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ARTICLE INFO ABSTRACT

Keywords: Nitrogen (N) metabolism is a major research target for increasing productivity in crop plants. In maize (Zea mays
All?catioﬂ L.), yield gain over the last few decades has been associated with increased N absorption and utilization effi-
Il\/Ialze ciency (i.e. grain biomass per unit of N absorbed). However, a dynamical framework is still needed to unravel the
5N labelling . . . . . .
Nitrogen role of internal processes such as uptake, allocation, and translocation of N in these adaptations. This study
Remogbilization aimed to 1) characterize how genetic enhancement in N efficiency conceals changes in allocation and trans-
Uptake location of N, and 2) quantify internal fluxes behind grain N sources in two historical genotypes under high and

low N supply. The genotypes 3394 and P1197, landmark hybrids representing key eras of genetic improvement
(1990s and 2010s), were grown under high and low N supply in a two-year field study. Using stable isotope >N
labelling, post-silking nitrogen fluxes were modeled through Bayesian estimation by considering the external N
(exogenous-N) and the pre-existing N (endogenous-N) supply across plant organs. Regardless of N availability,
P1197 exhibited greater exogenous-N accumulated in leaves and cob-husks. This response was translated to a
larger amount of N mobilized to grains (as endogenous-N) during grain-filling in this genotype. Furthermore, the
enhanced N supply to leaves in P1197 was associated with increased post-silking carbon accumulation. The
overall findings suggest that increased N utilization efficiency over time in maize genotypes was associated with
an increased allocation of N to leaves and subsequent translocation to the grains.

1. Introduction

Nitrogen (N) is an essential nutrient required for plant growth and
development. Nitrogen is absorbed by plants — as nitrate, ammonium, or
other organic N forms — and incorporated into numerous metabolites
such as amino acids and proteins (Tegeder and Masclaux-Daubresse,
2018). In crop species, much effort has gone into identifying strategies
for improving the efficiency on which plants absorb and utilize N for
plant growth and development (Sinclair and Rufty, 2015). In cereals,
grain production largely depends, along with carbon (C), on the supply
of N to sink tissues throughout the plant growth cycle (Ladha et al.,
2016). The set of morpho-physiological mechanisms involved in the
plant response to N availability during grain development in cereal crop
species are of interest to plant breeders seeking to improve yields per

unit of N fertilizer applied in crop production.

In maize (Zea mays L.), genetic yield improvement over the last few
decades has been associated with increased N absorption, com-
plemented by an enhanced crop N utilization efficiency (i.e. grain
biomass produced per unit of N absorbed) (Ciampitti and Vyn, 2012;
DeBruin et al., 2017; Haegele et al., 2013; Mueller et al., 2019). To
further understand the determinants of N changes in plant tissues, a
dynamical N framework is needed to unravel the role of the interaction
of processes such as N uptake, allocation among organs based on supply
and demand signals, and translocation of N during crop growth.
Particular interests have been addressed to study N utilization during
reproductive stages of crop development where quality, size and yield of
seeds is determined in annual crops (Dreccer et al., 2000; Kinugasa et al.,
2012; Rossato et al., 2001; Salon et al., 2001; Weiland and Ta, 1992). In
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maize, the initiation of this reproductive period is manifested by the
release of pollen by the anthers (anthesis) and the emergence of recep-
tive stigmas (silking), indicating male and female floral maturity for
pollination. This is recognized as a central phase in N dynamics because
uptake and assimilation starts to decline during the post-silking period
(Fernandez et al., 2020; Russelle et al., 1983). In addition, recycling of
nutrients during senescence allows reutilization of N contained in
vegetative organs (e.g. stems and mature leaves) and or translocation to
reproductive organs (e.g. developing seeds) after hydrolysis of proteins
to amino acids (Lambers et al., 2008). It is known that the plant N
balance resulting from the interaction of these processes has been
altered over time together with improvements in kernel set (i.e. number
of grains per area) of modern genotypes (Ciampitti and Vyn, 2012;
Duvick, 2005). However, the complexity of the system has not been fully
assessed by studying both the assimilation of external N supply and the
remobilization of pre-existing N across organs. Such understanding will
enable, for instance, quantifying the impact of breeding on the newly
synthesized amino acids that are allocated to the stover before the onset
of the leaf N remobilization process (Ta and Weiland, 1992).
Variations in the leaf N dynamics during grain-filling received recent
attention as physiological adaptations to modern agriculture (Chen
et al., 2015; Kosgey et al., 2013). Because photosynthetic rate is
dependent, among other factors, on the leaf N content per unit leaf area
(Sinclair and Horie, 1989), improvement in seasonal photosynthesis
may arise as a consequence of a superior leaf N status per unit area
(Borrell and Hammer, 2000; Vos et al., 2005). It is conceivable that
plants with proportionally more N allocated to the leaves at the expense
of other organs can maintain photosynthesis rates during grain fill and,
therefore, promote biomass production (Hirose and Werger, 1987;
Hollinger, 1996). A recent comparison between historical hybrids led to
the hypothesis that a longer retention of N in the leaves may underpin an
accelerated N translocation from stems at early phases of grain-filling,
thus enhancing N utilization efficiency (Fernandez et al., 2021). How-
ever, the lack of field-level quantification of the underlying internal N
fluxes remains to be determined to further test the above hypothesis.
Due to the relevancy of N economy for maize yield improvement,
increased focus to develop models that identify N allocation and trans-
port processes are of the highest priority. From the perspective of crop
growth models, a necessary requirement to parametrize the mechanics
behind N accumulation is to provide a realistic and efficient method to
discriminate or differentiate the recently incorporated N from the pre-
existing pool in a plant organ at a given time. The use of N stable iso-
topic ratios (\°N) has been largely demonstrated as an efficient tool to
quantify current N absorption and allocation in plants (Knowles and
Blackburn, 1993; Yoneyama et al., 2003). In particular for relative N
allocation, short-term labelling has been widely employed in hydro-
ponics (Arkoun et al., 2012; Friedrich and Schrader, 1979; Tanemura
et al., 2008), or either under controlled environments in growth cham-
bers (Lehmeier et al., 2013; Schiltz et al., 2005) or greenhouses (Avice
et al., 1996; Cliquet et al., 1990; Yang et al., 2016). At a field-scale in
maize, the use of this technique has been restricted to fewer studies (de
Oliveira Silva et al., 2017; Ta and Weiland, 1992). In this study, mea-
sures of post-silking N allocation from multiple short-term '°N labelling
were assembled using dynamical models. Evidence of N distribution can
be incorporated in a framework considering a two-way flux of N across
aerial plant organs; thus, enabling the phenotyping of the internal N
fluxes in the crop (Crawford et al., 1982; Gallais et al., 2006; Malagoli
et al., 2005; Schiltz et al., 2005). Each day, absorbed N is allocated to
leaves, stem, cob-husks, and grains (hereafter referred as exogenous-N).
Simultaneously, a fraction of the pre-existing N stored in organs (here-
after referred as endogenous-N) is translocated to sink tissues. In this
framework, the net N accumulation of an organ is captured as the
resulting balance of inward and outward fluxes. With a functional
linkage with biomass and yield generation processes, a better under-
standing of such physiological aspects may help in the identification of
promising targets for sustaining future genetic improvement.
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Furthermore, a biological N dynamics model structured upon such
framework could provide the capacity to evaluate the potential value of
breeding efforts in plant N utilization traits.

