
earlier that seeds of modal weight also vary in their rates of
germination, which is further influenced by N (Sharma et al.,
2018). The genetically enforced restoration of variation in seed
weight and germination could be an evolutionary adaptation
for survival in uncertain nutritional and growth environments.
Nevertheless, modal weight varies between genotypes and we
earlier demonstrated its utility in discerning subtle differences
in the germplasm while phenotyping for yield (Sitaramam et al.,
2008) and NUE (Sharma et al., 2018).

Phenotyping relies on genetically enforced variation in
measurable traits in the germplasm. The coefficient of variation
(CV) is a mean-standardized measure of variation, which is
used to quantify and compare the variation of phenotypic
traits (Pélabon et al., 2020). Our plots of CV against the
time of measurement clearly revealed that variation in different
parameters increased from vegetative to reproductive phase as
well as depending on N-source and dose (Figures 1B,C). The low
variance in seed germination and vegetative growth could be a
reflection of the modal weights of seeds used. But it did not last
beyond flowering, as a huge increase in variation in most yield
parameters resulted in the restoration of variance in seed weight
distribution in the next generation.

The higher reproductive variation in normal N levels
(Figure 1B) relative to low N levels (Figure 1C) has implications
for NUE, which is a derivative of reproductive performance
(grain yield/N). High variation for reproductive parameters
was reported in rice (Tiwari et al., 2019), but not in
the context of N-response or NUE, while variation in
chlorophyll has been recently linked with NUE (Jia et al., 2020).
The restoration of variation from vegetative to reproductive
phase is an unprecedented observation that prompts us to
recommend the use of seeds of modal weight to control internal
variation in vegetative parameters while phenotyping for any
quantitative trait.

Principal component analysis segregated vegetative
parameters and clustered the NUE-related vegetative parameters
with reproductive parameters (Figure 2). The clustering of
the germination (G) and flowering (R1) with the reproductive
parameters is an important observation in line with our previous
findings on their association with yield (Sitaramam et al.,
2008), crop duration, and NUE (Sharma et al., 2018). These
findings were further validated here by PLS-DA (Supplementary
Figure S4). Thus, the qualitative differences in physiological
variance in terms of vegetative and reproductive parameters are
as important as their quantitative differences in their response to
variation in the source and dose of N.

MANOVA confirmed that the effect of N was significant
when parameters were bunched into vegetative and reproductive
groups (P < 0.0001), regardless of the magnitude of the effect
itself. Two-way ANOVA using treatments and genotypes helped
to identify 20 individual parameters in which N effect was
significant. The overall effect of low N was to delay germination
and flowering and up-regulate yield parameters, while down-
regulating all other vegetative parameters (Figure 3). These
findings are consistent with earlier findings that showed low
vegetative biomass under low N conditions (Chen et al., 2013).
We showed earlier that germination and flowering can predict
rice yield (Sitaramam et al., 2008), while germination time
and crop duration constitute phenotypic parameters for NUE
(Sharma et al., 2018). Others linked NUE in rice with root growth
(Morita et al., 1988; Xu et al., 2012; Yang et al., 2012; Li et al.,
2015; Peng et al., 2015; Rogers and Benfey, 2015; Kiba and Krapp,
2016; Nguyen et al., 2016; Steffens and Rasmussen, 2016; Xie et al.,
2017; Rao et al., 2018; Duque and Villordon, 2019), chlorophyll
(Ladha et al., 2007; Thind and Gupta, 2010; Mathukia et al., 2014;
Jia et al., 2020), dense and erect panicle (Sun et al., 2014), panicle
number (Jia et al., 2020), plant height (Sitaramam et al., 2008;
Kumar et al., 2014; Nguyen et al., 2016; Selvaraj et al., 2017), and
biomass (Nguyen et al., 2016; Selvaraj et al., 2017).

But none of them specifically claimed them as adequate
phenotypic parameters for NUE, nor evaluated them in
comparison with all other physiological parameters. Our
comprehensive physiological evaluation of 25 parameters, more
than any other study so far (Devi and Sumathi, 2011; Selassie,
2015; Anil et al., 2018; Rao et al., 2018), identified 20 of them
as significantly N-responsive including root growth, plant height
and biomass cited above for further shortlisting and delineation
of the NUE phenotype (Table 2).

Phenotype Prediction by Interactive
Networks
An important aspect of phenotyping for a complex quantitative
trait like NUE is to find the interacting parameters that work
together. Bi-dimensional networks based on correlation matrix
allow segregation of clusters of variables and visualization
of their connections (Ursem et al., 2008). This approach
popular in genomics and has been recently explored for
plant phenotyping (Oladosu et al., 2018; Baye et al., 2020;
He et al., 2020), though never applied to NUE phenotyping
so far. Therefore, we constructed a network of all the
significantly correlated measured parameters (Figure 4).
The most connected parameters in all three N regimes
were germination, plant height before/after harvest, panicle
weight, flowering and grain yield related parameters, while
the least connected parameters were leaf-related vegetative
parameters, with the only exception of filled grain weight in
the nitrate regime. This is consistent with our earlier report
on germination time (Sharma et al., 2018) and also with
several other parameters that emerged so far from this study
(Figures 3, 4).

Interestingly, urea regime revealed two distinct networks
(Figure 4C), with stem thickness and all the leaf-related
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parameters including chlorophyll clustered on the right, while
all parameters contributing to reproductive yield clustered on
the left along with germination and flowering, plant height, root
length, and biomass. These are the only measured vegetative
parameters that contribute to the phenotype of NUE, as
we confirmed later through correlation studies with yield in
low N (Supplementary Figure S2) and NUE (Table 1 and
Supplementary Figure S3). More importantly, these parameters
in urea are very similar to the most connected ones in the nitrate
network or combined network, indicating the possible universal
biological interactions/mechanisms that underlie N-response and
NUE. This is a novel visualization of interacting parameters for
NUE phenotype and may help in phenotyping other complex
traits, apart from revealing their connections with yield.

Phenotype Prediction by Feature
Selection/Ranking
Germplasm screening for NUE requires the shortlisting of
a minimal set of phenotypic traits, especially of vegetative
parameters, as reproductive yield is inherent to the agronomic
definition of NUE. Feature selection is a well-known
computational method to rank and identify the best among
the many available Features (Abeel et al., 2009), though never
used in plant phenotyping. Therefore, we used it to rank and
identify the best among the measured vegetative parameters
(and flowering) without observational bias in the present study.
This allowed shortlisting of 11 out of the 17 growth parameters
from germination to flowering (Supplementary Table S4).
The top eight parameters among them correlated positively
with N-responsive yield (Supplementary Figure S2) and NUE
(Table 1 and Supplementary Figure S3). This is an independent
validation of the eight vegetative parameters revealed by ANOVA
(Table 2). These are also the same eight vegetative parameters
which displayed very narrow range of variation (Figures 1B,C),
attributable to using seeds of modal weight, indicating its
methodological importance in phenotyping.

Segregation and Shortlisting of
Parameters for NUE Phenotype
There was no phenotypic distinction between N-response and
NUE in literature. Our study of 25 parameters has identified 20
parameters as significantly N-responsive, including 17 growth
parameters from germination to flowering, out of which six
were segregated as contributing to NUE in both nitrate and
urea and two others as contributing to NUE in urea only. The
correspondence between multiple approaches to data analysis viz
PCA (Figure 2), ANOVA (Figure 3), network analysis (Figure 4),
correlation with grain yields (Supplementary Figure S2),
NUE (Supplementary Figure S3), PLS-DA (Supplementary
Figure S4), and Feature selection (Supplementary Table S4)
reflects the robustness and validity of our novel methodology
(Figure 5). This novel flowchart could also help in the
phenotyping of other complex traits in rice and other plants.

A closer examination of the eight NUE parameters in terms of
the % effect of N on each of them and their correlation with total
grain yield and NUE (Supplementary Table S8) revealed that the

% N effect on yield was similar to % N effect on germination in
both nitrate and urea regimes, and both the effects were amplified
on NUE. In other words, even small changes in the identified
phenotypic parameters contribute to major changes in NUE,
even if they are not always discernible in terms of yield alone.
Moreover, we obtained the most rigorous biological evidence to
date that in addition to yield-related parameters, 6 phenotypic
parameters for NUE are common to nitrate and urea, unknown in
any crop so far. Such parameters that are independent of N-form
are of potential universal value to improve crop NUE, considering
the different forms of N used as fertilizer and their dynamic
mixtures in different farm soils. Our experimental design had a
crucial role in reliably capturing several such phenotypic nuances
in the green-house and is compatible with automated phenomics.

Overall, our green-house findings clearly show that low N
levels (1.5 mM) improve yield and NUE by delaying seed
germination and flowering and limiting all other vegetative
growth parameters. Normal N levels (15 mM) favor vegetative
growth but limit grain yield parameters and reduce NUE.
It is known that excessive N doses are not conducive to
nutrient absorption (Yuan and Chen, 2015), accumulation
and translocation of non-structural carbohydrates and do not
promote yields (He et al., 2001), but only biomass (Singh et al.,
2014) and even reduce yield (Shi et al., 2020). On the other hand,
reduced N doses resulted in increased activities of enzymes that
increased the remobilization of stem starch and non-structural
carbohydrates, thus increasing grain filling and harvest index in
rice (Li G. et al., 2018). Further, high NUE was associated with
better photosynthetic performance in rice (Ju et al., 2015).

Literature did not recognize the broadly opposite response of
vegetative and reproductive parameters to N dose. Considering
that vegetative growth depends mostly on cell elongation
(Löfke et al., 2015), whereas reproductive growth mostly relies
on meristematic cell division, they may point toward the
physiological mechanism for NUE. Our earlier energetic basis for
drought or water use efficiency (Sitaramam et al., 2007) and yield
itself (Sitaramam et al., 2008) may also be of relevance for NUE,
as indicated by our recent findings on the role of respiration in
N-responsive germination and NUE (Sharma et al., 2018). Our
field evaluation of two rice genotypes (Figure 6) clearly validated
their selection on a phenotypic basis and revealed the superior
yield and NUE indices of the late-germinating, late-flowering
and long-duration genotype, Panvel1, relative to Nidhi, the
early germinating, early flowering, and short-duration genotype.
This also validates our greenhouse phenotyping that avoids
the uncertainties of field phenotyping and enables automated
phenomics.

From Phenotype to Genotype for NUE
Functional genomics provided us with thousands of genes
involved in N-response (Mandal et al., 2018; Raghuram and
Sharma, 2019), including our own data on rice (Pathak et al.,
2020, GSE12940, GSE20924, and GSE140257). Our delineation
of the parameters constituting the NUE phenotype fills this gap.
Their visualization in terms of the growth physiology clearly
revealed that all crucial stages of plant growth are linked to
NUE and/or yield (Figure 7). Further, our identification of
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105 genes associated with the NUE phenotype from literature
(Supplementary Table S6), of which 54 were associated with
yield, enabled the identification of 34 of them as N-responsive
from our microarray data (Supplementary Table S7).

We found that all these 34 N-responsive genes associated
with our NUE phenotype as well as with yield in rice
were differentially expressed in the Rice Expression Database
(Figure 8). The role of a few of them in NUE has been validated.
For example, overexpression of OsAMT 1.1 was reported to
increase NH4+ uptake and grain yield under suboptimal and
optimal N conditions, as well as NUE (Ranathunge et al.,
2014). Overexpression of OsRDD1 was shown to increase
nutrient uptake and accumulation, N responsiveness and grain
productivity (Iwamoto and Tagiri, 2016). The overexpression of
OsDEP1 has also been reported to improve NUE (Zhao et al.,
2019). While most of the 34 genes we reported here remain
to be validated for their role in NUE, their attraction stems
from the above reports that corroborate our comprehensive
approach from phenotype to genotype. Our list also opens
the opportunity for investigating the underlying molecular
mechanisms, apart from identifying the best combination of
genes that deliver the maximum improvement in a multi-genic
quantitative trait like NUE.

CONCLUSION

Our comprehensive life cycle analysis of rice genotypes for 25
phenotypic parameters identified 20 N-responsive parameters,
from which a subset of eight NUE parameters was segregated and
two genotypes chosen on such phenotypic basis were validated in
the field. Six of these eight parameters work well for both urea
and nitrate, making them potentially universal NUE parameters.
Our comprehensive phenotyping for NUE in rice may be of
methodological relevance to other plants, and possibly to other
nutrients. Our green-house-based phenotyping is amenable to
automation for phenomics. The correspondence between the
PCA, network, Feature selection, correlation and PLS-DA makes
it a novel and robust approach for phenotyping other complex
traits. The identification of associated genes and shortlisting of
34 candidate genes for NUE by linking the phenotype with the
genotype opens up opportunities for their validation and further
investigation into the underlying mechanisms, as well as for crop
improvement.
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In agricultural plant production, nitrate, ammonium, and urea are the major fertilized
nitrogen forms, which differ in root uptake and downstream signaling processes in
plants. Nitrate is known to stimulate cytokinin synthesis in roots, while for urea no
hormonal effect has been described yet. Elevated cytokinin levels can delay plant
senescence favoring prolonged nitrogen uptake. As the cultivation of winter oilseed
rape provokes high nitrogen-balance surpluses, we tested the hypotheses whether
nitrogen use efficiency increases under ammonium nitrate- relative to urea-based
nutrition and whether this is subject to genotypic variation. In a 2-year field study, 15
oilseed rape lines were fertilized either with ammonium nitrate or with urease inhibitor-
stabilized urea and analyzed for seed yield and nitrogen-related yield parameters.
Despite a significant environmental impact on the performance of the individual lines,
which did not allow revealing consistent impact of the genotype, ammonium nitrate-
based nutrition tended to increase seed yield in average over all lines. To resolve
whether the fertilizer N forms act on grain yield via phytohormones, we collected xylem
exudates at three developmental stages and determined the translocation rates of
cytokinins and N forms. Relative to urea, ammonium nitrate-based nutrition enhanced
the translocation of nitrate or total nitrogen together with cytokinins, whereas in the urea
treatment translocation rates were lower as long as urea remained stable in the soil
solution. At later developmental stages, i.e., when urea became hydrolyzed, nitrogen
and cytokinin translocation increased. In consequence, urea tended to increase nitrogen
partitioning in the shoot toward generative organs. However, differences in overall
nitrogen accumulation in shoots were not present at the end of the vegetation period,
and neither nitrogen uptake nor utilization efficiency was consistently different between
the two applied nitrogen forms.

Keywords: nitrogen uptake, ammonium nitrate, urea, cytokinin translocation, nitrogen use efficiency, nitrogen
uptake efficiency, nitrogen partitioning, rapeseed

INTRODUCTION

In Northern Europe, winter oilseed rape is nowadays grown as the most important oil crop (Rathke
et al., 2006). Relative to other crops, agricultural production of rape causes high surpluses in the
nitrogen (N) balance (Schulte auf ’m Erley et al., 2011), which is a major source for N losses to
the environment and represents an important problem in sustainable crop production. Thus, it is
of increasing importance in oilseed rape production to reduce the amount of applied N fertilizer
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as well as of N-rich residues remaining on the field after harvest
(Schulte auf ’m Erley et al., 2011).

The capacity of a crop to convert soil-available N into grain
yield is described by its N use efficiency (NUE). NUE depends
on the efficiency for N uptake (NupE) as well as on the efficiency
for utilizing absorbed N for grain production (NutE, Moll et al.,
1982). Oilseed rape is generally characterized by a high capacity
for N uptake during vegetative growth, while after flowering
N uptake decreases drastically (Malagoli et al., 2004). Hence,
N required for seed filling derives from remobilization from
vegetative organs (Rossato et al., 2001), but due to insufficient
sink strength N transfer to the seeds remains low (Sveènjak and
Rengel, 2006). In order to improve NUE of oilseed rape, it has
been suggested to focus breeding efforts on N uptake during
generative plant development and on N retranslocation from
vegetative organs to seeds (Wiesler et al., 2001a). Regarding these
two traits, however, the N supply level plays an important role
(Bouchet et al., 2016). For instance, NutE has been repeatedly
reported to be more important for determining NUE at high N
levels (Berry et al., 2010; Schulte auf ’m Erley et al., 2011; Kessel
et al., 2012). With regard to the need for reducing fertilizer inputs,
the risk for N limitation during oilseed rape cultivation increases.
Under these circumstances, tackling NupE appears to be more
relevant to improve NUE. To date, several studies on NUE in
oilseed rape focused on genotypic differences in NupE and NutE
at different N levels (e.g., Schulte auf ’m Erley et al., 2011; Kessel
et al., 2012; Nyikako et al., 2014; Stahl et al., 2015), while the
impact of N forms on NUE has been poorly studied, although
N forms may affect N uptake and N partitioning in winter
oilseed rape as well. This research question has so far been rarely
addressed, and if so with inconsistent results (Fismes et al., 2000;
Arkoun et al., 2012).

Most plants are able to take up and assimilate N in the
forms of nitrate, ammonium, amino acids (AAs), and urea
(Crawford and Glass, 1998). In most soils, fertilized or organic
matter-derived urea is rapidly hydrolyzed to ammonium by
ubiquitously occurring ureases and concurrently nitrified to
nitrate by microorganisms (Mérigout et al., 2008). Root uptake
of these different N forms is mainly catalyzed by high-affinity
and low-affinity membrane proteins that are specialized for the
transport of either N form (Hachiya and Sakakibara, 2016).
However, in oilseed rape the uptake rate of urea as sole N form
is up to ten times lower than that of nitrate or ammonium
(Arkoun et al., 2012). Inside plant cells, nitrate is reduced to
ammonium before assimilation, resulting first in glutamine (Gln)
and glutamate synthesis (Lam et al., 1996). Absorbed urea is
hydrolyzed by cytosolic urease to two molecules of ammonium
(Witte, 2011) serving for AA synthesis. When N is limited,
nitrate assimilation takes place primarily in roots, while at
higher external N concentrations nitrate assimilation in shoots
becomes increasingly important (Andrews, 1986). Ammonium,
either absorbed or produced in the root, is rather assimilated
in roots and ammonium-derived N is then transported to the
shoot mainly in the form of AAs (Finnemann and Schjoerring,
1999). Indeed, most plant species transport N in their xylem
mainly in the form of amides, such as glutamine and asparagine,
and of acidic AAs, such as glutamate and aspartate (Asp)

(Fischer et al., 1998). However, also nitrate (Liptay and Arevalo,
2000), ammonium (Finnemann and Schjoerring, 1999), and urea
(Liu et al., 2003) are translocated to the shoot. Thus, uptake and
assimilation of different N forms change the forms of N delivery
from roots to shoots.

The uptake of different N forms can also affect the homeostasis
of phytohormones. In particular, cytokinins (CKs) are strongly
influenced by the amount and form of N uptake. Together
with their ribosides, N6-isopentenyl-adenine (IP), trans-zeatin
(Z), cis-zeatin (cZ) and dihydrozeatin are the most abundant
forms of CKs in higher plants (Sakakibara, 2006) and are
mainly synthesized in active root meristems (Engels et al., 2012).
The N forms nitrate and ammonium (Takei et al., 2004a), but
also Gln (Kamada-Nobusada et al., 2013), stimulate the gene
expression of isopentenyltransferases, which catalyze the key
step in CK biosynthesis (Takei et al., 2004a; Sakakibara, 2006).
Nonetheless, only nitrate-supplied roots translocate in the xylem
large amounts of CKs from roots to shoots (Rahayu et al.,
2005; Bauer and von Wirén, 2020). In shoots, CKs retard leaf
senescence (Jibran et al., 2013) and their exogenous application
led to higher seed yield in different species like rice (Ray et al.,
1983) and barley (Mishra and Gaur, 1985). Also, the stimulation
of higher internal CK levels by downregulating CK oxidases or
by naturally lowering the expression of CK-catabolizing enzymes
resulted in higher grain number in rice (Ashikari et al., 2005),
in larger grain size in wheat (Jameson and Song, 2015), or in
improved seed and lint yield in cotton (Zhao et al., 2015). In
contrast, urea as N form appears not to be able to delay leaf
senescence (Schildhauer et al., 2008).

Based on the above-described mechanisms, we hypothesized
that relative to urea ammonium nitrate-based N nutrition of
oilseed rape improves NupE in two ways: (i) Ammonium nitrate
increases total N uptake due to higher uptake capacities for
nitrate and ammonium compared to urea, and (ii) nitrate
prolongs the phase of N uptake by stimulating the production
of CKs in roots as well as their root-to-shoot translocation via
the xylem, leading to delayed leaf senescence and prolonged
assimilate supply to roots. This may help to maintain root N
uptake activity also during generative plant development. Thus,
in a field experiment we examined a set of 15 winter oilseed rape
genotypes with differential N efficiency according to previous
field experiments by different German breeders. Plants were
fertilized with N in the form of ammonium nitrate or urea
stabilized by a urease inhibitor to prolong urea availability.
Ammonium nitrate was supposed to establish a rather nitrate-
based nutrition, as a large part of the ammonium is either rapidly
converted to nitrate or adsorbing to the soil matrix whenever the
soil’s cation exchange capacity is high (Bauer and von Wirén,
2020). We then examined seed yield and N-related agronomic
traits and collected xylem sap at three developmental stages
between flowering and pod filling. Therein, we analyzed N forms
as proxy for their uptake and translocation to the shoot and
assessed the impact of different N forms on CK translocation.
Nitrogen partitioning among vegetative and generative shoot
organs at the end of pod development was used as indicator for
N retranslocation during plant senescence. Since these measures
were taken in 15 cultivars with differential N efficiency, we
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also examined genotypic variation in these N form-related
physiological and agronomic traits.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Seeds of the winter oilseed rape cultivars were kindly provided by
different German breeding companies: 11091433, 12091707, and
PBC029 (Syngenta Seeds, Bad Salzuflen, Germany); BCSNE001
and BCSNE002 (Bayer CropScience Raps, Grundhof, Germany);
DSV-01 and DSV-02 (Deutsche Saatveredelung, Lippstadt,
Germany); KWS_01 and KWS_02 (KWS SAAT, Einbeck,
Germany); LG00-304E and LG02-228D (Limagrain, Peine,
Germany); and NPZ012, NPZ208, PBC007, PBC015, and Alpaga
(Norddeutsche Pflanzenzucht Hans-Georg Lembke, Holtsee,
Germany). All respective genotype pairs provided by each
breeder consisted of an N-efficient and an inefficient cultivar
out of the companies’ contemporary breeding material. PBC029,
PBC007, and PBC015 are part of the genetically diverse Pre-
BreedYield collection, which was created by German oilseed rape
breeders for the homonymous research project, grant number
0315964J, funded by the German Federal Ministry of Education
and Research. Those three lines were identified in a previous
field experiment as contrasting in N efficiency (PBC015, PBC029:
N efficient; PBC007: N inefficient) based on their N concentration
in the youngest leaf and their seed yield formation at medium N
supply (Supplementary Figure 1).

Field experiments were conducted in two subsequent years
(2012/13 and 2013/14) at the IPK Gatersleben, Saxony-Anhalt,
Germany (latitude: 51.824, longitude: 11.270, 106 m above sea
level, Ø ann. temperature: 9◦C, Ø ann. precipitation: 486 mm).
The predominant soil type at this location is loamy clay with a soil
taxation rated to 85 points. Mineralized N (Nmin) in the soil was
determined at the beginning of each spring until a depth of 60 cm
by Agrolab, Oberdorla, Germany (2013: 18 kg N ha−1; 2014:
22 kg N ha−1). Weather conditions of the individual years were
recorded by the local weather station (Supplementary Figure 2).

Seeds were sown in late August in 10 m × 3 m plots with a
density of 30 seeds m−2. Winter survival was recorded in early
spring of the respective following year by counting the number of
plants in a 1 m2 frame in two positions of the plot. On population
average, 18 plants m−2 established after winter in 2012/1013,
while in 2013/2014 only 13.5 plants m−2 were present. Stand
densities of individual genotypes are listed in Supplementary
Table 1. Crop protection was undertaken according to local
practice whenever needed.

Nitrogen Fertilizer Treatments
According to the highest N demands during oilseed rape
development, plants were fertilized in autumn with 20 kg N ha−1

and in spring with 40 kg N ha−1 in the rosette stage as well
as with 60 kg N ha−1 during shoot elongation (Supplementary
Figure 3). 120 kg N ha−1 represents a comparatively moderate
N dose for oilseed rape (Wiesler et al., 2001b) but was given
with the aim to spread physiological and yield responses
among the genotypes of the population at slightly suboptimal

N availability and appeared reasonably against the need for
reducing N balance surpluses in oilseed rape production. Here,
in autumn fertilizer was applied uniformly as ammonium sulfate
in order to establish comparable starting conditions for all
plants before winter. In spring, both fertilizations were given
either as ammonium nitrate (“Ammonium nitrate” treatment;
ammonium nitrate obtained from Yara, Sluiskil, Netherlands)
or as urea + urease inhibitor (“Urea” treatment) to study the
physiological and yield response of oilseed rape to different
N forms. 1.13 g N-(n-butyl)-thiophosphoric triamide (NBPT;
AGROTAIN, liquid formulation by Koch Agronomic Services,
Wichita, KS, United States) per kg urea fertilizer (SKW
Stickstoffwerke Piesteritz, Lutherstadt Wittenberg, Germany)
was used to stabilize applied urea. One oilseed rape genotype,
PBC015, was additionally grown without any N fertilization to
serve as reference for the effect of N fertilization per se.

In 2014, nitrate, ammonium, and urea concentrations in
the soil were determined before and after fertilizer application
(Supplementary Table 2) according to the methods described
in DIN 19746 (Blume et al., 2000). Extraction of soil samples
was carried out with 1 N KCl (Kuderna et al., 1993). To stabilize
urea during extraction, NBPT was added (40 mg L−1 extraction
solution). After microfiltration, samples were analyzed using
a Continuous Flow Analyzer San++ (Skalar Analytical B.V.,
Breda, Holland). Ammonium was determined based on the
modified Berthelot reaction. Ammonia reacts with salicylate and
dichloroisocyanurate under the catalytic action of nitroprusside
forming an indophenol color complex whose absorption was
measured at 660 nm. To determine nitrate, it was first reduced
to nitrite using a column containing copper–cadmium. Nitrite
was determined by diazotizing with sulfanilamide and coupling
with N-(1-naphthyl)ethylenediamine dihydrochloride to form a
colored azo dye which was measured at 540 nm. For the detection
of urea, diacetylmonoxime/thiosemicarbazide reaction was used.
Diacetylmonoxime reacts with urea to form a chromogen which
was detected at 520 nm (Douglas and Bremner, 1970).

Field Plot Design
Field trials were installed in two sets, which allowed harvesting
samples during the vegetation period from one set while keeping
the other intact for final seed harvest. Plots in every trial were
arranged in an extended Latin rectangle (n = 4) to correct data
for soil differences in rows, columns, and quartiles. Every row,
column, and quartile contained one ammonium nitrate- and one
urea-fertilized plot per genotype.

Determination of Seed Yield and
Nitrogen Efficiency Parameters
As soon as mature seeds reached a moisture content of 12%,
seeds were harvested with a combine from the core of each
plot (7 m × 1.5 m). Seeds were dried to 7% moisture
on a drying system (Hoopman Equipment & Engineering,
Aalten, Netherlands). After cleaning with a grain sample cleaner
(Baumann Saatzuchtbedarf, Waldenburg, Germany), seed yield
per plot was weighed. Seed yield per area was determined by

Frontiers in Plant Science | www.frontiersin.org 3 January 2021 | Volume 11 | Article 608785153

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-608785 January 21, 2021 Time: 16:2 # 4

Heuermann et al. Nitrogen Efficiency in Oilseed Rape

taking the plant number per square meter (Supplementary
Table 1) into account.

NupE was calculated by dividing the sum of N accumulated in
all aboveground shoot fractions by the sum of given N and soil
Nmin pools, both at an areal scale.

NutE was calculated by dividing the seed yield by the sum
of N accumulated in all aboveground organ fractions, both
at an areal scale.

NUE was calculated by dividing the seed yield by the sum of
given N and soil Nmin pools, both at an areal scale.

Harvest of Xylem Sap From Field-Grown
Rapeseed Plants
At three developmental stages, namely, at the end of flower
development—BBCH57, mid of flowering—BBCH65, and mid
of pod development—BBCH75 (according to Lancashire et al.,
1991), xylem sap was collected from plants in either experimental
year. However, due to differences in the temperature profile
(Supplementary Figure 2), plant development differed between
the two years. Thus, there were different time spans between
xylem sap harvest and the preceding fertilization event. These
time spans are indicated in Supplementary Figure 2.

Ten plants per plot were cut 2 cm above the soil surface with a
scalpel early in the morning. A silicon tube, fitting to the diameter
of the stem, was placed on top and closed with aluminum foil
to avoid degradation of xylem sap components by UV light and
to protect the xylem sap from dust and evaporation. On dry
sampling days, the soil around each examined plant was watered
with 1 l tap water to improve water availability to roots for
adequate generation of root pressure. The first 100 µl of exudate
was removed from the sampling tube due to contamination by
cytosol as verified in pretests with cytosolic malate dehydrogenase
activity. After 1–1.5 h, xylem sap of ten plants per plot was pooled.
The exact sampling time was noted to determine the exudation
rate. The exudate was frozen at−80◦C.

Extraction and Determination of
Cytokinins, Amino Acids, Nitrogen
Forms, and Total Nitrogen in Xylem
Exudates
CKs were extracted and determined as described by Eggert
and von Wirén (2017). Using OASIS R© HLB columns (Waters
Corporation, Milford, MA, United States), CKs were cleaned
up and extracted from xylem sap. Columns were attached to
a vacuum chamber and conditioned with 1 ml acetonitrile
and 1 ml methanol. Then, it was equilibrated by 1 ml 1%
acetic acid. 500 µl xylem sap sample was acidified with 500 µl
2% acetic acid, spiked with internal CK standards for IP,
cZ, Z, IPR, cis-zeatin riboside (cZR) and trans-zeatin riboside
(ZR; marked with deuterium oxide or heavy N; OlChemIm,
Olomouc, Czech Republic), gently mixed, and centrifuged for
10 min (4◦C, 20800 × g) before loading it onto the column
(according to extensive pretests of xylem sap from field-
grown oilseed rape, we excluded the occurrence of other CK
forms in the samples, i.e., dihydrozeatin, dihydrozeatinriboside,
benzyladenine, benzyladenosine, Z-O-glucoside, Z-9-glucoside,
Z-O-glucoside riboside, and IP-9-glucoside). Xylem sap samples

were washed with 1 ml 2% ammonia and 1 ml 1% acidic
acid. Finally, 1.7 ml 80% acetonitrile with 1% acidic acid
(v/v) was used to elute CKs from the columns. Eluted
samples were evaporated using a vacuum centrifuge (Martin
Christ Gefriertrocknungsanlagen, Osterode, Germany) and
reconstituted in 50 µl mobile phase. Therefore, 10 µl 50%
methanol containing 0.5% formic acid (v/v) was added to
the samples, gently mixed, and sonicated (ultrasonic bath:
Bandelin electronic, Berlin, Germany) for 3 min. After adding
40 µl deionized water, samples were again mixed and
sonicated as described before and centrifuged for 10 min (4◦C,
20800 × g). CKs in the supernatant were separated by ultra-
performance liquid chromatography (UPLC; Acquity System,
Waters, Eschborn, Germany) using a BEH C18 column (Acquity
UPLC BEH C18, 1.7 µm, 2.1 × 50 mm, Waters, Eschborn,
Germany), which was heated to 40◦C. As mobile phase A, LC-
MS-grade water with 0.1% formic acid (v/v) was used. Mobile
phase B was acetonitrile with 0.1% formic acid (v/v) to elute
CKs from the column. The mobile phase gradient was as follows:
0 min—90% Eluent A + 10% Eluent B, 2 min—85% Eluent
A + 15% Eluent B, 4.7 min—40% Eluent A + 60% Eluent
B, 5 min—1% Eluent A + 99% Eluent B, 6 min—90% Eluent
A + 10%. One run lasted for 7 min at 0.4 ml min−1 flow
rate. Samples were ionized with electrospray ionization (ESI)
positive ion mode and detected using a triple-quadrupole mass
spectrometer (MS; Xevo TQ, Waters, Eschborn, Germany). Using
the MassLynx Mass Spectrometry software (Waters, Milford,
MA, United States), CK amounts were quantified based on an
external CK standard curve ranging from 2.5 to 1000 nM for IP,
cZ, Z, IPR, and cZR.

Analysis of AAs and ammonium in xylem exudates was
performed as described by Hilo et al. (2017). AAs and ammonium
were derivatized with aminoquinolyl-N-hydroxysuccinimidyl
carbamate (ACQ)—a fluorescent agent which reacts with the
amino group and forms stable urea-like structures (after Cohen
and Michaud, 1993). 3 mg ACQ (prepared at IPK Gatersleben)
was dissolved in 1 ml acetonitrile. 20 µl ACQ solution was used
to derivatize AAs and ammonium in a 20-µl xylem sap sample in
160 µl 0.2 M boric acid, pH 8.8, for 10 min at 55◦C. Separation of
the ACQ-derivatized AAs and ammonium was performed using
UPLC (Acquity H-Class system, Waters, Eschborn, Germany)
equipped with a C18 reversed-phase column (ACQ Tag Ultra
C18, 1.7 µm, 2.1 × 100 mm, Waters, Eschborn, Germany).
Mobile phases were produced from “Eluent A Concentrate” and
“Eluent B” for AAs analysis from Waters (Eschborn, Germany).
One part of eluent A (pure “Eluent A Concentrate” from Waters,
Eschborn, Germany) and nine parts of eluent C (pure “Eluent B”
from Waters, Eschborn, Germany) were used to equilibrate the
column. The mobile phase gradient consisted of four eluents: A,
B (one part “Eluent B” from Waters, Eschborn, Germany, and
nine parts LC-MS water from Th. Geyer, Renningen, Germany),
C and D (LC-MS grade water from Th. Geyer, Renningen,
Germany). The gradient during the run was as follows: 0 min—
10% A + 90% C, 0.29 min—9.9% A + 90.1% C, 5.49 min—9%
A + 80% B + 11% C, 7.10 min—8% A + 15.6% B + 57.9%
C + 18.5% D, 7.69 min—7.8% A + 70.9% C + 21.3% D,
7.99 min—4% A+ 36.3% C+ 59.7% D, 8.68 min—10% A+ 90%
C. A run lasted 10.2 min at 0.7 ml min−1 flow rate. The column
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was heated to 50◦C. AAs and ammonium were detected by
a fluorescence detector (Acquity UPLC Photodiode Array eλ
Detector, Waters, Eschborn, Germany) at 266 nm excitation and
473 nm emission wavelength and quantified by Empower Pro
Software (Waters, United States) using a mixture of standards
with different concentrations.

To determine nitrate concentrations, 5 µl of xylem sap
was mixed with 160 µl 1% silicic acid in sulfuric acid (95–
97%) and incubated on ice for 20 min. 1800 µl 3 M sodium
hydroxide was added, and absorption at 410 nm was detected
spectrophotometrically (Thermo Fisher Scientific, Waltham,
MA, United States) to be quantified against a calibration curve
(Wiseman and Jacobson, 1965).

Urea was determined according to Kojima et al. (2007),
whereby the extraction step from plant tissue was omitted.
Instead, 240 µl xylem sample was directly heated for 15 min
at 99◦C in the color development reagent containing 4.6 mM
diacetylmonoxime, 1.28 mM thiosemicarbazide, 6.6% sulfuric
acid, 14.6 µM ferric chloride hexahydrate, and 0.006%
orthophosphoric acid. The samples were incubated. At 540 nm,
the absorption was determined spectrophotometrically (Thermo
Fischer Scientific, Waltham, MA, United States); the urea
concentration was evaluated based on a standard curve.

For total N, 300 µl of xylem sap was lyophilized. N contents
were determined using an elemental analyzer (EuroEA3000,
Hekatech, Wegberg, Germany) and quantified based on 2.5-
bis(5tert-butyl-2-benzo-oxazol-2-yl)thiophen (BBOT) standard
with the Callidus software (Hekatech, Wegberg, Germany).

Analysis of Aboveground Plant Nitrogen
Allocation
At the end of pod development—BBCH79—two plants with
representative shoot morphology for the whole plot were chosen
and cut close to the soil surface and divided into vegetative (stem,
branches, youngest leaves derived from branches, green leaves
from stem, senescent leaves from stem) and generative (pods
derived from stems, pods from branches) organs, pooled from
both plants. The rather loose stands in our experiment allowed
assigning detached leaves to individual plants, so that those could
be collected from the ground.

Plant material was dried for 4 days at 80◦C and weighed.
The samples were ground (mill from Retsch, Haan, Germany),
and N contents were determined using an elemental analyzer
(EuroEA3000, Hekatech, Wegberg, Germany) and quantified
based on BBOT standard with the Callidus software (Hekatech,
Wegberg, Germany).

Data Analysis
Before statistical analyses, data were corrected for soil
heterogeneities at row, column, and quartile scales using
the following formula:

Value plot corrected = valueplot −meanblock +meanwhole field trial.

For statistical analyses, the program SigmaPlot 11.0 (Systat
Software, Erkrath, Germany) was used. Gaussian distribution
was checked by Shapiro–Wilk test at p > 0.05. For normally

distributed data, two groups were compared by unpaired t-test,
multiple groups by ANOVA using Tukey’s test as post hoc test,
and correlations were calculated by Pearson product moment
correlation. For non-normally distributed data, two groups were
compared by the Mann–Whitney rank-sum test, multiple groups
on a monofactorial basis by Kruskal–Wallis one-way ANOVA
plus Tukey’s test, and Spearman rank order was used for
correlations. Non-Gaussian-distributed data for multifactorial
analysis of variance were ranked manually. In figure or table
legends, such cases are labeled by “ANOVA on ranks.”

RESULTS

Yield and Nitrogen Use Efficiency in
Response to Ammonium Nitrate- and
Urea-Based Nitrogen Fertilization
First, we examined the impact of N fertilization per se on
seed yield formation in oilseed rape by growing one reference
genotype, PBC015, without any N application. In a previous
experiment, this genotype was characterized in a genetically
diverse oilseed rape collection as N-efficient based on its high
seed yield coupled with low N concentration in the youngest leaf
(Supplementary Figure 1). Without fertilizer N input, PBC015
reached a seed yield of 21.6 ± 6.7 or 15.0 ± 1.5 g m−2 in
2012/13 or 2013/14, respectively (mean ± SD; n = 4). Compared
to the unfertilized variants of this genotype, ammonium nitrate
application led to a significant yield gain of ∼60% or even
170% in 2012/13 or 2013/14, respectively, while urea significantly
increased the seed yield by∼40% or 160% in the respective years
according to Tukey’s test at p < 0.05. With about 30–34 or 39–41 g
m−2, the seed yield of fertilized PBC015 in 2012/13 or 2013/14,
respectively, was relatively close to the mean seed yields reported
for oilseed rape in those years in Germany1, namely, 39.5 or
44.8 g m−2 (Figure 1). This indicates that at our experimental
site moderate N fertilization of 120 kg N ha−1 was sufficient to
reach the average yield level in Germany.

When we applied N as ammonium nitrate or urea, we
found that the majority of the lines produced in trend, but
not significantly, higher seed yield under ammonium nitrate
supply. This resulted in overall significant higher seed yield of
the whole population. About half of these lines showed a similar
trend in the following year (e.g., LG00-304E), while other lines
responded with higher yield formation under urea nutrition (e.g.,
12091707; Figure 1). Over both years, ANOVA confirmed that
differential yield formation among cultivars strongly depended
on the environment. However, at lower significance (p < 0.05) the
N treatment had an impact on yield formation of the population
as well. This effect was mainly driven by the higher seed yield
under ammonium nitrate nutrition in 2012/13 but could not be
broken down to significant alterations in seed yield formation of
individual genotypes.

We then asked the question if higher seed yield after
ammonium nitrate fertilization translates also into higher NUE.
Indeed, in 2012/13, when most genotypes tended to produce

1www.fao.org (accessed on 1.7.2020).
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FIGURE 1 | Seed yield of 15 oilseed rape genotypes after ammonium nitrate or urea fertilization in 2012/2013 and 2013/2014. Dots show means ± SD (n = 4).
Asterisks *, **, and *** indicate significant differences or interactions at p < 0.05, p < 0.01, p < 0.001, resp., according to ANOVA on ranks; G, genotype; T, N
treatment; E, environment; ns, not significant.

higher seed yield after ammonium nitrate application (Figure 1),
NUE was significantly increased by a population mean of 1.2 kg
seed yield per kg of applied N fertilizer (Table 1). Against our
initial expectation, this difference appeared to mainly depend on
NutE rather than on NupE, although this could not be confirmed
at adequate significance. However, only 5 of the 11 genotypes
with at least a trend to higher NUE under ammonium nitrate in
2012/13 showed a similar behavior in the second experimental
year, when the overall response of the seed yield to the fertilized
N form was weaker (Figure 1). Nonetheless, the population
mean of NupE was significantly higher in ammonium nitrate-
treated plants, i.e., by 10%, while NutE increased by 12% after
urea application. Apparently, these differences compensated for
each other when calculating final NUE. Notably, the higher NutE
under urea nutrition was mainly based on harsh differences
in two individual cultivars (BCSNE001 and BCSNE002), which
did not respond consistently in the two years (Table 1). Taken
together, ANOVA indicated a highly significant effect of the
genotype on seed yield and NUE in either year, although this
could not be broken down to the level of consistent responses of
individual cultivars to the fertilized N form.

Impact of the Fertilized Nitrogen Form
on Root-to-Shoot Translocation of
Nitrogen and Cytokinins
In order to answer the question if the increased seed yield
and NUE observed in 2012/13 or at least the higher NupE
in 2013/14 under ammonium nitrate are based on higher N
uptake, we analyzed at three developmental stages translocation

of total N and individual N forms in the xylem sap as proxy
for N uptake (Peuke, 2010). In both years, we found that
at BBCH57, shortly after applying 60 kg N ha−1 (i.e., after
2 days in 2012/2013 or after 11 days in 2013/14; Supplementary
Figure 3), the population median of total N translocation in
the xylem was higher in the ammonium nitrate treatment
(Figure 2A). This was supported by 13 or 9 individual genotypes
in 2012/13 or 2013/14, respectively, showing at least in trend or
significantly a stronger response to ammonium nitrate over urea
(Supplementary Table 3). At BBCH65 in 2012/13, i.e., 21 days
after fertilizer application (Supplementary Figure 3), total N
translocation halved, while the superior effect of ammonium
nitrate was only observed in tendency (Figure 2A). In 2013/14,
when 40 days had passed between fertilizer application and
xylem sap collection, we observed the opposite effect as total
N translocation was higher after urea application. At BBCH75,
i.e., 40–48 days after fertilization, total N translocation further
dropped to about 20% of the level at BBCH57 and was not
affected by the N form anymore.

Total N was up to five times higher in 2012/13 than in
2013/14 (Figure 2A), pointing to a temporary higher N demand
as plants in 2012/13 developed faster after a long cold period in
early spring (Supplementary Figure 2). Nevertheless, in either
year mean population AAs were translocated at similar rates
of ∼14 µmol h−1 plant−1 at BBCH57 decreasing gradually to
2–3 µmol h−1 plant−1 at BBCH75 (Figure 2B). In general, higher
total N translocation was mostly associated with a larger share of
Gln while Asp became more important at lower N translocation,
probably reflecting more efficient N translocation via the amide
at ample N supply.
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TABLE 1 | Nitrogen-related agronomic parameters of 15 individual oilseed rape genotypes and as mean over all genotypes after ammonium nitrate or urea fertilization in
the years 2012/13 and 2013/14.

Genotype NupE [kg kg−1] NutE [kg kg−1] NUE [kg kg−1]

AN Urea AN Urea AN Urea

2012/13

PBY007 0.9 ± 1.0 0.9 ± 0.3 19.9 21.3 20.9 ± 1.7 19.5 ± 0.6 C d

PBY015 0.8 ± 0.3 0.8 ± 0.1 34.2 29.3 29.0 ± 0.7 25.3 ± 2.8 * AB bc

Alpaga 1.0 ± 0.2 1.5 ± 0.5 29.6 19.9 30.7 ± 0.6 28.6 ± 4.4 A ac

11091433 1.2 ± 0.2 0.8 ± 0.3 24.3 30.8 28.9 ± 1.7 26.8 ± 1.3 AB ac

12091707 1.1 ± 0.1 0.9 ± 0.3 27.3 29.2 29.5 ± 0.6 26.9 ± 2.1 * AB ac

BCSNE001 1.0 ± 0.2 0.9 ± 0.3 26.3 29.7 27.0 ± 1.9 27.3 ± 1.8 AB ac

BCSNE002 1.0 ± 0.3 1.1 ± 0.3 30.7 25.9 29.2 ± 1.5 28.6 ± 1.7 AB ab

DSV-01 1.1 ± 0.5 1.3 ± 0.6 24.1 17.4 26.1 ± 1.3 24.5 ± 1.3 B c

DSV-02 1.2 ± 0.3 1.4 ± 0.4 25.2 21.3 30.1 ± 0.6 29.6 ± 0.9 AB a

KWS_01 1.1 ± 0.3 1.2 ± 0.4 27.2 24.4 30.3 ± 1.5 27.9 ± 1.2 A ac

KWS_02 1.3 ± 0.3 1.0 ± 0.4 23.1 29.7 29.8 ± 0.5 28.6 ± 1.4 AB ac

LG00-304E 0.8 ± 0.3 1.0 ± 0.3 38.9 28.4 29.8 ± 0.6 28.9 ± 2.0 AB ab

LG02-228D 1.3 ± 0.4 0.9 ± 0.1 23.9 31.9 30.1 ± 1.1 30.1 ± 1.6 A a

NPZ012 0.9 ± 0.3 0.9 ± 0.3 29.8 29.7 27.9 ± 1.0 28.4 ± 1.1 AB ac

NPZ208 1.1 ± 0.3 1.0 ± 0.2 25.4 28.3 27.5 ± 0.7 28.4 ± 1.4 AB ac

All lines 1.1 ± 0.3 1.1 ± 0.4 27.3 26.5 28.4 ± 2.7 27.2 ± 3.1 *

ANOVA G ns, T ns, GxT ns T ns G ***, T ***, GxT ns

2013/14

PBY007 1.1 ± 0.1 1.0 ± 0.1 AB ab 24.4 26.9 26.5 ± 1.4 26.6 ± 2.2 B b

PBY015 1.1 ± 0.1 1.0 ± 0.1 AB ab 31.8 33.0 33.7 ± 3.5 32.2 ± 3.9 A ab

PBC029 0.9 ± 0.1 0.9 ± 0.1 B ab 35.0 32.9 33.1 ± 4.2 30.0 ± 2.3 AB ab

11091433 1.2 ± 0.2 1.1 ± 0.3 AB ab 26.2 28.8 32.7 ± 2.9 32.9 ± 1.8 AB ab

12091707 1.1 ± 0.1 1.0 ± 0.2 AB ab 29.8 33.9 31.7 ± 7.1 34.3 ± 3.9 AB a

BCSNE001 1.1 ± 0.2 0.8 ± 0.1 * AB b 30.4 37.8 32.5 ± 2.7 31.9 ± 2.3 AB ab

BCSNE002 1.0 ± 0.1 0.8 ± 0.1 AB b 28.8 38.2 29.1 ± 2.1 31.5 ± 2.9 AB ab

DSV-01 1.3 ± 0.2 1.1 ± 0.3 AB ab 24.2 27.1 31.5 ± 1.2 30.2 ± 0.5 AB ab

DSV-02 1.0 ± 0.2 0.7 ± 0.5 AB ab 31.1 34.4 30.4 ± 1.6 30.2 ± 2.7 AB ab

KWS_01 1.2 ± 0.1 1.2 ± 0.1 AB a 27.0 28.0 33.0 ± 3.1 33.2 ± 3.7 AB ab

KWS_02 1.3 ± 0.1 1.1 ± 0.1 AB ab 25.6 28.4 32.6 ± 0.9 32.5 ± 1.7 AB ab

LG00-304E 1.1 ± 0.1 0.9 ± 0.2 * AB ab 28.2 32.6 32.1 ± 2.0 29.7 ± 1.2 AB ab

LG02-228D 1.2 ± 0.1 1.1 ± 0.2 AB ab 27.2 30.2 33.4 ± 0.9 32.8 ± 1.7 AB ab

NPZ012 1.3 ± 0.1 1.0 ± 0.2 * A ab 24.8 30.8 32.3 ± 3.8 29.4 ± 1.9 AB ab

NPZ208 1.1 ± 0.1 1.2 ± 0.0 AB a 26.6 27.4 30.4 ± 1.6 32.0 ± 4.4 AB ab

All lines 1.1 ± 0.2 1.0 ± 0.2 * 28.1 31.4 * 31.7 ± 3.2 31.3 ± 3.0

ANOVA G ***, T ***, GxT ns T * G ***, T ns, GxT ns

Table shows means ± SD (n = 4 biological replicates per genotype, n = 60 [over all genotypes]). No SD is shown for NutE since due to technical reasons aboveground N
accumulation and seed yield of the same line had to be determined in parallel field plots. Asterisks show significant differences in N uptake efficiency (NupE), N utilization
efficiency (NutE), or N use efficiency (NUE) under ammonium nitrate vs. urea treatment according to Mann–Whitney rank sum test at p < 0.05. Different upper- or lower-
case letters indicate significant differences in NupE, NutE, or NUE among lines for the ammonium nitrate or urea treatment, resp., within one experimental year according
to Tukey’s test on ranks at p < 0.05. *, **, and *** indicate significant differences or interactions at p < 0.05, p < 0.01, p < 0.001, resp., according to ANOVA on ranks.
G, genotype; T, N treatment; ns, not significant; AN, ammonium nitrate.

In both years, the population average of nitrate translocation
at BBCH57 was 1.5- to 2-fold higher when ammonium nitrate
was fertilized compared to urea; at later stages, this effect was
only found at BBCH65 in 2012/13 (Figure 2C). Considering
the significant share of nitrate in total N translocation, it
appeared that total N translocation in the xylem was primarily
affected by the N fertilizer form. Indeed, in 2014 analysis of
N forms in the soil samples 7 days after fertilizer application
confirmed that ammonium nitrate application led to 4- to

13-fold higher soil nitrate concentrations than the application
of urea (Supplementary Table 2 and Supplementary Figure 3).
Ammonium translocation showed the same dependency on
growth stage and N fertilizer treatment as nitrate but at
20–50 times lower levels (Figure 2C). Urea translocation
was only detectable at BBCH57, notably in all genotypes
(Supplementary Table 3), suggesting that the absorption of
fertilizer urea leads to significant levels of urea translocation in
the xylem just shortly after urea application.
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FIGURE 2 | Mean translocation rates of total N (A), amino acids (AAs, B), N forms (C), and cytokinins (CKs, D) in the xylem sap of an oilseed rape panel at different
developmental stages in dependence of ammonium nitrate or urea application. In the experimental years 2012/13 and 2013/14, 15 oilseed rape cultivars were
grown for xylem sap analysis after fertilization with ammonium nitrate or stabilized urea (see Supplementary Figure 3). Boxes show median and first and third
quartiles; whiskers show minimum and maximum of all data in a group (n = 60; A). Bars show means -SD (n = 60; B,C). Different upper- or lower-case letters show
significant differences among the ammonium nitrate- or urea-treated variants, resp., within individual experimental years according to Tukey’s test on ranks at
p < 0.05. Asterisks indicate significant differences between ammonium nitrate and urea treatment at individual developmental stages and years according to
unpaired t-test (2012/13: Ammonium nitrate at BBCH57) or Mann–Whitney rank sum test (all other xylem compounds in both years and respective developmental
stages) at p < 0.05. Letters and asterisks refer to the compound color code. AN, ammonium nitrate.
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In the next step, we analyzed CK levels in the xylem
sap to identify whether the fertilized N form may affect the
phytohormonal balance in oilseed rape. We detected trans-
zeatin-riboside (ZR) as a major translocated form together with
cis-zeatin-riboside (cZR) and isopentenyl adenosine (IPR), the
latter two forms conferring together between 5 and 30% of
the overall cytokinin translocation rate (Figure 2D). Thereby,
every CK form showed distinct developmental stage-depended
translocation patterns: While ZR mostly increased between
BBCH57 and BBCH65 before decreasing to or below initial
values, cZR gradually decreased from BBCH57 to BBCH75.
Translocation rates of IPR decreased at BBCH75. Especially at
BBCH57, we found consistently in both years a larger population
average of ZR when ammonium nitrate was applied compared to
urea. Interestingly, at later plant development, i.e., at BBCH75
in both years and at BBCH65 in 2013/14, urea fertilization
stimulated ZR as well as cZR and IPR translocation in the
xylem sap of oilseed rape. This suggests a strong impact of
ammonium nitrate on xylem CK translocation whenever the
fertilizer is applied shortly before xylem sap sampling, whereas
urea promotes CK translocation when the period between
fertilization and sampling became longer.

While the N forms in the xylem were mostly not affected by the
genotype, significant genotypic differences existed in CK forms
especially when plants were supplied with ammonium nitrate
fertilizer (Supplementary Table 3). Shortly after ammonium
nitrate application, i.e., at BBCH57 in either year, highest
(LG00-304E—ZR, DSV-02—cZR) and lowest (11091433—IPR)
CK translocation rates were observed repeatedly in the same
cultivars, pointing to a considerable impact of the genotype on
its responsiveness to the fertilized N form.

Impact of the Fertilized Nitrogen Form
on Aboveground Nitrogen Partitioning
Since both the form of translocated N and the associated
changes in CKs may alter N assimilation pathways and even
N partitioning among aboveground organs, we investigated
N allocation to stems, leaves, and pods and even further
differentiated these organs according to their position and age.
Regarding the total N determined in these seven fractions or
pools, there were no significant differences between ammonium
nitrate- and urea-fertilized plants in 2012/13, indicating that
total N uptake per plant was not affected by the fertilized
N form (Figure 3A). When comparing the sizes of the
N pools in the different organs, we found highly coherent
values in the two N treatments. However, larger N pools in
branches and in trend also in their pods after urea supply
suggested that urea may favor total N delivery and partitioning
to branch-associated organs. We then looked for genotypic
differences in N partitioning under ammonium nitrate- or urea-
based nutrition. Indeed, in 3 out of 15 cultivars, there was
higher N allocation to the leaf fraction attached to branches.
We then verified this observation in the subsequent year
2013/14, when total N was only slightly higher. Here, N
partitioning to the major N pool of branch pods was 8–9%
lower, whereas more N was retained in leaves, irrespective of

their position (except for senescent ones; Figure 3B). Also
in the second year, when more N was retained in vegetative
organs, N partitioning among organs remained almost the
same under ammonium nitrate and urea nutrition. Thus,
there were no consistent differences in the responsiveness
of N pool sizes to the fertilized N form in the two years.
However, considering ANOVA, there was an overall effect of
the genotype on N partitioning, which was influenced by the
year but largely independent of the fertilized N form. Against
our expectation, these results indicated that ammonium nitrate-
fertilized oilseed rape does not retranslocate N later from
vegetative to the generative organs suggesting that senescence
was not retarded.

DISCUSSION

Response of Seed Yield and Nitrogen
Use Efficiency to the Fertilizer Nitrogen
Form Is Subject to Genotypic and
Environmental Variation
Against the relatively consistent short-term impact of ammonium
nitrate on xylem CK and N translocation, yield effects
by differential N supply were strongly dependent on the
environmental conditions of a year (Figure 1 and Table 1).
Nevertheless, ammonium nitrate had in trend an overall
positive effect on seed yield formation compared to urea,
but this was mainly driven by the growth response in
2012/13. In that year, a long cold period lasted until March
2013 (Supplementary Figure 2), leading to accelerated plant
development thereafter and shortening the time between N
fertilization and seed development. Thus, ammonium nitrate-
stimulated N delivery to the shoot could hold on until post-
flowering development (BBCH75; Figure 2), thereby potentially
improving pod formation and seed development (Diepenbrock,
2000). The importance of post-flowering N uptake for NUE
in oilseed rape (Ulas et al., 2012) was reflected by overall
higher NUE after ammonium nitrate supply in our experiment
(Table 1). Broken down into components, the NupE in that
year was not higher after ammonium nitrate compared to
urea fertilization. There was rather a trend for better NutE
under ammonium nitrate (Table 1). In general, NutE becomes
increasingly important for NUE under sufficient or elevated
N supply (Berry et al., 2010; Schulte auf ’m Erley et al., 2011;
Kessel et al., 2012).

In 2013/14, which showed a more typical temperature course
for Germany (Supplementary Figure 2), NUE of the oilseed
rape lines was not influenced by the N fertilizer form anymore
(Table 1). As we expected initially, ammonium nitrate improved
NupE in that year, while urea led to better NutE, but these
effects compensated for each other when calculating total NUE.
Moreover, only less than half of the genotypes showed the same
trend for yield gain under ammonium nitrate compared to the
first experimental year (Figure 1). Confirmation of genotypic
differences in the responsiveness to ammonium nitrate in this
handful of lines requires further studies.
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FIGURE 3 | Individual N pools in aboveground organs and organ fractions as mean over all genotypes or in individual genotypes after ammonium nitrate or urea
fertilization in 2012/13 (A) and 2013/14 (B). Pie charts show N contents (means of all lines ± SD) of the indicated organs and the corresponding percentage to total
plant N at BBCH79 (n = 60). Asterisks in the right-hand chart indicate significant mean or median differences among ammonium nitrate and urea treatment
according to unpaired t-test (A: stem pods, branch pods) or Mann–Whitney rank sum test (A: all other fractions, B: all fractions) at p < 0.05. Bars show means of
single lines -SD (n = 4). ANOVA or ANOVA on ranks (- -) results *, **, and *** indicate significant differences or interactions at p < 0.05, p < 0.01, and p < 0.001,
respectively; G, genotype; T, N treatment; ns, non-significant. Asterisks referring to the organ color code indicate significant mean difference among ammonium
nitrate and urea treatment within a line according to unpaired t-test at p < 0.05. Different upper/lower case letters within a bar indicate significant mean or median
differences among the lines within ammonium nitrate/urea treatment according to Tukey’s test (A—Ammonium nitrate: stem pods, stem, branches, branch leaves,
stem senescent leaves; - Urea: stem pods, branch pods, stem, branches; B—Ammonium nitrate: stem pods, stem green leaves; - Urea: stem pods, branch pods,
stem) or Tukey’s test on ranks (A—Ammonium nitrate: branch pods, stem green leaves; - Urea: branch leaves, stem green leaves, stem senescent leaves;
B—Ammonium nitrate: branch pods, stem, branches, branch leaves, stem senescent leaves, - Urea: branches, branch leaves, stem green leaves, stem senescent
leaves) at p < 0.05. AN, ammonium nitrate.
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Xylem-Translocated Nitrogen and
Cytokinin Forms Are Modulated by
Ammonium Nitrate and Urea Nutrition
With the present study, we addressed the hypothesis whether
relative to urea an ammonium nitrate-based N nutrition of
oilseed rape (i) increases overall N uptake and (ii) stimulates
the production of CKs in roots as well as their root-to-shoot
translocation. By assessing xylem sap at different developmental
stages, we found that ammonium nitrate as fertilized N form
stimulated the translocation of both ammonium and nitrate,
even after a period up to 21 days between fertilizer application
and xylem sap sampling (BBCH65 in 2012/13; Figure 2 and
Supplementary Figure 3). As nitrate is mainly assimilated in
shoots whenever sufficient N is available (Andrews, 1986), the
increased shoot-ward transport directly reflects root uptake
and xylem loading. In contrast, ammonium assimilation takes
place primarily in roots (Finnemann and Schjoerring, 1999),
explaining the low abundance of ammonium in the xylem
sap. In addition, it must be taken into consideration that
most likely a considerable fraction of fertilized ammonium
became immobilized by adsorption to the soil matrix, further
decreasing ammonium uptake and recovery in the xylem sap.
Large amounts of ammonium-N detected in the soil samples
(Supplementary Table 2) most likely overestimated plant-
available ammonium, because ammonium was extracted with
the strong extraction agent KCl that also desorbs ammonium
bound to the soil matrix (Kirschke et al., 2019). Urea fertilization
stimulated the translocation of urea as N form whenever xylem
sap was sampled shortly after fertilization (Figures 1, 2 and
Supplementary Figure 3), which relies on low-affinity and
especially high-affinity urea transport systems (Kojima et al.,
2007), whose transport capacities are lower than those for
ammonium or nitrate (Tan et al., 2000; Arkoun et al., 2012).
In all genotypes, urea translocation could be observed up to
11 days after fertilization (Figure 1 and Supplementary Table 3).
As confirmed by urea detection in the soil solution only after
urea supply (Supplementary Table 2), this indicates that urea
was available and taken up at considerable rates only during
the short period of excess urea over ammonium and nitrate
in the soil. Indeed, the co-applied urease inhibitor NBPT, a
structural analog of urea, is known to delay urea hydrolysis for
about 10–14 days in soils (Watson, 2005). Immediately after
urea application, total N translocation in the xylem decreased
(Figure 2), probably as a result of comparatively lower soil
nitrate levels (Supplementary Table 2) and the repressive effect
of urea on the transcriptional regulation the nitrate transporters
BnNRT1.1 and BnNRT1.2 (Arkoun et al., 2012). In 2013/14, urea
uptake and translocation were associated with higher abundance
of Asp relative to Gln (Figure 2), although the latter is the
more N-efficient translocation form of organic N (Schlatter and
Langer, 2008), indicating that the urea fertilizer was temporarily
less efficient than ammonium nitrate in meeting the N demand
of oilseed rape. This observation supports the proposition by
Barneix and Causin (1996) that the AA composition in the
xylem may act as messenger for root-to-shoot transmission of
the root N status.

Z-type CKs have been described to be mainly synthesized
in roots, at least in Arabidopsis thaliana, as the required
monooxygenase CYP735A is predominantly expressed in roots
(Takei et al., 2004b). In contrast, IP-type CKs are mainly
synthesized in shoots in response to nitrate (Sakakibara, 2006),
while cZ-type CKs are generally less affected by the plant
nutritional status (Schäfer et al., 2015). Accordingly, we found ZR
being the most abundant CK form in the xylem followed by IPR
(Figure 2). In both years, cZR had its highest share at BBCH57
suggesting that this CK form loses functional importance at later
developmental stages. Higher translocation rates of CKs after
ammonium nitrate fertilization, especially at early sampling time
points (Figure 2D), are in agreement with xylem sap analyses
from hydroponically grown barley plants, where major CK forms
were determined by radio immune-assay (Bauer and von Wirén,
2020). There, CK translocation rates decreased gradually when N
supplementation in form of nitrate was replaced by urea.

When we analyzed xylem sap 40–48 days after fertilizer
application (corresponding to BBCH75 in 2012/13 and BBCH65
and BBCH75 in 2013/14), we observed that CK translocation
in the xylem increased in the urea treatment (Figure 2).
In 2013/14, nitrate translocation rates increased after urea
fertilization as well, thus increasing total N export to the
shoot 40 days after urea fertilization (BBCH65). Obviously,
fertilized urea ensures a longer-lasting N availability for oilseed
rape, whereas ammonium nitrate-derived N depleted earlier.
Preventing early urea hydrolysis by urease inhibitor amendment
and thus indirectly delaying nitrification of ammonium may
explain at later stages the high abundance of nitrate after
urea fertilization. Interestingly, at BBCH75, when total N
uptake declined during the course of plant senescence (Malagoli
et al., 2004), urea fertilization still stimulated CK translocation
(Figure 2). Nitrate as well as ammonium can promote CK
synthesis in roots (Kamada-Nobusada et al., 2013). Based
on consistently positive correlations between nitrate and CK
translocation rates (Supplementary Figure 4), we conclude that
higher CK levels in the xylem primarily reflect a signaling
response to nitrate and to a certain extent also to ammonium,
which in case of urea fertilization occurs after urea hydrolysis.
However, since seed yield tended to be higher under ammonium
nitrate supply than under urea, we speculate that higher xylem
CK levels before (BBCH57) and during flowering (BBCH65) may
be more beneficial for yield formation in oilseed rape than after
flowering (BBCH75). Applying different doses of synthetic CKs
externally to the xylem sap during those developmental stages
could improve understanding of the importance of temporary CK
dynamics in the xylem for yield formation in future experiments.

Influence of the Fertilizer Nitrogen Form
on the Distribution of Nitrogen Between
Vegetative and Generative Shoot Organs
Initially, we expected that ammonium nitrate fertilization may
stimulate N uptake due to the higher uptake capacity for
ammonium nitrate vs. urea (Tan et al., 2000; Arkoun et al., 2012).
Although consistently larger amounts of N were transported
to the shoot after ammonium nitrate fertilizer application at
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flower development and even at flowering in 2012/13 (Figure 2),
we did not find significant differences in total aboveground N
accumulation at BBCH79 in either year (Figure 3). Arkoun et al.
(2012) found that among ammonium sulfate, ammonium nitrate,
non-stabilized urea, and stabilized urea, the latter was most
effective for shoot N accumulation. On the other hand, Fismes
et al. (2000) found contrasting trends for shoot N accumulation
when applying nitrate or urea to oilseed rape. Most likely,
shoot N accumulation in response to different fertilizer N forms
depends on environmental and experimental conditions. Our
study provides evidence that ammonium nitrate led to better
N provision shortly after fertilizer application, while in the
urea treatment N delivery to the shoot set in later but held
on for longer. Accordingly, urea-treated plants allocated more
N to those organs that are typically built later during plant
development, namely, to branches and branch-associated leaves
and pods (Figure 3).

In the ammonium nitrate treatment, we further expected a
delay in plant senescence due to the stronger stimulation of CK
translocation by nitrate (Jibran et al., 2013; Bauer and von Wirén,
2020), which may express in a lower amount of N retranslocated
from vegetative to generative organs. However, assessing the
N pool sizes in aboveground plant organs did not confirm
this expectation (Figure 3). While in the second year more N
remained in vegetative shoot organs than in the first year, there
was no detectable influence of the applied fertilizer N form on the
allocation of N to generative (pod) relative to vegetative fractions.

In summary, we confirmed the hypotheses that ammonium
nitrate-based nutrition promotes N uptake, at least shortly
after fertilization, and increases CK synthesis and translocation,
when compared to urea whose availability strongly depends on
prevention of its hydrolysis in the soil. At later developmental
stages when urea is converted, urea-derived N, mostly in the form
of nitrate, is also able to increase N uptake and CK translocation
to the shoot. Consequently, urea tends to increase N partitioning
in the shoot toward generative organs, while total N accumulation
in the shoot at the end of the vegetation period is not necessarily
affected. Although ammonium nitrate-based fertilization exerted
here an overall trend for yield gain in oilseed rape, this effect
could not be broken down to consistent effects of the given N
form on N-related efficiency parameters, since the impact of
seasonal variations appeared too strong.
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Nitrogen is an essential nutrient for plants, but crop plants are inefficient in the acquisition
and utilization of applied nitrogen. This often results in producers over applying nitrogen
fertilizers, which can negatively impact the environment. The development of crop plants
with more efficient nitrogen usage is, therefore, an important research goal in achieving
greater agricultural sustainability. We utilized genetically modified rice lines over-
expressing a barley alanine aminotransferase (HvAlaAT ) to help characterize pathways
which lead to more efficient use of nitrogen. Under the control of a stress-inducible
promoter OsAnt1, OsAnt1:HvAlaAT lines have increased above-ground biomass with
little change to both nitrate and ammonium uptake rates. Based on metabolic profiles,
carbon metabolites, particularly those involved in glycolysis and the tricarboxylic acid
(TCA) cycle, were significantly altered in roots of OsAnt1:HvAlaAT lines, suggesting
higher metabolic turnover. Moreover, transcriptomic data revealed that genes involved
in glycolysis and TCA cycle were upregulated. These observations suggest that higher
activity of these two processes could result in higher energy production, driving higher
nitrogen assimilation, consequently increasing biomass production. Other potential
mechanisms contributing to a nitrogen-use efficient phenotype include involvements
of phytohormonal responses and an alteration in secondary metabolism. We also
conducted basic growth studies to evaluate the effect of the OsAnt1:HvAlaAT transgene
in barley and wheat, which the transgenic crop plants increased seed production under
controlled environmental conditions. This study provides comprehensive profiling of
genetic and metabolic responses to the over-expression of AlaAT and unravels several
components and pathways which contribute to its nitrogen-use efficient phenotype.

