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ABSTRACT

In this study, the effects of sufficient and deficient soil N on the growth and physiology performance of maize
inbreds (B73, Mol7, Sids7 and Sids63) and hybrids (B73 x Mo17 and Sids7 x Sids63) were simultaneously

monitored. This was done at rapid growth phase to have better understanding of the inbred/hybrid growth and
physiological relationships. B73 and Sids7 maintained superior growth over Mol7 and Sids63. Their
superiority was associated with larger leaf area, lower SLA, high levels of photosynthetic pigment, sucrose,
ammonia-N, amino-N, total N and NUE under both N treatments. Hybrids surpassed their parental inbreds in

growth and leaf features under the same N rates. Sids7 x Sid63 had higher biomass and faster growth rate

than B73 x Mo17 and its superiority was associated with higher leaf area, smaller SLA and greater leaf N. N
limitation reduced growth and physiological components in all genotypes, although at significantly different
magnitudes. In contrast, limited N induced different levels of starch accumulation in all genotypes indicating

variable degrees of disruption of source-sink relationships. The improved growth of B73, Sids7 and the
hybrids under sufficient and limited N supply is shaped by a combination of larger leaf area, smaller SLA,
higher leaf N, efficient resource utilization, and maintaining proper source-sink relations.
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INTRODUCTION

Nitrogen (N) is a major limiting macro-nutrient for
maize growth and productivity. The recent
improvement in maize growth and productivity is
associated with consumption of huge amounts of N
fertilizers and genetic enhancement (Tollenaar and Lee,
2002; Han et al., 2015; Noor, 2017). The intensive use
of N fertilizers for maize production is neither
economic nor environmentally safe (Nazir et al., 2016).
Therefore, searching for N efficient maize inbreds and
hybrids that can maximize their growth and yield per
available N units in soil is critical for continuous
improvement of maize growth and productivity
(Mastrodomenico et al., 2018; Das et al., 2019).
Unfortunately, the physiological processes that shape
high plant N utilization efficiency at different growth
stages of many maize genotypes, particularly those of
commercial significance, are not fully understood.

Rapid growth phase is a central stage in maize
vegetative growth. During this stage, the fully
expanded leaves and the green parts of the newly
released leaves are photosynthetically active and
represent source tissues for photoassimilates necessary
for supporting the growth of sink tissues. The critical
developmental events associated with maize rapid
growth requires significant amount of N with more
than 35 % of total maize plant N is absorbed during
this stage. The absorbed N is quickly metabolized into
amino acids which are then used in synthesis of
structural proteins, enzymes, nucleic acids, chloro-
phylls, and many other non-protein nitrogenous
compounds necessary to drive the maize rapid growth
(Masclaux-Daubresse et al., 2010). The complex chain
of events in N metabolism is coordinated with photo-
synthetic carbon assimilation at both genetic and
physiological levels to maintain a balance between
vegetative growth and vyield (Schliter et al., 2012;
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Jiang et al., 2018). Disruption of such balance can
significantly alter maize growth, leaf features,
physiology and productivity as reported in Illinois
protein inbred lines that underwent long term selection
for high and low grain proteins (Moose et al., 2004).

Maize inbreds and hybrids differ significantly in
their N requirements as well as their efficiency in N
absorption and utilization at different developmental
stages (Chen et al., 2013; Xiang-ling et al., 2019). As a
result, the term Nitrogen Use Efficiency (NUE) has
been introduced to describe the translation of such
genotypic differences in N metabolism and related
processes into economic products such as biomass
accumulation and/or grain yield per unit N supplied
based on the growth stage under investigation (Worku
et al., 2007, Noor, 2017). Significant genetic variability
in NUE among maize inbreds and hybrids has been
reported and such diversity along with the complexity
of N metabolism have been major challenges of
production of N efficient maize hybrids that efficiently
absorb and utilize soil N (Hirel et al., 2007).

The genetic diversity in NUE among maize inbreds
has been the driving force for efforts for production of
N efficient maize hybrids. Recently, we have reported
significant natural variation in growth and physiology
among selected maize inbreds and hybrids without any
supplemental N input during early vegetative growth
(Ibraheem and EI- Ghareeb, 2019). However, limited
knowledge is available on the impact of such diversity
on growth, physiology and their related traits during
rapid growth phase. Therefore, the objectives of the
current study were to (1) assess the general and/or
genotype-specific growth and physiological responses
to sufficient and deficient N inputs in a set of important
parental inbred lines (B73, Mol17, Sids7 and Sids63)
and hybrids (B73 x Mol7 and Sids7 x Sids63), (2)
have a better understanding of how possible genotypic
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growth and physiological differences in inbreds would
be inherited into their single cross hybrids under
different N availability and (3) how such differences
among inbreds and hybrids relate to their NUE.