The present study provides an analysis of how the post-silking N
allocation and translocation processes have been modified in two ge-
notypes representing eras of genetic improvement (1990s and 2010s)
under high and low N supply. By using a dynamical N model considering
the external (exogenous-N) and the pre-existing (endogenous-N) N
supply in the plant, this study aimed to 1) understand how patterns of
allocation and translocation of N underpin genetic enhancement for N
efficiency, and 2) quantify internal N fluxes as determinants of grain N.

2. Materials and methods
2.1. Field experiments and phenotypic determinations

A two-year field study was conducted during 2017 and 2018 growing
seasons at the Ashland Bottoms Research Farm near Manhattan, KS, US
(39°08' N, 96°37° W). The experimental sites during 2017 are described
in-depth in Fernandez et al. (2021). The analysis in this study includes
an additional experimental trial in 2018 with similar agronomic man-
agement and design of Fernandez et al. (2021). A detailed description of
sites is shown in Table 1. Briefly, the experiments consisted of two
irrigated (2017 and 2018) and one rainfed (2017) treatments modeled
as a split plot design with two treatment factors and three replicates.
Factors evaluated consisted of two maize Pioneer (Corteva Agriscience,
Johnston, IA, US) single cross hybrids with different year of release
(3394 in 1991; and P1197 in 2014) as main plots, and two N scenarios
(zero N, and full N, 137 kg ha™! for the non-irrigated and 218 kg ha™! for
the irrigated sites) as subplots. Fertilizer N rates to achieve a high N
supply condition (i.e. full N) were adjusted for N demand based on yield
target, and plant density based on regional agronomy recommendations
for each condition. Size of each plot was 64 m? (4 rows at 0.76 cm be-
tween rows x 21 m length). Soil analyses were conducted at
pre-planting to characterize initial conditions (Table 1). All trials were
controlled and conducted free of weeds, pests, and diseases during the
growing season.

Key developmental stages (Ritchie et al., 1997), anthesis (VT) and
silking (R1) dates were recorded daily for 20 tagged plants per plot, and
silking date for the plot was considered when 50% of the plants had
exposed silks. For determination of physiological maturity (R6) dates,
one ear of a previously tagged plant was collected every 3-4 days per
plot, from kernel blister stage (R2) until harvest maturity. Ten kernels
from the central portion of the ear were marked and sampled to track
changes in kernel dry weight during the entire period. A bilinear model
was fitted to the data of each experimental unit (N treatment x genotype
x replicate x site) with the form:

Grain weight (mg gmin’l) =a+bd ford<c, (€9)]
Grain weight (mg grain’]) =a+b-c ford>c, 2

where d is the thermal time after silking (°C d 1), a is the y-intercept (mg
grain™1), b is the rate of grain-filling (mg grain' °C d™!), and c is the
duration of the period until constant grain weight (°C d1). The R6 date
of a plot was estimated, therefore, when 50% of the sampled plants
reached constant grain weight. Thermal time for R6 and other samplings
was calculated from the time of silking using a beta-function relation-
ship between the rate of development and hourly temperature (Zhou
and Wang, 2018). This method assumes that the developmental rate of
the crop is maximal at an optimal temperature (Topt = 33 °C) and is zero
at temperatures below a base (Tb = 8 °C) and above the upper tem-
peratures (Tu = 40 °C).
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Table 1
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Agronomic description and chemical characteristics for pH, organic matter by loss on ignition (measured for the 0-15 cm soil layer), and inorganic N pool by KCl
extraction (nitrate and ammonium, measured for the 0-60 cm soil layer) of the three experimental sites used in the study. Soil parameters were measured at pre-
planting. Irrigation was performed to maintain soil moisture above 60% of the soil saturation percentage (two and five times, respectively, for 2017 and 2018).