Keywords: alanine aminotransferase, nitrogen use efficiency, transgenic cereals, RNAseq, carbohydrate
metabolism
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INTRODUCTION

Nitrogen (N) is an absolute requirement for plant growth and
reproduction. Therefore, applying N fertilizer into cropping
systems is an essential practice to secure productivity. Global
N fertilizer consumption is more than 110 Mt per annum
with half of the total being used for the production of major
cereal crops (i.e., maize, rice, and wheat) (Ladha et al., 2016).
Although there have been continuous improvements of N use
efficiency (NUE) of crops over the years along with increases
in crop yield (Ortiz-Monasterio et al., 1997; Ciampitti and Vyn,
2012; Sadras and Lawson, 2013), more than 50% of applied
N fertilizers are unused by crops at the global scale (Raun
and Johnson, 1999; Lassaletta et al., 2014). Unabsorbed N
fertilizer in soil is an environmental concern due to leaching
and atmospheric release through volatilization (Vitousek et al.,
1997). Further improvement of NUE in crops is thus an
important aim in agriculture research and our future food
production capabilities.

Genotypic variation for NUE traits exists and has spurred
breeding activities to develop N use-efficient crops. Examples
of such genetic variation for NUE in cereal crops include
N accumulation in rice (Borrell et al., 1998) and wheat (Le
Gouis et al., 2000), N remobilization in maize (Hirel et al.,
2007), and yield under low N (Le Gouis et al., 2000). It is
expected that further extension of the germplasm pool through
introgression of landraces and ancestral germplasm will help
breeding programs which drive future NUE-based outcomes
(Hawkesford, 2014). A recurrent difficulty is to identify the
genetic control linked to NUE phenotypes observed in the
field. This is due to the complexity of N metabolism during
plant growth stages and the influence of environmental factors
(DoVale et al., 2012).

There have been several studies attempting to improve
NUE via genetic engineering. Obvious candidate genes of
interest include the N transporters such as nitrate transporters
(NRT) and ammonium transporters (AMT). Overexpression of
OsAMT1;1 in rice failed to improve growth at low N and
showed variability in ammonium transport (Kumar et al., 2006).
More recently, Fan et al. (2016) showed an enhanced NUE
(∼40%) phenotype in rice through the overexpression of the
nitrate transporter, OsNRT2.3b when grown under adequate N.
Some improvements in NUE were observed by manipulating
genes involved in N assimilation and regulation. These examples
include glutamine synthetase, glutamate synthase, amino acid
biosynthesis (such as alanine aminotransferase or asparagine
synthetase), transcriptional regulators such as Dof1 (Kurai et al.,
2011; McAllister et al., 2012), and autophagy genes such as
ATG8 (Yu et al., 2019; Fan et al., 2020a). Many of these studies
were complemented with genetic (transcript) and/or biochemical
profiling to study the physiological effects of manipulating
these genes. Information obtained from these approaches can
help decipher the role of a gene of interest in conferring an
observed phenotype. In particular, omics technologies (e.g.,
transcriptomics, metabolomics, and proteomics) are powerful
tools not only to characterize the plants of interest, but it could
also help identify candidate genes for improving NUE and other

traits (Hirai et al., 2004; Avice and Etienne, 2014; Mosleth et al.,
2015; Tiwari et al., 2020a,b,c).

In this present study, we conducted an in-depth physiological
and genetic profiling of rice lines over-expressing the barley
AlaAT gene, driven by the rice antiquitin (OsAnt1) promoter
(OsAnt1:HvAlaAT). AlaAT catalyzes the reversible conversion
of glutamate and pyruvate to alanine and α-ketoglutarate, and
alanine can be a source of amino acid during hypoxia (Good
and Muench, 1993; Muench and Good, 1994; Miyashita et al.,
2007). Previously, AlaAT has been tested as a candidate to
improve NUE by targeted over-expression in the roots. Canola
lines overexpressing HvAlaAT (driven by the root-specific btg26
promoter) increased above-ground biomass production and
yielded more seed under various N levels (Good et al., 2007).
Rice lines over-expressing HvAlaAT, driven by the OsAnt1
promoter, displayed higher root and shoot biomass production
(Shrawat et al., 2008; Beatty et al., 2013; Selvaraj et al., 2017).
In these latter works, metabolic profiling yielded inconclusive
results, and transcriptome analysis did not indicate a change
in N transport and assimilation. Transgenic sugarcane and
wheat plants with OsAnt1:HvAlaAT also showed improved
NUE and/or biomass production (Snyman et al., 2015; Peña
et al., 2017). Our current study is an extension of the
previous works in rice as mentioned above, including additional
physiological analyses on N influx, and in-depth metabolomics
and transcriptomic profiling. We also investigated the gene
technology in barley and wheat.

MATERIALS AND METHODS

Plant Materials
OsAnt1:HvAlaAT transgenic plants were produced in japonica
rice (Oryza sativa, cv. Nipponbare) as described in Shrawat
et al. (2008). Two events containing a single copy of the
transgene, determined by quantitative PCR (Supplementary
Figure S8A), were used for subsequent analyses. RNA expression
was demonstrated (Supplementary Figure S10A) as well
as increased AlaAT protein (Supplementary Figure S8B;
Skinner et al., 2012) and enzymatic activity (Supplementary
Figure S9). The transgene was transformed into barley (Hordeum
vulgare, cv. Golden Promise) using Agrobacterium-mediated
transformation and the method developed by Tingay et al.
(1997) and modified by Matthews et al. (2001). Wheat (Triticum
aestivum, cv. Gladius) was transformed using microprojectile
bombardment as described by Kovalchuk et al. (2009). The
list of all experiments performed in this study is presented in
Supplementary Table S1.

Rice Field Trial
Confined field trials were conducted in Five Points, California,
from May to October, in 2008 and 2009 in flooded basins,
under both notifications by the USDA-APHIS and permits by
the California Rice Commission (CRC). Rice seedlings (Westside
Transplants, Huron, CA, United States) were transplanted at 3–4
leaf stage into flooded basins and supplemented with different
levels of N at several growth stages. Plots were 1 m × 4 m in size
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in a split-plot design with three replicates per genotype. Plants
were 10 cm apart with 50 cm between plots. N was applied in
the form of urea in three splits (e.g., for a total of 123 kg ha−1:
(1) 45 kg ha−1 at basin preparation, (2) 33 kg ha−1 2 weeks
after transplanting, and (3) 45 kg ha−1 at flowering). Water levels
were maintained to flood the basins throughout the trial until
4 weeks before harvest. Crops were harvested, and seed yield was
determined at grain moisture of 12%.

Plant Growth in Ebb and Flow
Hydroponic System in Growth Room
Rice seeds were dehusked, surface-sterilized and imbibed in
Petri dishes on a filter paper with sterilized deionized water.
Seeds were incubated in a growth chamber (100–130 µmol
m−2s−1, cycle of 12/12 h light/dark, 28◦C) for 10 days. Uniformly
germinated seedlings were then transferred to one of two 700 L
ebb and flow hydroponic systems (Garnett et al., 2013), with
a complete fill/drain cycle of 15 min (two separate systems for
each N treatment). Each system contained 100 plants (20 plants
per genotype; five genotypes which included two independent
transgenic lines, nulls, and wildtype. Individual seedlings were
grown on mesh collars within tubes (300 mm × 50 mm). The
nutrient solution was a modified Johnson’s solution (Johnson
et al., 1957) containing (in mM), 0.5 N (9 units NO3

−:1 unit
NH4

+), K:2.95, Ca:1.25, Mg:0.5, S:1.25 and P:1 for the 0.5 mM
N treatment, and 2.5 N (9 units NO3

−:1 unit NH4
+), K:3.05,

Ca:1.75, Mg:0.5, S:0.5, P:1 for the 2.5 mM N treatment. Both
treatment solutions also contained (in µM): Mn:2, Zn:2, B:25,
Cu:0.5, Mo:0.5, Fe:100 (as Fe-EDTA). The hydroponic system
was situated in a controlled environment room with a day/night
cycle of 14/10 h, 26/20◦C, with a flux density at the canopy
level of c. 650 µmol m−2s−1 and relative humidity of 60%.
Solutions were maintained between 19 and 21◦C. Solution pH
was maintained between 5.8 and 6.2 using CaCO3 and changed
every 7 days. After grown 6 weeks in the system, the plants
were subjected to study for N fluxes, metabolic profiling, and
transcriptome analysis.

Whole Season Rice Growth in
Glasshouse
Seedlings were prepared as above and placed in square pots
(13 cm × 13 cm) containing diatomaceous stones. The pots
were placed in black trays (40 plants/tray) with a continuous
fill/drain cycle hydroponics system using the same nutrient
solution composition as above (2.5 mM N), with the solution
replaced every 10 days. Plants were grown during a summer
growth season (2013/2014) in a glasshouse with a day/night
temperature of 28/20◦C and relative humidity of approximately
65%. Shoots and grains were harvested at maturity and oven-
dried at 80◦C for 48 h.

Barley and Wheat Growth in Glasshouse
Barley lines were grown in pots (15 cm in diameter and height)
containing coco peat potting mix (Tiong et al., 2014) in a
single N treatment (110 mg kg−1 soil from Ca(NO3)2, plus
400 mg kg−1 soil from slow-release Osmocote R© fertilizer). Three

independent transgenic lines were used, along with nulls and
wildtype, with ten replicates per line. Wheat lines were grown
in soil bins (W110 × D90 × H70 cm) consisting of 700 kg
soil mix (1:1 ratio of cocopeat-mix:UC Davis mix, Nauer et al.,
1967). Plants were grown in a glasshouse with approximately
24/13◦C day/night temperature. Two N treatments were used:
N40 (40 kg N ha−1) and N80 (80 kg N ha−1) applied as urea
at planting. Three independent transgenic lines were used for
each N treatment, along with nulls and wildtype. Each line was
grown in a row of 10 plants per replicate. We had four replicates,
totaling to 40 plants per line with each N treatment. Reverse
osmosis water was used for watering during the experiment.
Shoots and grains were harvested at maturity and oven-dried at
80◦C for 48 h.

NO3
− and NH4

+ Influx Measurement
On sampling days, between 11:00 and 13:00, plants from the
ebb and flow system were transferred to nutrient solutions
chemically identical to the ones they were grown in. Roots
were then given a 1 min rinse with the same nutrient solution
containing either 100 or 1000 µM NO3

− or NH4
+, followed

by 10 min of exposure to the same solution, but with 15N-
labeled NO3

− or NH4
+ (15N, 30 atom%). The concentration of

100 µM was used as it is thought to be close to saturation of
the high-affinity transporter system (HATS) and 1000 µM would
include both HATS and low-affinity transporter system (LATS)
uptake (Siddiqi et al., 1990; Kronzucker et al., 1995; Crawford
and Glass, 1998). At harvest, roots and shoots were separated,
dried (5 days, 60◦C), weighed and ground. 15N content of dried
plant samples was determined using an EA-IRMS (University
of California, Davis Stable Isotope Facility). Mean LATS influx
values were calculated by subtracting the mean 100 µM influx
value from that of 1000 µM at the same time-point and treatment
(Okamoto et al., 2003).

Tissue NO3
− Determination

NO3
− was extracted from 5 mg of homogenous finely-ground

freeze-dried plant tissue added to 1 ml MilliQ-H2O and boiled
in a water bath (20 min, 95–100◦C). Nitrate was measured
by the Cataldo’s method (Cataldo et al., 1975) where the
complex formed by nitration of salicylic acid under highly acidic
conditions was measured at 410 nm in basic solutions.

Tissue NH4
+ Determination

NH4
+ was extracted from 10 mg of homogenous finely-

ground freeze-dried plant tissue added to 1 ml MilliQ-H2O
and mixed vigorously for 30 min. The filtered extracts were
then measured for NH4

+ by a phenol-hypochlorite method for
determining ammonia in water using nitroprusside as catalyst
(Solórzano, 1969).

RNA Isolation, RNA Sequencing, and
Quantitative Real-Time RT-PCR
Briefly, total RNA from roots and shoots of rice was prepared
using TRIzolTM reagent according to the manufacturer’s
instructions (Invitrogen) and treated with DNase I (Ambion).
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The RNA was used for RNA-Seq (100 ng RNA per sample),
and for QRT-PCR. For RNA-Seq, RNA from four biological
replicates of roots and shoots of one transgenic, OsAnt1:HvAlaAT
overexpressing event, and two biological replicates of roots and
shoots of the corresponding null and wildtype (spp. Nipponbare)
were used (totaling to 16 samples). The non-stranded Illumina
TruSeq libraries were prepared and run on a HiSeq 2500 to give
2 × 100 PE reads at Australian Cancer Research Foundation
Cancer Genomics Facility. For QRT-PCR, two micrograms of
total RNA were used to synthesize cDNA with SuperScriptTM

III reverse transcriptase (Invitrogen). Three biological replicates
were used for transcript analysis with three technical replicates
for each cDNA sample. Normalization was carried out as
described by Vandesompele et al. (2002). The normalized copies
µg−1 RNA were used to represent transcript levels. The primer
sequences for all genes analyzed are listed in Supplementary
Table S2.

Metabolite Quantification
Ground lyophilized rice shoot and root tissues were used for
this analysis. Chemicals and metabolite standards were pure
(≥98%) and were purchased from Alfa Aesar (Ward Hill, MA,
United States), EMD Millipore (Billerica, MA, United States)
or Sigma Aldrich (St Louis, MO, United States). Metabolites,
including free amino acids, were extracted as described by
Hacham et al. (2002). Tissue (35 mg leaf and 15 to 20 mg
root) was extracted in 1 mL of 0.1 M HCl, containing 0.2 mg
each of D7-Glucose (1,2,3,4,5,6,6-d7, 97 atom%, Sigma Aldrich),
0.2 mg of D7-L-Alanine [CD3CD(ND2)COOD, 98 atom%, CDN
Isotopes, Point-Claire, Quebec] and D3-methionine (S-methyl-
d3, 98 atom%, CDN Isotopes) as internal standards. Samples
were periodically vortexed in the 0.1 N HCl solution at RT
for 1 h followed by the addition of 1 mL methanol and
0.5 mL chloroform and extraction of metabolites by vortexing
(three times for 10 s on high) before the two phases were
separated by centrifugation (3,000 rpm, 15 min). The upper
polar phase was dried under nitrogen and the dry residue
derivatized with 100 µl of 20 mg mL−1 methoxylamine
HCl in dry pyridine (50◦C, 1 h), followed by 100 µL of
MSTFA + 1% TMCS (50◦C, 1 h) before analysis by full-
scan GC/MS (Agilent 6890/5973i), as described by Roessner
et al. (2000). Quantification of metabolites was based on
internal standard calibration curves using standards at nine
concentrations ranging from 1 to 100 µg (extracted and
derivatized as above). Alanine and methionine were quantified
using their heavy isotope internal standards while all other
metabolites employed D7-Glucose as the internal standard.
Duplicates of each sample were processed and analyzed whenever
sufficient tissue was available.

The method precision and accuracy were tested using seven
samples each of ground pooled wildtype rice leaf; leaf tissue
spiked with 10 µg of each metabolite standard; and a mixture
of all metabolite standards without tissue matrix. The average
precision (RSD) for all metabolites was 18% for rice leaf, 11% for
metabolite-spiked rice leaf, and 8% RSD for standards without
matrix. The accuracy of the method using a mixture of all
metabolite standards averaged 84.5%.

Bioinformatics
Read Filtering, Mapping and Differential Expression
Analysis
The raw data obtained were subjected to quality control
using FastQC version 0.11.21, and the reads were filtered
out for mapping to organelle and rRNA sequences using
Bowtie2 version 2.2.3 (Langmead and Salzberg, 2012). Rice
chloroplast and mitochondrial sequences were downloaded
from ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_
Projects/o_sativa/annotation_dbs/pseudomolecules/ and
rRNA sequences were from the NCBI nucleotide database
http://www.ncbi.nlm.nih.gov/. Bowtie indices were constructed
with the “bowtie2-build” command using – offrate 1, –large-
index parameters from the sequence fasta files. Ungapped
alignments were performed, and reads which were mapped with
≤2 mismatches were thrown out. Other parameters used for
Bowtie2 were –N 1, -L 10, -i S,1,0.25, -D 30, -R 4, –mp 2, –np
2, –ma 0 and –score-min L,4,0.

The reads were mapped to the O. sativa subsp. japonica
reference genome (build MSU7.0) ftp://ftp.plantbiology.
msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_
dbs/pseudomolecules/version_7.0/all.dir/ using TopHat
version 2.1.0 (Trapnell et al., 2009). This software requires
Bowtie2 and SAMTools (Li et al., 2009) downloaded from
http://samtools.sourceforge.net/version 0.1.19. The reference
sequence file and the gff3 files were added with the sequence
of OsAnt1:HvAlaAT, and Bowtie2 index was built using
“bowtie2-build”command and the same parameters as described
above. Further standard TopHat parameters with –G option
were used with the exception of the following options: -N
1, –read-gap-length 0, –read-edit-dist 1, –no-discordant, –
no-mixed, –b2-rdg 999999, –b2-rfg 999999, –b2-N 1, –b2-L
10, –b2-i S,1,0.25, –b2-D 30, –b2-R 4, –b2-mp 2,2, –b2-np
2, –b2-score-min L,-2,0, -i 16, and -I 20000. All sixteen samples
were mapped separately using the same TopHat settings. Finally,
after running Cuffcompare, Cuffdiff program was run for roots
and shoots samples with –b option. This methodology was
called differential gene expression analysis without gene and
transcript discovery.

Transcription Factor (TF) Encoding Genes
All TFs for Oryza sativa cv. japonica were downloaded from http:
//plntfdb.bio.uni-potsdam.de/v3.0/downloads.php?sp_id=OSAJ.
The differentially expressed genes from Cuffdiff output in
roots and shoots tissue samples were assigned to different TF
families according to the Plant Transcription Factor Database
assignments2. Expression information for these genes was from
the Cuffdiff output.

Gene Ontology Enrichment Analysis
Gene Ontology enrichment of differentially expressed genes was
performed using BiNGO tool (Maere et al., 2005). The metabolic
pathway data available in the RiceCyc database of Gramene
(Jaiswal et al., 2006) were analyzed to identify the enriched

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
2http://plntfdb.bio.uni-potsdam.de/v3.0/
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metabolic pathways in various gene sets. Both the GO and
pathway enrichment analyses were performed at p-value cut-off
of ≤0.05 after applying Benjamini-Hochberg correction.

RESULTS

Phenotypic Assessment of Growth and
Yield: OsAnt1:HvAlaAT-Transformed
Rice, Barley and Wheat Lines
Two independent transgenic homozygous OsAnt1:HvAlaAT rice
lines in Oryza sativa, cv. Nipponbare background (henceforth
known as N004-034 and N053-005), along with corresponding
nulls and wildtype (non-transformed) control were assessed for
growth parameters in two hydroponics systems: (1) a tank-based
ebb and flow recirculation system located inside a temperature-
controlled growth chamber and (2) a continuous fill/drain
cycle system inside a glasshouse with natural and supplemented
lighting. After 42 days of growth (52 days after seed imbibition,
DAI) in the ebb and flow system with 0.5 mM N (low N)
in the nutrient solution, both transgenic lines displayed higher
shoot dry weight (DW) compared with nulls and wildtype
(by 16–38%) (Figure 1A). However, under 2.5 mM N (high
N), only line N053-005 displayed significantly higher shoot
DW compared to both its null and wildtype by 33 and 27%,
respectively (Figure 1B). There were no significant differences
in root DW between all genotypes in both N treatments
(Supplementary Figure S1).

The OsAnt1:HvAlaAT rice lines were also grown in 0.5 and
2.5 mM N (low and high N, respectively) for one growth season
(2013/2014) in a continuous fill/drain cycle hydroponics system
located in a glasshouse. Although not statistically significant,
N004-034 consistently yielded more grain (Figures 1C,D).
This was surprising, as N053-005 had higher shoot biomass
than N004-034 at a vegetative stage in the previous growth
chamber experiment (Figures 1A,B). This outcome may be
explained by harvest index (ratio of grain yield to total above
ground biomass). Although not statistically significant, N004-
034 consistently showed a higher harvest index than all other
genotypes (Supplementary Figure S2).

The OsAnt1:HvAlaAT rice lines (cv. Nipponbare) were also
grown in the field for one season (May to October 2009 in
Five Points, California) to assess grain yield performance in
agricultural conditions under limiting N. Both transgenic lines
displayed higher grain yield with N004-034 having significantly
higher grain yield compared to its null and wildtype by
23 and 13%, respectively. For N053-005, grain yield was
only significantly higher than its null by 11% (Figure 1E).
Additionally, we assessed the grain yield performance of a single
transgenic rice line in an Oryza sativa, cv. Taipei background
and the transgenic line also showed 30% higher grain yield
compared to wildtype in the field condition (Supplementary
Figure S3).

To determine the versatility of OsAnt1:HvAlaAT to improve
NUE in other cereal crops, the construct was transformed into
barley and wheat. Growth trials using homozygous (T2 barley,

T4 wheat) lines were conducted in either soil pots (barley) or
large soil bins (wheat) in a controlled-environment glasshouse. In
both studies, there was evidence that selected OsAnt1:HvAlaAT
expressing lines from both barley and wheat resulted in greater
shoot biomass and grain yield compared to controls (Figure 2).
For instance, two independent transgenic barley lines, GP4
and GP23, had significantly higher grain yield compared with
their nulls by 226 and 37%, respectively. GP23 also had
significantly higher grain yield than WT by 63% when grown
under adequate N (only one N treatment was used for barley)
(Figure 2B). In wheat, when grown under 80 kg N ha−1 (high
N), line GL45 displayed significantly higher shoot biomass only
against the null by 26% but had significantly higher grain yield
compared to both null and wildtype by 32 and 47%, respectively
(Figures 2C,D). Line GL77 displayed significantly higher grain
yield only against WT by 36% when grown under high N
(Figure 2D). These observations are reflective of results seen in
rice (Figure 1).

Nitrogen Uptake in OsAnt1:HvAlaAT Rice
Lines
Further physiological and molecular characterizations were
carried out with the rice lines. First, N influx studies were
conducted with OsAnt1:HvAlaAT rice lines in Oryza sativa,
cv. Nipponbare background grown hydroponically using an
ebb and flow system at 0.5 or 2.5 mM N (low and high
N, respectively). At 52 DAI, intact plants were subjected to
separate treatments of either 15NO3

− or 15NH4
+ at 100 or

1000 µM to measure the constitutive high-affinity transport
system (HATS) or low-affinity transport system (LATS) uptake
activities, respectively.

In general, NO3
− influx into plants grown at low N was

higher than those grown in high N (Figures 3A–D). This may
be a response to an extended period of low N availability. For
the transgenic lines, HATS NO3

− influx was similar to the
nulls and wildtype control regardless of prior N treatments
(Figures 3A,B). Correspondingly, the LATS NO3

− influx of
both low and high N-grown transgenic lines were similar
to the nulls and wildtype (Figures 3C,D). There were no
differences in total NO3

− accumulation between all genotypes
(Supplementary Figure S4).

With NH4
+, there was an overall increase of influx (HATS

and LATS) in plants previously grown at low N compared to
those grown in high N (Figures 3E–H). Between genotypes,
there was no difference in either HATS or LATS NH4

+

influx, regardless of previous treatments (Figures 3E–H). As
observed with the NO3

− influx studies, there was also no
difference in total NH4

+ accumulation between genotypes
(Supplementary Figure S5).

Total N accumulation in plants grown in low N was not
significantly different from that of plants grown in high N
(Supplementary Figure S6). However, the shoot N accumulation
of N005-035 was significantly higher than its null and wildtype
previously grown under low N, but this trend was not observed
when grown under high N. In summary, under the conditions
examined in this study, there is little evidence to suggest
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FIGURE 1 | Shoot biomass and grain yield of rice plants expressing OsAnt1:HvAlaAT grown in hydroponics and field (grain yield only for the latter). Two T9
independent homozygous lines (Gene of Interest, GOI, black bars), their corresponding nulls (white bars) and wildtype (WT, gray bars) were assessed for biomass
and grain yield. Plants were grown in an ebb and flow hydroponic system under 0.5 mM (A) and 2.5 mM N (B) for 42 days for vegetative shoot biomass (A,B), and
grown to maturity in a fill/drain cycle hydroponic system under 0.5 mM (C) and 2.5 mM N (D) for grain yield (C,D). Means and SE values (error bars) of five replicates
are presented, while asterisks indicate the least significant difference at P < 0.05 against both null and WT∗. These lines were also field tested (Five Points, California,
2009) under limiting N (E). In total, 123 kg N ha-1 was supplied throughout the season, corresponding to approximately 70% of typical N rates for rice in California.
Means and SE values (error bars) of three replicates are presented, while asterisks indicate least significant difference at P < 0.05 against both null and WT∗ or
against null only∗∗.

directed overexpression of HvAlaAT had any impact on the
rate of NO3

− or NH4
+ uptake (HATS or LATS) into the

hydroponically grown plants.

Another N influx study was conducted with OsAnt1:HvAlaAT
rice lines in Oryza sativa, cv. Taipei background with the same
setup as above using one independent transgenic line. Similar
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FIGURE 2 | Shoot biomass and grain yield of glasshouse-grown barley and wheat plants expressing OsAnt1:HvAlaAT. Transgenic plants of three independent
homozygous lines, null and wildtype were grown in a glasshouse. For barley (A,B), T2 lines were grown in a single N treatment [110 mg as Ca(NO3)2, 400 mg as
Osmocote N kg-1 soil] in individual pots. For wheat (C,D), T4 lines were grown in rows of ten in soil bins under two N treatments (N40, 40 kg N ha-1; N80, 80 kg N
ha-1). Asterisks indicate least significant difference at P < 0.05 against null and WT∗, only against null∗∗, or only against WT∗∗∗. Means and SE values (error bars) of
ten replicates are presented.

to the results observed in cv. Nipponbare background, the
transgenic Taipei rice line displayed no differences in NO3

− or
NH4

+ uptake (HATS or LATS) compared to its null and WT
(Supplementary Figure S7).

Metabolic Profiling in OsAnt1:HvAlaAT
Rice Lines
Metabolic profiling by GC-MS was performed on
OsAnt1:HvAlaAT rice lines’ root and shoot tissues from
samples grown under 0.5 and 2.5 mM N (low and high N,
respectively). The metabolite profiles highlighted many instances
where both OsAnt1:HvAlaAT lines simultaneously displayed
either significantly higher or lower concentration differences to
wildtype (Figure 4 and Supplementary Tables S3A,B, S4A,B).
However, this was not witnessed in comparison with nulls,
whereby many metabolites were either higher or lower in
one line compared to its null, but reversed in the other
line (Supplementary Tables S3C,D, S4C,D). Furthermore,
pyruvate was the only metabolite where, when grown under
high N, both lines displayed a consistent difference (higher)
compared to both their wildtype and nulls (only in roots;
Supplementary Tables S4B,D).

In the comparison between the transgenic lines and wildtype
under low N (0.5 mM), significant reduction in carbohydrates,
namely glucose, fructose and arabinose, was observed in roots,
while arabinose and ribose were lower in shoots (Figure 4

and Supplementary Tables S3A,B). Metabolites involved in
the TCA cycle were altered in the transgenic lines compared
to the wildtype in shoots, with citrate and isocitrate elevated
and fumarate decreased (Figure 4A and Supplementary
Table S3A). In addition, gamma aminobutyric acid (GABA)
was increased while phosphoric acid was decreased in shoots.
Although the sum of total free amino acids showed no
difference, some amino acids displayed significant changes
in shoots. For example, glutamate, glycine and threonine
were elevated, while glutamine, asparagine and lysine were
decreased (Figure 4A and Supplementary Table S3A). Similarly,
asparagine was decreased in roots, while the other amino acids
were unchanged in comparison to the wildtype (Figure 4B and
Supplementary Table S3B).

Under high N (2.5 mM), the number of changes was reversed
compared with low N, with shoots showing fewer changes
than roots (Figure 4 and Supplementary Tables S4A,B). Only
2-hydroxyglutarate was decreased in both tissues (Figure 4
and Supplementary Tables S4A,B). In roots, leucine and
isoleucine were decreased, while lysine and tyramine were
elevated (Figure 4B and Supplementary Table S4B). Among the
metabolites, oxalic acid and pyruvate were increased relative to
wildtype (WT) (Figure 4B and Supplementary Table S4B).

Alanine was below the level of detection in the roots of
low N-grown plants, while there was no difference in alanine
concentration in OsAnt1:HvAlaAT lines compared to controls
in either tissue under the high N treatment (Figure 4 and
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FIGURE 3 | Effects of low and adequate N treatment on nitrate and ammonium uptake in rice plants via high- and low-affinity transport systems (HATS and LATS).
Nitrate HATS influx (A,B) or LATS influx (C,D) and ammonium HATS influx (E,F) or LATS influx (G,H) of plants previously grown in 0.5 and 2.5 mM N. Transgenic
plants of two independent lines, their corresponding nulls and wildtype were grown in a hydroponic system for 42 days (52 DAI) and subjected to uptake
measurements using 15N labeled N sources at 100 µM (HATS) and 1000 µM (LATS). HATS values are means + SE (Standard Error, n = 5), whereas LATS are
calculated means + SED (Standard Error of Difference between two means, n = 5).

Supplementary Tables S3A,B, S4A,B). This is unexpected, as
the overexpression of AlaAT, which did result in abundant
AlaAT protein expression and enzyme activity (Supplementary
Figures S8, S9 and Supplementary Method), would be expected

to result in a higher rate of alanine production. However, as the
reaction catalyzed by AlaAT is reversible, we may not be able to
accurately predict the proportion of substrate/product based on
enzyme activity alone.
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FIGURE 4 | Metabolic heatmaps of rice plants expressing OsAnt1:HvAlaAT. Two transgenic rice lines, their corresponding nulls, and wildtype were grown
hydroponically in low N (0.5 mM N) and high N (2.5 mM N) for 42 days. Metabolite levels of the shoot (A) and root (B) were processed by median normalization,
log-transformed, and auto-scaling with MetaboAnalyst (Chong et al., 2019). The hierarchical clustering analysis was performed with Pearson’s distance measure.

Deep Sequencing Transcriptomics of
OsAnt1:HvAlaAT Rice Lines
Transcriptome Sequencing
Root and shoot samples of N053-005 grown under 0.5 mM N
(low N), along with its null and wildtype, were used for RNA-Seq
analysis. N053-005 was chosen on the basis that it demonstrated
the clearest physiological difference compared to its controls
(Figures 1A,B). We constructed non-stranded Illumina TruSeq
libraries and generated a total of approximately 622 million
paired-end sequence reads from 16 root and shoot samples
(ranging from 28 to 47 million reads for each sample). The reads
were filtered for organelle or rRNA sequences. The remaining
reads were aligned to the rice reference genome using TopHat;
approximately 80–84% of the reads were mapped.

Differential Gene Expression Analysis
Differential gene expression analysis was performed using
Cuffdiff, which resulted in 1469 differentially expressed genes
(DEGs) in the gene of interest (GOI):WT comparison, while
the GOI:Null and Null:WT comparisons had 702 and 1435
DEGs, respectively, in roots (Figures 5A,B). The ratio of DEGs
that were upregulated in the roots of both GOI:WT and
Null:WT comparisons far outweighs that of the downregulated
ones, whereas an opposite trend was observed in the GOI:Null
comparison (Figure 5A). In the shoots, the GOI:WT comparison
shows the largest number of DEGs at 814. Meanwhile, the

GOI:Null and Null:WT comparisons had 455 and 211 DEGs,
respectively (Figures 5A,B). It is worth mentioning that the
impact the transgene has on the overall transcriptome is minor; of
the 66,124 total transcripts, the total number of DEGs in GOI:WT
and GOI:Null comparisons in both roots and shoots accounts
for only around 3 and 2%, respectively. The lists of DEGs for
GOI:WT and GOI:Null comparisons in roots and shoots are
present in Supplementary Tables S5–S8.

We are also interested in the DEGs which overlapped between
the GOI:WT and GOI:Null comparisons (70 DEGs in roots,
and 244 DEGs in shoots; Figure 5B). From the GO enrichment
analysis of the overlapping DEGs, significant GO categories are
represented by metabolic processes and stress response in both
roots and shoots (Supplementary Tables S9, S10).

Expressions of genes associated with N uptake and
assimilation were largely unaffected by the AlaAT transgene
overexpression (Supplementary Tables S5–S8). Only five such
genes showed changes in expression in the GOI:WT comparison:
OsAMT1.3 and OsNRT2.1 were downregulated in the roots,
OsNRT1.2 was upregulated in the roots, and a putative nitrate
reductase (LOC_Os02g53130) and a putative nitrite reductase
(LOC_Os02g52730) were downregulated in the shoots and
roots, respectively.

To validate the results from RNA-Seq, several differentially
expressed genes reported previously (Shrawat et al., 2008;
Beatty et al., 2013) were selected for quantitative RT
PCR (QRT-PCR) analysis (Supplementary Figure S10 and
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FIGURE 5 | Differential gene expression of OsAnt1:AlaAT rice line N053-005
(GOI) compared with its null and wildtype (WT) in roots and shoots under
0.5 mM N (A,B). The number of up- and down-regulated genes (white and
gray bars, respectively) is shown in the bar graph (A), with the number of
specific transcripts (i.e., transcripts unique only to each comparison) being
shown on top of each bar. The Venn diagram (B) shows the number of genes
differentially expressed in each of the genotype comparisons. The numbers of
differentially expressed transcripts between OsAnt1:HvAlaAT lines and
wildtype/nulls representing different transcription factor families are shown in
roots (C) and shoots (D).

Supplementary Table S2). The chosen genes include root-
specific genes (OsPRX20, OsGER2, and OsAMT1;3; Druka
et al., 2002; Passardi et al., 2004) and one shoot-specific gene
(OsRIR1a; Mauch et al., 1998). The QRT-PCR analysis revealed
a similar expression pattern to RNA-Seq for all selected genes
(Supplementary Figure S10B). In the same experiment, we
also included additional AMT (OsAMT3;2 and OsAMT1;1) and
NRT (OsNRT2;2, OsNRT1;1, and OsNRT3;1) genes, and there
were no significant differences in the expression level of these
N transporters in OsAnt1:AlaAT lines compared to wildtype
(Supplementary Figure S10C).

Gene Ontology (GO) Enrichment Analysis of DEGs in
GOI:WT and GOI:Null Comparisons
The rice transcripts were assigned GO terms under biological
process, molecular function and cellular component categories.
Among the differentially expressed biological process terms,
metabolic processes were most represented in both roots and
shoots (Supplementary Figures S11A,B). In the molecular
function GO terms, the largest number of transcripts
belonged to catalytic activity and binding in roots and
shoots (Supplementary Figures S11A,B). Among the cellular
component GO terms, the transcripts related to cell and
membrane were the largest in number in both roots and shoots
(Supplementary Figures S11A,B).

The BiNGO tool was also used to determine the enriched GO
categories represented in the DEGs between theOsAnt1:HvAlaAT
lines, wildtype and nulls in roots and shoots. Clearly, GO
terms associated with various metabolic processes such
as carbohydrate metabolism, chitin catabolism, and lipid
biosynthesis/metabolism were significantly enriched in both
tissues (Supplementary Figure S12). GO terms associated with
nucleic acid (DNA and RNA) binding were also significantly
enriched in roots of GOI:WT (Supplementary Figure S12A).

Transcription Factor Analysis
We further analyzed the rice sequencing data to identify the
transcription factor (TF)-encoding genes. A total of 195 DEGs
encoding TFs were identified in the GOI:WT comparison, with
124 in roots and 71 in shoots, whereas a total of 126 DEGs
were identified in the GOI:Null comparison, with 67 in roots
and 59 in shoots (Figures 5C,D). In both roots and shoots, there
were no similarities in expression patterns between GOI:WT and
GOI:Null comparisons. For example, for TF AP2-EREBP genes
in the roots, there was an upregulation of 23 DEGs in GOI:WT
(with no downregulated DEGs), while in GOI:Null, there was
an upregulation of only five and downregulation of four DEGs
encoding this TF (Figure 5C). Furthermore, in the shoots, WRKY
genes were most abundantly upregulated in GOI:WT (10 DEGs),
but instead had 8 DEGs downregulated in GOI:Null (Figure 5D).
Notably, there were a lot more DEGs encoding for TFs that were
being upregulated in GOI:WT compared to GOI:Null in both
roots and shoots (Figures 5C,D).

Metabolic Pathways Associated With DEGs
Many of the identified DEGs encode enzymes involved in various
metabolic pathways. We constructed MapMan figures for better
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FIGURE 6 | MapMan diagrams of differentially expressed genes between OsAnt1:HvAlaAT lines and wildtype for metabolism overview (A), secondary metabolism
(B), and biotic stress response (C). Color shades represent upregulation (red) or downregulation (blue) of genes.

visualizations of the specific processes within several categories
that showed strong significance in GO enrichment. On this basis,
metabolism overview, secondary metabolism, and biotic stress
are presented in Figures 6A–C, respectively.

This observation tool identified clusters of gene activities
related to secondary metabolism, most of which were upregulated
in roots, particularly those involved in the non-Mevalonate
(MVA) pathway, and in the production of flavonoids,
phenylpropanoids, terpene, and terpenoids (Figure 6B). This
is supported by the upregulated GO terms, which, for instance,
showed that genes involved in terpene production via the

non-MVA pathway were significantly upregulated (two terpene
synthase genes, LOC_Os02g36140.4 and LOC_Os03g24690.1;
Supplementary Table S5).

The MapMan representation of pathogen/pest attack
(Figure 6C) also indicated many hormonal signaling pathways
that were significantly upregulated in both roots and shoots,
including ethylene production. Indeed, several genes involved in
ethylene production, such as ethylene-responsive transcription
factors (LOC_Os04g46220.1 and LOC_Os02g43790.1) and
cystathionine gamma-synthase (LOC_Os10g25950.1 and
LOC_Os10g37340.1) were upregulated in the transgenic rice
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FIGURE 7 | Simplified depiction of the influence of the OsAnt1:HvAlaAT transgene on the carbon and nitrogen metabolism pathway, consisting of glycolysis, TCA
cycle, and GABA shunt. Increased gene activities are indicated with green arrows. Heatmaps of metabolites of the shoot and root where both transgenic lines show
significant differences to WT in low N (0.5 mM N) and high N (2.5 mM N) are presented. Metabolite levels were processed by median normalization, log-transformed,
and auto-scaling with MetaboAnalyst (Chong et al., 2019). Processes associated with certain metabolites were also presented (Acetyl-CoA, Citrate, and Succinate),
with dotted arrows linking the aforementioned metabolites to represent either an end product (arrow direction toward it) or a substrate/catalyst (arrow direction away
from it).

lines (Figure 6B and Supplementary Table S5; Hacham et al.,
2002; Avraham et al., 2005; Kim et al., 2006). However, these
genes were also highlighted in the comparison between GOI
and null (downregulated) or null and wildtype (upregulated)
(Supplementary Figure S13). It is also interesting to note
that clusters of gene activities related to cell wall synthesis
were upregulated both in root and shoot (Figure 6C and
Supplementary Figure S13).

DISCUSSION

HvAlaAT Confers Advantageous Biomass
Production and N Acquisition
The current study provided further evidence that in rice, the
overexpression of OsAnt1:HvAlaAT can increase shoot biomass

and grain production (Figure 1). This outcome is in agreement
with previous studies (Shrawat et al., 2008; Beatty et al.,
2013; Selvaraj et al., 2017), and demonstrated the ability of
the transgene to confer a growth response in both controlled
and non-controlled environments with a supply of N fertilizer
(Figure 1). There was no N response in biomass in the growth
chamber experiment (Figure 1A). This is probably due to the
hydroponic system (i.e., 700 L capacity), which enables a steady
N supply even at low concentration. When maize plants were
grown at 0.5 and 2.5 mM N in the same system, no biomass
difference was observed through the lifecycle (Garnett et al.,
2013). In parallel studies, selected OsAnt1:HvAlaAT transgenic
barley and wheat lines showed increased shoot biomass and
seed production compared to the control plants (Figure 2).
Across all of our studies, root biomass was unaffected in the
transgenic rice lines, regardless of N treatment. This contradicts

Frontiers in Plant Science | www.frontiersin.org 12 January 2021 | Volume 12 | Article 628521176

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-628521 January 22, 2021 Time: 16:8 # 13

Tiong et al. Improved NUE and Carbohydrate Metabolism

previous reports as OsAnt1:HvAlaAT rice lines produced higher
root biomass than controls when the plants were grown in NO3

−

(but not in NH4
+; Shrawat et al., 2008), whereas Beatty et al.

(2013) showed that the transgenic rice lines had increased shoot
and, to some extent, root biomass as compared to controls at
a range of NH4

+ concentrations. In an African rice (NERICA)
background, the OsAnt1:HvAlaAT transgenic lines showed no
or limited increase in biomass of 43-day-old plants under low
N condition (Selvaraj et al., 2017). These results suggest that
biomass increase of the transgenic lines during the vegetative
growth stage may be moderate at a non-significant level. Still,
it is accumulative throughout the growth stages, resulting in a
significant increase in biomass and seed yield. The physiological
characterizations also provided a similar trend as we discuss next.
Further testing of plant growth in different N regimes and growth
systems over the lifecycle may present a clearer picture of the N
response phenotype, including root architecture.

We observed no difference in NO3
− and NH4

+ influx
in OsAnt1:HvAlaAT lines (Figure 3), whereas Good et al.
(2007) showed increased NO3

− HATS activity in canola lines
overexpressing HvAlaAT. The contrasting findings may be due
to the differences in growth condition and developmental stage
when uptake was measured, or due to differences between species
altogether. Although the N uptake step was not statistically
significant, the rice transgenic lines might have some advantages
in N acquisition, resulting in more N accumulation (e.g., N053-
005) and increased biomass across the lifecycle (Figure 1
and Supplementary Figure S5). The increased glutamate and
decreased glutamine levels in the shoots of low N plants (Figure 4
and Supplementary Table S3A) may be the results of disturbed
N assimilation triggered by increased AlaAT activity. However,
there was no evidence of a significant change of glutamine
synthetase and glutamate synthase (GS-GOGAT) activity based
on the DEGs analysis (Figure 7). Future studies involving N
tracer isotopes could also help in determining the fate of N within
different organs in transgenic lines.

Which Is the Right Control, Wildtype vs.
Null?
It is clear that the DEGs in the GOI:WT and GOI:Null
comparisons display very differing patterns, agreeing with a
large number of DEGs obtained in the Null:WT comparison
(Figure 5A). This is unexpected, as null and wildtype should
be genetically identical, and the DEGs between these two
genotypes should be few in theory. However, our results
suggest that wildtype and null differ to a degree at the
transcriptional and metabolites level (Figures 4, 5). Interestingly,
the null plants of GP4 barley transgenic lines also showed
singnificantly lower grain yield compared to wildtype and
the transgenic line (Figure 2B). Null segregants are often
considered as the right controls as those lines also undergo the
transformation process that includes Agrobacterium-mediated
or particle bombardment transformation, cell culture, and
hormone-induced organogenesis. Interestingly, it has been
shown that Agrobacterium-mediated rice transgenic plants
carried more unintended genomic mutations compared to

particle bombardment or electroporation methods (Labra et al.,
2001; Wilson et al., 2006). More recently, Fan et al. (2020b)
reported the tissue culture process possibly causes epigenetic
alterations in the rice genome. However, the stability of the
epigenetic alterations may differ depending on the genetic
background and may potentially be suppressed after some
generations (Fan et al., 2020b). Those genomic alterations are
heritable and independently segregate from GOI, which means it
is possible that null segregants and GOI lines could carry different
genomic profiles apart from the GOI. In this case, wildtype can be
a better control as it has a less “noisy” genomic background. Our
transgenic rice and barley lines were produced by Agrobacterium-
mediated transformation, and that might explain the discrepancy
between the nulls and wildtype. To isolate genetically cleaner
nulls, one could backcross GOI with wildtype a couple of times
before screening for nulls. In this way, pleiotropic effects from un-
expected genomic alterations could be minimized. Alternatively,
one could isolate a few null segregants from each transgenic
event at T2, or T3 stage and characterize them individually
along with wildtype.

Overexpression of AlaAT Did Not Affect
Alanine Levels
There were no differences in alanine levels across all genotypes
and N treatments, despite the abundance in HvAlaAT
gene expression in OsAnt1:HvAlaAT lines (Supplementary
Figure S10A). Our growth experiments with these rice lines
showed increased enzymatic activity of total AlaAT in both roots
and shoots grown in a mixed N source [NH4NO3 and Ca(NO3)2]
(Supplementary Figure S9). This is consistent with other reports
on similar rice lines (Shrawat et al., 2008; Beatty et al., 2013). We
also confirmed the presence of the expressed HvAlaAT protein
in the rice lines (Supplementary Figure S8B; Skinner et al.,
2012). The unchanged alanine and glutamate levels in the roots
of the transgenic lines (Supplementary Tables S3A,B, S4A,B)
could potentially be due to rapid assimilation in the roots, and/or
translocation to the shoots for protein synthesis. The increased
glutamate levels in the shoots of low N plants (Supplementary
Table S3A) suggests that the latter might have occurred.

Increased GABA and glutamate levels in shoots of low
N plants (Supplementary Table S3A) could be evidence of
increased AlaAT activity; the GABA shunt pathway, which
produces GABA, involves the conversion of glutamate to
GABA as catalyzed by glutamate decarboxylase (Figure 7;
Steinhauser et al., 2012). Upregulation of AlaAT activity may
have increased the conversion of α-Ketoglutarate to glutamate,
which could have subsequently increased GABA production
(Supplementary Table S3A).

Emerging Clues for the Mechanisms of
OsAnt1:HvAlaAT Conferring NUE
Phenotype
Up-Regulation of Carbohydrate Metabolic Pathways
Changes in glycolysis
Overexpression of OsAnt1:HvAlaAT may have increased the
conversion of pyruvate to alanine (at least when grown under
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low N), which in turn caused negative feedback to increase
glycolysis activity (Figure 7). Evidence of increased glycolysis
activity is, firstly, the significant reduction of glucose and
fructose in roots under low N (Supplementary Table S3B).
Glucose is a direct precursor metabolite of glycolysis, while
fructose may be funneled into the glycolysis pathway by
conversion to dihydroxyacetone phosphate (via fructokinase
and F-1-P aldolase), an intermediate in glycolysis (Berg et al.,
2012). Secondly, there are upregulated expression levels of
genes involved in glucose metabolisms, such as glycosyl
hydrolases and members of the chitinase family (Supplementary
Tables S5, S6). On a broader scope, some glycolysis-associated
genes were upregulated. Those include lactate dehydrogenase
(LDH; catalyzes the conversion of L-lactate to pyruvate, the last
step in anaerobic glycolysis), and fructose-bisphospate aldolase
isozyme (key enzyme in the fourth step of glycolysis). While
LDH is not part of the main glycolysis cycle, it catalyzes the
conversion of pyruvate (the last product in anaerobic glycolysis)
to lactate (Christopher and Good, 1996). The lack of increase in
pyruvate in the transgenic line (Figure 4 and Supplementary
Tables S3, S4) could be due to increased activity of LDH in
converting pyruvate to lactate. Future studies on measuring
lactate and the activity of rate-limiting glycolytic enzymes such
as hexokinases, phosphofructokinase, and pyruvate kinases can
help us confirm if the overexpression of OsAnt1:HvAlaAT had
affected glycolysis.

Changes in the TCA cycle
Evidence of increased TCA cycle activity is the altered level of
metabolites such as fumarate, citrate and isocitrate in shoots
under low N (Supplementary Table S3A and Figures 4, 7). In
addition, numerous genes for enzymes that use substrates from
the TCA cycle were significantly upregulated (Supplementary
Tables S5, S6). The enzymes include those which drive
amino acid metabolism (aminotransferase, and L-allo-threonine
aldolase; Jander et al., 2004), glucose metabolism (glycosyl
hydrolase and members of chitinase family; Sinnott, 1990;
Ashhurst, 2001), and fatty acid metabolism and synthesis
(fatty acid desaturase, lipase, patatin, 3-ketoacyl-CoA synthase,
lipoxygenase and chalcone synthase; Post-Beittenmiller et al.,
1992; Rustérucci et al., 1999). All of these pathways produce
acetyl-CoA that feeds into the TCA cycle (Figure 7; Kim et al.,
1989). Under high N, pyruvate levels were elevated in the
roots of OsAnt1:HvAlaAT lines (Supplementary Table S4B),
implying that lesser pyruvate was utilized under high N,
which may indicate lowered TCA cycle activity, leading to
lesser ATP production (hence, absence of growth advantage;
Berg et al., 2012).

There were increases in the expression of genes involved in
the electron transport chain, a process downstream of the TCA
cycle (Supplementary Tables S5, S6 and Figure 7). Many of these
genes have a role in regulating plant growth and development,
such as those involved in cytokinin degradation (cytokinin is
linked with controlling plant growth such as leaf expansion
and photosynthesis; Peleg and Blumwald, 2011), Elongated
Uppermost Internode (EUI; important components of the
gibberellic acid biosynthetic and signal transduction pathways

regulating plant height; Zhu et al., 2006), and gibberellin (GA)
phytohormone biosynthesis (Supplementary Tables S5, S6).
ExpressingOsAnt1:HvAlaAT may have perturbed pyruvate levels,
affecting the level of TCA cycle activity. This could result in more
energy being produced to promote N uptake and usage, and
subsequently, plant growth and development (Kim et al., 2006;
Murchie et al., 2009).

Up-Regulation of Ethylene Production
As shown earlier, several genes involved in ethylene production
were upregulated in the transgenic rice lines compared to
wildtype (Figure 6C and Supplementary Table S5). Ethylene
is a key plant hormone formed in response to biotic and
abiotic stresses. For example, ethylene can regulate the growth
of roots to cope with hypoxia during flooding (Geisler-Lee
et al., 2010), and promotes growth-related characteristics, such
as stem elongation, seed germination, and senescence. ATP has
a key involvement in the biosynthesis of ethylene (Wang et al.,
2002). It is tempting to suggest that higher ethylene biosynthesis
activity (Figure 6B), which may be further induced by the higher
availability of ATP due to an upregulated TCA cycle, resulted
in higher biomass production (Figure 1). As endogenous AlaAT
is induced by hypoxia (Good and Crosby, 1989), the over-
expression of HvAlaAT could be registered as a sign of hypoxic
stress, causing the plants to increase ethylene biosynthesis, which
subsequently improves the uptake efficiency of roots in obtaining
N (Geisler-Lee et al., 2010; Lemaire et al., 2013; Khan et al., 2015).
On the other hand, Null:WT comparison revealed significant
numbers of hormonal and stress-related genes, suggesting
that the transformation process might have triggered the
unique expression profiles as discussed earlier (Supplementary
Figure S13C). Nevertheless, it is noteworthy that some other
hormone-related genes are upregulated in the transgenic line
compared to both wildtype and the null (Figure 5B and
Supplementary Table S9). The genes include gibberellin (GA)
2-beta-dioxygenase 7 (GA2OX7, LOC_Os7g01340), GA receptor
(GID1, LOC_Os06g11135, LOC_Os07g44900), auxin-induced
protein (LOC_Os8g44750). Orthologs of OsGA2OX7 in maize
(ZmGA2AOX12) and Arabidopsis (AtGA2AOX7) are involved
in stem elongation (Schomburg et al., 2003) and stress response
(Lange and Lange, 2015; Hoopes et al., 2019). GID1 is an essential
component in the GA signaling and induced by biotic and abiotic
stresses in rice (Ueguchi-Tanaka et al., 2005; Du et al., 2015;
Chen et al., 2018). Taken together, the hormonal responses to
HvAlaAT gene expression might be a part of the improved
NUE phenotype, and it will therefore be interesting to measure
multiple phytohormone levels in OsAnt1:HvAlaAT lines by a
hormonomics approach (Šimura et al., 2018).

Other Factors Which Could Confer NUE Phenotype
Differential gene expression and MapMan analysis also showed
that gene activities related to secondary metabolism and
the production of secondary metabolites were upregulated
(Figure 6 and Supplementary Table S5). Secondary
metabolites are important for producing photosynthetic
compounds and carbohydrate metabolism (Gould et al.,
2000; Close and McArthur, 2002; Beatty et al., 2013;
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Sandquist and Ehleringer, 2014). Indeed, the upregulation
of genes involved in the synthesis of chloroplast and chlorophyll
was observed (Supplementary Tables S5, S6). It will thus be
beneficial to measure the photosynthetic rate in OsAnt1:HvAlaAT
lines in the future.

One notable observation from the metabolic data is the
decrease in arabinose in both shoots and roots of low N
plants (Supplementary Tables S3A,B). Hydroxyproline-rich
glycoproteins (HRGP) contain numerous arabinose side chains
and play a structural role in strengthening the cell wall and
often are expressed in response to pathogen attack (Showalter,
1993). Lowered arabinose levels could indicate higher synthesis
of HRGP, which may lead to the observed higher biomass
production (Showalter et al., 2016; Johnson et al., 2017) in
OsAnt1:HvAlaAT lines. The upregulation of gene activities
involved in cell wall synthesis and response to pathogen attack
(biotic stress) as indicated by MapMan (Figure 6C) may also
suggest up-regulation of HRGP synthesis.

Another interesting observation from the metabolic data
is the higher glycine levels in the shoots of low N plants
(Supplementary Table S3A). Glycine is a metabolite of
photorespiration, but also known to be involved in cellular
macromolecule protection and ROS detoxification (Giri, 2011),
and accumulates in response to environmental stresses such as
drought and salinity (Ashraf and Foolad, 2007). This suggests
that glycine can confer positive traits such as enzyme and
membrane integrity under environmental stresses, and its higher
accumulation in OsAnt1:HvAlaAT lines may have thus promoted
overall higher biomass production.

CONCLUSION

We investigated the effect of expressing HvAlaAT in rice, barley
and wheat. The transgenic plants showed some advantages
in growth and seed production. Comprehensive analyses
were conducted using rice lines to unravel the molecular
characteristics that could lead to the growth advantage. The
altered expression of AlaAT has resulted in significant changes
within the carbohydrate metabolism pathway that includes
glycolysis and the TCA cycle. This may have driven increased
energy production to promote improved N assimilation and
utilization, leading to higher biomass production. The current
study is an interesting example of crop improvement, altering
downstream of N assimilation by “pulling” N demand rather
than “pushing” N into plants. The small difference may not be
significant at a single time point, however, the change could
be effective over the growth period, resulting in a significant
increase in biomass and yield as we have shown. Perhaps,
constant phenotyping or multiple points of harvest across the
lifecycle may unveil further evidence for the mechanism of
the NUE technology.
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Nitrogen Use Efficiency in Durum
Wheat Under Different Nitrogen and
Water Regimes in the Mediterranean
Basin
Antonio Lupini*†, Giovanni Preiti†, Giuseppe Badagliacca, Maria Rosa Abenavoli,
Francesco Sunseri* , Michele Monti and Monica Bacchi

Dipartimento di Agraria, Università Mediterranea di Reggio Calabria, Reggio Calabria, Italy

Improving nitrogen use efficiency (NUE) represents one of the main goals to reduce N
input in maximizing crop yield for sustainable agriculture. A NUE key strategy is the
exploitation of genetic variation in available germplasm together with the understanding
of molecular mechanisms governing this complex trait. Thus, NUE, its components,
nitrogen uptake efficiency (NUpE) and nitrogen utilization efficiency (NUtE), and NUE-
related traits heritability were evaluated in ancient (Cappelli, Capeiti, Russello, and
Mazzancoio) and modern (Messapia, Tiziana, Svevo, and Normanno) wheat genotypes
for tackling nitrogen (N) and/or water limitation in both growth chamber and field
experiments. Our results exhibited a reduction of NUE, NUpE, and NUtE under water
and combined (nitrogen + water) stress in all the genotypes, as expected. The
contribution of genetic variability on phenotypic variation was significant for NUtE,
harvest index, post-anthesis nitrogen uptake (PANU), and biomass production traits.
Moreover, the stress tolerance indexes, calculated and bi-plotted for N and water
stresses, exhibited two distinct clusters for many traits as then confirmed by principal
component analysis. Although modern varieties showed higher crop yield and NUE
under conventional N and water regimes, ancient varieties exhibited best performances
to cope with both stresses, mainly under water limitation. Finally, the usage index, which
takes into account total biomass increase, underlined that old genotypes were less
affected by both stresses during crop cycle. In particular, these genotypes showed the
best performances for NUE and its components under both stresses at stem elongation
and milk ripening as shown also by PANU. In addition, at these stages, nitrate and
ammonium transporter gene expressions in the root were performed, showing the
highest activity in ancient varieties. In conclusion, the identification of NUE traits during
a specific crop cycle stage, under both N and water limitation, will help in the breeding
of more resilient varieties in Mediterranean sustainable agriculture by reducing N supply.

Keywords: Triticum turgidum spp. durum, water use efficiency (wue), heritability, nitrogen uptake efficiency
(NUpE), nitrogen utilization efficiency (NUtE), post anthesis nitrogen uptake (PANU)
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INTRODUCTION

Fifty percent of total human calories are supported by cereal
crops, and durum wheat (Triticum turgidum L. subsp. durum)
is among the most important crops in the Mediterranean basin
(Padovan et al., 2020). Moreover, global demand for food,
feedstock, and biofuel due to the growing world population is
expected to double by 2050; therefore, improving crop yield
for tackling the future demand is the main challenge in the
next decades (Rathore et al., 2017). Otherwise, to underpin
sustainability in cropping systems, improved resource utilization
should be achieved to reduce fertilizer input. Moreover, another
strategy for increasing crop yield may be the utilization of
marginal areas, where natural resources are limited. In both cases,
the selection of genotypes with higher resource use efficiency
should be the main target in the near future. In this context,
nitrogen and water availability, respectively, represent the main
constraints limiting crop yield (Passioura, 2002). Indeed nitrogen
may be considered as the driving force for plant development,
thereby balancing other nutrients (Hawkesford and Griffiths,
2019). Recently, the massive use of N fertilizers determined
significant harmful effects on biodiversity and the functioning of
terrestrial and water ecosystems, air pollution as well as human
health (Hirel et al., 2007), with only 33% really used by plants
(Raun and Johnson, 1999). In addition, a robust relationship
between nitrogen utilization by crops and water stress, in which
optimal N nutrition can ensure normal metabolic processes even
under water stress conditions, has been reported (Zhang et al.,
2007; Ata-Ul-Karim et al., 2016). The interactions between water
and nitrogen use efficiency (WUE and NUE, respectively) were
also highlighted in wheat when considering leaf photosynthetic
gas exchange (Wang et al., 2016).

In contrast, water deficiency reduces grain yield, nitrogen
uptake, and evapotranspiration, which can be restored by water
supply, by reducing water use efficiency (Plaut et al., 2004; Sun
et al., 2006; Zhang et al., 2006).

To develop sustainable cropping systems by reducing
environmental and health costs and sustaining high crop yields
(Passioura, 2002; Good et al., 2004; Hirel et al., 2007; Sebilo et al.,
2013), management strategies toward lowering irrigation and N
fertilizer rates must be adopted (Quemada and Gabriel, 2016).
WUE and NUE would become achievable goals by using novel
resilient genotypes more capable to uptake and utilize water and
N available in the soil (Fleury et al., 2010; McAllister et al., 2012).

The NUE and WUE concepts imply a complex framework
of multiple physiological processes involved in a plant’s ability
to efficiently uptake and utilize N and water inputs. Several
definitions and methods for measuring both NUE and WUE
have been developed over the years (Good et al., 2004; Sadras,
2004). NUE was defined as the grain yield per unit of N available
from the soil, including N fertilizer (Moll et al., 1982), and also
as the fresh matter (FM) or dry matter (DM) produced per N
content or per N unit taken up from the soil, mainly for biomass
production (Good et al., 2004; Arregui and Quemada, 2008).
Besides this, WUE was defined as crop yield or biomass per
water consumed calculated as evapotranspiration (Tanner and
Sinclair, 1983; Sadras, 2004), which is useful to compare different

agronomic management practices (Quemada and Gabriel, 2016).
Moreover, due to their complexity, simulation models have been
developed to study the WUE and NUE interaction, taking into
account different variables (soil, rainfall, and so on) to confirm
field experiments (Asseng et al., 2001).

Indeed NUE is a complex trait controlled by interacting
genetic and environmental factors. Two physiological
components were defined: nitrogen uptake and utilization
efficiency (NUpE and NUtE, respectively). The first describes
a plant’s ability to take up N from the soil; the second one
refers to the ability of a plant to convert in biomass the
assimilated/remobilized nitrogen (Good et al., 2004; Xu et al.,
2012; Abenavoli et al., 2016; Mauceri et al., 2020). Therefore,
to understand the different strategies in N acquisition, other
NUE definitions were utilized in different contexts such as N
physiological efficiency (NpUE), N recovery efficiency (NRF),
apparent nitrogen recovery rate (ANR), agronomy efficiency
of N fertilizer (AE), and N remobilization efficiency (NRE)
(Xu et al., 2012; Han et al., 2015; Quemada and Gabriel,
2016). Since the first NUE network step is N uptake from
the soil, the transport proteins are key targets for improving
N efficiency. Many transporters are encoded in plants to
respond to different N forms in the soil as nitrate (NO3

−)
and ammonium (NH4

+), which represent the major forms of
nitrogen (N) uptake in higher plants. Nitrate concentration
in the soil is highly variable due to fluctuation, and its uptake
is governed by at least two transport systems, low- and high-
affinity transport systems (LATS and HATS—operating at high
and low N concentrations, respectively). In particular, HATS
allow plants to maximize nitrate acquisition under low N
availability or when limited or no N fertilizer is applied (Malagoli
et al., 2004). In bread wheat (Triticum aestivum L.), a NRT2.1
transporter belonging to the HATS gene family was isolated and
characterized, and its transcript abundances decreased in the
roots in response to NO3

− and NH4
+ (Wang et al., 2011). Unlike

nitrate, NH4
+ is commonly buffered by negatively charged

soil particles. NH4
+ accumulation in cells occurs either by

direct uptake from the rhizosphere via ammonium transporters
(AMTs) or by reduction of NO3

−. Then, it is assimilated into
glutamate via the glutamine synthetase/glutamate synthase
cycle (Masclaux-Daubresse et al., 2010). Saturable and non-
saturable systems operating at low and high external ammonium
concentrations were characterized in several plant species. At
low concentration, NH4

+ uptake is mediated by AMT1-type
transporters (von Wittgenstein et al., 2014).

In the last decades, many attempts were made to identify novel
genes involved in N uptake, assimilation, translocation, recycling,
and remobilization to increase NUE in crops (Kant et al., 2011;
Xu et al., 2012). For this aim, there is potential to utilize genetic
variability from old genotypes for developing new cultivars with
increased ability to use N.

Indeed the research efforts were addressed to the selection
of high NUE genotypes by using allelic variation for NUE
traits through phenotyping segregant populations, mapping
quantitative trait loci (QTLs), and selecting candidate genes
for NUE improvement (Han et al., 2015). Afterward, segregant
recombinant inbred line populations were adopted for QTL
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mapping of traits related to NUE components and yield potential
(Xu et al., 2012; Han et al., 2015). Recently, they have been
identified in Arabidopsis, barley, maize, rice, and wheat mapping
populations (Yang et al., 2017; Zhang et al., 2019; Ertiro et al.,
2020). Improving NUE should also take into account diverse gene
pools; thus, the use of ancient germplasm may represent a useful
resource for breeding programs.

The current study was focused on the responses of four
modern and four ancient durum wheat (Triticum turgidum spp.
durum) genotypes to limited N and water supply, considering
plant growth, yield, and its components and adopting a
two-factor experimental design in both growth chamber and
field condition. To analyze the wheat responses to both
stresses agronomic, physiological and molecular approaches
were adopted.

The combination of N and water stress has been recently
reported (Islam et al., 2021) and, in our dryland condition,
may be useful to identify genotypes within our panel that
are more able to maintain NUE performance under water
stress. This approach could also highlight tolerance mechanisms
in the ancient genotypes included in our study, providing
valuable genotype for improving NUE under a Mediterranean
environment. This is one of the first reports on NUE and WUE
performances and their interaction in different durum wheat
genotypes growing under rainfed Mediterranean conditions.

MATERIALS AND METHODS

Plant Materials
Eight durum wheat (T. turgidum spp. durum) genotypes
(Supplementary Table S1) responsive to N and water stresses
were evaluated in two different trials: growth chamber pot and
field experiments. Four modern varieties, namely, Messapia,
Normanno, Svevo, and Tiziana, widely spread during the 1980s
and 1990s were included in group 1 (G1). Two ancient varieties,
namely, Cappelli and Capeiti, widely cropped during the 1960s
and 1970s in South Italy, as well as two old landraces, namely,
Russello and Mazzancoio, from Sicily and Calabria, respectively,
were included in group 2 (G2). The four modern varieties
were characterized by dwarf/small size and earliness, while the
four ancient genotypes were characterized by tall size/standard
and late maturity.

Growth Chamber Pot Experiment
In the growth chamber, eight genotypes, two water (W20
and W40) and nitrogen (N0 and N80) levels, were combined
and arranged in a completely randomized factorial design
with three replications. The seeds were sown in plastic pots
(15 × 15 × 30 cm, 0.67 L), filled with 600 g soil (8% humidity)
from the experimental station of the Department AGRARIA, and
sieved with a 2× 2-mm wire mesh to remove the coarser part. In
both treatments (N0 and N80), 0.68% (w/v) solution of calcium
hydrogen phosphate (CaHPO4) equivalent to 0.48 g/L of PO4

3−

was distributed in each pot before sowing, and 48 mg KNO3
was added 10 days after emergence. At the same time, 35.5 mg
KCl was supplied to N0 for balancing K+ with the fertilized

treatment (N80). The pots were transferred to a growth chamber
at 18◦C, and at 5 days after emergence, the temperature was
raised to 20◦C for 20 days using 10/14-h light/dark photoperiod
and 340 µmol m−2 s−1 light intensity. During the remaining
20 days, i.e., until the end of the experiment, temperature and
photoperiod were set at 25◦C and 14/10 h, respectively. The W20
and W40 treatments were obtained by maintaining 20 and 40%
humidity (water available) in the pots, periodically measured by
Campbell Scientific’s TDR 100 (Soil moisture TDR technology,
Trase) during plant development in the growth chamber.

Three replications (each consisting of five plants) for
treatment were collected and divided into shoot and root and
then oven-dried at 70◦C for 48 h to determine shoot dry weight
(SDW, g) and root dry weight (RDW, g). Total nitrogen content
(Nc, mg N) was determined by the Kjeldahl method.

Nitrogen use efficiency [NUE, SDW N%−1, where N% is the g
N (100 g DW)−1] (Chardon et al., 2010) and nitrogen utilization
efficiency (NUtE, SDW2 Nc−1) (Siddiqi and Glass, 1981) were
calculated. Nitrogen uptake efficiency (NUpE) was also estimated
as total (shoot + root) dry weight (TDW) × N concentration (g
N g TDW−1) (Chardon et al., 2010). The mean of five sampled
plants was considered.

Field Experiment
The same varieties (V) utilized in the growth chamber were
evaluated at two N and water levels in the field. The experiment
was carried out during the growing season of 2017/2018 at
the experimental station of the University Mediterranea of
Reggio Calabria, located in Gallina of Reggio Calabria (38◦10′
N, 15◦45′ E, 232 m a.s.l.). The “Typic Haploxeralfs” (USDA)
soil with the following physical–chemical features (0–30-cm
depth) was utilized: 35% clay, 25% silt, and 40% sand, pH
7.05, organic matter content 1.75%, total N (Kjeldahl) 1.02h,
P (Olsen) 12.24 ppm, and K 382.18 ppm. The water content at
field capacity and wilting point was 30.3 and 17.2% humidity
(dry weight), respectively.

Soil analysis was performed to determine the nitrogen
mineral forms and total carbon content (Lambda FIAS UV/VIS
Spectrophotometer Perkin Elmer): dry weight was measured after
drying in an oven at 105◦C until a constant mass, and ammonium
(NH4

+–N) and nitrate nitrogen (NO3
−–N) (after extraction in 2

M KCl) were determined.
Temperature and rainfall during the wheat growing season

were comparable to the 25-year mean of the experimental site.
The average monthly minimum and maximum temperature
(October–June period) was 10.0 and 23.7◦C, respectively.
February was the coldest month, and the minimum air
temperature dropped to 6.8◦C. Air temperature started to
increase from March, but frequent variations during March and
April and finally a sharp decline in the third decade of May
were observed. The total rainfall amounted to 496 mm (the 25-
year average in the same period is 552 mm), with the wettest
months being November (105.6 mm) and February (103.6 mm)
(Supplementary Figure S1).

In a split–split–plot experimental design with three
replications, V, W, and N factors were arranged. Two water
levels (W and WS—normal condition and water stress,
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respectively) were assigned to the main plot, two N availability
(N100 and N0: N-normal and N-limiting condition, respectively)
to the subplot, and the eight genotypes to the sub-subplot
(Supplementary Table S1).

