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Sub-optimal nitrogen (N) conditions reduce maize yield due to a decrease in two sink
components: kernel set and potential kernel weight. Both components are established
during the lag phase, suggesting that they could compete for resources during
this critical period. However, whether this competition occurs or whether different
genotypic strategies exist to optimize photoassimilate use during the lag phase is
not clear and requires further investigation. We have addressed this knowledge gap
by conducting a nutrient solution culture experiment that allows abrupt changes in
N level and light intensity during the lag phase. We investigated plant growth, dry
matter partitioning, non-structural carbohydrate concentration, N concentration, and
15N distribution (applied 4 days before silking) in plant organs at the beginning and
the end of the lag phase in two maize hybrids that differ in grain yield under N-limited
conditions: one is a nitrogen-use-efficient (EFFI) genotype and the other is a control
(GREEN) genotype that does not display high N use efficiency. We found that the two
genotypes used different mechanisms to regulate kernel set. The GREEN genotype
showed a reduction in kernel set associated with reduced dry matter allocation to
the ear during the lag phase, indicating that the reduced kernel set under N-limited
conditions was related to sink restrictions. This idea was supported by a negative
correlation between kernel set and sucrose/total sugar ratios in the kernels, indicating
that the capacity for sucrose cleavage might be a key factor defining kernel set in the
GREEN genotype. By contrast, the kernel set of the EFFI genotype was not correlated
with dry matter allocation to the ear or to a higher capacity for sucrose cleavage;
rather, it showed a relationship with the different EFFI ear morphology with bigger
kernels at the apex of the ear than in the GREEN genotype. The potential kernel
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weight was independent of carbohydrate availability but was related to the N flux per
kernel in both genotypes. In conclusion, kernel set and potential kernel weight are
regulated independently, suggesting the possibility of simultaneously increasing both

sink components in maize.

Keywords: kernel set, potential kernel weight, nitrogen, nitrogen use efficiency, maize, sink strength, non-

structural carbohydrate

INTRODUCTION

Nitrogen (N) is a key nutrient for plant growth and is therefore
one of the main factors that can be manipulated to increase crop
yields (Erisman et al., 2008). However, extensive application of
N has adverse environmental impacts due to N losses in the
form of volatilized ammonia, nitrous oxide, and nitrate, a water
pollutant (Cameron et al., 2013). Therefore, strategies promoting
more efficient N use are important to decrease these N losses.
One strategy that can increase N use efficiency (NUE) is to
grow plants under a suboptimal N supply, but this requires
plant breeding programs that can generate new crop genotypes
that produce satisfactory yields under N restriction (Moll et al.,
1982; Sattelmacher et al., 1994). In this context, the NUE was
defined as the ability of a genotype to realize superior grain yields
at low soil N conditions when compared with other genotypes
(Sattelmacher et al., 1994). New genotypes can be identified by
marker-assisted selection, which can pinpoint genes or QTLs
responsible for agriculturally important physiological traits. The
identification and characterization of the physiological traits with
the highest impact on NUE are important for the successful
implementation of marker-assisted selection for breeding of
genotypes with high NUE.

In maize, a sub-optimal N supply can decrease yield due
to reductions in several key yield components, including the
number of ears per plant (Monneveux et al., 2005), kernel
number (KN) per ear (Uhart and Andrade, 1995; Andrade et al,,
2002; Paponov et al., 2005b), and/or weight of individual kernels
(Hisse et al., 2019). Numerous experiments have shown that KN
per plant is the main determinant of yield. The KN is established
in the period that extends from 2 weeks before to 2 weeks
after silking and is controlled by three factors: plant growth
(plant dry mass increment) during this critical period, dry mass
(DM) partitioning to the ears, and kernel set efficiency (i.e., the
number of kernels set per unit DM flux to the ears) (Borras and
Vitantonio-Mazzini, 2018). Restrictions in N supply during this
critical phase bracketing silking can decrease both plant growth
(Andrade et al., 2002) and DM partitioning to the ears (D’Andrea
etal,, 2008), but these responses can vary depending on the maize
genotype. The questions of how different genotypes respond to
N limitation and why some genotypes show higher kernel set
under sub-optimal N supply remain unanswered and require
further investigation.

The potential KN is determined by the number of mature
florets on the ear inflorescence and is established well in
advance of silking (Gonzalez et al., 2019). KN can be reduced
during the lag phase due to failure of kernels to develop from
ovaries, termed kernel abortion (Hanft et al., 1986). Under

suboptimal levels of N supply, kernel abortion is considered
the most sensitive component regulating kernel set (Monneveux
et al, 2005). However, the reduction in KN might be also
related to delayed emergence of apical silking under stress
conditions (Lemcoft and Loomis, 1986, 1994). By contrast, the
floret number is insensitive or only weakly affected by N and
carbohydrate limitation (Lemcoff and Loomis, 1986; DeBruin
et al., 2018), whereas extreme drought stress reduces the floret
set (Gonzalez et al., 2019).

Variations in kernel weight (KW) can also strongly affect
the crop yield (Borras and Gambin, 2010). The potential KW
is established during the 2 weeks period after silking, called
the “lag phase” and is characterized by the number of cells
per endosperm and the number of starch granules per cell at
the end of the lag phase (Jones et al., 1996). The final KW is
determined during the grain filling stage, when the potential KW
is realized. Notably, the “lag phase” period is therefore critical
for two sink components: the kernel set and the potential KW.
The simultaneous establishment of these two sink components
assumes that these components would compete for resources
(i.e., assimilates), meaning that a higher investment in one
component would be offset by a lower investment in the other
(Ordonez et al., 2018).

The potential KW, like the KN, is also closely associated
with the amount of assimilates available per kernel during
the lag phase (Gambin et al,, 2006). However, which type of
assimilate (i.e., carbohydrates or amino acids) contributes to a
higher potential KW is difficult to determine based on field
experiments, because carbohydrate and N metabolism share close
relationships. Experiments with in vitro culture have shown a
direct role of N in enhancing potential KW (Cazetta et al., 1999);
however, this effect of N has not been tested in intact maize plants.
Moreover, the role of genotypic differences in the regulation of
potential KW under sub-optimal N supply remains unexplored.

In the present study, we sought to gain insights into the
regulation of kernel set and potential KW during the lag
phase using hydroponic culture, as this allows rapid decreases
or increases in the N level during the lag phase. We used
abrupt changes in N level and plant shading to decouple N
and carbohydrate fluxes and to provide insights into the use
of different resources by sinks under stress conditions. This
hydroponic system can serve as a prototype for the development
of a phenotyping platform for robust characterization of NUE
and can aid in the accurate dissection of different physiological
traits that contribute to NUE.

The aim of the present work was to determine whether
common or different mechanisms are responsible for the
regulation of the two main components of sink capacity (KN
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and potential KW) in maize when growth is restricted by N
and C limitations during the lag phase. A further aim was to
elucidate the strategies by which NUE genotypes adapt to sub-
optimal N and C conditions to maintain high sink capacity.
Specifically, we addressed the question of the importance of
carbohydrates, N, or some other unknown factors in establishing
the KN and KW sink capacity components. We decoupled the
effects of N and carbohydrate availability with an abrupt change
in the N (NO37) level in the nutrient solution or by an abrupt
change in carbohydrate availability by shading the plants, and we
estimated the carbohydrate and N status at the critical lag phase
stages when the two sink components of KN and potential KW
are established.

MATERIALS AND METHODS

Plant Material and Growing Conditions

The experiment was conducted at the University of Hohenheim
(48°43'N, 9°13'E, 407 m altitude) from 26 May (sowing) to 19
September (final harvest) 1997. The average temperature in the
summer was 19.8°C, which was 2.9°C warmer than the average
values between 1961 and 1990. The sunshine duration reached
822.5 h, which represented 125% of the average values. The plants
were cultivated in an area protected from birds by a wire cage
but were otherwise exposed to the natural temperature and light
conditions (Figure 1A). The experiment compared two maize
(Zea mays L.) hybrids that had shown similar yields at optimal
N supply but different yields at suboptimal N supply in field
experiments carried out in 1992 and 1997 (Presterl et al., 2002;
Paponov et al., 2005a,b). At suboptimal N supply, the grain yields
had been significantly lower for the commercial variety GREEN
than for the experimental hybrid EFFIL This latter hybrid had
been selected in a breeding program for its high N use efficiency
at low levels of N availability (Presterl et al., 2002).