Experiment  Site Year Irrigation ~ Genotype N rate Planting Planting 15N pH Organic NO3-N NH4-N
(kg date density (plants  labelling matter (mg (mgkg™) (mgkg™h)
ha™1) ha™1) stages kg™ H
1 Ashland 2017 Rainfed 3394 - 0-137 May 5, 61,000 R1-R4 6.1 16 2.4 5.0
Bottoms, KS P1197 2017
2 Ashland 2017 Irrigated 3394 - 0-218 May 5, 76,000 R1-R4 6.1 13 3.2 6.1
Bottoms, KS P1197 2017
3 Ashland 2018 Irrigated 3394 - 0-218 April 24, 76,000 R1-R2- 6.3 15 4.4 3.2
Bottoms, KS P1197 2018 R5
2.2. Isotopic labelled fertilizer application and calculation of '°N plant s
traits RABN — N uptake;aciion (5)
N uptake o
Stable isotope '°N abundance was utilized as a tracer to determine s s
15N allocation within plant organs during reproductive stages following where Nuptakeoar = 3 "N uptakefraction — stem, leaves. cob—husks grain-

the maize phenological scale of Ritchie et al. (1997). The °N-labelling
technique was used at silking (R1) and milk stage (R3) in 2017, and at
R1, blister stage (R2), and dough stage (R4) in 2018. For each of these
evaluations, microplots containing five consecutive plants in a row were
established within each experimental unit. Labelled fertilizer Ca(NO3)s
(10.15% '5N) at 1 g per plant (equivalent to 6.1-7.6 g m? depending
plant density) was applied with plastic syringes on both sides of the
plants after diluting in 30 ml of water. Fertilizer was injected using the
methodology employed in de Oliveira Silva et al. (2017). Briefly, holes
of 15 cm soil-depth were made on both sides of each plant in the
microplot, at a 15 cm distance perpendicular to the row and in a 45°
angle. Using 30 ml plastic syringes, labelled fertilizer was injected to
holes and, immediately after, 0.5 1 of water was applied using PVC pipes
(0.6 diameter and 30 cm length) placed on top of each hole. Five days
after the !N application, the three center plants from each microplot
were harvested. Additionally, non-enriched plants were sampled to
determine the background '°N abundance in the fertilized and unfer-
tilized soils, in order to account for possible variations in the standard
values of natural >N abundance (Cabrera and Kissel, 1989; Hégberg,
1997). Plants were separated into leaves (leaf blades), stem (stems + leaf
sheaths + tassels), ear (husks + cobs), and grain fractions; after that,
samples were dried at 65 °C until constant weight, and then ground
through 0.10 mm sieve for laboratory analyses. Elemental abundance of
N and C, and '°N abundance, were determined using an elemental
analyzer (PyroCube - Elementar Americas) coupled to an isotope ratio
mass spectrometer (visION, Elementar Americas, Ronkonkoma, NY, US)
at the Stable Isotope Mass Spectrometry Laboratory at Kansas State
University.

For each plant fraction, the atom percentage excess [At%
(Y5N)Excess] was calculated using the following equation:
At (5N)Excess = At (ON) .~ At (N),, ®

where At% (1°N) represents the percentage of 1°N abundance in the

15N labelled samples, and At% ('3N),,o; corresponds to the percentage
of >N abundance in non-labelled control plants. Total >N uptake of
each fraction and expressed in g m~2 was estimated by the following
equation:

sample

(€3]

At% (15 N ) Excess,-,a(.,i[)n>
b

15 k k
N uptakefiaciion = N uptakefigcrion X
fi /i ( 100

where N uptakefqcion is the dry biomass multiplied by N concentration
and expressed in g m~2. The relative '°N allocation proportion of each
fraction was obtained as follows:

Lastly, plant C accumulation was calculated as the dry biomass multi-

plied by C concentration and expressed in g m™2.

2.3. Statistical analyses and calculations

Bayesian generalized additive mixed models (GAMMs) were fitted to
the data using R program (version 3.6.1) in RStudio interface (RStudio
Team, 2016) with programming language Stan via brms package
(Biirkner, 2017, 2018). GAMMs are widely used in biological sciences to
estimate functional relationships between the explanatory variables and
the response using smooth curves (Pykala et al., 2005; e.g. Yee and
Mackenzie, 2002). In this study, we utilized a Bayesian approach via
Markov chain Monte Carlo (MCMC) sampling for inference in a mixed
model with varying coefficients for genotype and N treatment, random
effects to recognize the experimental structure of the data, while
including a generalized additive effect for the thermal time after silking.

Relative !N allocations were modeled using a vector of y, response
variables following a Dirichlet distribution. The Dirichlet distribution is
an extension of the beta distribution for C categories with y, elements
between 0 and 1, and for which the sum of all is equal to the unity
(Douma and Weedon, 2019). Using a Dirichlet distribution is appro-
priate here to recognize that the response variable is a vector of inter-
dependent proportional values (aggregated observations of four plant
fractions). The implemented model was then:

Vi, e ~ Dirichlet (., @) ©

For each ith N treatment, jth genotype, kth site, [th whole plot within
site, and cth plant fraction combination. The expected value for the
relative '°N allocation My, ¢ 18, therefore, between 0 and 1 and subject to

n
the constraint ) y5y . = 1 (Douma and Weedon, 2019). In addition, ¢ is
c=1 '

a positive precision parameter, and the link between p and n is a

exp(Nijkt.c)
Z:;l exp(ijiid)
other positive continuous quantities modeled, such as the plant-fraction
N and C accumulation, distribution of the response variables was
defined as:

multinomial logit function {,uijk,_c = } (Biirkner, 2018). For

Yijkt ~ N(:uijkh 62) 5 (7)

with a log link function [, = exp(nyw)]. The linear predictor () for
all models was defined as:
g =n-+a +p;+y; + @;(t) + b + ciwy ®

where @; and f; are differential effects of the ith N treatment and jth
genotype; y; the interaction term between them; by is the site-year
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random effect for each kth site; and c;); is the random effect of the Ith
whole plot within kth site and by jth genotype. Due to the absence of a
rainfed trial in 2018, and the relatively wet growing season in 2017 to
explore variability between conditions, the site-year effect was modeled
as a random-effect variable allowing to perform a combined analysis
among all sites. To describe the nonlinear response patterns of variables
expressed in thermal time progress basis, a cubic regression spline w;;(t)
in the range of time after silking t was included in the model, which
depends on the level of ith N treatment and jth genotype.