MATERIALS AND METHODS

Genetic stocks

Four maize inbreds of different origins (US lines;
B73 and Mo17 and Egyptian lines; Sids7 and Sids63)
and their hybrids (B73 x Mol17 and Sids7 x Sids63)
were used in this study. These genotypes were selected
because of their economic and scientific values in both
US and Egypt (Sharopova et al., 2002; Mousa et al.,
2017). The original B73 and Mo17 seeds were obtained
from Dr. Stephen Moose at the University of Illinois,
USA. Enough inbred and hybrid seeds were produced
by the authors via selfing and crossing the selected
inbreds, respectively.

Field site and experimental design

The experimental field was divided into four main
plots: two for inbreds and two for hybrids. Plots used
had 3 m long rows that were 50 cm apart. Each plot
was sectioned into subplots of four rows for each
inbred and eight rows for each hybrid. Seeds were
sown with a 25 cm between hills. At V2 stage, plants
were thinned to one plant per hill and irrigation was
applied once a week. Each genotype received two
rates of N fertilizers: high N (120 kg N/faddan,
equivalent to 285.7 kg N ha') and low N (30 kg
N/faddan equivalent to 71.4 kg N ha™). The fertilizer
was applied down the center of the row as ammonium
nitrate at 25 days after sowing (DAS). Plant samples
were harvested at 45 days and processed for
downstream analyses.

Growth analysis

Measurements of growth parameters were carried
out using ten randomly selected plants per maize
genotype. Plant heights were measured from soil
surface to the tip of the most recent extending leaf from
the whorl using a measuring tape. Numbers of leaves
with visible collars on each plant were recorded. Leaf
features were monitored on the uppermost fully
expanded leaf with a visible collar. Leaf length and
breadth were determined using a measuring tape and
the leaf area was determined according to Hunt et al.,
(1978). Specific leaf area (SLA, cm®g™ leaf weight) for
each plant was calculated as described by Zhang et al.,
(2015).

Biomass accumulation in leaves and aboveground
plant parts and crop growth rate (CGR) were measured
using six representative plants. The laminas of all
leaves from each plant were separated and that of the
uppermost fully extended leaf from each plant was
labeled. The plant materials were then dried in an
electric oven at 80 °C for 72 hours and the dry weights
were determined using a sensitive digital balance. CGR
(g/day) was measured over a 20-day long period (25
DAS-45DAS) using biomass accumulation data at both
time points according to Beadle (1987).
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Physiological analysis

Physiological analyses were carried on the same set
of plants that were used in monitoring biomass
accumulation to correlate the obtained biomass data
with the physiological status of the leaf.

Extraction and estimation of photosynthetic pigment

Known weights from comparable locations on both
sides of the midrib of the middle part of the uppermost
fully expanded leaf were extracted in 80% acetone. The
levels of chlorophyll a (Chl a), chlorophyll b (Chl b)
and carotenoids (Cars) were determined spectro-
photometrically and expressed as mg/g fresh weight
(Metzner et al., 1965).

Extraction and estimation of carbohydrates

Known weights of dry leaf tissues were extracted in
80% ethyl alcohol and the alcoholic extracts were used
for analysis of sucrose using anthrone reagent (Handel,
1968). Sugar-free residues were dried and used for
determination of starch content according to
Thayennanavan and Sadasivam (1984).

Extraction and estimation of nitrogenous cons-
tituents

Known weights of dry leaf tissues were ground in
distilled water according to Yemm and Willis (1956).
The levels of ammonia-N and amino-N were
determined spectrophotometrically by Nessler's reagent
and ninhydrin as described by Naguib (1964) and
Muting and Kaiser, (1963); respectively. Total nitrogen
was determined directly in the powdered tissues by
Kjeldahl method (Chinbal et al., 1943).

Statistical analysis

Data were statistically analyzed using COHORT/
COSTAT program (798 Lighthouse Ave. PMB 329,
Monterey, CA, 93940, USA). The least significant
difference (LSD) test was used to compare means with
significance level at P < 0.05.