Field trial was carried out in succession to a vetch/oat
intercrop for forage. The soil was prepared by summer plowing
at 30-cm depth, followed by two harrowing in autumn. Wheat
was sown on 27 November 2017, adopting 350 plants per square
meter of sowing density. Each plot area was 3.6 m2 (six rows
at 0.20 m apart). In the N100 subplots, 36 kg ha−1 of N and
92 kg ha−1 of P2O5 as diammonium phosphate [(NH4)2HPO4]
were added before sowing; in N0, only phosphorus was
replenished by supplying 92 kg ha−1 of P2O5 as mineral
superphosphate. At 4 weeks after the plants’ emergence, 1-
m2 areas were identified for destructive plant samplings. To
induce WS, eaves gutters (18 cm in width) were placed in
21 January (54 days after sowing) in the inter-row, thus
obtaining 90% of rainfall intercepting main plot surface. The
water intercepted was conveyed into a ditching system with
an adequate slope.

At sowing and during the cropping season, samples were
collected from each main plot (W and Ws) at two soil layers,
0–30 and 30–60 cm, respectively, to calculate, according to the
gravimetric method, the soil water content variations, with a
significant reduction (46%) in the Ws subplot compared to
the control (W).

At the end of tillering (February 26), the eaves gutters were
removed from the main plot, and in the N100 subplots by N top-
dressing application, 64 kg urea was supplied. Weed control was
carried out in March 10 by using pinoxaden (Axial60), clopiralid,
florasulam, and fluroxipir meptil mixture (Columbus).

At each stage, tillering (TI), stem extension (SE), anthesis
(AN), milk ripening (MR), and harvesting (H), five plants were
collected from the sampling area to determine total dry matter.
The plants were cut at 5 cm from the ground; the leaves and stems
were separated, oven dried at 65◦C, and weighted to determine
their dry matter.

At maturity, above-ground biomass (AGB), plant height (PH),
spike number (SN), 1,000 seeds weight (1000SW), and grain yield
(GY) were determined from 1-m2 sampling area of each sub-
subplot. GY was converted into kilogram per hectare at 13%
humidity. The nitrogen content of the dry matter was determined
by the Kjeldahl method.

The total dry matter and the respective nitrogen content were
utilized to calculate nitrogen plant accumulation and partitioning
into the spike and grain.

Nitrogen use efficiency and its components (NUpE and NUtE)
were calculated according to Moll et al. (1982), while the usage
index (UI), over the biological cycle, was estimated according to
Siddiqi and Glass (1981). The following N-related physiological
parameters were also calculated: Harvest Index (HI; ratio between
grain weight and total dry weight), nitrogen harvest index
(NHI; N grain content divided by N total in the plant), post-
anthesis nitrogen uptake (PANU; total N at harvest minus total
N at heading), and NRE (N remobilization divided by total N
at anthesis) (Bogard et al., 2010). The AE and physiological
efficiency (PE) were estimated as the differences between grain

weight with fertilized and unfertilized control for N applied and
taken up, respectively (Good et al., 2004).

Stress Tolerance Index
Stress tolerance indexes (STI-W and STI-N) were calculated
for both N and water treatments and each genotype using the
following formula (Fernandez, 1992):

STI =
Gn × GS

G2
nm

where Gn and Gs are the yield genotypes under no-stress and
stress condition, respectively, and Gnm was the average yield of
all the genotypes under no-stress condition.

Water Use Efficiency
Water used (WU) by the crop in the 0–60-cm layer soil for each
treatment was estimated by adding the amount of rainfall and
the variation in soil moisture content (1U), for each time, net
of percolation losses. WUE was calculated as the ratio between
final grain yield and WU amount (Loss et al., 1997).

Gene Expression
To evaluate the expression levels in the root of some
N-related genes in response to N and W stress, alone or in
combination, real-time PCR analysis was carried out at SE and
MR stages. Three biological replicates were sampled for each
treatment (4) and each genotype (8). Each replicate consisted
in a pool of root from six plants. The primers used for
each gene target are reported in Supplementary Table S2
according to Saia et al. (2015).

RNA was extracted using RNeasy Plant Mini Kit (Qiagen,
Milano, Italy) according to the manufacturer’s protocol, and its
quality and quantification were assayed using NanoDrop 2000
(Thermo Scientific). A first-strand cDNA was synthesized from
2 µg of total RNA (Tetro cDNA synthesis kit) using oligo-
dT primers as suggested by the Bioline manufacturer. Real-
time PCR (qPCR) was performed on DNA Engine Opticon2
(Bio Rad) using SYBR Green master mix kit (Sigma-Aldrich)
according to the manufacturer’s instructions. The qPCR was
carried out starting from 2 min at 95◦C (initial denaturation)
and then for 40 cycles consisting of 30 s at 94◦C, 30 s at
60◦C, and 1 min at 72◦C. The qPCR results were analyzed by
the 2−1Ct comparative method as previously described (BioRad
Real-Time PCR Application guide) (Livak and Schmittgen,
2001). Relative changes in expression were determined by
calculating the 1Ct referring to housekeeping (Ct 18S) genes
(Supplementary Table S2).

Statistical Analysis
The data from both experiments were checked for normality
(Kolmogorov–Smirnov test) and tested for homogeneity of
variance (Leven median test). Then, the data from the growth
chamber pot experiment were analyzed by two-way ANOVA
(with variety and stress as main factors), and the means were
separated by Tukey’s honest significant difference test (p < 0.05)
by using the Systat software (Systat Software Inc., Chicago, IL,
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United States). The data from the field experiment were analyzed
as split–split–plot ANOVA by using agricolae package in R
software (R Core Team, 2017).

The relationship between NUE and WUE, through regression
analysis, was studied. Finally, Pearson’s correlations among
morpho-physiological traits were performed by using corrplot
package (Wei and Simko, 2017), whereas principal component
analysis (PCA) was performed by using factoextra package based
on ggplot2 package (Wickham, 2009), both in R software v.3.4.3
(R Core Team, 2017).

RESULTS

Growth Chamber Pot Experiment
In a controlled condition, the NUE, NUpE, and NUtE of eight
durum wheat varieties in response to N and W stress, alone or
in combination, were estimated. Variety (V) and stress (S) as
main factors were highly significant in all the traits but not its
interaction (Figure 1).

At the control (N100/W), NUE ranged from 0.125
(Mazzancoio) to 0.054 (Capeiti), with an average of 0.088 and
28% of variability (coefficient of variability, CV). Furthermore,
NUE did not show any significant difference within genotypes
when N stress was applied, exhibiting a weak increase in
Mazzancoio, Messapia, and Russello. In contrast, water stress
significantly reduced NUE in all the genotypes, ranging from
69% (Russello) to 33% (Normanno), with an average of 51%
compared to the control, suggesting their different degree of
tolerance to drought stress (Figure 1A).

Similar responses were observed for NUtE, where V and
S showed significant differences (p = 0.0313 and p < 0.0001,
respectively), unlike V× S (Figure 1B). At the control, a marked
NUtE variability among genotypes was detected (CV = 46%),
ranging from 0.0064 (Mazzancoio) to 0.0014 (Capeiti) and with
an average of 0.0037. As already observed for NUE, N stress
did not determine any significant differences among varieties,
whereas a marked reduction was induced by water and combined
stresses (Figure 1B). In particular, W stress reduced NUtE
differently, ranging from 89% (Russello) to 58% (Normanno) and
with an average of 75%. Combined stress likewise reduced NUtE,
ranging from 87% (Svevo) to 73% (Normanno) (Figure 1B),
suggesting a possible additive stress effect.

Finally, although only the S factor was significantly different
(p < 0.0001) for NUpE, at the control, the genotype responses
were quite different, ranging from 0.054 (Mazzancoio) to 0.032
(Capeiti) and with an average of 0.041. Moreover, N stress
reduced NUpE in Normanno (26%), Mazzancoio (33%), Russello
(34%), and Svevo (30%), whereas an increase was observed
in Cappelli (27%). Finally, all the genotypes exhibited a more
marked reduction in NUpE when water stress as well as combined
stress were applied (Figure 1C).

Field Experiments
Biomass Accumulation and Crop Yield
The biomass accumulation under W and/or N stress during
durum wheat biological cycle was evaluated (Table 1). At TI,

FIGURE 1 | Single and combined effect of N and water stress on nitrogen use
efficiency (A), nitrogen utilization efficiency (B), and nitrogen uptake efficiency
(C) of eight durum wheat varieties grown in a controlled environment. Values
are means (n = 5) ± SE.

biomass production was affected by water, N stress as well as
their interaction, with Mazzancoio and Cappelli exhibiting the
most contrasting performance (327 vs. 153 g m−2). Similar effects
were observed at SE, in which both W and N stress negatively
affected the above-ground biomass production in Mazzancoio
and Cappelli by 24 and 42%, respectively. At this stage, the
highest performance was observed in Messapia (594 g), whereas
Capeiti (380.26 g) recorded the lowest value (Table 1).
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TABLE 1 | Agronomic traits of wheat varieties under two N (0 and 100) and water (20 and 40) regimes in field condition.

Factor DWTI DWSE DWAN DWMR DWH ER 1000SW SN GY

Water stress W0 284.70a 501.59a 965.15a 1,370.53a 1,459.15a 20.56a 49.26a 242.45a 438.07a

Ws 184.95b 380.08b 945.28a 1,424.19a 1,336.07a 20.31a 45.24b 215.87a 370.23b

N stress N0 155.73a 324.20a 750.69a 1,091.23a 1,183.10a 19.39a 49.17a 245.25a 345.70a

N100 313.93b 557.46b 1,159.75b 1,703.5b 1,612.12b 21.48b 45.33b 213.08b 462.60b

Variety Capeiti 170.25de 380.26e 742.92de 1,006.53e 981.68d 16.83f 45.92b 167d 381.21c

Cappelli 152.92e 407.93cd 710.08e 1,657.9a 1,589.75ab 24.00c 49.07a 221bc 348.88d

Mazzancoio 326.67a 429.02c 1,367.61a 1,701.1a 1,601.86ab 33.58a 48.71a 202c 367.05cd

Russello 248.76c 384.43e 1,146.30b 1,522.89ab 1,637.42a 30.33b 47.54ab 259.66a 368.10cd

Svevo 257.37bc 533.64b 864.95cd 1,280.64cd 1,238.29c 8.08g 46.37b 250.33a 422.79b

Tiziana 276.74b 397.63de 904.42c 1,384.7bc 1,459.31ab 22.58d 48.61a 238.66ab 445.40ab

Messapia 264.39bc 593.97a 1,097.59b 1,445.9bc 1,421.24bc 8.17g 45.64b 237.66ab 452.77a

Normanno 181.52d 399.97de 807.88cde 1,179.1de 1,251.30c 19.92e 46.13b 257a 446.39ab

Block ns ns ns ns ns ns ns ns ns

Water (W) * * ns ns ns ns * ns **

Nitrate (N) *** *** ** *** *** *** * * ***

W * N * ** ns ns ns * ns ns **

Variety (V) *** *** *** *** *** *** *** *** ***

V * W *** *** ** *** ns ns ns *** ***

V * N *** *** *** * *** ns * *** ***

V * W * N *** *** ns ns * ns ns ns ns

DWTI, dry weight tillering; DWSE, dry weight stem extension; DWAN, dry weight at anthesis; DWMR, dry weight at milk ripening; DWH, dry weight harvest; ER, earliness;
1000SW, thousand seed weight; SN, spike number; GY, grain yield. Different letters along column and within each factor indicate significant differences (least significant
difference at p < 0.05), whereas *, **, ***, indicate significant differences at p < 0.05, 0.01, and 0.001 respectively.

At AN, MR, and H, significant variations in biomass
production were observed only under N stress. In detail,
significant differences at AN and MR on above-ground biomass
production were found among varieties, ranging from 1,368 g
(Mazzancoio) to 710 g (Cappelli) and from 1,701 g (Mazzancoio)
to 1,179 g (Normanno), respectively. Finally, at H, only N0
significantly affected biomass accumulation compared to the
control (N100), ranking from 1,637 g (Russello) to 982 g
(Capeiti) (Table 1).

The earliness was affected by N stress with a significant
reduction (10%), unlike W stress, with a range from 33.58
(Mazzancoio) to 8.08 (Svevo) days. Both W and N stress
significantly reduced thousand seed weight (1000SW) by 8.1 and
7.8%, respectively. Furthermore, significant differences among
genotypes were observed: Mazzancoio, Cappelli, and Tiziana
exhibited higher values. Significant differences under N stress
among varieties in SN were detected, ranging from 259.6
(Russello) to 167 (Capeiti) (Table 1). Moreover, all the factors
(W, N, and V) and their interactions were statistically significant
when considering GY. In particular, water and N stress reduced
GY by 14 and 25.3% compared to the control, respectively;
significant differences for this trait were also observed among
genotypes, ranging from 452.77 g (Messapia) to 348.88 g
(Cappelli) (Table 1).

HI, NHI, PANU, and NRE did not show any significant
variations under water stress (Table 2). In addition, HI was
also unaffected by N stress, although a significant variation
was observed among varieties, ranging from 0.419 (Capeiti) to
0.230 (Cappelli). Moreover, N stress reduced NHI, showing a

significant variation among varieties in which Svevo (0.76) and
Mazzancoio (0.61) exhibited contrasting performance (Table 2).

Under N stress, PANU was reduced by 27.1%. Significant
differences (p < 0.001) were also observed among varieties,
in which Mazzancoio, Russello, and Cappelli showed higher
PANU (15.95, 15.46, and 14.18, respectively) compared to the
others (Table 2).

Finally, the NUE and NUtE appeared significantly influenced
by both stresses, and the highest values were recorded in
Messapia, whereas the other varieties displayed contrasting
responses. In contrast, NUpE was significantly affected only by
N stress (Table 2).

Agronomic and Physiological Efficiency
The agronomic and physiological efficiency (AE and PE,
respectively) that already include the responses to N stress were
estimated considering the W regimes (W and Ws).

The Ws affected AE in all the genotypes, ranging from Russello
exhibiting the most marked reduction (90%) to Cappelli (76%),
Capeiti (59%), and Svevo (15.6%) (Figure 2A).

The PE appeared significantly increased in Capeiti
(52.4%), Messapia (50.7%), Tiziana (31.1%), and Mazzancoio
(23.9%). In contrast, Cappelli, Normanno, and Russello
exhibited a consistent PE reduction by 68.7, 82, and 89.6%,
respectively (Figure 2B).

Water Use Efficiency
Water use efficiency was estimated in all the varieties and at
both stress conditions (Figure 3). Analysis of variance underlined
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TABLE 2 | Physiologic traits of wheat varieties under two N (0 and 100) and water (20 and 40) regimes in field condition.

Factor HI NHI PANU NRE NUE NUpE NUtE

Water stress W 0.313a 0.70a 13.87a 0.221a 7.64a 0.65◦ 12.10a

Ws 0.312a 0.69a 12.30a 0.190a 6.97b 0.63◦ 10.99b

N stress N100 0.318a 0.72a 11.03a 0.234a 11.08a 0.99a 11.29a

N0 0.307a 0.67b 15.14b 0.177b 3.52b 0.30b 11.81b

Capeiti 0.419a 0.74ab 13.75bc 0.151bc 7.207bcd 0.673a 10.82cd

Variety Cappelli 0.230d 0.70b 14.18ab 0.204ab 6.48d 0.631bc 10.29d

Mazzancoio 0.234d 0.61c 15.46ab 0.140c 6.72cd 0.666ab 10.04d

Russello 0.231d 0.63c 15.95a 0.138c 6.76cd 0.649abc 10.22d

Svevo 0.357bc 0.76a 12.04cd 0.246a 7.431abc 0.664ab 11.76bc

Tiziana 0.332bc 0.71b 11.52d 0.26a 7.845ab 0.612c 12.89ab

Messapia 0.325c 0.73ab 11.29d 0.255a 8.057a 0.650abc 13.25a

Normanno 0.372b 0.70b 10.51d 0.252a 7.967ab 0.623c 13.13a

Block ns ns ns ns ns * **

Water (W) ns ns ns ns * ns **

Nitrate (N) ns ** ** * *** *** ns

W * N ns ns ns ns ns ns ns

Variety (V) *** *** *** *** *** * ***

V * W ** *** ns ns *** ns *

V * N *** ** *** *** ns *** *

V * W * N ** *** ns ns ** ** **

HI, harvest index; NHI, nitrogen harvest index; PANU, post-anthesis nitrogen uptake; NRE, nitrogen remobilization efficiency; NUE, nitrogen use efficiency; NUpE, nitrogen
uptake efficiency; NUtE, nitrogen utilization efficiency.Different letters along column within each factor indicates significant differences (least significant difference at
p < 0.05), whereas *, **, ***, indicate significant differences at p < 0.05, 0.01, and 0.001 respectively.

the high significance (p < 0.001) of all the main factors (variety
and both stress) as well as their interaction (p < 0.001). At the
control, WUE ranged from 1.30 (Cappelli) to 1.81 (Messapia),
with a 1.54 average evidencing significant differences among the
varieties. Moreover, all the varieties exhibited a WUE reduction
(average 1.06) under N stress, albeit ranging from Capeiti (−18%)
to Russello (−38%). As expected, under W stress, WUE tended
to increase in all the varieties except for Russello, which showed
a limited and not significant reduction compared to the control.
Finally, the combined stress determined contrasting responses
among the varieties. Cappelli and Russello restored WUE at the
control level under both stresses (Figure 3).

Heritability
To determine the percentage of explained variance due to
genetics, environment (as W and N stress), and their interaction,
global ANOVA was performed for all the traits (Supplementary
Figure S2). The higher rate of genetic variation was registered
for heading days (96.7%) and plant height (89%), followed by HI
(42.8%), NUtE (30.5%), and dry weight at AN (30.4%), whereas
the smallest rate of genetic contribution was found in NUpE
(0.2%) (Supplementary Figure S2).

Stress Tolerance Index Among Genotypes
The biplot analysis using STI-W vs. STI-N allowed us to describe
the different performances of all the varieties and to explain
their different tolerance to W, N, and combined stress. In detail,
the localization in the dials of each variety, by plotting the two
indices, indicated the tolerance degree to each stress. The CV
and the correlation (R2), calculated for each trait, described

the phenotypic variability and the relationship between the
responses of each variety to both stresses (Figure 4). The earliness
showed the highest CV (=0.73) and a significant correlation
(R2 = 0.998) among the traits, resulting in the distribution along
a diagonal line in the graph, from Mazzancoio to Messapia
and Svevo, the most tolerant varieties to both stresses. The
lowest CV accompanied by a significant R2 between stress
was recorded for 1000SW, indicating a marked similarity for
this trait in all the varieties. The SN displayed low CV (0.33)
and R2 (0.55), with a rank of tolerance to both stresses from
Tiziana and Svevo (tolerant) to Capeiti, Cappelli, and Mazzancoio
(sensitive) (Figure 4).

More interestingly, a relatively high correlation (R2 = 0.80)
associated with a lower CV (0.26) was evident for GY, where
two clusters were well distinguishable: a tolerant cluster including
Svevo, Messapia, Normanno, and Tiziana with higher values
of both indices (tolerant) and a sensitive cluster comprising
Cappelli, Capeiti, Mazzancoio, and Russello (Figure 4). A low
CV (0.39) together with a significant R2 was instead recorded for
PANU, where Russello and Mazzancoio showed higher tolerance
to both stresses compared to Messapia, Normanno, and Svevo,
the more sensitive ones. Russello, Capeiti, and Mazzancoio
showed lower values in both indices when considering NER
(CV = 0.69 and R2 = 0.67), unlike Messapia (Figure 4).

Finally, two distinct clusters for NUE (CV = 0.65 and
R2 = 0.80) and NUtE (CV = 0.29 and R2 = 0.95) were
distinguishable, including the modern varieties (Messapia,
Tiziana, Normanno, and Svevo), which were more efficient in
N use and utilization at both stresses compared to the oldest
ones. In contrast, all the varieties showed similar responses to
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FIGURE 2 | Agronomic (A) and physiological (B) efficiency of eight durum wheat genotypes exposed to two water regimes in the field. Values are means
(n = 5) ± SE.

N stress except for the NUpE component which was not able to
determine a clustering between groups of genotypes due to a very
low correlation between stresses (R2 = 0.23) (Figure 4).

Pearson’s Correlation and Principal Component
Analysis
Pearson’s correlation between traits showed the highest positive
values between NUE and NUtE (0.97), NUE and GY (0.97),
and NUtE and GY (0.96) as expected, PANU and PH (0.96) as
well as dry weight at milk ripening (DWMR) and at harvesting

(DWH) (0.94). In contrast, the highest negative correlations
were detected for DWMR and DWH vs. HI (−0.97 and −0.96,
respectively), NUE, NUtE, NRE, and GY vs. PH (−0.92, 0.92,
−0.91, and −0.91, respectively). Similar negative correlation
values were also observed between NUE, NUtE, NRE, and GY
vs. PANU (Figure 5).

The PCA was performed by computing crop yield main
components as well as physiological traits. The PC1 and
PC2 explained 51.2 and 21.4% of the variance, respectively
(Supplementary Figure S3). Two clusters, named group 1 (G1)
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FIGURE 3 | Water use efficiency of eight durum wheat varieties under water and nitrogen stress alone or in combination in the field experiment. Values are means
(n = 5) ± SE.

FIGURE 4 | Biplot of stress tolerance index (STI) for N and water stress for each trait. Pearson’s correlation was calculated, and R2 as well as their significance are
reported. Coefficient of variation was also reported (for STI calculation, see section “Materials and Methods”).

and group 2 (G2), were identified as previously reported for
some traits in the biplot (see Figure 4). The G1 included
the modern varieties Messapia, Tiziana, Svevo, and Normanno,

mainly based on NUE, NUtE, and NRE, whereas Russello,
Mazzancoio, Cappelli, and Capeiti were included in G2, showing
similar NUpE and PANU (Supplementary Figure S3).
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FIGURE 5 | CorPlot of Pearson’s correlation among morpho-physiological traits in eight durum wheat genotypes. Positive and negative correlations are displayed in
blue and red, respectively. The color intensity and the circle size are proportional to the correlation coefficients. The absence of circles in the squares indicates values
with significance of p > 0.05. DWTI, dry weight tillering; DWSE, dry weight stem extension; DWA, dry weight at anthesis; DWMR, dry weight at milk ripening; DWH,
dry weight harvest; E, earliness; PH, plant height; 1000SW, thousand seed weight; SN, spike number; GY, grain yield; HI, harvest index; NHI, nitrogen harvest index;
PANU, post-anthesis nitrogen uptake; NRE, nitrogen remobilization efficiency; NUE, nitrogen use efficiency; NUpE, nitrogen uptake efficiency; NUtE, nitrogen
utilization efficiency.

Characterization of Two Different Groups of
Genotypes
To outline the different responses to stress, alone or in
combination, of G1 and G2, previously identified by biplot
(Figure 4) and confirmed by PCA (Supplementary Figure S3),
GY and several physiological traits were compared (Figure 6). G1

included the modern durum wheat varieties Messapia, Tiziana,
Svevo, and Normanno, while G2 included the old landraces
Russello and Mazzancoio from Sicilian and Calabria, respectively,
and the old varieties Cappelli and Capeiti. Regardless of stress
exposure, GY was significantly higher in G1 than in G2, as
expected. Nevertheless, N, W, and combined stresses significantly
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FIGURE 6 | Yield and N-related physiological traits of two groups of genotypes: group 1 (Messapia, Tiziana, Svevo, and Normanno) and group 2 (Russello,
Mazzancoio, Cappelli, and Capeiti). Values are means (n = 5) ± SE. Different letters indicate means that differ significantly according to Tukey’s honest significant
difference test at p < 0.05. GY, grain yield (A); PANU, post-anthesis nitrogen uptake (B); NRE, nitrogen remobilization efficiency (C); HI, harvest index (D); NHI,
nitrogen harvest index (E); NUE, nitrogen use efficiency (F); NUpE, nitrogen uptake efficiency (G); NUtE, nitrogen utilization efficiency (H).

reduced GY in G1 by 32, 19, and 42%, respectively, compared
to the control, whereas a lower reduction was observed in
G2 (26, 20, and 29%, respectively) (Figure 6A). Interestingly,

under control as well as W stress, a higher PANU was observed
in G2 compared to G1 (Figure 6B). In contrast, under the
same conditions, G1 exhibited a higher NRE compared to
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G2 (Figure 6C). G1 and G2 did not show any significant
differences in HI and NHI (Figures 6D,E). As expected, both
groups showed a significantly higher NUE under N alone and
combined stress, although G1 exhibited a higher NUE compared
to G2 under N stress. However, these differences between groups
disappeared under combined stress (Figure 6F). Significant
differences among treatments were observed for NUpE but not
between groups, as expected, by biplot analysis (Figure 6G).
Finally, G1 showed a higher NUtE in the control and under
water stress when compared to G2. More interestingly, water
stress significantly reduced NUtE in G1, whereas G2 did not show
any significant differences at all the treatments compared to the
control (Figure 6H).

Usage Index Over the Life Cycle
To determine the key stages of wheat life cycle affected by
stress, alone or in combination, and to visualize the different
responses between G1 and G2, the UI, as dry biomass yielded for
available N, was calculated. The UI allowed us to evaluate either
the increase in biomass or, concurrently, the N accumulation
amounts at each stage of the life cycle (Figure 7).

In detail, both groups displayed a similar pattern alongside the
life cycle at the control (Figure 7). Under N stress, G1 exhibited
a more marked UI reduction compared to the control at all
stages and by 69, 54, 61, 63, and 37% at tillering (UITI), stem
extension (UISE), anthesis (UIAN), milk ripening (UIMR), and
harvesting (UIHA), respectively (Figure 7A). In contrast, G2
showed a less marked UI reduction by 59, 45, 56, 44, and 24%
compared to the control, especially at MR (63 vs. 44% and G1
vs. G2, respectively). G1 and G2 showed a weak UI reduction
compared to the control when water stress was applied, although
G2, starting from anthesis, exhibited a lower UI reduction or
even an increase at MR (13%, with respect to the control) and
at harvest (Figure 7B). Finally, a similar trend between the
groups was observed when both stresses were applied, showing
a marked UI reduction compared to the control at TI, SE, and
AN. Interestingly, at MR and H, G1 showed a significantly higher
UI reduction by 43 and 43% compared to 24 and 23% of G2,
respectively. Thus, G2 showed a significantly higher tolerance to
combined stress compared to G1 (Figure 7).

Gene Expression
At SE and MR, the gene expression profiles for nitrate
(NRT2.1 and NPF6.3) and ammonium (AMT1.2 and AMT2.1)
transporters of wheat genotypes exposed to N and water
stress, alone or in combination, were evaluated by RT-PCR
(Figures 8, 9). The NRT2.1 expression displayed significant
differences in varieties, stress applied, and their interaction at
both phenological stages (Figures 8A,B). At the control, the
ancient varieties (Mazzancoio, Cappelli, Capeiti, and Russello)
exhibited a higher expression level compared to the modern
ones (Svevo, Messapia, Normanno, and Tiziana) at both stages
(Figures 8A,B). Under N stress, a significant increase in NRT2.1
transcript abundance was detected in all the varieties at SE stage,
ranging from 70% (Messapia) to 127% (Normanno), compared to
the control (Figure 8A). Besides this, under water and combined
stress, a moderate reduction of gene expression was observed

in all the varieties, albeit with some differences among varieties.
In detail, under combined stress, NRT2.1 expression reduction
compared to the control was observed, ranging from 16%
(Mazzancoio) to 59% (Normanno), with the best performances
in Mazzancoio, Cappelli, and Capeiti (Figure 8A).

Under N stress, an expected increase of NRT2.1 expression
in all the varieties compared to the control was observed at
MR stage, ranging from 21% (Capeiti) to 50.7% (Messapia).
In contrast, a reduction of transcript abundance was observed
under water as well as combined stress. Mazzancoio and Capeiti
confirmed their best performance with a limited reduction
in gene expression, whereas Normanno showed the worst
one (Figure 8B).

At the control, the dual-affinity transporter NPF6.3 showed
a higher expression in the ancient varieties than the modern
ones at both stages (SE and MR), as already observed for
NRT2.1 (Figures 8C,D). At SE, the NPF6.3 transcript abundances
were reduced in all the genotypes compared to the control
under both N and combined stress; in contrast, water stress
moderately increased its gene expression (from 16 to 26% by
Svevo and Russello, respectively) (Figure 8C). At MR, similar
trends in NPF6.3 gene expression were detected in Mazzancoio,
Cappelli, Capeiti, and Svevo when compared to SE, whereas
the other varieties did not show significant differences among
treatments (Figure 8D).

Furthermore, gene expression levels related to ammonium
transporters (AMT1.2 and AMT2.1) at SE and MR were reported
(Figure 9). Significant differences (p < 0.0001) related to variety,
stress, and their interaction for both genes and stages were
observed, as well as for nitrate transporters (Figures 9A–D). At
SE stage, AMT1.2 expression level increased in all the genotypes
under N stress compared to the control (from 29 to 75% by
Cappelli and Svevo, respectively). Water as well as combined
stress reduced the AMT1.2 transcript abundances in the modern
varieties, whereas the ancient ones did not show any differences
compared to the control (Figure 9A). At MR stage, the modern
varieties highlighted a lower AMT1.2 expression at the control,
whereas all the stress reduced its transcript abundances in all
the varieties (Figure 9B). Finally, N stress increased the AMT2.1
expression in all the genotypes, although with differences among
varieties, while W and combined stress significantly reduced its
expression when compared to the control only in the modern
varieties at both stages (Figures 9C,D).

DISCUSSION

A high N requirement is necessary for plant growth, crop yield,
and quality, thus the optimization of N fertilizer management
along with the adoption of high NUE wheat varieties is the
most promising strategy to maximize crop yield and efficiently
safeguard the environment (Arregui and Quemada, 2008; Zörb
et al., 2018). Besides N, water availability is another of the
major limiting factors for wheat yield (Austin, 2011), and
unfortunately rainfall patterns in many world regions, including
the Mediterranean Basin, are becoming unpredictable (Monjon
and Martin-Vide, 2016). Therefore, the selection of resilient crop
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FIGURE 7 | Usage index of nitrogen during phenological stages of durum wheat genotypes. Group 1: Messapia, Tiziana, Svevo, and Normanno (A) and group 2:
Russello, Mazzancoio, Cappelli, and Capeiti (B) calculated according to Siddiqi and Glass (1981). UITI, usage index at tillering; UISE, usage index stem extension;
UIAN, usage index at anthesis; UIMR, usage index at milk ripening; UIH, usage index at harvest.

varieties has become one of the main objectives to tackle abiotic
stress. In the present study, ancient and modern durum wheat
varieties were compared, taking into account the key role of

N metabolism-related genes in the transition from landraces to
modern varieties in durum wheat as recently reported (Gioia
et al., 2015). In detail, NUE and related physiological traits among
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FIGURE 8 | Expression of genes relative to nitrate transporter in durum wheat root. NRT2.1 and NPF6.3 relative expression at stem elongation (A,C) and milk
ripening (B,D) are shown.

genotypes exposed to water and nitrogen stress, alone or in
combination, were assessed to identify genotypes able to maintain
a high NUE.

The variability for NUE and its components into the tetraploid
wheat panel was firstly evaluated in the growth chamber
pot experiment, which provided a controlled environmental
condition to better analyze abiotic stress effects with lower costs
(Rebetzke et al., 2014; Yadav et al., 2019). Considering the
total biomass increase, this experiment allowed us to identify
a significant variability in NUE and its components among
genotypes. Although the variety × stress (V × S) interaction did
not exhibit significant differences in NUE and its components,
either NUE or NUtE was characterized by a marked reduction
under water stress, unlike the N-limiting condition. These first
results chiefly indicated that our panel is suitable for field trials
based on NUE variability, at a greater or lesser extent, among
genotypes under water stress.

Then, the genotype response to water and N stress, alone
or in combination, was compared in field conditions. Firstly,

we outlined that the arrangement of aluminum channels in
the soil made it possible to simulate water stress due to the
significant differences on many traits between rainfed and water-
stressed main plots. Moreover, global ANOVA indicated a high
contribution of genetic contribution to the phenotypic variation
in some key parameters such as NUtE, HI, PANU, and biomass
in our genotype panel. Interestingly, some genotypes, e.g., the
old landrace from Calabria (Mazzancoio) and the old variety
Cappelli, accumulated a higher biomass alongside different
phenological stages during their life cycle. Dry matter increase at
harvest may be considered as an achievable and feasible strategy
in breeding programs (Aparicio et al., 2002; Hawkesford, 2017).
In detail, Mazzancoio exhibited higher biomass from tillering
to anthesis, thereby demonstrating a potential tolerance to both
stresses. Interestingly, the increase in biomass before anthesis
was considered as a pivotal response for improving crop yield
in cereals (Slafer et al., 2005; Estrada-Campuzano et al., 2012).
So far, the identification of some NUE-related traits in these
genotypes (Mazzancoio and Cappelli) may be useful for breeding
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FIGURE 9 | Expression of gene relative to ammonium transporter in durum wheat root. AMT1.2 relative expression at stem elongation (A) and milk ripening (B) are
shown; AMT2.1 relative expression at stem elongation (C) and milk ripening (D) are shown.

programs to improve NUE performance under multiple abiotic
stresses (N plus water). Indeed the increase of above-ground
dry matter under abiotic stress was frequently correlated to crop
yield (Miralles and Slafer, 2007; Reynolds et al., 2007; Estrada-
Campuzano et al., 2012). Among the physiological parameters,
HI did not exhibit any significant differences under N and water
stress, and these results appeared to be in agreement with those
of Mahjourimajd et al. (2016), demonstrating that a different
N rate supply did not influence HI in an Australian wheat
mapping population.

Post-anthesis nitrogen uptake is an important parameter for
identifying higher-yield wheat variety (Monaghan et al., 2001),
which allowed us to distinguish the contrasting behavior between
ancient and modern varieties under normal and limited N supply.
Indeed the ancient varieties (Russello, Mazzancoio, Cappelli, and
Capeiti) exhibited higher PANU values compared to the modern
ones. This contrasting behavior between ancient and modern
varieties was also supported by the main N uptake-related gene

expression analysis (NRT2.1, NPF6.3, AMT2.1, and AMT1.2).
Indeed the best performing genotypes for PANU showed the
highest transcript abundances for NRT2.1 and AMT2.1, at control
and stress conditions, during both pre- and post-anthesis stages.
In wheat, a correlation between N transporter expression level
and NUE, with critical differences during grain filling and other
NUE-related processes, was recently highlighted (Hawkesford,
2017). More recently, Guo et al. (2019), comparing three wheat
cultivars with different N efficiency, demonstrated that the
more efficient cultivars exhibited a higher expression of nitrate
transporters compared to the inefficient ones. It is noteworthy
that these differences were more marked in pre-filling stages,
according to our results, in which gene expression was performed
at SE and MR stages. In contrast, as previously observed by Duan
et al. (2016), the ammonium transporters were markedly induced
by water stress in the vegetative stage. However, further studies
are needed to better understand the relative contribution of NRT
and AMT transporters.
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Furthermore, a significant correlation was previously
observed between PANU and grain protein deviation (GPD),
which indicated the deviation between grain yield and grain
protein content by regression, appearing under a stout genetic
control (Monaghan et al., 2001; Bogard et al., 2010; Taulemesse
et al., 2016). These latter authors characterized a bread wheat
genotype with positive GPD supported by an increased ability to
uptake nitrogen (N) at maturity, regardless of N amount taken
up before flowering (Taulemesse et al., 2016). Their results were
sustained by a higher NRT2.1 expression alongside flowering as
we have observed in the ancient varieties. The PANU-correlated
traits useful to select genotypes with higher grain protein content
could represent as one of the main targets in wheat breeding
programs (Branlard et al., 2001; Oury et al., 2010).

However, in addition to NUE and its components, other
measures should be taken into account when a genotype
collection is assessed for improving this complex trait (Moll
et al., 1982; Wu et al., 2011). The AE comparing two diverse
watered plots as well as N treatments evidenced variability among
genotypes, in which the modern varieties showed higher AE
under optimal water availability. In contrast, under water stress,
a lower AE reduction in ancient varieties was observed, and this
behavior could be due to the selection strategy adopted for the
constitution of modern varieties (Taranto et al., 2020). According
to AE results, the PE evidenced a similar contrasting behavior
between ancient and modern genotypes, suggesting the greater
ability of the ancient varieties to withstand water stress than
the modern ones.

Moreover, to better understand the genotype responses to
stress, alone or in combination, the tolerance index to both
stresses (STI-W and STI-N) were estimated. A clustering of
different behaviors between ancient and modern varieties was
observed for many traits including AE and PE data. In detail,
modern varieties showed higher tolerance to both stresses
than the ancient ones for NUE (CV = 0.65, R2 = 0.80) and
NUtE (CV = 0.29, R2 = 0.95). These results confirmed some
recent evidence on the possible indirect selection by breeders
of wheat varieties with improved NUE, as a result of choosing
higher-yielding varieties (Cormier et al., 2013; Taranto et al.,
2020). In particular, Taranto et al. (2020) outlined the selection
impact on the Italian durum wheat genetic diversity where
the analysis of diversity patterns resulted in the detection of
major QTL that could define the differences between ancient
and modern varieties. Interestingly, these QTL affected plant
height, earliness, and grain quality, many of which were
localized in genomic regions where N metabolism-related genes
were mapped (Taranto et al., 2020). In agreement, our results
highlighted that higher NUE varieties presented all these traits
and were included in the modern varieties namedgroup 1.

In contrast, ancient varieties exhibited higher values of both
STI compared to the modern varieties for PANU, a trait useful for
pyramiding QTL to improve NUE.

Overall, the significant correlation between STI-N and STI-W
for several traits confirmed that tolerance mechanisms to both
stresses could be pyramided in such genotypes, and these results
were supported by the correlation between NUE and WUE either
at low or high N supply. It is well known that N and W use

efficiency evolved from diploid to hexaploid in a similar way (Li
et al., 2003), and some genes linked to both NUE and WUE have
just been mapped on the same chromosomes (Zhou et al., 2006;
An et al., 2006).

Furthermore, PCA confirmed two distinct clusters of
genotypes according to their year of constitution, although the
older Capeiti appeared slightly different from Cappelli, Russello,
and Mazzancoio, according to its pedigree (De Cillis, 1942; Fiore
et al., 2019).

Finally, the UI analysis along the durum wheat life cycle
pointed out well the ability of ancient varieties to accumulate
more biomass in pre- and post-anthesis compared to the modern
ones under W stress. It is noteworthy that the highest UI at
milk ripening outlined by G2 under both stresses, alone and in
combination, resulted to be of very high interest, confirming the
higher tolerance of the durum wheat ancient landrace/varieties to
abiotic stress.

CONCLUSION

The old landraces from Calabria and Sicily (Mazzancoio and
Russello) as well as the ancient genotypes (Cappelli and Capeiti)
tend to promote vegetative growth, showing a higher tolerance
to both stresses in both growth chamber and field experiments,
while grain filling efficiency was higher in the modern ones.
Thus, our data demonstrated that the selection of varieties with
high N use efficiency led to lowered tolerance to other abiotic
stress. In this respect, ancient varieties could represent suitable
genetic resources useful in durum wheat breeding programs for
selecting genotypes adaptable to a more sustainable cropping
system, characterized by low rainfall and N fertilizer input, in the
Mediterranean environment.
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High crop yields are generally associated with high nitrogen (N) fertilizer rates. A growing 
tendency that is urgently demanding the adoption of precision technologies that manage 
N more efficiently, combined with the advances of crop genetics to meet the needs of 
sustainable farm systems. Among the plant traits, stem architecture has been of paramount 
importance to enhance harvest index in the cereal crops. Nonetheless, the reduced stature 
also brought undesirable effect, such as poor N-uptake, which has led to the overuse of 
N fertilizer. Therefore, a better understanding of how N signals modulate the initial and 
late stages of stem development might uncover novel semi-dwarf alleles without pleiotropic 
effects. Our attempt here is to review the most recent advances on this topic.

Keywords: stem development, nitrogen use efficiency, internode elongation, high crop yield, nitrogen fertilizer

INTRODUCTION

To secure steadily growing global demand for food, agronomic practices have increasingly 
spurred more nitrogen (N) fertilizer inputs to agricultural lands, leading not only to economic 
competitiveness between smallholder farmers, but also causing detrimental and pervasive impacts 
on the environment and climate (Cui et  al., 2018; Kanter et  al., 2019). Yet according to FAO 
(2019), N fertilizer consumption may continue its uptrend on global demand in the foreseeable 
future, rising by 2.6% to reach 111.5 teragrams (Tg) N by 2020/2022. In a world of climate 
volatility and over-farming, global food security is reliant on crop yield forecasting, which 
entails various elements of uncertainty and necessity that might lead to the over application 
of N. At the farm level, for instance, lack of information about the bountiful supply of N 
available in the soil (Ladha et  al., 2016; Yan et  al., 2020) as well as precision agriculture 
(Omara et  al., 2019) have led to uncertainties about N application rates by farmers (Lobell, 
2007). Optimization of N dosage through site-specific best management practices (BMPs) has 
been proposed as the sustainable agriculture flagship to prevent run-off, which accounts for 
67% of applied N fertilizer for cereal production worldwide (Raun and Johnson, 1999). On 
the other hand, the necessity for high N input has been a determinant factor, whereas the 
main cereal crops present a low nitrogen use efficiency (NUE) that demands considerable 
amounts of N for food production needs (Hawkesford and Griffiths, 2019). In the past, 
particularly in rice and wheat, breeders altered the growth response to N through the introduction 
of semi-dwarf genes to shorten the plant stature, the so-called Green Revolution (GR) varieties 
(Peng et  al., 1999; Spielmeyer et  al., 2002). As a result, they were able to reduce the lodging 
risk (i.e., bend or break the stem base), and to maximize yield potential in these modern 
varieties (Ortiz-Monasterio et  al., 1997; Gooding et  al., 2012); but as cited above, it has caused 
an unprecedented “domino effect” of N inputs, owing to the negative pleiotropic effects such 
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as poorer N uptake (Li et  al., 2018; Hawkesford and Griffiths, 
2019; Wang et  al., 2020; Wu et  al., 2020).

Therefore, in parallel with BMPs and precision agriculture, 
the attenuation or elimination of the necessity of high N input 
must be  targeted in the modern cereal crops. Although these 
high-yielding semi-dwarf varieties present an improved N 
utilization efficiency (i.e., grain yield per unit of N uptake) 
due to the direct response to fertilizer inputs without the effect 
of lodging, on the other hand, their N uptake efficiency (i.e., 
the capacity of the roots to acquire N from the soil) is negatively 
compromised by the dual-faceted impacts of gibberellin (GA) 
on plant height and N uptake (Li et  al., 2018; Wu et  al., 
2020). Despite recent contributions on N uptake should 
be  pointed out (Feng et  al., 2020; Rahikainen and Kangasjärvi, 
2020), this mini-review attempts to summarize the current 
knowledge of how N regulates stem development, in order to 
encourage progress toward better semi-dwarfing alleles without 
undesirable effects in the future.

NITRATE IS A DRIVING FORCE OF THE 
INITIAL STAGE OF STEM 
DEVELOPMENT

All aerial organs are initiated at the apical dome, also known 
as shoot apical meristem (SAM). This region comprises dynamic 
and spatially functional zones that provide robustness and 
plasticity during the entire shoot ontogeny. Broadly speaking, 
at the tip of the SAM, the central zone (CZ) moves continuous 
daughter cells into the rib meristem (RM), where the stem’s 
central core (pith) originates, and into the surrounding 
peripheral zone (PZ), which contributes to the stem epidermis 
and cortex (Gaillochet et  al., 2015). Besides, the peripheral 
and central rib regions tandemly locate together, forming the 
rib zone (RZ), where proliferation and expansion give rise 
to the axial elongation in seed plants (McKim, 2019; Figure 1A). 
Thus, a sophisticated interconnection network between the 
zones through metabolites, non-cell-autonomous proteins, and 
phytohormones controls the size of the meristem and the rate 
of shoot organogenesis, ensuring a robust, plastic developmental 
spectrum (Tian et  al., 2019).

This raises the question of whether there is a precise 
N-led signaling pathway, or it is the spreading of N to the 
zones of the SAM that modulates RZ activity and stem 
elongation. Currently, novel pieces of evidence in Arabidopsis 
thaliana (hereafter called Arabidopsis) suggest the coexistence 
of dual N sensing within the SAM: a systemic and local 
signal. The systemic signal relies on the activation of trans-
zeatin (tZ)-type cytokinin (CK) in roots, in response to N 
supply, and its translocation to the SAM via the xylem 
(Landrein et  al., 2018; Poitout et  al., 2018). Impairing CK 
allocation to the SAM through the cyp735a1 cyp735a2 double 
mutant, in which tZ-type CKs are severely reduced, exhibited 
a shortened inflorescence stem similar to that of abcg14, an 
important gene for CK transport (Kiba et  al., 2013; Poitout 
et al., 2018). Notably, tZ content may also positively influence 
glutamate/glutamine levels, which are known to promote stem 

elongation (Poitout et  al., 2018). In contrast, the local signal 
comprises the action of nitrate itself entering into the SAM, 
where it is assimilated in the RZ and the organ boundary 
domain (B) through the nitrate assimilatory enzymes nitrate 
reductases (NIA1 and NIA2; Olas et  al., 2019; Figure  1B).

The notion that these enzymes act as an N-sensitive checkpoint 
in the SAM may be corroborated by the fact that their expression 
and activity are highly regulated to fine-tune the sensing and 
integration of carbon (C)/N ratio (Klein et  al., 2000; Park 
et al., 2011; Kim et al., 2018). The balance that is also determined 
by the tricarboxylic acid (TCA) cycle intermediate 2-oxoglutarate 
(2-OG), which is the major carbon skeleton in N-assimilatory 
reactions for the synthesis of glutamate (Zheng, 2009; Huarancca 
Reyes et  al., 2018). Interestingly, boundary domains exert a 
critical function in preserving stem elongation, whereas an 
ectopic expression of boundary genes [BLADE-ON-PETIOLE1 
(BOP1/2)-Arabidopsis thaliana HOMEOBOX1 (ATH1)-
KNOTTED1-LIKE FROM A.THALIANA6 (KNAT6)] in the 
RZ causes growth defects (Khan et  al., 2012a,b; Hepworth 
and Pautot, 2015). Recent work has shown that TGACG-motif 
binding-1 and -4 (TGA1/4), two regulatory factors of the 
primary nitrate responses (Alvarez et  al., 2014), interact and 
recruit BOP1/2 coactivators to the promoter of ATH1 homeobox 
in Arabidopsis (Wang et  al., 2019; Figure  1B). ATH1 is known 
to repress RZ proliferation, whereas ath1-3 mutants displayed 
longer internodes than the wild-type control (Gómez-Mena 
and Sablowski, 2008). Scrutinizing the potential of this integration 
of TGA1/4  in N response and stem growth might open up 
new avenues for NUE.

Similar to other organs, stem development is regulated by 
the activity of two combined actions: cell division and expansion. 
In the most apical region of the RZ in both dicots and monocots 
[plus the intercalary meristem (IM) in grasses, the details are 
below] lies the active cell division which is regulated by GA 
(Sachs et  al., 1959; Sachs, 1965; Serrano-Mislata et  al., 2017). 
The notorious close interrelation between GA stimuli and N 
homeostasis at different regulatory levels in plants (David et al., 
2016; Gras et al., 2018; Wang et al., 2020) creates a compelling 
logic to consider other semi-dwarfing alleles influencing stem 
elongation due to the negative pleiotropic effects. Strikingly, 
almost 67% of GA-regulated genes in Arabidopsis require 
brassinosteroids (BRs; Bai et  al., 2012). This high dependence 
reflects the interaction network of BR and GA at multiple 
levels in model plants that could be  further explored for NUE. 
In rice, for instance, the brassinosteroid deficient mutant 
(osdwarf4-1) presented a slightly dwarfed stature and more 
erect leaves, which enhanced biomass production and grain 
yield, without extra fertilizer (Sakamoto et  al., 2006).

Besides, recent studies have demonstrated the involvement 
of the microRNA miR396/growth regulating-factors (GRFs)/
GRF-interacting factors (GIFs) regulatory module in the 
interaction network of BR and GA signaling (Tang et al., 2018; 
Zhang et  al., 2020). The overexpression of miR396 represses 
organ growth in Arabidopsis by repressing the activity of the 
targeted GRF and GIF genes (Rodriguez et al., 2010). Interestingly, 
the miR396 acts downstream of DELLA, the negative regulator 
of GA responses, and upstream of GA-induced cell-cycle genes 
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for the control of stem elongation in rice (Lu et  al., 2020). 
Conversely, more recently, the miR396e and miR396f (miR396ef) 
rice mutants showed an increased grain yield under nitrogen-
deficient conditions (Zhang et al., 2020). Future studies addressing 
the cross-talk between N and BR signaling and the miR396-
GRFs module in the RZ may disclose a new perspective on 
N-driven stem elongation.

At the early stages of stem development, the establishment 
of a vascular pattern is an important aspect. New vascular 
strands are initiated by the canalization of auxin flow from 
new primordia toward a pre-existing vascular network (Scarpella, 
2017). As auxin signaling is inhibited in the RM region in 
dicotyledons, these new vascular networks are initiated at the 
boundary between the peripheral and the central regions of 
the RZ (Banasiak et  al., 2019). Reflecting on the importance 
of auxin in controlling the formation of veins and their 
connections, recent work revealed the uniform expression of 
TRANSPORT INHIBITOR RESPONSE1 (TIR1)/AUXIN-
SIGNALING F-BOX (AFB) proteins in the SAM (Prigge et  al., 
2020). AFB3 is directly regulated by nitrate (Vidal et  al., 2010) 
and potentially regulates the direction of auxin transport during 
stem vascularization (Wulf et  al., 2019). Besides, two master 
regulators of primary nitrate response, NIN-LIKE PROTEIN6/7 
(NPL6 and NPL7) are expressed in the SAM and adjacent PZ 
(Olas et al., 2019). Notably, recent findings connect NLP7 with 
the Ca2+-sensor protein kinases (CPKs) to orchestrate 

nutrient-growth regulatory networks (Liu et al., 2017). Although 
CPK28 is not part of the subgroup III, of which the genes 
are nitrate-responsive (e.g., CPK10, CPK30 and CPK32), it 
controls stem elongation and vascular development in Arabidopsis 
(Matschi et  al., 2013). Further studies will be  required to 
scrutinize in more detail their roles in stem development.

Moreover, once a stem starts growing (i.e., N-demanding 
tissue), vascularisation plays an essential role in the source-
to-sink N remobilization (Fernie et  al., 2020). As such, nitrate 
transporters on major and minor veins facilitate N allocation 
to fast-growing sinks, optimizing plant growth in N-sufficient 
and N-deficient conditions (Tegeder and Masclaux-Daubresse, 
2018; Chen et al., 2020). One example is the nitrate transporter1/
peptide transporter family (osnpf2.2) rice mutants, which showed 
growth retardation and abnormal vasculature (Li et  al., 2015). 
Apart from inorganic N, organic N might also be  critical for 
stem development. For instance, polyamines (putrescine, 
spermidine and spermine) are aliphatic amines that act as 
growth regulators in plant growth and development (Chen 
et  al., 2019). It is worthwhile to investigate the increase of 
polyamine content in nitrate and ammonium-grown plants 
(Garnica et  al., 2009; Paschalidis et  al., 2019), whereas the 
ACAULIS5/THICKVEIN (ACL5/TKV) protein, a 
thermospermine synthase, is also involved in stem elongation 
and vascularization in plants (Hanzawa, 2000; Clay and Nelson, 
2005; Vera-Sirera et  al., 2015).

A C

B

D

FIGURE 1 | How nitrogen (N) may modulate stem development. (A) Schematic illustration of Arabidopsis inflorescence stem showing the longitudinal section of the 
shoot apical meristem (SAM) and the meristematic zones. In detail, a representation of the oriented cell division in the rib zone (RZ). CZ, central zone; RM/OC, rib 
meristem/organizing centre; PZ, peripheral zone; B, organ boundary. (B) The dual nitrogen sensing within the shoot apex through a systemic root-to-shoot transport 
of the active cytokinin (CK) trans-zeatin (tZ), and the local sensing of nitrate through the nitrate reductase enzymes. In the dashed square, the two regulatory factors 
of the primary nitrate responses (TGA1/4) are highlighted, evidencing their involvement in the activation of the organ boundary genes. Blue arrows show the direction 
of root-to-shoot transportation. (C) Schematic illustration of wheat showing the growth stage 32 (GS32) based on Zadoks et al. (1974). In wheat, most N is taken up 
during the stem elongation phase (GS30–GS37) until the flowering stage. On the right, the longitudinal section of the nodes and internodes, and the floret initiation 
at this stage. (D) A simplified scheme of the central role of N in the regulation of the four different aspects of stem development.
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N SIGNALING IN THE LATER STAGES 
OF STEM DEVELOPMENT: INTERNODE 
ELONGATION AND LIGNIFICATION

In dicot plants with a rosette habit such as Arabidopsis, radish 
and cabbage, among other species, the compressed vegetative 
internodes shift to an acropetal expansion after the reproductive 
transition. In contrast, in monocots, particularly grasses, vegetative 
internodes are promoted by intercalary meristems (IMs), located 
at the base of each internode (Figure  1C). After an increased 
mitotic activity within the IMs, the cells are displaced upward, 
entering various zones of expansion and lengthening each 
succeeding internode until the heading stage, which later gives 
rise to the grain-laden inflorescence (McKim, 2020).

Thus, both RZ and internodal regions exhibit various sorts 
of cells differing in their states of proliferation, growth, and 
differentiation. Regarding cell growth, for instance, a high level 
of endopolyploidy (i.e., modified cell cycle without cytokinesis) 
occurs in pith cells following organ maturation in Arabidopsis 
and maize (Jacqmard et  al., 1999, 2003; Li et  al., 2019). This 
ties in with a recent study showing that nitrate signaling 
regulates shoot growth by controlling endoreduplication through 
the upregulation of a key cell cycle regulatory gene LGO, a 
known cyclin-dependent kinase (CDK) inhibitor (Moreno et al., 
2020). Given that nitrate regulates LGO-mediated 
endoreduplication and cell expansion in Arabidopsis, it is 
reasonable to speculate whether such modulation is also present 
within the RZ and internodal regions of cereal and bioenergy 
crops, which may also explain the N-responsive stem elongation 
of such crops (Euring et  al., 2014; Zeng et  al., 2020).

In addition, cell proliferation and expansion strictly depend 
on the mechanical properties of primary cell walls (CW). 
Differences in the expression of CW-related genes and CW 
composition have been observed during stem elongation (Hall 
et  al., 2013; Hall and Ellis, 2013). A detailed study of CW 
composition and the dynamic and mechanical properties of 
the Arabidopsis inflorescence stem suggested that changes in 
the pectin structure, dynamism and mobility lead to weak 
pectin-cellulose interaction, being likely the main factors leading 
to the wall extensibility in fast-growing regions (Phyo et  al., 
2017). Indeed, CW analysis of the upper region of the stem 
(high growth intensity) presented higher pectin and lower 
amounts of xyloglucan (XyG) and (lower) cellulose contents 
(Phyo et  al., 2017). Of interest, in type I-CW, in which XyG 
is the most abundant hemicellulose, a very recent study of 
Arabidopsis showed that the cell wall-related gene xyloglucan 
endotransglucosylases-9 (XTH9), which is highly expressed in 
the shoot apices and might contribute to cell elongation in 
the stem (Hyodo et  al., 2003), is regulated by the nitrate 
signaling pathway (Xu and Cai, 2019).

Moreover, although the specific mechanisms are still to 
be  understood, novel evidence suggests that cellulose content 
is modulated in response to N status in Arabidopsis and rice 
(Landi and Esposito, 2017; Zhang et  al., 2017). Yet, in grass-
specific type-II CW, different inorganic N forms, such as nitrate 
and ammonium, may modify the chemical structure of pectins 

and hemicelluloses (Podgórska et al., 2017). The CW properties 
are thereby dynamically regulated to allow sufficient nutrients 
to reach demanding organs, as well as to allow cell expansion 
prior to growth cessation, a tightly regulated process that is 
accompanied by N status (Głazowska et  al., 2019).

Stem maturation is followed by secondary cell wall production 
and lignification (Barros et  al., 2015), which confer stem 
properties such as length, flexibility and strength, and are tightly 
regulated to prevent bending and breaking which lead to crop 
lodging. Interestingly, recent work showed that high N availability 
substantially reduces the H, G and S monolignol precursors 
(p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, 
respectively) of lignin, and hence, the total lignin content in 
the shoot of maize seedlings (Sun et  al., 2018). The authors 
elegantly demonstrated that the miR528, a monocot-specific 
miRNA expressed in vascular tissues, is upregulated by N 
supply, leading to the repression of ZmLACCASE3 (ZmLAC3) 
and ZmLACCASE5 (ZmLAC5), oxidative enzymes involved in 
lignin polymerization (Schuetz et al., 2014), that will ultimately 
make such plants more prone to lodging under high N supply 
(Sun et  al., 2018). Likewise, a high N supply increases the 
lodging index in two varieties of japonica rice, owing to the 
significant reduction of cellulose and lignin contents (Zhang 
et  al., 2017). Yet, CW profiles of Brachypodium supplied with 
different types of N source (ammonium and nitrate) showed 
that nitrate-fed plants were prone to less lignification rates 
than those from ammonium-fed plants, suggesting that the 
CW architecture is modulated according to the uptake and 
assimilation of different N form through the cross-talk between 
N metabolism and CW synthesis (Głazowska et  al., 2019).

These recent results demonstrated that cell expansion (plastic 
growth) and CW lignification are strictly influenced by N 
availability. A key mechanism that might be  coordinating 
these adaptive changes is the cell wall integrity (CWI) 
maintenance mechanism that is conserved in both monocot 
and dicot plants (Bacete and Hamann, 2020). Intriguingly, 
recent results from genetic analyses suggest that NIA1 and 
NIA2 act downstream of THESEUS1 (THE1), a surface CW 
sensor, in initiating CW damage responses (Gigli-Bisceglia 
et  al., 2018). THE1 is expressed in elongating cells and in 
vascular tissues in Arabidopsis. Among its target genes, various 
CW-related proteins involved in loosening and stiffening are 
regulated, such as extensins, peroxidase 59 and expansin 1 
(Hématy et  al., 2007). Thus, the CWI mechanism might be  a 
regulator of plant growth according to N status from the 
environment. Future investigations may unveil this intricate 
action of N into CWI signaling, which might be  a potential 
target for heightening NUE in crops.

CONCLUSION AND PERSPECTIVES

Although a shorter stature and stem sturdiness have 
revolutionized world cereal production in the last 50  years, 
the adoption of the original semi-dwarfing alleles has also 
brought the necessity for an increasing amount of N fertilizer 
due to the negative pleiotropic effects. Although several studies 
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have been carried out to understand the genetic basis of 
N  assimilation, curiously, very little attention has been paid 
so far to how environmental N signals modulate RZ activity 
and stem development, mainly in monocot plants (Figure 1D). 
With the advent of recent technical advances in quantitative 
imaging (Serrano-Mislata et  al., 2017), bio-imaging (de Reuille 
et  al., 2015), and biophysical techniques (Phyo et  al., 2017; 
Shah et  al., 2017), along with developmental genetics, a clear 
picture of molecular, cellular and mechanical mechanisms of 
stem growth is increasingly emerging. Understanding these 
developmental mechanisms will allow more genetic tools to 
alter stem architecture and eliminate the root cause of high 
N need in modern semi-dwarfing varieties in order to increase 
productivity and decrease environmental pollution.
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In agricultural cropping systems, relatively large amounts of nitrogen (N) are applied for

plant growth and development, and to achieve high yields. However, with increasing N

application, plant N use efficiency generally decreases, which results in losses of N into

the environment and subsequently detrimental consequences for both ecosystems and

human health. A strategy for reducing N input and environmental losses while maintaining

or increasing plant performance is the development of crops that effectively obtain,

distribute, and utilize the available N. Generally, N is acquired from the soil in the inorganic

forms of nitrate or ammonium and assimilated in roots or leaves as amino acids. The

amino acids may be used within the source organs, but they are also the principal N

compounds transported from source to sink in support of metabolism and growth. N

uptake, synthesis of amino acids, and their partitioning within sources and toward sinks,

as well as N utilization within sinks represent potential bottlenecks in the effective use of

N for vegetative and reproductive growth. This review addresses recent discoveries in N

metabolism and transport and their relevance for improving N use efficiency under high

and low N conditions.

Keywords: amino acid partitioning, nitrogen assimilation, crop improvement, nitrogen uptake and transport,

nitrogen use efficiency, seed yield and quality, source and sink physiology, sustainable agriculture

INTRODUCTION

Nitrogen (N) is essential for general plant functions as it is a component of amino acids, which
are the elemental units of protein and enzymes. Amino acids are also precursors or N donors for
many fundamental compounds including nucleic acids, hormones, chlorophyll, ureides, and other
metabolites required for primary metabolism and specialized biological functions, respectively
(Lam et al., 1996; Lea and Ireland, 1999; Epstein and Bloom, 2005; Zrenner et al., 2006; Züst
and Agrawal, 2016). In addition, amino acids are the main long-distance transport forms of N
in plants (Urquhart and Joy, 1982; Turgeon and Wolf, 2009; Patrick, 2013; Tegeder and Hammes,
2018). While amino acids, peptides, or even proteins may be taken up from the soil (Chapin et al.,
1993; Näsholm et al., 2009; Tegeder and Rentsch, 2010), nitrate and ammonium are often preferred
(Crawford and Glass, 1998; Loqué and vonWirén, 2004; Krapp et al., 2014). However, the inorganic
N is only usable by plants when it is assimilated into amino acids, a process that primarily occurs in
source organs such as the roots or leaves (Andrews et al., 1992; Lam et al., 1996; Miller et al., 2007;
Xu et al., 2012; Krapp, 2015) but can also take place in sinks like seeds (Rochat and Boutin, 1992;
Weber et al., 1998; Chen et al., 2020).
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Plants that preferentially reduce N in roots move the newly
produced amino acids through the xylem to source leaves (Miflin
and Lea, 1977; Schobert and Komor, 1990). In addition, some
xylem amino acids may be transferred to the phloem along
the translocation pathway for immediate N supply to fast-
growing sinks (Pate et al., 1975; van Bel, 1984; Zhang et al.,
2010). However, in many plant species nitrate is allocated
predominantly to source leaves as photosynthesis provides the
carbon backbone and the energy for amino acid synthesis (Lam
et al., 1996; Nunes-Nesi et al., 2010; Tegeder and Masclaux-
Daubresse, 2018). In leaves, xylem-derived or leaf-synthesized
amino acids may be used for metabolism, especially for
photosynthesis (Wallsgrove et al., 1983; Schulze-Siebert et al.,
1984), transiently stored as amino acids or proteins to be used
for reproductive development (Millard, 1988; Staswick, 1994; Liu
et al., 2005; Nunes-Nesi et al., 2010), or they are actively loaded
into the phloem and transported to growing sinks (Urquhart
and Joy, 1982; Atkins and Beevers, 1990; Tegeder and Masclaux-
Daubresse, 2018). Once arrived in sink organs, the phloem
unloading and movement of amino acids to sink cells takes
place (Knoblauch et al., 2016; Milne et al., 2018; Tegeder and
Hammes, 2018). Within the seed coat of seed sinks, amino
acid catabolism, transamination, and re-assimilation events may
occur (Atkins et al., 1975; Rainbird et al., 1984; Weber et al.,
1995; Gallardo et al., 2007) followed by an efflux of amino acids
into the seed apoplastic space and their subsequent uptake by
the embryo for development, metabolism, and synthesis of seed
storage compounds (Patrick, 1997; Offler et al., 2003; Ladwig
et al., 2012; Tegeder et al., 2013).

Over the past decades, large amounts of N fertilizer have
been applied to maximize crop yields while causing negative
consequences for ecosystems and human health due to N
leaching from the soil or degradation and subsequently releasing
into the atmosphere (Matson et al., 1997; Fowler et al., 2013;
Kopittke et al., 2019). In addition, crop plants are often not
efficient in acquiring and using the supplied N and may take
up less than 50% of the N fertilizer (Raun and Johnson, 1999;
Zhu et al., 2016). Consequently, increasing N fertilization does
not necessarily result in a proportional increase in yield (Ju
et al., 2004; Mueller et al., 2014; Zhu et al., 2016). Therefore,
improvements in yield andN use efficiency (NUE) in conjunction
with a reduction in N application and N losses into the
environment are pressing goals for a sustainable agriculture
(Zhang et al., 2015a; Anas et al., 2020). However, progress in NUE
is an ambitious target as crop yields are influenced by numerous
factors, including genetic parameters and their variation among
and within species (G), environmental effects such as location,
soil conditions, and climate (E), and agronomic technologies and
management practices (M; e.g., type, timing, amount, and place
of N application or weed and pest control) (Hatfield andWalthall,
2015; Nguyen et al., 2017; Martinez-Feria et al., 2018; Nguyen
and Kant, 2018; Gramma et al., 2020; Jensen et al., 2020; Lemaire
and Ciampitti, 2020; Plett et al., 2020). Only the combination or
interaction of these factors (G× E×M)will allow for sustainable
and secure crop production (Swarbreck et al., 2019; Cooper et al.,
2020; Hawkesford and Riche, 2020; Peng et al., 2020).

At crop level, N use efficiency is defined as seed yield relative
to N availability (Moll et al., 1982). It is comprised of N uptake

efficiency (NUpE) or the proportion of N in the shoot relative
to the N supply, and N utilization efficiency (NUtE), which
describes the amount of shoot N used for seed production.
Many genetic factors contribute to plant biomass production,
yield, and NUE including those responsible for plant structure
and architecture (Gifford et al., 2008; Xu et al., 2012; Li et al.,
2015; Xie et al., 2017; Luo et al., 2020), as well as N root
uptake, (re)assimilation, remobilization, partitioning, utilization,
and signaling processes (Coque and Gallais, 2006; Chardon et al.,
2010; McAllister et al., 2012; Han et al., 2015; Zhao et al., 2018;
Griffiths and York, 2020). Numerous genes related to these
developmental and physiological processes have been identified
and their importance for plant growth, function, and seed yield
has been demonstrated. We would like to refer the readers to
some recent reviews that provide comprehensive overviews on
the discoveries (Miller et al., 2007, 2008; Xu et al., 2012; Han et al.,
2015; Mandal et al., 2018; Tegeder and Masclaux-Daubresse,
2018; Wang et al., 2018a; Raghuram and Sharma, 2019; Chen
et al., 2020; Fernie et al., 2020; Fichtner et al., 2020; Li et al., 2020;
Vidal et al., 2020). The current work will focus on new findings in
N metabolism and transport, along with their associated genes
and proteins, and analyze their role in improving NUE under
high and low N conditions.