Due to the lack of previous information on the likely values of model
parameters, non-informative priors were specified for all parameters.
Sampling convergence was assessed by visual inspection of density and
trace plots, and the use of Gelman-Rubin diagnostics (Gelman and
Rubin, 1992). Posterior predictive checks are reported in Supplementary
(Fig. S1-52-S3). Inference was based on 4000 iterations of Markov Chain
Monte Carlo (MCMC) algorithm and 4 chains, with a warmup period of
2000 draws for calibration of the MCMC. The implementation of this
Bayesian modeling approach enabled the assessment of the expected
value of the predicted dynamics while determining a probabilistic
component by means of their posterior distribution of samples (Ellison,
2004). The advantage of the implemented Bayesian method over
traditional approaches is linked to its flexibility to fit such a complex
dataset, offering more options on dealing with uncertainties, and
providing posterior density functions which can easily be used for
inference at any given set of probability thresholds. Here, we assessed
differences between genotypes by evaluating whether the two-sided
95% or 85% credible intervals (for significant or moderate evidence,
respectively) of the posterior distribution for the pairwise differences
included zero or not.

2.4. Framework to investigate post-silking N dynamics and grain N
sources

Using the fitted Bayesian models, and based on the plant N traits
introduced in previous section, the internal plant N distribution could be
explained in a two-way flux framework. At a given time, N is absorbed
and distributed across all stover and grain fractions (exogenous-N).
Simultaneously, a fraction of N stored in these organs is remobilized and
transported to the developing tissues (endogenous-N). This two-way flux
model considers that grains are then sinks of (1) exogenous-N absorbed
and directly allocated to grains and (2) endogenous-N translocated from
stover, which derives from pre- and post-silking N initially allocated to
stems, leaves, and cob-husks.

First, let Npqcion (t) be the N content in a fraction at a time t in thermal
time after silking, then the net N accumulation rate (i.e. the balance
between inward and outward fluxes per unit of time) could be expressed
as the first derivative of Nfqcion With respect to time:

dNrac ion . an(‘ ion (1 h) — Nmf ion \ 1

raciion _ o Nracion ( + ) = Npeion (1) ©
dt h—0 h

where,

me('ti(m(t) = %me('ti(m(t) X me(‘riun(l),- (10)

%Nfqciion is the N concentration in that fraction expressed in g 100
g’l, Wreaciion is the dry weight in g m~2, and h = At value approaching
zero.

Based on equation (9), plant N uptake rate at a given time could be
estimated using the first derivative of the plant N accumulation,

delam _ liIl"Np]m” (t + h) - Nplant([)

dt h—0 h

(1)

Considering this two-way flux framework for post-silking dynamics,
N derived from uptake (exogenous-N) is allocated to every tissue of the
plant at a ratio defined by its RASN (equation (5)). Therefore, the
exogenous-N accumulation rate of a specific fraction at any given time t
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could be expressed as:

dN m_frm;rmn _ delunt

15
o il RAPN (1), 12)
where,
RA]SN ([) = [ISNfraction(t) / lszlam(Z)]‘ (13)

From there, the endogenous-N rate, which represents the N mobi-
lized to/from each organ, was calculated as the difference between the
net N accumulation and the inward flux of exogenous-N rates for that
fraction:

d d
ANt dNpucion_ N G )
dt dt d

The integration of the abovementioned temporal dynamics over the
post-silking period (i.e. from ting = O tO tmeuriy = thermal time at R6)
represents the cumulative balance of net N accumulation (15),
exogenous-N (16), and endogenous-N (17) on each fraction:

maturity

dN[malion
T = N fraction ([maruriry) - Nfractiwl (l silking ) ’ s
Lsilking
maturity
AN faction
frac _ pjexo exo
T =N fraction (tmumm)') - N fraction (tl‘i’ki”h’) ’ (16)

Lsilking

where for post-silking dynamics N fqcion (Lsitking) iS the initial state set to
zero, and,

Tmarurity Tmarurity maturity

d 2
dN’ ;’:a?limz _ dN fraction _ dN [_f/'Kchtiun (1 7)
dt dt dr
Lsilking Lsilking Lsilking
3. Results

3.1. Genotypic differences in dry biomass, N uptake, grain yield, and N
utilization efficiency

Genotypic variation in dry biomass and N uptake was observed
across experiments (Table 2). The P1197 hybrid showed greater grain
dry biomass at maturity relative to 3394 under both N conditions. The
latter was related also to a higher grain N accumulation at maturity for
P1197 compared to 3394, although differences were not significant
under zero N. Variations in the stover dry biomass at maturity were
mainly related to differences in leaf dry matter between genotypes,
which were particularly significant under zero N (138 versus 192 g m2,
for 3394 and P1197 respectively). In addition, stem and cob-husks dry
biomass showed little or no variation between genotypes. Similar results
of little or no discrepancies between genotypes were obtained for N
uptake at maturity in stem, leaf, and cob-husks fractions. Lastly, no
genotypic differences in dry matter and N uptake at silking was observed
across experiments for these two hybrids.

Grain yield increases in P1197 were primarily driven by enhance-
ment of grain number rather than grain weight. A significant increment
on kernel number was identified in P1197 under all N conditions
(Table 2). No changes in kernel weight were detected between geno-
types, suggesting a less important contribution of this yield component
into yield increments. Moreover, to analyze whether genotypes differed
in their N conversion efficiency into grain yield, N utilization efficiency
was calculated as the ratio of grain dry matter to total N uptake. Overall,
P1197 displayed an increased N utilization efficiency than 3394 only
under full N, while no differences were observed under zero N. Together,
the abovementioned results evidence that genotypic differences in grain
yield and N utilization efficiency were more evident under full N,
reflecting the better ability of P1197 to respond to N supply.
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Table 2

Stem, leaf, cob-husk, and grain dry matter and N uptake at physiological maturity, total dry matter and N uptake at silking, kernel number, kernel weight, and N utilization efficiency (calculated as the ratio of grain yield to

total N in aboveground shoot tissue) for 3394 and P1197 hybrids under Zero and Full N conditions during 2017 and 2018. Estimates represent the median of the posterior distributions, and values within square-brackets

their 95% credible intervals (CI). Pairwise comparisons were performed between genotypes within N condition.