RESULTS

Effect of sufficient and deficient N application on
growth of inbreds and hybrids

Plant height

Both inbreds and hybrids differed significantly in
their plant heights under sufficient and limited N
supply (figure. 1A). Under both N rates, B73 plants
were the tallest whereas Sids63 were the shortest
among inbreds. Sids7 and Mol17 showed intermediate
plant heights with Sids7 being significantly taller than
Mo17. In hybrids, B73 x Mo17 exhibited significantly
taller plants than Sids7 x Sids63 under both N rates.
Compared to inbreds, B73 x Mol17 had taller plants
than its better parent (B73) under high N supply,
however its height was within the range of its parents
under low N. Sids7 x Sids63 plants had intermediate
values to those of its parental inbreds under both N
rates. Compared to high N input, N deprivation
significantly reduced plant heights in inbreds and
hybrids. In inbreds, low N- induced height reduction of
-10%, -17%, -13% and -19.48% were obtained in B73,



Responses of maize inbreds and hybrids to nitrogen levels

Mo17, Sids7, and Sids63, respectively. In hybrids, the
limited N-induced reduction in plant heights was
29.38% in B73 x Mol7 and -15.10% in Sids7 x
Sids63.

Leaves number per plant

Figure 1B shows the effects of both genotypic and
soil N availability on the number of leaves per plant in
the tested genotypes under sufficient and deficient soil
N at the rapid growth phase. Our data revealed neither
genotypic difference nor N supply influence on the
number of leaves per plant in the tested inbreds and
hybrids.

Leaf area

Figure 1C reveals significant differences (p< 0.05)
in leaf area among most of the tested inbreds under
both N rates. Under high N, Sids7 had the largest leaf
area whereas Mol7 maintained the smallest among
inbreds. Sids63 and B73 had relatively similar
intermediate leaf area. Under N-deficient, Sids63,
Sids7, and B73 tended to have relatively similar leaf
area that was significantly higher than that of Mol7.
Compared to inbreds, both hybrids had significantly
larger leaf area under adequate and limited-N inputs.

Sids7 x Sids63 had significantly larger leaf area than
those of B73 x Mol17 under adequate and limited-N
treatments. Limited-N significantly reduced leaf area in
all inbreds and hybrids; however, the magnitude of
such low N-induced reduction varied significantly
among genotypes.

In inbreds, the percentages of reductions in the leaf
area were -17.99%, -18.97%, -40.98% and -14.06% in
B73, Mo17, Sids7, and Sids6, respectively. In hybrids,
the limited-N induced reductions were -24.18% and -
26.65% in B73 x Mol7 and Sids7 x Sids63,
respectively.

Biomass accumulation in leaves and aboveground
parts

Our results revealed significant differences in leaves
biomass among most of the tested inbreds and hybrids
(figure 2a). Under high N, B73 and Sids7 accumulated
the highest leaves biomass without significant
difference between the two inbreds. Sids63 has
significantly higher leaves biomass than Mol17. Under
low N, B73 and Mol7 attained the highest and the
lowest leaves biomass among inbreds, respectively.

200 7 (a) OLowN @EHigh N a
-
E 150 |
A
=
=
= 100 -
E]
-
H
= 50 4
o
B1? Mol sidsT gids 63 “ﬁﬂv\uﬂ 51657"3“!563
®B) OLowN HEHigh N
10
4 8
o
=
S 6
-
El 4
-
7z
2
o
B2 o7 Gids © 7 Mol
1000
9200
800
&
g 700
< 600
S s00
ot
S 400
=
S 300
= 200
100
0-

Genotypes

Figure (1): Plant morphological traits of maize inbreds and hybrids at 45 days grown under low and high N
input levels, (A) Plant height; (B) Numbers of leaves; (C) Leaf area. Bars with different letters are
significantly different (p< 0.05). Standard errors are not shown when they are small than the bar line. Values

are means =+ standard error.
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Sids7 and Sids63 showed intermediate levels of leaves
biomass without significant difference in-between.
Compared to inbred, Sids7 x Sids63 accumulated 2.1
and 2.8 fold higher biomass in its leaves than its better
parent (Sids7) under high and low N rates, respe-
ctively. On the other hand, B73 x Mo17 had relatively
similar leaf biomass compared to its better parent
(B73) grown under both N rates. Meanwhile, inbred
Sids7 x Sids63 recorded approximately two folds
higher biomass accumulation, in its leaves, than
genotype B73 x Mol7. Decreasing N input signify-
cantly reduced leaves biomass in all genotypes. Such
low N-elicited reduction, in accumulative leaf biomass,
reported -20.59%, -10.28%, -45.14%,-16.47% for B73,
Mol7, Sids7, and Sids63, respectively. In hybrids, the
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percentages of reductions in both genotypes, B73 x
Mo17 and Sids7 x Sids63, were -19.77% and -26.0%,
respectively.