ROLE OF INORGANIC NITROGEN UPTAKE

AND PARTITIONING IN NUE

Root uptake of inorganic N forms often dominates and requires
the function of nitrate and ammonium transporters, respectively.
Nitrate uptake is achieved by transporters of the NRT1 andNRT2
family, respectively (Williams and Miller, 2001; Tsay et al., 2007;
Krapp et al., 2014; Fan et al., 2017). Studies on natural variation
and genetic manipulation of NRT1 or NRT2 expression have
resolved that NRT function in roots influences N acquisition,
plant growth, and seed development (Huang et al., 1999; Cerezo
et al., 2001; Remans et al., 2006; Li et al., 2007; Hu et al.,
2015; Chen et al., 2016, 2017; Wang et al., 2020). To date,
successes in improving NUE under both high and low N have
mainly been achieved whenNRT transporters were constitutively
overexpressed (Fang et al., 2013; Fan et al., 2016a,b; Feng et al.,
2017; c.f. Wang et al., 2018a) or expressed in both root and leaf
tissues (Figures 1, 2; Hu et al., 2015; Chen et al., 2016, 2017;
Wang et al., 2018b). While it remains to be determined if root-
specific overexpression of NRTs may be sufficient for enhancing
N uptake, research suggests that downstream nitrate transport
processes may additionally or dominantly contribute to the
observed increases in NUE. Indeed, recent work in Arabidopsis
(Arabidopsis thaliana), tobacco (Nicotiana tabacum), and rice
(Oryza sativa) showed that overexpression of the hyperactive
chimeric nitrate transporter AtNC4N in the phloem of old
leaves results in improved NUE under high and low N status
(Chen et al., 2020). This study also supports the fact that
during leaf senescence, besides amino acids and peptides (Winter
et al., 1992; Feller and Fischer, 1994; Masclaux et al., 2000),
nitrate recycling from the vacuole and subsequent source-to-
sink partitioning contribute to sink N supply. In line with
this, increased expression of the vacuolar OsNRT1.1A/OsNPF6.3
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FIGURE 1 | Importance of root N transport and metabolic processes, and xylem-phloem exchange along the transport pathway for plant biomass and yield

production, and N use efficiency. Shown are ammonium (NH+

4 ), nitrate (NO−

3 ), and amino acid (AA) transporters, and AA synthesis genes that were successfully

overexpressed (UPPERCASE) or repressed/knocked out (lowercase and underlined) and resulted in increased biomass (B), seed yield (Y), seed protein (SP), and/or

plant N use efficiency (NUE) at varying N supply. As indicated by framed white, green, purple, or blue backgrounds, the transgenic strategies used either (1)

tissue-specific gene manipulation, (2) concurrent expression of a particular gene in both root and shoot tissues (OsNRT1.1A, Wang et al., 2018b; OsNRT1.1B, Hu

et al., 2015; OsNRT2.1, Chen et al., 2016), (3) co-expression of two genes in root and shoot tissues (OsAMT1;2 and OsGOGAT1, Lee et al., 2020a), or (4) constitutive

gene expression throughout the plant. Positive results were achieved with (a) native expression of ammonium transporters (OsAMT1-1, Ranathunge et al., 2014;

OsAMT1;2, Lee et al., 2020a), nitrate transporters (OsNRT1.1A, Wang et al., 2018b; OsNRT1.1B, Hu et al., 2015; OsNRT2.1, Chen et al., 2016; OsNRT2.3b, Fan

et al., 2016b; OsNPF7.3, Fang et al., 2017; OsNPF8.20, Fang et al., 2013), and amino acid transporters (OsAAP1, Ji et al., 2020; OsAAP6, Peng et al., 2014;

GmAAP6a, Liu et al., 2020) in rice (Os), Arabidopsis (At), and soybean (Gm), (b) expression of a barley alanine aminotransferase (HvAlaAT ) in canola (Good et al.,

2007), rice (Shrawat et al., 2008; Beatty et al., 2013), sugarcane (Snyman et al., 2015), and wheat (Peña et al., 2017), and (c) by knocking out native/endogenous

genes (Ataap2, Perchlik and Tegeder, 2018; Osaap3, Lu et al., 2018; Osaap5, Wang et al., 2019). Plants were grown under high (HN), moderate (MN), sufficient (SN;

N supply was not specified) and low N (LN), or without N (-N). Pathways of N uptake and xylem-phloem transfer (arrows with circle), as well as N assimilation into

glutamate (Glu) and glutamine (Gln), and the subsequent synthesis of other AA and their loading into the xylem are indicated. NH+

4 may be transported in the xylem to

the shoot, but in relatively low amounts (indicated by brackets). Arrows in xylem and phloem indicate the direction of translocation. For additional information see

manuscript text.

nitrate transporter either throughout rice plants, or in the
epidermis and vascular tissues of roots and parenchyma cells
of culms and leaf sheaths resulted in increased grain yield
and NUE under high and low N supply, due to improved N
utilization for grain development (Wang et al., 2018b). As nitrate
transport, related N assimilation, and amino acid partitioning
processes are highly intertwined (Tegeder and Rentsch, 2010;
Tegeder, 2012, 2014; Tegeder and Masclaux-Daubresse, 2018), it
would be interesting to examine if in AtNC4N and OsNRT1.1A
overexpressors co-regulated by changes in amino acid pools
and transport also add to the observed increases in seed yield,

seed N content, and NUE (Wang et al., 2018b; Chen et al.,
2020).

Uptake of ammonium is regulated by ammonium transporters
(AMTs) as well as aquaporins or cation channels (Glass et al.,
2002; Sonoda et al., 2003; Jahn et al., 2004; Loqué et al., 2005;
Guo et al., 2007; Bárzana et al., 2014). Although overexpression
of OsAMT1;1 in rice under the control of a ubiquitin promoter
resulted in increased seed yield under suboptimal and optimal
N conditions (Figure 1; Ranathunge et al., 2014), numerous
studies on genetic manipulation of ammonium uptake had rather
limited success (Meister et al., 2014; Li et al., 2017; Zhang et al.,
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FIGURE 2 | Role of leaf N (re)assimilation and remobilization, amino acid (AA) synthesis and N transport processes in plant biomass, yield production, and N use

efficiency. Genes expressed in mature, photosynthetically active leaves, and senescing leaves, respectively, were analyzed. Shown are genes that were successfully

overexpressed (UPPERCASE) or repressed/knocked out (lowercase and underlined) and resulted in increased biomass (B), seed yield (Y), seed protein (SP), and/or

plant N use efficiency (NUE) at varying N supply. As indicated by framed white, green, purple, or blue backgrounds, the transgenic strategies either used (1)

tissue-specific gene manipulation, (2) concurrent expression of a particular gene in different source or sink tissues, (3) co-expression of two genes in root and shoot

tissues (OsAMT1;2 and OsGOGAT1, Lee et al., 2020a), or (4) constitutive gene expression throughout the plant. Plants were grown under high (HN), moderate (MN),

sufficient (SN; N supply was not specified), or low N (LN). For native/endogenous gene expression only gene names are provided, while the expression of non-native

genes is indicated by the gene name and the common name of the transgenic plant species. Positive results were achieved for genes of a nitrate reductase (OsNR2,

Gao et al., 2019b), glutamine synthetases (NtGS1, Oliveira et al., 2002; ZmGln1-3, Martin et al., 2006; SbGS1, Urriola and Rathore, 2015; bacterial GS I, Zhu et al.,

2015; DvGS2, Zhu et al., 2014), glutamate synthases (MsNADH-GOGAT, Chichkova et al., 2001; OsGOGAT1, Lee et al., 2020a), asparagine synthetases (OsASN1,

Lee et al., 2020b; E. coli EcasnA, Seiffert et al., 2004), nitrate (OsNRT1.1A, Wang et al., 2018b; (At)NC4N, a synthetic gene construct based on Arabidopsis gene

sequences, Chen et al., 2020), and amino acid transporters (PsAAP1, Perchlik and Tegeder, 2017) as well as for glutamate dehydrogenases (Trichurus sp. TrGDH, Du

et al., 2019; C. ehrenbergii CeGDH, Zhou et al., 2015b; P. cystidiosus PcGDH, Zhou et al., 2014; E. cheralieri EcGDH, Tang et al., 2018; E. coli EcgdhA, Ameziane

et al., 2000; Lightfoot et al., 2007; Aspergillus nidulans AngdhA, Egami et al., 2012) and autophagy-related proteins (AtATG8, Chen et al., 2019; OsATG8a, Yu et al.,

2019; OsATG8b, Zhen et al., 2019a, Fan et al., 2020; OsATG8c, Zhen et al., 2019b). Pathways of N (re)assimilation, AA synthesis and conversion (AA(1) to AA(2)),

organelle and N metabolite degradation, as well as N phloem loading and xylem-phloem exchange (arrows with circle) are shown. Arrows in xylem and phloem

indicate possible directions of translocation. For additional information see manuscript text.
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2020a). For example, approaches using CaMV-35S promoter-
OsAMT1;1 or OsAMT1;3 constructs in rice resulted in increased
ammonium acquisition but had no effect on plant performance
(Kumar et al., 2006) or even showed a decrease in biomass and
seed yield (Bao et al., 2015). Generally, the use of ammonium
transporters as targets for improving N uptake and utilization
may be problematic since changes in cellular ammonium pools
or excess ammonium can be toxic for the plant cell (Britto
and Kronzucker, 2002; Bittsánszky et al., 2015). Nevertheless,
detrimental effects of ammonium can potentially be avoided if
downstream N assimilation keeps up with its increased uptake.
This is supported by a study in rice using activation tagging lines,
where OsAMT1;2 and OsGOGAT1 genes were simultaneously
overexpressed. The modified plants showed an increased grain
yield under N-limited growth conditions and improved grain N
as well as protein content under both limiting and sufficient N
supply (Figures 1, 2; Lee et al., 2020a). Overall, the activation
tagging lines were more efficient in N uptake, remobilization,
and utilization for sink development and/or N nutrition, clearly
presenting an encouraging strategy for improving NUE in rice
and most probably other plant species.

IMPORTANCE OF AMINO ACID UPTAKE

AND ROOT-TO-SHOOT ALLOCATION FOR

NUE

Although the contribution of organic vs. inorganic N acquisition
to total root N uptake has not been resolved (Näsholm
et al., 2009), it has been demonstrated that plants are highly
capable in acquiring organic N, and especially amino acids, via
root-localized transporters (Komarova et al., 2008; Paungfoo-
Lonhienne et al., 2008; Tegeder and Masclaux-Daubresse, 2018).
Such uptake systems are probably of special relevance when
amino acid levels are relatively high as observed in soils of
organic farming or other cropping systems that rely on manure
or compost for N nutrition (Jones et al., 2005a,b; Moran-
Zuloaga et al., 2015; Enggrob et al., 2019) or when conservation
agriculture is used (Li et al., 2018; Alam et al., 2020). Indeed, it has
been suggested that a high proportion of fertilized organic matter
compared to mineral N fertilizer results in higher crop N uptake,
grain yields, and NUE, with the additional benefit of reduced N
losses into the environment (Xia et al., 2017).

Root importers for amino acids include amino acid permeases
AAP1 and AAP5, 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; Wang et al., 2019; Guo et al., 2020a,b), and their
importance for plant growth has been demonstrated (Tegeder
and Masclaux-Daubresse, 2018; Guo et al., 2020a). In rice,
constitutive overexpression ofOsAAP1 led to increased N uptake
and reallocation, positively affecting tiller number and final grain
yield (Figure 1; Ji et al., 2020). Nevertheless, it remains to be
examined if and how root-specific overexpression ofOsAAP1 (or
other amino acid transporters) influences N uptake and NUE,
including under varying soil amino acid concentrations.

For root-to-shoot translocation, amino acids taken up from
the soil or synthesized in roots are exported from root
endodermal cells, the pericycle, or vascular parenchyma into
the apoplast (Tegeder, 2014) via usually multiple acids move
in and out transporters (UmamiTs; Ladwig et al., 2012; Müller
et al., 2015; Besnard et al., 2016) and subsequently loaded into
the xylem. Most of the xylem amino acids are then moved
to photosynthetically active, transpiring leaves (Miflin and Lea,
1977; Schobert and Komor, 1990) followed by their import into
the mesophyll cells, which in Arabidopsis is mediated by LHT1
(Hirner et al., 2006; Liu et al., 2010; Svennerstam et al., 2011). It
has not yet been analyzed if and how transporter function in root
amino acid export/xylem loading and import into leaf cells affects
N uptake and allocation to the shoot, and NUE.

Not all amino acids that are transported out of the root are
moved to leaves. Especially during the vegetative phase, up to
21% of the organic N may be retrieved from the transpiration
stream along the pathway (van Bel, 1984) 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 (Pate et al., 1975; van Bel, 1984,
1990; Dickson et al., 1985). In Arabidopsis, transporters of the
AAP family have been shown to be involved in the removal
of amino acids from the xylem (i.e., AtAAP6; Hunt et al.,
2010) and their loading into the phloem (i.e., AtAAP2, AtAAP3,
and potentially AtAAP5; Okumoto et al., 2004; Zhang et al.,
2010; Tegeder and Ward, 2012; Perchlik and Tegeder, 2018).
GmAAP6a andOsAAP6 have been overexpressed in soybean and
rice, respectively, using the CaMV-35S promoter (Figures 1, 2;
Peng et al., 2014; Liu et al., 2020). In the transgenic soybean
plants, total seed N as well as protein content were improved
under sufficient and low N conditions, respectively. Similarly,
the rice overexpressors showed improvement in grain protein
content under relatively high N supply (Peng et al., 2014). When
knocking out AtAAP2, which functions in the xylem-phloem
exchange of amino acids in Arabidopsis, more N was allocated
to leaves resulting in increased photosynthetic N use efficiency
[pNUE, i.e., the ratio of CO2 fixation to organic N per leaf
area (Poorter and Evans, 1998)], carbon fixation, and sucrose
transport from source-to-sink independent of the N supply
(Perchlik and Tegeder, 2018). The Ataap2 mutants displayed
increased growth, seed yield, and seed carbon storage pools
under high, limiting, and highly deficient N supply (Figures 1,
2). NUE efficiency was improved due to increased NUpE, while
NUtE was not changed leading to a decrease in N content
in individual seeds. In these Ataap2 plants, increased amounts
of N were trapped in the straw/stubble tissue, indicating that
remobilization was not adjusted and presented a bottleneck
for seed storage protein accumulation (Perchlik and Tegeder,
2018). Similar to the Arabidopsis AAPs, both rice OsAAP3
and OsAAP5 seem to be, at least to some extent, expressed
in the vasculature and may function in amino acid exchange
between the xylem and phloem (Lu et al., 2018; Wang et al.,
2019). Indeed, rice OsAAP3 and OsAAP5 RNAi lines also
showed significant improvements under tested sufficient N
conditions, including increases in tiller number and grain yield
(Figures 1, 2).
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CONTRIBUTION OF SOURCE LEAF

NITROGEN METABOLISM AND AMINO

ACID TRANSPORT PROCESSES TO NUE

Nitrogen Assimilation and NUE
Following uptake, nitrate is reduced in the cytosol to nitrite
which is transported into the plastid for further reduction to
ammonium (Lam et al., 1996; Tegeder and Rentsch, 2010; Liu
et al., 2015). The two-step reduction is achieved by nitrate
reductase (NR) and nitrite reductase (NiR), respectively. NR
catalyzes the main regulatory step in the N assimilation process
and its activity is highly regulated by factors such as nitrate, light,
or water availability (Beevers and Hageman, 1969; Djennane
et al., 2002; Chamizo-Ampudia et al., 2017; Mauceri et al.,
2020). In addition, amino acids (e.g., glutamine) present signals
regulating uptake and assimilation by affecting both the activity
of nitrate transporters (Rawat et al., 1999; Vidmar et al., 2000;
Thornton, 2004; Miller et al., 2008) and NR (Dzuibany et al.,
1998; Migge et al., 2000a; Fan et al., 2006). Overexpression
of NR or NiR has often resulted in increased N uptake,
however improvements in seed yield, seed protein level, or NUE
have generally not been achieved, potentially due to negative
feedback of N-containing metabolites and related transcriptional
or post-transcriptional regulation (Crawford, 1995; Crété et al.,
1997; Good et al., 2004; Li et al., 2020). Nevertheless, recent
research in japonica rice showed that constitutive expression of
indica OsNR2, which encodes a NADH/NADPH-dependent NR,
confers increased tiller number, grain yield, and NUE at high N
supply (Figure 2; Gao et al., 2019a). These effects were further
enhanced when indica OsNR2 andOsNRT1.1Bwere concurrently
expressed, indicating thatOsNR2 positively regulatesOsNRT1.1B
and thereby regulates nitrate uptake (Gao et al., 2019a).

Ammonium is assimilated through the coordinated activity
of glutamine synthetase (GS) and glutamate synthase (GOGAT)
into glutamine and glutamate, respectively, which serve as N
donors for the biosynthesis of other amino acids and amides
(Chichkova et al., 2001; Brauer et al., 2011; Lea and Miflin, 2011).
Two isoforms exist for GS, the cytosolic GS1 and plastidic GS2,
which have distinct functions in N assimilation and are encoded
by multigenic or single gene families (Miflin and Habash, 2002;
Chardon et al., 2012). GS2 is involved in primary N assimilation
(i.e., de novo amino acid synthesis) as well as re-assimilation of
ammonium produced during photorespiration (Cren and Hirel,
1999; Ferreira et al., 2019). GS1 isoforms are mainly involved
in N re-assimilation and remobilization, with some exceptions
such as AtGLN1;2 in Arabidopsis, which is important for N
assimilation under high nitrate supply (Lothier et al., 2011), and
OsGS1;1 involved in ammonium assimilation in rice shoots and
roots (Kusano et al., 2011). Due to their fundamental role in N
metabolism and to improve plant growth and seed yield, GS1
and GS2 genes have been overexpressed in numerous species,
including in tobacco (Migge et al., 2000b; Fuentes et al., 2001;
Oliveira et al., 2002; Wang et al., 2013a), Arabidopsis (Zhu et al.,
2014; Hu et al., 2015), Sorghum bicolor (sorghum; Urriola and
Rathore, 2015), Zea mays (maize; Martin et al., 2006), Triticum
aestivum (wheat; Habash et al., 2001; Hu et al., 2018), Hordeum

vulgare (barley; Gao et al., 2019b), and rice (Cai et al., 2009;
Brauer et al., 2011; Bao et al., 2014). While in some cases no or
negative effects on plant performance have been reported (Migge
et al., 2000b; Cai et al., 2009; Brauer et al., 2011; Bao et al., 2014;
c.f. Thomsen et al., 2014; Garnett et al., 2015; Sweetlove et al.,
2017), other studies have shown improvements in seed yield,
NUE, NUpE, or NUtE for both GS1 and GS2, and repeatedly
at high and low N supply (Figure 2; Oliveira et al., 2002; Martin
et al., 2006; Brauer et al., 2011; Zhu et al., 2014; Hu et al., 2015,
2018; Urriola and Rathore, 2015; Gao et al., 2019b). For example,
increased expression of HvGS1-1 under the control of its own
promoter in barley led to improved grain yields and NUE under
high and low N conditions (Gao et al., 2019b). Zhu et al. (2015)
constitutively expressed bacterial GS I genes from Klebsiella sp.
D1-5 and Lactococcus sp. Zjy3, respectively, in Arabidopsis and
showed, for both genes, improved plant growth and NUE at
low and sufficient N. Similarly, overexpression of TaGS2-2Ab in
wheat using its endogenous promoter resulted in higher seed
yield andNUEwhenN supply was high and low, due to increased
N uptake and remobilization (Hu et al., 2018).

Compared to GS, relatively few studies have looked at
altering the expression of genes encoding for plastid-localized
ferredoxin-dependent (Fd-GOGAT) or NADH-dependent
(NADH-GOGAT) GOGAT (Good et al., 2004; Xu et al., 2012).
While Fd-GOGAT is primarily involved in the assimilation of
ammonium that originates either from nitrate reduction or
leaf photorespiration, NADH-GOGAT is highly expressed in
non-photosynthesizing cells and has a distinct function in non-
photorespiratory ammonium reduction (Somerville and Ogren,
1980; Lancien et al., 2002; Lee et al., 2020). Using Arabidopsis,
barley, rice, or Medicago sativa (alfalfa) mutants, essential roles
in plant growth and seed development have been demonstrated
for both Fd-GOGAT and NADH-GOGAT (Somerville and
Ogren, 1980; Kendall et al., 1986; Schoenbeck et al., 2000;
Lancien et al., 2002; Potel et al., 2009; Tamura et al., 2010; Yang
et al., 2016; Zeng et al., 2017). However, relatively few studies
manipulated GOGAT expression to enhance seed yield and NUE,
and those focused on NADH-GOGAT with rather moderate
outcomes. For instance, OsNADH-GOGAT overexpression in
rice using its endogenous promoter only resulted in increased
grain weight at low N fertilization (Yamaya et al., 2002). Further,
constitutive expression of MsNADH-GOGAT showed higher
biomass production in tobacco when N was sufficient (Figure 2;
Chichkova et al., 2001), whereas in maize, overexpression of
ZmNADH-GOGAT resulted in a lower shoot biomass and no
changes in kernel yield (Cañas et al., 2020). Interestingly, and
as pointed out above, combined overexpression of OsAMT1;2
and OsNADH-GOGAT1 in rice improved NUE at both sufficient
and low N conditions (Figure 2). At sufficient N, the transgenic
lines achieved higher seed protein levels without altering seed
yield, while at low N both seed protein and yield were improved
(Lee et al., 2020a). The results suggest that by increasing both N
uptake and N assimilation, negative intrinsic effects that might
happen when only AMT (see above) or GOGAT is overexpressed
(e.g., through unbalanced pools of N metabolites) may be
avoided (Lee et al., 2020a).
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Amino Acid Synthesis and NUE
Relatively few studies have described improvements in NUE by
altering the expression of genes related to amino acid synthesis,
with the exception of asparagine synthetase (ASN) and alanine
aminotransferase (AlaAT) (Lea and Azevedo, 2007; McAllister
et al., 2012; Xu et al., 2012). Both asparagine and alanine are
major long-distance transport forms of N in certain plants
(Atkins et al., 1975; Winter et al., 1992; Miflin and Habash,
2002; Lea et al., 2007). Asparagine is synthesized through ASN,
which functions in both N assimilation and remobilization
(Sieciechowicz et al., 1988; Lam et al., 1995, 1996; Gaufichon et al.,
2013, 2017; Moison et al., 2018; Lee et al., 2020b). Constitutive
overexpression of OsASN1 was somewhat successful in rice and
showed increased seed N content and NUE under limiting and
sufficient N treatments, as well as additional improvements in
shoot biomass and seed yield at low N (Figure 2; Lee et al.,
2020b). On the other hand, expression of Escherichia coli EcasnA
in Brassica napus (canola) seems to only be successful at high N
status (Seiffert et al., 2004). AlaAT is involved in alanine synthesis
and catabolism, and the constitutive or root-specific expression
of barley HvAlaAT resulted in improved seed yields in wheat
(Peña et al., 2017), or in canola (Good et al., 2007) and rice
(Shrawat et al., 2008) (Figure 1). In addition, NUE was increased
in rice, canola, and Saccharum officinarum (sugarcane) when
HvAlaAT expression was targeted to roots and engineered plants
were exposed to high N (Beatty et al., 2013) and/or low N (Good
et al., 2007; Snyman et al., 2015). How AlaAT function in roots
affects seed yield andNUE is unclear, as it seems to not be vital for
plant N metabolism and source-to-sink partitioning (Lam et al.,
1996; Miyashita et al., 2007; Beatty et al., 2013; McAllister and
Good, 2015).

Remobilization of Source Nitrogen and

NUE
A relatively high portion of N that is delivered to seeds or other
storage sinks may derive from the recycling or remobilization of
N in source leaves, rather than directly from root uptake (Cliquet
et al., 1990; Patrick and Offler, 2001; Masclaux-Daubresse et al.,
2010; Masclaux-Daubresse and Chardon, 2011). This includes
nitrates, amino acids, and ureides that are temporarily stored in
vacuoles during the vegetative stage (Staswick, 1994; Diaz et al.,
2008;Masclaux-Daubresse and Chardon, 2011), as well as N from
proteins and organelles, especially from chloroplast degradation
(Havé et al., 2017). Overall, the degree of N remobilization
in source tissues and its allocation to sinks is assumed to
have a significant impact on grain filling, yield, and NUE,
while decreasing the residual N in vegetative tissues at harvest
(Masclaux-Daubresse and Chardon, 2011). N remobilization
and reassimilation occurs especially during leaf senescence and
mainly involves the activity of the cytosolic GS1, which has
been shown to affect NUE (see above; Masclaux-Daubresse et al.,
2010; Avila-Ospina et al., 2014; Havé et al., 2017). Glutamate
dehydrogenase (GDH)may also have some role in N assimilation
(Lam et al., 1996; Melo-Oliveira et al., 1996; Good et al., 2004;
Lea and Miflin, 2011), but it seems to predominantly function
in glutamate deamination and ammonium supply for GS1 (Havé
et al., 2017; Moison et al., 2018) during N remobilization or when
C is limited (Robinson et al., 1991; Masclaux-Daubresse et al.,

2006; Fontaine et al., 2012; Grzechowiak et al., 2020). Efforts to
enhance plant performance and NUE by overexpressing GDH
have been inconclusive. Studies have been unsuccessful when
using constitutive overexpression of tomato Slgdh-NAD;B1 in
tobacco (Purnell et al., 2005), Nicotiana plumbaginifolia GDHA
andGDHB inN. tabacum (Tercé-Laforgue et al., 2013), andGDH
from fungi Sclerotinia sclerotiorum and Magnaporthe grisea in
rice (Du et al., 2014; Zhou et al., 2015a). On the other hand, there
is good evidence that constitutive overexpression of GDH can
also lead to increased growth, seed yield, and/or NUE at different
N regimes (Figure 2). Specifically, expression of EcgdhA from E.
coli in tobacco and maize resulted in increased biomass under
sufficient N conditions (Ameziane et al., 2000) and increased seed
yield under high N supply (Lightfoot et al., 2007), respectively.
Further, expression of AngdhA from Aspergillus nidulans in
potato (Solanum tuberosum) caused increased photosynthesis
rates, tuber numbers and tuber dry weight, as well as improved
NUE at moderate and low N levels (Egami et al., 2012). In rice,
increases in NUE and/or grain yield were achieved at low N
when fungal GDH from Cylindrocarpon ehrenbergii (CeGDH)
or Eurotium cheralieri (EcGDH) were expressed (Zhou et al.,
2015b; Tang et al., 2018). In addition, improvements in rice grain
yield and weight, or in grain storage protein levels were obtained
at low and high N as well as without N fertilization by using
fungal GDHs from Trichurus sp. (TrGDH, Du et al., 2019) and
Pleurotus cystidiosus (PcGDH, Zhou et al., 2014), respectively.
Why constitutive overexpression of GDH was successful in some
but not all studies is unclear, but it could potentially result
from the genes and plant species that were analyzed. Also, a
leaf-specific engineering approach may help to more reliably
promote source N remobilization through GDH and enhance
source-to-sink N allocation.

Autophagy, an essential mechanism for the degradation
of proteins, organelles, and cytosolic macromolecules, is
enhanced during leaf senescence and strongly contributes to N
remobilization and source-to-sink transport of N (Suzuki and
Ohsumi, 2007; Avila-Ospina et al., 2014; Chen et al., 2019).
Altering expression of autophagy-related proteins (ATGs) has
been a successful strategy to enhance N remobilization in
Arabidopsis and rice (Figure 2; Chen et al., 2019; Yu et al.,
2019; Zhen et al., 2019a,b; Fan et al., 2020). Depending on the
study, the outcome was increased plant growth, seed yield, or
seed N and protein levels (Figure 2). In Arabidopsis, constitutive
overexpression of AtATG8 resulted in higher seed protein levels
when transgenic plants were grown with moderate N supply
(Chen et al., 2019), while OsATG8b expression led to increased
biomass, seed yield, and NUE at moderate and low N (Zhen
et al., 2019a). In rice, shoot biomass, seed yield, and protein
levels, as well as NUE were improved when OsATG8a was
overexpressed and plants were exposed to high N nutrition,
while at moderate N, positive effects were only observed for
biomass and seed protein (Yu et al., 2019). Similarly, constitutive
expression of OsATG8b in rice resulted in more biomass as well
as higher grain yield and protein under sufficient N (Fan et al.,
2020), and OsATG8c overexpression triggered improvements
in shoot biomass, grain yield, and NUE under moderate and
low N fertilization (Zhen et al., 2019b). To date, studies on
autophagy-related proteins have focused onArabidopsis and rice,
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and work is now needed to address their importance for N
remobilization and subsequently yield and NUE improvements
in other crop species.

Source Amino Acid Transport Processes

and NUE
De novo synthesis of most amino acids occurs in plastids (Rolland
et al., 2012). Once produced, amino acids are used for plastid
function or they are exported from the plastids in support
of metabolism in diverse cellular compartments, for transient
storage in the vacuole, or for translocation in the phloem to
developing sinks (Tegeder and Rentsch, 2010; Taniguchi and
Miyake, 2012; Tan et al., 2019). Very little is known about the
transport proteins that move amino acids across the chloroplast
envelope, as well as between subcellular compartments (Tegeder
and Rentsch, 2010; Widhalm et al., 2015; Dinkeloo et al., 2018;
Tegeder and Masclaux-Daubresse, 2018; Bouchnak et al., 2019).
So far, only two plastidic amino acid transporters have been
identified in plants, Arabidopsis malate/glutamate translocators
(AtDiT2, Renné et al., 2003; Eisenhut et al., 2015) and Petunia
hybrida cationic amino-acid transporter (PhpCAT, Widhalm
et al., 2015). In addition, a few amino acid transporters have
been localized to the tonoplast, specifically Arabidopsis AtCAT2,
AtCAT4, and vacuolar amino acid transporter AtAVT3 as well
as tomato (Solanum lycopersicum) SlCAT9 (Yang et al., 2014;
Snowden et al., 2015; Fujiki et al., 2017; Dinkeloo et al., 2018).
Further, AtBAC1 and AtBAC2 have been shown to transport
basic amino acids across the mitochondrial membrane (Hoyos
et al., 2003; Palmieri et al., 2006; Toka et al., 2010). Although
the function of these intracellular transporters in NUE has
not yet been addressed, their regulatory role is most probably
fundamental to the effective use of N, for example through, (i)
regulating N levels in the chloroplasts and thereby chloroplast
function and photosynthetic N use efficiency, (ii) balancing pools
of specific amino acids that may otherwise negatively affect plant
metabolism and performance through end-product inhibition
or substrate limitations of the respective amino acid synthesis
pathways, (iii) making amino acids available for phloem loading
and source-to-sink allocation throughout the plant’s life cycle,
and (iv) regulating transient storage pools of amino acids and
their remobilization for reproductive growth.

Phloem loading of amino acids represents a bottleneck in N
allocation from source leaves to sink (Tegeder, 2012, 2014) and
influences not only sink development but also source physiology
including carbon fixation, assimilation, and partitioning to sinks
(Tan et al., 2010; Zhang et al., 2015b; Santiago and Tegeder, 2016,
2017). For example, increased expression of the endogenous
amino acid permease 1 (PsAAP1) in the pea (Pisum sativum)
phloem (as well as in the seed cotyledons) resulted in increased
amino acid allocation to sinks and co-regulated carbon capture
and source-sink allocation. The overall outcome was increased
vegetative growth, seed number, and seed protein levels at high
N supply (Zhang et al., 2015b). Improvements in seed yield were
also achieved when the transgenic plants were exposed to limiting
and deficient N levels (Figures 2, 3; Perchlik and Tegeder, 2017).
However, factors contributing to the increased NUE varied

depending on the N fertilization. Transgenic pea plants exposed
to high N soils showed enhanced NUpE, while at low N status
NUtE was improved, and at limiting N, both NUpE and NUtE
were enhanced. Together, these results support that manipulation
of transporters involved in the source-to-sink partitioning of
amino acids, and possibly other N metabolites, present a valid
strategy to improve NUE. This is further supported by work
expressing an S-methyl-methionine transporter (Tan et al., 2010)
or a transporter for ureides, an important long-distance N
transport form in soybean (Glycine max), in the phloem (Thu
et al., 2020). In both cases, plant growth and seed productivity
were improved, at least under high N fertilization.

SEED AMINO ACID TRANSPORT

PROCESSES AND METABOLISM AS

POTENTIAL TARGETS FOR IMPROVING

SEED QUALITY AND NUE

Numerous studies support the fact that the development of
vegetative and reproductive sinks is source-limited and depends
on the amount of N (and carbon) allocated to sinks (see above;
Koch et al., 2003; Chiaiese et al., 2004; Pélissier and Tegeder,
2007; Schmidt et al., 2007; Tan et al., 2010; Zhang et al., 2010,
2015b; Santiago and Tegeder, 2016, 2017; Lu et al., 2020; Thu
et al., 2020). On the other hand, seed filling and quality seem to be
influenced by seed-localized transport and metabolic processes
(Borisjuk et al., 2002; Rosche et al., 2002; Rolletschek et al.,
2005; Weigelt et al., 2008; Sanders et al., 2009; Hunt et al., 2010;
Ladwig et al., 2012; Pandurangan et al., 2012; c.f. Zhang et al.,
2007; Tegeder and Rentsch, 2010; Galili et al., 2016), which may
especially be critical when N is limited and individual seeds need
to compete for the phloem-derived N.

Seed Amino Acid Transport Processes
Seed N transporters are thought to regulate N flux toward, and
uptake into, the embryo by controlling the rate of allocation,
amount, and composition of amino acids (Tegeder, 2012;
Dinkeloo et al., 2018; Tegeder and Hammes, 2018). Amino
acid transporters are especially needed at the seed coat–
embryo interface where symplasmic connections are lacking
(Lanfermeijer et al., 1989; Zhang et al., 2007; Ladwig et al.,
2012; Tegeder et al., 2013; Besnard et al., 2018; Tegeder and
Hammes, 2018). Following efflux from the seed coat into the
apoplasm, the amino acids may either be taken up into the
embryo/cotyledons via epidermal cells located opposite to the
seed coat or they are imported into the storage parenchyma
cells from the seed apoplasm (Tegeder et al., 2000, 2007; Offler
et al., 2003; Zhang et al., 2007; Tegeder, 2014). In pea and
Vicia narbonensis, N uptake into the embryo could be increased
when overexpressing an amino acid transporter (VfAAP1) in the
storage parenchyma cells of the cotyledons (Figure 3; Rolletschek
et al., 2005; Weigelt et al., 2008). This led to changes in seed
metabolism and increased storage protein accumulation under
standard N nutrition, including in the field. Further analysis of
the transgenic V. narbonensis plants revealed that they take up
more N for allocation to seeds and over an extended time period,
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FIGURE 3 | Importance of seed N transport and metabolic processes for seed N accumulation, seed yield, and N use efficiency (NUE). Shown are genes that were

successfully overexpressed and resulted in increases in seed levels of specific amino acids (AA), total soluble protein (SP), and specific high-quality proteins (QP), and

positively affected shoot biomass (B), seed yield (Y), or NUE. As indicated by a framed white or green background, the transgenic strategies either used (1)

seed-specific manipulation or (2) concurrent expression of a particular gene in different source or sink tissues. Plants were grown under high (HN), moderate (MN),

sufficient (SN; N supply was not specified), and low N (LN). Pathways of N (re)assimilation, AA synthesis, and conversion (AA(1) to AA(2)) in seed coat and embryo as

well as N import into the embryo (arrows with circle) and subsequent protein synthesis are shown. Arrows in xylem and phloem indicate the direction of translocation.

Positive results were achieved for embryo expression of genes encoding for AA transporters (VfAAP1, Rolletschek et al., 2005; Weigelt et al., 2008; PsAAP1, Perchlik

and Tegeder, 2017), and genes related to synthesis of sulfur-rich (AtCGS, Hanafy et al., 2013; Song et al., 2013; Cohen et al., 2014, 2016; AtSAT, Tabe et al., 2010)

and other essential AA (EcdapA, Karachi et al., 1994; Zhu and Galili, 2004; Angelovici et al., 2009; CordapA, Falco et al., 1995; Huang et al., 2005; Frizzi et al., 2007;

EcLysC, Karachi et al., 1993, 1994; XbAK, Qi et al., 2011; OsOASA1D, Kita et al., 2010) as well as seed storage protein synthesis (BeBNA, Altenbach and Simpson,

1989; Altenbach et al., 1992; Pickardt et al., 1995; Saalbach et al., 1995; Demidov et al., 2003; HaSSA, Molvig et al., 1997; Tabe and Droux, 2002; Hagan et al.,

2003; Chiaiese et al., 2004; SiS2SA, Lee et al., 2003, 2005; At2S1, De Clercq et al., 1990; ZmZEIN, Dinkins et al., 2001; Zmγ -zein, Li et al., 2005; Zmβ-zein. Guo

et al., 2020c; GmA1aB1b, Takaiwa et al., 1995; Katsube et al., 1999; Momma et al., 1999; AhAmarantin, Rascón-Cruz et al., 2004; PtLRP, Liu et al., 2016; GhLRP,

Yue et al., 2014; Sb401, Yu et al., 2004; SbgLR, Wang et al., 2013b; OsBiP, Yasuda et al., 2009; Kawakatsu et al., 2010; OsRLRH1 and OsRLRH2, Wong et al.,

2015; Sdα-LA, Bicar et al., 2008). Names of genes that were overexpressed are provided, however in contrast to Figures 1, 2, the transgenic plant species are not

indicated as the respective genes have often been overexpressed in multiple species. See the manuscript text or listed references for more detailed information.

and that carbon fixation and allocation to seeds are improved as
well (Götz et al., 2007). Other studies showed that overexpression
of the endogenous PsAAP1 in the epidermal transfer cells of
pea cotyledons also resulted in more seed protein when plants
were grown at high N fertilization and positively affects carbon
metabolism (Zhang et al., 2015b). In those plants, PsAAP1 was
concurrently overexpressed in the phloem, triggering enhanced
amino acid partitioning to sinks and increased seed number and
yield under high N. When exposed to a 50% reduction in N
fertilization, the transgenic PsAAP1 pea plants still outperformed
wild-type control plants with respect to seed yield and NUE,
and seed protein levels were unchanged compared to wild-type

(Figure 3; Perchlik and Tegeder, 2017). Together, this supports
the fact that the higher amounts of phloem amino acids in the
transgenic pea plants accommodate both the increased number
of seeds as well as improved seed loading of amino acids. It also
demonstrates that even under strongly reduced N supply, the
simultaneous upregulation of phloem and embryo loading is a
successful strategy for avoiding a dilemma generally observed
in crop plants (e.g., in soybean, rice, and maize), which is an
increase in seed yield at the cost of seed protein levels or vice versa
(Simmonds, 1995;Wilcox and Guodong, 1997; Triboi et al., 2006;
Rotundo et al., 2009; Gambín and Borrás, 2010). Even under
severe N deficiency (80% less N), seed yield was still higher in
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the PsAAP1 lines compared to the non-transgenic plants, but
at the cost of protein amounts in individual pea seeds (Perchlik
and Tegeder, 2017). Nevertheless, total protein yields per plant
were always higher in the PsAAP1 overexpressors, independent
of howmuch N was supplied. It is important to point out that the
experiments with PsAAP1 overexpressors were done with non-
nodulated pea plants that solely relied on soil N. It still needs
to be determined, if nodulated PsAAP1 plants, that additionally
fix atmospheric N, also outperform wild-type. Together, the
above findings support the fact that seed protein levels can
be controlled through amino acid transporter functions in the
embryo and that their increased activity enables the individual
seeds to compete for the phloem N, including under limited N
conditions (Figure 3; Rolletschek et al., 2005; Götz et al., 2007;
Weigelt et al., 2008; Zhang et al., 2015b; Perchlik and Tegeder,
2017).

Amino Acid Conversion and Synthesis in

Seed Coat and Embryo
While generally a broad spectrum of amino acids is found in
the phloem and delivered to seeds, asparagine, glutamine,
aspartate, glutamate, alanine, and/or homoserine often
dominate, dependent on the plant species, intrinsic factors,
and environmental cues (Urquhart and Joy, 1982; Fisher and
Macnicol, 1986; Winter et al., 1992; Lohaus et al., 1995; Gattolin
et al., 2008). To provide a balanced pool of amino acids and
accommodate seed function, amino acid catabolism, N re-
assimilation, and amino acid synthesis takes place, either in
the seed coat or developing embryo (Figure 3; Rainbird et al.,
1984; Ranocha et al., 2001; Lee et al., 2008; Galili et al., 2016;
Amir et al., 2018; Tegeder and Masclaux-Daubresse, 2018; Wang
et al., 2018c). Amino acids that seem to be primarily produced
in the seed coat and released into the seed apoplast are alanine,
glutamine, threonine, serine, and valine (Fisher and Macnicol,
1986; Murray, 1987; Rochat and Boutin, 1991; Gallardo et al.,
2007). In addition, the sulfur-containing, non-protein amino
acid S-methylmethionine is converted to methionine in the seed
coat (Ranocha et al., 2001; Gallardo et al., 2007; Lee et al., 2008).
Why amino acid metabolism occurs in the seed coat is uncertain,
but the conversion of amino acids in the maternal tissue may be
important for creating steep concentration gradients for specific
amino acids to facilitate their fast movement toward the embryo
or to accommodate amino acid transporters involved in embryo
uptake of the respective substrate(s). We are not aware of studies
examining N metabolism in the seed coat with consequences
for seed yield, NUE, or seed protein accumulation, with the
exception of work done by Pandurangan et al. (2012). They
observed that during soybean seed development asparagine
synthetase (ASN) levels in the seed coat decrease while those
of asparaginase (ASPGB), involved in asparagine catabolism,
increase. Further, ASPGB1a levels and activity were higher in
seed coats of a soybean cultivar associated with high seed protein
concentrations, suggesting enhanced N flux toward protein
synthesis compared to a low-protein cultivar. Overall, the work
suggests that seed coat asparagine metabolism may control
N partitioning to developing embryos and storage protein

accumulation, and could be an important trait for the genetic
improvement of seed proteins, at least in soybean.

Following amino acid uptake into the embryo, conversion
and transamination reactions also take place in the filial tissue
to produce the amounts and spectrum of amino acids required
for embryo growth and metabolism, and to produce seed storage
proteins (Weber et al., 2005; Tegeder and Rentsch, 2010; Amir
et al., 2018). Essential amino acids including aliphatic, aromatic,
basic and hydroxyl-group, and sulfur-containing amino acids
are critical for human nutrition, but tend to be present in low
amounts inmany crop species. To achieve higher seed nutritional
quality, many studies have therefore targeted genes involved in
synthesis of the essential amino acids, often by using seed-specific
promoters (Figure 3; Karachi et al., 1993, 1994; Lee et al., 2001;
Zhu and Galili, 2004; Kita et al., 2010; Qi et al., 2011; Song
et al., 2013; Cohen et al., 2014, 2016; c.f. Galili and Amir, 2013;
Wang et al., 2017; Amir et al., 2018). For example, recent work
showed that overexpression of cystathionine γ-synthase genes
(AtCGS) involved in regulating carbon flow toward methionine
synthesis (Amir et al., 2002) resulted in improved levels of
free methionine in legume and Arabidopsis seeds (Hanafy
et al., 2013; Song et al., 2013; Cohen et al., 2014) and an
increased usage of methionine and other amino acids for protein
synthesis in tobacco and Arabidopsis seeds (Matityahu et al.,
2013; Cohen et al., 2014, 2016). Further, free cysteine levels
could be improved in seeds of narrow leaf lupin (Lupinus
angustifolius) by manipulating a serine acetyltransferase (AtSAT)
(Tabe et al., 2010), and lysine content was increased by expressing
feedback insensitive dihydrodipicolinate synthases (DHDPS) in
Arabidopsis (E. coli EcdapA, Zhu and Galili, 2004; Angelovici
et al., 2009), tobacco (EcdapA, Karachi et al., 1994), canola
and soybean (Corynebacterium glutamicum CordapA, Falco
et al., 1995), rice (Zmdhps, Lee et al., 2001), and maize seeds
(CordapA, Huang et al., 2005; Frizzi et al., 2007). Other studies
overexpressed aspartate kinases in soybean (EcAK, Karachi et al.,
1993, 1994; Xenorhabdus bovienii XbAK, Qi et al., 2011) or an
anthranilate synthase subunit in rice (OsOASA1D, Kita et al.,
2010) and successfully enhanced free threonine and tryptophan
levels, respectively. Most approaches for altering amino acid
synthesis in seeds not only resulted in an increase of the targeted
amino acid, but also positively affected levels of other free amino
acids (Karachi et al., 1994; Zhu and Galili, 2004; Huang et al.,
2005; Qi et al., 2011; Hanafy et al., 2013; Song et al., 2013;
Cohen et al., 2014, 2016; Galili et al., 2016; Wang et al., 2017,
2018c). However, unfortunately only a few studies analyzed total
soluble protein levels and/or reported increases in seed proteins
(Matityahu et al., 2013; Song et al., 2013; Cohen et al., 2014,
2016) or found changes in the amounts of high-quality proteins,
such as the methionine-rich globulins and albumins (Figure 3;
Karachi et al., 1993, 1994; Angelovici et al., 2009; Cohen et al.,
2014, 2016). Seemingly, information on if or how changes in
seed amino acid synthesis can affect seed yield and NUE is
also lacking.

Protein Synthesis in the Embryo
Seeds of many crop species contain relatively few amounts
of high-quality proteins, such as the sulfur-rich albumins and
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legumin-like globulins. Much research has been done to enhance
seed N use and increase the amount and quality of proteins by
seed-specific overexpression of storage protein genes (Figure 3;
c.f. Ufaz and Galili, 2008; Galili and Amir, 2013; Häkkinen et al.,
2018). For example, 2S albumin genes (BNA, SA, or 2SA) have
been successfully expressed in seeds of rice (Sesamum indicum
SiS2SA, Lee et al., 2003, 2005; Helianthus annuus HaSSA, Hagan
et al., 2003), tobacco (Bertholletia excelsa BeBNA, Altenbach
and Simpson, 1989; Saalbach et al., 1995; At2S1, De Clercq
et al., 1990), canola (At2S1, De Clercq et al., 1990; BeBNA,
Altenbach et al., 1992), Vicia narbonensis (BeBNA, Pickardt
et al., 1995; Saalbach et al., 1995; Demidov et al., 2003), Cicer
arietinum (chickpea; HaSSA, Chiaiese et al., 2004), narrow leaf
lupin (HaSSA, Molvig et al., 1997; Tabe and Droux, 2002), and
Arabidopsis (At2S1, De Clercq et al., 1990). Further methionine-
rich zein proteins from maize could be produced in soybean
seeds (ZmZEIN, Dinkins et al., 2001; Zmγ -zein, Li et al., 2005;
Zmβ-zein, Guo et al., 2020c), and 11S globulins from soybean
or amaranth (Amaranthus hypochondriacus) were expressed in
rice (GmA1aB1b, Katsube et al., 1999; Momma et al., 1999)
and tobacco (GmA1aB1b, Takaiwa et al., 1995), and maize
(AhAmarantin, Rascón-Cruz et al., 2004), respectively. Besides
the successes in increasing the methionine/sulfur-rich proteins,
only a few studies reported additional positive effects on total
seed proteins (Figure 3; Momma et al., 1999; Lee et al., 2003;
Rascón-Cruz et al., 2004; Li et al., 2005). If and how varying N
fertilization influences seed quality and protein levels, or seed
protein yields of transgenic plants expressing storage protein
genes has generally not been addressed, with the exception of
work by Chiaiese et al. (2004). The authors showed that chickpea
plants expressing a sunflower 2S albumin gene (HaSSA) achieved
higher seed albumin levels under high and low N supply, while
seed yield was not changed at high N but decreased at low N
fertilization. However, since sulfur was sequestered in the sulfur-
rich protein, the negative effects were mainly attributed to sulfur
rather than N deficiency (Chiaiese et al., 2004).

Seed quality is also influenced by the lysine content of
proteins, and so-called lysine-rich proteins (LRP) have been
successfully increased in rice (Liu et al., 2016) and maize
(Solanum berthaultii Sb401, Yu et al., 2004; Psophocarpus
tetragonolobus PtLRP, Liu et al., 2016; SbgLR, Wang et al., 2013b;
Gossypium hirsutum GhLRP, Yue et al., 2014; Figure 3). Other
proteins with high lysine content have also been used to improve
the protein quality of seeds, including a binding protein (OsBiP,
Yasuda et al., 2009; Kawakatsu et al., 2010) and lysine-rich histone
proteins (OsRLRH1 and OsRLRH2, Wong et al., 2015) in rice,
and a porcine α-lactalbumin gene in maize (Sus domesticus Sdα-
LA, Bicar et al., 2008). In addition, the high-lysine lines displayed
increased total seed protein levels, while seed yield was not
analyzed (Figure 3). The increases in both specific and total
seed proteins support enhanced seed N supply, probably due to
increased sink strength (MacKown et al., 1992; Rolletschek et al.,
2005; Götz et al., 2007) and elevated N assimilate availability for
protein synthesis, which is reinforced by higher seed amino acid
levels observed in numerous studies (Figure 3; Momma et al.,
1999; Rascón-Cruz et al., 2004; Yasuda et al., 2009; Kawakatsu
et al., 2010; Liu et al., 2016).

Improvements in quality proteins have generally been
observed at sufficient or high N fertilization, and it is not
clear if the transgenic plants maintain their advantage at low
N supply, and if and how total seed protein and yield would
be affected under non-optimal N conditions. Since seed protein
concentrations generally depend on N assimilate availability
(Rolletschek et al., 2005; Weigelt et al., 2008; Rotundo et al.,
2009; Pandurangan et al., 2012; Santiago and Tegeder, 2016), it
also remains to be evaluated if increasing amino acid source-to-
sink allocation (c.f. Zhang et al., 2015b; Perchlik and Tegeder,
2017), in addition to upregulation of seed amino acid (see
above) or protein synthesis, can further improve seed protein
yields and quality, even under low N status, and leads to
improved NUE.

CONCLUSION AND FUTURE

PERSPECTIVES

The movement of N from the soil to final sink cells involves
numerous transport and metabolic processes in source and sink,
including (i) N uptake and partitioning within cells and over
short and long distances, and (ii) N (re)assimilation, amino acid
synthesis and catabolism, and protein synthesis. Since any of
these processes could potentially present a bottleneck for the
efficient use of N for biomass and seed production, associated
key genes have been targets for improving plant performance and
NUE, but, as reviewed above, with varying success (Figures 1–3).
The inconsistent outcomesmight, in part, be caused by unwanted
pleiotropic effects due to the use of constitutive promoters, an
imbalance in N metabolite pools triggering negative feedback
inhibition of N uptake or metabolism, substrate limitations
for amino acid synthesis, or post-transcriptional and post-
translational regulation (Thomsen et al., 2014; Takabayashi et al.,
2016; Osanai et al., 2017; Sweetlove et al., 2017; Gao et al., 2019b;
Fernie et al., 2020). To circumvent such detrimental effects and
to improve NUE, future research may consider the selection or
design of “super promoters” for genetic manipulation that allow
tissue or cell-specific, developmentally regulated and enhanced
gene expression. Such promoters could, for example, be used for
the overexpression of amino acid transporters or synthesis genes
to drive N uptake from the soil throughout the vegetative and
reproductive phases, or to accelerate source N remobilization
and leaf export during leaf senescence. Other research studies
could consider a “gene pyramiding approach” (Halpin, 2005;
Li et al., 2010; Naqvi et al., 2010; McAllister et al., 2012; Lee
et al., 2020a). While selective metabolism and transporter genes
have been successful targets to improve NUE in some plant
species, at least under high N nutrition (see above), simultaneous
manipulation of several genes may be required for a broader
approach to improve NUE at high and lowN status. For example,
improvements in N assimilation or amino acid synthesis may
only be successful if metabolic and transport processes are
coordinated through concurrent manipulation of two or more
genes (c.f., Lee et al., 2020a). Further, one gene could be
simultaneously manipulated in root and shoot tissues, or source
and sink (c.f., Zhang et al., 2015a; Lee et al., 2020a). For instance,
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to improve N flux from source to sink and seed N supply, leaf N
export and phloem loading, as well as seed transport processes
including embryo loading, will need to happen at a high rate
and throughout sink development (c.f., Perchlik and Tegeder,
2017; Tegeder and Hammes, 2018). Approaches to improve crop
productivity and NUE should also take into account regulatory
aspects of N assimilation and transport, as well as the sensing
and signaling mechanisms involved (Wang et al., 2018a; Chen
et al., 2020; Feng et al., 2020; Han et al., 2020; Vidal et al., 2020).
Consideration should further be given to the tight interaction
between carbon, N, and sulfur metabolism and their transport
processes (Zhang et al., 2015b; Tegeder andMasclaux-Daubresse,
2018; Kopriva et al., 2019; Fernie et al., 2020).

NUE is a complex polygenic trait making its genetic dissection
and engineering challenging. In fact, despite the notable progress
that has been made in understanding plant NUE, successful
agronomic applications of engineered crop plants with altered N
transport and metabolism or other physiological functions have
not yet been achieved. To better grasp the genetic basis of NUE
for genetic manipulation, future strategies might take greater
advantage of the available natural variation for NUE between and
within crop species (Hawkesford and Griffiths, 2019; Swarbreck
et al., 2019). For example, using genetic association studies
or genomic selection, in conjunction with high-throughput
phenotyping, large crop populations, or different cultivars could
be screened to discover further genes associated with improved
NUE (Bhat et al., 2016; van Bueren and Struik, 2017; Nguyen
and Kant, 2018; York, 2019; Sinha et al., 2020). Alternatively,
or in addition, comparative transcriptome and proteome studies
will allow for identification of fundamental NUE genes (Simons
et al., 2014; Li et al., 2020; Zhang et al., 2020b). Importantly, to
develop improved crop cultivars for a range of growing regions,
such analyses will have to be done with plants exposed to a variety
of locations, latitudes, soil conditions, and varying N regimes
and agricultural systems. These should include systems that do

not solely rely on mineral N fertilizer but also consider organic
matter for plant N nutrition, like organic farming or conservation
agriculture, and the need of amino acid transporters for N uptake.
Further, to improve NUE for a sustainable agriculture, future
climate and environmental changes will need to be addressed
(Nguyen et al., 2017; Kanter et al., 2020). For example, exposure
of crop plants to drought stress will not only require adjustments
with respect to N uptake, partitioning, and metabolic processes,
but also other physiological as well as morphological changes. As
it would be extremely challenging to conduct field experiments
for conventional breeding, marker-assisted modern breeding,
genomic selection, and genetic engineering under numerous
scenarios, the use of crop modeling that integrates genetics,
environmental factors, and management practices will be a
critical tool for making progress in NUE (Zhang et al., 2015a;
Messina et al., 2020; Peng et al., 2020). Indeed, interdisciplinary
strategies and multiscale collaborations are essential to achieve
a more robust and holistic understanding of NUE that can lead
to global successes for crop production and a more sustainable
agroecological system (c.f., Cassman and Grassini, 2020).
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Bio-Organic Fertilizer: A Green
Technology to Reduce Synthetic N
and P Fertilizer for Rice Production
Umme Aminun Naher* , Jatish Chandra Biswas, Md. Maniruzzaman,
Faruk Hossain Khan, Md. Imran Ullah Sarkar, Afsana Jahan,
Md. Hasibur Rahaman Hera, Md. Belal Hossain, Aminul Islam, Md. Rafiqul Islam and
Md. Shahjahan Kabir

Bangladesh Rice Research Institute, Gazipur, Bangladesh

Decomposed organic materials, in combination with plant growth-promoting bacteria
(PGPB), are environmentally friendly and reduce synthetic fertilizer use in rice production.
A bio-organic fertilizer (BoF) was prepared using kitchen waste (79%), chita-dhan
(unfilled rice grain) biochar (15%), rock phosphate (5%), and a consortium of 10 PGPB
(1%) to supplement 30% nitrogen and to replace triple superphosphate (TSP) fertilizer
in rice production with an improvement of soil health. PGPB were local isolates and
identified using 16S ribosomal RNA partial gene sequences as Bacillus mycoides,
Proteus sp., Bacillus cereus, Bacillus subtilis, Bacillus pumilus, Paenibacillus polymyxa,
and Paenibacillus spp. Isolates could fix N2 by 0.7–1.4 g kg−1, solubilize 0.1–1.2 g
kg−1 phosphate, and produce 0.1–40 g kg−1 indoleacetic acid. The performance of
BoF was evaluated by 16 field experiments and 18 farmers’ field demonstration trials
during the year 2017–2020 in different parts of Bangladesh. Performances of BoF
were evaluated based on control (T1), full synthetic fertilizer dose of N, P, and K (T2),
BoF (2 t ha−1) + 70% N as urea + 100% K as muriate of potash (T3), 70% N as
urea + 100% P as TSP + 100% K as muriate of potash (T4), and 2 t ha−1 BoF (T5)
treatments. At the research station, average grain yield improved by 10–13% in T3

compared with T2 treatment. Depending on seasons, higher agronomic N use efficiency
(19–30%), physiological N use efficiency (8–18%), partial factor productivity (PFP)N (114–
150%), recovery efficiency (RE)N (3–31%), N harvest index (HIN) (14–24%), agronomic
P use efficiency (22–25%), partial factor productivity of P (9–12%), AREP (15–23%), and
HIP (3–6%) were obtained in T3 compared with T2 treatment. Research results were
reflected in farmers’ field, and significant (P < 0.05) higher plant height, tiller, panicle,
grain yield, partial factor productivity of N and P were obtained in the same treatment.
Application of BoF improved soil organic carbon by 6–13%, along with an increased
number of PGPB as compared with full synthetic fertilizer dose. In conclusion, tested
BoF can be considered as a green technology to reduce 30% synthetic N and 100%
TSP requirements in rice production with improved soil health.

Keywords: biochar, free-living N2 fixing bacteria, kitchen waste, indoleacetic acid, nitrogen use efficiency,
phosphate solubilizing bacteria, phosphorus use efficiency
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INTRODUCTION

Rice dictates food security in many Asian countries, such as
Bangladesh. Rice cultivation involves a large number of nutrients
that are derived from synthetic fertilizers. Among the plant
nutrients, nitrogen (N) is the most limiting factor for rice
production, and its application rate is higher than the other
nutrients. In Bangladesh, rice grows three times in a year,
covering 10 m ha of land. Average synthetic N use in the wet
and dry seasons is 65 and 100 kg ha−1, respectively, which
partakes approximately 83% of the total urea-N fertilizer of the
country (BBS, 2017). Unfortunately, N use efficiency is poor in
rice cultivation, and approximately 50% of applied N is lost to
the environment (Islam et al., 2016), in the form of ammonia,
nitrate, and nitrogen oxides through volatilization, leaching, and
emissions, respectively (Sutton et al., 2013; Battye et al., 2017),
causing serious environmental pollution and human health
hazards (Schlesinger, 2009; Canfield et al., 2010). Phosphorus
(P) is the second most important nutrient and is held naturally
in the earth as rock phosphate (RP), which is used as the raw
material of synthetic fertilizers such as triple superphosphate
(TSP) or other phosphate fertilizer. The solubility of RP limits
its use in annual crop production, including rice. Furthermore,
any fertilizer production, transportation, and consumption cause
greenhouse gas emission, and it is energy involving process.
Park et al. (2012) stated that the use of N fertilizer added
approximately 20% nitrous oxide (N2O) accumulation since the
industrial revolution, and approximately 2% of global energy is
used for reactive N (Nr) production through the Haber–Bosch
process (Sutton et al., 2013). Moreover, approximately 120 Tg
N year−1 is added into the environment due to synthetic N
production (IFA, 2016). Besides chemical synthesis, biological
N2 fixation (BNF) is another important Nr source. According to
Ladha et al. (2016), BNF by symbiotic and free-living microbes
add 30–51 Tg Nr to the atmosphere. Wetland rice ecosystem
can harbor a diverse group of plant growth-promoting bacteria
(PGPB), which efficiently colonizes with a root that has been
shown to fix a substantial amount of N2 (Hurek et al., 1997; Naher
et al., 2013) and solubilize organic and inorganic phosphate
(Panhwar et al., 2014). Since the ancient period, Bacillus,
Azospirillum, Pseudomonas, Rhizobium, and Burkholderia were
being used as biofertilizer due to their unique characteristics
of N2 fixing, phosphate solubilizing, disease suppression, and
indoleacetic acid (IAA) production (Pathak and Kumar, 2016;
Di Benedetto et al., 2017). Proper management of such bacteria
can compensate for synthetic N fertilizer use and promote RP in
rice cultivation. Conversely, soil microorganisms play a crucial
role in soil nutrient cycling (Richardson et al., 2009; Jacoby
et al., 2017) and are known as indicators to maintain soil quality
and soil health (Doran and Zeiss, 2000). The number and types
of soil microbial inhabitants’ and their activity in the vicinity
are crucial to maintaining crop productivity, soil health, and
ecosystem functions.

Maintenance of rice soil health is crucial for obtaining national
food security in Bangladesh. However, intensive cropping and
continuous use of synthetic fertilizers are responsible for
reducing soil organic matter (SOM) content, and approximately

83% of cultivated lands are with low SOM (Jahiruddin and Satter,
2010). It had proven that long-term chemical fertilization without
applying organic materials impaired soil health and plateaued
rice yield, although there were so many improved rice varieties
(Naher et al., 2020). The correction of nutrients deficiency by
synthetic fertilizers in all kinds of soil is a short-term management
strategy. Nevertheless, if we consider soil health, breaking yield
ceiling, and sustainable rice production, we need to improve rice
soil biochemical properties. Additionally, soil health restoration
for higher crop productivity requires external application of SOM
and improved soil biology. However, major sources of organic
matter in the country (cow dung and poultry litter) are scarce
due to its diverse use as fish feed, animal feed, and fuel. In this
context, biodegradable kitchen waste can be an alternate option
of SOM in densely populated countries, such as Bangladesh.
Because of the high population pressure, waste management,
especially household wastes (mostly kitchen waste) produced in
the urban and semi-urban areas, is a big issue in the country.
Parvin and Begum (2018) estimated that the population density
was 1,015 people per square kilometer and per capita waste
generation was 0.56 kg day−1. In many cases, wastes are dumped
onto the roadsides, creating an unhealthy environment. Dhaka
city alone generates approximately 5,800 tons of solid organic
waste each day, at least 80% of which is suitable for composting
(Rothenberger et al., 2006). About half of it is collected by Dhaka
City Corporation, and the rest remains in open areas and creates
environmental pollution. Proper management of such waste
reduces greenhouse gas emissions by approximately 89,000 tons
of carbon dioxide year−1 (Parvin and Begum, 2018). Nonetheless,
our preliminary observation indicates that co-composting of
these materials with RP improves bioavailable P contents (Naher
et al., 2018). Co-composting of household waste materials with
RP and phosphate solubilizing bacteria (PSB) may provide a new
era of P fertilizer management in rice cultivation and improve rice
soil health without the use of any synthetic P fertilizer.

Increasing global demand for food production with
population pressure forces intensive agriculture to lean toward
synthetic fertilizer use and simultaneously increases risks of soil
degradation and environmental pollution by altering the earth’s
biogeochemical processes (Singh et al., 2014; Amundson et al.,
2015; Steffen et al., 2015). Furthermore, among the agricultural
inputs, synthetic fertilizers are required in huge amounts, and
every year, the government has to subsidize urea and TSP
fertilizers for crop production. Potential management of BNF
and PSB may decrease the demand for synthetic N and P fertilizer
requirements for rice production. Considering soil health and
the environment, we hypothesized that BNF by free-living N2
fixing bacteria might compensate at least 30% of Nr in rice
production, and co-composting of biodegradable kitchen waste
with PR and PSB may fulfill the required P demand of rice and
consecutively improve soil health via the addition of organic
matter. To verify this hypothesis, a bio-organic fertilizer was
prepared using biodegradable kitchen waste, RP, chita-dhan
biochar, and consortium of locally isolated PGPB and, finally,
applied to the rice field. Hence, a study was undertaken with the
objectives: (i) to evaluate the efficacy of formulated bio-organic
fertilizer that can supplement 30% N and eliminate 100% TSP
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fertilizer use in rice production and (ii) to find the impact of
bio-organic fertilizer application on rice soil biology and carbon
restoration as well soil health.

MATERIALS AND METHODS

Formulation of Bio-Organic Fertilizer
Bio-organic fertilizer consists of solid based (20% moisture)
organic material (particle size is 2 mm) that was developed at
the soil microbiology laboratory of Bangladesh Rice Research
Institute (BRRI) Gazipur. Active ingredients of the product are
0.5–1% inoculum mass of locally isolated 10 bacteria (free-
living N2 fixing, PSB, and IAA producing bacteria) and RP
(5%), whereas carrier materials were biodegradable kitchen
waste/vegetable waste (79.5%) available in the kacha bazar
(local market) and chita-dhan biochar (15%). The bacteria were
cultured in 2.5% molasses by maintaining a population of
109 CFU ml−1 and added during co-composting of organic
materials along with RP and biochar. The product contained
approximately 250 g kg−1 organic carbon, 10.4 g kg−1 N, and
approximately 10.4 g kg−1 available P, which was sufficient
to replace TSP (100%) fertilizer for a single rice crop. It also
contained 9.1 g kg−1 exchangeable K, 3.5 g kg−1 available S,
0.03 mg kg−1 available Zn, 0.006 mg kg−1 Cu, 0.01 mg kg−1 Pb,
and 0.67 mg kg−1 Cd. The pH of the product was 7.2.

Isolation and Identification of the
Growth-Promoting Bacteria
Beneficial bacteria used in the bio-organic fertilizer (BoF) were
isolated from paddy soils of Gazipur (terrace soil), Lalmonirhat
(active Tista floodplain soil), and Kuakata (saline soil) (Figure 1)
following protocols of Naher et al. (2009). Isolated potential
bacteria were identified by 16S ribosomal RNA partial gene
sequences using universal primers. Free-living N2 fixing bacteria
were identified according to Naher et al. (2013), where forward
and reverse primers were used as 8 F, 5′-AGA GTT TGA TCC
TGG CTC AG-3′ and 1492R, 5′-GGT TAC CTT ACG ACT
T-3′ (Versalovic et al., 1991), respectively. PSB were identified
following the protocol of Panhwar et al. (2014) with forward
primer F 5-AGA GTT TGA TCC TGG CTC AG-3 and reverse
primer R3-ACG GCT ACC TTG TTA CGA CTT-5 (Weisburg
et al., 1991). Gene sequences acquired were deposited in the
sequence read archive, PRJNA662441: bio-organic fertilizer.

Determination of N2 Fixation
The amount of N2 fixation was determined via NH4 production
by the isolated strains. Identified free-living N2 fixing bacteria
were grown in N free (NFB) broth. The composition of the
NFB broth was slightly modified from Prasad et al. (2001), as
(grams/liter): 5 g malic acid, 0.5-g K2HPO4, 0.2-g MgSO4. 7 H2O,
0.1-g NaCl, 0.02-g CaCl2, 1.64% Fe-EDTA solution (4 ml), and
the pH was adjusted to 7.2. The isolated strains were cultured
in the prepared broth at 30◦C for 5 days on a rotary shaker
(120 rpm). The bacteria culture was then centrifuged at 4000× g
for 5 min and filtrated through a 0.2-mm filter paper. The N was

determined from the filtrate using the procedure described by
Cappucino and Sherman (1992).

Determination of P Solubilization by the
Phosphate Solubilizing Bacteria
The PSB were cultured in the National Botanical Research
Institute’s phosphate growth medium broth (Nautiyal, 1999)
containing RP for 5 days. Exactly, 2 ml of samples was taken
for P determination. The samples were first allowed to sediment
for 15 min and then centrifuged at 4,000 × g for 5 min. The
supernatant was filtered through 0.2-mm filter paper and kept
at −20◦C until analysis. Available P was determined using the
procedure described by Murphy and Riley (1962).

Determination of Indoleacetic Acid
Production
All of the identified isolates (10 bacteria) were inoculated in
nutrient broth with an addition of tryptophan (2 mg ml−1) and
incubated at 28 ± 2◦C for 3 days. The culture was centrifuged
at 7,000 rpm for 7 min, and 1 ml of the supernatant was mixed
with 2 ml of Salkowsky’s reagent. The IAA concentration was
determined using a spectrophotometer at 535 nm.