N uptake at maturity (g m~2)

Dry matter at maturity (g m~2)

Kernel number Kernel N utilization

(kernels m~2)

Total N uptake
at silking (g

Total dry

Genotype

N level

efficiency (grain
yield/N uptake)

weight
(mg)

matter at
silking (g m~?)

Grain

Cob-husk

Leaf

Stem

Grain

Cob-husk

Leaf

Stem

219 50 [30,76]

2311 B

5.2 [3.8,6.6] 796 [640,956] 6.7 [4.0,9.6]

1.2

138 B 167 470 b 1.9 1.2

3394 353

Zero N

[196,242]

212

[1734,2903]

3121 A

[0.5,2.0]
1.4

[0.1,2.5]
1.7

[1.2,2.7]
2.3

[294,631]
589 a

[96,245]

1

[96,185]
192 A

[285,424]

395

52 [31,74]

6.1 [3.5,8.8]

726 [583,874]

6.1 [4.6,7.5]

65

P1197

[188,236]

276

[2530,3723]

3613 B

[0.7,2.2]
1.7

[0.4,3.0]

2.5

[1.5,3.1]
4.0 a

[370,761]
918 B

[93,249]
244

[142,252]

210

[322,473]

505

45 b [31,56]

922 [793,1086]

12.1B

3394

Full N

[259,294]

283

[3148,4088]

4262 A

[12.2,17.2]

1

[10.9,13.2]
13.6 A

[0.9,2.4]
2.1

[1.3,4.2]
3.0

[3.2,5.1]
3.3b

[675,1084]
1113 A

[183,308]

249

[179,246]

231

[411,619]

479

51 a [36,62]

3.7

894 [765,1057]

P1197

[3808,4732] [266,300]

[11.3,16.2]

[199,267] [190,313] [833,1292] [2.5,4.3] [1.8,4.6] [1.3,2.8] [12.6,14.6]

[391,584]

Different capital letters indicate significant evidence for differences (95% CI of the differences did not include zero).

Different lower case letters indicate moderate evidence for differences (85% CI of the differences did not include zero).
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3.2. Exogenous-N uptake was higher in P1197 compared to 3394 under
zero and full N

The proportion of '°N allocated to each organ during post-silking
was modeled through Bayesian estimation, outlining the internal bal-
ance of N across sink tissues (posterior predictive distributions for all
four treatment combinations in Fig. 1). Before the initiation of linear
grain-filling (0-200 °C d™1), cob-husks tissues were the principal sinks
for current N absorbed (on average, 0.34 [0.18, 0.51] g g~ ! in 3394 and
0.32 [0.16, 0.49] g g’1 in P1197; values in brackets define the 95%
credible interval, hereafter). Expected allocation to stem + leaves
consistently accounted for more than 0.5 g g~! of the N absorbed, but
was particularly high under full N supply (0.64 [0.53, 0.76] g g™ ! in
3394 and 0.62 [0.51, 0.75] g g~ in P1197). As linear-filling progressed,
grains emerged as the main sink for N to the detriment of stover pro-
vision. Allocation of N absorbed close to physiological maturity (600 °C
d~! and beyond) was predominantly to the grains (on average, 0.58
[0.40,0.74] g g~ in 3394 and 0.57 [0.36, 0.75] g g~ in P1197). At this
point, P1197 exposed a marginally greater N distribution to leaves
relative to 3394 (respectively for each genotype, 0.18 and 0.10 g g~ for
zero N, and 0.22 and 0.17 g g™ ! for full N). Although the considerable
variability observed in the posterior samples, P1197 exhibited greater N
allocation to leaves during late grain-filling in 84% (zero-N) and 74%
(full-N) of draws obtained, relative to 3394.

The internal N distribution integrated over the post-silking period
was assessed in terms of the exogenous- and endogenous-N balances
across fractions (Fig. 2). When no N was applied, P1197 exhibited
greater exogenous-N accumulated in all organs relative to 3394
(Fig. 2A-D). Under full N, greater exogenous-N was accumulated in
P1197 versus 3394 genotype, particularly in leaves and cob-husks
fractions. Exogenous-N to the photosynthetic tissues (i.e. green leaves)
was 0.8 [0.6,0.9] g m 2 higher in P1197 compared with 3394 (Fig. 2C);
for cob-husks, the expected increment was of 0.5 [0.3, 0.7] g m 2
(Fig. 2D). Moderate evidence for an increase in exogenous-N to grains in
P1997 versus 3394 was found under full N, with an increment around
0.2 [0.1, 0.4] g m~2 (Fig. 2A).