Seeds were germinated for 24 h in 1 mM CaSOj, at 25°C under
continuous aeration. The kernels were then placed between filter
papers fixed with foam and incubated in the darkness. On the
5th day, the emerging seedlings were exposed to light. At day
7, the seedlings were transferred to a dilute nutrient solution
containing 10% concentrations of the macronutrients and 100%
concentrations of the micronutrients of the standard nutrient
solution, along with 0.5 mM of Ca(NOs3),. At 14 days of age, the
seedlings were transferred to 20 L pots containing the standard
nutrient solution of 0.1 mM KH,POs, 0.5 mM K;SOy4, 0.6 mM
MgSO4, 150 uM Fe-EDTA, 1 pM H3BOs, 0.5 uM MnSO4,
0.5 WM ZnSOy, 0.2 WM CuSOQy, and 0.01 uM (NHy)sMo07;024.
The nutrient solution was changed every 5-7 days. The N supply,
in the form of Ca(NO3),, varied depending on the treatment.
To prevent Ca deficiency, the low-N plants received sufficient
CaCl, to provide equivalent Ca to that provided by Ca(NO3);
in the high-N treatment. The nutrient solution was maintained
between pH 5.5 and 6.5.

The design of the experiment included six treatments
(Figure 1B). Plants received the high N supply (N) before silking
in three treatments, and the low N supply (n) before silking
in three treatments. For both groups of treatments, N supply

and light intensity were varied from silking to 16 days after
silking. During these 16 days, the plants received either the high
N supply (NN, nN) or the low N supply (Nn, nn) to modify
the N-nutritional status. The role of plant carbohydrate status
on kernel yield was assessed in plants growing in high N status
[N(N + S)] or low N status [n(n + S)] by shading the plants to
reduce the light intensity by 80%. A lack of a sufficient number
of plants prevented sampling for the n(n + S) treatment at
the second harvest.

Initially (i.e., after a change of nutrient solution), the nitrate
concentration was 0.5 mM in the treatments with high N supply.
For this treatment, the nitrate concentration in the nutrient
solution was measured daily using the Reflektoquant method
(Rqflex, Merck), and nitrate was added regularly to satisfy plant N
demand (excluding the complete depletion of nitrate in nutrient
solution). With this N supply, plants accumulated about 4948 mg
N per plant in the aboveground parts at maturity. This was a
significantly higher N uptake than that observed (about 2700 mg
per plant) in the aboveground parts in the same genotypes
growing in the field under high N supply (Paponov et al., 2005b).
These data indicate that N supply in hydroponics was more
luxurious than in the field under high N supply. The size of the
shoot under these growth conditions was similar to that of the
field-grown plants.

In hydroponics, the external concentration is inadequate as a
driving variable for N supply because it offers two options for
concentration-controlled culture: excess supply and uncontrolled
deficiency (Macduft et al.,, 1993). For this reason, we used a
simplified method of N limitation based on relative addition
rates, which involved frequent additions of small quantities of
nutrient to each pot of nutrient solution (Ingestad and Lund,
1986). This approach was previously applied successfully for
comparison of wheat genotypes grown to maturity (Oscarson,
2000). In our study, plants at low N supply until the silking were
supplied regularly with 50% of the N amount given to the plants
grown under high N supply. During the lag phase, the low N level
plants received 200 mg N, whereas N availability was unrestricted
for the high N supply plants. Beyond the 16 days after silking and
until maturity, all plants received the high N supply to ensure that
no limitation of N existed so that the final KW would reflect the
potential KW and would not be limited by the growth conditions
during the effective grain filling stage.

We used a randomized complete block design with two
environmental treatments before silking. During the 16 days of
the lag phase, the plants were distributed according to a split-
plot design with the main plot being light intensity (shading).
We used six environmental treatments during the lag phase. The
plant density before the effective grain filling was 4 plants m~2.
After the end of the lag phase, the plant density was reduced to 3
plants m~? to ensure luxury carbohydrate supply. Rows of border
plants were not sampled in this experiment.

Harvest

Plants were harvested at the beginning of silking, at the end
of the lag phase (i.e,, 16 days after silking), and at maturity
(Figure 1B). One individual plant was used for one replication,
with four replications for every time point and every treatment.
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FIGURE 1 | Design of the hydroponics experiment. (A) Maize cultivation in 20 L pots in hydroponics with continuous aeration. (B) The scheme of the experimental
design: high and low N supply before silking, high and low N for 16 days after silking, and shading of the plants under constant N supply; all plants were given excess
N and full light during the grain filling stage. Plants were harvested at the beginning of silking, at the end of the lag phase (i.e., 16 days after silking), and at maturity.

Maturity

l

——————— NN
—— > Nn
————————  N(N+S)
High N
—— nN
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At the first harvest, the plants were divided into roots, stalk,
leaves, ear, and husks. At the second and third harvests, plants
were divided into the same organs, but the ear was divided
into the cob and kernels. At the end of the lag phase, kernels
in a whole row along the rachis of the ear were removed,
frozen with liquid nitrogen, and freeze-dried for the analysis of
soluble sugars and starch. The other plant organs were dried
at 65°C to a constant weight and weighed for dry matter
(DM) determination. Leaf weight ratio (LWR), stalk weight ratio
(SWR), root weight ratio (RWR), and ear and husk weight
ratio (Ear + huskWR) were calculated as DM of leaves, stalk,
roots, and ear and husks, respectively, divided by the total
DW biomass of the plants. Leaf sheath weights were added to
the stalk weights. The plants were harvested according to a
randomized complete block design from 10:00 to 12:00, 10:00 to
14:00, and 10:00 to 16:00 for the first, second, and third harvest,

respectively. Kernel number was determined for the third harvest
by counting all kernels per ear. Individual KW was determined
as the ratio between the total kernel weight per ear and the
kernel number per ear.

Soluble Sugars and Starch

A 50 mg sample of ground tissue was mixed with 3.3 mL 70%
(v/v) ethanol for sample extraction. Each sample was extracted
two more times and sample tubes were centrifuged (3000 x g)
for 10 min after each extraction. The three supernatants were
combined in a test tube and brought to a 10 ml final volume
with 70% (v/v) ethanol. Reducing sugars and sucrose were
estimated colorimetrically at 415 nm using p-hydroxybenzoic
acid hydrazide (Blakeney and Mutton, 1980) before and after
the digestion of sucrose with invertase for 2 h at 37°C. For
starch determination, the ethanol-extracted plant residue was

Frontiers in Plant Science | www.frontiersin.org

May 2020 | Volume 11 | Article 586


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

Paponov et al.

Kernel Number and Weight Formation

suspended in dimethyl sulfoxide (DMSO) for 10 min (Perez et al.,
1971). After centrifugation the supernatant was incubated with
amyloglucosidase (2 mL 0.M sodium acetate containing 1.2 U
mL~!) overnight at 37°C to hydrolyze the starch. The released
glucose was then measured colorimetrically at 510 nm (Blakeney
and Mutton, 1980) and starch equivalents were calculated.

Total N and 5N Analysis and

Calculations

Leaf N content was measured with an automatic N analyzer
(Carlo Erba, Milan, Italy, Model 1400). Total plant N uptake
was measured as the sum of nitrogen content in different plant
parts. The amount of N in different plant parts was calculated by
multiplying the dry weight by the N concentration in those parts.
Labeled N ['°N in form of Ca(NOs),] was applied at four days
before silking. Every plant with low N supply received 53.7 mg
(15N, 12.1904% excess) and those with high N supply received
55.9 mg (1°N, 16.8635% excess).

Heavy-isotope concentrations were determined by mass
spectrometry (Tracermass, stable isotope analyzer, Europa
Scientific) after combustion of the samples in quartz-sealed
tubes in the presence of CuO (Roboprep-CN, Europa Scientific).
The A% excess was defined as the atom% '°N in the plant
material minus the atom% in the control sample that did not
receive labeled N. The partitioning of recently assimilated N
(%Py) to different organs was determined as previously described
(Paponov and Engels, 2005):

%Py = (A% excess('°N) in organ)/(A% excess (*N) in plant)
*(N organ)/(N plant)*100

N flux per ear during the lag phase was measured as the
difference between ear N content at the end of the lag phase and
ear N content at the beginning of the lag phase.