Evaluation of Bio-Organic Fertilizer for
Plant Growth and Yield
To evaluate the performance of BoF, 16 field experiments
were conducted at BRRI research stations of Gazipur, Cumilla,
Barishal, and Rajshahi, and 18 farmer’s field demonstration trials
were performed in different parts of Bangladesh (Figure 1)
during the year 2017 to 2020. Treatments considered in the field
experiments were T1 = control, T2 = full synthetic fertilizer dose
(FSFD) of N, P, and K fertilizer as urea, TSP, and muriate of potash
(MoP), T3 = BoF (applied, at 2 t ha−1) + 70% N as urea + 100%
K as MoP, T4 = 70% N as urea + 100% P as TSP + 100% K
as MoP, and T5 = BoF (2 t ha−1). Treatments were assigned
in randomized complete block design with three replications.
Farmers’ field demonstration trials were conducted in different
parts of Bangladesh to check the suitability of the BoF in different
types of soil (saline, floodplain, and terrace soil) and climate
(Figure 1). Five field trials were conducted in drought-prone
areas of Rajshahi (Poba, Durgapur, Godagari, and Shampur),
eight trials in the saline soils of Dakope, Khula, and Amtoli,
Barguna, four trials in flood plain soils of Kotiadi, Kishoreganj,
and one trial in the terrace soil of Dhanbari, Tangail. Farmers field
demonstration trials were non-replicated and treatments were as
T1 = BoF at 2 t ha−1

+ 70% urea N+ 100% K as MoP, T2 = FSFD.
Rice was grown in both T. Aman wet and Boro irrigated seasons.
Applied fertilizer doses for FSFD were N, P, K, and S at 80–
20–50 and 140–20–80 kg ha−1 in T. Aman wet and Boro
irrigated seasons, respectively, as urea, TSP, and MoP. During the
calculation of fertilizer doses, additional N and P nutrients added
from BoF were deducted from respective treatments. At all of the
research stations, each treatment was assigned in a 4-m × 5-m
sized plot surrounded by a 50-cm bund. Approximately 30- and
45-day-old rice seedlings of high yielding modern varieties were
transplanted at 20 cm × 20 cm plant spacing in the T. Aman
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FIGURE 1 | Bangladesh Map showing different locations of PGPB collections, field experiments, and farmers’ field trials.

wet and Boro irrigated seasons, respectively. Weeding and plant
protection measures were done as required. Urea fertilizer was
applied in three splits at equal amounts; during land preparation,
maximum tillering stage, and finally at the panicle initiation
stage. During final land preparation, BoF was applied along with
synthetic fertilizers and incorporated with soil. The flooded water
level at 5–7 cm depth was maintained during rice cultivation
and then drained 21 days before rice harvesting. At the farmer’s
field trials, plot size was varied from 122 to 1,336 m2, and
high-yielding rice varieties were selected as per farmers’ choice;
however, plant spacing and fertilizer application rate and method
were the same. In the research stations, crops were harvested
manually at maturity from a 5-m2 area. At farmer’s fields, crop
was harvested on a whole plot basis. Grain yield was adjusted at
14% moisture content. Tiller and panicle numbers plant−1 were
calculated from a 1-m2 plot area. Yield contributions of BoF were
calculated from the average yield data (16 experiments) of T3/T5
treatments as

% Grain yield contribution of BoF
(
t ha−1)

=
Yield of

(
BoF + reduced synthertic fertilizer

)
Yield of BoF

× 100 (1)

Determination of Nutrient Concentration,
N and P Uptake
During harvest, plant samples were separated into grain and
straw followed by oven drying at 60◦C for 3 days and ground
before wet digestion using perchloric acid and HNO3 (5:2) at
100◦C. Phosphorus was determined from the digested sample
following the Colorimetric method (Dick and Tabatabai, 1977)
and K by atomic absorption spectrometer (AA-7000, Shimadzu).
Total N was determined by the Kjeldahl method (Bremner
and Mulvaney, 1982). Plant nutrient uptakes were calculated in
kilograms per hectare in relation to yield kilograms per hectare
(Yadav et al., 2019):

Nutrient uptake N or P or K
(
kg ha−1)

=
Nutrient content (%) × yield

(
kg ha−1)

100
(2)

Determination of N and P Use Efficiency
Agronomic use efficiency (AE) and physiology use efficiency (PE)
were calculated according to Ladha et al. (2005). PFP and RE
were calculated as per Chuan et al. (2016), and nutrient HI was
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determined using formulae of Huang et al. (2018);

AE for N or P
(
kg kg−1)

=
Grain yield of nutrient applied plot − Grain yield of control plot

Amount ofapplied nutrient
(3)

PEN
(
kg kg−1)

=
Grain yield of nutrient applied plot − Grain yield of control plot

N uptake in N applied plot − N uptake in N omission plot
(4)

PFP for N or P
(
kg kg−1)

=
Grain yield of nutrient applied plot

Amount ofapplied nutrient
(5)

RE for N or P
(
kg kg−1)

=
Nutrient uptake fertilized plot − Nutrient uptake control plot

Amountofapplied nutrient
(6)

HI for N or P
(
kg kg−1)

=
Nutrient accumulation in grain

Amountofnutrient uptake (Grain+ Straw)
× 100 (7)

Determination of Soil Nutrient
Concentration
After completion of eight crop cycles, soil (0–20 cm depth)
was collected from the experimental field of BRRI Gazipur and
BRRI regional station Cumilla for determination of organic
carbon (OC), total N, available P, exchangeable K, and a total
population of PSB and free-living N2 fixing bacteria. Before
chemical analyses, soil was air-dried, ground, and sieved (2 mm).

Organic C was determined by following the method of Walkley
and Black (1934). Total N was determined by the Kjeldahl
digestion method (Bremner and Mulvaney, 1982). Available
P was determined by the extraction method of Bray and
Kurtz (1945) following colorimetric in a spectrophotometer.
Exchangeable K was extracted using ammonium acetate buffer
at pH of 7 (Page et al., 1982) and determined by AAS (AA-7000,
Shimadzu). The population of free-living N2 fixing bacteria and
PSB was determined by serial dilution of soil sample and spread
plate technique in specific media plates described by Naher et al.
(2009) and Panhwar et al. (2014), respectively.

Statistical Analyses
Biochemical analyses in the laboratory were arranged in
a completely randomized design with five replicates. The
quantitative results of the laboratory and field experiments were
subjected to an analysis of variance, and means of different
treatments were compared at a 5% level of significance by
Duncan’s Multiple Range Test using STAR 2.01 (Statistical
Tool for Agricultural Research [STAR], 2014) statistical
program. A combined statistical analysis tool (t-test) was
applied to compare the data generated in the farmers’ field
demonstration trials.

RESULTS

Potentiality of the PGPB to Supplement
Reactive N and Solubilize Rock
Phosphate
Bio-organic fertilizer prepared using a consortium of 10
microaerophilic PGPB isolated from the floodplain, terrace, and
saline rice soil (Figure 1) was subjected to 16S ribosomal RNA
partial gene sequences and identified commonly as Bacillus and
Paenibacillus spp. Most PGPB were proficient in N2 fixing,

TABLE 1 | Identification and biochemical properties of bacterial strains used in bio-organic fertilizer.

Bacteria strains *ID: SRA/EMBL-NCBI **Similarity (%) Biochemical properties (g kg−1)

***IAA Total N Extractable P

Paenibacillus sp. SRX9106118 97 0.3 b 0.7 ab 1.1 a

Paenibacillus polymyxa SRX9106116 98 4.0 a 1.4 a 0.5 ab

Bacillus sp. SRX9106117 85 0.3 b 1.0 a 1.2 a

Bacillus mycoides SRX9106115 97 0.1 b 0.7 ab 0.4 b

Proteus sp. SRX9106121 95 0.1 b 1.3 a 0.1 b

Bacillus cereus SRX9106122 95 3.6 a 0.8 ab 1.1 a

Bacillus subtilis JQ820255 97 0.1 b 0.8 ab 0.4 b

Bacillus pumilus SRX9106119 97 0.3 b 0.4 b 0.8 ab

Bacillus sp. SRX9106120 85 0.2 b 1.2 a 0.7 ab

Bacillus sp. SRX9106114 85 0.1 b 1.1 a 0.4 b

Different lowercase letters within the column denote significant differences between the treatments according to ANOVA and Duncan’s multiple range test at a 5%
level of significance. *Sequence Read Archive/European Molecular Biology Laboratory databank— National Center for Biotechnology Information. **Based on nucleotide
sequence database (National Center for Biotechnology Information). ***Indoleacetic acid.
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FIGURE 2 | Effect of fertilizer management practices on grain yield of rice.
Grain yield data obtained from field experiments conducted at BRRI research
stations (eight experiments in each season) during years 2017–2020.
(A) T. Aman wet seasons, (B) Boro irrigated seasons. Line that divides box
represents median of data. End of box shows upper and lower quartiles
(n = 24 for each season). T1 = control, T2 = FSFD: full synthetic fertilizer dose
of N, P, and K at 80–20–50 and 140–20–80 kg ha−1 as urea, triple super
phosphate (TSP), and muriate of potash (MoP) in T. Aman wet and Boro
irrigated seasons, respectively; T3 = BoF (2 t ha−1) + 70% N as urea + 100%
K as MoP, T4 = 70% N as urea + 100% P as TSP + 100% K as MoP;
T5 = sole BoF at 2 t ha−1. BoF was added as dry weight basis.

P solubilizing, and produced IAA (Table 1). The biological
N2 fixing capability of the isolated strains ranged from 0.07
to 0.14%. Among the isolates, Proteus sp. and Paenibacillus
polymyxa fixed the highest amounts of atmospheric N2. However,
results were statistically similar with B. subtilis, B. cereus,
Paenibacillus sp., and other two Bacillus spp. The ability of
PSB for phosphate solubilization from RP ranged from 0.01
to 0.12%. Potential P solubilizers were B. pumilus (0.08%),
B. cereus (0.11%), Paenibacillus sp. (0.11%), and one Bacillus
sp. (0.12%). The highest amount of IAA (0.36%) was produced
by both P. polymyxa and B. cereus; nevertheless, all the
identified strains had the potential to produce this particular
plant growth hormone.

Grain Yield Response to the Applied
Bio-Organic and Synthetic Fertilizer
Field experiments (18) were conducted at different research
stations of BRRI in both T. Aman wet and Boro irrigated seasons.
Average grain yield data obtained from different replicated
treatments of all experiment sites (eight at each season) were
arranged in a box plot. Figure 2A illustrates the results of T.
Aman wet seasons where an average 10.44% higher grain yield
was obtained in the BoF (2 t ha−1) + 70% N as urea + 100%
K as MoP treatment (T3) compared with full synthetic fertilizer
(T2) treatment. Grain yield varied from 3.89 to 5.98 t ha−1 with
an average value of 5.18 in T3 treatment. Conversely, in the full
synthetic N, P, and K fertilizer treatment (T2), grain yield ranged
from 3.56 to 5.60 t ha−1 with an average of 4.69 t ha−1. Reduction
of 30% N from the full dose of urea fertilizer (T2) reduced 8% of
average grain yield in T4 treatment. Nonetheless, BoF treatment
(T5) alone was not capable of producing grain yield comparable
with FSFD treatment (T2), although the total contribution of
bio-organic fertilizer on grain yield was 65.83% in T. Aman wet
seasons. The lowest average grain yield obtained in the control
plot was 2.2 t ha−1.

In general, grain yield was higher in the Boro irrigated
compared with T. Aman wet seasons (Figure 2B). The yield trend
of Boro irrigated seasons (average eight experiments) followed
a similar pattern of T. Aman wet seasons, where grain yield in
BoF + 70% N as urea + 100% K as MoP (T3) ranged from 6.0
to 8.9 t ha−1 with an average of 7.87 t ha−1. In this treatment
(T3), 25% grain yield value below the median was 7.22 t ha−1, and
above the 75th percentile value was 8.64 t ha−1. On average, 13%
higher grain yield was obtained in the T3 treatment compared
with the FSFD application. In the FSFD treatment (T2), grain
yield varied from 4.54 to 8.66 t ha−1, and the average yield
was 6.97 t ha−1. In the Boro irrigated seasons, a reduction of
30% N from FSFD treatment (T2) reduced 19% grain yield in
T4. Nevertheless, the application of BoF alone gave an average
5.21 t ha−1 grain yield. The total contribution of bio-organic
fertilizer on grain yield was 66.79% in Boro irrigated seasons.
The lowest average grain yield was 3.11 t ha−1 recorded in the
control treatment.

Effect of Fertilizer Management
Practices on Plant Nutrient Uptake
Bio-organic and synthetic fertilizer management practices have
significant effects on plant N, P, and K uptakes. Across all field
experiments and irrespective of seasons, the highest average plant
N uptake was recorded in both the BoF (2 t ha−1) + 70%
urea N + 100% MoP (T3) and a full dose of synthetic
fertilizers (T2) followed by sole BoF (T5) application. In T4, a
reduction of 30% N from FSFD (T2) significantly reduced N
uptake, and the lowest N uptake was recorded in the fertilizer
control treatment (T1). Table 2 demonstrates the nutrient uptake
in T. Aman wet seasons, where N uptake in T3 treatment
ranged from 64 to 110 kg ha−1 with an average value of
92 kg ha−1. Correspondingly, in the FSFD (T2) practice, the
average N uptake was 90 kg ha−1, and it ranged from 63
to 106 kg ha−1. Reduction of 30% N from the full dose of
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synthetic fertilizer (T2) reduced 30.41% average N uptake in
T4. Nevertheless, 42–100 kg ha−1 N uptake was recorded in
the sole BoF use.

Variation in P uptake was found among the treatments.
A higher range of P uptake (13–26 kg ha−1) with an average value
of 21 kg P ha−1 was obtained in T3, where RP was the source of
P nutrient. However, P uptake ranged from 10 to 24 kg ha−1 in
synthetic fertilizer (TSP) applied treatment (T2). Conversely, in
the sole BoF treatment (T5), P uptake was 12 to 24 kg ha−1, and
average P uptake was 19 kg ha−1, which proved a copious supply
of available P from RP during the plant growth period. Average
K uptake was high in both FSFD and BoF (2 t ha−1) + 70% urea
N+ 100% K as MoP (T3) compared with other fertilizer practices.
Reduction of 30% N from FSFD reduced average 12% P and 24%
K uptake in the T. Aman wet seasons. The lowest N, P, and K
uptakes were found in the control treatment (Table 2).

In the Boro irrigated seasons, rice grain yield and plant
nutrient uptakes were found higher than T. Aman wet seasons.
Nutrient uptakes by rice plant in Boro irrigated seasons were
illustrated in Table 2. Average N uptakes were 142 and 131 kg
ha−1 in the T3 and T2 practices, respectively. N uptakes varied
from 96 to 192 and 92 to 188 kg ha−1 in T3 and T2 treatment,
respectively, whereas they ranged from 88 to 141 and 71 to
139 kg ha−1 in the T4 (30% reduced N from FSFD) and T5 (BoF)
treatments, respectively. Reduction of 30% N from T2 reduced
15% N uptake in T4, whereas reduction of 70% synthetic N in
the BoF (T5) in comparison with T3 reduced only 31% N uptake
in Boro irrigated seasons, which proved Nr increment via bio-
organic fertilizer. The average high P uptake was 35 kg ha−1, and
it ranged from 22 to 44 kg ha−1 in the T3, although hardly soluble
RP was used as the source of P. In contrast, the average P uptake
was 29 kg ha−1 and ranged from 20 to 40 kg ha−1 in the TSP
applied FSFD treatment (T2). In general, N, P, and K uptakes were
highest in the T3 followed by T2 practice. Reduction of 30% N
from FSFD reduced 8.3% N, 26% P, and 10.38% K uptakes in T4
treatment during the Boro irrigated seasons.

Effect of Fertilizer Management
Practices on Agronomic N Use
Efficiency, Physiological N Use
Efficiency, N Recovery Efficiency, Partial
Factor Productivity of N, and N Harvest
Index
Across the eight field experiments in T. Aman wet seasons, the
average agronomic N use efficiency (AEN) was higher in the bio-
organic fertilizer applied plots. The highest average AEN (46 kg
kg−1) was recorded in the sole BoF (T5) followed by the T3
(32 kg kg−1) treatment (Figure 3A). Comparable N use efficiency
was found in T2 (27 kg kg−1) and T4 treatment. However, 30%
synthetic N reduction in T3 increased by 22% AEN over T2
treatment that evidenced BNF contribution. Physiological N use
efficiency (PEN) was also higher in T3 (46 kg kg−1) compared
with T2 (39 kg kg−1), and the lowest PEN was found in T5
treatment. The average partial factor productivity of N (PFPN)
was high in T3 (85 kg kg−1) followed by T4. The lowest PFPN

(27 kg kg−1) was found in the T2 treatment. The highest average
N recovery efficiency (REN) (56 kg kg−1) was recorded in the BoF
(T5) treatment, whereas, in the other three treatments, REN was
almost identical. In N harvest index (HIN), comparable values
were obtained among the treatments (Figure 3A).

In the Boro irrigated seasons (Figure 3B), among the eight
field experiments, a high average AEN (75 kg kg−1) was recorded
in the BoF treatment (T5). AEN increased by approximately 30%
in T3 parallel to FSFD (T2) treatment. FSFD treatment exhibited
the lowest average AEN (23 kg kg−1) in the Boro irrigated
seasons. A similar PEN value (42 kg kg−1) was obtained in both
T3 and T4 treatments, and the lowest value was found in the
T5 (28 kg kg−1) treatment. Application of full synthetic fertilizer
(T2) showed 8% less PEN compared with T2 and T3 treatments.
The average partial factor productivity of applied N was highest
(170 kg kg−1) in the BoF (T5), followed by T4 (62 kg kg−1) and
T3 (56 kg ka−1) treatments. A full dose of synthetic fertilizer
application (T2) had the lowest (23 kg kg−1) PFPN. REN was
almost comparable in both FSFD (T2) and BoF (2 t ha−1)+ 70%
N as urea + 100% K as MoP treatment (T3); however, an
increment was observed in the T3 treatment. The highest REN
(145 kg kg−1) was obtained in the BoF (T5) treatment. Compared
with T. Aman wet seasons, HIN was higher in the Boro irrigated
seasons, and the highest HIN (74 kg kg−1) was obtained in the
T4, trailed by T3 (62 kg kg−1) treatment. Comparable values of
HIN (49 kg kg−1) were obtained due to the application of full
synthetic fertilizer (T1) or sole bio-organic fertilizer (T5) among
the field experiments (Figure 3B).

Triple superphosphate and RP were used as the source of P
nutrient in this study. Irrespective of the source, equal amounts
of P were added to all treatments. Figure 4A explains the average
data generated in T. Aman wet seasons from the eight field
experiments and found that agronomic use efficiency of P was
highest (27 kg kg−1) in the T3 treatment, where RP was used
as P source during the formulation of bio-organic fertilizer.
Nonetheless, 23 and 16 kg kg−1 agronomic P use efficiency (AEP)
were recorded in the T2 and T4 treatments, respectively, where
TSP was the source of P. Approximately 12 kg kg−1 AEP was
found due to the application of sole BoF (T5). Similar to the
trend of AEP, the average productivity of P fertilizer [partial factor
productivity of P (PFPP)] was 7% higher in the T3 (59 kg kg−1)
followed by T2 (55 kg kg−1) treatment. Comparable PFPP was
recorded in the T4 (48 kg kg−1) and T5 (45 kg kg−1) treatments.
REP was also higher in the T3 (16 kg kg−1) where the P source
was RP. Nevertheless, 13 kg kg−1 REP was found in the T2,
9.91 kg kg−1 in the T5, and the lowest REP (7 kg kg−1) was
exhibited in the T4 treatment. In both circumstances, P source
was TSP. A similar HIP (67 kg kg−1) was found in the TSP applied
treatments (T2 and T4), although a little higher (4%) average HIP
(70 kg kg−1) was obtained in the RP added BoF (2 t ha−1)+ 70%
N as urea + 100% K as MoP treatment (T3). In the BoF (T5)
treatment, HIP was 64 kg kg−1.

In the Boro irrigated seasons, average P nutrient use
efficiencies and HIP were higher than in the T. Aman wet seasons
(Figure 4B). The highest AEP of 39 kg kg−1 P was found in
the T3 treatment, where the P source was RP from bio-organic
fertilizer. Full synthetic fertilizer treatment (FSFD) exhibited an
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TABLE 2 | Contribution of bio-organic and synthetic N, P, and K fertilizers on nutrient uptake (kilograms per hectare) in T. Aman wet seasons and Boro irrigated seasons.

Treatment T. Aman wet seasons Boro irrigated seasons

Uptake (kg ha−1)

N P K N P K

T1 29 d 9 c 30 c 4 d 2 d 6 d

T2 90 a 19 b 67 a 12 b 4 b 10 b

T3 92 a 21 a 69 a 13 a 4 a 11 a

T4 69 c 17 b 54 b 7 c 3 c 8 bc

T5 79 b 19 b 55 b 17 c 3 c 14 c

CV (%) 14.4 16.4 14.5 16.6 17.5 18.5

P-value 0.00 0.00 0.00 0.00 0.00 0.00

Data generated from field experiments conducted at BRRI research stations during years 2017–2020. Different lowercase letters within the column denote significant
differences between the treatments according to ANOVA and Duncan’s multiple range test at a 1% level of significance. T1 = Fertilizer control, T2 = full synthetic fertilizer
dose of N, P, and K at 80–20–50 as urea, triple superphosphate (TSP), and muriate of potash (MoP); T3 = BoF (2 t ha−1) + 70% N as urea + 100% K as MoP, T4 = 70%
N as urea + 100% P as TSP + 100% K as MoP T5 = Sole BoF at 2 t ha−1 BoF was added as dry weight basis.

AEP of 32 kg kg−1, whereas T4 treatment gave 27 kg kg−1

AEP. Approximately 22% AEP increased in T3 compared with
T2 treatment, and a reduction of 30% N from FSFD reduced
23% AEP in the T4 treatment. BoF (T5) exhibited the lowest
average AEP (21 kg kg−1) in the Boro irrigated seasons. Partial
factor productivity of P fertilizer was also higher (70 kg kg−1) in
the BoF (2 t ha−1) + 70% N as urea + 100% K as MoP (T3),
where P source was RP. Synthetic fertilizer (TSP) application in
T2 and T4 treatments gave an average of 63 and 58 kg kg−1 PFPP,
respectively. Sole application of BoF had 49 kg kg−1 PFPP. REP
was 24 kg kg−1 in T3 (P source was RP) and 20 kg kg−1 in T2
(P source was TSP). Conversely, a 30% reduction of synthetic N
fertilizer reduced 81% REP in T4 compared with FSFD treatment
(T2). The lowest RE of 11 kg kg−1 was found in the T4 treatment.
In the Boro irrigated seasons, the average HIP was analogous
regardless of treatments.

Farmers’ Field Demonstration Trials
Partial factor productivity of N, P fertilizer, plant growth,
and yield parameters were subjected to pooled analysis via a
two-tailed t-test with the following hypothesis: H0: BoF (2 t
ha−1) + 70% N as urea + 100% K as MoP treatment (T1)
supplemented by 30% Nr, which had eliminated 100% TSP in
rice production and produced higher plant height, tiller number,
panicle number, grain yield, and PFPN and PFPP compared
with full-dose synthetic fertilizer (FSFD) application (T2), Ha:
BoF (2 t ha−1) + 70% N as urea + 100% K, (T1), which was
not able to supplement 30% Nr, had eliminated 100% TSP in
rice production and produced lower plant height, tiller number,
panicle number, grain yield, and PFPN and PFPP compared
with FSFD treatment (T2). The statistical analyses obtained
from 18 field demonstration trials are illustrated in Table 3.
Irrespective of soil and climate across the farmers’ field trials,
T1 produced higher average plant height (5.4%), tiller number
(6.1%), panicle number (8.8%), and grain yield (7.2%) compared
with the full dose of synthetic fertilizer (T2) application. Partial
factor productivity of N and P were calculated, and it was found
that BoF (2 t ha−1) + 70% N as urea + 100% K treatment

gave 8.03 and 6.4% higher PFPN and PFPP, respectively, as
compared with FSFD practice. The results mentioned earlier
rejected the alternate hypothesis at a 0.05% level of significance
and provided evidence of the efficacy of bio-organic fertilizer that
supplemented 30% Nr and 100% TSP in rice production over a
full dose of chemical fertilizer treatment.

Effect of Bio-Organic and Synthetic
Fertilizer on Soil Biochemical Properties
Different fertilizer management practices (4 years) affected soil
biochemical properties (Table 4). Bio-organic fertilizer was an
organic-based component, and it contained 15% biochar as an
ingredient, which improved soil carbon from 6 to 13% over
synthetic fertilizer. Application of synthetic fertilizer N, P, or K or
bio-organic fertilizer improved soil N, P, K, and S concentration
compared with control treatment. The population of free-living
N2 fixing bacteria and PSB significantly increased over synthetic
fertilizer treatment, which proved strain survivability in the
vicinity. In general, the application of bio-organic fertilizer
enriched soil carbon and biology with beneficial bacteria.

DISCUSSION

Results of our field experiments and farmers’ field trials proved
that PGPB could compensate at least 30% Nr and eliminate 100%
TSP requirement of rice plants without sacrificing yield. In the
present study, potential indigenous PGPB were isolated from
the floodplain, terrace, and saline soils and identified mostly as
Bacillus and Paenibacillus spp. The ability of BNF P solubilization
and IAA production by these potential bacteria were quantified
and found that all the strains have those relevant mechanisms
to complement plant nutrients and augment plant growth. Our
findings were concomitant with the research results of Kuan et al.
(2016), Weselowski et al. (2016), Xie et al. (2016), and Li et al.
(2017) where elucidated Bacillus and Paenibacillus spp. mediated
crop growth promotion with the involvement of those single or
combined mechanisms. Nevertheless, PGPB-mediated nutrient
acquisition and mechanisms of crop growth promotion in food
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FIGURE 3 | Effect of fertilizer management practices on agronomic efficiency of N (AEN), physiological efficiency of N (PEN), partial factor productivity of N (PFPN),
recovery efficiency of N (REN), and N harvest index (HIN). Data generated from field experiments conducted at BRRI research stations (eight experiments in each
season) during years 2017–2020. (A) T. Aman wet seasons, (B) Boro irrigated seasons. Error bar indicates standard error (n = 24). FSFD, full synthetic fertilizer dose
of N, P, and K at 80–20–50 and 140–20–80 kg ha−1 as urea, triple superphosphate (TSP), and muriate of potash (MoP) in T. Aman wet and Boro irrigated seasons,
respectively. BoF (2 t ha−1) + 70% N as urea + 100% K as MoP; 70% N as urea + 100% P as TSP + 100% K as MoP. Sole BoF at 2 t ha−1. BoF was added as dry
weight basis.

crops were also documented by Brown (1974), Burr et al. (1978),
Teintze et al. (1981), Lin et al. (1983), and Jacoby et al. (2017).

In the formulated bio-organic fertilizer, the BNF capacity
was varied among the PGPB isolates, and our biochemical
analysis proved P. polymyxa, Proteus sp., and Bacillus spp.
have a higher capacity of NH4 production. The prospect of
Paenibacillus sp. to be used as bioinoculant was reported by
Goswami et al. (2015), where the strain produced 3.6 mg kg−1

NH4 within 96 h, and the rate of NH4 production was in
agreement with our study. Individual N2 supplying capability
of P. polymyxa, B. cereus, and Proteus sp. in association with
cereal crops were also reported by Jimtha et al. (2017) and

Akintokun et al. (2019). The potentiality of N2 fixation by applied
inoculant was reflected in the plant N uptake. The study report
showed that regardless of seasons, N uptake was similar in
both full synthetic fertilizer (T2) and bio-organic fertilizer (2 t
ha−1) + 70% N as urea + 100% K as muriate of potash
applied treatment (T3). Although 70% synthetic N was reduced
in the bio-organic fertilizer treatment (T5) in comparison to T3
treatment, N uptake reduction was only 16–31% in T5, which
firmly supported the incidence of adequate Nr in bio-organic
fertilizer and also established the N delivering capacity of Bacillus
and Paenibacillus spp. throughout the plant growing seasons.
Kuan et al. (2016) also reported the BNF potentiality of several
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FIGURE 4 | Effect of fertilizer management practices on agronomy use efficiency of P (AEP), partial factor productivity of P (PFPP), recovery efficiency of P (REP), and
P harvest index (HIP). Data generated from field experiments conducted at BRRI research stations (eight experiments in each season) during years 2017–2020. (A) T.
Aman wet seasons, (B) Boro irrigated seasons. Error bar indicates standard error (n = 24). FSFD, full synthetic fertilizer dose of N, P, and K at 80–20–50 and
140–20–80 kg ha−1 as urea, triple superphosphate (TSP), and muriate of potash (MoP) in T. Aman wet and Boro irrigated seasons, respectively. BoF (2 t
ha−1) + 70% N as urea + 100% K as MoP; 70% N as urea + 100% P as TSP + 100% K as MoP. Sole BoF at 2 t ha−1. BoF was added as dry weight basis.

TABLE 3 | Plant height, tiller number, panicle number, grain yield, and partial factor productivity of N and P as influenced by bio-organic and synthetic fertilizers at
farmers’ field demonstration trials (18) during years 2017–2020 (n = 18).

Parameters Plant height Tiller number/m2 Panicle number/m2 Grain yield (t ha−1) PFPN PFPP

T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2

Mean 89.35 84.8 245 230 222 204 5 4.66 58.10 53.78 50 47

Variance 23.39 36.58 5603 5329 645 5986 1.968 1.958 273 295 196 196

T stat 2.098 2.649 2.51 2.874 3.030 1.729

P (T <= t) two-tail 0.049 0.015 0.021 0.0097 0.0068 0.011

T critical two-tail 2.093 2.093 2.093 2.093 2.093 2.093

T1, BoF (2 t ha−1) + 70% N as urea + 100% K as MoP, T2, FSFD (full synthetic fertilizer dose of N, P, and K fertilizer as urea, triple superphosphate, and muriate of
potash. N, P, K, and S at 80–20–50 and 140–20–80 kg ha−1 applied in the T. Aman wet and Boro irrigated seasons, separately). BoF, bio-organic fertilizer applied as
dry weight basis.
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TABLE 4 | Effect of bio-organic and synthetic N, P, K fertilizers on soil biochemical properties.

Treatments N
(g kg−1)

OC
(g kg−1)

Extractable. P
(mg kg−1)

Exch. K
(mg kg−1)

Avail. S
(mg kg−1)

Free-living N2 fixing
bacteria

(CFU g−1 soil)

*PSB
(Cfu g−1 soil)

T1 1.1 ± 0.1 15 ± 1 22 ± 3.2 42.9 ± 3.9 21 ± 0.3 2.4 × 104 6.2 × 104

T2 1.4 ± 0.1 15 ± 3 30 ± 3.6 58.5 ± 4.2 23 ± 1.0 4.1 × 105 8.1 × 105

T3 1.4 ± 0.08 17 ± 1 31 ± 0.3 58.5 ± 2.3 24 ± 0.4 5.3 × 108 2.8 × 108

T4 1.3 ± 0.1 15 ± 2 26 ± 1.2 50.7 ± 4.0 22 ± 1.0 2.2 × 104 3.4 × 105

T5 1.3 ± 0.09 16 ± 1 31 ± 2.2 58.5 ± 3.9 24 ± 1.5 6.1 × 107 2.9 × 108

Average values generated from the field experiments conducted at BRRI research station Gazipur and Cumilla during years 2017–2020 (two cycles each year). (Standard
deviation, n = 24) T1, BoF (2 t ha−1) + 70% N as urea + 100% K as MoP, T2, FSFD (full synthetic fertilizer dose of N, P, and K fertilizer as urea, triple superphosphate,
and muriate of potash. N, P, K, and S at 80–20–50 and 140–20–80 kg ha−1 applied in the T. Aman wet and Boro irrigated seasons, separately). BoF, bio-organic fertilizer
applied as dry weight basis. *PSB, phosphate solubilizing bacteria.

Bacillus spp. and found B. pumilus alone supplemented 30.5%
N requirement in maize. Furthermore, AEN, PEN, REN, and
HIN were higher in the bio-organic fertilizer applied treatments.
Incidence of 30% synthetic N reduction increased 21% RE
in T4 compared with full synthetic fertilizer (T2) treatment,
and the same reduction of synthetic N had increased 29%
RE in the bio-organic with reduced N and TSP omitted (T3)
treatment and repeatedly proved the efficacy of applied free-living
N2 fixing bacteria to supplement Nr fertilizer. In comparison
with synthetic and bio-organic fertilizer, PFPN of bio-organic
fertilizer was higher. Besides research results, a significantly
(p < 0.05) higher N partial factor productivity value of bio-
organic fertilizer (2 t ha−1)+ 70% N as urea+ 100% K as muriate
of potash was obtained in the farmers’ field demonstration
trials that again supported the efficacy of bio-organic fertilizer
to complement synthetic N. According to Dobermann (2007)
and Fixen (2007), the best nutrient management practice and
agronomic use efficiency of N synthetic fertilizer should be
greater than 25 kg kg−1, and RE should be 50–80%. Results
of our field experiments provide evidence that the treatment
comprised bio-organic fertilizer crossed the ranges described
earlier. Furthermore, the values of N use efficiencies and partial
factor productivity consequent in our study were in the array
described by Che et al. (2015).

The TSP is a commonly used synthetic fertilizer utilized to
accomplish P nutrition in rice production. RP is the natural
source of P, and it is the main ingredient of TSP fertilizer;
however, the hardly soluble criteria of RP limited its use in rice
production. In the study, TSP fertilizer was substituted by RP
with the assistance of B. pumilus, B. cereus, and Paenibacillus
sp., and these PGPB strains effectively abounded an adequate
amount of bioavailable P from RP during the rice-growing
period. Microbial-mediated P mobilization was mentioned by
many scientists (Nahas, 1996; Rodrı ìguez and Fraga, 1999;
Plassard et al., 2011; Panhwar et al., 2013; Ahemad and Kibret,
2014). In the study, we noticed Paenibacillus and Bacillus
spp. solubilized 0.1–1.2 g kg−1 P from RP. Several studies
supported our findings, where they reported RP solubilizing
capacity of B. pumilus was 0.35 g kg−1 (Dipta et al., 2017)
and B. cereus 0.2 g kg−1 (Akintokun et al., 2019). However,
Din et al. (2020) reported P. polymyxa to solubilize 2.6 g kg−1

P from tricalcium phosphate. Furthermore, P solubilization by

P. polymyxa was strongly supported by Xie et al. (2016); Hao
and Chen (2017), and Hashem et al. (2019). Similar to the
N nutrient, P uptake and use efficiencies were apparent in
bioavailable P from RP during plant growth. In our study,
approximately 21% lower P uptake was noticed in T2 compared
with T3 treatment that revealed spontaneously bioavailable P in
the RP added treatment. We also found that, regardless of P
sources, comparable values of AEP and REP were obtained in
both TSP fertilizer and RP applied treatments. However, lower
AEP and PFPP values were obtained in the sole bio-organic
fertilizer treatment (T5) due to low grain yield in the N and K
deficient conditions.

The values obtained for REP were concomitant with Baligar
et al. (2001), Pheav et al. (2003), and Roberts and Johnston
(2015). A parallel HIP also proved the similar trend of P nutrient
from both sources. Partial factor productivity of fertilizer was
used to evaluate the fertilizer use efficiency (Chuan et al., 2016),
and the partial factor productivity of P obtained from both
farmers’ field trials and field experiments (total 36) proved the
efficacy of applied bio-organic fertilizer to replace 100% TSP in
rice production.

Besides PGPB-mediated BNF and P solubilization from RP,
the contribution of IAA was remarkable for plant growth
promotion (Shen et al., 2016). A considerable amount of
IAA production by B. cereus (Akintokun et al., 2019) and
P. polymyxa (Liu et al., 2019) were concomitant with our
research result. This particular growth hormone modulated
rice root architecture (Biswas et al., 2000) that enables higher
nutrient acquisition for plants and impacts crop growth
and yield (Di Benedetto et al., 2017). Significantly taller
plants were noticed in the bio-organic treated farmers’ field
demonstration trials, which might be the resultant effect of
IAA production by the Bacillus and Paenibacillus spp. Across
the 18 field experiments, treatment contained bio-organic
fertilizer (2 t ha−1) with 30% reduced N, 100% K, and TSP
eliminated treatment (T3) produced 10–13% higher grain yield
compared with full synthetic fertilizer treatment. Grain yield
increment aligned with the result of Schütz et al. (2018),
which reported approximately 14% of crop yield response
due to microbial inoculant application from the meta-analysis
of 66 experiments in the tropical climate. Depending on
seasons, 30% Nr cutoff from full synthetic fertilizer treatment
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(T2) reduced approximately 8–19% grain yield in the synthetic
fertilizer treatment (T4); nevertheless, the same reduction of
Nr in bio-organic fertilizer treatment (T3) evidenced 13%
higher grain yield. Yield increment incident has proven the
spontaneous Nr and P supply by PGPB, and there was no
hidden hunger for these nutrients. Field experiments result
showed that the total contributions of bio-organic fertilizer
on grain yield production were 65.83% in T. Aman wet
seasons and 66.79% in the Boro irrigated seasons. Recently,
rice yield increases due to integrated approaches of organic,
synthetic, and microbial inoculants, which have been reported
by Yadav et al. (2019). A combination of both functional
traits was more effective than single traits. Combined activity
of nutrient supplement and plant growth promotion by
PGPB were reflected on plant nutrient uptake, N and P use
efficiencies, and rice grain yield in the bio-organic fertilizer
(2 t ha−1) with 30% reduced N, 100% K, and TSP eliminated
treatment. Conversely, in the farmers’ field demonstration trials,
significantly (P < 0.05) higher partial factor productivity of N
and P, plant height, tiller production, panicle number, and grain
yield were obtained in the same treatment. The results of the
farmers’ field demonstration trials firmly strengthen our field
research findings.

After harvest of the eight crop cycle, soil nutrient contents
were analyzed, and it was found that the application of bio-
organic fertilizer improved soil health. Bio-organic fertilizer
provided adequate mineral nutrients, organic matter, and
beneficial microbial population and thus altered soil biochemical
properties. It was known that soil organic carbon is an
indicator of soil health by Biancalani et al. (2012), and
maintaining soil quality and plant productivity requires
microbial diversity and an adequate number of bacteria in
the soil system (Li C. et al., 2014; Li Y. et al., 2014). The
abundance of PGPB due to the application of bio-organic
fertilizer was noticed after the crop harvest. The spore-
forming character of Bacillus and Paenibacillus spp. (Bloemberg
and Lugtenberg, 2001) was a unique character that enables
survival of the added PGPB in a wide range of soil and
environment. In short, the study report confirmed (4 years’)
application of bio-organic fertilizer, which contained organic
matter, biochar, and PGPB, improved soil organic carbon,
and enriched soil with PGPB as compared with full synthetic
fertilizer application.

CONCLUSION

Emerging demand for food production made rice cultivation
dependent on synthetic fertilizer and augmenting environmental
pollution. Bio-organic fertilizer that exhibited various qualities,
such as nutrient acquisition and plant growth promotion of rice,
is an organic-based biofertilizer that contains RP (5%), biochar

(15%), and the living cells of PGPB, mostly Bacillus, Proteus,
and Paenibacillus spp., which were isolated from the floodplain,
terrace, and saline soils. The results of 16 field experiments
and 18 farmers’ demonstration trials proved that added PGPB
supplemented 30% synthetic N requirement of rice production
through BNF and fully complemented available P from RP by
solubilization during the plant growth period. IAA production
by the PGPB might have promoted plant growth and resulted
in taller plants of the bio-organic added treatment. The organic
matter and biochar improved soil nutrient and carbon content
as well. The combined effect of living ingredients and organic
matter of the bio-organic fertilizer saved 30% urea-N, eliminated
100% TSP fertilizer use in rice production, and simultaneously
improved nutrient uptake, N, P use efficiencies, rice yield,
and soil health.
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Application of Bag-Controlled 
Release Fertilizer Facilitated New 
Root Formation, Delayed Leaf, and 
Root Senescence in Peach Trees and 
Improved Nitrogen Utilization 
Efficiency
Yafei Zhang , Jingjing Luo , Futian Peng *, Yuansong Xiao * and Anqi Du 

State Key Laboratory of Crop Biology, College of Horticulture Science and Engineering, Shandong Agricultural University, 
Tai-An, China

It is very important to promote root growth and delay root and leaf senescence, to improve 
nitrogen absorption and utilization efficiency, and to improve the storage nutrition level of 
the tree, so as to improve the fruit quality and yield of peach. In this experiment, 
we compared and analyzed the effects of traditional fertilization and bag-controlled release 
fertilizer (BCRF) on the growth of shoots and roots, senescence of leaves and roots, and 
fruit yield and quality. Moreover, the impacts of BCRF on ammonia volatilization, nitrogen 
utilization rate, fine root turnover, and plant storage nutrients were also investigated. 
Compared with conventional fertilizer use, the application of BCRF significantly promoted 
the shoot growth of young peach trees. Additionally, BCRF delayed leaf senescence and 
increased root activity in autumn. This increased the storage nutrients of the peach tree. 
Compared with traditional fertilizer, ammonia volatilization reduced to 54.36% under BCRF 
application situation. BCRF also promoted the occurrence of fine roots and decreased 
the annual turnover rate. A 15N tracer test showed that, compared with traditional fertilizer, 
BCRF nitrogen utilization efficiency increased by 37.73% in peach trees under BCRF 
treatment significantly. The results from 3 consecutive years showed that the application 
of BCRF increased the yield of individual plants by 21.35% on average compared to the 
yield from plants receiving equal amounts of fertilizer applied by spreading (FSA). Thus, 
BCRF can promote the occurrence of fine roots and decrease the root annual turnover 
rate in peach trees, and it also improves the utilization efficiency of fertilizer, reduces 
ammonia volatilization, delays leaf senescence, and enhances storage nutrition, fruit yield, 
and fruit quality in peach trees.

Keywords: bag-controlled release fertilizer, plant growth and senescence, ammonia volatilization, N utilization rate, 
storage nutrition, peach
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INTRODUCTION

Fertilizers are important input materials for the sustainable 
development of modern orchard production and play a key role 
in fruit tree yield and quality. China is the world’s largest consumer 
of fertilizers, accounting for 30% of total global consumption. 
However, the fertilizer utilization rate is only 30–40% (Zhu, 
2000). A low utilization rate of fertilizer is a common problem 
for chemical fertilizer. Nitrogen loss is particularly serious in 
chemical fertilizer use. Extensive use of fertilizers leads to a 
decrease in nitrogen use efficiency, and much of the excess 
nitrogen fertilizer is lost to the environment (MOA, 2007). This 
not only results in a decline in fruit quality but also causes soil 
pollution, water resource pollution, air pollution, and 
other problems.

Since the beginning of this century, the cultivated area of 
peach trees in the world has expanded from 12.74×105  ha in 
2000 to 17.12×105  ha in 2018 (FAO, 2020). China accounts for 
34% of this area, making it the country with the most peach 
tree cultivation in the world. Peach is the fourth most cultivated 
fruit tree after apple, citrus, and pear in China. Previous studies 
showed that the ranges of nitrogen, phosphorus, and potassium 
fertilization in peach orchards were 495–2,391  kg·ha−1  N, 
252–1795  kg·ha−1 P2O5, and 323–1,399  kg·ha−1 K2O, respectively 
(Kou, 2005; Yuan, 2007; Gao, 2010). However, based on different 
soil nutrient conditions, Chinese experts recommend the 
application range of N as 67–320  kg·ha−1, P2O5 30–160  kg·ha−1, 
and K2O 92–346  kg·ha−1 for stable peach orchards with a target 
yield of 40  t·ha−1 (Kong et  al., 2010; Guo, 2019). Excessive 
fertilizer application and low fertilizer efficiency lead to a large 
surplus of nutrients in orchard soil. Surplus nutrients not only 
are a waste of resources but also cause a series of environmental 
problems such as greenhouse effects, water eutrophication, soil 
acidification and biological toxicity. Therefore, scientific 
management of orchard nutrients is of great significance to 
conserve fertilizer resources and protect the ecological environment.

Peach trees are perennial woody plants whose growth cycle 
is divided into two basic processes: life cycle and annual cycle. 
The annual growth cycle is divided into two periods, growth 
and dormancy. The growth period is the period from spring 
germination to the formation of deciduous leaves and includes 
the three aspects vegetative growth, reproductive growth, and 
nutrient accumulation. The dormancy stage refers to the stage 
of deciduous leaf germination. The dormancy period refers to 
the period from leaf shedding to new bud germination in the 
second year. Nutrient absorption and utilization in the annual 
cycle can be  divided into four stages, namely, the utilization 
and storage, an alternate stage involving storage and seasonal 
nutrients, the seasonal nutrient stage, and the nutrient 
accumulation and storage stage (Li, 2013). Only when we  are 
familiar with the growth and development characteristics of 
each period, we  can adjust and control the nutrients to match 
the absorption of nutrients at each stage to reduce the amount 
of fertilizer to improve the yield and quality. Therefore, the 
nutrient demand of fruit trees and the nutrient supply and 
demand in the growing season must be  taken into account 
when formulating fertilization strategies (Weinbaum et al., 1992).

Nutrient loss from fertilizers is associated with soil 
characteristics, climatic conditions, and the type of fertilizer 
(Bouwman et  al., 1997; Abalos et  al., 2014). Among these, 
only the type of fertilizer is easily controlled. The use of slow- 
and controlled-release fertilizers (CRFs) is an effective way to 
solve the problems of resource waste and environmental pollution 
that would be caused by abuse of chemical fertilizers, especially 
in China. CRFs, which are coated with polymerized latex, release 
nutrients in a controlled, delayed manner in synchrony with 
the sequential needs of plants for nutrients, thereby increasing 
nutrient utilization efficiency and yield; thus, they provide 
enhanced nutrient use efficiency along with enhanced yields 
(Shaviv, 2005). The integration of water and fertilizer can realize 
the simultaneous supply of nutrients and water and solve the 
problem of incoordination between water and fertilizer in most 
orchards in China (Lu, 2013). However, the high price of coated 
slow/CRF and water-soluble fertilizer with supporting machinery 
and equipment input makes their use impossible for widespread 
application in peach orchard production.

Inspired by tea bags, our laboratory has developed a new 
bag-controlled release fertilizer (BCRF; Peng et  al., 2007). It 
is made by using a paper-plastic composite material to wrap 
various kinds of fertilizers such as nitrogen, phosphorus, and 
potassium. Fertilizers release nutrients to the environment 
through microholes in the bag. In recent years, our research 
found that the nutrient release rate of BCRF was basically 
consistent with the fertilizer requirement of fruit trees, which 
could promote the occurrence of fine roots, significantly improve 
the nitrogen utilization rate, and improve the comprehensive 
quality of fruit. Our laboratory has obtained the initial results 
for applying BCRF, a new fertilizer with an environmentally 
safe material and a high utilization rate, for fruit tree production. 
At present, there are many studies on improving the nitrogen 
utilization rate of BCRF (Peng et  al., 2006; Zhang et  al., 2008; 
Jiang et  al., 2015), while few studies on reducing nitrogen loss 
(such as ammonia volatilization) have been conducted. Du 
et al. (2011) and Wang et al. (2013) found that polymer-coated 
fertilizer (PCF) can reduce NH3 volatilization and N2O emissions, 
because the nutrient release mechanisms between BCRF and 
PCF are similar to a large extent.

BCRF may play a positive role in regulating peach root 
growth, root turnover, leaf senescence, nitrogen absorption and 
utilization efficiency, and fruit yield and quality. Therefore, in 
this study, we  evaluated the effects of BCRF on ammonia 
volatilization, growth and senescence, and storage nutrient 
content of peach trees. Furthermore, we  examined the impact 
of the application of BCRF for 5 continuous years on root 
growth, nitrogen utilization rate, and fruit yield and quality 
to provide a reference for scientific fertilization in peach orchards.

MATERIALS AND METHODS

Preparation of Bag and Fertilizer 
Composition
The bag was made of a paper-plastic composite material as 
described in our patented product (Figure 1; Peng et al., 2007). 
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Rows of micro holes were uniformly distributed on both sides 
of the bag. The diameter of the microholes was 0.2  mm, and 
the distance between micro holes was 0.5  cm. The fertilizer 
in the bags consisted of urea, diammonium hydrogen phosphate, 
and potassium sulfate in a ratio of 41:14:40 (N:P2O5:K2O). 
After blending, the composite fertilizer was packaged into the 
bags by a granular packager with paper-plastic composite 
material. The bags were 9  cm wide and 15  cm long (20  g/bag, 
BCRF I  and 95  g/bag, BCRF II).

Plant Materials and Experimental 
Treatments
We conducted two experiments: one is pot experiment and 
another one is field experiment.

Pot Experiment
To study the effects of the application of BCRF on plant growth 
and senescence, storage nutrition, and NH3 volatilization, 
2-year-old “Jingqing14”/wild peach (Amygdalus persica Linn.) 
seedlings were used as materials, and a pot experiment was 
carried out. On March 25, peach seedlings were planted in 
a pot with a diameter of 30  cm and a height of 45  cm. Three 
experimental treatments were used: control (no fertilizer 
application), BCRF I  (20  g/bag, paper-plastic bag with the 
mixed fertilizer as described above), and FSA I  (20  g/bag, 
common nylon bag with 0.178  mm hole size instead of the 
paper-plastic bag). The fertilizers BCRF I  and FSA I  were 
applied to two bags per tree on both sides of the trunk. Three 
plots were set up for each treatment, and each plot contained 
seven trees. Irrigation was carried out when the field capacity 
was less than 50%, and the irrigation amount was 2.5  L in 
each pot each time. A single factor random block design was 
employed for the experiment, and each treatment was performed 
in triplicate.

Field Experiment
To study the effects of BCRF application on the soil nutrient 
status, nitrogen absorption and distribution, root growth, and 
yield and quality in the peach orchard, the late-ripening peach 
“Ruipan 21”/wild peach [Prunus persica (Carr.) Franch.] was 
used, and a field experiment was conducted from 2012 to 
2016 with two fertilization modes: BCRF II (95  g/bag, paper-
plastic bag with the mixed fertilizer as described above) and 
equal amounts of FSA II. Three plots were set up for each 
treatment, and each plot contained six trees. The fertilizers 
were applied by the radiating ditch method, that is, a radiating 
ditch was dug outward 30  cm from a trunk, with a width of 
15–20  cm, a depth of 20–30  cm, and a length of 20–30  cm. 
The radiating ditch position was changed every year. The 
fertilizer application is shown in Table 1. To determine nitrogen 
absorption and utilization, in 2016, 0.5  g of 15N urea was 
used for each bag of BCRF treatment instead of 0.5  g of 
ordinary urea, and 5  g of 15N urea was used to replace 5  g 
of ordinary urea in the FSA I treatments for mixed application. 
A single factor random block design was employed for the 
experiment, and each treatment was performed in triplicate.

Measurement of Plant Growth and 
Senescence Parameters
After the new shoot stopped growing (September 30), the growth 
indexes, such as the total length of the new shoot, dry stem, 
and branch stem, were measured. The net photosynthetic  
rate of peach leaves was measured with a CIRAS-3  
portable photosynthetic measurement system (PP Systems, 
United  Kingdom), and the chlorophyll content was measured 
as the SPAD value by using an SPAD-502 chlorophyll meter 
(Tuopu Yunnong Technology). Root activity was measured by 
the triphenyltetrazolium chloride (TTC) method (Zhao et al., 2002).

Enzyme extracts from 0.5  g samples for the determination 
of superoxide dismutase (SOD), catalase (CAT), and peroxidase 
(POD) activities were prepared with chilled phosphate buffer. 
The homogenate was centrifuged at 10,000  g for 20  min at 
4°C. The supernatant was referred to as the enzyme extract. 
The SOD activity was determined by the nitrogen blue tetrazole 
(NBT) method and calculated according to the method of 
Wang et al. (2009). The CAT activity was measured as previously 
described (Kar and Mishra, 1976). One unit of enzyme activity 
(U) was defined as the amount required to change the OD240 
by 0.1 within 1  min. POD activity was determined by the 
guaiacol method (Omran, 1980), and the enzyme activity unit 
(U) was determined as the amount of enzyme required to 

FIGURE 1 | Bag of bag-controlled release fertilizer (BCRF).

TABLE 1 | Fertilizing dates and amounts.

Treatment January 4, 
2012

January 3, 
2013

January 3, 
2014

January 3, 
2015

January 3, 
2016

Number of radial ditches × Amount of bag-controlled 
release fertilizer (bag/ditch)

BCRF II 2 × 1 4 × 1 4 × 2 5 × 2 5 × 2
FSA II 2 × 1 4 × 1 4 × 2 5 × 2 5 × 2
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FIGURE 2 | Installation of minirhizotron tube.

reduce the OD470 by 0.1 per minute. Malondialdehyde (MDA) 
content was determined by the thiobarbituric acid (TBA) method 
(Zhao et  al., 2002).

Collection and Measurement of NH3 Gas
NH3 gas was collected as previously described (Zhu et  al., 
1985) with some improvements. A split plastic bucket with 
an inner diameter of 30 cm and a height of 20 cm was inverted 
on the soil surface centered on the fertilization site. There 
was a plastic box containing 200  ml of 2% boric acid and 
indicator in the bucket, and boric acid was changed over time. 
NH3 samples were collected every 2  days in the first 30  days, 
followed by once every 10  days until ammonia volatilization 
was not detected. The NH3 absorbed in boric acid was titrated 
by 0.005  mol·L−1 H2SO4.

NH3 volatilization rate (mg/day)  =  the average amount of 
NH3 volatilization measured per time (mi)/continuous capture 
period length in every sampling (day).

Cumulative amount of NH3 volatilization (mg) = m1 + m2 +   
m3  +  ···  +  mi.

Determination of Soluble Sugar and Starch
The soluble sugar and starch contents were measured as previously 
described (Wang et  al., 2012). Soluble sugar was extracted 
from a 1  g sample that had been cut into small pieces, put 
into a tube and then extracted twice at 100°C for 30  min. 
The filtered solution was transferred into a 25  ml volumetric 
flask, and the soluble sugar content was determined by the 
anthrone colorimetric method. The residue after extraction of 
soluble sugar was transferred into a 10  ml graduated test tube 
that was capped with a stopper. The residue was digested with 
0.92  mol·L−1 perchloric acid at 100°C in 10  ml of water for 
15  min to convert starch to glucose. Glucose was used for 
the determination of starch content by the anthrone 
colorimetric method.

Determination of Soluble Protein and Free 
Amino Acid
Soluble protein was extracted from a 1 g sample with extraction 
buffer consisting of 25  mmol·L−1 potassium phosphate buffer 
(pH 7.5), 5  mmol·L−1 EDTA-Na2, and 5  mmol·L−1 cysteine. 
The sample (1  g) was ground in 3  ml of extraction buffer 
consisting of 25  mmol·L−1 potassium phosphate buffer (pH 
7.5), 5  mmol·L−1 EDTA-Na2, and 5  mmol·L−1 cysteine. The 
suspension was transferred to centrifuge tubes and clarified 
by centrifugation for 15 min at 12,000 × g at 4°C. The supernatant 
was used for the measurement of soluble protein content by 
the Coomassie brilliant blue method using bovine serum albumin 
as the standard protein.

Free amino acids were extracted from 1  g of each sample 
that had been placed in a tube with 10  ml of water at 100°C 
and then extracted twice with the same volume of water at 
100°C. The filtered solution was transferred into a 25  ml 
volumetric flask, and the free amino acid content was determined 
by the ninhydrin colorimetry method using leucine as the 
standard amino acid.

Determination of New Root Growth Status
As shown in Figure  2, new root growth was observed using 
the root in situ observation system PMT-Root Scanner-R 
(Analysis, Beijing, China). On April 1, 2016, six peach trees 
were randomly selected from each treatment; root observation 
tubes were buried 0.6  m from the trunk at a 45° angle from 
the ground, and the buried depth was 45  cm. Images of the 
10–30  cm soil layer were collected every 15  days from April 
15 to December 15, and the image collection area was 
21.56  cm  ×  19.56  cm.

Root biomass was analyzed using the software of the system. 
White and brown roots were defined as living roots. Black or 
shriveled roots and roots that disappeared during the two 
observation periods were defined as dead roots.
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Annual turnover rate of fine roots  =  Annual dead fine root 
biomass/Annual maximum fine root standing crop.

Analysis of Root Horizontal Distribution 
Characteristics
Three plants were selected for each treatment, and the root 
samples were collected by the sectional digging method on 
November 2016. With the trunk as the center and every 20 cm 
in the horizontal direction between the rows, square holes 
(50  cm  ×  20  cm  ×  40  cm) were dug until no roots appeared. 
The root samples were collected, labeled at every segment, and 
then analyzed by a WinRHIZO automatic root system scanner.

Determination of Nitrogen Absorption and 
Utilization
In the fruit maturity period (on September 20, 2016), samples 
were collected from the peach trees that were labeled with 
15N urea for analysis. The tree was divided into six parts: 
main trunk, lateral branches, leaves, thick roots 
(diameter  >  2  mm), fine roots (diameter  <  2  mm), and fruits. 
Then, every sample was rinsed successively with clear water, 
detergent, clear water, 1% hydrochloric acid, and three times 
with deionized water. Immediately, the samples were dehydrated 
at 105°C for 30  min and then dried at 80°C to constant 
weight. After that, the samples were ground and crushed through 
a 0.147  mm sieve and mixed for determination. The total 
nitrogen content was measured using the Kjeldahl method 
(Bao, 2000), and the 15N abundance was determined by a 
MAT-251 mass spectrometer (College of Resource and 
Environment, Shandong Agricultural University).

Nitrogen utilization rate equations:

 Ndff N abundance in plant sample N natural abundance= −( )15 15

15 NN abundance in fertilize N natural abundance−( )×15 100%.

 Nitrogen utilization rate Ndff total nitrogen content of o= × rrgan g

amount of fertilizer applied g

( ) 
( )×100%.

Determination of Fruit Yield and Quality
The fruit yield and quality were counted and analyzed every 
year after the trees had borne fruit. The fruit were collected 
from the middle to the top of the peach trees for measurement 
of fruit quality. Soluble solid content was measured using a 
TD-65 digital refractometer (Zhejiang Top Instrument). Titratable 
acid content was measured using the acid-base titration method. 

Vitamin C content was measured using the iodine 
titration method.

Statistical Analysis
Each measurement was repeated three times, and the mean 
values of each parameter were calculated. The statistical analysis 
was performed with Microsoft Office Excel 2010 software. 
Statistical analyses of the data were performed using DPS statistical 
package, and the difference were statistically compared by 
employing the Duncan test with a significance level of p < 0.05.

RESULTS

BCRF Can Promote the Shoot Growth of 
Peaches
Compared with the FSA I  treatment, the BCRF I  treatment 
significantly promoted the growth and development of young 
peach trees. BCRF treatment increased trunk straight stem growth, 
primary lateral branch lengths, and primary lateral branch thickness 
by 26.22, 35.11, and 20.85%, respectively. The number of secondary 
branches was reduced in the BCRF I  treatment (Table  2).

BCRF Can Delay Leaf and Root 
Senescence
Leaf senescence is an important feature in late stages of plant 
development. When the leaves of plants are aging, photosynthesis 
decreases, which greatly affects the production by plants. The 
most significant morphological change in leaf senescence is 
the change in leaf color. From Figure  3, we  can see that 
BCRF I  delayed leaf senescence. On October 1, we  measured 
the net photosynthetic rate and chlorophyll content of peach 
leaves and found that those of trees treated with BCRF I  were 
significantly increased (Table  3) compared with those of trees 
receiving the control treatment. As shown in Figure 4, compared 
with FSA I  treatment, BCRF I  treatment led to a significant 
increase in antioxidant enzyme (SOD, POD, and CAT) activities 
and a decrease in MDA content consistent with the leaf phenotype.

The root is an active absorbing organ, and root activity 
directly affects the absorption of nutrients and growth 
aboveground. We  analyzed the root activity and found that it 
was 17.53% higher in the BCRF I  treatment than in the FSA 
I  treatment. The SOD, POD, and CAT activities were higher 
in the BCRF I  treatment than in the FSA I  treatment, and 
the MDA content was reduced in the BCRF I  treatment 
(Figure 5). Thus, the BCRF I treatment delayed root senescence.

TABLE 2 | Aboveground biomass of peach trees under different treatments.

Treatment Trunk straight stem growth 
(mm)

Primary lateral branch length 
(cm)

Primary lateral branch 
thickness (mm)

Secondary lateral branch 
number

Control 3.06 ± 0.08b 212.09 ± 7.56c 6.04 ± 0.15b 4.15 ± 0.35c

FSA I 3.28 ± 0.07b 289.02 ± 9.98b 6.33 ± 0.14b 8.89 ± 0.42a

BCRF I 4.14 ± 0.06a 390.50 ± 15.07a 7.65 ± 0.20a 5.22 ± 0.42b

Different letters indicate statistically significant differences (p < 0.05).
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FIGURE 3 | Phenotype of peach leaves under different fertilization modes.

BCRF Can Reduce NH3 Volatilization From 
Soil
Ammonia volatilization is an important path of nitrogen loss in 
peach orchards. Compared with FSA I, BCRF I decreased ammonia 
volatilization (Figure 6). The ammonia volatilization rates of BCRF 
I  and FSA I  soils were significantly different. Volatilization peaks 
were achieved on day 3 for FSA I  after fertilizer application, and 
no volatilization was detected on day 50. Volatilization reached 
its peak on day 19 for BCRF I. Subsequently, volatilization gradually 
decreased, and no volatilization was detected on day 120 
(Figure  6A). As shown in Figure  6B, the cumulative amount of 
ammonia volatilization for the FSA I  treatment was 1092.30  mg, 
which was 2.19 times that for BCRF I  treatment. The ammonia 
volatilization loss under the FAS I treatment accounted for 13.76% 
of the applied nitrogen, while loss under BCRF I  accounted for 
only 6.28%. BCRF significantly reduced ammonia volatilization loss.

BCRF Affects the Storage Carbon and 
Nitrogen Nutrition in Peaches
The term storage nutrients refer to substances that are not used 
immediately but are mainly stored in the roots, trunks, and 
branches. Storage nutrients, including storage carbon and storage 
nitrogen, play an important role in the safe overwintering and 
growth of fruit trees in the next year. BCRF I significantly increased 
the storage nutrition content of peach trees (Figures  7, 8). 
We  analyzed the storage carbon nutrients in peach trees and 
found that 56.7% were stored in roots and 43.3% in trunk and 
branches. The soluble sugar content and starch content in peach 
trees treated with BCRF I were 15.2 and 12.6% higher than those 
in trees treated with FSA I, respectively. Storage nitrogen nutrients 
mainly include soluble protein and free amino acids. As shown 
in Figure  8, 38% of the storage nitrogen nutrients in peach trees 
were stored in roots, and 62.0% were stored in trunk and branches. 
The content of storage soluble protein and free amino acids in 
peach trees for the BCRF I  treatment increased by 19.2 and 
28.7%, respectively, compared with those for the FSA I  treatment.

BCRF Can Promote New Root Production 
and Enhance the Root Turnover Rate
To study the influence of BCRF on root occurrence dynamics, 
the Root Scanner-R system was used to collect root pictures 

every 15  days from April 15 to December 15. The roots had 
two growth peaks in a year, in July and September, and then 
the root growth slowed down in November and basically 
stopped in mid-December. Before June, the occurrence of new 
roots under the FSA II treatment was faster than that under 
the BCRF II treatment. However, after June, new roots under 
the BCRF II treatment formed significantly faster than those 
under the FSA II treatment (Figure 9). As shown in Figure 10, 
on September 15, FSA II treated peach trees had fewer new 
roots, while BCRF II treated peach trees still had more white 
new roots. Meanwhile, it was more intuitive to show that 
BCRF could delay root senescence.

We also analyzed the annual fine root production biomass, 
dead fine root biomass, and maximum fine root standing crop. 
The results showed that the annual fine root production biomass 
and maximum fine root standing crop under the BCRF II 
treatment were significantly higher than those under the FSA II 
treatment, and there was no significant difference in the annual 
dead fine root biomass. Moreover, BCRF decreased the turnover 
rate of fine roots (expressed in terms of annual dead fine root 
biomass/maximum fine root standing crop; Table 4). This indicated 
that the growth of fine roots was relatively active and that BCRF 
slowed the death rate of the roots and improved the root life span.

BCRF Can Increase the Proportion of Fine 
Roots
The distribution of peach roots reached more than 120  cm 
in the horizontal direction under the FSA II treatment and 
less than 120  cm under the BCRF II treatment. In addition, 
88.91% of fine roots (day  ≤  2  mm) were distributed from 0 
to 80  cm under the BCRF II treatment, while in the FSA II 

TABLE 3 | Leaf net photosynthetic rates and chlorophyll content under different 
treatments.

Treatment Pn (μmol·m2·s−1) Chlorophyll content (SPAD 
value)

Control 7.08 ± 0.15b 23.93 ± 0.13b

FSA I 7.28 ± 0.17b 24.50 ± 0.18b

BCRF I 11.68 ± 0.13a 33.53 ± 0.15a

Different letters indicate statistically significant differences (p < 0.05).
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treatment, 71.61% of the fine roots were distributed in 0–80 cm 
(Figure  11). We  also analyzed the proportions of fine roots 
and found that fine roots accounted for 83.95 and 75.19% of 
the total root length under the BCRF II and FSA II treatments, 
respectively. It was further proven that BCRF could promote 
the occurrence of fine roots.

BCRF Can Increase the Nitrogen 
Utilization Rate in Peach Trees
The total N content, Ndff (N derived from fertilizer), and N 
utilization rate are shown in Table  5. The Ndff values in 
different organs for BCRF II were significantly higher than 
those for FSA II. BCRF II plants showed a higher total N 

(223.83  g) and N utilization rate (34.46%) than FSA II plants. 
BCRF II significantly improved the N utilization rate in the 
aboveground parts of the peaches, and those in the fruit, leaf, 
main trunk, and lateral branch were 1.58, 1.22, 1.51, and 1.48 
times those for the FSA II treatment, respectively. FSA II led 
to a drastic increase in available nutrient concentration within 
a short period of time. High concentrations of available nutrients 
are not rapidly absorbed by plants, and most are lost by 
nitrification, denitrification, ammonia volatilization, or entry 
into the groundwater system. However, BCRF II results in 
slow nutrient loss and decreases the effects of changes in soil 
moisture on absorption by peach trees, resulting in a significantly 
higher N utilization rate in peach trees.

A B C D

FIGURE 4 | Effects of bag-controlled release fertilizer on superoxide dismutase (SOD; A), peroxidase (POD; B), and catalase (CAT; C) activities and 
malondialdehyde (MDA) content (D) in peach tree leaves. The vertical bars indicate the standard deviation of three replications. Different letters indicate statistically 
significant differences (p < 0.05).

A B

C D E

FIGURE 5 | Effects of bag-controlled release fertilizer on root activity (A), MDA content (B) and SOD (C), POD (D), and CAT (E) activities. The vertical bars indicate 
the standard deviation of three replications. Different letters indicate statistically significant differences (p < 0.05).
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FIGURE 7 | Effects of BCRF on soluble sugar content and starch content in different organs. The vertical bars indicate the standard deviation of three replications. 
Different letters indicate statistically significant differences (p < 0.05).

FIGURE 8 | Effects of BCRF on soluble protein content and free amino acid content in different organs. The vertical bars indicate the standard deviation of three 
replications. Different letters indicate statistically significant differences (p < 0.05).

BCRF Can Improve the Yield and Quality of 
Peaches
Based on the results of 3 consecutive years, compared with 
the FSA II treatment, the BCRF II treatment increased the 
yield of individual plants by 16.85, 21.58, and 25.63%, respectively, 
from 2014 to 2016. According to the weight of each fruit, 

they were divided into four grades: oversized fruit (w ≥ 250 g), 
large fruit (200  g  <  w  ≤  250  g), middle fruit 
(150  g  <  w  ≤  200  g), and small fruit (w  ≤  150  g). Oversized 
and large fruits accounted for more than 80% of the total 
fruit under BCRF II treatment, while FSA II treatment produced 
only 59–73% oversized and large fruits (Figure  12). The yields 

A B

FIGURE 6 | Effects of BCRF on NH3 volatilization. (A) Ammonia volatilization rate and (B) cumulative amount of ammonia volatilization. Different lowercase letters 
indicate significant differences according to t-tests (p < 0.05).
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of individual plants and the weights of single fruit were higher 
in the BCRF II treatment than in the FSA II treatment. From 
Table 6, we can see that the fruit quality was slightly improved 
under the BCRF treatment from 2014 to 2016. However, the 
mean difference in the different fruit quality indexes between 
the BCRF II and FSA II treatments was not significant.

Popularization and Application of BCRF in 
the Demonstration Peach Orchards of 
Ningxia, Yunnan, and Shandong Provinces
We cooperated with the Fruit Agricultural Science and 
Technology Co., Ltd., Beijing, and have applied BCRF II for 
3–4 years in demonstration peach orchards in Ningxia, Yunnan, 
and Shandong provinces. The amount of fertilizer input was 
188  kg·ha−1 in the first year, 376  kg·ha−1 in the second and 
third years, and 500  kg·ha−1 in the fourth year. We  found that 

the application of BCRF in peach-producing areas in the three 
provinces could reduce fertilizer consumption, and the average 
peach yield did not decrease compared with those of common 
orchards (Xiao et  al., 2019). We  will continue to demonstrate 
the successful application of BCRF in peach orchards in these 
three provinces (Table  7).

DISCUSSION

CRFs are fertilizers that retain nutrients for a longer time or 
supplies nutrients to crops for longer periods than other 
fertilizers. The use of CRFs is an effective way to solve the 
problems of low fertilizer efficiency and environmental pollution 
caused by chemical fertilizers. However, the production cost 
of CRFs is an important factor limiting their application.  

FIGURE 9 | Growth dynamics of peach fine roots under different fertilization modes. The vertical bars indicate the standard deviation of three replications.

FIGURE 10 | Root scanning pictures of peach trees under different fertilization modes.
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TABLE 4 | Fine root turnover rate of peach trees.