3.3. Endogenous-N remobilization was greater in P1197 under full-N
condition

Hybrid 3394 accumulated 2.8 [0.1, 5.6] and 5.7 [3.2, 8.1] g m~2 of
plant N during post-silking (under zero- and full-N, respectively), while
P1197 accumulated 5.4 [2.6, 8.1] and 8.2 [6.0, 10.3] g m~2. This
enhanced post-silking N uptake in P1197 was well reflected in the grains
(Fig. 2I) and, to a lower extent, in the stover net accumulation (Fig. 2J,
K, and L). At high N supply, the improved grain N accumulation was
predominantly a consequence of more N mobilized from stover tissues
(Fig. 2E). Our results indicate that leaves were the primary sources of
endogenous-N for the grains, contributing on average 3.0 [1.6, 4.3] g
m~2 under zero-N and 6.2 [49,7.6]g m~2 under full-N (Fig. 2G). P1197
genotype evidenced elevated endogenous-N mobilization only from leaf
tissues under full N, although not significant, with a slight increment of
0.79 [0.77, 0.82] g m~2 for P1197 under full N (i.e. relative to 3394).
Discrepancies in endogenous-N between genotypes were negligible for
stem and cob-husks fractions (Fig. 2F and H). This suggests that, at high
N availability, the additional exogenous-N accumulated in leaves in
P1197 allowed for a larger amount of extractable N mobilized to grains.
In contrast, under low N treatment, the increase in exogenous-N to
leaves (and for stem and cob-husks) translated to little improvement in
endogenous-N. Such patterns suggest dissimilar effects of N fertilization
on post-silking N allocation and translocation dynamics for these two
maize genotypes.
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Exogenous-N allocation was further analyzed in proportional terms
(over the total N accumulated) to account for the differences in biomass
and N uptake between genotypes and fertilization levels. The summary
of posterior distributions was depicted against the posteriors for post-
silking C accumulation (Fig. 3), reflecting how variations in the
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Fig. 2. Summary of posterior predictive distribu-
tions for post-silking N allocations in leaves, stem,
cob-husks, and grain fractions for two maize hy-
brids (3394, orange symbols; and P1197, blue
symbols) under two N fertilization levels (zero and
full N), expressed in g m™2 of plot area. Points
represent the median of the posterior distributions
and whiskers their 95% credible intervals. One or
two asterisks indicate moderate or significant evi-
dence for differences (85 or 95% CI of the differ-
ences did not include zero, respectively). Values on
the left side of the zero-line (dashed line) indicates
an export of N from the organ, while to the right, an
import of N. Exogenous-N (A, B, C, and D) repre-
sents the amount of N absorbed from soil and
directly allocated to each organ. Endogenous-N (E,
F, G, and H) represents the N translocated from/to
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and R6. All values represent the cumulative balance
over the R1-R6 period (~46 days). Seasonal poste-
rior predictive estimates expressed in thermal time
after silking are depicted in Supplementary Fig. S4.
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figure legend, the reader is referred to the Web

within-plant N demand was related to crop growth and C assimilation.
Results show that hybrid P1197 showed a greater proportion of N
allocated to leaves during this period relative to the older genotype
(comparatively for 3394 and P1197, 0.16 and 0.23 g g’1 [zero-N] and
0.22 and 0.27 g g~ ! [full-N]). In contrast, 3394 exhibited proportionally
higher allocation towards the grains of the N derived from post-silking
uptake (0.51 and 0.41 g g~! [zero-N] and 0.47 and 0.39 g g~! [full-
N1, respectively for 3394 and P1197). Allocation to stem and cob-
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husks varied little between genotypes, with expected magnitudes of 0.20
[0.18,0.23] g g ' and 0.13 [0.10, 0.16] g g * averaged across N levels
(respectively for both fractions). Collectively, these outcomes demon-
strate that, per unit of N absorbed, P1197 had an improved partitioning
to the photosynthetic organs. In 84% of posterior predictive samples,
this was related to a better C assimilation of the crop, with an expected C
difference between genotypes of 99 g m~2 (zero N) and of 103 g m ™2
(full N).

3.5. Differences in grain N accumulation between genotypes were largely
driven by the sink size

As shown in Fig. 21, expected grain N accumulation at maturity was
5.3 and 6.2 g m~2 under zero N (respectively for 3394 and P1197), and
increased to 11.9 and 13.9 g m~2 under full N treatment. Grain N sources
were assessed using the posterior samples for the N derived from
exogenous-N (i.e. direct allocation from post-silking uptake) and
endogenous-N mobilized from leaves, stem, and cob-husks (i.e. origi-
nated from pre- or post-silking N allocated to the stover) (Fig. 4A).
Overall, genotypic differences in grain N sources at both N supply con-
ditions were negligible and showed a considerable level of uncertainty
(reflected by their 95% credible intervals). Regardless of the genotype
and N condition, leaves were the main N sources for grain-filling,
contributing with 0.47 [0.33, 0.62] g per g of N in the grains at matu-
rity. Particularly under full-N, stem and cob-husks had a relatively
important contribution with expected values of 0.16 [0.09, 0.23] g g~
(stems) and 0.12 [0.06, 0.18] g g_1 (cob-husks). In addition, the ex-
pected proportion derived from exogenous-N was around 0.28 [0.19,
0.47]1 g g’1 (averaged for both N conditions).

Given the observed variations in grain N sources (Fig. 4A), the
relationship between grain weight and N content (at a per kernel basis)
was re-explored in terms of exogenous- and endogenous-N quantities
(Fig. 4B). The slope between exogenous-N accumulation and dry weight
increase per grain varied little between genotypes and N supply levels
from 3.0 to 3.8 mg N g~!. Thus, the improvement in exogenous-N
allocated to grains in P1197 was essentially a consequence of the sink
size (grain number and weight). Under zero-N, average grain number
was 2309 and 3125 grains m 2 (3394 and P1197, respectively) and
grain weight was 219 and 211 mg. On a similar trend under full-N, grain
number averaged 3611 and 4259 grains m 2 (3394 and P1197,
respectively) and grain weight 276 and 283 mg.

4. Discussion
A key scientific pursuit with clear societal and ecological benefits has

been the identification of morphological and physiological traits asso-
ciated with a better N utilization in crops (Hirel et al., 2007).
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Conceptually, the efficiency in which maize plants use N for seed pro-
duction has been traditionally associated with manipulations related to
N absorption and the N conversion ratio in the reproductive organs
(Moll et al., 1982). The >N multi-stage labelling and posterior two-way
N fluxes model developed are useful to quantify the complexity for a
larger set of genotypes and a broader range of environmental conditions.
Parameterization of the internal N allocation and cycling within plant
crop models may improve the understanding of the critical components
associated in the N pathway and the identification of future targets of
breeding manipulations to enhance N utilization efficiency.