Analysis of Ear Morphology in the Field

Experiment

The field experiment was conducted in 1998 at the experimental
station of the University of Hohenheim Muttergarten in the
southern part of Germany (48°43'N, 9°13’E, 407 m altitude).
The average temperature in the summer was 20.5°C, which
was 3.6°C warmer than the average values between 1961 and
1990. The sunshine duration reached 851.4 h, which represented
129% of the average values. The experiments were randomized
block designs with four replications. The soil characteristics,
techniques of phosphorus and potassium application, and size of
experimental plots were as described previously (Paponov et al,,
2005b). Plants were sown on 11 May at a uniform density of 10
plants m~2. N fertilizer (calcium ammonium nitrate) was applied
at rates of 0 or 150 kg N ha~!. Before silk appearance, the ears
were covered with paper bags to prevent pollination. The ears
were then hand pollinated for two consecutive days, and the
paper bags were removed to ensure complete pollination of each
ear. Synchronize pollination was used to diminish any differences
in pollination time between kernels that might affect on kernel
size. Four ears were selected for analysis of the kernel size at
different positions along the ear.

Statistics

The treatments were replicated four times. Data were statistically
analyzed by analysis of variance (two-way analysis or three-
way analysis, using the ANOVA variables Nv, nitrogen supply
before silking, Nf, nitrogen supply during lag phase, Sh, shading
during lag phase, G, genotypes). When significant treatment
effects were indicated by ANOVA, Fisher’s protected LSD test
was used to compare the individual means (Statistica for
Windows, version 13).

RESULTS

Genotype-Specific Responses to N

Supply During the Vegetative Growing
Phase: Growth and Dry Matter

Partitioning

On average, for both genotypes, a low N supply reduced the
plant biomass by 28% when compared with the high N supply
(Table 1). Dry mass partitioning among the vegetative plant
organs (leaves, stalks, and roots) was not significantly influenced
by genotype or rate of N supply, with the exception of a
slightly higher leaf weight ratio (LWR) observed at low N than
at high N supply. The fact that RWR was not increased at a
low N supply was surprising, as the DM partitioning in the
roots usually increases under N limitation (Poorter et al., 2012).
However, for maize, also other investigations have shown that
DM partitioning to the roots is not modulated by the availability
of N (Guo and York, 2019). DM partitioning to generative
organs, by contrast, was affected differently by N supply in the
two genotypes. At the high N supply, DM partitioning to ear 1
and husks (Ear 4+ husklWR) was greater in the GREEN than
in the EFFI genotype, whereas at the low level of N supply,
no difference was observed between the two genotypes for DM
partitioning to ear 1 and husks. For the GREEN genotype, the
DM partitioning to ear 2 and husk (Ear 4+ husk2WR) was reduced
to zero at the low level of N supply. By contrast, for the EFFI
genotype, the development of ear 2 was not stopped by the low
level of N supply.

Genotype-Specific Responses to N
Supply During the Vegetative Growing
Phase: Plant Carbohydrate Status

The concentration of non-structural carbohydrates in the stalks,
which was measured as an indicator of plant carbohydrate
status, did not differ significantly between the two genotypes
(Table 2). Low N decreased the carbohydrate status due to lower
sucrose concentrations, but it did not affect the concentrations
of reducing sugars and starch. Taken together, the data on N and
genotype effects on plant biomass, the ratio of stalk biomass in
total plant biomass (SWR), and the non-structural carbohydrate
concentrations in the stalks indicated that the amount of reserve
carbohydrates in plants at silking was substantially lower in plants
given a low N than a high N supply. The genotypes did not differ
in their carbohydrate status.
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TABLE 1 | The influence of N supply up to silking on plant biomass and dry matter distribution at the start of silking for two genotypes with different N-use efficiency.

Nitrogen (N) Genotype (G) Biomass, g LWR SWR RWR Ear + husk1 WR Ear + husk2 WR
High
GREEN 129 4+ 28 20.1 £0.22 45.4 £ 0.92 259 +£1.32 6.99 + 0.31P 1.64 + 0.45°
EFFI 130 + 52 20.4 +1.02 45.6 4+ 2.22 27.9 4+ 3.02 3.31 +£0.322 2.73 £0.14°
Low
GREEN 89 + 1P 22.1 +£0.32 52.0 £ 0.52 229 +£1.02 2,97 £0.472 0.00 £ 0.002
EFFI 98 + 70 22.0 +0.42 456 +£1.72 27.9 +£2.12 3.35 + 0.532 1.10 £ 0.08°
ANOVA, source of variation
N otk N NS NS - sk
G NS NS NS NS >
N x G NS NS NS NS > NS

Dry matter distribution: LWR, leaf weight ratio; SWR, stalk weight ratio; RWR, root weight ratio; Ear + husk1WR, ear 1 and husk weight ratio; Ear + husk2WR, ear 2 and
husk weight ratio. Values are means + SE of four independent biological replicates; different lower case letters behind means indicate significant differences (p < 0.05,
Fisher’s protected LSD). *, **, ** Significant at the 0.05, 0.01, and 0.001 probability level, NS, not significant. Factors N level (N), Genotype (G).

Genotype-Specific Responses to N
Supply During the Vegetative Growing

Phase: N Status

Plants under low N supply absorbed about 50% less N than
plants under high N supply (Table 3). The N concentrations
in the vegetative plant organs were significantly lower in
plants supplied with low N than with high N (Table 3).
With the high N supply, the N concentrations in leaves and
stalks were lower in the EFFI than in GREEN genotype;
by contrast, when grown at the low N supply, neither the
leaf nor the stalk N concentrations differed between the
genotypes. The N concentrations in the generative plant organs
were only slightly affected by the N supply rate. The N
concentrations in ears 1 and 2 in the EFFI genotype were not
significantly reduced by low N compared to high N supply.
For the GREEN genotype, the N concentration in ear 1 was
even higher at low than at high N supply, which might
reflect a dilution effect of N in the ear during development
(Ciampitti and Vyn, 2013).

TABLE 2 | The influence of N supply up to silking on carbohydrate concentration
(mg g~ ') in the stalks at the start of silking for two genotypes with different
N-use efficiency.

Nitrogen (N) Genotype (G) Red. sugars Sucrose Starch
High
GREEN 66 + 52 137 +9°  3.33 +£0.25°
EFFI 76 + 82 164 £ 210 2.92 +0.332
Low
GREEN 82 + 22 40 + 82 3.86 + 0.562
EFFI 72 4+ 82 514+ 118 3.97 +£0.222
ANOVA, source of variation
N NS o NS
G NS NS NS
N x G NS NS NS

Values are means + SE of four independent biological replicates; different lower
case letters behind means indicate significant differences (p < 0.05, Fisher’s
protected LSD). *** Significant at the 0.001 probability level, NS, not significant.
Factors N level (N), Genotype (G).

We assessed the partitioning of recently acquired N among
plant organs by supplying the plants with °N-labeled nitrate
4 days before silking, and we then quantified the percentages of
total plant >N in the vegetative and generative plant organs at
silking. Partitioning of recently acquired !N among the plant
organs was affected by the previous N supply and by the genotype
(Table 4). The partitioning of recently acquired N to leaves and
stalks, at the expense of N partitioning to roots, was higher
for plants supplied with low N than with high N (Table 4).
N partitioning to leaves and stalks tended to be higher, and N
partitioning to roots lower, for the GREEN than for the EFFI
genotype at both levels of N supply. At the high N supply, °N
partitioning to ear 1 and husks was greater in GREEN than in
EFFL however, at the low N supply, no differences were found
in N partitioning to ear 1 and husks between the genotypes
(Table 4), in agreement with the genotypic differences observed
in biomass partitioning (Table 1). For GREEN, !°N partitioning
to ear 2 and husks was reduced to zero at low N supply. By
contrast, for EFFI, '°N partitioning to the ear 2 and husks at low
and high levels of N supply were similar.

Genotype-Specific Responses to
Modification of N Supply and/or to
Shading During the Lag Phase: Growth

and DM Partitioning

In the 16 days between silking and the end of the lag phase,
the DM per plant increased by about 100 g in plants that were
previously (i.e., during the vegetative growing phase) supplied
optimally with N, and by 60 g in plants previously supplied with
sub-optimal N levels (compare Table 1 and Figure 2A). For
both groups of plants, the short-term modification of growing
conditions during the lag phase [i.e., the reduction in N supply
(Nn) for high N plants and the increase in the N supply for low
N plants (nN)] did not significantly change the total plant DM
(Figure 2A and Supplementary Table S1).