Year Treatment Annual fine root production 
biomass (cm)

Annual dead fine root 
biomass (cm)

Annual maximum fine 
root standing crop (cm)

Turnover rate

2013
BCRF II 7116.49 ± 152.14a 1327.49 ± 69.83a 10453.93 ± 394.82a 0.127 ± 0.010b

FSA II 5990.41 ± 138.28b 1384.31 ± 77.49a 9627.01 ± 261.98b 0.144 ± 0.007a

2014
BCRF II 9916.64 ± 190.88a 2079.01 ± 109.33a 13208.51 ± 285.82a 0.158 ± 0.012b

FSA II 8162.54 ± 267.28b 2138.95 ± 163.12a 11930.17 ± 120.54b 0.179 ± 0.011a

Different letters indicate statistically significant differences (p < 0.05).

In recent years, our research found that BCRF has great advantages 
as a low-cost, environmentally, and efficient fertilizer in orchards.

BCRF has been applied in Chinese peach orchards for 
5–8  years, and we  found that the application of BCRF in 
peach orchards in major producing areas of China has great 
potential to reduce nitrogen application. Compared with common 

fertilizer application methods (the application of common 
composite fertilizer), the use of BCRF can reduce the amount 
of nitrogen fertilizers used by 69.1–81.7, 69.0–78.4, and 
65.3–76.2% for early-maturing, medium-maturing, and late-
maturing peach varieties, respectively (Xiao et  al., 2019). In 
this study, we  found that peach orchards with BCRF applied 

FIGURE 11 | Root horizontal distributions under different fertilization modes. The vertical bars indicate the standard deviation of three replications.

TABLE 5 | Effects of different fertilization modes on the nitrogen utilization rate.

Organ Treatment Dry mass (g/plant) Total N (g) Ndff (%) N utilization rate (%)

Leaf BCRF II 1228.66 ± 38.91b 33.83 ± 1.43a 1.20 ± 0.03 8.15 ± 0.26a

FSA II 1318.84 ± 40.44a 32.09 ± 1.04ab 1.04 ± 0.01 6.69 ± 0.25b

Main trunk BCRF II 13684.38 ± 613.27a 61.09 ± 2.41a 0.32 ± 0.01 3.97 ± 0.31a

FSA II 12314.56 ± 297.94b 50.88 ± 2.18b 0.26 ± 0.03 2.63 ± 0.27b

Lateral branch BCRF II 9146.97 ± 185.12b 71.96 ± 0.92a 0.28 ± 0.01 4.01 ± 0.18a

FSA II 10576.47 ± 362.47a 73.36 ± 4.00a 0.19 ± 0.03 2.71 ± 0.38b

Thick root BCRF II 1959.02 ± 26.21b 13.91 ± 0.68b 1.26 ± 0.03 3.51 ± 0.19a

FSA II 2210.66 ± 28.70a 16.72 ± 0.57a 0.97 ± 0.04 3.25 ± 0.10a

Fine root BCRF II 611.28 ± 11.78a 9.62 ± 0.52a 1.51 ± 0.03 2.90 ± 0.22a

FSA II 592.35 ± 17.86b 8.02 ± 0.41b 1.24 ± 0.03 1.99 ± 0.13b

Fruit BCRF II 6001.25 ± 135.04a 33.41 ± 1.07a 1.79 ± 0.02 11.93 ± 0.19a

FSA II 4500.61 ± 63.19b 25.05 ± 0.48b 1.51 ± 0.03 7.57 ± 0.19b

Plant BCRF II 32631.56 ± 630.50a 223.83 ± 1.78a 34.46 ± 0.42a

FSA II 31513.50 ± 650.61b 206.12 ± 4.42b 24.84 ± 0.90b

Different letters indicate statistically significant differences (p < 0.05).
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in Yunnan, Ningxia, and Shandong provinces did not show a 
decrease in fruit yield, but the fertilizer input was significantly 
lower than those of common orchards. The fertilizer-saving 
mechanism of BCRF is analyzed below.

Promoting the Occurrence of New Roots 
and Decreasing the Root Turnover Rate
The root is an important organ for crop absorption of soil 
water and nutrients. The nutrient type and mode of nutrient 
supply affect the nutrient content and distribution in soil and 

then significantly affect the growth, morphology, and distribution 
of the root system (Beare et al., 1994). The growth and development 
of roots directly affects the absorption of soil nutrients and soil 
water by roots and the growth and development of trees.  
In the present study, BCRF II promoted the production of new 
roots and increased the proportion of fine roots (Figures 9, 11). 
Roots grew toward fertilizers. When soil nutrients are not 
distributed evenly, the root will grow toward the place with 
abundant nutrients. The release rate of BCRF is directly related 
to the nutrient concentration in the soil. As nutrients are absorbed 
and utilized by trees, nutrients in fertilizers are released slowly, 
effectively reducing the loss of nutrients in soil due to rain and 
irrigation and ensuring the stability of the soil nutrient content. 
Soil nutrients under the BCRF II treatment were more stable, 
and nutrient movement with soil moisture was small. Therefore, 
the nutrients were concentrated, which was conducive to the 
formation of a dense root system. Fine roots are the main 
organs for plants to absorb nutrients and water. In our study, 
we  also found that the fine roots of BCRF II accounted for a 
large proportion, accounting for 83.95% of the total root length, 
which was conducive to the absorption of soil nutrients by 
peach trees and the improvement of fertilizer utilization efficiency.

Previous study (Zhang, 2016) found that fine roots of peach 
trees were dense around controlled-release bags, and BCRF 
could not only promote the occurrence of fine roots, but also 
prolong the browning time of roots. In this study, the roots 
began to brown under FSA II treatment, but there were still 
more new roots under BCRF II treatment, and the active 
white roots were significantly more than those under FSA II 
treatment in September 15 (Figure  10). The result of pot 
experiment also showed that the root activity of BCRF I treatment 
was 17.53% higher than that of FSA I treatment before defoliation 
(Figure  5). These indicated that BCRF II slowed down the 
death of roots and increased the longevity of roots.

Fine root turnover refers to the generation and growth of 
new roots and the death and decomposition of old roots. In 
this study, the fine root turnover rates of peach trees were 
within the range of 0.127–0.179, and BCRF decreased the 

TABLE 6 | The peach fruit quality under different fertilization modes.

Year Treatment Soluble 
solid 

content (%)

Titratable 
acid (%)

Soluble 
solid/acid

Vc 
(mg∙kg−1)

2014
BCRF II 12.72a 0.193a 65.91a 534.02a

FSA II 12.57a 0.198a 63.49a 535.39a

2015
BCRF II 12.51a 0.186a 67.26a 525.9a

FSA II 12.46a 0.186a 66.99a 529.73a

2016 BCRF II 12.29a 0.189a 65.03a 515.12a

FSA II 12.13a 0.186a 65.22a 512.27a

Different letters indicate statistically significant differences (p < 0.05).

FIGURE 12 | The yield of individual plants under different fertilization modes. The vertical bars indicate the standard deviation of three replications. Different letters 
indicate statistically significant differences (p < 0.05).

TABLE 7 | BCRF application amount and peach fruit yield in three provinces.

Area Orchard 
area (ha)

Year Fertilizer input 
(kg·ha−1)

Yield (kg·ha−1)

Ningxia 270

2017 188 0
2018 376 2,370
2019 376 14,520
2020 500 26,790

Yunnan 210

2017 188 0
2018 376 5,040
2019 376 21,300
2020 500 30,150

Shandong 220
2018 188 0
2019 376 4,500
2020 376 22,500
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turnover rate of fine roots. The significant difference in turnover 
rates between the two fertilization modes was possibly because 
of the nutrient release pattern. Fine roots absorb and store 
nutrients through their very large surface areas, so their turnover 
enables the plant to utilize nutrients cyclically. Fine root 
turnover in plants is a reaction to reduce their energy 
consumption. It can meet the nutrient requirements of plants 
with low fine root biomass and ensure the effective absorption 
of soil nutrients and water (Eissentat, 1994). In this study, 
BCRF reduced the fine root turnover rate, indicating that the 
metabolism of the root during death slowed down, which 
increased the life span of the root, reduced the consumption 
for root renewal, and in turn promoted the growth of the 
aboveground parts.

Improving Storage Nutrition and Ensuring 
Balanced Tree Growth
BCRF could provide stable nutrients for peach trees in autumn, 
which improved leaf photosynthesis, delayed leaf senescence, 
and increased root activity (Figures  1–3). On the one hand, 
this ensured the yield and quality of late-ripening peaches. 
On the other hand, it increased the accumulation of carbon 
and nitrogen nutrients, so that more carbon and nitrogen 
nutrients returned to the tree body through the leaves during 
the nutrient reflux period and were stored by the tree body. 
The present findings showed that BCRF could increase the 
storage nutrient level of peach trees. The contents of soluble 
sugar, starch, soluble protein, and free amino acids in peach 
trees treated with BCRF I  were 15.2, 12.6, 19.2, and 28.7% 
higher than those in trees treated with FSA I, respectively 
(Figures  9, 10).

The uptake of nutrients by trees in the period from rapid 
expansion to ripening is at its peak, and nitrogen absorption 
in this stage accounts for approximately 60% of the total annual 
nitrogen uptake (Lobit et  al., 2001). During the 2  months 
before the falling leaf stage, nutrients are transferred to perennial 
storage organs and stored in organic forms. Soluble sugar is 
mainly distributed in branches before leaves fall and is stored 
in roots during the dormant period (Hodge, 2006; Jordan et al., 
2009). Vegetative storage protein (VSP) is the major form of 
nitrogen in fruit trees during the period of dormancy. In total, 
50–70% of proteins in leaves are degraded into amino acids, 
which are transferred to the root cortex via the xylem and 
are reconstituted into proteins for storage (Tagliavini and 
Marangoni, 2002; Vanninen and Makela, 2005).

Nitrogen, as an essential nutrient element in fruit trees, 
has a direct impact on the development of fruit organs and 
the formation of tree structures (Gu, 1981). A 15N tracer 
study showed that 93% of the nitrogen needed for peach 
tree growth in spring was supplied from storage nutrients 
(Muñoz et  al., 1993). Similar results were also reported in 
apple trees, where most of the N demand by new growth at 
bloom was provided by reserve N that had been remobilized 
from perennial parts of the trees (Cheng and Raba, 2009). 
In this experiment, we  observed that BCRF application for 
5 years resulted in healthy peach trees and stable tree structure. 
The reason for this is that BCRF maintains relatively stable 

nutrient levels in soil for many years, which provides a stable 
nutrient supply for peach tree growth and development. This 
not only reduces the stimulation of fruit tree growth by 
fertilization and reduces the number of secondary branches 
(Table  2) but also increases the accumulation of storage 
nutrients, which is conducive to the growth of trees in the 
next spring. Thus, continuous application of BCRF ensures 
balanced growth of peach trees.

Reducing Ammonia Volatilization and 
Improving Nitrogen Use Efficiency
Ammonia volatilization is an important path for the gaseous 
loss of nitrogen fertilizer. In peaches, the ammonia volatilization 
loss under FAS I  treatment accounted for 13.76% of the 
applied nitrogen, while BCRF I  treatment resulted in the 
loss of 6.28%. Therefore, compared to FAS I treatment, BCRF 
II treatment significantly reduced ammonia volatilization loss. 
Similar results were also obtained under simulated field 
conditions, where BCRF could significantly delay the emission 
peak and reduce the cumulative amount of ammonia 
volatilization (Wang et  al., 2013). After general chemical 
fertilizer was applied to an orchard, it came into direct 
contact with the soil and dissolved quickly, which increased 
the nitrogen concentration in the soil. As a result, NH3 
volatilization and loss occurred in a very short period of 
time. However, the nutrients in BCRF were released slowly 
through the microholes in the bag, which kept the nitrogen 
concentration in the soil at a stable low level and made the 
NH3 volatilization relatively gentle. Therefore, BCRF could 
reduce the nitrogen gas loss, which is conducive to the 
cleaner production of orchards and improvement of the 
fertilizer utilization rate.

The nutrient utilization rate for fertilizer is an important 
index to measure fertilizer efficiency. Increasing fertilizer input 
without improving the fertilizer utilization rate threatens 
agricultural productivity and food security. In production, 
applying a high amount of fertilizer twice in double ditches 
is a widespread fertilization method used by farmers. A previous 
study suggested that the N utilization rate for this method 
of fertilization was reduced by 44.34% compared with that 
for BCRF (Xiao et  al., 2019). In the present study, BCRF II 
treatment also increased the yield of individual plants by 
21.35% on average compared to the yields of plants receiving 
the same amount of fertilizer by spreading (FSA II). The N 
utilization rate in BCRF II plants was 1.39 times that of FSA 
II plants. Similar results were also obtained in apple. Xiao 
et  al. (2019) reported that BCRF reduced the amount of 
nitrogen fertilizer applied by 65–82% compared to that of 
common fertilizer application methods without decreasing 
peach yield.

Based on the demand for nutrients by peach trees in different 
growth stages, we  analyzed the reasons for the improvement 
of the N utilization rate and yield by BCRF. First, BCRF can 
maintain the nutrient supply in the soil after autumn, which 
increases the storage nutrition in the current year and further 
facilitates flower bud differentiation and the construction of 
new organs in the following year. Second, the nutrient release 
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from FSA and the nutrient demand of peaches were not 
synchronized, so ammonia volatilization and leaching loss of 
fertilizer were serious. This causes environmental pollution and 
leads to insufficient nitrogen supply in soil at the late growth 
stages of peaches. However, BCRF increases the number of 
fine roots and prolongs their survival time, thus enhancing 
the absorption and utilization of nitrogen. In addition, nitrogen 
has good mobility, and the nitrogen absorbed in the current 
year mainly supplies the central organs for growth (Li et  al., 
2010). When the fruit was the growth center, the increased 
level of nutrients in soil treated with BCRF enhanced the 
utilization of nitrogen by the fruit. This improved the N 
utilization rate during the fruit growth period and was beneficial 
to fruit expansion.

CONCLUSION

Application of BCRF can promote the occurrence of fine roots 
and decrease the root annual turnover rate in peach trees, 
and it also improves the utilization efficiency of fertilizer, 
reduces ammonia volatilization, delays leaf senescence, and 
enhances storage nutrition, fruit yield, and fruit quality in 
peach trees.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be  directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

FP, YX, and YZ conceived and designed the research. YZ and 
JL performed and analyzed the experiments. YZ wrote the 
manuscript. FP and YX supervised the study and revised the 
manuscript. All authors read and approved the final version 
of the manuscript.

FUNDING

This work was supported by the National Key Research and 
Development Program of China (2020YFD1000203), the National 
Natural Science Foundation of China (No. 31672099), the Funds 
of Shandong “Double Tops” Program (Grant No. SYL2017YSTD10), 
and the Natural Science Foundation of Shandong Province 
(No.  ZR2017BC017).

 

REFERENCES

Abalos, D., Jeffery, S., Sanz-Cobena, A., Guardia, G., and Vallejo, A. (2014). 
Meta-analysis of the effect of urease and nitrification inhibitors on crop 
productivity and nitrogen use efficiency. Agric. Ecosyst. Environ. 189, 136–144. 
doi: 10.1016/j.agee.2014.03.036

Bao, S. D. (2000). Analysis of soil agrochemical. 3rd Edn. Beijing: China Agriculture 
Press, 263–268.

Beare, M. H., Hendrix, P. F., Cabrera, M. L., and Coleman, D. C. (1994). 
Aggregate-protected and unprotected organic matter pools in conventional 
and no-tillage soils. Soill. Sci. Soc. Am. J. 58, 787–795. doi: 10.2136/sssaj199
4.03615995005800030021x

Bouwman, A. F., Lee, D. S., Asman, W. A. H., Dentener, F. J., 
Van Der Hoek, D. W., and Olivier, J. G. J. (1997). A global high Àresolution 
emission inventory for ammonia. Glob. Biogeochem. Cycles 11, 561–587. 
doi: 10.1029/97GB02266

Cheng, L. L., and Raba, R. (2009). Accumulation of Macro-and Micronutrients 
and nitrogen demand-supply relationship of ‘Gala’/ ‘Malling 26’ apple trees 
grown in sand cultrure. J. Amer. Soc. Hort. Sci. 134, 3–13. doi: 10.21273/
JASHS.134.1.3

Du, Y. Q., Zheng, L. M., and Fan, X. L. (2011). Effects of applying controlled 
release fertilizers on N2O emission from a lateritic red soil. Chin. J. Appl. 
Ecol. 2, 2370–2376. doi: 10.13287/j.1001-9332.2011.0335

Eissentat, D. M. (1994). The growth and function of fine roots. Ecol. Bull. 44, 
76–91.

FAO (2020). Food and Agriculture Organization of the United Nations. Available 
at: http://www.fao.org/faostat/zh/#data/QC (Accessed October 09, 2020).

Gao, M. (2010). Studies on current situation of fertilization and optimization 
of fertilization model of peach orchard at mountainous area in Mid-Shandong. 
Taian, China: Shandong Agricultural University.

Gu, M. (1981). A study on the nitrogen nutrition of apple trees-the variation 
of nitrogen nutrition within the plant in a year’s cycle. Acta Hortic. Sin. 
8, 21–28.

Guo, C. (2019). Study on fertilization inputs and nitrogen optimization of 
peach orchard in typical areas of China. Chongqing, China: 
Southwest University.

Hodge, A. (2006). Plastic plants and patchy soils. Exp. Bot. 57, 401–411. doi: 
10.1093/jxb/eri280

Jiang, X. M., Peng, F. T., Zhang, J. H., and Dang, Z. Q. (2015). Effects of 
bag-controlled release fertilizer on soil enzyme activity and the growth of 
plant for peach trees. J. Soil Water Conserv. 29, 279–284. doi: 10.13870/j.
cnki.stbcxb.2015.01.053

Jordan, M. O., Wendler, R., and Millard, P. (2009). The effect of autumn N 
supply on the architecture of young peach (Prunus persica L.) trees. Trees 
23, 235–245. doi: 10.1007/s00468-008-0271-2

Kar, M., and Mishra, D. (1976). Catalase, peroxidase, and polyphenoloxidase 
activities during rice leaf senescence. Plant Physiol. 57, 315–319. doi: 10.1104/
pp.57.2.315

Kong, X., Li, Y., Wang, S., Liang, J., Jia, X., Chen, Q., et al. (2010). The 
effect of nutrient input on the soil nutrient content and peach fruit 
quality in Pinggu peach orchard of Beijing Suburb. Chin. J. Soil Sci. 41, 
355–361. doi: 10.19336/j.cnki.trtb.2010.02.020

Kou, C. L. (2005). Nitrogen balance and its effects on nitrate-N concentration 
of groundwater in three intensive cropping systems of North China. Chin. 
J. Appl. Ecol. 16, 660–667.

Li, S., (2013). Peach. China Agricultural University Press. Beijing.
Li, H., Jiang, Y., Peng, F., Zhao, L., Wang, L., Fang, X., et al. (2010). Characteristics 

of absorption, distribution and utilization of spring soil 15N-urea application 
for different type of Fuji (Malus domestica/M. hupehensis). Plant Nutr. Fert. 
Sci. 16, 986–991. doi: 10.11674/zwyf.2010.0431

Lobit, P., Soing, P., Génard, M., and Habib, R. (2001). Effect of timing of 
nitrogen fertilization on shoot development in peach (Prunus persica) trees. 
Tree Physiol. 20, 35–42. doi: 10.1093/treephys/21.1.35

Lu, Y. L. (2013). Fertigation technology and potassium application in apple 
orchard. Yangling, China: Northwest A&F University.

MOA (2007). Ministry of Agriculture. National Rural Biogas Construction Plan 
(2006–2010). Beijing, China.

Muñoz, N., Guerri, J., Legaz, F., and Primo-Millo, E. (1993). Seasonal uptake 
of 15N-nitrate and distribution of absorbed nitrogen in peach trees. Plant 
Soil 150, 263–269. doi: 10.1007/BF00013023

Omran, R. G. (1980). Peroxide levels and the activities of catalase, peroxidase, 
and indoleacetic acid oxidase during and after chilling cucumber seedlings. 
Plant Physiol. 65, 407–408. doi: 10.1104/pp.65.2.407

Peng, F. T., Lu, G. X., Zhang, R., Chen, X. S., Zhang, S. S., and Jiang, Y. M. 
(2007). Fruit tree fertilizer controlled release bag. China. Patent No. 
CN200720018329, 2007.12.26.

257

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/j.agee.2014.03.036
https://doi.org/10.2136/sssaj1994.03615995005800030021x
https://doi.org/10.2136/sssaj1994.03615995005800030021x
https://doi.org/10.1029/97GB02266
https://doi.org/10.21273/JASHS.134.1.3
https://doi.org/10.21273/JASHS.134.1.3
https://doi.org/10.13287/j.1001-9332.2011.0335
http://www.fao.org/faostat/zh/#data/QC
https://doi.org/10.1093/jxb/eri280
https://doi.org/10.13870/j.cnki.stbcxb.2015.01.053
https://doi.org/10.13870/j.cnki.stbcxb.2015.01.053
https://doi.org/10.1007/s00468-008-0271-2
https://doi.org/10.1104/pp.57.2.315
https://doi.org/10.1104/pp.57.2.315
https://doi.org/10.19336/j.cnki.trtb.2010.02.020
https://doi.org/10.11674/zwyf.2010.0431
https://doi.org/10.1093/treephys/21.1.35
https://doi.org/10.1007/BF00013023
https://doi.org/10.1104/pp.65.2.407


Zhang et al. Bag-Controlled Release Fertilizer

Frontiers in Plant Science | www.frontiersin.org 14 March 2021 | Volume 12 | Article 627313

Peng, F. T., Peng, Y., Zhou, P., and Zhang, S. S. (2006). Effect of fertilizer 
being bag-controlled release on nitrogen utilization rate, growth and fruiting 
of Zhanhua winter date. Acta Hortic. Sin. 33, 223–228. doi: 10.16420/j.
issn.0513-353x.2006.02.001

Shaviv, A. (2005). “Controlled release fertilizers” in IFA International Workshop 
on Enhanced-Efficiency Fertilizers, Frankfurt; Paris, France: International 
Fertilizer Industry Association, 1–15.

Tagliavini, M., and Marangoni, B. (2002). Major nutritional issues in deciduous 
fruits orchards of northern Italy. HortTechnology 12, 26–31. doi: 10.21273/
HORTTECH.12.1.26

Vanninen, P., and Makela, A. (2005). Carbon budget for Scots pine trees: 
effects of size, competition andsite fertility on growth allocation and production. 
Tree Physiol. 25, 17–30. doi: 10.1093/treephys/25.1.17

Wang, X., Peng, F. T., Li, M., Yang, L., and Li, G. (2012). Expression of a 
heterologous SnRK1 in tomato increases carbon assimilation, nitrogen uptake 
and modifies fruit development. J. Plant Physiol. 169, 1173–1182. doi: 10.1016/j.
jplph.2012.04.013

Wang, Y. C., Qu, G. Z., Li, H. Y., Wu, Y. J., Wang, C., Liu, G. F., et al. (2009). 
Enhanced salt tolerance of transgenic poplar plants expressing a manganese 
superoxide dismutase from Tamarix androssowii. Mol. Biol. Rep. 37:1119. 
doi: 10.1007/s11033-009-9884-9

Wang, J., Zhuge, Y. P., Peng, F. T., Li, Q., Zhang, H., Zhang, A., et al. 
(2013). Effect of paper package fertilizer on soil ammonia volatilization, 
nitrous oxide and carbon dioxide emission. J. Soil Water Conserv. 12, 
294–304. doi: 10.13870/j.cnki.stbcxb.2013.06.033

Weinbaum, S. A., Johnson, R. S., and Dejong, T. M. (1992). Causes and 
consequences of overfertilization in orchards. HortTechnology 2, 37–45.

Xiao, Y. S., Peng, F. T., Zhang, Y. F., Wang, J., Zhuge, Y. P., Zhang, S. S., et al. 
(2019). Effect of bag-controlled release fertilizer on nitrogen loss, greenhouse 

gas emissions, and nitrogen applied amount in peach production. J. Clean. 
Prod. 234, 258–274. doi: 10.1016/j.jclepro.2019.06.219

Yuan, Y. B. (2007). Research of nutrient management in peach orchard in 
Pinggu county Beijing city. Wuhan, China: Huazhong Agricultural University.

Zhang, S. S. (2016). Effects of bag controlled–release fertilizer on nitrogen 
polar partitioning and organ development of peach tree. Tai’an, China: 
Shandong Agricultural University.

Zhang, S. S., Peng, F. T., Jiang, Y. M., Li, D. D., Zhu, C. F., and Peng, J. 
(2008). Effects of bag controlled–release fertilizer on nitrogen utilization 
rate, growth and fruiting of peach. Plant Nutr. Fert. Sci. 14, 379–386. doi: 
10.11674/zwyf.2008.0228

Zhao, S. J., Shi, G. A., and Dong, X. C. (2002). Techniques of plant physiological 
experimental. Beijing: Chinese Agricultural Science and Technology Press.

Zhu, Z. L. (2000). Loss of fertilizer N from plants-soil system and the strategies 
and techniques for its reduction. Ecol. Env. Sci. 1, 1–6.

Zhu, Z. L., Cai, G. X., and Xu, Y. H. (1985). Ammonia volatilization and its 
significance to the losses of fertilizer nitrogen applied to paddy soil. Acta 
Pedol. Sin. 22, 320–328.

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2021 Zhang, Luo, Peng, Xiao and Du. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these terms.

258

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.16420/j.issn.0513-353x.2006.02.001
https://doi.org/10.16420/j.issn.0513-353x.2006.02.001
https://doi.org/10.21273/HORTTECH.12.1.26
https://doi.org/10.21273/HORTTECH.12.1.26
https://doi.org/10.1093/treephys/25.1.17
https://doi.org/10.1016/j.jplph.2012.04.013
https://doi.org/10.1016/j.jplph.2012.04.013
https://doi.org/10.1007/s11033-009-9884-9
https://doi.org/10.13870/j.cnki.stbcxb.2013.06.033
https://doi.org/10.1016/j.jclepro.2019.06.219
https://doi.org/10.11674/zwyf.2008.0228
http://creativecommons.org/licenses/by/4.0/


fpls-12-619522 April 7, 2021 Time: 13:44 # 1

ORIGINAL RESEARCH
published: 08 April 2021

doi: 10.3389/fpls.2021.619522

Edited by:
Tariq Aziz,

University of Agriculture, Faisalabad,
Pakistan

Reviewed by:
Georgios Liakopoulos,

Agricultural University of Athens,
Greece

Aman Ullah,
Sultan Qaboos University, Oman

*Correspondence:
Sen Li

lisen18@caas.cn
Syed Tahir Ata-Ul-Karim

ataulkarim@g.ecc.u-tokyo.ac.jp

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Plant Nutrition,
a section of the journal

Frontiers in Plant Science

Received: 20 October 2020
Accepted: 08 March 2021

Published: 08 April 2021

Citation:
Zhao B, Zhang Y, Duan A, Liu Z,

Xiao J, Liu Z, Qin A, Ning D, Li S and
Ata-Ul-Karim ST (2021) Estimating

the Growth Indices and Nitrogen
Status Based on Color Digital Image
Analysis During Early Growth Period

of Winter Wheat.
Front. Plant Sci. 12:619522.

doi: 10.3389/fpls.2021.619522

Estimating the Growth Indices and
Nitrogen Status Based on Color
Digital Image Analysis During Early
Growth Period of Winter Wheat
Ben Zhao1†, Yonghui Zhang2†, Aiwang Duan1, Zhandong Liu1, Junfu Xiao1, Zugui Liu1,
Anzhen Qin1, Dongfeng Ning1, Sen Li1* and Syed Tahir Ata-Ul-Karim3,4*

1 Key Laboratory of Crop Water Use and Regulation, Ministry of Agriculture, Farmland Irrigation Research Institute, Chinese
Academy of Agricultural Sciences, Xinxiang, China, 2 School of Computer Engineering, Weifang University, Weifang, China,
3 Institute for Sustainable Agro-Ecosystem Services, The University of Tokyo, Tokyo, Japan, 4 Department of Global
Agricultural Sciences, Graduate School of Agricultural and Life Sciences, The University of Tokyo, Tokyo, Japan

The non-destructive estimation of plant nitrogen (N) status is imperative for timely and
in-season crop N management. The objectives of this study were to use canopy cover
(CC) to establish the empirical relations between plant growth indices [shoot dry matter
(SDM), leaf area index (LAI), shoot N accumulation (SNA), shoot nitrogen concentration
(SNC)], and CC as well as to test the feasibility of using CC to assess N nutrition
index (NNI) from Feekes 3 to Feekes 6 stages of winter wheat. Four multi-locational
(2 sites), multi-cultivars (four cultivars), and multi-N rates (0–300 kg N ha−1) field
experiments were carried out during 2016 to 2018 seasons. The digital images of the
canopy were captured by a digital camera from Feekes 3 to Feekes 6 stages of winter
wheat, while SDM, LAI, SNA, and SNC were measured by destructive plant sampling.
CC was calculated from digital images developed by self-programmed software. CC
showed significant correlations with growth indices (SDM, LAI, and SNA) across the
different cultivars and N treatments, except for SNC. However, the stability of these
empirical models was affected by cultivar characteristics and N application rates. Plant
N status of winter wheat was assessed using CC through two methods (direct and
indirect methods). The direct and indirect methods failed to develop a unified linear
regression to estimate NNI owing to the high dispersion of winter wheat SNC during
its early growth stages. The relationships of CC with SDM, SNC and NNI developed
at individual growth stages of winter wheat using both methods were highly significant.
The relationships developed at individual growth stages did not need to consider the
effect of N dilution process, yet their stability is influenced by cultivar characteristics.
This study revealed that CC has larger limitation to be used as a proxy to manage the
crop growth and N nutrition during the early growth period of winter wheat despite it is
an easily measured index.
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INTRODUCTION

Nitrogen (N) is the most important nutritional element for
crop growth and its supplemental application is imperative
for enhancing crop yield and quality during the crop growth
period (Ata-Ul-Karim et al., 2016a, 2017a,b). Chinese farmers
generally apply excessive N fertilizer to ensure a higher yield.
Previous studies conducted in China reported that the farmer
usually applies more than 250 kg N ha−1 during the growth
season of winter wheat (Zhao et al., 2006). The problem of
N over-application not only reduces the income of farmers
due to the higher production costs but also increases the
risk of environmental pollution (Ata-Ul-Karim et al., 2020a,b).
Therefore, the optimization of N fertilizer application of winter
wheat is indispensable to reduce over N fertilizer application and
to increase environmental sustainability.

Assessing crop N status is the prerequisite for optimizing
crop N fertilizer management. Several different indices such
as chlorophyll concentration, vegetation index, soil nitrate
concentration, shoot N concentration (SNC) have been
previously used to indicate crop N status (Lemaire and Gastal,
1997; Zhao et al., 2016, 2018a). SNC is considered as the
most direct parameter for reflecting crop N status among
the aforementioned indices (Lemaire et al., 2008). The Nc
concentration was proposed and defined as the minimum N
concentration required for maximum crop growth by Lemaire
et al. (1984). NNI has been considered as a reliable index
for diagnosing crop N status and researches conducted in
different regions of the world confirmed the reliability of
using NNI for crop N status in various crop species (Justes
et al., 1994; Yue et al., 2012). The traditional method of
NNI calculation requires destructive plant sampling in the
field and chemical analysis in the laboratory. The destructive
sampling, chemical analysis, and laborious nature of the
traditional method of NNI calculation not only make this
procedure beyond the expertise of the farmers as it results
in failure of provision of timely in-season crop N status
owing to the time needed to obtain NNI but also hinders its
application as a reliable and accurate tool for scheduling crop
N fertilizer management. Consequently, an alternative method
is imperative for assessing crop NNI timely and accurately
(Lemaire et al., 2008).

Indirect methods such as nitrate concentration in sap, upper
layer leaf N concentration, chlorophyll meter readings, and
remote sensing tools have been developed to assess NNI to resolve
the issues of the traditional NNI calculation method. Justes et al.
(1994) reported that when NNI < 1, nitrate concentration in
the sap of wheat was never higher than 1 g l−1, while for
NNI > 1 sap nitrate concentration of wheat can vary from
1 to 10 g l−1 irrespective of the NNI value. Nevertheless,
this method cannot be used for the quantitative estimation of
crop N status. Ziadi et al. (2009) used the N concentration of
uppermost collared leaf to assess NNI at the vegetative stage
of winter wheat, however, this method also requires destructive
sampling for measuring leaf N concentration. Non-destructive
chlorophyll estimation and remote sensing technologies are rapid

and non-destructive tools to estimate crop N status (Lemaire
et al., 2008). Chlorophyll meters have been successfully used to
estimate NNI in wheat and maize (Ziadi et al., 2010; Zhao et al.,
2018a). However, chlorophyll meter readings were reported to
be affected by leaf thickness as readings are generally measured
from a small area of leaf 6mm2 (Pagola et al., 2009). Besides,
leaf measurements with a chlorophyll meter are also time-
consuming, which limits their applicability at the field level
(Cao et al., 2013; Ata-Ul-Karim et al., 2016b). Remote sensing
has been demonstrated as a possibility to quickly assess crop
NNI at a larger scale, using sensitive spectral indices (red edge
inflection point and normalized difference vegetation index
(R710, R512)) in visible and near-infrared bands (Mistele and
Schmidhalter, 2008; Zhao et al., 2018b), but this technology
requires the use of high-value equipment (satellite, unmanned
aerial vehicle, or field spectrometer) and the professional
knowledge to analyze the spectral image and data to produce
the reliable results, which limit its commercial application
(Wang et al., 2016).

Canopy cover (CC) is a structural parameter that represents
the horizontal expansion of the canopy during the vegetative
period of the crop. CC is defined as the proportion of
cropland covered by the vertical projection of crop canopy
(Li et al., 2010). Its measurement methods involved line
intersect sampling, modified spherical densitometers, and digital
photography (Korhonen et al., 2006). With the development
of computer vision technology, the images from the digital
camera have been the major method to calculate CC with
high accuracy and simplicity for processing the imagery (Li
et al., 2010; Nielsen et al., 2012; Lee and Lee, 2013). It only
needs to capture an image above the crop canopy and then
transmit it to the computer for analysis. Owing to the low-
cost and higher efficiency of analyzing CC, the images captured
via digital cameras or with smartphones are getting popular
among farmers to monitor the status of their crops (Escribano-
Rocafort et al., 2014). This method has been used to acquire
reliable CC for different crops such as wheat, rice, and maize
(Nielsen et al., 2012; Wang et al., 2014; Makanza et al., 2018).
The crop canopy image acquired from a digital camera or with
a smartphone camera could be used to assess crop actual growth
indices (Büchi et al., 2018). CC demonstrated the significant
positive correlation with crop growth indices such as leaf area
index (LAI), shoot N accumulation (SNA), and SDM during
their vegetative growth period (Li et al., 2010; Lee and Lee,
2013), but few studies reported that whether these relationships
are stable across different cultivars and N treatments or not.
Besides, the increase in CC with the increasing N application
rates during the vegetative growth period of rice has also been
previously reported (Wang et al., 2016). Combined with the
above-mentioned information, this study hypothesized that CC
can be considered as a simple and low-cost index to assess crop
N status. Therefore, the objectives of this study were to evaluate
the stability of the relationships between CC and growth indices
(LAI, SNA, SDM, and SNC) across different cultivars and to
further explore the possibility of using CC to estimate NNI during
early growth period of winter wheat.
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MATERIALS AND METHODS

Experimental Design
Four field experiments were carried out during 2016 to 2018
seasons at Xinxiang (35.2◦N, 113.8◦E) and Qinyang (35.1◦N,
112.9◦E) using four winter wheat cultivars and varied N
rates (0, 75, 150, 225, and 300 kg N ha−1). A detailed
description of experimental design, soil information, and weather
condition are shown in Tables 1, 2. Treatments in all field
experiments were arranged using a randomized complete block
design with three replicates. The size of each plot was 30m2

(6m × 5m) in all experiments. The N fertilizer application
was divided into two splits: first before sowing (50%) and
second at the Feekes 6 stage (50%). Adequate quantities of
triple superphosphate and potassium chloride were applied to
the soil before sowing. Winter wheat was over-seeded with
hand planters and the thinning was performed to maintain the
plant density of 180 × 104 plant ha−1 in each experiment.
Additional crop management practices were in accordance with
the recommendations of the local agriculture department. No
obvious water, pest, or disease stress was observed during the
wheat growing seasons. The N fertilizer application was the only
growth limiting factor.

Sampling and Measurement
Plant samples were destructively taken from an area of 0.36
m2 at Feekes 3, Feekes 5, and Feekes 6 growth stages of
winter wheat (Zadoks et al., 1974) from each plot. The
samples were divided into leaves and stems. The green
leaf area and LAI were measured using LI-3000 meter (LI-
COR). Samples were dried at 105◦C for half an hour and
then at 70◦C until constant weight. The dried samples were

TABLE 2 | The weather condition from 2016 to 2018.

Site Season Average yearly
sunshine hours

(h)

Average yearly
precipitation

(mm)

Average yearly
temperature

(◦C)

Xinxiang 2016 1945.6 642.3 16.2

2017 1918.3 663.7 14.3

2018 1971.9 680.7 15.4

Qinyang 2016 1948.4 578.9 13.7

2017 1931.7 582.5 14.3

2018 1966.3 642.5 16.1

weighed to determine SDM and to measure SNC using the
Kjeldahl method. The 0.2 g of each sampling was measured
using electronic scales. A wet digestion of samples was
performed in concentrated sulphuric acid for 4h at 400◦C
using the Kjeldahl method. The copper sulfate was used as
the catalyst in digestion process. The SNA was calculated by
multiplying SDM and SNC.

The canopy images of winter wheat were captured on the
same day of plant sampling using a digital color camera (D7000,
Nikon Inc., Tokyo Japan). The distance between the camera
lens and the top of the canopy was close to 1m. The camera
was set at an aperture of f/5.6, ISO of 100, white balance of
4900K, auto exposure, and auto-focus with the flash turned
off (Wang et al., 2014). The images were taken between 11:00
to 13:00 under clear sky conditions. All the images were
stored in the memory card of the camera using the joint
photographic expert’s group (JPEG) format, and imported into
the computer for further analysis. The resolution of each image
was 4272× 2848 pixels.

TABLE 1 | Basic information about four field experiments conducted during 2016 and 2018 growing seasons at Xinxiang and Qinyang.

Experiment No. Sowing/Harvesting date Soil characteristics (0–20 cm) Cultivar N (kg N ha−1) Sampling stage

Exp. 1 10-October Type: light loam soil Aikang58 0 (N0) Feekes 3

(2016–2017) 28-May Organic matter: 10.86 g kg−1 (AK58) 75 (N75) Feekes 5

Xinxiang Total N: 1.13 g kg−1 150 (N150) Feekes 6

Olsen-P: 41.47 mg kg−1 225 (N225)

NH4oAc-K+: 65 mg kg−1 300 (N300)

Exp. 2 8-October Type: light loam soil Bainong207 0 (N0) Feekes 3

(2017–2018) 30-May Organic matter: 11.12 g kg−1 (BN207) 75 (N75) Feekes 5

Xinxiang Total N: 1.24 g kg−1 150 (N150) Feekes 6

Olsen-P: 48.34 mg kg−1 225 (N225)

NH4oAc-K+: 73.94 mg kg−1 300 (N300)

Exp. 3 12-October Type: light clay soil Yumai58 0 (N0) Feekes 3

(2016–2017) 2-June Organic matter: 13.7 g kg−1 (YM58) 75 (N75) Feekes 5

Qinyang Total N: 1.22 g kg−1 150 (N150) Feekes 6

Olsen-P: 64.56 mg kg−1 225 (N225)

NH4oAc-K+: 82.36 mg kg−1 300 (N300)

Exp. 4 10-October Type: light clay soil Wenmai28 0 (N0) Feekes 3

(2017–2018) 30-May Organic matter: 9.8 g kg−1 (WM28) 75 (N75) Feekes 5

Qinyang Total N: 0.96 g kg−1 150 (N150) Feekes 6

Olsen-P: 43.87 mg kg−1 225 (N225)

NH4oAc-K+: 73.25 mg kg−1 300 (N300)
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Calculation of CC Using Digital Images
Canopy cover was calculated as the proportion of land covered
by the projection of winter wheat canopy due to the view of
the photographed image above the winter wheat canopy. A self-
design computer program was developed to achieve this by
segmenting the images into the canopy and background portions
based on the G-R thresholding method. The calculation process
was as follows: (1) the monochrome image that had the G-R value
was acquired by subtracting the red channel of the image from
the green channel and (2) the threshold value of G-R was set for
segmenting the monochrome image. When the G-R value of each
pixel was higher than the threshold value, this pixel was sorted
as the canopy of winter wheat, otherwise, this pixel was sorted
as background (Wang et al., 2012). CC was calculated as the
proportion of winter wheat canopy pixels to total image pixels.

Determination of Nitrogen Nutrition
Index
The NNI of winter wheat was calculated based on the Nc curve
of winter wheat. The Nc curve (Nc = 4.15SDM−0.38) developed
by Yue et al. (2012) was used in this study. The NNI expression
formulation was as follow:

NNI =
SNC
Nc

(1)

Where the SNC represents the actual shoot N concentration
(%) at each sampling stage of winter wheat while the Nc
represents the critical shoot N concentration (%) for the same
shoot dry matter at each sampling stage of winter wheat. The
N nutrition status of winter wheat was considered optimal when
NNI = 1. When NNI > 1, N was in excess, and when NNI < 1
growth of winter wheat growth was limited by N deficiency.

Statistical Analysis
The analysis was performed according to Steel et al. (1997)
using the SPSS ver.18 software package (SPSS Inc., Chicago,
IL, United States). The homogeneity test of experiment error
was conducted before a combined analysis across the four
experiments, and then a combined analysis over locations,
seasons, N treatments, and cultivars were carried out by
the single factor multivariate analysis of variance method.
The significance level of all hypotheses testing was preset at
P < 0.05.

The regression analysis was used to determine the
relationships between CC and growth indices (SDM, LAI,
SNA, SNC, and NNI) using an allometric curve. For evaluating
the stability of the allometric relationships of CC with growth
indices (SDM, LAI, SNA, and SNC) across the different
cultivars and N treatments, a method named the comparison
of linear regressions was used to compare if these individual
allometric relationships can merge into one single line across
different cultivars and N treatments (Mead and Curnow,
1983). First, these allometric relationships were transformed
into linear models using the logarithmic linearization method.
Second, the residual variations (error sum of squares, degree
of variation, mean square) about a single regression line

with all cultivars or N treatments and individual regression
lines with each cultivar or N treatment were calculated,
respectively. Third, the variation difference values (error
sum of squares, degree of variation) of individual lines
about a single line was calculated, the corresponding mean
square was calculated by dividing the difference values of
the error sum of squares into the different values of degree
of variation between the single line and the individual lines.
Fourth, the F value was calculated by the mean square of
the difference of variation of individual lines about a single
line divided into the mean square of the sum of residual
variations about individual lines, the F distribution (a = 0.05)
was used to test if the significant difference exists between
these linear regressions. The detailed calculated process was
shown as Appendix A.

Two methods were used in this study to assess
NNI CC. The direct method, which involves the direct
development of a regression model between NNI and
CC from Feekes 3 to Feekes 6 stages of winter wheat
using an allometric curve (Eq. 2). The second method,
an indirect method is based on the definition of NNI
(Justes et al., 1994). The SDM and SNC must be assessed
before estimating the NNI in the indirect method
(Eq. 3 to 5).

NNI = aCCb (2)

SNC = asCCbs (3)

SDM = adCCbd (4)

NNI =
SNC
NC
=

SNC
4.15(SDM)−0.38 (5a)

SNC
4.15(SDM)−0.38 =

asCCbs

4.15 ·
(
adCCbd

)−0.38 (5b)

asCCbs

4.15(adCCbd )−0.38 = (
as

4.15a−0.38
d

)CCbs+0.38bd (5c)

where a and b are the parameters of the regression model between
CC and NNI, as and bs are the parameters of the regression
model between CC and SNC, ad and bd are the parameters of
the regression model between CC and SDM. The Nc value was
calculated from the Nc curve (Nc = 4.15SDM−0.38) developed by
Yue et al. (2012). According to the mathematical transformation
of the allometric function (5A to 5C), the relationship between
NNI and CC in the indirect method was calculated as :

NNI = a′CCb′ (6)

where a′is as
4.15a−0.38

d
and b′is bs + 0.38bd .
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RESULTS

Variance Analysis of Canopy Cover,
Shoot Dry Matter, Shoot Nitrogen
Concentration, Shoot Nitrogen
Accumulation, Leaf Area Index, and
Nitrogen Nutrition Index
According to the results of the homogeneity test across different
indices (P > 0.05), the single factor multivariate analysis of
variance was carried out across different experiments. The effects
of location (L), season (S), and cultivar (C) were non-significant
on CC, SDM, SNC, SNA, LAI, and NNI. The effect of N on
CC was significant (P < 0.05) while the effects of N on SDM,
SNC, SNA, LAI, and NNI were also significant (P < 0.01)
(Table 3). All interaction effects to CC were non-significant.
The interaction effects of L × N and S × N were significant
(P < 0.05) for SDM and LAI, while other interaction effects
(L × S, L × C, S × C, L × S × C, S × N × C, L × N × C,
L × S × N × C) were non-significant for SDM and LAI.
The N related indices (SNC, SNA, and NNI) were significantly
affected (P < 0.01) by N and all interaction effects related
with N (L × N, S × N, N × C, S × N × C, L × N × C,
L× S× N× C).

Growth Trends of Canopy Cover During
the Vegetative Stage of Winter Wheat
Canopy cover increased with plant growth and N application
rates from Feekes 3 to Feekes 6 stages of winter wheat (Figure 1).
The CC of winter wheat ranged from 0.18 ± 0.07 (Feekes 3
stage) to 0.61 ± 0.07 (Feekes 6 stage) and from 0.3 ± 0.05
(Feekes 3 stage) to 0.88 ± 0.04 (Feekes 6 stage) from N0
to N300 treatments, respectively. The growth pattern of the
CC under the N limiting treatments demonstrated the same
pattern as those as under the non-limiting N treatments at
this growth period of winter wheat. However, CC under the
non-limiting N treatments was significantly higher than that
under the N limiting treatments at the same sampling stage.
Yet, minor differences were observed between the CC of the
non-limiting N treatments.

The Relationship Between Canopy Cover
and Growth Indices Across Different
Cultivars and Nitrogen Treatments
The allometric curve was used to describe CC and growth indices
(SDM, SNC, SNA, and LAI) from Feekes 3 to Feekes 6 stages of
winter wheat (Figure 2). The significantly positive relationships
of CC with SDM, LAI, and SNA were observed among different
cultivars and N treatments (Table 4). In contrast, the non-
significant relationship between SNC and CC were observed from
Feekes 3 to Feekes 6 stages of winter wheat (Figure 2G). Further,
according to the comparison result of linear regressions, the
allometric relationships of CC with SDM, LAI, and SNA were
significantly different among cultivars and N treatments, hence
they cannot be pooled together for assessing these growth indices
from Feekes 3 to Feekes 6 stages of winter wheat (Table 5).

The curve parameters a and b of the allometric relationships
of CC with SDM, LAI, and SNA were different among four
cultivars and five N treatments (Table 4). The values of parameter
a was higher while the parameter b values were lower for cultivar
‘WM28’ as compared to the allometric relationships developed
for the other three cultivars. Additionally, the curve parameters
a and b tended to increase with increasing N application rate for
the relationships of CC with SDM, LAI, and SNA.

Changes of Nitrogen Nutrition Index
During the Vegetative Stage of Winter
Wheat Across Different Nitrogen
Treatments
Nitrogen nutrition index tended to increase from Feekes 3 to
Feekes 6 stages of winter wheat with increasing N supply (N0–
N300) during the 2016–2017 and 2017–2018 seasons (Figure 3).
The NNI values ranged from 0.52 to 1.31 (Figures 3A,B) and
from 0.53 to 1.24 (Figures 3C,D) during the 2016–2017 and
2017–2018 season, respectively. NNI values were less than one for
N0 and N75 treatments while under N150 treatment NNI values
were close to one. In contrast, NNI values were greater than one
for N225 and N300 treatments during the 2016–2017 and 2017–
2018 seasons. The change in NNI showed substantial differences
across different N treatments and growing seasons.

TABLE 3 | The variance analysis of canopy cover, shoot dry matter, leaf area index, shoot nitrogen concentration, shoot nitrogen accumulation, and nitrogen nutrition
index for location, season, nitrogen, cultivars, and their possible interactions.

Indices Location
(L)

Season
(S)

Nitrogen
(N)

Cultivar
(C)

L × S L × N L × C S × N S × C N × C L × S × C S × N × C L × N × C L × S × N × C

CC ns ns * ns ns ns ns ns ns ns ns ns ns ns

SDM ns ns ** ns ns * ns * ns ns ns ns ns ns

LAI ns ns ** ns ns * ns * ns ns ns ns ns ns

SNC ns ns ** ns ns ** ns ** ns ** ns ** ** **

SNA ns ns ** ns ns ** ns ** ns ** ns ** ** **

NNI ns ns ** ns ns ** ns ** ns ** ns ** ** **

ns represents no significant.
* represents significant at 0.05 probability level.
** represents significant at the 0.01 probability level.
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FIGURE 1 | Changes of of canopy cover (CC) across different nitrogen treatments and cultivars during the vegetative stage of winter wheat on 2016–2017 and
2017–2018 seasons (A) 2016–2017 AK58; (B) 2016–2017 YM58; (C) 2017–2018 BN207; (D) 2017–2018 WM28. Vertical bars represent the value of least
significant difference (P < 0.05) for each N treatment.

Nitrogen Nutrition Index Estimation
Model Using a Direct Method
The allometric relationship between CC and NNI was developed
and tested from Feekes 3 to Feekes 6 stages of winter wheat
using a direct method. The results indicated a non-significant
correlation between NNI and CC when the data were pooled
together (Figure 4A), therefore a unified allometric relationship
based on CC could not be used for assessing NNI across
different vegetative stages of winter wheat. Further, we analyzed
the performance of the allometric relationships between NNI
and CC across different growth stages (Feekes 3 to Feekes
6 stages), respectively. The results indicated that CC had a
significantly positive correlation with NNI at the individual
growth stage (Figures 4B–D) having the R2 values of the
allometric relationships greater than 0.55. The direct allometric
relationships between CC and NNI at each growth stage was

shown in Table 6. The parameter a of the relationships between
NNI and CC gradually decreased with the growth process of
winter wheat, while the parameter b showed the opposite trend
with that of parameter a and increased with the growth process.

Nitrogen Nutrition Index Estimation
Model Using an Indirect Method
Due to the non-significant relationships between CC and SNC
across different growth stages (Figure 2G), a unified relationship
from Feekes 3 to Feekes 6 stages cannot be developed using
the indirect method. Therefore, SNC and SDM at the individual
growth stage are required to be estimated using CC for calculating
NNI of winter wheat in the indirect method (Figures 5, 6).
The results indicated that R2 values of these relationships were
all higher than 0.5. The best relationship was observed at the
Feekes 3 stage of winter wheat with R2 value of 0.65. Similarly,
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FIGURE 2 | Comparison of the regression relationships of canopy cover (CC) with shoot dry matter (SDM), leaf area index (LAI), shoot nitrogen accumulation (SNA),
and shoot nitrogen concentration (SNC) among cultivars and nitrogen(N) fertilization levels. Curves are fitted lines to an allometric function (Y = aXb). (A), (C), (E), and
(G) denote the relationships between CC and SDM, LAI, SNA and SNC across different cultivars, respectively. (B), (D), (F), and (H) denote the relationships between
CC and SDM, LAI, SNA and SNC across different N treatments, respectively.

the relationships between SDM and CC were developed using
the abovementioned methodology. The results indicated that
the relationships between SDM and CC were also positively
correlated during the vegetative period of winter wheat. The
best relationship was observed at the Feekes 6 stage of winter
wheat with R2 value of 0.63. The estimation models of SNC and
SDM were used to calculate NNI indirectly at the individual
growth stage of winter wheat. According to Eq. 3 to 6, the
indirect estimation model of NNI was shown in Table 7. The
final expression pattern of the indirect method to assess NNI
was the same (allometric) as that of the direct method (Table 8).
In the Feekes 3 and Feekes 5 stages of winter wheat, the model
parameters a and b in the direct method was higher than those
in the indirect method while the model parameters a and b in
the direct method was lower than those in the indirect method at
the Feekes 6 stage. According to the comparison result of linear
regression across different cultivars at the individual growth stage
(Table 8), the stability of these linear regressions (SDM and SNC)
were still weak, a single regression curve can not well represent
the relationship between CC and SDM across different cultivars.

DISCUSSION

Changes of Canopy Cover With the
Growth of Winter Wheat
Canopy cover of winter wheat increased rapidly when the
plant entered into the Feekes 3 stage, which is attributed
to the extended leaf length, width, and the increased leaf
number with the growth of winter wheat. The expansion
rate of CC reached the maximum value at the Feekes 6
stage, where winter wheat plants behaved as isolated and
the competition for light between plants remained low
and the expansion of CC was not affected with space.
The self-shading of leaves and competition for light
between plants increased with the expansion of CC and
the increasing plant height and resulted in a decline of CC
expansion rate after the Feekes 6 stage of winter wheat.
There was a different performance of CC across different
N treatments. The N application significantly influenced
the growth trend of CC in winter wheat. The higher values
of CC under non-N limiting treatments than those of N
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TABLE 4 | The model parameters and 95% confidence interval (CI) of the relationships between canopy cover (CC) and growth indices across different cultivars and
nitrogen levels.

Growth
Index

Cultivar Curve parameter R2 N level Curve parameter R2

a
[95% CI]

b
[95% CI]

A
[95% CI]

B
[95% CI]

SDM AK58 4.87
[3.9, 6.08]

1.92
[1.91, 1.93]

0.98** N0 2.91
[1.51,5.61]

1.24
[1.23,1.25]

0.8**

YM58 5.05
[3.23, 7.9]

1.76
[1.75,1.77]

0.94** N75 4.72
[1.42,4.52]

1.44
[1.4,1.42]

0.9**

BN207 5.79
[4.7, 9.83]

1.79
[1.78, 1.8]

0.96** N150 5.48
[3.03,9.89]

1.57
[1.55,1.58]

0.91**

WM28 6.72
[5.06,8.92]

1.54
[1.54,1.55]

0.97** N225 5.88
[3.43,10.06]

1.64
[1.63,1.65]

0.9**

N300 5.94
[3.59,9.85]

1.59
[1.58,1.61]

0.91**

LAI AK58 3.66
[2.07,6.47]

1.63
[1.61,1.64]

0.87** N0 1.7
[1,2.88]

1
[0.99,1]

0.86**

YM58 3.68
[1.73,7.82]

1.46
[1.44,1.48]

0.81** N75 2.68
[1.65,4.34]

1.05
[1.04,1.06]

0.88**

BN207 4.27
[2.44, 9.3]

1.52
[1.5, 1.54]

0.84** N150 3.51
[2.15,5.74]

1.07
[1.06,1.08]

0.88**

WM28 4.95
[2.75,8.93]

1.36
[1.35,1.37]

0.86** N225 4.27
[2.7,6.75]

1.18
[1.17,1.19]

0.89**

N300 4.29
[2.75,6.68]

1.14
[1.13,1.15]

0.9**

SNA AK58 134.37
[64.82,278.57]

1.73
[1.81,1.85]

0.83** N0 53.62
[30.31,94.89]

1.08
[1.07,1.1]

0.8**

YM58 134.77
[55.37,328]

1.56
[1.64,1.68]

0.78** N75 88.5
[49.94,156.84]

1.14
[1.12,1.15]

0.78**

BN207 176.77
[78.44,398.34]

1.67
[1.64,1.69]

0.78** N150 127.07
[65.5, 246.52]

1.17
[1.15,1.19]

0.77**

WM28 185.24
[89.16,384.85]

1.5
[1.48,1.51]

0.81** N225 154.16
[101.49,231.32]

1.2
[1.18,1.22]

0.88**

N300 162.06
[110.45,249.77]

1.2
[1.18,1.22]

0.88**

SNC AK58 – – – N0 1.85
[1.68,2.03]

−0.16
[−0.15, −0.16]

0.68**

YM58 – – – N75 1.99
[1.69,2.35]

−0.29
[−0.28, −0.29]

0.77**

BN207 – – – N150 2.38
[1.87,3.03]

−0.29
[−0.28, −0.29]

0.62**

WM28 – – – N225 2.68
[2.13,3.37]

−0.44
[−0.43, −0.44]

0.76**

N300 2.78
[2.19, 3.52]

−0.4
[−0.39, −0.41]

0.71**

** represent the significant correlation at the level of P < 0.01.

limiting treatments at each sampling stage followed the
same response as those of SDM and LAI across different
N application conditions (Ata-Ul-Karim et al., 2013; Zhao
et al., 2014). Wang et al. (2016) develop a CC-based Nc
curve in rice following the methodology proposed by Justes
et al. (1994) for classical plant dry matter-based curves.
A similar trend of N dilution based on CC and that based
on whole plant SDM indicated that the phenomenon of
N dilution is inevitable with the development of crop
canopy. It has been widely reported that the N dilution
is attributed to the decline in the leaf: stem ratio and the

self-shading of leaves during the development of crop canopy
(Lemaire et al., 2008).

The Allometric Relationships Between
Canopy Cover and Growth Indices
During the Vegetative Period of Winter
Wheat
The relationships between CC and growth indices (SDM, LAI,
and SNA) from Feekes 3 to Feekes 6 stages of winter wheat in this
study were developed using the allometric function. Similarly,
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TABLE 5 | Analysis of variance of comparison of regression models between
canopy cover and growth indices across different cultivars and nitrogen
treatments.

Growth index Cultivar N treatment

F value F0.05(58,52) F value F0.05(50,58)

SDM 24.58 1.58 10.43 1.58

LAI 4.48 24.29

SNA 4.03 30.14

Li et al. (2010) and Lee and Lee (2013) used the boolean type
function and exponential function to fit the relationships between
CC and growth indices in wheat and rice, respectively. In our
study, the allometric function was chosen to fit the non-linear
relationships between CC and growth indices. The pattern of
the allometric function was simple and agronomically sound as
compared to other functions. The parameter a represents the
values of growth indices when CC value was equal to 1, and the

parameter b is dependent on the accumulation of growth indices
in response to CC expansion, which represents the changing
trend of growth indices during the crop growth period (Zhao
et al., 2017). However, the failure of the allometric curve to assess
SNC (Figure 2G) in this study might potentially be attributed to
the high dispersion of SNC from Feekes 3 to Feekes 6 stages of
winter wheat. According to crop N dilution theory, the inevitable
decline of SNC was accredited with crop growth independent
of N supplement. Consequently, SNC values of winter wheat
were lower at the later growth stages (Feekes 6) than that at
the earlier stage (Feekes 3), when CC value was the same across
the different N treatments (Figure 2), ultimately resulting in
significant variation of SNC with the growth process of winter
wheat (Zhao et al., 2017).

The significant positive correlation of CC with SDM, LAI, and
SNA (Figures 2A–F) observed in this study was in consensus
with previous studies on rice and wheat (Lee and Lee, 2013; Liu
et al., 2016). However, the previous studies did not show the
effect of cultivars on these relationships between CC and growth

FIGURE 3 | Changes of nitrogen nutrition index during the vegetative period of winter wheat among different cultivars and nitrogen application rates on 2016–2018
growth seasons. [(A) 2016–2017 AK58; (B) 2016–2017 YM58; (C) 2017–2018 BN207; (D) 2017–2018 WM28].

Frontiers in Plant Science | www.frontiersin.org 9 April 2021 | Volume 12 | Article 619522267

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-619522 April 7, 2021 Time: 13:44 # 10

Zhao et al. Appraisal of Nitrogen Status in Wheat

FIGURE 4 | The relationship between canopy cover and nitrogen nutrition index across different growth stages of winter wheat (A) the whole vegetative stages;
(B) Feekes 3; (C) Feekes 5; (D) Feekes 6.

TABLE 6 | The relationships between nitrogen nutrition index and canopy cover across different growth stage using the direct method.

Growth stage Regression model R2 Standard error 95% CIparameter a 95% CIparameter b

Feekes 3 stage NNI = 2.92CC1.04 0.63** 0.14 [0.76,1.59] [1,1.07]

Feekes 5 stage NNI = 1.71CC1.04 0.6** 0.14 [0.74,1.61] [0.99,1.09]

Feekes 6 stage NNI = 1.53CC1.38 0.58** 0.19 [0.8,2.04] [1.35,1.41]

The models result from fitting NNI = aCCb to our data with the 95% confidence intervals.

indices. According to the comparison result of regression curves
(Table 5), the stability of the allometric relationships was weak
among different cultivars of winter wheat, the use of a single
regression line is significantly worse than the individual fits across
different cultivars, the structure and growth characteristic of
cultivars might affect the stability of the allometric relationships.
The higher parameter ad of the allometric relationship between
CC and SDM at the whole-plant level for WM28 than the other
three cultivars indicated the higher rate of SDM accumulation
of WM28 during early growth stages. In contrast, the lowest
parameter bd value for WM28 showed that the allocation
proportion of SDM to canopy was higher in WM28 as compared
to the other three cultivars. The SDM allocated to the canopy
resulted in the increased photosynthetic area as a consequence

of CC expansion (Mu et al., 2010). This explained the rapid SDM
accumulation in WM28. The variation of the parameters al and bl
between CC and LAI at the canopy level was similar between CC
and SDM across the cultivars. The parameter al was the highest
and the parameter bl was the lowest for WM28, which is related to
the cultivar structure characteristic. The lower bl value indicated
that the canopy structure characteristic of WM28 (droopier leaf
shape with more spreader tillers). Additionally, the allometric
relationships between CC and SNA were also developed across
different cultivars and confirmed two hypotheses proposed by
Lemaire et al. (2007). The first hypothesis was that the N uptake
is feed-back governed by crop growth rate. The variations of
the parameters an and bn between CC and SNA had very high
synchronicity with that of the parameter ad and bd between CC
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FIGURE 5 | The relationship between canopy cover and shoot dry matter across different growth stages of winter wheat [(A) Feekes 3; (B) Feekes 5; (C) Feekes 6].

and SDM across different cultivars. This synchronicity reflected
that SNA capacity seemed to be regulated by crop shoot growth
itself. Besides, this regulation by the root transport systems of
NO3

− and/or NH4
+ during the crop growth process has been

well documented (Millard, 1988). The second hypothesis was that
SNA is often linearly related to the leaf area expansion at the early
growth stage of winter wheat. The values of the parameters bl
and bn were found close for the same cultivar. When the ratio
of SNA: LAI was calculated using the model developed based on
CC (Table 4), we found that the difference between bl and bn
values was close to 0. According to the operational rules of the
allometric function, the ratio of SNA: LAI was nearly a stable
value. The initial slope values ranging between 36.7 and 37.4 kg N
ha−1 for LAI = 1 across the four cultivars of winter wheat were in
consensus with a previously reported slope between SNA and LAI
36.8 kg N ha−1 for LAI = 1) for wheat by Lemaire et al. (2007).

There were statistically different relationships of CC with all
the growth indices under different N fertilizer treatments. All the
growth indices showed an increasing trend with the increase of
N fertilizer application. When SDM attained a stable value at the
whole plant level, the value of CC under N limiting treatments

was higher than that under non-N limiting treatments, which
represents that the distribution of SDM is prior to canopy rather
than stem under N limiting treatments (Ratjen and Kage, 2016).
This allocation pattern increased the photosynthetic area to
improve the capacity of photosynthates production. In contrast,
self-shading of leaves was more obvious under the non-N limiting
treatments as more SDM was allocated to stem to increase plant
height for light competition among plants (Lemaire et al., 2019).
The CC values under the N limiting treatments were higher
than those under the non-N limiting treatments at the same LAI
level. This phenomenon further confirmed that the canopy first
expanded in the horizontal dimension (length and width) when
there is little space competition between plants (Pons et al., 1989).
But the competition for light among individual plants under the
dense canopy required plants to invest in the vertical dimension
(height) to position their leaves to be well illuminated at the top
of the canopy (Lemaire et al., 2019). The SNA had a significantly
positive relationship with CC at the early growth stage of winter
wheat. Owing to the luxury consumption of N, the SNA value
was higher under the non-N limiting treatments than under the
N limiting treatments even for the same CC value. Crop absorb
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FIGURE 6 | The relationship between canopy cover and shoot nitrogen concentration across different growth stages of winter wheat (A) Feekes 3; (B) Feekes 5; (C)
Feekes 6.

TABLE 7 | The relationships between nitrogen nutrition index and canopy cover across different growth stages using the indirect method.

Growth stage Growthindices Regression model R2 Standarderror 95% CIparameter a 95% CIparameter b Indirectregression

Feekes 3 stage SDM SDM = 2.71CC1.1 0.41** 0.19 [1.54,4.75] [1.04,1.15] NNI = 2.88CC1.03

SNC SNC = 11.97CC1.03 0.64** 0.58 [8.61,16.43] [1,1.06]

Feekes 5 stage SDM SDM = 6.2NCC1.74 0.59** 0.53 [3.32,11.54] [1.66,1.82] NNI = 1.84CC0.86

SNC SNC = 3.81CC0.5 0.56** 0.24 [4.53,9.63] [0.92,1.02]

Feekes 6 stage SDM SDM = 5.19CC1.65 0.63** 0.62 [3.14,8.59] [1.61,1.69] NNI = 1.5CC1.49

SNC SNC = 3.46CC0.86 0.64** 0.31 [2.66,4.49] [0.84,0.88]

The models result from fitting SDM = aCCb and SNC = aCCb to our data with the 95% confidence intervals.

more N for CC expansion under non-N limiting condition.
However, the excessive N might be stored in the lower level of the
canopy, which will reduce the difference of N gradient between
the upper and lower part of the canopy (Wang et al., 2006).

Based on the above analysis, although the CC applicability
for monitoring the growth indices (SDM, LAI, and SNA) was
limited by the difference of cultivar characteristic, the parameter

difference of the allometric relationship could be used to identify
the phenotypic information of cultivars, which contribute to
breeding cultivar at the early growth stage of the crop. According
to the allometric relationship, the higher parameter a and
lower parameter b represented the higher crop growth and
N uptake rate and more compact plant architecture at the
same CC condition.
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The Canopy Cover Values as a Predictor
of Plant Nitrogen Status
The present study attempted to explore the applicability of the
CC parameter to assess and diagnose plant N status at the early
growth stages of winter wheat across different N treatments. The
CC value was easy to become saturated after the Feekes 6 stage of
winter wheat, which limited the application of CC to assess plant
N status of winter wheat. Previous reports on oilseed rape and
wheat by Behrens and Diepenbrock (2006) and Li et al. (2010)
also reported similar results. However, CC can still be used in the
N management of winter wheat as N application and scheduling
in winter wheat is mainly performed before the Feekes 6 stage
(under not saturating conditions, Figure 1).

The measurement of CC using a digital camera followed by
computer analysis is an easier, cheaper, and accurate method
which is not easily influenced by the environment (Guo et al.,
2017). The aforementioned advantages of CC make it seem to be a
suitable index to assess crop N status. However, it is disappointing
that a unified relationship between the actual CC and NNI was
not possible to be developed by pooling the data across different
growth stages using both the direct and indirect methods. This
was due to two reasons. One reason was that SNC decreases
across different growth stages associated with N dilution process
(Figure 2G, Lemaire et al., 2019). The other reason was that SNC
increases with the increasing N application rate at the individual
stage of winter wheat (Figure 1). The two opposite trends caused
the high dispersion of SNC during the early growth stages of
winter wheat. This dispersion had affected the change of NNI
across different growth stages and N treatments and limited the
development of the relationship between CC and NNI. On the
other hand, CC has a significantly positive relationship with
SDM, SNC, and NNI at the individual growth stage of winter
wheat, the parameters of these individual linear regressions were
different, which further confirmed that unified linear regression
is impossible to represent the relationship between CC and
NNI across the whole early growth period of winter wheat.
Besides, the relatively higher R2 values were found between
CC and SDM, SNC and NNI at the individual growth stage
across the direct and indirect methods (Figures 5, 6). These
relationships showed the potential capacity of CC to estimate
the growth and N status of winter wheat at the individual stage
of winter wheat, but the effect of cultivar characteristics will be

TABLE 8 | Analysis of variance of comparison of regression models between
canopy cover and growth indices across different cultivars at the different growth
stages.

Growth stage Growth index Cultivar

F value F0.05(18,12)

Feekes 3 SDM 59.52** 2.6

SNC 1.72

Feekes 5 SDM 40.61** 2.6

SNC 2.38

Feekes 6 SDM 41.58** 2.6

SNC 2.89*

considered on the individual linear regression to estimate NNI in
further studies.