4.1. Coordination between exogenous- and endogenous-N dynamics with
N use efficiency

Improvements in exogenous-N absorption in P1197 relative to 3394
were magnified under high-N fertilization. Under these conditions, ni-
trate and ammonium absorption are expected to occur at a rate closely
determined by the plant growth process (Cooper and Clarkson, 1989;
Lee etal., 1992). Indeed, greater N uptake in P1197 was accompanied by
increases in biomass accumulation (Fernandez et al., 2021). This is in
line with a number of studies confirming the association between im-
provements in N uptake and plant growth in newer hybrids, in particular
during the post-silking period (Chen et al., 2016; Ciampitti and Vyn,
2012; Fernandez et al., 2020; Mueller and Vyn, 2016; Tollenaar and Lee,
2006). Considering kernels are the main growing sinks during this
period, the increased grain set in P1197 appears to be the main driver for
the greater post-silking growth, which subsequently led to increased
root N absorption. Even more, the demand rate per kernel of
exogenous-N remained stable, even under N-deficiency where other
morpho-physiological root traits (e.g. root growth and elongation) are
recognized as additional determinants of plant N uptake (Liu et al.,
2009; Presterl et al., 2002; Wang et al., 2005). This is in line with studies
demonstrating the strong relationship between N uptake and grain
development (Ciampitti and Vyn, 2011; Coque and Gallais, 2007;
Fageria and Baligar, 2005; Worku et al., 2007). Most importantly, these
results highlight the demand-driven regulation exercised by grains over
reproductive N uptake in maize plants.

The N framework used here demonstrates that the improvement in
exogenous-N uptake was induced by a greater sink size in P1197, but
also by an enhanced circulation of post-silking N through the leaves. The
greater post-silking N assimilated in P1197 translated to more N allo-
cated to the leaves rather than to the grains. Increasing the proportional
N allocation to leaves has been identified as a plausible mechanism for
N-efficient plants in other plant species (Laungani and Knops, 2009;
Perchlik and Tegeder, 2018). In the present study, the increased amount
of N allocated to leaves was re-translocated (as endogenous-N) to the
grains as they developed, especially under high N treatment. This

"Total N demand adapted from Fenandez et al. (2020)
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Fig. 4. (A) Sources of grain N at maturity for two
maize hybrids (3394 and P1197) under two N
fertilization levels (zero and full N - ZN and FN,
respectively). The four sources considered are: 1)
exogenous-N to grains, which denotes N absorbed
and directly allocated to grains during post-silking,

and 2-4) Endogenous-N from leaves, stem, and cob-
o husks, which represents the N translocated respec-
tively from each organ to grains (originated from
pre-silking N or post-silking N allocated to the sto-
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(B) Relationship between grain N content and grain weight, throughout the grain filling period, for 3394 and P1197 under zero and full N treatments. Asterisks
indicate significant differences between genotypes (e = 0.05). Solid line represents the total grain N content for each treatment. Values and differences between
genotypes derived from findings in a companion study to this investigation (Fernandez et al., 2021). Dashed lines denote the posterior expectations of exogenous
grain N content calculated in the present study. Differences in the exogenous N demand per grain between genotypes were determined by evaluating whether the
95% credible intervals of the pairwise differences (i.e. from the samples produced by the MCMC algorithm) included zero or not.
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pattern explains why most of the N imported to the grain at maturity was
originated from the leaves/stem N pool and recognizes N mobilization as
a key trait in N-efficient genotypes (Chen and Mi, 2018; Masclaux--
Daubresse et al., 2010; Tian et al., 2015). Despite the improvements in N
uptake capacity, the P1197 hybrid also had an enhanced internal utili-
zation of N for grain production. This was achieved by lowering the
grain N requirements which predominantly alleviated the demand for
endogenous-N per grain. This strategy allowed a more efficient utiliza-
tion of the endogenous-N pool to sustain optimal growth in a greater
number of grains in this genotype, at the expense of their nutritional
value. These findings underscore the necessity to consider the internal N
efficiency in crops by considering both exogenous- and endogenous-N as
sources for the grain N requirement (Schiltz et al., 2005).

4.2. Carbon fixation as affected by adjustments in leaf N allocation and
mobilization

A consistent increase in the proportion of exogenous-N allocated to
leaves was observed in the modern hybrid P1197. Regardless of whether
N uptake was increased or not, P1197 showed an improved mobilization
of new N absorbed through the photosynthetic organs linked to an in-
crease in post-silking C gain. The increment in post-silking C fixation
with the greater leaf N allocation raised up the question if the N allo-
cation to leaf has been modified. Leaf N can be categorized as N asso-
ciated with photosynthetic enzymes and thylakoid N, and the soluble-
and insoluble-N pool constituents of cell walls, membranes, and other
structures (Mu et al., 2016). In Arabidopsis mutants with greater leaf N
allocation by means of greater biomass but unchanged content per unit
leaf area, enhanced C fixation was a consequence of also an improved
investment of N into the synthesis of the photosynthetic components
(Perchlik and Tegeder, 2018). Studies in maize (although from a distinct
genetic background from the ones used here), showed higher leaf C
exchange rates in newer hybrids but only under N-deficiency, by means
of improved chlorophyll content and thylakoid electron transport
(Echarte et al., 2008). Considering the correlation between leaf N and
Rubisco (ribulose-1,5-bisphosphate carboxylase) content, electron
transport, and photosynthesis (Dwyer et al., 1995; Eichelmann et al.,
2009; Evans, 1989; Meinzer and Zhu, 1998), these outcomes seem to
confirm that selection and breeding in maize hybrid development have
improved leaf N status under N stress conditions (Boomsma et al., 2009;
McCullough et al., 1994). While the specific impacts on the light and
dark photosynthetic reactions remains to be determined, the small dif-
ferences between 3394 and P1197 in green leaf biomass and leaf area
under low N (Fernandez et al., 2021) suggest that the enhanced
post-silking C fixation may result from adjustments in the leaf N content
induced by an optimized exogenous-N supply.