Figure 2b showed that the four inbred lines
maintained the same statistics relations
(B73>Sids7>Mo017>Sids63) under both N rates. In
hybrids, B73 x Mol7 plants tended to have
aboveground biomass similar to its better parent (B73)
under high N and to its mid-parent under low N. Sids7
x Sids63 plants accumulated 2.3 and 2 folds higher
aboveground biomass than its better parent (Sids7)
under deficient and sufficient N fertilization rates,
respectively. Also, Sids7 x Sids63 accumulated two
folds higher aboveground biomass than B73 x Mol7
under both N rates.
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Figure (2): Biomass accumulation in leaves and aboveground parts of maize, inbreds and
hybrids, harvested at 45 days of planting and grown under low and high N input levels. (A)
Leaves biomass accumulation; (B), Above ground biomass accumulation. Bars with different
letters are significantly different (p< 0.05). Values are means + standard error.

Specific leaf area (SLA)

SLA significantly changed among most of the tested
inbreds under both N rates (figure 3A). Under high N,
Sids63 and Mol7 had the highest SLA without
significant differences in-between. Sids7 exhibited
significantly higher SLA than B73. Under low N,
Sids63 and B73 had the highest and lowest SLA among
inbreds, respectively. Sids7 and Mo17 had intermediate
SLA without significant difference between both
inbreds. Compared to their parents, B73 x Mol7 had
SLA similar to its higher parent (Mol7) under
sufficient and deficient N conditions whereas Sids7 x
Sids63 had significantly lower SLA than its lower
parent (Sids7). Also, B73 x Mo17 had about two folds
higher SLA than Sids7 x Sids63. Compared to high N
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trial, low N induced either insignificant change (B73,
Sids63, and Sids7) or significant decrease (Mol7) in
SLA. However, in hybrids, decreasing N application
did not influence SLA.

Crop growth rate (CGR)

Significant genotypic differences in CGR were
observed under adequate and limited N fertilization
(figure 3B). Under adequate N, B73 followed by Sids7
showed significantly higher CGR than the other two
inbreds. Mo17 exhibited significantly higher CGR than
Sids63. Under limited N, B73, Sids7, and Mol7 had
relatively similar CGR records whereas sids63
maintained the lowest CGR among inbreds. Compared
to inbreds, B73 x Mo17 had similar CGR to its lower
parent (Mol7) under both N rates whereas Sids7 x
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Sids63 had significantly higher CGR than its better
parent (Sids7). Sids7 x Sids63 had more than two folds
higher CGR than B73 x Mo17 under both N rates. N-
deprivation resulted in -30%, -20.6%, -29%, and -37%
decrease in CGR in B73, Mol7, Sids7, and Sids63,
respectively. In hybrids, N-limitation caused -33.42%
reduction in Sids7 x Sids63 compared to -50.23% in
B73 x Mo17.
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Figure (3): Specific leaf area and growth rate of maize, inbreds and
hybrids, harvested at 45 days of planting and grown under low and
high N inputs. (A), Specific leaf area, SLA; (B), Crop growth rate,
CGR. Bars with different letters are significantly different (p<
0.05). Values are means + standard error.

Physiological responses
Photosynthetic pigment

Chlorophyll a: Data represented in figure 4A
indicated significant genotypic differences in Chl
content in response to N availability. B73 and Mol7
leaves contained the highest level of Chl a grown under
both N levels. However, B73 recorded significantly
higher Chl a content than Mol7 only when grown
under high N. Sids7 and Sids63 leaves had relatively
similar level of Chl a under both N rates. Compared to
their parental inbreds, B73 x Mol7 leaves had Chl a
content at a level similar to or lower than its lower
parent (Mol7) grown under both high and low N,
respectively. In contrast, Sids7 x Sids63 leaves had
significantly higher Chl a than its higher parent (B73)
under both N rates. The two hybrids had similar level
of Chl a grown under both N rates. Compared to high
N, low N level decreased Chl content in all tested
genotypes. The low N-induced reductions in Chl a and
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recorded -10.82%, -6.35%, -30.17% and -13.26% for
B73, Mol7, Sids7, and Sids63, respectively. In
hybrids, low N level induced -23.1% and -18.44%
reductions in Chl a for B73 x Mol7 and Sids7 x
Sids63, respectively.