CONCLUSION

This study employed computer vision technology to extract CC
and examined the relationships of CC with LAI, SDM, SNA, SNC,
and NNI across different cultivars and N treatments during the
early growth period of winter wheat. The findings revealed that
CC had the potential to assess the growth indices at the individual
growth stage of winter wheat, but CC failed to develop a unified
linear regression to estimate SDM, LAI, and SNC across different
growth stages of winter wheat. Cultivar characteristics affected
the development of the relationships between growth indices and
CC. The allometric relationships of CC with SDM, LAI, and
SNA could show the phenotypic difference in winter wheat. The
parameter analysis of these relationships helped to acquire the
information of cultivar characteristics during the early growth
period of winter wheat. CC had a very obvious limitation in N
nutrition management of winter wheat, which was easily affected
by the growth and N dilution process. Even if the relationship
between CC and NNI was examined at each individual growth
stage, the cultivar characteristic would also affect the robustness
of the linear regression between CC and SDM, SNC and NNI in
the direct and indirect methods. In summary, the CC is an easily
obtained and accurate structure index during the growth process
of winter wheat, but suffers from certain weaknesses that may
limit its use for the estimation of N status in winter wheat.
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APPENDIX A

The method of the comparison of linear regressions was used
to analyse the difference of linear regression across different
cultivars and N treatments. The linear relationship between
canopy cover and shoot dry matter across different cultivars was
as an example to explain how to compare if the linear regressions
merge into a single curve.

Fitted individual regression lines:
(a) AK58
n = 15

6(y) = 2.31 6(y2) = 1.86 SSy = 1.51

6(x) = −4.17 6(x2) = 1.56 SSx = 0.4

6(xy) = 0.13 SSxy = 0.77

b = SSxy/SSx = 1.92
a = [6(y)-b6(x)]/n = 0.69
Regression s.s. (error sum of squares) = (SSxy)2/Sxx = 1.48
Residual s.s. = SSyy-regression.s.s = 0.02 (13 d.f.)

(b) YM58
n = 15

6(y) = 2.64 6(y2) = 2.1 SSy = 1.63

6(x) = −4.5 6(x2) = 1.85 SSx = 0.5

6(xy) = 0.08 SSxy = 0.88

b = SSxy/SSx = 1.76
a = [6(y)-b6(x)]/n = 0.7
Regression s.s. (error sum of squares) = (SSxy)2/Sxx = 1.54
Residual s.s. = SSyy-regression.s.s = 0.1 (13 d.f.)

(c) BN207
n = 15

6(y) = 2.09 6(y2) = 2.19 SSy = 1.37

6(x) = −5.02 6(x2) = 2.09 SSx = 0.41

6(xy) = −0.45 SSxy = 0.73

b = SSxy/SSx = 1.79
a = [6(y)-b6(x)]/n = 0.83
Regression s.s. (error sum of squares) = (SSxy)2/Sxx = 1.3
Residual s.s. = SSyy-regression.s.s = 0.07 (13 d.f.)

(d) WM28
n = 15

6(y) = 3.4 6(y2) = 1.94 SSy = 1.17

6(x) = −5.84 6(x2) = 2.75 SSx = 0.48

6(xy) = −0.59 SSxy = 0.73

b = SSxy/SSx = 1.54
a = [6(y)-b6(x)]/n = 0.83
Regression s.s. (error sum of squares) = (SSxy)2/Sxx = 1.14
Residual s.s. = SSyy-regression.s.s = 0.04(13 d.f.)

Fitting a single regression line: If the true relationship is the
same for each cultivar then the mean residual variation about a
single regression line should be the same as the mean residual
variation about separate lines. We therefore fit a single regression
line to all 60 points and compare the residual variation about this
line with the variation about the four separate lines.
n = 60

6(y) = 8.24 6(y2) = 8.1 SSy = 5.75

6(x) = −19.52 6(x2) = 8.24 SSx = 1.89

6(xy) = −0.82 SSxy = 3.04

b = SSxy/SSx = 1.61
a = [6(y)-b6(x)]/n = 0.72
Regression s.s. (error sum of squares) = (SSxy)2/Sxx = 4.89
Residual s.s. = SSyy-regression.s.s = 0.86(58 d.f.)

Analysis of variance

s.s d.f. m.s F

Residual variation about a single line 0.86 58

Sum of residual variations about individual lines 0.22 52 0.004

Difference (variation of individual lines 0.64 6 0.11 24.58***

about a single line)

The calculated F value was 24.58. According to the table of
F(a = 0.05) value, when v1 = 58 d.f. and v2 = 52 d.f., the F0.05 value
is 1.58. The F(24.58) is higher than F(1.58), so the significant
difference exist across different linear regression. The use of a
single line is significantly worse than the individual fits and we
conclude that the relationships are different for four cultivars.
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Nitrogen Availability and Use
Efficiency in Wheat Crop as
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Dinesh K. Sharma3

1 ICAR-Central Soil Salinity Research Institute, Karnal, India, 2 Indian Council of Agricultural Research, Krishi Anusandhan
Bhavan-II, New Delhi, India, 3 Regional Research Station, ICAR-Central Soil Salinity Research Institute, Lucknow, India

Purpose: One of the serious constraints for the integration of organics in soil fertility
plans is the release and availability of nitrogen (N) to match the critical growth stages of
a crop. The interplay between organic amendment characteristics and soil moisture
conditions can significantly affect the nutrient release and availability, especially for
dryland crops like wheat. In this study, the effects of integrated nutrient management
strategies using diverse qualities of organic amendments on daily N mineralization and
its availability to plants during the full growing season of the wheat crop were analyzed
in a 10-year experiment.

Methods: The management included (1) F, inorganic fertilizers at 100% rate, compared
to a reduced rate of inorganic fertilizers (55% N) supplemented with organic inputs via
(2) GM, green manuring, (3) LE, legume cropping and its biomass recycling, (4) WS,
wheat stubble retention, (5) RS, rice stubble retention, and (6) FYM, farmyard manure
application, during the preceding rice season. Ion exchange resin (IER) membrane strips
were used as plant root simulators to determine daily NH4

+-N and NO3
−-N availability

in soil solution during the full wheat growing period.

Results: Total available N for the full season was in the following order: GM (962 µg
cm−2) > F (878 µg cm−2) > LE (872 µg cm−2) > FYM (865 µg cm−2) > RS (687
µg cm−2) > WS (649 µg cm−2). No significant differences were observed in NH4

+-
N availability throughout the cropping period as compared to NO3

−-N which showed
significant differences among management at critical crop growth stages.

Conclusion: Legume biomass incorporation (GM, LE) and farmyard manure (FYM)
based management provided the most consistent supply equivalent to or even
exceeding 100% inorganic fertilizers at several critical stages of growth, especially at
tillering and stem elongation. Integration of organics in management increased nitrogen
use efficiency 1.3–2.0 times, with cereal crop residue-based management having the
highest efficiency followed by legume biomass incorporation.

Keywords: nitrogen mineralization, nutrient release, crop residue, legume, wheat, rice
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INTRODUCTION

Nitrogen (N) is one of the primary nutrients for plant growth
and the most used in terms of quantity of use. Decidedly, its
deficiency results in indirect economic losses in crop production,
while excessive use leads to nitrate loading of surface and
groundwater. The latter aspect has been so widespread, the
world over, for the last several decades that N management
through the use of organics is mandated to be an integral part
of nutrient management for crop production. Soil N availability
directly affects the net primary productivity of plants through
modification of nitrogen use efficiency (Aerts and Decaluwe,
1994; Cole et al., 2008). The key process contributing to N
availability in soil solution is N mineralization (Ross et al., 2004;
Zhou et al., 2009). Nitrogen mineralization is a biological process
where soil organic N is finally transformed intoNH4

+and NO3
−

forms through a process-based microbial action. However, the
transformation and release of N in these plant-available forms
depend largely on the composition of organic matter (Manojlović
et al., 2010; Marzi et al., 2020; Yamuangmorn et al., 2020).
High N containing organic matter with low C/N ratio releases
more N (Cordovil et al., 2005) as compared to lower N content
(<1.7–2%), and high C/N ratio organic matter leading to N
immobilization (Manojlović et al., 2010). Since organic sources
of nutrients are important constituents of integrated nutrient
management, understanding of their chemical composition,
decomposition, and the rate of N mineralization is of utmost
importance (Vityakon and Dangthaisong, 2005; Srinivas et al.,
2006; Bhardwaj et al., 2019a).

Nitrogen content, C/N ratio, lignin, and polyphenol content
of crop residues are the main controlling factors affecting net
N mineralization (Oglesby and Fownes, 1992; Trinsoutrot et al.,
2000; Vityakon and Dangthaisong, 2005). Organic materials,
such as wheat straw with a high C/N ratio (79:1), decreased
N mineralization in the early stages of decomposition due to
its immobilization (Srinivas et al., 2006). This is due to the
high N requirement of microbial populations involved in wheat
straw decomposition (Tripathi and Mishra, 2001). Although
N contained in crop residue gradually becomes available after
decomposition, the addition of urea results in lowering the C/N
ratio of wheat straw and consequent faster N mineralization,
having no adverse effect on crop yields (Reddy et al., 2008). The
Narrow C/N ratio of green manure is the main factor that favors
its easy decomposition. Srinivas et al. (2006) reported that N
mineralization from green manures after 3 months ranged from
71 to 82%. Similar studies have also reported by other researchers
(Singh and Kumar, 1996). Singh et al. (2003) observed much
higher N mineralization potential in green manure (Sesbania
aculeata) than wheat straw. In the case of farmyard manure
(FYM), although it contains inorganic N, most of the plant-
available N is present in organic form and needs to be mineralized
to be available for plant uptake (Sistani et al., 2008; Ling-ling and
Shu-tian, 2014).

Nitrogen mineralization from added organic matter is also
influenced by abiotic factors, such as soil temperature, pH,
and moisture content of the soil. The conditions during wheat
cropping season are generally aerobic. Nitrogen mineralization

in aerated soils is noticeably different from submerged soils.
In flooded and anaerobic conditions, a higher concentration
of total organic nitrogen results in higher N mineralization
(Bronson et al., 2001; Bhardwaj et al., 2020). However, under
aerobic conditions, soil water fluctuations, as in wheat cropping
season, usually result in a greater production of NO3

−-N
(Nunan et al., 2000). Conversion of NH4

+-N into NO3
−-N

takes place in the presence of O2 which is present in the soil.
A lag has been noticed between gross N release and net N
mineralization under aerobic conditions, depending on the C/N
ratio of organic materials (Gale and Gilmour, 1988). Soil moisture
is an important parameter affecting N mineralization under
aerobic soil conditions (Kladivko and Keeney, 1987; Wang et al.,
2006). Soil moisture content affects microbial activity which in
turn determines mineralization rate (Figure 1). Moreover, the
efficiency of microorganisms is also correlated to the C/N ratio
of crop residues (Nicolardot et al., 2001). Therefore, the impact
of soil moisture on N mineralization must be taken into account
for a better understanding of these mechanisms in aerobic soil.

Studies on nitrogen dynamics are important to reduce the
fertilizer input, minimize losses of N to the environment, and to
boost residue management in the low-input agricultural systems
for high crop production (Bruun et al., 2006; Jahan and Amiri,
2018). Gross N mineralization has been a center of interest
for quite some time in the past (Ledgard et al., 1998; Watson
and Mills, 1998). Gross rates show total N mineralization and
the concurrently immobilized N by soil microbes. Therefore,
it also indicates good microbial activity in the soil. The net N
mineralization indicates the actual N available for plants for
uptake. It has been difficult to measure net mineralization in
actual field conditions due to lack of effective tools, until recently
when ion exchange resin techniques came up for use (Qian and
Schoenau, 2005; McSwiney et al., 2010). Most mineralization
studies have been limited to laboratory experiments with a
small volume of soil, and disturbed mechanical and hydraulic
properties, which may not represent actual field conditions.
Wheat is a staple food for the almost entire world. Net N
mineralization studies during wheat growth, especially at a daily
time scale, have rarely been reported. In the present study, we
aimed to study net N mineralization and N availability in soil at
different stages under six major integrated nutrient management
systems followed for rice-wheat systems in the Indo-Gangetic
region. Here we report the net N mineralization dynamics for
the wheat crop grown under aerobic conditions after transplanted
rice crop under anaerobic conditions.

MATERIALS AND METHODS

Site Description
The study was done in a 10-year experiment initiated in
2005 on a soil with sandy loam texture at ICAR-Central Soil
Salinity Research Institute (CSSRI), Karnal, India, located at
29.43◦ N and 76.58◦ E. This soil was one time reclaimed from
alkalinity/sodicity using gypsum (CaSO4.2H2O), 10 years before
initiation of experiment (in 1994), and was put under rice-wheat
cropping system immediately after. At that time, immediately
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FIGURE 1 | General nitrogen (N) availability scenarios under organic, inorganic, and integrated fertilization during wheat (Triticum aestivum) growing period.

after reclamation, the soil (0–15 cm) recorded a pH of 8.7,
cation exchange capacity = 9.5, and organic carbon = 3.2 g kg−1

(Yaduvanshi et al., 2013). The experimental area lies in a semi-
arid subtropical climate zone with very hot summers and cool
winters. The mean annual precipitation is 750 mm.

Soil Sampling and Analysis
Soil samples were collected for 0–15 cm depth during 2015
and 2016 after the wheat crop harvesting in mid-April. For
each of the four replicates, two samples were drawn at random
spots within a plot and then mixed. Composite samples (4
samples for each treatment) were air dried, ground to pan
through 2.0 mm sieve, and used to determine soil properties
as presented in Table 1. For bulk density, samples were drawn,
at the time of wheat harvest, with the help of cylindrical core
samples (5 cm height × 5 cm diameter). Bulk density was
determined following the methodology of Blake and Hartge
(1986). The total nitrogen was determined using the Kjeldahl
distillation apparatus (Pelican Equipments, Chennai, India) using
methodology given by Tomov et al. (2009). Phosphorous was
determined colorimetrically, and potassium was determined
photometrically (Tomov et al., 2009). Soil organic carbon was

determined during 2015 only after the rice season using the
modified Walkley and Black’s rapid titration methodology as
described by Bhardwaj et al. (2019a). The electrical conductivity
(EC) and soil pH was determined using 1:2 (Soil: Water)
suspension with a digital multimeter (Eutech Instruments,
Singapore mode PC510) which is able to determine pH and EC
simultaneously, in full range.

Experimental Layout and Treatments
The treatments included combinations of different organic
amendments and inorganic fertilizers to provide for nutrient
requirements of the rice-wheat cropping sequence (Table 2).
With the treatments imposed for 10 years, the present
investigations for N availability in soil solution using ion-
exchange resin (IER) strips were carried out in 2014–15 and
2015–16 over full wheat-growing seasons (full procedure covered
in later sections). The nitrogen contents of different organic
amendments used under different management are provided
in Table 3.There were four replications of treatments laid out
in a randomized complete block design (RCBD). The annual
cropping system which was followed consisted of rice (Oryza
sativa L.) in the summer followed by wheat (Triticum aestivum)
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TABLE 1 | Physical and chemical properties of the soils under different treatments after 10 years of management (2015).

Treatment EC (dS m−1) pH (1:2) Organic carbon
(g kg−1)

Available nitrogen
(kg ha−1)

Available phosphorus
(kg ha−1)

Available potassium
(kg ha−1)

Bulk density
(g cm−3)

O 0.16 a 8.13 a 4.41 e 115 d 7.6 d 157.9 d 1.69 a

F 0.16 a 7.96 b 5.51 d 162 c 21.5 a 298.6 a 1.55 abc

LE 0.15 a 7.93 b 5.78 c 175 b 17.3 bc 275.3 bc 1.43 c

GM 0.17 a 7.95 b 6.58 a 184 a 18.8 b 280.7 b 1.47 bc

FYM 0.16 a 8.03 b 6.75 a 171 b 18.2 b 281.9 b 1.64 ab

WS 0.15 a 7.98 b 6.25 b 163 c 16.5 c 261.2 c 1.57 abc

RS 0.16 a 7.98 b 5.97 c 161 c 16.1 c 255.4 c 1.54 abc

For a column (parameter), treatments with same digits are not significantly different at p ≤ 0.05.

TABLE 2 | Fertilizer nutrient application and organic inputs under different nutrient management systems.

Nutrient
management

Crop cycle Fertilizer/organic inputs

Rice (at transplanting) Wheat (at sowing)

May to June July to Oct Nov to Apr Inorganic
Fertilizer (N: P: K:

Zn) kg ha−1

Organic Inorganic
Fertilizer (N: P: K:

Zn) kg ha−1

Organic

O Fallow Rice Wheat – – – –

F Fallow Rice Wheat 180:26:42:7 – 180:26:42:7 –

LE Opportunity legume
crop (Vigna radiata)

Rice Wheat 100:16:28:0 Legume crop biomass 100:16:28:0 –

GM Green manure crop
(Sesbania aculeata)

Rice Wheat 100:16:28:0 Green manure biomass 100:16:28:0 –

FYM Fallow Rice Wheat 100:16:28:0 Farmyard manure (FYM) 100:16:28:0 –

WS Fallow Rice Wheat 100:16:28:0 Wheat stubble 100:16:28:0 –

RS Fallow Rice Wheat 100:16:28 – 100:16:28:0 Rice stubble

TABLE 3 | Total dry matter and total nitrogen (N) inputs through organic sources used under different management during the preceding rice season.

Amendment N concentration C concentration C/N ratio Total N input

(%) (%) (kg ha−1)

Grain Legume (Vigna radiata) biomass 1.71 ± 0.03 47.78 ± 1.07 27.95 ± 0.77 88

Green manure legume (Sesbania esculeata) biomass 2.65 ± 0.50 42.32 ± 1.13 15.99 ± 0.32 142

Farmyard manure 0.56 ± 0.06 31.36 ± 0.92 56.53 ± 4.36 21

Wheat stubble 0.27 ± 0.04 41.90 ± 0.55 157.78 ± 7.77 11

Rice stubble 0.46 ± 0.07 42.42 ± 0.33 93.1 ± 3.48 18

in the winter season. The organic amendments were added before
rice transplanting and, therefore, represented residual carried
over effects in wheat crop. The wheat crop was sown in the
second week of November and harvested at the end of March.
The management schedule and treatment details are as follows:

1. F: Wheat (November–April) was grown with 100%
inorganic fertilizer (N, P, K, and Zn) input after rice (July–
October) with 100% inorganic fertilizer inputs only. The
fertilizer application was done in three splits at time = 0,
21, and 42 days after sowing. No organic inputs were given.

2. LE: Legume crop, Vigna radiata, was grown in the summer
lean period (April–July) between wheat and rice as an
“opportunity crop.” The Vigna seeds were sown in the

first week of April, immediately after wheat harvest. In
the first week of July (after ∼ 90 days of sowing) pods
were harvested and the remaining plant biomass was
incorporated into the soil using a power tiller just before
rice transplanting in July. Wheat was sown in November
with reduced (55% N, P, and K) inorganic fertilizer inputs.

3. GM: A green manure crop, Sesbania aculeata, was grown
in the lean period (May–July) between wheat and rice. The
green manure crop was sown on or around the 20th of
May every year after wheat harvest. After 35–40 days of
sowing, the green manure crop was incorporated into the
soil using a power tiller, just before rice transplanting in
July. Wheat was sown in November with reduced (55% N,
P, K) inorganic fertilizer inputs.
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4. FYM: Farmyard manure (FYM) at the rate of 10 t ha−1

was incorporated in the soil just before soil puddling and
transplanting of rice in July. Wheat was sown in November
with reduced (55% N, P, K) inorganic fertilizer inputs.

5. WS: 30 cm standing stubble (∼1/3 of the total straw) of
wheat was retained at the time of harvesting of wheat.
It was dry plowed into the soil before soil puddling and
transplanting of rice in July. Rice was transplanted in July
and wheat was sown in November both with reduced (55%
N, P, and K) inorganic fertilizer inputs.

6. RS: 30 cm standing stubble (∼1/3 of the total straw) of
rice was retained at the time of harvesting of rice. It was
dry plowed into the soil at the time of wheat sowing.
Wheat was sown in November with reduced (55%) fertilizer
inputs. Rice was transplanted in the following season
(July–October) with reduced (55% N, P, K) inorganic
fertilizer inputs only.

7. O (Absolute control): No fertilizers (inorganic and
organic) were applied.

The absolute control, with no fertilizer nutrient application,
was not considered for mineralization studies, except for
calculating nitrogen use efficiency, assuming that no-fertilizer
application (soil mining) is an unsustainable option. The

inorganic N fertilizer application was in three equally split
doses for all management using urea and DAP (Dia-Ammonium
Phosphate) granules. The first 1/3 dose was immediately before
sowing of wheat (DAP and urea), the second 1/3 dose was at
21 days after sowing (DAS) using urea, and the third 1/3 dose
was at 42 DAS using urea. Irrigations @ 10 cm single event were
applied at monthly intervals constituting around 3–4 irrigations
during the full growing season from the first week of November to
mid-April. During the study period, 3 irrigations per season were
applied at 30, 60, and 90 DAS (exact data mentioned in results).

Nitrogen Availability in Soil Solution
Nitrogen availability in soils was determined throughout the
growing season using the ion exchange resin (IER) membranes.
Membrane strips (cation and anion separately) of 2.5 cm by
10 cm size were cut out from large commercially available sheets
(General Electricals, Watertown, MA, United States). The strips
were charged by dipping and shaking in 0.5 mol/L HCl for 1.2 h,
and then in 0.5 mol/L NaHCO3 for 5 h. Finally, they were rinsed
with deionized water. The resin strips were placed in vertical slots
made in the treated soils, and each slot was closed firmly so that
strips become contacted with soil. Both cation and anion strips
were placed 5 cm apart, were kept in the soil for 15 days interval,
and were replaced with new ones immediately after removing

FIGURE 2 | Full season and daily NO3
−-N, NH4

+-N, and total N availability scenarios with days after sowing (DAS) for wheat (Triticum aestivum) crop (stage-wise
averaged for 2014–15 and 2015–16). For respective parameter, treatments with same digits are not significantly different at p ≤ 0.05, using Tukey’s HSD. IER, Ion
exchange resin strips. Small letters represent differences for NO3

−-N, small italic letters represent differences for NH4
+-N, and capital letters represent differences

for total plant-available N. Error bars denote ± 1SD. Management: F = 100% inorganic fertilizers, LE, Legume crop (Vigna radiata) in rotation and its biomass
incorporation + 55% inorganic fertilizers, GM, Green manuring with Sesbania aculeata+ 55% inorganic fertilizers, FYM, farmyard manure incorporation + 55%
inorganic fertilizers, WS = 1/3rd wheat stubble retention and incorporation + 55% inorganic fertilizers, RS = 1/3rd rice stubble retention and incorporation + 55%
inorganic fertilizers.
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the previous set of strips. This process was continued for the
entire cropping season. After removal from the soil, the strips
were rinsed with deionized water to remove any adhering soil.
For a treatment, both cation and anion strips were stored and
transported together in a vial for extracting NH4

+ and NO3
−

in the laboratory. For extraction, 70 ml of 2 molL−1 KCl was
added to the vials with strips, shaken for 1 h, and decanted into
a scintillation vial. The extracts were analyzed using Kjeltec 2200
(Foss, Hillerod, Denmark) for NH4

+-N and NO3
−-N.

Nitrogen Use Efficiency
The nitrogen use efficiency (NUE) was calculated as:

NUE =
(Y − Y0)

F

where Y is the yield in the treatment plots, Y0 is the yield in
the control (no fertilizer application), and F is the amount of
nitrogen applied, all in kg ha−1. Nitrogen use efficiency was
calculated based on the N applied as inorganic fertilizers in each
management, as well as based on the total N applied through
inorganic fertilizers plus organic inputs.

Amendment Sampling and Analyses
Biomass samples were drawn for all amendments and analyzed
for total N. Samples for legume crop (Vigna radiata) and green
manure crop (Sesbania aculeata) were taken in June, at the
time of harvesting and incorporation into the soil. FYM samples
were taken at time of their application to the treated soil. Rice
stubble was sampled at the rice harvesting (October-end) and
wheat stubble was sampled at the time of wheat harvesting (mid-
April), using 1 m2 quadrat. Table 3 provides the information
about the C and N concentrations of organic inputs in each type
of management. The samples of organic materials were drawn
during 2015 and 2016 for all analysis.

Statistical Analysis
All the data including growth parameters were statistically
analyzed using SAS. For N availability data at the different growth
stages, separation of means was subjected to Tukey’s honestly
significant difference test using JMP 9.0 (SAS Institute Inc., Cary,
NC, United States). The graphing was done using Origin v.8.5
software (Originlab Corporation, Northampton, United States).
Correlation analysis was conducted to identify relationships
between the measured parameters. All tests were performed at
the 0.05 significance level.

RESULTS

Ion exchange resin (IER) strip sorbed nitrogen (N) represented
plant-available amounts, and it showed significant differences at
different stages of wheat crop growth with different management
strategies (Figure 2). During the full season, total-N availability
was maximum in GM (962 µg cm−2) followed by F (878 µg
cm−2), LE (872 µg cm−2), and FYM (865 µg cm−2) whereas
in RS and WS the availability of total-N was 29 and 33%
lower, respectively, compared to GM. Overall, NO3

−-N was the

FIGURE 3 | Trends in IER determined plant-available total-N in soil solution
during the wheat (Triticum aestivum) crop growth under different
management. Error bars denote ± 1SD. IER, Ion exchange resin strips.
Treatments are described in Figure 2 legend. The curve for crop residues
denotes averaged values for WS and RS treatments, and the curve for
legumes denotes averaged values for GM and LE treatments.

dominant form of available nitrogen than NH4
+-N. Available

NO3
−-N was around four times that of NH4

+-N in F, LE, GM
management, and around three times that in FYM, WS, and
RS managements, for full season. The NH4

+-N was available in
much lower amounts, and there were no significant differences
in its availability amongst different management, at any growth
stage, except at shoot initiation where it was maximum in GM.
On the other hand, NO3

−-N availability throughout the cropping
period was highly variable, with significant differences among
management. Initially, up to 30 DAS, NO3

−-N availability, on
average, in managements with organics integrated and reduced
rates (55%) of fertilizers was found comparable to F (100%
inorganic fertilizer) (Figure 2). From 30 to 75 DAS, total N
availability increased twofold as compared to 15–30 DAS and
then gradually decreased sevenfold during the subsequent stages
(75–150 DAS). Among the management, legumes (LE, GM)
surpassed other treatments, especially F and WS, in terms
of NO3

−-N availability in soil solution at 15–30 DAS. The
availability from LE peaked (11.12 ± 0.56) at early tillering (30–
45 DAS) and hence after declined. In case of GM the availability
(conversely release from organic matter) peaked (11.81 ± 0.64)
at 45–60 DAS, coinciding with late tillering stage. Also, at the
tillering stage, GM had significantly more availability of NO3

−-
N than any other treatment, and it was 40 and 25% more than
RS and F managements. Cereal crop residue-based management
(WS, RS) as compared to legumes and farmyard manure had
significantly lower N availability at all stages except first 30 days
(where basal and first split fertilizer is also added and ripening
stage). From 135 to 150 DAS, a period coinciding with the
maturity of crop and very dry-soil conditions, no significant
differences were observed among all managements in terms of
N availability. The total N availability declined to below 4 µg
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FIGURE 4 | Relations between nitrogen (N) applied through organic and inorganic sources and IER (ion exchange resin) determined N availability during wheat
(Triticum aestivum) growing season. Error bars denote ± 1SD. Treatments are described in Figure 2 legend.

FIGURE 5 | Relation between daily water availability (rainfall + irrigation) and IER (ion exchange resin) determined plant-available nitrogen (N) during the wheat
growing season. Error bars denote ± 1SD. Treatments are described in Figure 2 legend.
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cm−2 day in all treatments beyond heading stage (90 DAS).
The 100% inorganic fertilizer treatment also availed significantly
comparable total N at stages where irrigation was given. Irrigation
were given at 31, 64, and 95 DAS during 2014–15 and at 33, 60,
and 91 DAS during 2015–16, coinciding with early tillering, stem
elongation, and heading stage. For dry season crops like wheat,
rainfall/irrigation events instigate release and dissolution of
nutrients especially nitrogen (Figure 1). The intensity of release
is controlled by the fertilizer characteristics. Quick release and
dissolution of the nutrient is provided by the inorganic fertilizer
for plant uptake as well as loss by leaching. On the other hand
organic amendment release is slow (water aided decomposition)
yet the release is consistent for long period and nitrogen has
less chances of loss (Figure 2). Daily availability trends of total-
N among management revealed that the organics with high N
availability and low C: N ratio (<50) (legumes, farmyard manure,
and fertilizer alone) have better N mineralization and availability
than those with high C:N ratio (cereal crop residue based)
(Figure 3). The trends indicate that reduction in organic fertilizer
N may not suffice for wheat crop growth under integrated
management with cereal (rice, wheat) crop residue. The plant-
available N in soil solution related best to the combined effects of
inorganic N applied in the wheat season plus the organic N added
via the organic amendments which were added in the preceding
season of rice (Figure 4). Average daily rainfall + irrigation during
a period of sampling (IER strip residence period in soil) were
related to plant N availability. Total-N availability in soil solution
significantly correlated to daily rainfall+irrigation in the case
of 100% inorganic fertilizers (Figure 5). With increased daily
water application (rainfall+ irrigation), F (and FYM to a lesser
extent) showed an increase in N release into soil solution up
to 3 mm daily water application, and thereafter decreased with
an increase in water application levels. However, in the case of
GM, LE, WS, and RS no significant relations could be found. The
relation provided indirect evidence regarding water application
optimization for enhancing fertilizer use efficiency in dryland
crops like wheat. The relationship of total available N during the
full wheat growing season with grain and straw yield indicated
significant relation between available N and grain yield (P = 0.01)
as well as available N and straw yield (P = 0.008; Figure 6). In
terms of nitrogen use efficiency (NUE), the cereal crop residue
incorporation (WS, RS) had the maximum efficiency followed
by legume biomass incorporation (GM, LE) and FYM, and the
least efficiency was obtained in the 100% inorganic fertilizer
application (F) (Figure 7). When only inorganic fertilizer N
was considered, all integrated management improved efficiency,
equally, compared to F. On basis of the total N applied, the NUE
decreased in the order: cereal crop residues (WS, RS) > legume
crop residues (GM, LE) > FYM > only inorganic fertilizers (F).

DISCUSSION

Overall, nitrogen (N) availability status for wheat crop indicated
comparable full season N availability in F (100% inorganic
fertilizer application), LE (legume opportunity crop Vigna
radiataand its biomass incorporation), GM (green manuring with

FIGURE 6 | Relation between full-season IER (ion exchange resin) determined
plant-available nitrogen (N) and averaged grain and straw yields from 2011 to
2018. Vertical error bars denote ± 1SD and horizontal bars denote ± 1SD.
Treatments are described in Figure 2 legend.

Sesbania aculeata), and FYM (farmyard manure incorporation @
10 Mg ha−1). Crop residue-based management, RS (rice stubble
incorporation), and WS (wheat stubble incorporation) showed
significantly lower N availability. Except for the first 60 days after
sowing (DAS) when three split inorganic fertilizer applications
were done (100% fertilizer split into three doses for F, and
50% fertilizer split into 3 doses for other management), the
availability was significantly similar but cereal crop residue-based
management lagged 60 DAS onwards in terms of plant-available
N in soil solution.

The N availability scenarios in wheat crop were best
represented by the combined effects of inorganic fertilizer
application as well as residual N from organic amendments
added in the rice season (Bhardwaj et al., 2020). Only combined
effects could explain well the availability scenarios (Figure 4). In
the case of wheat crop with relatively drier/near-field-capacity
soil condition, F management matched legume-based (GM,
LE) and manure-based (FYM) managements in terms of N
availability. This meant that in the case of legumes (GM, LE) and
farmyard manure (FYM), 50% cut down of inorganic fertilizer
is compensated by the residual N from the organic amendment
application in the preceding rice season, and secondly, the
inorganic fertilizer losses were lower under drier conditions and
therefore effects of inorganic fertilizer lasted longer than under
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FIGURE 7 | Nitrogen use efficiency (NUE) of the wheat crop in response to different management after 10 years of management (averages for 2014–15 and
2015–16). Error bars denote ± 1SD. For respective parameters, treatments with the same digits are not significantly different at p ≤ 0.05, using Tukey’s HSD. Small
letters represent differences for applied fertilizer N (inorganic), and capital letters represent differences for total applied N (inorganic + organic), small italic letters
represent differences for NH4

+-N and capital letters represent differences for total plant-available N. Treatments are described in Figure 2 legend.

flooded conditions as prevailed in the case of rice in the preceding
season (Bhardwaj et al., 2020).

The characteristics of the organic amendment also played a
role as evident from the case of FYM and cereal crop residue
(WS, RS) based management. In the case of FYM, instead
of lower total applied N (inorganic + organic), N availability
matched F and LE. In FYM, the applied N was in the range
of RS and WS. Therefore, the mixed effects of total N, C/N
ratio of amendments, and decomposability played a decisive
role. Perhaps, ready availability played the most significant role
under such conditions as prevailed in wheat season (drier and
near field capacity conditions with intermittent low-intensity rain
events or irrigations) (Figure 1). Under drier crop conditions,
the quality of organic matter inputs plays a significant role.
Low-quality organic inputs (low C/N ratio, high lignin, etc.)
may increase organic carbon in soil but not productivity (Goyal
et al., 1992; Snapp et al., 1998). In the case of WS (wheat
stubble incorporation) and RS (rice stubble incorporation), N
availability was much lower than other managements. These are
the amendments with a wider C/N ratio as well as a lower total
N compared to legumes. Cereal crop residues do not meet the
critical N content of 1.8–2.0% needed by microbes and may
immobilize N (Snapp et al., 1998). Though the immobilization
is temporary and can be offset by integrating inorganic fertilizers
(Murwira and Kirchmann, 1993), this does not seem to hold good
enough for dry season crops like wheat. The N availability in
soil solution corresponded to total N added in the management

(Figure 4), but C/N ratio and decomposability (related to N
release) played a significant role as could be noticed in case of
FYM wherein the total N application was equal to crop residues
based management (RS, WS), yet the N availability was much
higher than these managements. Several studies have suggested
that crop residue induced N immobilization during initial stages
and N release during later stages depends on several abiotic and
biotic factors (Corbeels et al., 2000; Roy et al., 2011). Since the
nutrient availability is driven by water, organic sources with the
quick release of nutrients (at each rain/irrigation event) would
show better availability to plants. Residue from legumes (green
manure crop Sesbania and opportunity legumecrop Vigna) has
considerably higher contents of N as well as narrower C/N ratio,
thus leading to considerably more and quick release of N into soil
solution for plant uptake (Schomberg et al., 1994; Bhardwaj et al.,
2020). The effects have been found to persist for longer periods,
even years, with annual release as much as 5–10% per year,
providing benefits to subsequent crops (Fillery, 2001; Peoples
et al., 2009; Khakbazan et al., 2014; St. Luce et al., 2015).

The relationship between daily water application (rainfall +
irrigation) also revealed the importance of water management.
While the N availability in managements with organic
amendments did not relate significantly to water application, in
the case of F (100% inorganic fertilizers) the availability peaked
at 3 mm (P = 0.05) and thereafter decreased with an increase in
the water application. On the whole, NO3

−-N was the dominant
form in the soil in the wheat season with almost 70–80% of N
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availability in NO3
−-N form and 20–30% in NH4

+-N form. The
ultimate fate of NH4

+-N produced in aerobic agricultural soils
is NO3

−-N where NH4
+-N is very low and has short residence

time, while under anaerobic conditions major availability is in
form of NH4

+-N since nitrification is inhibited (Robertson, 1997;
Murphy et al., 1998; Bhardwaj et al., 2019b). Moisture availability
controls the mobility of nutrients near (to the plants) and far
(losses via leaching) as well as by controlling the microbial
and enzymatic activity affecting mineralization (Bhardwaj et al.,
2020). Therefore the optimum moisture content reflects the best
balance between the availability to plants and losses beyond the
reach of plant roots.

The nutrient use in a system has the primary goal of providing
optimum nutrition to the crop plants with minimum losses.
The use efficiency of a nutrient takes care of some but not
all aspects of nutrient use in crop production. The cereal crop
residue-based management lagged in total N availability to
crop plants compared to legume residue-based management
but the former’s use efficiency was significantly higher than
the latter. In all, the integrated nutrient management with the
incorporation of cereal crop residue or green manuring or grain
legume cropping and its biomass incorporation or FYM, along
with 50% inorganic fertilizer application, significantly increased
nitrogen use efficiency and grain yield over 100% inorganic
fertilizer use. An optimum balance is struck when a practice
provides both high use efficiency and availability to plants.
Integration of legume crops (green manuring with legume,
inclusion of grain-legume crop in rotation) provides a balance
of efficiency and availability of nitrogen, the most important
nutrient element for crop production as well as in terms of
environmental performance.

CONCLUSION

Nitrogen release characteristics of organic materials determine
the effectiveness of an integrated nutrient management strategy.
Wheat (Triticum aestivum) being a dry season crop the nitrogen
availability, and its interactions with water availability, play a
significant role. Strategies with quick release and availability
of nitrogen should be preferable under the drier conditions
which prevail during the wheat crop. For integrated nutrient
management, organic amendments with a narrow C/N ratio

(legume crop residues) as compared to those with a wider
C/N ratio (cereal crop residues) provided the best nitrogen
availability scenarios for the wheat crop. Therefore, for the
wheat crop, cutting down inorganic fertilizers to almost half
and supplementing with Sesbania-based green manuring or
with grain legume cropping and incorporation of its biomass
into the soil at harvest, or by application of FYM are
the best options for integrating organics into the nutrient
management schemes for wheat. These managements have either
better or comparable (to 100% inorganic fertilizer application)
mineralization of nitrogen at all critical stages of wheat crop.
On the other hand, cereal crop residue-based managements
have the best nitrogen use efficiency. In all, the integration
of legumes and their biomass incorporation into soil achieved
optimum balance for wheat nitrogen-nutrition. Recycling cereal
crop residues in moderate quantities (1/3rd) by incorporation
into soil, along with reduced rates of inorganic fertilizers,
also provided comparable benefits as compared to 100%
inorganic fertilizers.
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Crop production has a large impact on the nitrogen (N) cycle, with consequences to
climate, environment, and public health. Designing better N management will require
indicators that accurately reflect the complexities of N cycling and provide biological
meaning. Nitrogen use efficiency (NUE) is an established metric used to benchmark N
management. There are numerous approaches to calculate NUE, but it is difficult to
find an authoritative resource that collates the various NUE indices and systematically
identifies their assets and shortcomings. Furthermore, there is reason to question the
usefulness of many traditional NUE formulations, and to consider factors to improve
the conceptualization of NUE for future use. As a resource for agricultural researchers
and students, here we present a comprehensive list of NUE indices and discuss
their functions, strengths, and limitations. We also suggest several factors—which are
currently ignored in traditional NUE indices—that will improve the conceptualization of
NUE, such as: accounting for a wider range of soil N forms, considering how plants
mediate their response to the soil N status, including the below-ground/root N pools,
capturing the synchrony between available N and plant N demand, blending agronomic
performance with ecosystem functioning, and affirming the biological meaning of NUE.

Keywords: NUE indices, fertilizer, nitrogen cycling, agroecosystems, sustainability metrics

INTRODUCTION

Reactive N has been identified as one of the top five emerging threats facing humanity and the
planet (UNEP, 2019) due to its impact on the climate, environment, and public health—and is
attributed to the global reliance on reactive N for food production (Erisman et al., 2008, 2011).
Consequently, governing leaders are adopting sustainable N management resolutions (UNEA-4,
2019). To ensure the success of such resolutions, accurate and meaningful N metrics are needed
in order to identify, monitor, and develop management practices or innovations that reduce N
pollution. One commonly used metric is N use efficiency (NUE); as it can be used for environmental
and economic objectives of minimizing nutrient losses and the negative impact on surrounding
water, air and ecosystems, as well as reducing costs associated with excessive fertilizer inputs
(Galloway et al., 2014).

There have been many scientific contributions on the topic of NUE, predominately focused on
how to improve crop NUE via agricultural management or breeding innovations (Moll et al., 1982;
Raun and Johnson, 1999; Cassman et al., 2002; Cormier et al., 2016; Martinez-Feria et al., 2018).
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This body of literature encompasses a wide range of NUE
calculations, and acknowledges that different NUE indices have
distinctive functions (Good et al., 2004; Ladha et al., 2005;
Dobermann, 2007; Fageria et al., 2008; Ernst et al., 2020). Key
reviews have collated several common measures of NUE and
their recommended applications (Dobermann, 2007; Fixen et al.,
2015); however, it is difficult to find a single authoritative source
that presents a comprehensive list of all NUE indices, and a
systematic comparison of their strengths and limitations. Such
a resource would provide researchers and students with a tool
to critically analyze NUE and decide which indices are best used
depending on the research question or circumstance.

At first glance, NUE may appear as a simple term and
concept, but its complexity resides in the various N sources that
contribute to crop production (inorganic and organic fertilizers,
soil organic matter, biological fixation, atmospheric deposition);
the interplay between soil N availability, transformation, storage,
movement and loss; edaphic conditions; crop genetics; and
the impact of management, weather, and climate. A solid
understanding of the controlling factors, spatial and temporal
boundaries, and intended end-use is needed when interpreting
NUE results. To add to this complexity, there is reason to
question the usefulness of many conventional NUE indices
and whether or not the way that NUE is conceptualized,
yet alone computed, should be reconsidered (Erisman et al.,
2018; Martinez-Feria et al., 2018). Most conventional NUE
indices are principally focused on evaluating crop responses
to N or N balance, and operate on a short-term scale
(Dobermann, 2007; Fixen et al., 2015). This interpretation of
NUE does not express how tightly N is cycled over time within
cropping systems (in other words, how prone a system is to
N loss), and prioritizes yield at the risk of mischaracterizing
the fate of N (Martinez-Feria et al., 2018). Future NUE
metrics must capture N cycling to help meet the goals
of designing sustainable agricultural systems—a multifaceted
objective that not only considers crop production but also the
sustainability of soil fertility and mitigation of environmental
pollution. To reconcile and deliberate various interpretations
of NUE, our objectives are to methodically assess various
NUE indices and their definitions, identify their strengths and
limitations, and to discuss prospective improvements to the
conceptualization of NUE.

NITROGEN USE EFFICIENCY INDICES
COMMONLY USED IN AGRICULTURAL
RESEARCH

The multitude of NUE indices commonly used in agricultural
research are categorized into groups by denominator, such
as: fertilizer-based, plant-based, soil-based; also, by approach:
isotope-based, or systems-based NUEs (Table 1). The intended
research question(s) dictate which NUE indices are selected and
employed, but no NUE index is without weakness (Table 1). As
such, it is often recommended to use multiple NUE approaches
to ensure the representation of different insights (Van Eerd, 2007;
Fixen et al., 2015).

Temporal and Spatial Boundaries of NUE
Indices
Interpretation of the NUE indices depends on the spatial
and temporal boundaries to which the indices are applied.
Calculations of NUE based on a single growing season can
provide valuable crop- and site-specific information but limit
the inferences that can made across a crop rotation or about
the performance of the cropping system or N cycling over time.
In general, most fertilizer- and plant-based indices are suited to
(or originally created to address) short-term time scales such
as growing seasons; likewise, for many soil-based or isotope-
based indices—however, these can also be applied at longer-
term scales such as multi-year crop rotations. Ecology-based
indices generally apply to a plant’s life cycle, whereas system-
based indices tend to have a more flexible time-scale selection,
depending on the goals of the user.

Most NUE indices rely on ratios or proportions of crop yield
or N vs. soil and fertilizer N sources within the spatial bounds of
a single field or experimental plots. Indices based on N balances,
however, require more refined definitions of spatial boundaries
to account for N inputs to outputs—thus it could be applied
at the field scale, or applied to a farm, watershed, regional,
or global scales. In addition to defining boundaries, defining
what a “system” is and where its boundaries lie can be both
arbitrary and nebulous, generally introducing higher degrees
of uncertainty as the bounds of the “system” are expanded.
Common boundaries for NUE range from a single plant, a field,
a farm, watersheds, or regions.

Fertilizer-Based Indices
Fertilizer-based NUEs express the amount of fertilizer applied
relative to various plant parameters, such as aboveground
biomass, yield or N content. Agronomic efficiency (AE), partial
factor productivity (PFP), and N balance intensity (NBI) focus
on the economic portion of plants (the crop yield), and this
agronomic perspective is useful for deciphering how to increase
or maintain crop yield while minimizing inputs. The recovery
efficiency of fertilizer (REfertN) illustrates the apparent increase
in plant N uptake in response to the N input, whereas the AE
addresses how much productivity is improved by the application
of N. The PFP targets the question “how productive is the
cropping system relative to the N input?” The partial N balance
(PNB) reports the ratio of N removal to N use, and the NBI
addresses the difference between N removed and N used. The
NUEcrop addresses the proportion of yield N relative to N input.
Generally, fertilizer-based indices are useful for computing the
most economical rate of N fertilizer (MERN), when used in
combination with dose response curves.

Calculating fertilizer-based NUEs for a single growing season
will not necessarily provide the same results if considering
fertilizer-based NUEs for a cropping system (or long-term
time scale). When calculated from annual response data,
certain fertilizer-based NUEs—namely REfertN and AE—will
produce different estimates of NUE than if these indices were
calculated over a longer-term time scale, if the system is not
in equilibrium. For example, if the system has a surplus of N
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TABLE 1 | Various NUE indices and their associated formulaea, interpretation, strengths, and limitations.

NUE
Indicator

Formula Interpretation Strengths Limitations Key
References

Fertilizer-based

Partial-factor
Productivity
(PFP)

=
Yieldf

Fertilizer N The expression of yield per unit of
fertilizer N applied

- Grower-friendly due to simple
numerator and denominator
- Best for comparing management
practices when focusing on a
single crop type
- Allows estimation at both regional
or national levels if records of
inputs and outputs are available

- Does not account for background
(indigenous) soil N
- Cross-site comparisons are limited by
neglecting to account for background
soil N
- Limited meaning on non-N responsive
soils
- Risk of overestimating NUE under
conditions where soil N has built up

Dobermann
(2007)

N Balance
Intensity (NBI)

= Yield N− Fertilizer N The difference between fertilizer N
applied and the N removed as
yield; commonly called N surplus

- Shows if there is an accumulation
or decline in soil N over a
predetermined timeframe (i.e.,
growing season)
- The closer the difference is to
zero, the smaller the accumulation
of N in the system
- Positive values likely reflect a
decline in the soil fertility

- Does not account for background
soil N

IPNI (2014)

NUEcrop =
Yield Nf

Fertilizer N The fraction of fertilizer N that is
utilized and allocated to yield N

- Values greater and less than 1
indicates net removal and surplus
of N, respectively

- Does not account for background
(indigenous) soil N or mineralized N
during the growth season

Martinez-Feria
et al. (2018)
but their
denominator
included total
N inputs

Partial N
Balance (PNB)

=
Plant Nf

Fertilizer N The expression of plant N content
per unit of fertilizer N applied

- Values > 1 indicate soil mining;
whereas values < 1 indicate
excessive N application

- Does not account for background
(indigenous) soil N
- Highly changeable NUE in short-term
trials due to fluctuations in soil N via
mineralization and immobilization N

Dobermann
(2007)

Agronomic
Efficiency (AE)

=
Yieldf − Yield0

Fertilizer N

= PE× RE

The contribution of fertilizer N
towards yield, compared to a
non-fertilized control

- Useful when focusing on the
economic portion of plants (yield)
- Indicates the relative benefit of
fertilizer to soil N

- Short-term trials can underestimate
AE by neglecting residual effects of
repeated fertilizer applications
- Not suitable for trials without
non-fertilized control plots

Dobermann
(2007)

Fertilizer-N
Recovery
Efficiency
(REfertN )

=
Plant Nf − Plant N0

Fertilizer N × 100 The percentage of fertilizer N that is
taken up by the plant, accounting
for background soil N levels; also
sometimes referred to as apparent
recovery

- Accounts for background soil N
Useful in looking at crop response
to applied fertilizer

- Challenging to use in long-term trials if
soil N reserves are depleted in the
non-fertilized control treatment
- Only useful in trials with non-fertilized
control plots

Dobermann
(2007)

Plant-based

Physiological
Efficiency (PE)

=
Yieldf − Yield0

Plant Nf−Plant N0
The contribution of fertilizer N from
the plant tissues towards the yield
component

- Accounts for background soil N
- Useful to identify plants that have
a superior ability in producing yield
per unit of available N

- Not suitable for long-term trials, as
depletion of indigenous soil N in
non-fertilized controls can lead to
erroneously high NUEs
- Not suitable for trials without
non-fertilized control plots

Dobermann
(2007)

N Utilization
Efficiency
(NUtE)

=
Yield

Plant N Similar to PE, but does not
account for background N

- Useful to identify plants that have
a superior ability in producing yield
relative to plant tissue N

- Does not account for background soil
N

Moll et al.
(1982)

Internal
Efficiency (IE)

=
Yield Nf
Plant Nf

The fraction of plant tissue N that is
contained in the yield component

- Useful to identify plants with high
N translocation to the economic
component (yield)

- Does not account for background soil
N
- Results confounded with soil nutrient
status, i.e., high IE values may indicate
N deficiency rather than increased NUE

Dobermann
(2007)

N Harvest
Index (NHI)

=
Yield N
Plant N × 100 The same as IE, but expressed as

a percentage
- Useful to identify plants with high
N translocation to the economic
component (yield)

- Does not account for background soil
N
- Results confounded with soil nutrient
status, i.e., high NHI values may
indicate N deficiency rather than
increased NUE

Moll et al.
(1982)

NUEsoil =
Plant

Fertilizer N+ Soil N The biomass production per unit of
available N

- Useful to identify crops with
potential to produce large amounts
of biomass per unit of available N

- Soil inorganic N measurements
usually collected prior to planting, thus
only captures a snapshot of the N that
is available throughout the season
- Does not account for how N is cycled
in a system
- Limited applicability at large spatial
and temporal scales, as crop response
to soil N may be influenced by other
factors

Moll et al.
(1982)

(Continued)
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TABLE 1 | Continued

NUE
indicator

Formula Interpretation Strengths Limitations Key
References

Soil-based

N Uptake
Efficiency
(NUpE)

=
Plant N

Fertilizer N+ Soil N × 100 The percentage of available soil N
that is utilized by the plant; also
conceptualized as apparent
recovery efficiency of the N supply

- Can point towards improved
synchrony between N availability
and plant demand

- Without having access to a
non-fertilized control, this does not
account for soil N mineralized
throughout the growing season

Moll et al.
(1982)

NUEyield = NUpE× NUtE The contribution of N supplied from
the soil that is allocated to the yield
N; also often referred to as simply
NUE

- Enables comparisons of yield
potential among crop genotypes

- Does not allow comparison between
farms, as soil and environmental factors
may mask differences in NUE
- Yield potential may be influenced by
poor soil fertility
- Poor N remobilization from vegetative
parts to grain adversely impact yield

Novoa and
Loomis (1981)

NUEbalance =
N outputs
N inputs The fraction of N inputs that are

removed from the system (either as
yield or N losses)

- Indicates whether the soil is a net
sink ( < 1) or a net source ( > 1) of
N
- When the value approaches unity,
then the soil pool can be thought
of as in equilibrium

Spatial and temporal boundaries can
be arbitrary and nebulous
- If N data is unavailable, then
assumptions are heavily relied upon
(having all N losses measured over time
is rare)

Martinez-Feria
et al. (2018),
but they
referred to it as
NUEsoil

Isotope-based

N derived
from
Fertilizer
(NdfF)

=
15N atom% excess in plant or soil
15N atom% excess of fertilizer N

× 100 The percentage of plant or soil N
that is derived from the fertilizer

- Useful in tracing the relative
proportion of fertilizer N taken up
by the crop, separate from soil N
sources

- 15N technique can be expensive
- Relies on meticulous sampling and
measurement techniques

IAEA (1983)

Total N
derived from
Fertilizer
(TNdff)

= Ndff
100 × Plant N or Soil N The total quantity of plant or soil N

that is derived from fertilizer
- Useful in determining the quantity
of fertilizer N taken up by the crop,
separate from soil N sources

- as above IAEA (1983)

Recovery
Efficiency of
N-Fertilizer
(15NRE)

= TNdff in Plant or Soil
Fertilizer N applied × 100 The percent recovery, or utilization,

of fertilizer-N in plant and/or soil
components

- Directly measures the recovery
efficiency of fertilizer N into plant
and soil components

- as above IAEA (1983)

Ecology-based

Nitrogen
Productivity
(NP)

=
Relative Growth Rate

[Plant N] The ratio of the relative growth rate
to the concentration of N in plant
tissues

- Provides a snapshot in time of the
plant’s immediate NUE

- Less helpful in providing insight into
the plant’s long-term or potential
performance

Berendse and
Aerts (1987)

NUEecology = NP×MRT The product of N productivity and
the mean residency time (MRT) of
plant N

- Considers the temporal
dimension of NUE, the average
time that N remains in the plant
before it is lost or shed

- Not originally intended for agricultural
systems where some crops are
harvested/used beyond physiological
maturity

Lambers and
Oliveira (2019)

System-based

N Balance
Index of a
System
(sNBI)

= N input− N ouput−1soil total N The accumulation or reduction of
soil N over a set time

- Indicates an accumulation or
decline in soil N over a
predetermined timeframe (i.e.,
growing season)
- Accounts for more sources,
sinks, and N losses than NBI, i.e.,
soil N pools in addition to fertilizer
N as inputs, and considers more
than just yield (i.e., N losses) as N
outputs
- Useful at various scales

- Boundaries can be arbitrary or
nebulous
If N data is unavailable, then
assumptions are heavily relied upon
- Meaning is strongly influenced by a
system’s sensitivity to N loss
- The balance approach provides
limited nuance for the dynamics of N
cycling and recycling

Sainju (2017)

NUE of a
System
(sNUE)

=
Yield N

Yield N + N Loss The fraction of system N outputs
that are captured as N yield rather
than lost to the environment

- Considers the link between crop
and soil N
- Higher values indicate tighter the
N cycling (greater recycling); lower
values indicate N release to the
environment (leaking)

- Strongly influenced by soil conditions
and background soil fertility

Martinez-Feria
et al. (2018)

NUE of Food
Chain
(NUEFC )

= N available for consumption
New N Input The N balance of the entire food

chain system, in terms of N
consumed as protein relative to N
inputs

- Provides an estimate for the
amount of N converted to food
protein for consumption
- Encompasses all N inputs, use,
outputs and losses from
production to consumption
- Useful in both plant and animal
production systems
- Detects systems with declining
efficiency and opportunities to
improve NUE
- When records are available,
allows estimation at larger scales,
from field to continental

- Lack of a universal method or
approach for its estimation
- High degree of uncertainty

Erisman et al.
(2018)

(Continued)
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TABLE 1 | Continued

NUE
indicator

Formula Interpretation Strengths Limitations Key
References

Virtual N
factor (VNF)

=
N used to produce food item that ends up recycled

N in food item that is consumed

The portion of the N that is
released to the environment during
the food production process and is
not contained in the food that is
consumed

- Virtual N considers N losses such
as fertilizer runoff, processing
wastes, manure losses, and food
waste

- High degree of variability across
regions due to differences in diets
and transportation of food items

Galloway et al.
(2014)

aFormula variable descriptions: Yield and Plant variables followed by subscript f specifies fertilized conditions, whereas subscript 0 specifies non-fertilized conditions. For
example, Plant Nf denotes the amount of N in a fertilized plant; Plantf denotes the weight of a fertilized plant. Fertilizer N is conceptualized as the inorganic N contained
in any form of N input (from synthetic or organic sources). Soil N is measured as soil inorganic N levels. While this paper is focused on N, these indices could similarly be
applied to other nutrients.

relative to crop demand, then neglecting to account for residual
fertilizer N or repeated fertilizer applications over the years
would underestimate NUE. Understanding annual responses in
addition to long-term nutrient dynamics and crop NUE are
central agronomic questions.

Fertilizer-based NUE indices that ignore soil N supply (PFP,
PNB, and NBI) may produce inconsistent results because of the
variation in soil inorganic N supply. For example, if the soil is rich
in mineralizable N, then favorable crop yields may be achieved
without applying N fertilizer. In this situation, a small amount
of N fertilizer would lead to a very high fertilizer-based NUE;
correspondingly, larger amounts of N fertilizer would decrease
the fertilizer-based NUE. In a case such as this, a “low” fertilizer-
based NUE demonstrates that the background soil N supply
meets or exceeds plant demand, rather than demonstrating that
a plant uses the available N “less efficiently”. Fertilizer-based
NUEs are therefore useful to identify situations of N saturation
or deprivation, more than any other interpretation about a plant’s
ability to use the N available to it. Despite the gross simplicity,
indices like PFP remain popular in agronomic advisory contexts
because producers know the terms (yield and N applied) and have
control over the latter.

Of the fertilizer-based indices, only RE and AE consider
background soil N levels by accounting for N uptake or
production in non-fertilized control plots; as such, both are
relevant for research contexts. While this is better than altogether
ignoring the impact of background N levels on the crop
N response (as done in PFP, PNB, and NBI), it can still
provide misleading NUEs if the soil N reserves in the non-
fertilized control plots are depleted over long-term periods.
Further, the formulation overlooks the reality that plants mediate
their response to N and have multiple strategies to cope with
N limitation by shaping and recruiting N-cycling microbial
communities (Moreau et al., 2019)—as discussed later.

Plant-Based Indices
Plant-based indices focus on the allocation of plant tissue N
towards crop yield or yield N (Table 1), providing information
that is not provided by fertilizer-based NUE indices. Plant-
based indices are useful for identifying plant genotypes with
enhanced capability of allocating growth or N resources towards
the economic portion of plants—thus useful for breeding. The
physiological efficiency (PE) illustrates the ability of a plant to
transform N acquired from fertilizer into economic yield. The
N utilization efficiency (NUtE) addresses the yield produced per

unit of N acquired by the plant shoots. The internal efficiency (IE)
and N harvest index (NHI) (essentially the same index, only one
is a fraction and the other is a percentage) relate the N allocated
to yield relative to the whole plant N.

By using IE and NHI, one can indirectly determine the amount
of N that is returned to the soil after harvest in the form of crop
residue-N (the plant tissue N that was not removed with yield
from the field). Residue-N serves as an N source to subsequent
crops, depending on the timing of mineralization relative to plant
N demand. However, it may also be at risk for N loss, or stored
in the soil in various forms of inorganic and organic N. The
information in IE and NHI about N returned to the soil after
harvest can be useful to environmental specialists, as well as for
crop residue management.

Crop traits and characteristics that favor N mobilization
and translocation toward the reproductive organ will strongly
influence the interpretation of results; hence, genetic and
physiological factors are key determinants of plant-based NUE
results. As a shortcoming, plant-based NUE indices can output
misleadingly high values due to the depletion of indigenous soil
N (i.e., long-term non-fertilized controls) or N deficiency, rather
than an intrinsic capability for improved NUE. For this reason,
results can be ambiguous. When defining NUE as a ratio of yield
or yield-N to aboveground plant tissue or plant tissue-N, this
perspective leaves out an important N pool: belowground and
root N contributions—discussed later.

Soil-Based Indices
Soil-based indices not only account for fertilizer N inputs
but also the soil N contributions to the plant components
(Table 1). Consequently, the results and interpretation are
primarily influenced by soil management and N dynamics. These
indices are intended to capture soil inorganic N availability and
the mineralizable N made available over the growing season
for crop production—quantities that can be best estimated
when non-fertilized controls are included. The use of non-
fertilized controls carries some assumptions about the supply
of N from soil sources, including that N fertilizer addition
does not affect soil mineralization and immobilization processes
and that there are no losses of any available soil N from
the control plots (Huggins and Pan, 1993). Huggins and Pan
(1993) also point out that because the control plots provide
knowledge on the amount of net N mineralization (not gross
N mineralization), N made available through mineralization is
inherently underestimated.
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The NUEsoil reports the plant biomass accumulation per unit
of soil N available, whereas N uptake efficiency (NUpE) elucidates
the capture of available N by plant roots and subsequently utilized
by the plant. The NUpE can also be conceptualized as the
apparent recovery efficiency of available soil N in the plant. The
product of NUpE and NUtE is NUEyield (often referred to as
NUE) but because the biomass strongly depends on the N taken
up, uptake and utilization efficiency are not independent of each
other. The NUEbalance indicates whether the soil is a net source
(>1) or sink (<1) of N.

By accounting for N outputs relative to available N (i.e.,
NUpE and NUEyield), one can indirectly estimate the risk for
N losses—theoretically, any N that is not removed after harvest
or that is unused by the plant at the end of the growing
season could be subjected to loss. Still, this interpretation does
not quantify how tightly N is cycled, nor does it differentiate
the balance between soil N storage and N loss. Therefore, a
reliable metric of losses would only be attained if longer-term
scales are considered, and where processes like immobilization-
mineralization are in equilibrium.

Isotope-Based Indices
Nitrogen-15 labeling techniques are used to trace the flow of
N derived from soil, fertilizer, or biologically fixed N within
cropping systems; they can provide quantitative data on pool
sizes and movement of N along the soil-water-plant-atmosphere
continuum. With the use of 15N-labeled fertilizers, researchers
can directly measure fertilizer recovery into plant components
(15NRE) and determine the proportion and total amount of N
derived from fertilizer (NdfF) in a single growing season. In
knowing the proportion of NdfF, one can also determine the
proportion of N attributed to indigenous soil N. Unlike the N
difference methods used in the fertilizer- or soil-based indices
(where N is expressed as a percentage or fraction of fertilizer N
applied or soil available N), the 15N method provides a direct
measurement of recovery, as opposed to an apparent recovery.
Further, other 15N labeled sources of N can be studied; for
example, not just fertilizer N but crop residue-N or soil N
sources. Multi-year 15N monitoring can be designed to provide
information on the longer-term use and recovery of N, to
understand soil-plant N cycling, and the N contribution to
plants from biological N fixation, plant roots, crop residues,
and indigenous soil N (Meier et al., 2006; Arcand et al., 2014;
Taveira et al., 2020).

Ecology-Based Indices
More than 30 years ago, Berendse and Aerts (1987) argued that
a biologically meaningful definition of NUE should include two
components (1) the period during which the absorbed N can
be used for C fixation, per unit of N in the plant and (2) the
instantaneous rate of C fixation per unit of N in the plant.
They proposed a NUE index which combined N productivity
(NP) with mean residency time; this conceptualization of NUE
describes the dry weight which can be produced per unit of
N taken up, under steady-state conditions (but steady-state N
dynamics, where N inputs are balanced by N losses, may not
always be the case for agricultural systems).

Nitrogen productivity is the ratio of relative growth rate
(RGR) to the whole plant nutrient concentration in the
tissues (PNC; Table 1). Higher NP is associated with rapid
growth, a relatively large investment of N in photosynthesizing
tissue, an efficient use of N invested in the leaves for
the process of photosynthesis, and a relatively small use
of carbon in respiration—as explained by Lambers and
Oliveira (2019). Although the NP provides a meaningful
clue of a plant’s immediate NUE, it is less helpful in
providing insight into the plant’s long-term or potential
performance in agroecosystems. To achieve this, Lambers
and Oliveira (2019) expand the concept of NUE to consider
time, as earlier suggested by Berendse and Aerts (1987).
Plant NP is integrated with mean residence time (MRT)
of N in the plant (NP x MRT). In this view, the mean
residence time is the average time that N remains in the
plant, before it is lost due to leaf shedding, herbivory,
root death, etc.

Systems-Based Indices
System-based NUE indices—defined by spatial and temporal
boundaries—are formulated as a balance or a difference (Table 1).
For sNBI or sNUE, crop- and soil-based approaches are
linked to encompass multiple parts of system performance
(Table 1). A system-approach enables comparisons that differ
in soil properties, crop sequences, climate, etc., thereby
capturing differences in biophysical controls on N dynamics
(Martinez-Feria et al., 2018). The sNUE index can be used
to identify systems that tightly cycle N or that release N
to the environment. By including yield N as a numerator
for sNUE, it allows for examining trade-offs between N
flows (in and out) when compared to other factors like
crop production.

As a step further, NUE indicators can be computed for the
entire food chain system (NUEFC), defined by the series of
processes by which food is produced and eventually consumed.
This information is useful for computing N-footprints and
developing information tools for consumers and institutions
(Leach et al., 2012), and developing N-labels or N loss
indicators as a decision tool for consumers (Galloway et al.,
2014). Researchers have defined NUEFC as the ratio of the
protein (expressed as N) available for human consumption
to the N input (newly fixed and imported) to the food
system, but it is acknowledged that the final NUEFC value
may have considerable variability and uncertainty (Erisman
et al., 2018). The virtual N factor (VNF) is another type of
“food chain NUE,” which estimates the proportion of N that
is not consumed but was either released to the environment
or wasted. Virtual N includes fertilizer runoff, processing
wastes, manure losses, and food waste, and VNFs relate the
virtual N lost to the food consumed. There can be wide
degree of variability in VNFs due to differences in the diet,
particularly with respect to the relative amounts of plant
versus animal protein consumption, how food is produced,
and its transportation from its source to the consumers
(Galloway et al., 2014).
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THE NUE INDICES OF THE FUTURE

Nitrogen use efficiency is regulated by biological, physiological,
environmental, genetic, agronomic, and developmental factors;
thus, a multi-disciplinary approach that encompasses several
factors is essential for improving the veracity of NUE indices
(Hirel et al., 2011). As outlined above, there are several limitations
in the way that current NUE indices are conceptualized.
In contemplating how to advance NUE as a biologically
meaningful index, here we pose several questions: Are all
forms of biologically available N being adequately considered
in current NUE indices, and if not, what other forms should
be? How might NUE indices better represent the plant’s role
in modulating its response to N? Can NUE move beyond
accounting for inputs and outputs, towards considering the
temporal and spatial synchrony of N availability and plant
N demand? Perhaps integrating components of ecosystem
functioning into the conceptualization of NUE would improve
the meaning of such indices? While no single measure of
NUE will satisfy all concerns, contemplating questions such
as these is intended to promote the advancement of how
NUE is theorized.

Considering Forms of N Other Than
Nitrate and Ammonium
A conspicuous oversight in how several NUE indices are
conceptualized is the neglect to consider forms of N other
than inorganic N (with the exception of the soil-based formulas
that include unfertilized controls and/or capture background
N contributions). Historic and recent discoveries demonstrate
that plants take up N directly as organic molecules, such as
amino acids, peptides, and even proteins (Rentsch et al., 2007;
Näsholm et al., 2009; Hill et al., 2011; Paungfoo-Lonhienne
et al., 2012; Dion et al., 2018; Enggrob et al., 2019) and
that plants capitalize on carbon already contained in organic
N sources, thereby improving NUE (Franklin et al., 2017).
This phenomenon is a promising new area, largely enabled by
compound-specific stable isotope tracking, that will likely move
us towards an improved understanding of NUE in cropping
systems (Farzadfar et al., 2021). Future NUE formulations
should consider the organic N sources that contribute to plant
growth and production.

To better capture all the forms of N that plants use, the
reconceptualizing of NUE must go beyond simply adjusting the
denominator to include the soil organic N pool that is available to
and usable by plants—as this would numerically reduce several
traditional estimates of NUE. Rather, a highly N efficient plant
would be, theoretically, one that is capable of using the forms
of N biologically available to it, and which adjusts the relative
proportion of N taken up in each form based on minimizing
its energy expenditure during the process. As plants exercise the
ability to take up a suite of N forms in an energy-dependent
manner, a highly efficient agroecosystem would be one that
achieves a balance between N saturation and deprivation—as
saturation would risk N loss, whereas deprivation would risk
crop productivity.

One example for how novel NUE indices might be formulated
is: NUEbio = 1 – (plant N uptake capacity/soil bioavailable N
supply), where NUEbio results approaching zero would signify
scenarios with higher efficiency. Positive values would signify
a soil N surplus relative to plant capacity, whereas negative
values would signify a soil N deficit relative to plant capacity.
The soil bioavailable N supply would encompass inorganic
and organic forms of N that plants are capable of taking
up; the plant uptake N capacity would reflect the plant’s
functional demand for N. This, of course, would require accurate
measurements of plant N uptake capacity (and demand) and soil
bioavailable N supply—a perhaps lofty but worthwhile ambition
for future researchers.