The level of N supply and the shading during the lag
phase had different effects on DM allocation between the
vegetative organs: a low N supply during the lag phase
increased DM partitioning into the stalks (the main storage
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TABLE 3 | The influence of N supply up to silking on N uptake by plants and N concentrations in plant organs at the start of silking for two maize genotypes with different

N-use efficiency.

Nitrogen (N) Genotype (G) Plants, mg Leaf (%) Stem (%) Roots (%) Ear 1 (%) Ear 2 (%)
High
GREEN 1906 =+ 55° 2.71 £ 0.11°¢ 0.92 4+ 0.03° 1.36 & 0.073° 2.69 + 0.03? 3.93 + 0.04°
EFFI 1752 + 66° 2.39 +0.120 0.76 + 0.04° 1.47 £ 0.11° 3.50 +0.15P 3.09 +0.132
Low
GREEN 893 + 52 1.63 4 0.052 0.63 £ 0.022 1.16 + 0.0420 3.20 £ 0.11P
EFFI 988 + 182 1.68 4 0.032 0.60 + 0.032 1.04 4+ 0.142 3.12 £0.13% 3.13 +0.18?
ANOVA, source of variation
N . NS
G NS NS o NS *
N x G * NS * NS o

Values are means + SE of four independent biological replicates, different lower case letters behind means indicate significant differences (p < 0.05, Fisher’s protected
LSD). *, **, *** Significant at the 0.05, 0.01, and 0.001 probability level, NS, not significant. Factors N level (N), Genotype (G).

TABLE 4 | The percentages of total plant '°N in the vegetative and generative plant organs at silking after supplying the plants with 1°N-labeled nitrate four days before
silking, as affected by level of N supply for two maize genotypes with different N-use efficiency.

Nitrogen (N) Genotype (G) Leaf Stem Roots Ear + husk 1 Ear + husk 2
High
GREEN 15.0 £ 1.32 28.3 +0.42 38.5+0.01% 16.31 £ 0.75° 1.84 £0.11°
EFFI 13.9+0.92 24.4 +2.42 46.8 + 2.8° 9.61 £ 0.682 5.31 £0.51°
Low
GREEN 20.8 +0.8° 39.0 + 3.0° 33.2 +2.12 7.07 £2.052 0.00 + 0.00?
EFFI 15.2 £0.92 2794212 40.1 £2.5% 11.07 £ 1.112 5.74 £ 0.16°
ANOVA, source of variation
N . * " NS
G . * NS oxk
N x G NS NS NS > *

Values are means + SE of four independent biological replicates; different lower case letters behind means indicate significant differences (p < 0.05, Fisher’s protected
LSD). %, **, *** Significant at the 0.05, 0.01, and 0.001 probability level, NS, not significant. Factors N level (N), Genotype (G).

organ for carbohydrates) in plants grown at low levels of N
before silking but had no effect on DM partitioning in plants
grown at high N before silking. These responses indicated
a sink limitation in N-deficient plants. By contrast, shading
increased DM partitioning into the leaves, in agreement with
the common trend of plant adaptation to low light intensity
(Poorter et al., 2012) (Figures 2B,C and Supplementary Table
S1). This indicates that plants have different mechanisms
for adapting to N and carbohydrate limitations. A reduction
in the N supply (Nn) or an increase in the N supply
for low-N supplied (nN) plants did not change the DM
partitioning to the roots, whereas shading [N(N + S)] increased
the DM allocation to roots. Analysis of variance showed a
significant genotypic effect in the DM partitioning into roots
(Supplementary Table S1), as root DM allocation was higher
for the EFFI than for the GREEN genotype; however, the
genotypic significant difference was not identified under specific
treatments (Figure 2D).

In plants grown at high N supply before silking, a low
N supply during the lag phase did not significantly change
DM partitioning to ear 1 and husks, whereas for the GREEN
genotype DM partitioning to ear 1 and husks was reduced by
shading. Plants exposed to a continuously low level of N supply

before silking and during the lag phase showed decreased DM
partitioning to the ear 1 and husks when compared to plants
grown at a continuously high N supply. Genotypic differences
were also apparent in DM partitioning into the first ear and
husks, as the EFFI genotype partitioned less DM to ear 1
and husks in all but one treatment [the same amount was
partitioned in the (nn) treatment] (Figure 2E). However, a high
N supply during the lag phase caused a stronger increase in
DM partitioning into ear 2 and husks in the EFFI than in
the GREEN genotype when grown at low N before silking.
A similar tendency for higher DM partitioning was also evident
in the EFFI versus the GREEN genotype when the plants
were grown at high N supply before silking (Figure 2F and
Supplementary Table S1).

Genotype-Specific Response to
Modification of N Supply and Shading
During the Lag Phase: Carbohydrate

Status of Plants and Kernels

The whole-plant carbohydrate status at the end of the lag
phase, as indicated by the concentrations of non-structural
carbohydrates in the stalk, was significantly affected by the rate

Frontiers in Plant Science | www.frontiersin.org

May 2020 | Volume 11 | Article 586


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

Paponov et al.

Kernel Number and Weight Formation

A_ 300
= o bc ¢ be ° a a a ab WEEE GREEN
8 2507 T = EFFI
S 200 4 a a
o - = -
%; 150 A
g 100 A
O 504
o 0 T T T T T
NN Nn N(N+S) nN nn
B 2
a ab a a bc ¢ abc abc abc ab
15 A =
< 5 = - T
o 10 4
S
5 4
0 T T T T T
NN Nn N(N+S) nN nn
c 50
b ab b b ab a b a c c
40 - M
X ] =
ngf 30 +
7 20
10 A
0 T T T T T
NN Nn N(N+S) nN nn
D 35
30 4 a abc ab bcd bed d abcabcd abc bed
® 25 ]
o 204
5 15
10 A
5
E 0 T T T T T
xR NN Nn N(N+S) nN nn
o 35 3
2 304 cd ef bed d abc de a abcd ab
=
% 25 4
2 20 =
'% 15
w10 o
5_
0 T T T T T
NN Nn N(N+S) nN nn
14
F = ab b ab ab ab ab a ¢ a a
s 12 4 T
14
< 10 A
S 8-
ERE
£ 4]
52 m 1 mf]
oo . ] n o -0
NN Nn N(N+S) nN nn

Treatments

FIGURE 2 | Plant biomass and dry matter distribution in two genotypes with
different N-use efficiency at the end of the lag phase. (A) Plant biomass, (B)
leaf weight ratio (LWR), (C) stalk weight ratio (SWR), (D) root weight ratio
(RWR), (E) ear 1 and husk weight ratio (Ear + husk1WR), (F) ear 2 and husk
weight ratio (Ear + husk2WR). Treatments: High N before silking and during
the lag phase (NN), high N before silking and low N during the lag phase (Nn),
high N before silking and during the lag phase and shading during the lag
phase [N(N + S)], low N before silking and high N during the lag phase (nN),
low N before silking and during the lag phase (nn). Means + SE are
presented. Different lower case letters indicate significant differences

(p < 0.05, Fisher’s protected LSD). The data was analyzed by
2-factor-ANOVA. The first factor was treatments (T) [NN, Nn, N(N + S), nN, nn]
and the second factor was genotype (G). Excluding shading from the analysis,
the experiment was also analyzed by 3-factor ANOVA, using factors Nv, Nf,

and G. The results of ANOVAs are presented in Supplementary Table S1.

of N supply before silking (Nv) and by the modifications in
the growing conditions during the lag phase (Nf, shading). The
response of GREEN plants that were well supplied with N during

the vegetative stage to a reduction in the N supply during the
lag phase was a significantly increased concentration of reducing
sugars, but the EFFI genotype did not show this response
(Figure 3A and Supplementary Table S2). The concentrations
of sucrose (Figure 3B) and starch (Figure 3C) were not changed
in either genotype (compare NN with Nn in Figures 3B,C).
Shading drastically diminished the concentrations of reducing
sugars, sucrose, and starch in both genotypes [compare NN with
N(N + S) in Figures 3A-C].