Chlorophyll b: The tested inbreds showed relatively
similar responses to those of Chl a under both N rates
(figuredb). Compared to inbreds, both hybrids had
significantly higher level of Chl b than their better
parents under both N rates. In addition, the level of Chl
b in B73 x Mol7 leaves surpassed that in Sids7 x
Sids63 under sufficient and deficient N supply.
Relative to sufficient N, limited N decreased Chl b in
all genotypes. Such reductions were -22.1%, 0.0%, -
21.54%, and 0.0% in B73, Mol7, Sids7, and Sids63,
respectively. In hybrids, the low N-induced reductions
in B73 x Mo17 and Sids7 x Sids63 were -22.18% and -
15.78%, respectively.

Carotenoids

Figure 4C revealed that the American lines (B73
and Mo17) had significantly higher level of carotenoid
than the Egyptian lines (Sids7 and Sids63) at both N
rates without significant difference between members
of each pair. Both hybrids contained carotenoids at
relatively similar levels to those of their parents under
both N rates. B73 x Mo17 accumulated a significantly
higher level of carotenoids than Sids7 x Sids63 under
both N rates. N-limitation did not induce significant
(p< 0.05) changes in the level of carotenoids in leaves
of the tested genotypes.

Carbohydrates

Sucrose

Under high N, B73 and Mo17 contained the highest
and the lowest sucrose levels, respectively among
inbreds (figure 5a). Sids7 and Sids63 leaves contained
intermediate levels of sucrose without significant
difference in-between. Under low N, Mol7 leaves
maintained the lowest sucrose level whereas the rest of
inbreds had relatively similar levels of sucrose in their
leaves. B73 x Mol7 leaves contained sucrose level
similar to its better parent (B73) whereas Sids7 x
Sids63 has sucrose at a relatively similar level to that
of its parent (Sids7) under sufficient N. Under N-limit-
ation, B73 x Mo17 leaves had a higher sucrose content
than its parents whereas Sids7 x Sids63 leaves had
relatively similar sucrose to its better parent (Sids7).
Both hybrids contained relatively similar sucrose levels
in their leaves under both N rates. N-limitation
significantly (p< 0.05) reduced sucrose content in
leaves of all genotypes. The N-induced reductions in
sucrose concentration were -33.45%, -16.25%, -
23.25% and -28.76% in B73, Mo17, Sids7, and Sids63,
respectively. In hybrids, the low N-induced reductions
were -22.03% and -25.88% in B73 x Mo17 and Sids7
x Sids63, respectively.

Total soluble sugars (TSS)

Under high N, B73 leaves had the highest level of
TSS, while Mo17 had the lowest TSS level (figure 5B).
Leaves of genotype Side 7 and Sids63 showed showed
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Figure 4. Photosynthetic pigment of maize, inbreds and hybrids, harvested at 45 days of planting and grown under low and high
N input levels. (A), Chlorophyll a content (Chl a); (B), Chlorophyll b content (Chl b); (C), Carotenoid content. Bars with
different letters are significantly different (p<0.05). Values are means =+ standard error.

an intermediate levels of TSS without significant
difference in-between. Under low N, Sids7 leaves had
the highest level of TSS whereas the rest of inbreds had
similar TSS content. Compared to inbreds, B73 x
Mol7 leaves had significantly higher TSS than its
better parent (B73) and both parents under high and
low N respectively. Sids7 x Sids63 leaves contained
similar TSS to its parents under high N and equal to its
better parent (Sids7) under low N. B73 x Mol7 had
significantly higher TSS than Sids7 x Sids63 under
high N supply, however both hybrids had similar TSS
level under low N. Decreasing N supply caused
significant reductions in TSS content in all genotypes.
Such reductions were -32.75% (B73), -16.35%
(M017&Sids7) and -22.25% (Sids63). The low N-
induced reductions, in B73 x Mo17 and Sids7 x Sids63
were - 24.78% and -19.59%.
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Starch content

Figure 5C illustrated that B73 and Sids7 recorded
about two folds higher starch content, in their leaves,
than those of Mol7 and Sids63. However, no
significant differences, between members of each pair
under both N rates, were reported. Compared to
inbreds, B73 x Mo17 contained similar level of starch
content to its lower parent (Mol7) under studied N
rates whereas Sids7 x Sids63 tended to have an
intermediate level of starch to those of its parents. Both
hybrids had similar level of starch content under
studied N rates. Interestingly, N-limitation significantly
(p< 0.05) increased starch content in leaves of all
genotypes. The low N-induced increases in inbreds
were 90.9%, 150%, 78.3%, and 280% in B73, Mol7,
Sids7, and Sids63, respectively. In hybrids, such low
N-induced starch N-induced starch accumulations
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werel50% in B73 x Mol7 and 52.8% for genotype
Sids7 x Sids63.