Accounting for the Synchrony Between
N Availability and Plant N Demand
The synchrony of crop N demand relative to soil available
N is not captured in most NUE indices, even over short-
term periods like a single growing season. The fluctuation
in soil available N throughout a single growing season can
be considerable. Even if the soil test-N shows substantial
amounts of available N at planting, this does not guarantee
sufficient available N when the crop is rapidly growing and
requires N. If the N is lost or unavailable by the time that
the plant is actively taking up N, then the NUE results
would not truly reflect the plant’s “efficiency” of taking up
available N. Improved NUE indices should consider the timing
and dynamic fluctuation of plant N uptake relative to soil
available N. Perhaps a “synchrony factor” will be a part
of futuristic NUE indices. In theory, the most N efficient
scenarios would be realized when the soil N supply matches
the plant’s demand for N to meet its functional requirements
at all times throughout the plant’s growth cycle, and this
might be conceptualized by considering NUE as an integral.
For example, if NUEbio was plotted on a y-axis and time
was plotted on the x-axis, one could compute the net area
under the curve to determine if the plant experiences a
net surplus of bioavailable N or deficit relative to its needs
throughout the growth cycle. This might look something

like lim
n→∞

NUEbion =
xn
∫
x0

f (x) dx and defined as the net area

between the NUEbio function over the interval of time studied.
Resulting net values that approach zero would indicate that,
over the plant growth period, there was a balance between
soil bioavailable N supply and plant N capacity. Scenarios that
give rise to a balance between soil bioavailable N and plant
N capacity would, arguably, be the most efficient at using
N, and support tighter N cycling. In practice, collecting the
necessary measurements to compute the integral for NUEbio
would be very challenging, as it would entail knowing the soil
bioavailable N supply and the plant N uptake capacity almost
continuously throughout a plant’s growth cycle (or at least very
frequently, so that the area under the curve could be best
approximated). Nonetheless, ideas such as this are put forth for
the purpose of spurring advancements about how NUE can be
better conceptualized in the future.
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Representing How Plants Mediate Their
Response to N
Although not represented by current NUE indices, plants
regulate their response to soil N via multiple strategies, such
as shaping and recruiting N-cycling microbial communities
(Moreau et al., 2019), manipulating microbial functional groups
(Whipps, 2001; Fontaine et al., 2007; Blagodatskaya et al.,
2009), and modifying their capability to compete with bacteria
for N (Legay et al., 2020). Plants are responsive to the soil
nutrient status and will modify their root system architecture and
morphology accordingly, which in turn modifies the volume of
soil accessed and influences soil N mineralization (Hodge, 2004).
As for root N uptake, the mode of uptake (and therefore efficiency
of acquisition) will depend not only on external inorganic N
concentrations but the organisms delivering N-compounds—
categories that are not currently captured by the NUE indices
listed in Table 1.

Plant symbioses with arbuscular mycorrhizal fungi (AMF)
can improve N uptake and affect NUE (Verzeaux et al., 2017).
Arbuscular mycorrhizal fungi associations can be enhanced
under low soil N conditions, expanding the root surface area
to explore a larger soil volume, accelerate N mineralization,
and facilitate uptake of N from organic N sources (Thirkell
et al., 2016). While there is doubt that AMF can play much
of a role in improving NUE in high fertility agricultural soils
(Garnett et al., 2009), AMF may be important even in soils
with high N availability where the fungal partners are more
efficient at proliferating and acquiring NH4

+ in N-rich patches
than plant roots (Hodge and Fitter, 2010; Fitter et al., 2011;
Veresoglou et al., 2012). In spite of conflicting reports on exact
mechanisms or degree of effects, AMF can affect both soil N
cycling and N uptake with potential impacts on NUE.

As another illustrative example: N fixing plants can be thought
of as the most efficient N users. If the soil N supply is below
the plant N requirements, then N fixing plants expend energy
to ensure their own N supply via nodulation and biological N
fixation. However, if any one of the existing fertilizer- or soil-
based NUE formulations (Table 1) were applied to N fixing
plants, the resulting NUE value would provide rather limited
information about how these plants use N in a biologically
meaningful way. This example demonstrates how the traditional
NUE formulations can fall short of reporting a meaningful
NUE value, and where reconceptualizing NUE is needed.
Further, NUE indices could be improved to express the plant
physiological functioning of N, rather than simple N mass
balance or allocation.

Including Root N Pools and Considering
the Rhizosphere
For a more complete picture of measuring NUE, the entire
plant should be considered—including the roots. Roots comprise
roughly 14% of total plant N in common annual crops (Gan
et al., 2010), with 4–71% of total plant N released to soil as
rhizodeposits (Wichern et al., 2008). Considering how plants
allocate N to roots will affect all NUE metrics that include
plant N (Table 1). By ignoring root components, some metrics

may underestimate NUE (e.g., NUpE, NUEsoil) whereas others
may overestimate NUE (e.g., PE, NUtE, NHI). Root N levels
can serve as an internal N source for reproductive organs
as the plant’s life cycle progresses. Accurately measuring the
amount of N that is withdrawn from the senescing root parts
is difficult, but it is estimated that 50% of N in dying roots
is withdrawn and redistributed (Berendse and Aerts, 1987)—
a phenomenon that undoubtedly influences overall plant NUE.
For a more biologically meaningful definition of NUE, plant
N response strategies and translocation dynamics from roots
should be considered.

Including root components and rhizosphere dynamics in NUE
indices is not without challenges, as many studies do not measure
roots and rhizosphere components. However, techniques to
measure root traits and rhizosphere dynamics are advancing
in the plant and soil sciences, offering future opportunity
to better address belowground influences on NUE. If direct
measurements are not available, then assumptions will be relied
upon. Nonetheless, advanced conceptualizations of NUE would
be remiss to entirely ignore plant roots and rhizosphere.

Expressing Agronomic- and
Ecosystem-Functioning Aspects of NUE
As the importance and awareness of agricultural sustainability
grows, the goals of improving crop production and
environmental quality are converging. Accordingly, new
NUE indices (or a combination thereof) should capture aspects
of agronomic performance as well as ecosystem function. Rather
than only focusing on what happens to N during the growing
season, it is crucial that metrics consider the ‘tightening’ of
N cycling (for example, with diversifying cropping systems
or N scavenging by cover crops). This might be achieved by
linking soil- and plant-based approaches to derive systems-based
approaches (Martinez-Feria et al., 2018). Another approach
considers the whole life-cycle of a crop (Weih et al., 2011), N
carry-over and conservation over more than a single growing
season (Dawson et al., 2008). Further, linking ecosystem
functioning indices to soil- and plant-based NUE approaches
would provide a more holistic picture of NUE. It is possible that
“cycling factors” or a life-cycle approach could be developed and
integrated into NUE indices one way or another. In merging
agronomic and ecological perspectives of NUE, a highly efficient
system might be conceptualized as one with minimal to no “N
waste,” either in terms of wasted N fertilizer not taken up or
wasted N via N losses.

CONCLUSION

Meaningful metrics are critical to progress towards meeting the
goals of productivity and sustainability. The choice of metric
significantly affects the interpretations and conclusions about
the performance of the crop or system—and for NUE, there
are many. The definitions, strengths, and limitations of the
various NUE indices are presented herein to clarify their potential
use when addressing different research questions and goals.
To advance the biological meaning of NUE, we propose that
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future NUE indices should consider a wider range of soil N
forms, how plants mediate their response to the soil N status,
below-ground/root N pools, and the synchrony between available
N and plant N demand. Research must endeavor to blend
agronomic performance with ecosystem functioning to advance
the conceptualization of NUE.
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Processes and Candidate Genes for
Nitrogen-Use Efficiency in Rice

Supriya Kumari †, Narendra Sharma † and Nandula Raghuram*

University School of Biotechnology, Guru Gobind Singh Indraprastha University, Dwarka, India

Nitrogen-use efficiency (NUE) is a function of N-response and yield that is controlled

by many genes and phenotypic parameters that are poorly characterized. This study

compiled all known yield-related genes in rice and mined them from the N-responsive

microarray data to find 1,064 NUE-related genes. Many of them are novel genes

hitherto unreported as related to NUE, including 80 transporters, 235 transcription

factors (TFs), 44 MicroRNAs (miRNAs), 91 kinases, and 8 phosphatases. They were

further shortlisted to 62 NUE-candidate genes following hierarchical methods, including

quantitative trait locus (QTL) co-localization, functional evaluation in the literature, and

protein–protein interactions (PPIs). They were localized to chromosomes 1, 3, 5, and

9, of which chromosome 1 with 26 genes emerged as a hotspot for NUE spanning

81% of the chromosomes. Further, co-localization of the NUE genes on NUE-QTLs

resolved differences in the earlier studies that relied mainly on N-responsive genes

regardless of their role in yield. Functional annotations and PPIs for all the 1,064

NUE-related genes and also the shortlisted 62 candidates revealed transcription,

redox, phosphorylation, transport, development, metabolism, photosynthesis, water

deprivation, and hormonal and stomatal function among the prominent processes. In

silico expression analysis confirmed differential expression of the 62 NUE-candidate

genes in a tissue/stage-specific manner. Experimental validation in two contrasting

genotypes revealed that high NUE rice shows better photosynthetic performance,

transpiration efficiency and internal water-use efficiency in comparison to low NUE rice.

Feature Selection Analysis independently identified one-third of the common genes at

every stage of hierarchical shortlisting, offering 6 priority targets to validate for improving

the crop NUE.

Keywords: nitrogen use efficiency, N-response, yield, QTL, rice, transcription factors, photosynthesis,

transpiration
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INTRODUCTION

The Phenomenal growth in the use of fertilizers for crop
production, coupled with poor nitrogen-use efficiency (NUE) is
increasingly polluting the soil, water and air, which adversely
affects health, biodiversity, and climate change (Sutton et al.,
2019). A recent simulation study showed that a 20% increase
in the crop NUE can save $743 million per year in the USA
alone (Langholtz et al., 2021). Therefore, improving the crop
NUE remains a highly desirable economic and environmental
goal. NUE can be defined in terms of uptake/utilization or
remobilization efficiencies, but it is agronomically best expressed
as yield per unit nitrogen input (Raghuram and Sharma, 2019).
An inability to biologically distinguish between the N-response
and NUE and the poor characterization of the phenotype and
genotype for NUE have hampered crop improvement (Mandal
et al., 2018), till they were discovered recently (Sharma et al.,
2018, 2021).

Rice has the lowest NUE among cereals (Norton et al., 2015)
and therefore consumes most N-fertilizer among them. It is
also the third most produced and consumed crop in the world.
Further, its rich germplasm diversity and post-genomic status
makes it an ideal candidate to improve the crop NUE on a
global scale. The tremendous growth of rice genomics, such as
the sequencing of 3,000 rice genomes (Li et al., 2014) and of rice
functional genomics (Li et al., 2018), has enabled the integration
of information on the available genes, germplasm and phenotypic
information. Rice also has the most N-responsive transcriptomic
data sets reported in any crop (Pathak et al., 2020 and the
references cited therein).

Some of the important functional classes of genes involved
or implicated in NUE include transporters, kinases, and
transcription factors (TFs) (Vidal et al., 2020; Yang et al., 2020;
Zhang et al., 2020b). Recently, Kumari and Raghuram (2020)
compiled a comprehensive list of phosphatases involved in the
N-response and/or NUE in crops. MicroRNAs (miRNAs) also
regulate the use of nitrogen in crop plants and participate in
the adaptation of crops to nitrogen deficiency (Zuluaga and
Sonnante, 2019). Some of these functional classes of genes are
also known to be involved in yield; over a 1,000 yield-related
genes have been reported in rice so far (Li et al., 2019; Nutan
et al., 2020). However, a genetic characterization of the interface
between N-response and yield is lacking, especially considering
that NUE is a derivative of two biological functions, N-response
and yield, and many genes involved in them are well-known.

A number of studies exist on the quantitative trait loci (QTLs)
associated with NUE in rice (Anis et al., 2019; Jewel et al., 2019;
Mahender et al., 2019; Zhang et al., 2020b; and the references
cited therein). These include both major and minor QTLs, which
are categorized based on the magnitude of their effect on the
phenotype under different N regimes. These QTLs for NUE
can be used to co-localize the genes for further characterization
(Sinha et al., 2018;Waqas et al., 2018). However, there has been an
inadequate convergence of the QTL and functional genomics or
reverse genetic approaches to understand the molecular basis of
NUE or its associated phenotype in any crop. Previous attempts
to identify NUE-candidate genes were based on co-localizing

N-responsive genes onNUE-QTLs (Sinha et al., 2018) or on yield
QTLs (Chandran et al., 2016), regardless of their role in yield or
NUE. Others identified all the genes in the NUE-QTL region,
regardless of their role in N-response, yield, or both (Jewel et al.,
2019; Mahender et al., 2019).

Therefore, we searched for the genes involved in both N-
response and yield as the main biological components of NUE,
co-localized them on major NUE-QTLs and identified their
chromosomal hotspots to narrow down the genetic basis for
NUE.We also shortlisted candidate genes, associated phenotypes
and biological processes for NUE and validated some of them in
two contrasting rice genotypes differing in NUE.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Two rice genotypes (Oryza sativa subsp. Indica) contrasting for
NUE were selected based on a previous study (Sharma et al.,
2018): Nidhi for low NUE and Panvel1 for high NUE. The
seeds of Panvel1 were procured from Kharland rice research
station, Panvel, Maharashtra, India, while the seeds of Nidhi were
procured from the Indian Institute of Rice Research, Hyderabad,
India. Seeds of each genotype were weighed individually and
only seeds of modal weight (±0.5mg) were used as described in
previous studies (Sharma et al., 2018, 2021). They were surface
sterilized with 0.1%mercuric chloride for 50 s, washed 8–10 times
with ultrapure deionized water and soaked in it for 2 h before
sowing in pots containing garden soil. Before sowing, the pots
were saturated with Arnon–Hoagland medium (Hoagland and
Arnon, 1950) containing nitrate as the sole source of N at 15mM
(normal N) or 1.5mM (low N) level. This was achieved by using
5mM each of KNO3 and Ca(NO3)2 for normal N and 0.5mM
each for low N. The media components were obtained from SRL,
Mumbai, Maharashtra, India. There were five replicates/pots,
each containing a single plant for each N dose. The pots were
replenished with media to saturation every few days as needed.
Plants were grown in the greenhouse at 28◦C, 75% humidity,
40 Klux light intensity, and 12/12 h photoperiod for 21 days.
The leaves of these 21-day-old plants were used to measure
the physiological parameters on sunny days in five biological
replicates by using a portable Licor 6400XT (LI-COR, Lincoln,
NE, USA) as per the instructions of the manufacturer. The net
photosynthetic rate was measured in terms of assimilated CO2,
as µ mol CO2/m

2s1, transpiration was measured in terms of
mol (H2O)/m

2s1, stomatal conductance was measured in terms
of mol [(H2O) m−2 sec−1], internal water-use efficiency was
measured in terms of µ mol CO2/mol(H2O), and transpiration
efficiency was measured in terms of µ mol CO2/m mol
H2O/m

2/s. The Student’s t-test was performed on the recorded
physiological data.

Data Mining for N-Responsive and

Yield-Related Genes
N-responsive genes in rice were retrieved from 16 whole
transcriptome microarray data sets (Supplementary Table S1).
Yield-related genes in rice were compiled from 219 publications
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in the literature, as well as five online databases, namely, funRice
Genes (https://funricegenes.github.io/), Oryzabase (https://
shigen.nig.ac.jp/rice/oryzabase/), RAPDB (https://rapdb.dna.
affrc.go.jp/tools/dump), Ricyer DB (http://server.malab.cn/
Ricyer/index.html), and OGRO DB (http://qtaro.abr.affrc.go.
jp/ogro/). The guidelines of Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA, Moher et al.,
2009) were followed. Only sources that were true for at least
one of the following three criteria were considered: (1) Do they
belong to N-responsive category? (2) Do they belong to the
yield category? and (3) Are they involved in NUE? Keywords
like grain, tiller angle, culm, leaf angle, dwarf, grain shape, grain
size, grain weight, grains per panicle, growth period, leaf, length-
to-width ratio, number of panicles per plant, panicle, panicle
length, panicle number, plant height, productivity, grain filling,
seed setting rate, spikelet numbers, tiller, flowering, tiller angle,
biomass, and photosynthetic efficiency were considered based
on the studies of Nutan et al. (2020) and Li et al. (2019). They
were used to search the literature and database for yield-related
genes. The differentially expressed genes (DEGs) were identified
by using uniform criteria of Log2FC >1 and a value of p < 0.05
with default redundancy removal criteria.

Meta-Analysis for N-Responsive and

Yield-Related Genes
All yield-related genes retrieved from the literature and databases
were combined into a single yield-related data set and all N-
responsive DEGs retrieved from 16 transcriptome microarrays
were also combined into a separate N-responsive data set.
Duplicates from both the data sets were removed and only non-
redundant genes were used for Venn selection (https://bioinfogp.
cnb.csic.es/tools/venny/index2.0.2.html) to identify the genes
that were both N-responsive and yield-related. They were termed
as NUE-related genes and used for all the downstream analyses.

Functional Annotation and MapMan

Analysis of NUE-Related Genes
Gene ontology (GO) enrichment analyses for functional
annotation of NUE-related genes were performed by Expath
2.0 tool (Chien et al., 2015) using default parameters. Only
statistically significant GO terms with the value of p < 0.05
were considered for further analyses and visualized by REVIGO
(Supek et al., 2011). The MapMan 3.6.0 RC1 tool was used for
analyzing the DEGs in different biological pathways (Thimm
et al., 2004).

Retrieval of Functional Classes and

Identification of Target Genes for miRNA
Nitrogen-use efficiency-related genes encoding TFs were
retrieved from the following databases: PlantPAN2 (http://
plantpan2.itps.ncku.edu.tw/TF_list_search.php#results), RAP-
DB, STIFDB (http://caps.ncbs.res.in/stifdb/), PlantTFDB (http://
plan ttfdb.cbi.pku.edu.cn/index.php?sp=Osj), and RiceFrend
(http://ricefrend.dna.affrc.go.jp/multi-guide-gene.html). For
the prediction of TF binding sites (TFBSs), 2 kB promoter
regions upstream of the translational start site of the TFs were

downloaded from RAPDB and were subjected to Regulatory
Sequence Analysis Tools (RSAT) (http://plants.rsat.eu). To find
out the motif sequences and their enrichment in these TFs, only
> 8mer sequences with a significance level <0.01 were obtained
from TFBSs. Tomtom v 5.1.1 tool (http://meme-suite.org/tools/
tomtom; Gupta et al., 2007) was used with default settings to
filter redundant motifs and define known conserved regulatory
elements (CREs) based on the motif database (Arabidopsis
DAP motifs). To identify possible biological and molecular
functions of motifs, the GoMo tool (http://meme-suite.org/
tools/gomo) was used (Buske et al., 2010). NUE-related gene-
encoding transporters were retrieved from the Rice transporters
database (https://ricephylogenomics.ucdavis.edu/transporter/),
RAPDB, and Transport DB2.0 (http://www.membranetransport.
org/transportDB2/index.html). Similarly, NUE-related gene-
encoding kinases and phosphatases were retrieved from RAPDB
and i-TAK DB (http://itak.feilab.net/cgi-bin/itak/index.cgi).
Plant miRNA database (PMRD, http://bioinformatics.cau.edu.
cn/PMRD/) was used for searching the miRNAs that target
NUE-related genes.

Subcellular Localization of NUE-Related

Gene Products
The subcellular localization of NUE-related gene-encoded
proteins was predicted by using crop Proteins with Annotated
Locations database (cropPAL2; https://croppal2.plantenergy.edu.
au/; Hooper et al., 2016). This database contains proteins whose
subcellular location is most commonly determined by fluorescent
protein tagging of live cells or mass spectrometry detection
from the metadata for protein and the published literature
studies (Hooper et al., 2016).

Protein–Protein Interaction Network

Construction
Construction of protein–protein interaction (PPI) networks
was undertaken by using different subsets of genes to find
interacting proteins in the context of (a) NUE-related genes and
(b) shortlisted candidate genes for NUE. For this purpose, the
interacting proteins for the NUE-related genes and shortlisted
candidate genes for NUE were retrieved from the STRING
(https://string-db.org) database. Interactions demonstrated by
experimental and combined scores were considered to map the
query genes onto the PPI networks. Based on the experimental
score and the combined score, PPI networks for NUE-related
genes and shortlisted candidate genes for NUE were constructed
by using Cytoscape version 3.8 (Shannon et al., 2003), and the
expression values of DEGs were used to color code the nodes.
Molecular complexes were detected by using the MCODE plug
in Cytosacpe.

Co-localization of NUE-Related Genes

Onto NUE-QTLs
Nitrogen-use efficiency QTLs reported under different
nitrogen regimes were compiled from the literature, and
GRAMENE DB (https://archive.gramene.org/db/markers/
marker_view) and were used to retrieve the positions of markers
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FIGURE 1 | Flowchart used for identification and shortlisting of candidate genes for nitrogen-use efficiency (NUE) in rice.

flanking these QTLs. Only major QTLs having phenotypic
variance >10% were considered, and those identified as
relative QTLs were considered under different doses of N
(Sinha et al., 2018). N-responsive and yield-related DEGs
identified in the present study were co-localized to these
NUE-QTL regions.

In silico Expression Analysis of Shortlisted

Candidate Genes for NUE
For tissue/organ-specific expression of N-responsive yield-
related DEGs at different stages of the rice life cycle, the
Rice Expression Profile Database (http://ricexpro.dna.affrc.go.jp/
GGEP/gene-search.php) was used.

Feature Selection Analysis
The recursive feature elimination method of the Feature
Selection Analysis was carried out by using the Python Scipy
library to bioinformatically rank the genes based on their
N-response and related to yield. The commonly identified
genes based on the N-response and related to yield in rice
were subjected to the Feature Selection Analysis with their
Log2FC and values of p to determine the genes/features that
contribute to NUE.

RESULTS

Nitrogen-use efficiency is not a biological measure by itself, but
a derivative of biological measures such as the N-response and
yield. Many genes involved in the yield or N-response are known
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FIGURE 2 | (A) A Venn diagram showing exclusively yield-related genes, N-responsive and yield-related genes, and exclusively N-responsive genes. (B) A Venn

diagram showing common genes between yield and those that respond to specific N-forms. (C) A bar graph depicting chromosomal localization and upregulated and

downregulated NUE-related genes. Blue color represents upregulated genes and red color represents downregulated genes.

separately, but a comprehensive listing and analysis of genes
that are both N-responsive and yield-related were not available.
Therefore, we identified 1,064 common genes between 14,791 N-
responsive genes and 1,842 yield-related genes known in rice and
analyzed them as outlined in Figures 1, 2A. These 1,064 genes
were termed as NUE-related genes (Supplementary Table S2)
and were used for further downstream analyses. As these
genes were derived from transcriptomic analyses using different

N-forms, separate Venn selections revealed the breakup of
yield-related genes for each N-form. As shown in Figure 2B,

the highest numbers of yield-related genes were found for
nitrate, followed by ammonium, ammonium nitrate and urea.
Nevertheless, all 1,064 genes are of interest for further molecular
characterization of NUE, especially considering that field soils

tend to contain dynamic mixtures of multiple N-forms. Their
chromosomal localization revealed that most of these were
present on chromosome 3, followed by chromosomes 1, 2, and 4,

while chromosome 12 harbors the least number of genes. Further,
chromosomes 1–8, 10, and 11 contain more N-upregulated genes
in comparison to N-downregulated genes, while chromosomes
9 and 12 have more N-downregulated genes in comparison to
N-upregulated genes (Figure 2C).

Biological Pathways and Subcellular

Locations of NUE-Related Genes
Gene ontology enrichment analysis for the biological process
showed that most of the NUE-related genes were involved in
the regulation of transcription (16.17%), followed by oxidation-
reduction (12.6%), phosphorylation (7.62%), flower development
(3.56%) and photosynthesis (2.13%). Among the rest, 0.2% of
the NUE-related genes were involved in each of the 73 different
processes, including seed maturation, water homeostasis,
asparagine biosynthetic process, seed germination, stomatal
closure, auxin-mediated signaling pathway, photoperiodism and
root and shoot development. The details of GO-enrichment
analyses are provided in Supplementary Table S3. The top 25
statistically significant biological processes (p < 0.05) in terms
of the number of NUE-related genes were visualized by using
REVIGO (http://revigo.irb.hr/) (Figure 3A).

Most of the above process annotations, which include
transcriptional regulation, transport, protein modification
and hormone metabolism (Supplementary Table S4 and
Figure 3B), were validated when all the identified NUE-
related genes and their expression values were mapped into
MapMan. Many NUE-related genes were also mapped to
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FIGURE 3 | (A) A scatter plot showing the enriched gene ontology (GO) terms in the biological process. Different shades in circles indicate the difference in the value

of P as indicated in scale. All the terms are significantly over-represented at p < 0.01. (B) MapMan-based classification of NUE-related genes involved in regulation.

Red and blue color boxes represent the upregulated and downregulated NUE-genes, respectively.
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sucrose metabolism, nitrate metabolism and photorespiration,
among others, suggesting a crosstalk between these pathways
(Supplementary Table S5 and Supplementary Figure 1A).
MapMan analysis also revealed many other DEGs involved in the
development as well as in abiotic stress and biotic stress responses
(Supplementary Table S6 and Supplementary Figure 1B).
Subcellular localization of the proteins encoded by all the 1,064
NUE-related genes revealed that most of them are localized
in four major compartments led by the nucleus, followed by
cytosol, plasma membrane and plastid. The least of them are
located in the peroxisome and vacuole (Supplementary Table S7

and Supplementary Figure 1C).

NUE-Related TFs and Their Binding Motifs
To understand the role of transcriptional regulation in NUE, we
identified 60 classes of TFs encoded by 237 NUE-related genes.
The details of their genes, families, functions, and references
are provided in Supplementary Table S8. They include 15 major
classes (>5 genes), totaling 166 genes and 45 minor classes (<4
genes) totaling 71 genes.

Among these, minichromosome maintenance1, agamous
deficiens and serum response factor (MADS), CO-like, con
stans-like zinc finger family (C2C2), homeobox TF family
(HB), basic helix-loop-helix family (bHLH), squamosa promoter
binding protein-like (SBP) proteins, gibberellic-acid insensitive
(GAI), repressor of GAI (RGA) and scarecrow (SCR) (GRAS),
auxin/indole-3-acetic acid (AUX), and orphans were among
the abundant N-upregulated TF families, while NAM, ATAF,
and CUC (NAC), myeloblastosis (MYB), basic leucine zipper
(Bzip), Tify, WRKY, and CCAAT TF families had more N-
downregulated genes than N-upregulated genes. Only a ptela-
2/ethylene-responsive element binding protein (AP2-EREBP)
had an equal number of N-upregulated and N-downregulated
genes. N-upregulated TF families dominated in the minor TF
category, which were clubbed together and shown as “other” in
Figure 4A. This suggests that a large repertoire of TFs of several
major and minor families are involved in the N-response as well
as are yield-related and are therefore of interest for NUE. As only
two of them, i.e., Dof1 and OsGRF4, are known to be associated
with NUE, this analysis offers many more TFs as candidates for
further validation and shortlisting to improve NUE in rice and
possibly other crops.

Eight of the identified TFs are completely novel and
not yet functionally validated. They are ASD1, OsbHLH118,
OsbHLH090, BZR1, OsERF27, OsLF, OsERF65, and OsbHLH186.
Among others, 193 TFs are hitherto unknown to be related to the
NUE or N-response or yield, though they were associated with
other functions. Thirty additional TFs are known only for yield
and three others are known to be N-responsive.

Our analysis of the promoter regions (up to 2 kB
upstream) of all 1,064 NUE-related genes for binding
motifs of TFs identified above revealed a total of 50
enriched motifs (Supplementary Table S9). Majority of
these motifs have binding sites for AP2-EREBP and Teosinte
branched1/Cincinnata/proliferating cell factor (TCP) TFs,
followed by Cys2His2 (C2H2), NIN-LIKE PROTEIN (NLP),

MYB, NAC, SBP, and bHLH TFs, indicating that the NUE-
related TFs are themselves regulated by these families of TFs.
Annotation analysis of these motifs revealed many interesting
biological and molecular functions, which include GCTAGCTA
(NAC TF) for auxin stimulus and response to abscisic acid
stimulus, GAGCTAGC (C2C2-GATA) for wounding response,
CCGCGGCG (AP2-EREBP) for mitochondrial transport,
GCGCGCGC (BZR) for stomatal complex morphogenesis,
among others, but a few were not annotated. Moreover, these
motifs were also involved in functions such as lipid binding,
structural constituent of the ribosome, microtubule motor
activity and ATPase activity. All of these CREs are novel
NUE-related CREs in rice (Supplementary Table S10).

Transcription Factor OsbHLH079 Could Be

Important in N Source-Sink Metabolism
One of the NUE-related TFs identified in this study,OsbHLH079,
is not well-characterized in terms of its target genes and its role
in regulating NUE in rice. However, its orthologs in Arabidopsis
have been reported to target 863 genes (Brooks et al., 2019). We
used Ensembl Plants (http://plants.ensembl.org) to retrieve their
orthologs in rice. Interestingly, 538 of them were among the
1,064 NUE-related rice genes identified in this study. In other
words, over half of all the NUE-related genes identified in rice
are targets of this TF, OsbHLH079. AgriGO GO analysis of these
538 target genes revealed their involvement mainly in cellular
nitrogen metabolism, amino acid metabolism, carbohydrate
metabolism, and transporters related to nitrate/ammonia
and sugar binding. This indicates their primary role in
carbon and nitrogen metabolism, as shown in Figure 4B.
Their detailed functional annotations have been provided in
Supplementary Table S11.

NUE-Related Transporters
We identified 85 gene-encoding transporters as NUE-related,
since they were both N-responsive and yield-related. These
belong to 13 major families (Figure 5A). The details of their
genes, families, functions, and references are provided in
Supplementary Table S12. Among these, the families that have
more N-upregulated genes than N-downregulated genes include
nitrate transporters, a metal ion, amino acid permease, cation
transporters, a major facilitator superfamily, an auxin efflux
carrier, and multidrug resistant (MDR). Conversely, the families
that have more N-downregulated genes than N-upregulated
genes include ABC and K+ transporters, a mitochondrial carrier,
and a voltage-gated ion channel. Oligopeptide transporters
have an equal number of N-upregulated and N-downregulated
genes, while sucrose transporters have only N-upregulated genes
(Figure 5A). This suggests that different types of transporters
are involved in N-response as well as yield and are therefore of
interest for NUE. While five of them are known to be associated
with NUE, our analysis identified 80 more transporters as novel
candidates to be validated for their potential to improve NUE. Six
of them are completely novel and functionally unvalidated. These
are OsSTA85, OsEIN2.2, OsABCB15, OsABCG16, OsEIN2.2, and
OsSTA234. Other 61 are hitherto unknown to be related to N-
response or yield or NUE though they were associated with
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FIGURE 4 | (A) Upregulated and downregulated NUE-related transcription factors (TFs). (B) Role of TF OsbHLH079 and its target genes in regulating

carbon–nitrogen metabolism. AP2-EREBP, a ptela-2/ethylene-responsive element binding protein; MADS, Minichromosome maintenance1, agamous deficiens and

serum response factor; C2C2, CO-like, Con stans-like zinc finger family; HB, Homeobox TF family; bHLH, Basic helix-loop-helix family; NAC, NAM, ATAF, and CUC;

MYB, myeloblastosis; bZIP, Basic leucine zipper; SBP, Squamosa promoter binding protein-like; GRAS, Gibberellic-acid insensitive (GAI), repressor of GAI (RGA), and

scarecrow (SCR); WRKY, AUX, Auxin/indole-3-acetic acid; CCAT, calcium channel associated transcriptional regulator.

other functions. Three others were reported for N-response only
(OsNRT2.4, OsProT1, and OsNPF2.4), and seven were known
for yield only, but not for both (PIN5B, OSAAP5, OsSUT1,
OsPUP4,OsAAP10D,NPF7.1 andOsABCG18). Thus, 80 of the 85
transporters found are novel candidates for NUE to be used for
further validation.

NUE-Related miRNAs Mainly Target Genes

for Amino Acid Metabolism
An interesting subset of the 1,064 NUE-related rice genes
identified in this study comprised of 44 unique miRNAs
that target 69 NUE-related genes, of which 35 were N-
upregulated and 34 were N-downregulated. The details of their
genes and functions along with references are provided in
Supplementary Table S13. The pathway analysis by ExPath2.0
(http://expath.itps.ncku.edu.tw/) revealed that, out of six

significant pathways, three pathways were related to amino
acid metabolism involving arginine, proline, beta-alanine,
and tryptophan, which indicate the role of these miRNAs
in regulating N-metabolism. Other interesting pathways
regulated by these small regulatory molecules were related to
diterpenoid biosynthesis, limonene and pinene degradation
and plant hormone signal transduction. Out of all 44 miRNAs,
7 miRNAs were completely novel and unannotated: osa-
miR170a, osa-miR1847.2, osa-miR2095-3p, osa-miR2101-5p,
osa-miR2102-3p, osa-miR2104, and osa-miR444a.1. Twenty-
three other miRNAs were found to be involved in functions
other than N-response/yield (Supplementary Table S13). Five
other miRNAs have been reported for N-response but not in
yield: osa-miR156ab, osa-miR156k, osa-miR528, osa-miR529b,
and osa-miR399i. Nine other miRNAs were known for
yield but not for N-response: osa-miR1317, osa-miR1424,

Frontiers in Plant Science | www.frontiersin.org 8 June 2021 | Volume 12 | Article 627955304

http://expath.itps.ncku.edu.tw/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Kumari et al. Candidate Genes for Nitrogen-Use Efficiency in Rice

FIGURE 5 | (A) Family-wise classification and distribution and upregulated and downregulated NUE-related transporters (B) microRNAs (miRNA) belonging to

N-response, yield, N-response and yield, other categories and reporting for the first time (novel NUE-genes) (C) Upregulated and downregulated major families of

NUE-related kinases.

osa-miR1427, osa-miR1436, osa-miR1439, osa-miR1440,
osa-miR1863, osa-miR818a, and osa-miR399 (Figure 5B and
Supplementary Table S13). Two miRNAs were found to be both
N-responsive and yield-related: osa-miR1318 and osa-miR156a.
All other categories of miRNAs emerged as novel NUE-related
genes for further validation.

NUE-Related Kinases and Phosphatases
Protein kinases and phosphatases are known to play an
important role in N-response and NUE in crops (Fataftah
et al., 2018; Hsieh et al., 2018; Jiang et al., 2018; Xiong
et al., 2019; Kumari and Raghuram, 2020). In this study,
we identified 91 NUE-related gene-encoding kinases and 9
other gene-encoding phosphatases. The identified kinases were
classified according to i-TAQ database and the database
by Vij et al. (2008). These include major classes, such as
54 receptor-like kinases (RLKs), 10 CAMK:Ca2+/calmodulin-
dependent protein kinases (CAMKs), 4 cyclin-dependent kinases

(CDKs), mitogen-activated protein kinases (MAPKs), glycogen
synthase kinase (GSK), and CDC-like kinase (CLK) (CMGC).
Besides this, there were 23 other kinases belonging to
minor classes (Supplementary Table S14). The details of their
genes, families, functions, and references are provided in
Supplementary Table S14. All major classes of NUE-related
kinases showed a greater number of N-upregulated genes
(Figure 5C). Out of these 91 kinases, 22 RLKs were annotated
as specific kinases but not functionally validated at all, while
53 are known to be related to functions other than N-response
or yield or both but hitherto unknown to be potentially NUE-
related (Supplementary Table S14). Among the rest, 16 kinases
are reported for yield-related traits, but not for N-response
or NUE.

Nine phosphatases identified among NUE-related
genes are Fructose-1,6-bisphosphatase, Type II
inositol-1,4,5-trisphosphate 5-phosphatase 12, Type I
inositol-1,4,5-trisphosphate 5-phosphatase CVP2, Chloroplast
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inorganic pyrophosphatase, Vacuolar H+-translocating
pyrophosphatase, Fructose-1,6-bisphosphatase class
1/Sedoheputulose-1,7-bisphosphatase, Pyrophosphate-energized
vacuolar membrane proton pump, Inositol phosphatase-like
protein, and PP2C68 (Supplementary Table 15). Among
these, six genes showed N-upregulation while the three
genes showed N-downregulation. The details of their
genes, families, functions, and references are provided in
Supplementary Table S15. Out of these nine phosphatases,
eight are potential candidates to be validated for their role in
NUE, including PP2C68, which has been reported separately
for the N-response (Hsieh et al., 2018) and yield (Li et al.,
2013) but not specifically implicated in NUE. Among others,
Type I inositol-1,4,5-trisphosphate 5-phosphatase CVP2
is a novel candidate yet to be functionally validated. Four
others, OsPPa6, OscFBP2, OVP1, and NYC4, have been
reported for functions other than N-response or yield or both
(Supplementary Table S15) and are therefore hitherto unknown
as candidates for NUE. Two other phosphatases (similar to
Type II inositol-1,4,5-trisphosphate 5-phosphatase 12 and
Vacuolar H+ translocating pyrophosphatase, the regulation
of grain chalkiness) have been reported for yield but not for
N-response or NUE. Overall, this study revealed 91 kinases and
8 phosphatases of different families related to NUE, including
8 phosphatases hitherto unknown in NUE as candidates for
further validation.

Interactions of NUE-Related Proteins in

C/N Metabolism and Signaling
To understand the role of protein level interactions in
regulating NUE, we developed PPI networks for the 1,064
NUE-related genes identified in this study using Cytoscape
3.8. The network consisted of 525 nodes and 1,134 edges and
sub-clustering using MCODE plugin-identified 18 sub-clusters
(Supplementary Table S16 and Supplementary Figures 2A–R).
Among these, cluster 1 has the maximum MCODE score of
7.33, while clusters 15, 16, 17, and 18 have the minimum
MCODE score of 2.67. Maximum nodes (10) and edges (33)
were found for cluster 1, while minimum nodes (3) and edges
(3) were found for clusters 12, 13, and 14. EXPath 2.0 analysis
revealed the pathways associated with these networks/clusters.
They include starch and sucrose metabolism, carbon fixation in
photosynthetic organisms, metabolic pathways, photosynthesis,
pentose and glucuronate interconversions, pyruvate metabolism,
biosynthesis of amino acids, ribosome, aminoacyl-tRNA
synthesis, ubiquitin-mediated proteolysis, and plant hormone
signal transduction. Their cluster-wise pathways have been
provided in Supplementary Table S16. Interestingly, two of
the interacting proteins encoded by NPH1 and LAC13/14
are not a part of the 1,064 NUE-related genes. NPH1 was
N-responsive but not known to be yield-related, while LAC13/14
was neither involved in N-response nor in yield. Their functional
annotation indicated their role in photosynthesis, flowering
and stress.

327 NUE-Related Genes Co-localized on

Major NUE-QTLs
The hierarchical shortlisting of 1,064 NUE-related genes began
with the co-localization of NUE-genes onto major NUE-QTLs
as summarized in Figure 6. Using all the criteria mentioned
in Section “Materials and Methods”, we compiled 30 major
NUE-QTLs reported for 18 NUE-related traits, including the
number of productive tillers (PTN), grain yield (GY), grain
yield response (GR), harvest index (HI), NUE, nitrogen response
(NR), nitrogen uptake efficiency (NUP), number of filled grains
per panicle (FGP), number of spikelets per panicle (SP),
panicle length (PLG), plant height (PHT), relative biomass
(RBM), relative plant weight (RPW), relative shoot dry weight
(RSW), root length (RL), spikelet fertility percentage (SFP),
spikelet per primary panicle (SPY), and thousand-grain weight
(TGW). These QTLs were found across 10 chromosomes
(chromosomes 1, 3, 4, 5–9, 11, and 12) except chromosomes
2 and 10. Out of the 1,064 NUE-related genes identified in
this study, 327 unique genes were co-localized to these major
NUE-QTL regions (Supplementary Table S17). A maximum
of 110 NUE-related genes were co-localized on chromosome
3, followed by chromosome 1 and a minimum of 5 NUE-
related genes each were co-localized on chromosomes 12 and 8
(Supplementary Table S17).

Functional Evaluation Identifies a Subset

of 114 NUE-Genes
To gain insights into the functional roles of 327 candidate
genes identified by co-localization, we searched the OGRO
database (Yamamoto et al., 2012) and found that 137 out
of 327 NUE-related genes were functionally characterized
(Supplementary Table 18). Of these, 70 genes were found to
be associated with more than one trait. They were grouped
into three categories, namely, morphological traits (148 genes),
physiological traits (70 genes), and resistance or tolerance (73
genes). Maximum number of functionally characterized genes
(47) were located on chromosome 1 followed by chromosomes
3, 9, 5, and the least functionally characterized gene was on
chromosome 12. The chromosomes 4, 6, 7, 8, 11, and 12 had
<10 candidate genes. Among the chromosomes that carried
more than or equal to 10 candidate genes each totaling 114
NUE-related genes (Supplementary Table S19), we found that
chromosome 1 harbors a novel hotspot with 47 genes, apart from
chromosomes 3, 5, 9, and 11, which are known hotspots for NUE
(Jewel et al., 2019). Overall, we found that these 4 chromosomes
contribute 114 NUE-related genes, of which only 6 are validated
so far, thus expanding the repertoire for the validation of their
potential and further shortlisting as targets for improving NUE
(Supplementary Table S19).

Interestingly, 36 of the 114 NUE-candidate genes identified
here are associated with the dwarf phenotype, as their mutants
are well-characterized (Supplementary Table S19). In addition,
29 genes have been characterized for the culm/leaf, 33 genes
associated with the panicle/flower, 2 genes with germination, 30
with the seed/shoot seedling, and 10 with roots. Further, 17 genes
had source activities such as photosynthetic activity, chlorophyll
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FIGURE 6 | Hierarchically shorted candidate genes and independent Feature Selection method to identify NUE-candidate genes.

biosynthesis, starch biosynthesis, biomass, grain production,
and leaf senescence, and 31 genes for biotic and abiotic stress
(Supplementary Table S19).

Shortlisting 62 NUE-Candidate Genes by

Protein Interactions
To further identify the important candidates among the
114 shortlisted NUE-related genes explained above, we
developed their PPI networks using Cytoscape 3.8. Only the
combined score value ≥0.4 were considered for network

construction. The network consisted of 80 nodes and 103
edges (Supplementary Table S20). One major cluster had 62
interacting genes (Supplementary Figure 3). We performed
GO (Expath tool) as well as intensive literature search to
find the biological processes and functions of these 62 genes
(Supplementary Tables S21, S22). GO revealed important
biological pathways like flower development, phytochromobilin
biosynthetic process, protein-tetrapyrrole linkage, glutamate
biosynthesis, leaf development, cytokinin metabolic process,
oxidation-reduction process, auxin response, phosphorylation,
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FIGURE 7 | Morphological, physiological, and resistance- or tolerance-related traits associated with 62 NUE-candidate genes.

response to light stimulus, pollen development and response to
water deprivation (Supplementary Table S21).

These 62 interacting proteins include 21 genes reported for
dwarf phenotype, 9 for flowering, 18 for the culm leaf (stomatal
opening and transpiration cooling, chloroplast development, and
stomatal density), 5 for the root, 2 for germination, 8 for source
activity (including leaf senescence and chlorophyll biosynthesis),
6 for the seed, 2 for the shoot seedling, and 17 for biotic and
biotic stresses (Supplementary Table S22 and Figure 7). While
all these 62 genes are a subset of the 1,064 NUE-related genes,
most of them have not been directly validated for NUE, except
DEP1. Two of them (OsRRMH and Gn1a) interact with DEP1, a
hitherto unknown observation in relation to NUE. Interestingly,
the network consists of many hubs that have a larger number
of interactions than DEP1, such as OsATG7 with the highest
number of interactions (8), followed by SGR (7) OsPAO, LOX2,
OsNAP (6), CHL9, cwa1, GH3.1, Se13, PHYB (5), SHL2, CHL1,
OsLOX1, NADH-GOGAT1 (4), and bc15, OAT, OsIPT7, RGB1
(3). Such hubs could play a far more important role in regulating
the NUE phenotype than those genes that are least connected
in the network. Chromosomal localization of these 62 NUE-
candidate genes revealed the maximum number of 26 NUE-
candidate genes on chromosome 1, 19 NUE-candidate genes on
chromosome 3, 12 NUE-candidate genes on chromosome 9, and
5 NUE-candidate genes on chromosome 5 (Figure 8).

In silico Expression Analysis of Shortlisted

Candidate Genes
The expression profiles of 62 candidate genes shortlisted for
NUE were checked by using microarray data from different
tissues and stages of the rice life cycle using the Rice Expression
Profile Database (RiceXpro). Of these, only 60 candidate genes

were differentially expressed in both vegetative and reproductive
tissues. OsMADS8 was highly upregulated in anther, pistil, and
endosperm, whileOsCesA9 was highly upregulated in the stem at
the ripening stage and in lemma and palea. Further, RGB1 was
highly upregulated in the root. BC6 was highly upregulated in
the stem at ripening stage and in lemma and palea. The gene
phdkwas highly upregulated in the stem at the ripening stage and
in lemma and palea. OsSSl2 was highly upregulated in the leaf
blade at vegetative, ripening and reproductive stages. OsRZFP34
was highly upregulated in the stem at the ripening stage, lemma,
and palea. OsbZIP72 was highly downregulated in the leaf
blade at vegetative, ripening, and reproductive stages, while
OsDWARF1 was highly downregulated in the root at vegetative
and reproductive stages and also in anther and endosperm. GH3-
2 was highly downregulated in the leaf blade at vegetative and
ripening stages, in the stem at the ripening stage, and in the
ovary and endosperm.GOGAT2was upregulated in the leaf blade
but highly downregulated in the endosperm and ovary. DEP1
was moderately upregulated in the panicle and the stem but
moderately downregulated in the leaf blade and ovary. This gene
is well-known for NUE. The remaining 51 genes were under
low or moderate regulation (Supplementary Figure 4). These
expression patterns provide a molecular basis for understanding
the physiology of N-responsive growth and yield toward NUE.

Feature Selection Converges With

Hierarchical Approach and Aids in Further

Shortlisting
As an independent approach for shortlisting NUE-related
genes, the Feature Selection Analysis with the recursive feature
elimination method was used to rank the 1,064 NUE-related
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FIGURE 8 | Physical positions of the 62 NUE-candidate genes on four rice chromosomes (chromosomes 1, 3, 5, and 9). Gene ID is given on the right side of the

map, and the physical location of genes is given on the left side of the map (in mb).

genes based on their microarray expression data for N-
response (log2FC). This approach eliminated 686 features/gene
IDs as non-significant features out of 1,064 and identified
378 features/IDs as significant, of which 237 genes were
upregulated and 141 were downregulated in response to
N (Supplementary Table S23). Among molecular targets, 92
TFs, 38 kinases, 22 transporters, 15 miRNA targets, and 2
phosphatases were found common for these 378 genes shortlisted
by Feature Selection. Interestingly, 112 of them were common
with the 327 NUE-genes by QTL co-localization, while 44
were common with the shortlisted 114 NUE-genes. Further,
when 62 of the 114 NUE-genes that figured in the PPI
networks were compared, 21 of them were common with those
identified by Feature Selection (Supplementary Table S23).
Genes that share commonality with QTL-co-localized genes,
their shortlisted interacting partners, and molecular targets
(especially, TFs) could be of great interest. For this purpose,
common genes among them were searched and only six
genes were found to be common to the 62 shortlisted NUE-
candidates by a hierarchical method (Supplementary Table S23

and Figure 6). They are OsZHD1 (Os09g0466400), OsDDM1a
(Os09g0442700), andMADS24 (Os09g0507200) on chromosome
9, and OsARF2 (Os01g0670800) and GAMYB (Os01g0812000)
on chromosome 1, andOSKN2 (Os05g0129700) on chromosome
5. These six genes may be considered as high priority
targets among the shortlisted gene candidates to be validated

for NUE. Thus, Feature Selection Analysis independently
identified one-third of the common genes at every stage of
hierarchical shortlisting and offered six high-priority target
genes for NUE.

Contrasting Genotypes Differ in

Photosynthesis and Transpirational

Parameters
To experimentally validate some of the physiological processes
associated with the 1,064 NUE-related genes as well as the
62 shortlisted candidate genes, 2 contrasting rice genotypes
were chosen based on their NUE (Supplementary Tables S3,
21, 22; Sharma et al., 2018, 2021). Photosynthesis was found
to be significantly higher for the higher NUE genotype
Panvel1, relative to the lower NUE genotype Nidhi (p < 0.05).
Interestingly, photosynthesis was significantly higher at a lower
nitrate dose than the normal dose in Panvel1, whereas it was
the opposite in the case of Nidhi (p < 0.05) (Figure 9A).
Transpiration and stomatal conductance were found to be
significantly higher for Nidhi than Panvel1 at the normal dose
of nitrate, though not significant at lower N dose (p < 0.05,
Figures 9B,C). Interestingly, intrinsic water-use efficiency and
transpiration efficiency were higher for Panvel1 than Nidhi and
were also slightly higher at the normal dose of nitrate than the
lower N dose for both genotypes (Figures 9D,E).
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FIGURE 9 | Validation of biological processes: validation was done by using

Licor 6400XT (LI-COR, Lincoln, NE, USA) on 21-day-old grown plants. Plants

were grown in garden soil and fertilized with Arnon–Hoagland medium having

nitrate as the sole source of N with 15mM N concentration as control while

1.5mM was used as a test. Measurement was done in five biological

(Continued)

FIGURE 9 | (A) Photosynthesis was measured in terms of µ mol CO2/m
2s1,

(B) Transpiration was measured in terms of mol (H2O)/m
2s1,

(C) Stomatal conductance was measured in terms of mol(H2O) m
−2 sec−1,

(D) Internal water-use efficiency was measured in terms of µ mol

CO2/mol(H2O), and (E) Transpiration efficiency was measured in terms of µ

mol CO2/m mol H2O/m
2/s. The different alphabets over bars show their

statistical significance.

DISCUSSION

Nitrogen-use efficiency is agronomically best measured as yield
per unit N input, which is a derivative of two biological functions,
N-response and yield. A large number of genes for N-response
and/or yield have been reported in the literature, but their
interface for NUE remains underexplored. Therefore, this meta-
analysis was undertaken to identify the genes at the intersection
of N-response and yield and to use them to shortlist the candidate
genes for NUE as shown in the flowchart (Figure 1). To the best
of our knowledge, this is the first comprehensive meta-analysis
for NUE in any crop, except for a limited analysis of genes in
the NUE-QTL regions done in barley (Han et al., 2016). Out
of 16 whole transcriptome microarray data sets available for N-
response in rice, seven are for nitrogen (GSE4409; Beatty et al.,
2009; Perrin et al., 2013; Coneva et al., 2014; GSE59438; Hsieh
et al., 2018; Takehisa and Sato, 2019), one for nitrate and urea
(GSE140257), one for ammonium nitrate (Beier et al., 2018),
two for nitrate (Jangam et al., 2016; Pathak et al., 2020), one for
thiourea (GSE71492) and four related to macronutrients NPK
(Takehisa et al., 2015; Takehisa and Sato, 2019). Together, they
revealed 14,791 N-responsive genes, with several hundreds of
common DEGs and thousands of unique DEGs. While the latter
may reflect the differences in tissues and N-treatments, their
interface with yield was of main interest for NUE in agronomic
terms, especially considering that different N-forms may coexist
under field conditions. Therefore, all the 14,791 N-responsive
genes were used for Venn selections with 1,842 yield-related
genes compiled for this study.

Despite the findings of the differences in the number of yield-
related genes among the different N-responsive transcriptomic
data sets generated under different growth and treatment
conditions, taking them together, we identified 1,064 genes
as both N-responsive and yield-related. Meta-analysis allows
such identification from diverse data sets as reported earlier
for Arabidopsis (Zhang et al., 2020a; Yang et al., 2021) and
rice (de Abreu-Neto and Frei, 2016; Muthuramalingam et al.,
2017; Cohen and Leach, 2019; Kong et al., 2019). In order
to minimize variations in data processing, we used uniform
selection criteria (Log2FC ≥ 1, value of p ≤ 0.05) with a
default redundancy removal setting for all the microarray
data sets. We designated the 1,064 genes that were both N-
responsive and yield-related as NUE-related genes, analyzed,
and shortlisted them using multiple bioinformatic approaches
including clustering, classification, QTL co-localization, in silico
network, and Feature Selection Analyses.

We also identified several novel NUE-related TFs and their
binding sites, transporters, kinases, phosphatases, and miRNAs;
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shortlisted some candidate genes for NUE; and validated some of
the underlying physiological processes in contrasting genotypes
for NUE.

NUE-Related Genes Involved in Important

Biological Process or Functions
Gene ontology and MapMan analyses of 1,064 NUE-related
genes revealed that the regulation of transport, transcription,
phosphorylation and oxidation-reduction, photosynthesis, and
transpiration were prominent biological classes of NUE-
related genes (Supplementary Table S3 and Figure 3A). Out
of 237 TFs encoded by NUE-related genes identified here
(Supplementary Table S8), only two are known for NUE in rice,
OsDOF1 (Uedga et al., 2020) and OsGRF4 (Sun et al., 2016). Two
other TFs were found to be both N-responsive and yield-related
but were not reported for NUE. These are OsMADS57 (Guo
et al., 2013) and OsSPL14 (Srikanth et al., 2016). Thus, this study
identified a comprehensive list of 237NUE-related TFs, including
235 novel NUE candidates in rice, for further validation and
shortlisting (Supplementary Table S8). Among the 50 enriched
binding sequences/motifs identified in the upstream sequences
of 1,064 NUE-related genes, only few motifs were reported
to be involved in functions other than N-response and yield
(Supplementary Table S9). They include Fe deficiency responses
(Kobayashi et al., 2014), defense-response (Han et al., 2015), and
GA biosynthesis or cold acclimation response (Jung et al., 2010).
These 50 candidate motifs need the validation of their role in
NUE for crop improvement.

OsbHLH TFs are known for their roles in regulating grain
length, internode elongation, plant height, and yield in rice
(Heang and Sassa, 2012a,b,c; Yang et al., 2018; Lee et al., 2020;
Seo et al., 2020). In the present study, we proposed a model for
the functional role of OsbHLH079 and its target genes in carbon–
nitrogen metabolism (Figure 4B). Functional annotation of the
538 target genes of OsbHLH079 revealed that they mainly belong
to nitrogen and carbon metabolism. AMT1.1, which transports
ammonium and thus acts as the source of nutrient supply, has
already been reported in N-response and yield (Ranathunge et al.,
2014). Further, 47 of the 538 target genes were involved in yield,
a sink activity, which suggests an important role of this TF in
regulating the source–sink relationship for yield and NUE. This
interpretation is consistent with the finding that OsbHLH079
regulates leaf angle and grain length (Seo et al., 2020). Therefore,
this TF could be an important candidate to improve NUE, as its
target genes regulate source to sink balance.

Nitrogen is mainly taken up by the plant in the form
of either nitrate or ammonium ions, amino acids, or urea
through their respective families of transporters. In the present
study, out of 85 transporters encoded by NUE-related genes
(Supplementary Table S14), only 5 are known to be related
to NUE. They are OsNPF6.1 (Tang et al., 2019), OsNRT2.3
(Fan et al., 2016), OsNRT2.1 (Chen et al., 2016), OsPTR9
(Fang et al., 2013), and OsNRT1.1A (Wang et al., 2018). Three
other transporters were separately known to be related to
N response and yield but not reported for NUE. They are
OsNPF7.2, AMT1.1, and NPF7.4 (Ranathunge et al., 2014; Wang

et al., 2018; Huang et al., 2019). Thus, this study provides a
comprehensive list of NUE-related transporters in rice, including
80 novel candidates for further validation of their role in NUE
(Supplementary Table S12).

Nitrogen-use efficiency can be improved by miRNA via
the attenuation of gene expression at the post-transcriptional
level or via translational inhibition (Zuluaga and Sonnante,
2019). Our functional annotation of the target NUE-genes for
miRNAs revealed their involvement in amino acid metabolism,
an important target for NUE. None of the 44 miRNAs found in
the present study were previously known for NUE in rice, making
them novel candidates for further validation of their role in NUE
(Supplementary Table 14).

NUE-Related Kinases and Phosphatases
Protein phosphorylation and dephosphorylation are known to be
involved in N-responsive gene expression (Xiong et al., 2013),
and also in post-translational modulation of N-assimilatory
enzymes (Ahn et al., 2015; Waqas et al., 2018), among
other functions. All the 91 kinases we reported here are
novel candidates hitherto unknown for their role in NUE
(Supplementary Table S18). Phosphatases are also known to be
N-responsive in many crops (Kumari and Raghuram, 2020). We
identified nine phosphatase-encoding genes, including fructose-
1,6-bisphosphatase, which was recently reported to be potentially
involved in NUE (Waqas et al., 2018). Thus, this study identified
eight phosphatases as novel candidates for the validation of their
role in NUE (Supplementary Table 15).

NUE-Related Interacting Proteins
Protein networks related to N-response have been developed
earlier (Fukushima et al., 2014; Obertello et al., 2015; Pathak
et al., 2020). But this was the first attempt to build PPI
networks for NUE-related genes to the best of our knowledge.
Process annotation of most of the interactors indicated
the underlying links that balance plant growth and carbon
and nitrogen metabolism, which are important for NUE
(Supplementary Table S16). Earlier studies showed that an
unbalanced carbon–nitrogen metabolic status can result in poor
plant growth, inferior photosynthetic capacity, lower nitrogen
transferability, and decreased yield (Kusano et al., 2011; Bao
et al., 2014). Moreover, increased carbon-nitrogen utilization
rates have been linked to better photosynthesis and NUE in rice
(Ju et al., 2021). Two other interactors, NPH1 and LAC13/14,
were not a part of the 1,064 NUE-related genes identified for this
study, even though their functional annotation indicated their
role in photosynthesis, flowering, and stress. They may have their
post-translational role in regulating NUE.

Hierarchically Shortlisted Candidate Genes

for NUE
Nitrogen-use efficiency is a quantitative trait controlled by
multiple genes and the co-localization of NUE genes to the NUE-
QTLs provides important candidate genes for crop improvement.
Unfortunately, previous attempts in rice followed different
approaches with varying results, focusing either on N-response
or on yield but not both together, as was done in this study.
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Chandran et al. (2016) reported the co-localization of N-
responsive genes to yield-related QTLs, rather than to NUE-
related QTLs in rice. Sinha et al. (2018) targeted NUE-QTLs
for co-localization, but they have used only N-responsive genes
independent of their role in yield. Others who focused on
characterizing the NUE-QTLs reported that all the genes co-
localized in those regions regardless of their actual involvement
in either N-response or yield or both (Jewel et al., 2019;Mahender
et al., 2019). Our approach in this study was more robust, not
only because we used only those genes that are both N-responsive
and yield-related but also because we targeted only the major
QTLs for NUE to shortlist target genes. Based on this, we found
that chromosome 1 is a hotspot with 26 NUE-related genes
(Figure 6), of which only 2 were reported earlier (Chandran et al.,
2016). The next hotspot we found was chromosome 3, which was
earlier reported to have the most QTLs for NUE in rice by Jewel
et al. (2019), but they did not report chromosome 1.

Interestingly, chromosomes 1 and 3 continued to be hot
spots for NUE even after our hierarchical shortlisting of
1,064 NUE-related genes to 62, based on QTL co-localization,
their functional validation in the literature, and choosing
chromosomes with more than 10 of these genes followed
by PPI network analysis (Figure 6). Chromosomes 5 and
9 were the next most important hotspots for NUE-related
genes, as reported by Jewel et al. (2019). The importance
of our shortlisting is that it resolved the similarities and
differences in the genes/loci/chromosomes reported as important
for N-response/NUE by different authors (cited above and
detailed in Supplementary Table S17), by using additional
functional parameters. Another evidence of the robustness
of our shortlisting approach is that it retained some of the
well-characterized genes involved in NUE till the very end,
such as DEP1 (Sun et al., 2014). More importantly, we
added 60 other NUE-candidate genes, 26 of which are located
only on chromosomes 1 and 19 on chromosome 3, making
them extremely valuable targets for breeders. Further, protein
interaction networks of 62 candidate genes revealed that some
of them are major functional hubs and may be more crucial for
NUE in comparison to others. Chromosome 1 seems particularly
attractive with 26 NUE-candidate genes, but since they span
81% of the whole chromosome, further narrowing down of
the hotspot for NUE would be needed before it can be used
by breeders.

Traits Associated With NUE-Candidate

Genes
Among 62 NUE candidates, 17 genes regulate more than one
trait (morphological, physiological, biotic, or abiotic), while
multiple genes regulate the same traits, as expected for polygenic
traits like NUE. In view of the just emerging details of the
NUE phenotype (Sharma et al., 2021) relative to the well-
characterized nature of yield-related traits, there was scope for
the identification of NUE-associated traits through yield for these
62 NUE-candidate genes. Among the morphological traits, we
found that 21 genes regulate dwarf phenotype, including the
well-known NUE gene, DEP1 (Sun et al., 2014), in rice. In

addition, we found 16 NUE-candidate genes for the culm leaf,
10 for the panicle flower, 4 for the root, 4 for the seed, and 2
for the shoot seedling (Supplementary Table S22 and Figure 7).
Among the physiological traits, we found eight NUE-candidate
genes for flowering, six for source activity, two each for the
culm leaf and the seed, 1 each for the panicle flower and the
root (Supplementary Table S22 and Figure 7). Among them,
Osppc4 has been reported for ammonium assimilation in leaves
(Masumoto et al., 2010). Similarly, we found 29 genes associated
with traits for stress, including NADH-GOGAT1 (Tamura et al.,
2010).

Thus, barring DEP1, NADH-GOGAT1, and Osppc4, the rest
of the gene-trait combinations are novel for NUE. They include
some traits reported for the NUE in rice, for which the genes were
not known, such as panicle number, tiller number, root-related
trait (Selvaraj et al., 2017), senescence (Masclaux-Daubresse et al.,
2010), flowering (Devika et al., 2018), and germination (Sharma
et al., 2018). They are also in line with our recent shortlisting
of six vegetative traits for NUE in rice, namely, germination
and flowering time, plant height, shoot length, root length, and
biomass (Sharma et al., 2021). In addition, we reported here
five genes, namely, PhyB, Osbzip72, OsDREB1A, OsDREB1B, and
OsOAT, to be related to NUE, which were earlier reported to be
important in drought tolerance (Ito et al., 2006; Lu et al., 2009;
Liu et al., 2012; You et al., 2012). This indicates the crosstalk
between abiotic stress response and NUE, an underexplored area
as reviewed in a previous study (Jangam et al., 2016). A focused
approach in this area in the future will help in crop improvement
for both drought tolerance and NUE.

NUE-Candidate Genes by Feature

Selection Analysis
Feature Selection is a well-known computational rankingmethod
to identify the best among the features in any large data set
(Abeel et al., 2009). It has never been used for shortlisting gene
candidates for NUE, though we used it recently to rank and
shortlist phenotypic parameters for the NUE in rice (Sharma
et al., 2021). In the present study, Feature Selection Analysis
of the 1,064 NUE-related genes independently identified many
genes, about one-third of which were common to those identified
by hierarchical shortlisting at every stage (Figure 6). This
convergence between the two approaches may be of particular
interest for future validation. Six of the common genes are a
subset of the final shortlist of 62 NUE candidates identified
by a hierarchical method and can be considered high priority
targets among the shortlisted genes to be validated for NUE
(Supplementary Table 23).

Photosynthesis and Transpiration Among

Processes Related to NUE
Photosynthesis and transpiration were among the important
physiological processes for NUE, both among the initial list
of 1,064 NUE-related genes as well as in the 62 hierarchically
shortlisted NUE-candidate genes. Higher NUE was reported
with increased water-use efficiency in rice (Xue et al., 2013).
Similarly, an increased rate of photosynthesis was associated
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with increased water-use efficiency in tobacco (López-Calcagno
et al., 2020). All three processes, that is, photosynthesis, water-
use efficiency, and NUE, were not known to operate together
for NUE. Using two rice genotypes with contrasting NUE
based on our earlier studies (Sharma et al., 2018, 2021), we
confirmed here that high NUE variety of rice (Panvel1) shows
better photosynthetic performance, transpiration efficiency, and
internal water-use efficiency, as compared to low NUE variety,
Nidhi (Figures 9A,B,D). Thus, our findings link all three
processes together in rice in a hitherto unknown manner. They
also suggest that the NUE-candidate genes belonging to these
processes may be of particular attraction for crop improvement
toward NUE. However, a detailed validation of other NUE-
related genes/processes and their relative contribution to NUE
will reveal the most appropriate targets for NUE improvement.

CONCLUSIONS

We identified 1,064 rice genes common to N-response and
yield from the literature and analyzed them in functional
terms as well as for their localization on NUE-QTLs to identify
chromosomal hotspots, to identify underlying processes, and to
shortlist candidate genes for NUE in rice. They include many
TFs, transporters, phosphatases, kinases, miRNAs, and some
of the physiological processes associated with photosynthetic
and transpirational processes apart from other physiological
processes. Hierarchical shortlisting approach yielded 62
candidate genes for NUE, one-third of which were also identified
by the Feature Selection approach, apart from offering a subset
of six genes as high-priority targets for the validation of their role
in crop improvement for NUE.
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Supplementary Figure 1 | (A) Metabolism overview of nitrogen-use efficiency-

(NUE-)related genes in MapMan. (B) Cell response overview of NUE-related genes

in MapMan. Red and blue color boxes represent the upregulated and the

downregulated genes, respectively. (C) Subcellular localization of 1,064 NUE

gene products.

Supplementary Figure 2 | Protein interaction network analysis of 1,064

NUE-related genes. (A–R) shows sub clusters identified by using plugin MCODE.

Sub-clusters have been arranged according to MCODE score.

Supplementary Figure 3 | Protein interaction network of NUE-candidate genes.

One main transcriptional regulatory network having 62 interacting NUE-genes

including dense and erect panicle (DEP1). Red and green nodes represent the

upregulated and downregulated differentially expressed genes (DEGs),

respectively.

Supplementary Figure 4 | In silico expression analysis of 62 NUE-candidate

genes using Rice Expression Profile Database (RiceXPRO).

Supplementary Table S1 | Details of the 16 rice N-responsive microarray

transcriptomic data sets used in this study.

Supplementary Table S2 | NUE-related genes (1,064) along with their

chromosomal locations, Log2FC value (from N-responsive transcriptome data),

p-value, traits, keywords, and references.

Supplementary Table S3 | Gene ontology- (GO-) based functional annotation of

1,064 NUE-related differentially expressed genes (DEGs; value of p ≤ 0.05) by

Expath 2.0.

Supplementary Table S4 | MapMan-based regulation overview of 1,064

NUE-related DEGs.

Supplementary Table S5 | MapMan-based metabolism overview of 1,064

NUE-related DEGs.

Supplementary Table S6 | MapMan-based metabolism overview of 1,064

NUE-related DEGs.

Supplementary Table S7 | Subcellular localization of 1,064 NUE-gene products.

Supplementary Table S8 | Transcription factors (TFs) encoded by 237

NUE-genes, and their families, functions, and references.

Supplementary Table S9 | Enriched motifs in the promoter regions (2 kB

upstream) of 1,064 NUE-related genes.

Supplementary Table S10 | Conserved motifs found in the promoter regions of

1,064 NUE-genes, their TF family, and GO analysis.

Supplementary Table S11 | GO analysis of 538 NUE-related genes (target

genes for TF OsbHLH079).
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Supplementary Table S12 | Major transporters encoded by 85 NUE genes, and

their families, functions, and references.

Supplementary Table S13 | NUE-related 44 unique microRNAs (miRNAs) and

their target genes, traits, and references.

Supplementary Table S14 | Details of different classes of kinases encoded by

NUE-related genes and their classification and gene names based on i-TAQ

database, the database by Vij et al. (2008), and Oryzabase database.

Supplementary Table S15 | NUE-related gene-encoding phosphatases.

Supplementary Table S16 | Cluster-wise pathway of protein among 1,064

NUE-related genes.

Supplementary Table S17 | Major NUE quantitative trait loci (QTLs) (from the

literature) regulating 18 unique traits onto which 327 NUE-related genes were

co-localized.

Supplementary Table S18 | Functionally characterized 137 NUE-related genes

by OGRO database.

Supplementary Table S19 | Shortlisted 114 candidate genes for NUE and their

functional characterization by OGRO database.

Supplementary Table S20 | Protein involved in protein–protein interaction (PPI)

network among 114 NUE-related genes.

Supplementary Table S21 | GO analysis of 62 interacting genes of the main

network by Expath 2.0.

Supplementary Table S22 | Functional characterization of 62 interacting genes

of the main network through OGRO database.

Supplementary Table S23 | Common NUE-genes among Feature Selection

analysis and hierarchically shortlisted NUE-genes.
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