The response of GREEN plants supplied with sub-optimal
N during the vegetative phase to an increase in N supply
during the lag phase was a decrease in the concentration of
reducing sugars in the stalk, but again the EFFI genotype
did not show this response. The concentrations of sucrose
and starch in both genotypes were unchanged by the
short-term increase in N supply (compare nn with nN
in Figures 3A-C). The lower concentration of reducing
sugars and starch in the stalks of the EFFI than in the
GREEN genotypes under sub-optimal conditions [nn, Nn,
N(N + S)] indicates a more efficient carbohydrate utilization at
the plant level.

In the kernels, the reduction of N supply during the lag
phase (compare NN with Nn) did not change the soluble
carbohydrate (sucrose and reducing sugars) concentrations in the
GREEN genotype but did increase the sucrose concentration in
the EFFI genotype (Figures 3D,E). By contrast, low N supply
during lag phase tended to decrease the starch concentration
in the kernels in both genotypes, although the difference did
not reach statistical significance (Figure 3F). Shading tended
to increase the concentration of sucrose but decreased the
concentration of reducing sugars in the kernels for both
genotypes [compare NN with N(N + S)]. An increased N
supply during the lag phase in plants grown at low N supply
during the vegetative stage tended to decrease the concentration
of sucrose but did not change the concentration of reducing
sugars and starch (compare nn with nN). Genotypic comparisons
showed that EFFI tended to accumulate higher concentrations
of sucrose at both optimal and sub-optimal N conditions
(Table 3E and Supplementary Table S2); however, a greater
accumulation of reducing sugars in EFFI only occurred in the
plants supplied with low levels of N during the vegetative
and the lag phases.

Genotype-Specific Response to
Modification of N Supply and Shading
During the Lag Phase: N Concentration

and Allocation

The change in N supply during the lag phase quickly modulated
the N content in plants (Figure 4A and Supplementary Table
§3). Low N supply during the lag phase decreased the N
concentration in all vegetative organs for plants grown at high
N supply before silking (compare NN and Nn); however, low N
supply had a weaker effect on N concentration in the generative
organs (kernels and cob) (Figures 4B-F and Supplementary
Table S3). The N concentration was still higher in these plants
than in plants grown at continuously low levels of N (nn).
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FIGURE 3 | The concentration of carbohydrates in stalk and kernels of two
genotypes with different N-use efficiency at the end of the lag phase.
Reducing sugars, sucrose, and starch in the stalk (A-C) and kernels (D-F).
Treatments: High N before silking and during the lag phase (NN), high N
before silking and low N during the lag phase (Nn), high N before silking and
during the lag phase and shading during the lag phase [N(N + S)], low N
before silking and high N during the lag phase (nN), low N before silking and
during the lag phase (nn). Means + SE are presented. Different lower case
letters indicate significant differences (o < 0.05, Fisher’s protected LSD). The
experiment was analyzed by 2-factor-ANOVA. The first factor was treatments
(T) NN, Nn, N(N + S), nN, nn] and the second factor was genotype (G).
Excluding shading from the analysis, the experiment was also analyzed by
3-factor ANOVA, using factors Ny, Nf, and G. The results of ANOVAs are
presented in Supplementary Table S2.

Interestingly, the supply of high N to plants cultivated at a low
N level before silking (nN) increased the N concentration to the
same level as that seen in plants continuously cultivated at high N.
This quick increase in N concentration in these plants indicates

a large capacity of the plants to absorb limiting nutrients, as
regulated by the demand-driven regulator mechanisms of nitrate
uptake (Imsande and Touraine, 1994). Genotypic differences in
N concentration were found in the roots (Figure 4D) of plants
grown at various N supply conditions (NN, Nn, and nN). The
root N concentrations were lower in EFFI than in GREEN,
indicating a higher internal N utilization efficiency for root
growth. Moreover, under optimal conditions during lag phase,
the stalk N concentrations tended to be lower in the EFFI than
the GREEN genotype.

Data for the !N distribution showed that low lag phase
N supply for plants grown at high N supply during the
vegetative stage tended to decrease N partitioning into the leaves.
Shading increased N partitioning into the stalk (Figures 5A,B
and Supplementary Table S4). The GREEN genotype plants
grown at low N supply during the vegetative stage responded
to an increased N supply by increasing the N partitioning
into the leaves and into the stalk, whereas the EFFI genotype
tended to allocate more >N into the roots when grown with
a high N supply before silking, regardless of the N supply
during the lag phase (Figure 5C). Depletion of N during the
lag phase increased !N partitioning into ear 1 and husks,
whereas the presence of N during the lag phase increased
5N partitioning into ear 2 and husks in the EFFI genotype
(Figures 5D,E and Supplementary Table S4). Shading did
not significantly affect >N allocation to the ears. The '°N
distribution to the first ear and husks was lower in the EFFI
than in the GREEN genotype under both optimal and sub-
optimal conditions and showed significant differences for the Nn,
N(N + S), and nN treatments.

Genotypes Responded Differently in KN
to Changes of N and Light Supply During

the Lag Phase

The KN per plant was higher in EFFI than in GREEN (Figure 6A)
because of the formation of the second ear in EFFI under
conditions of high N and light during the lag phase. However,
a low level of N supply in the lag phase for plants grown under
luxury conditions during the vegetative stage did not significantly
change KN in the first ear in either genotype (comparing NN
vs. Nn) (Figure 6A and Supplementary Table S5). Shading of
the plants grown at high N level decreased the KN only in the
GREEN and not in the EFFI genotype. Because the floret set is
established before silking (Gonzalez et al., 2019), we assume that
this kernel number reduction was due to the kernel abortion that
occurs during the lag phase. Transfer of plants supplied with
low N during the vegetative stage to high N did not increase
KN in either genotype; however, shading during the lag phase
resulted in a more pronounced decrease in KN in the GREEN
than in the EFFI genotype, further indicating that a higher kernel
abortion was induced in GREEN than in EFFI under unfavorable
conditions during the lag phase. Taken together, the results
showed that the EFFI genotype was able to maintain a similar
KN under either stress or control conditions, whereas the KN
of the GREEN genotype was sensitive to both low N and low
light conditions.
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FIGURE 4 | Plant N uptake and N concentration in two genotypes with
different N-use efficiency at the end of the lag phase. (A) Plant N uptake, N
concentration in (B) leaves, (C) stalk, (D) roots, (E) kernels, and (F) cob.
Treatments: High N before silking and during the lag phase (NN), high N
before silking and low N during the lag phase (Nn), high N before silking and
during the lag phase and shading during the lag phase [N(N + S)], low N
before silking and high N during the lag phase (nN), low N before silking and
during the lag phase (nn). Means + SE are presented. Different lower case
letters indicate significant differences (o < 0.05, Fisher’s protected LSD). The
experiment was analyzed by 2-factor-ANOVA. The first factor was treatments
(T) NN, Nn, N(N + S), nN, nn] and the second factor was genotype (G).
Excluding shading from the analysis, the experiment was also analyzed by
3-factor ANOVA, using factors Ny, Nf, and G. The results of ANOVAs are
presented in Supplementary Table S3.
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FIGURE 5 | Percentage of '°N distribution at the end of the lag phase in two
genotypes with different N-use efficiency at the end of the lag phase. °N
distribution to (A) leaves, (B) stalk, (C) roots, (D) first ear and husks, (E)
second ear and husks. Treatments: High N before silking and during the lag
phase (NN), high N before silking and low N during the lag phase (Nn), high N
before silking and during the lag phase and shading during the lag phase
[N(N + S)], low N before silking and high N during the lag phase (nN), low N
before silking and during the lag phase (nn). Means + SE are presented.
Different lower case letters indicate significant differences (p < 0.05, Fisher’s
protected LSD). The experiment was analyzed by 2-factor-rANOVA. The first
factor was treatments (T) [NN, Nn, N(N + S), nN, nn] and the second factor
was genotype (G). Excluding shading from the analysis, the experiment was
also analyzed by 3-factor ANOVA, using factors Nv, Nf, and G. The results of
ANOVAs are presented in Supplementary Table S4.