Nitrogenous constituents
Ammonia-N

Under sufficient N, B73 leaves had the highest
ammonia-N level among inbreds (figure 6A). The other
inbreds had relatively similar levels of ammonia-N in
their leaves. Under N-deficient, B73 and Mol7 leaves
had the highest and the lowest ammonia-N,
respectively. Sids7 and Sids63 had intermediate
ammonia-N with Sids7 having higher level than
Sids63. Compared to inbreds, B73 x Mol7 leaves had
intermediate level of ammonia-N to that of its parents
under both N conditions. Sids7 x Sids63 leaves had
lower ammonia-N than its parents under sufficient N to
inbreds, B73 x Mol7 leaves had similar levels of

amino-N to its parents whereas Sids7 x Sids63 leaves
had significantly lower amino-N than its parents under
both N rates. B73 x Mo17 showed significantly higher
concentration of amino-N than Sids7 x Sids63 under
high N whereas no significant difference was observed
between both hybrids under N limitation. N deprivation
reduced amino-N in all genotypes except Sids7. Such
reductions were -19.12%, -40.32%, -1.67%, and -
30.0% in B73, Mo17, Sids7, and Sids63, respectively
in inbreds whereas the reductions were -32.06% in B73
x Mol7 and 21.85% in Sids7 x Sids63. B73 x Mol7
showed significantly higher concentration of amino-N
than Sids7 x Sids63 under high N whereas no
significant difference was observed between both
hybrids under N limitation. N deprivation reduced
amino-N in all genotypes except Sids7. Such
reductions were -19.12%, -40.32%, -1.67%, and 30.0%
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Figure (5): Carbohydrate content of maize, inbreds and hybrids, harvested at 45 days of planting and grown under
low and high N input levels. (A), Sucrose content; (B), Total soluble sugars (TSS); (C), Starch content. Bars
with different letters are significantly different (p< 0.05). Data are in means +SE.
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for B73, Mol7, Sids7, and Sids63, respectively in
inbreds whereas the reductions were -32.06% in B73 x
Mo17 and 21.85% in Sids7 x Sids63.

Total Nitrogen content

B73 and Sids7 leaves had relatively similar level of
total N that was significantly higher than Sids63. Mo17
had the lowest total N in its leaves among inbreds
under sufficient N (figure 6C). Under N limitation,
Sids7 followed by B73 had significantly higher total N
content in their leaves than Sids63 and Mol7 without
significant different between the latter inbreds. In
comparison to inbreds, B73 x Mol7 had total N
content either similar to or lower than that of its better
parent (B73) under studied high and low N level,
respectively. However, Sids7 x Sids63 surpassed its
better parent (Sids7) in total N contentunder both N
rates. N deficiency significantly reduced total-N in all
genotypes. Such reductions were -35.12%, -6.34%, -
10.48%, and -37.99% in B73, Mo17, Sids7 and Sids63,
respectively. In hybrids, the percentage of such
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reductions was -27.28% in B73 x Mol17 and -33.27%
in Sids7 x Sids63.

Nitrogen use efficiency (NUE)

NUE significantly differed (p< 0.05) among tested
genotypes in response to contrasting N input levels
(figure 7). Under high N, B73, and Sids7 tended to
have higher NUE than Mol7 and Sids63 with a
significant difference between the later inbreds. Under
low N, the differences were more distinct among all
inbreds. Meanwhile, genotype B73 followed by Sids7
had significantly higher NUE than those of Mo17 and
Sids63.

In hybrids, Sids7 x Sids63 had similar NUE to its
better parent (B73) and its mid-parent under high and
low N respectively. Sids7 x Sids63 had more than two
folds higher NUE than its better parent (Sids7) under
both N treatment. Also, Sids7 x Sids63 had two folds
higher NUE than B73 x MO17 under both N inputs. In
general, NUE increased with N deprivation in all
genotypes.
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Figure (6): Measured nitrogen content in leaves of maize, inbreds and hybrids, harvested at 45 days of
planting and grown under low and high N input levels. (A), Ammonia-N; (B), Amino-N; (C), Total
nitrogen (TN). Bars with different letters are significantly different (p< 0.05). Values are means + standard

error.
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Figure (7): NUE of maize inbreds and hybrids at 45 days of planting
and grown under low and high N input levels. Bars with different
letters are significantly different (p< 0.05). Values are means *
standard error.