When maize plants were grown under favorable N conditions and the
optimum specific leaf N (SLN) content for growth was attained (Sinclair
and Horie, 1989), modifications in the chlorophyll and soluble protein
content [among which are Rubisco and phosphoenolpyruvate carbox-
ylase (PEPC)] per unit of leaf N hardly affects the net photosynthetic
rates (Mu et al., 2016). These findings suggest that the modern hybrid
P1197 increased C fixation under high-N by means of a greater total leaf
area and a longer retention of green leaves. It therefore seems likely that
the enhanced leaf N allocation in P1197 may have been triggered by a
greater leaf/shoot ratio (Mueller et al., 2019) and an improved exoge-
nous N supply to preserve the photosynthetic machinery during late
grain development (Mu et al., 2018). Furthermore, both genotypes used
in this research showed similar SLN content under high N supply (Fer-
nandez et al., 2021). This would imply that the optimized plant N dis-
tribution also resulted in a better C fixation efficiency per unit of leaf N,
as seen in other species (Atkin et al., 2015; Perchlik and Tegeder, 2018).
These results establish that direct selection for yield have indirectly
favored N allocation to leaves in modern maize hybrids resulting in an
improved post-silking C fixation under high- and low-N availability.
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4.3. Implications of N dynamics on yield productivity and N utilization
efficiency

As shown in this study, the P1197 genotype achieved greater grain
yields and kernel number than the 3394. Breeding progress has
increased reproductive resilience and grain set at flowering over time
(Messina et al., 2021), establishing a larger reproductive N sink. Here,
we provided evidence that the modern genotype could support this
larger N demand through two mechanisms, but in a different proportion
depending on N availability. First, an increase in post-silking N uptake
(i.e. exogenous-N to the grains) under all N conditions. Even more, the
greater number of kernels not only increased grain N demand in P1197
but also stimulated post-silking C accumulation and growth. Increased
photosynthetic activity may have stimulated N uptake and assimilation
in vegetative tissues (Lillo, 2008; Masclaux-Daubresse et al., 2010), re-
flected here by the ability of P1197 to accommodate more exogenous-N
in leaves during post-silking. This led to a greater pool of N to support an
increase in N mobilization from the stover (i.e. endogenous-N mostly
from leaves), reflecting a second mechanism for the higher N produc-
tivity of P1197. The P1197 showed a better remobilization capacity by
means of post-silking N allocated to vegetative tissues, which is
demonstrated by the fact that both genotypes achieved a similar plant N
content at silking. This second mechanism was especially important
under high N conditions, where P1197 also evidenced increments in N
utilization efficiency relative to 3394. Furthermore, the greater N uti-
lization efficiency was linked to a reduction in grain N concentration.
This study establish that the reduction in grain N concentration was
linked to the endogenous-N supply to the kernel (i.e. from N-remobili-
zation) rather than to the N derived from post-silking uptake to the
grains. It seems improving the N-storage capacity of maize (i.e. either
increasing intrinsic N uptake, more N capture per unit of mass or via
greater leaf mass) could be key to support further increases in yield with
less reduction of the grain N concentration. These findings motivate
future research of the significance and alteration of pre-silking N storage
and remobilization in maize crops with long-term breeding selection.

Understanding the supply-demand relationship of endogenous-N at a
whole-plant scale requires additional consideration on the variation
pattern of grain N requirements. In this sense, a lower target of N per
grain in P1197 was observed only under high N, which would imply a
greater accumulation of starch and therefore lower growth costs per
grain (Penning de Vries et al., 1974; Van lersel, 2003). Although the
energetic balance in the plant has not been formally quantified, P1197
showed a superior whole-plant endogenous-N mobilization suggesting
altered rates of protein turnover and re-allocation of N (Irving et al.,
2010). While recognizing the complexity of reactions involved, it can be
argued that further work needs to be conducted evaluating the plant
respiratory kinetics across different maize genotypes. Moreover, inte-
grating this information within the two-way flux framework of
exogenous-N absorbed and pre-existing endogenous-N may bring an
opportunity for models that can account for the protein turnover rates
across organs in crops (Loomis and Amthor, 1999).

5. Conclusions

The present study presents a novel approach to study post-silking N
allocation and translocation processes for two historical maize geno-
types as affected by N availability. By using a dynamic framework of N
fluxes considering the external N supply (exogenous-N) and the pre-
existing internal N (endogenous-N) in the plant, this research ad-
vances our understanding in the adaptive changes in N use with genetic
selection over time in these hybrids. Results revealed that the
improvement in exogenous-N uptake during post-silking in the newer
genotype was induced by both a greater number of grains and an
enhanced supply of N to the leaves. Indeed, in proportional terms,
hybrid P1197 had a larger partitioning of absorbed N to the photosyn-
thetic organs relative to the older genotype which lead to a better C
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assimilation. This greater amount of N into leaves was re-translocated as
endogenous-N to the grains and signified a critical N source for final
grain N content, especially under high N. These findings establish that
direct selection for yield have indirectly favored N allocation to leaves in
modern maize hybrids resulting in an improved post-silking C fixation
under high- and low-N availability. Moreover, we propose further
investigation of the underlying implications on photosynthesis and
respiratory system as involved in plant growth. Ultimately, the °N
multi-stage labelling allows for the opportunity to develop meaningful
crop models characterizing the internal allocation and recycling of N,
and informs selection strategies towards N-efficient genotypes.
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