Regulation of KW by N Supply and
Shading During the Lag Phase

The mean KW for both genotypes was higher at high than
at low N supply during the vegetative stage (Figure 6B

and Supplementary Table S5). A reduction in N supply
or shading of plants grown under luxury N conditions
during the vegetative stage did not decrease the mean
KW in either genotype. However, increasing the N supply
during the lag phase for plants grown at a low N supply
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before silking (compare nn vs. nN) increased KW, with a
significant effect observed for the GREEN but not for the
EFFI genotype. Shading had weak reducing effect on KW
in both genotypes.

Association of KN With N and
Carbohydrate Status at the End of the
Lag Phase

The reduction in DM partitioning into the ear and the reduced
kernel set under stress conditions resulted in a close correlation
between these two traits in the GREEN genotype (Figure 7A),
whereas for the EFFI genotype, KN was not related to the
stress-induced variation in ear growth (Figure 7A). A closer
correlation was also observed between ear growth per kernel
during the lag phase and KN in the GREEN than in the
EFFI genotype (Figure 7B). The GREEN genotype showed
a negative correlation between KN and total soluble sugars
(Figure 7C) and between KN and the sucrose/sugar ratio
(Figure 7D) indicating that, for this genotype, a higher utilization
of soluble sugars in the kernels and a higher cleavage of
sucrose were related to the higher KN set. Interestingly, the
KN for the EFFI genotype was not associated with soluble
sugar concentrations in the kernels. The N concentration
and fluxes were less associated with KN than was the DM
distribution to the ear and KN (Figures 7E-H), indicating
that the N supply to the ear was not associated with KN set.
The relatively high value of the paired correlation coefficient
between KN and N supply to the ear for GREEN (r = 0.83)
was strongly affected by the high correlation between the DM
distribution and N supply to the ear (r = 0.89). Indeed, the
calculation of the partial correlation coeflicient between KN and
N supply to the ear show no positive effect of N supply on KN
(r=-0.69).

Association of KW With N and
Carbohydrate Status at the End of the
Lag Phase

No close correlation was detected between KW and ear
growth or ear growth per kernel (Figures 8A,B) in either
genotype. A weak negative correlation was found between
KW and total sugars, indicating that utilization of sugars
might be important for both kernel set and KW (Figure 8C).
In the GREEN genotype, the correlation between KW and
sucrose/total sugar ratio (Figure 8D) was weaker than the
correlation between KN and sucrose/total sugar (Figure 7D),
indicating that the sucrose cleavage capacity was more important
for KN than for potential KW. No strong correlations
were found between KW and N% in the kernels and '°N
distribution (Figures 8E,F); however, closer correlations were
found between KW and N flux into the ear and KW
and N flux into ear per kernel (Figures 8G,H) for both
genotypes, indicating that KW might be associated with N
flux to the ear.

Genotypic Differences in Ear Morphology
Analysis of the kernel size at 4 days after pollination (Figure 9)
showed that the genotypes differed in the gradient of kernel size:
the GREEN genotype showed a strong gradient in kernel size
along the ear, with smaller sized kernels at the top and larger
sized kernels at the base of ear. By contrast, the EFFI genotype
had bigger apical kernels that reduced the gradient of kernel size
along the entire ear.

DISCUSSION

In grain crops, the sink capacity (i.e., the ability of kernels
to accumulate assimilates) is determined by the KN and
potential KW (Tollenaar, 1977). In maize, both components of
sink capacity are fixed during the lag phase of grain growth
(Ordonez et al, 2018). Therefore, the processes involved in
the determination of KN and potential KW can be assumed
to compete for a given pool of resources during this phase,
resulting in a restriction of either KN or potential KW. However,
if these two components of sink capacity are regulated by
different processes and resource pools, then an increase in one
component should be possible without a decrease in the other.
In the present study, we found indication that these two sink
components are regulated independently, implying the possibility
of simultaneously increasing both sink components in maize
breeding programs.

Independent regulation of KN and potential KW is indicated
by the finding that KN and potential KW responded differently
to modifications in the supply of either N or carbohydrates
during the lag phase in the two genotypes with contrasting N
efficiency. The KN per ear (i) was related to the level of available
assimilates and their utilization in the kernels during the lag
phase in the GREEN genotype, (ii) showed a genotypic difference
that was related to morphological traits of the ear determined
before silking, and (iii) was regulated by an unknown signal
that strongly modulated ear formation and kernel abortion. The
potential KW, by contrast, was related to the N flux to the kernels
during the lag phase.

In the Control GREEN Genotype, Kernel
Number Was Associated With the Level
of Available Assimilates and Their

Utilization During the Lag Phase

In the first ear of the GREEN genotype, KN strongly responded
to the level of pre-silking N supply and to the light intensity
during the lag phase (Figure 6A and Supplementary Table S5).
A low pre-silking N supply tend to reduce KN when compared
with a high pre-silking N supply. Shading reduced KN for plants
with either high N [N(N + S)] or low N supply [n(n + S)].
The tendency toward a reduction in KN under low N supply
compared to high N supply before silking indicates a possible
inhibitory effect of low N supply on spikelet number; however,
limiting conditions during the lag phase have a greater impact
on kernel set. Indeed, numerous investigations in maize have
shown that KN is closely correlated with crop growth during
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FIGURE 6 | Kernel number (A) and kernel weight (B) for two genotypes with different N-use efficiency grown under high or low N supply during vegetative growth or
during the lag phase and under full light or shading during the lag phase. Treatments: High N before silking and during the lag phase (NN), high N before silking and
low N during the lag phase (Nn), high N before silking and during the lag phase and shading during the lag phase [N(N + S)], low N before silking and high N during
the lag phase (nN), low N before silking and during the lag phase (nn), and low N before silking and during the lag phase and shading [n(n + S)]. All plants were grown
under luxury conditions during the effective grain filling stage to ensure that the final kernel weight corresponded to the potential kernel weight established at the end
of the lag phase. Means + SE are presented. Different lower case letters indicate significant differences (p < 0.05, Fisher’s protected LSD). The treatments NN for
both genotypes and nN for the EFFI genotype induced formation of a second ear. The kernel number of the second ear is shown in the hatched part of the columns
(A), so that the contribution of every ear is presented. The statistical analysis is presented for the first ear. Two separate 3-factor-ANOVAs were carried out. In the first
analysis, the factors N level during vegetative stage up to silking (Nv), N level after flowering from silking to 16 days after silking (Nf), and genotype (G) were tested
(NN, Nn, nN, nn). In the second analysis, the factors N level (both during vegetative and the lag phase), shading (S), and genotype (G) were tested [NN, N(N + S), nn,
n(n + S)]. The results of ANOVAs are presented in Supplementary Table S5.

the lag phase (Andrade et al., 2002; D’Andrea et al., 2009). Crop
growth is considered an indicator of a crop’s ability to produce
assimilates, i.e., its source strength. In agreement with the well-
documented positive relationship between KN and crop growth,
all the treatments in the present study that reduced KN also
decreased plant growth during the lag phase. The level of N
supply during pre-silking and during the lag phase, and the light
intensity during the lag phase, also affected N concentrations
in various plant organs (Figure 4) and the supply of recently
acquired 1°N to those organs during the lag phase (Figure 5).
However, the treatment-induced modification of plant N status
and resulting changes of the N delivery to generative organs
was not associated with corresponding changes in KN. For
example, the abrupt change in N supply from high N during
the vegetative growth phase to low N at silking significantly
reduced N concentrations in the generative organs, but did
not reduce KN. Shading was associated with an increase in
plant N concentration, whereas the KN of the GREEN genotype

decreased with shading. This suggests that the KN of the GREEN
genotype was not directly regulated by the N status of the plants.