DISCUSSION

To gain insights into the "cross-talk" between
genetic constitution and physiological processes under-
lying maize growth in response to sufficient and
deficient soil N, the growth and physiological respon-
ses in selected maize, inbreds and hybrids, at the
critical rapid growth phase (45 days after planting)
were simultaneously tested and compared.

Morpho-physiological responses of tested genotypes
to N input levels

Our growth analysis revealed that the N
fertilization and genotypic had significant effects (p<
0.05) on the tested morph-physiological traits (figures.
1-3). Biomass accumulation and CGR are considered
the best indicators on growth efficiency under various
environmental conditions (Catchpole and Wheele,
1992; Chen et al., 2018). B73 and Sids7 were more
efficient in biomass accumulation than Mol7 and
Sid63 when grown under sufficient and limited N
supply (figure 2A and B). Such superiority was
associated with low SLA (figure3A) which is a good
indicator for the photosynthetic efficiency of leaf area
unit in biomass production. Therefore, the lower SLA
in B73 and Sids7 suggests that these two inbreds would
have more efficient photosynthetic capacity and conse-
quently higher CGR than Mo17 and Sids63 under the
same N input levels.

CGR data through 20-day long period (25 - 45 days
after planting) supported such a hypothesis and
indicated that B73 and Sids7 plants had faster growth
rates under high and low N treatments (figure 3b).
Altogether, the data of growth analysis suggest that
B73 and Sids7 are more efficient in managing growth
under sufficient and deficient soil N than other inbreds.
Such pronounced efficiencies are most likely supported
by physiological and/or genetic machineries that favor
efficient resource utilization for better growth under
adequate and limited N supply (see below).

Physiological heterogeneity in C, N constituents,
and NUE

To gain insights into the physiological mechanisms
that operate in green leaves and might stand behind the
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improved biomass accumulation in B73 and Sids7, key
components in carbon and N metabolism in the leaves
were monitored. This is particularly important during
vegetative growth where biomass accumulation
depends mainly on the efficiency of C and N
assimilation and the coordination in-between (Schliter
et al.,, 2012; Jiang et al., 2018). The physiological
analysis revealed important points. First, B73 and
Sids7 contained significantly higher concentration of
sucrose, as the main non-structural component in sugar
pool in their leaves than Mo17 and Sids63 under both
N rates (figure 5a). Second, B73 and Sids7 also
accumulated more than two folds higher starch as the
main temporary storage carbohydrate fraction in their
leaves than the other two inbreds (figure 5c). Third,
B73 and Sids7 contained significantly higher leaf N
and NUE than Mo17 and Sids63 under both N rates.
These findings reflect effective coordination between C
and N metabolism in the superior inbreds to secure
resources required for the greater plant biomass and
rapid growth in B73 and Sids7. Carbon metabolism
provides C required for building carbon skeleton of
amino acids necessary for protein biosynthesis. Then
proteins, particularly those involved in light harvesting
and Calvin cycle, drive efficient photosynthetic
capacity in B73 and Sids7. Consistent with that, a
strong relation between leaf N, amount of components
per unit leaf area, and net photosynthetic rate has been
reported in maize, wheat, rice and sugarcane (Makino
et al., 1988; Lawlor et al., 2001, Bassi et al., 2018).
Further, the higher biomass accumulation of Sids7 x
Sids63, relative to B73 x Mol7, was also associated
with higher leaf N and consequently higher
photosynthetic rates under sufficient and limited N
rates.

Growth and physiological responses in hybrid vs.
inbreds

The growth analysis also revealed that both B73 x
Mo17 and Sids7 x Sids63 gained advantages over their
parental inbreds in most growth and leaf features under
both N rates (figure 1-3). Such vigorous growth of
hybrids, is attributed to the heterosis phenomenon
where growth traits-favoring loci are accumulated and
the suppressive ones are complemented (dominance
hypothesis) in hybrids. Also, hybrids have the trait-
controlling loci in a heterozygous state which usually
has more positive effects on the trait records than those
in the homozygous state in inbreds (over dominance
hypothesis) (Reif et al., 2005; Hochholdinger and
Baldauf, 2018). Physiologically, the superior growth of
hybrids over inbreds has been attributed to alterations
in enzyme activity, protein metabolism, energy use,
mitochondrial ~ metabolism,  metabolic  balance,
circadian clock functions, carbon fixation, phyto-
hormonal level (particularly GA) and cell cycle
progression in inbreds and hybrids (Goff, 2010; Ng et
al., 2014; Ko et al., 2016).