Interestingly, experimental conditions that decreased plant
growth during the lag phase [nn and N(N + S)] also decreased
DM partitioning to the ear (Figure 2). The decrease in DM
partitioning to the ear indicates that the sink capacity of
the generative plant organs was diminished relative to the
sink capacity of other plant organs, resulting in a further
reduction of assimilate flux to kernels. This indicates that
reduced source strength of the plants was not the only
mechanism decreasing kernel set under stress conditions. Under
low N and, to a lesser extent, under shading conditions, the
concentrations of sucrose in kernels were increased rather
than decreased (Figure 3E). Obviously, under these conditions,
the sink activity of kernels (ie., their ability to utilize
assimilates for growth and storage) was more depressed than
the assimilate supply. This suggestion of lower kernel sink
activity under stress conditions is further supported by the
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increase in the sucrose/total soluble carbohydrate ratio in
kernels (Figure 3). This ratio increase indicates that the kernels
have a lower sucrose cleavage capacity, which is a crucial
factor that determines the high sink activity of kernels. The
cleavage of sucrose to hexoses occurs mostly in the pedicel
and basal endosperm layer (Shannon, 1972), where apoplastic
invertases play a crucial role in establishment of sink strength
by maintaining a favorable sucrose concentration gradient
between the phloem sieve tubes and the apoplast (Zinselmeier
et al, 1999; McLaughlin and Boyer, 2004). A lower ability

to metabolize sucrose results in kernel abortion (Bihmidine
et al, 2013). The suggestion that plant growth and KN
under low N conditions were limited by assimilate utilization
(i.e., the sink strength) is also supported by the increased
accumulation of hexoses and sucrose in the stalks of GREEN
when cultivated at low N (nn) versus high N (NN) conditions
(Figures 3A,B).

The suggestion that KN and yield at low N supply are
controlled by sink activity rather than source activity is also
supported by other investigations. Field experiments on plants
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grown with different levels of N supply showed that N deficiency
increased carbohydrate concentration in the cob (Ning et al,
2018). In that study, N deficiency also increased the ratio of
sucrose to total soluble sugars in the apical cob section, where
kernel abortion usually occurs. The inhibition of carbohydrate
utilization in the kernels was ultimately responsible for feedback
inhibition of photosynthesis and of sugar export from leaves
under low N supply (Ning et al., 2018). Direct evidence
for sink limitation under low N conditions was obtained in
a study by Peng et al. (2013), who showed that sucrose

infusion into stem internodes in N deficient plants did not
increase ear growth.

Some evidence indicates that the low sink strength of ears
under N deficiency is related to hormonal signals that are
transported to or biosynthesized in the ear. Nitrogen deficiency
is associated with lower ear concentrations of IAA and GA
during the lag phase and low cytokinin levels at the end of
the lag phase, as well as increased concentrations of ABA (Yu
et al,, 2016). Interestingly, shading during the lag phase induced
kernel abortion and induced a similar modulation of hormonal
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balance, namely lower concentrations of stimulatory hormones,
such as IAA, GA and cytokinins, and higher concentration of the
inhibitory hormone ABA (Gao et al,, 2018).

Other investigations have indicated that ethylene might
play a key role in kernel abortion (Cheng and Lur, 1996).
A recent investigation on transgenic maize lines with reduced
ethylene biosynthesis showed higher KN under different stresses,
including shading and N deficiency (Habben et al., 2014). The
observations that different types of stresses induce the same
changes in hormonal composition in the ear, and that changes
in the same signaling pathway increase the yield under different
stresses, suggest the operation of a common mechanism for
the regulation of kernel set under stress conditions. In our
investigation, the observation that KN was higher in EFFI than
in GREEN under low N supply and under shading (Figure 6A)
further supports the assumption that a common mechanism,
involving signaling molecules, might regulate kernel set under
different environmental stresses.

In this context, the correlation observed between KN and DM
partitioning into the ear (Figure 7) might reflect a feedback loop,
whereby a decrease in source strength (assimilate availability)
under stress conditions modulates hormone transport to, or
hormone biosynthesis in, the ear, resulting in synchronization
of sink and source activities. A strategy to restrict kernel set
under unfavorable conditions can be seen as being advantageous
in maize evolution, as it ensures a sufficient weight and thus
amount of reserves in the remaining kernels to support seedling
establishment in the following generation. However, this strategy
brings no advantages to agriculturally cultivated crops, because
a restriction of KN, and thus, sink capacity under unfavorable
environmental conditions during the lag phase will strongly
decrease final yields.

In this respect, the EFFI genotype is interesting because it
was able to maintain a high KN in the first ear even under

unfavorable conditions. In this genotype, KN was not related to
ear or kernel traits related to assimilate supply to the ear (ear
growth during the lag phase, Figure 7A), to assimilate supply to
the individual kernels (ear growth per kernel, Figure 7B; total
sugar concentrations in kernels, Figure 7C), or to assimilate
utilization within the kernels (ratio of sucrose to total sugars in
kernels, Figure 7D). The higher KN in the nitrogen use efficient
EFFI genotype in comparison to the control GREEN genotype
under stress conditions was therefore not related to a higher
assimilate supply or to better assimilate utilization by the kernels
during the lag phase but was controlled by other plant traits.

Differences Between Genotypes in
Kernel Set Under N Deficiency Are

Related to Ear Morphology

The greater ability of EFFI than GREEN to maintain constant
KN under low N or shading (Figure 6A) might be related to
the differences observed in ear morphology at the beginning
of the lag phase (Figure 9). The ears of EFFI contained bigger
kernels at the apical part of the ear, resulting in a lower
gradient of kernel size along the rachis of the ear. This bigger
kernel size at the apical part of the ear might be related with
lower dominance of the basal kernels and increase the survival
rate of the apical kernels. A smaller kernel size shortly after
pollination is associated with a higher probability of kernel
abortion in the apical areas (Tollenaar and Daynard, 1978).
Moreover, the EFFI genotype, having a shorter ear, might have
a more synchronous pollination among silks, which could also
contribute to differences in dominance between the basal and
apical kernels. Indeed, a reduction in the number of florets per
ear should lead to a more uniform development within an ear
row and less abortion of apical kernels, as suggested previously
(Lafitte and Edmeades, 1995). Recently, genotypic differences
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were shown in the number of florets and the growth dynamic of
kernels at the early stages of cob development in maize, and these
differences were related to the capacity of different genotypes to
resist abiotic stresses by modulation of kernel abortion (Yan et al.,
2018). In that study, the genotype with a higher floret number had
a higher rate of kernel loss from the apical position, especially
under environmental stress (Yan et al., 2018). Thus, genotypes
with a moderate number of florets, but ones of equivalent size,
might have the advantages shown the EFFI genotype in our
investigation, and this trait could be considered a promising
plant characteristic for the selection of genotypes resistant to
stress conditions.

The lower kernel size gradient within the cob between apical
and basal kernel positions in EFFI in comparison to GREEN was
not related to carbohydrate supply to the kernels or to utilization
within the kernels (Figures 7A-D). Instead, the larger kernels at
the ear apex at the beginning of the lag phase (Figure 9) were
more resistant to abortion. Although no advantages were found
for carbohydrate utilization in kernels at the end of the lag phase,
EFFI had a higher carbohydrate utilization efficiency at the plant
level, as indicated by the lower concentration of carbohydrates in
the stalk (Figure 3 and Supplementary Table S2). This finding
indicates that genotypic differences that lead to more efficient
carbohydrate utilization in the stalk can also contribute to the
carbohydrate utilization efficiency at the plant level.

The data on N concentrations of different organs in the two
genotypes (Figure 4) did not indicate a greater ability of EFFI
than GREEN to utilize or redistribute accumulated N. Differences
between genotypes in N concentration were found only in the
stalk under high N (Table 3), indicating that GREEN might
have a higher capacity to accumulate N in the pre-silking stage.
This might be advantageous in buffering grain yield under post-
silking stress conditions (Nasielski et al., 2019). At the end of
the lag phase, EFFI had a lower N concentration in the roots
(Figure 4D and Supplementary Table S3), suggesting that the
N costs for root growth were lower in EFFI than in GREEN. The
lower N concentration in the roots was associated with a higher
DM partitioning to the roots, indicating that the more efficient
utilization of N for root growth might be an important trait that
contributes to the higher NUE of EFFIL.

Applying N 4 days before silking also allowed us to
address the question of whether the allocation to various
plant organs of the N taken up during the critical period
might contribute to more efficient N use. When compared
to GREEN, EFFI incorporated more of the N into the
roots and allocated less '°N to other vegetative organs, leaves,
and the stalk, as well as to the first ear (Table 4). The
partitioning of N shortly before silking should be considered
in the context of resource competition between the generative
organs and roots (Triboi and Triboi-Blondel, 2002). Thus, a
higher N investment into the roots might be an important
trait of EFFI, as it might contribute to greater root growth,
as indicated by the higher DM partitioning into the roots at
the end of the lag phase. It might be related to or associated
with an alteration in hormone synthesis (Takei et al., 2001),
which, in turn, could affect physiological responses in the
aboveground plant organs.

Ear Formation Is Induced by an

Unknown Signal

The other indication that unknown signaling molecules might
be involved in the regulation of KN per plant is the formation
of the second ear in the EFFI genotype following an abrupt
increase in N supply at silking (Figure 6A). We found that
this abrupt increase in N supply did not significantly modulate
plant growth during the lag phase (Figure 2A), indicating that
the formation of the second ear was not due to a greater
availability of photoassimilates. Interestingly, the formation of
the second ear was not typical for the same genotype in the field
(Paponov et al., 2005b) and might be related to the low plant
density and better N supply used in our hydroponic experiment.
The strong increase in sink capacity of the second ear in the
EFFI genotype was not associated with genotypic differences
in carbohydrate or N concentrations in this genotype when
compared with the GREEN genotype. Therefore, we assume that
the formation of a second ear was induced by application of
nitrate to the roots, which, in turn, stimulated the biosynthesis of
phytohormones affecting ear development. The role of hormones
in ear initiation has received almost no attention and requires
further investigation.

The positive response of the EFFI genotype to high N supply
during the lag phase makes this a promising genotype for
agronomic management with late N application, which could
substantially reduce the losses of applied N occurring through
leaching or denitrification, especially in agricultural areas with
excessive spring precipitation (Wang et al, 2016). Previous
research has generally found that late N application near the
critical stage had neither negative nor positive impacts on yield
when compared with early season application (Mueller et al.,
2017; Mueller and Vyn, 2018b). Interestingly, comparison of
modern and 20-year-old genotypes did not show any differences
between these two groups in terms of their efficiency at using
late applied N fertilizer or with respect to other physiological
differences, such as N allocation or DM distribution, among
the different organs during the critical period of kernel set
establishment (Mueller and Vyn, 2018a). Thus, the differences
found here between our two genotypes might be specifically
related to the focus of the breeding program, which aimed
at breeding genotypes capable of high yield under low N
supply conditions.

Potential KW Is Defined by N Flux per

Kernel

The potential KW is fixed at the end of the lag phase, when
the number of endosperm cells and the number of starch
granules per kernel is established (Jones et al., 1996). However,
whether the number of endosperm cells or the number of
starch granules is the more important trait that determines
the final KW is genotype dependent (Jones et al., 1996). Later,
kernel water dynamics have been used as an alternative and
easier way than determining endosperm cell number or number
of starch granules for estimating potential KW (Borras and
Westgate, 2006). The kernel water content at the end of the
lag phase provides an indirect estimate of kernel sink capacity
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(Borras and Gambin, 2010). The evidence that kernel water
content at the end of the lag phase is a good predictor of
potential KW has been validated by comparing kernel water
content with the final KW under optimal conditions during
grain filling for a wide range of genotypes and environmental
conditions (Borras and Westgate, 2006). Interestingly, for maize,
in most cases, the final KW is closely related with the potential
size established during the lag phase (Capitano et al., 1983;
Reddy and Daynard, 1983; Jones et al., 1996; Borras and
Westgate, 2006), so that further optimization of the growth
environment (for example, by reduction of plant density)
did not increase the final KW. Thus, if no stress conditions
occurred during grain filling, the potential kernel weight was
usually implemented as the final kernel weight during the
grain filling stage.

We cultivated our plants during the effective grain filling stage
under luxury conditions (nutrient solution culture with non-
limiting supplies of water and nutrients and low numbers of
plants m~2 ground area to ensure little mutual shading between
plants); therefore, we assume that no limitations for effective
grain filling existed and that the KW measured at the end of the
grain filling stage was very near to the potential KW. Methods
involving measurements at the end of the lag phase do not
directly measure potential KW; however, they are good predictors
of potential KW, as shown previous investigation (Jones et al.,
1985; Borras and Westgate, 2006). Nevertheless, the cultivation
of plants under luxury conditions during effective grain filling
provides a direct way to measure the potential KW, and a
direct method can be considered a more robust method for
potential KW evaluation.

The GREEN genotype represents an ideal model to study
the direct effect of N supply during the lag phase on potential
KW because this genotype does not change its KN in the first
ear (Figure 6A) in response to changes in N supply. This
allows a direct estimation of the effect of N on potential KW
in intact plants. Our hydroponic experiment with the abrupt
change in N supply showed that N could directly increase
the potential KW independent of carbohydrate availability.
The evidence for a direct regulation of potential KW by N
fluxes is that the abrupt increase in N supply during the
lag phase significantly increased the potential KW (Figure 6B
and Supplementary Table S5). We assume that this effect is
directly related to N and not to carbohydrate availability to
the kernels, because a 16-day abrupt change in the N supply
did not significantly change the plant biomass (Figure 2A)
but strongly increased the N concentration in plant tissues
(Figure 4). The close correlation between KW and the amount
of N flux per kernel further supports this assumption for both
genotypes (Figure 8).

Evidence for direct N effects on the potential KW was
also derived from an in vitro experiment with kernel explants
cultivated in media with varying combinations of N and
sucrose (Cazetta et al., 1999). The authors showed that external
N, but not sucrose, increased the kernel sink capacity, as
indicated by an increased number of cells and starch granules
in the endosperm. Numerous field experiments have also
shown that both KN and potential KW depend on assimilate

availability per kernel during the lag phase (Borras and
Westgate, 2006; Gambin et al., 2006, 2008; Severini et al,
2011). However, because of the close link between N and
carbohydrate metabolism, the specific effect of N on sink
capacity was not resolved. The abrupt change in N availability
in our experiment by cultivating plants in hydroponics and
shading during the lag phase allowed us to partially dissect
the N and carbohydrate fluxes in the plants and to obtain
additional indications that N can directly contribute to the
potential KW. These results are also supported by the recent
observation that a high rate of N increases the number
of endosperm cells realized during the lag phase and is
associated with the final kernel weights at maturity (Olmedo
Pico et al, 2019). This effect was stronger than the increase
in carbohydrate availability due to reduced plant density
(Olmedo Pico et al., 2019).

Compared to GREEN, EFFI had almost twice the number
of kernels per plant after the application of N to the nutrient
solution; this difference increases the challenge to elucidate
the direct effect of N on potential KW in this genotype.
Interestingly, for EFFI, the level of N supplied before silking
contributed to the potential KW (Figure 6B). This finding
that conditions before silking might affect KW agrees with
the consensus that the period 15 days before silking is
important for establishing the potential KW (Ordonez et al.,
2018). Suboptimal conditions before flowering affect the size
of the ovary in wheat, and the size of the ovary affects the
final KW (Calderini et al., 1999). However, in maize, the
effects of suboptimal conditions before silking require more
attention in the future.

CONCLUSION

The main finding of this work is that KN and potential KW
are regulated by different resources, despite their simultaneous
establishment. KN is regulated differently in genotypes that differ
in their ability to build grain yield at a low level of N supply.
For the standard GREEN genotype, transient shading or a low
pre-silking N supply significantly reduced KN, thereby showing a
close positive relationship between KN and carbohydrate flux to
the ear during the lag phase. The regulation of KN would ensure
that the kernels actually established are adequately supplied with
organic and inorganic nutrients during grain filling. This growth
strategy includes kernel abortion, which leads to fewer kernels
but produces kernels that have a better ability to support next-
generation seedlings with kernel-derived resources. By contrast,
the EFFI genotype, which was selected for its high NUE in
a breeding program (Prester] et al., 2002), was characterized
by its maintenance of a high KN in the first ear, even under
unfavorable N supply or shading conditions, indicating no
association between KN and carbohydrate flux to the ear during
the lag phase in this genotype. Moreover, under high N supply
during the lag phase, the EFFI genotype was able to build the
second ear, thereby almost doubling the KN. We assume that
this genotype has several advantages for sustainable agriculture
as it can build higher sink capacity under both favorable
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and unfavorable conditions during the lag phase; however, the
cultivation of this genotype increases the risk of ending up
with small reserves per kernel if growing conditions during
grain filling are unfavorable for sufficient resource supply. These
different genotypic responses to low N supply and shading
during critical kernel formation stages were related to genotypic
differences in ear morphology, as the efficient genotype had
bigger apical kernels, indicating a reduction in the usual
dominance of basal over apical kernels in the control genotype.
In contrast to KN, the regulation of potential KW appeared
to operate similarly in both contrasting genotypes, as KW was
related to the amount of N flux per kernel during the lag phase.
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