Sids7 x Sid63 was more efficient in biomass
accumulation and grew faster than B73 x Mol7. Its
biomass accumulation was about 1.86 and 1.90 folds
greater than that of B73 x Mo17 (figure 2B) whereas
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its crop growth rate was 2.7 and 4 folds higher than
B73 x Mol7 under sufficient and limited N rates,
respectively (figure 2B). Such growth superiority of
Sids7 x Sid63 was associated with significantly lower
SLA (figure3A) and thus higher photosynthetic
capacity of leaf unit area for biomass production
(Poorter et al.,, 2012). The physiological analysis
revealed that, except the superiority of Sids7 x Sid63 in
leaf N (figure 6c), the two hybrids had relatively
similar levels of Chl a, sucrose, and starch in their
leaves (figure 4A, figure 5A, B and C). Therefore, the
growth superiority of Sids7 x Sid63 over B73 x Mol7
can be attributed, in part, to its higher leaf area (figure
1C) and greater leaf N (figure 6C). Its higher leaf area
increases the efficiency of light capturing whereas
higher leaf N increases the availability of substrates
necessary for synthesis of Rubisco and other proteins
related to light harvesting, CO, assimilation, and
chloroplast structure/integrity and the overall photo-
synthetic rate (Pommel et al., 2006). Consequently,
more photo assimilates are produced which then drive
greater biomass accumulation and enhanced CGR in
Sids7 x Sid63. This hypothesis is supported by the
lower SLA of Sids7 x Sid63 compared to B73 x Mo17.
The similar records of the above mentioned physio-
logical traits in the two hybrids suggest that the Sids7 x
Sid63 has stronger sink tissues than B73 x Mol7
otherwise its higher photosynthetic capacity would
have triggered starch accumulation. Further, the lower
starch accumulation in both hybrids, relative to their
better inbred parents, also suggest stronger sink in
hybrids than inbreds.

Differential tolerance against N limitation in both
inbreds and hybrids

N deprivation induced a general reduction in
growth, biomass accumulation, CGR, photosynthetic
pigment, N content, and photosynthetic capacity
(indirectly implied by sucrose, TSS, and starch
measurements), relative to adequate N application.
These results are consistent with many previous studies
using open-pollinated maize cultivars (Do Amaral et
al., 2018) and hybrids (Qahar and Ahmed, 2016). The
general suppressive effects of limited N reflect the
well-known biological significance of N for plant
growth and development. Such inhibitory effects of N
deprivation occur via alterations in critical
physiological processes such as reduction in nitrate and
amino acid metabolism as well as down-regulation of
carbon metabolism-related transcripts (Schluter et al.,
2012). Regardless the above general reduction in
growth traits, the tested inbreds differed in their
sensitivity to low N-induced reduction. To judge such
differential genotypic sensitivity to limited N supply,
we used biomass accumulation records as a reliable
indicator of the output of spatial and temporal
coordination among all plant processes. Accordingly,
the tested inbred had the statistical relationships;
Mo17>Sids7>B73>Sids63  with  low-N induced
reductions in biomass accumulation of -17.97, -21.94, -
22.25, and -24.57%, respectively. In hybrids, Sids7 x
Sids63 was relatively tolerant against N limitation than
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B73 x Mol17 with biomass reduction of 28.07% and
30.58%, respectively. Therefore the higher records of
B73 and Sids7 under low N treatment do not
necessarily mean that they are more tolerant against N
deficiency but rather indicate that B73 and Sids7 have
higher genetic potential for growth under both N rates
than Mo17 and Sids6. In hybrids, the relation seems to
be more straightforward where Sids7 x Sids63
maintained higher biomass accumulation under both N
rate as well as relatively high tolerance against N
limitation than B73 x Mo17.

Unlike the above general suppressive effects of
limited N supply on metabolite responses, it induced
significant accumulation of starch in green leaves in all
inbreds and hybrids (figure 5b). Interestingly, B73 and
Sids7  maintained their superiority in starch
accumulation in their leaves over other inbreds and
even hybrids. Similar results have been reported in
maize (Schliter et al., 2012; Peng et al., 2014; Ning et
al., 2018), tobacco (Paul and Driscoll, 1997) and
Arabidopsis (Bi et al., 2007). A possible explanation of
starch responses in the current study could be that,
under high N treatment, maize plants maintain proper
source/sink relationships where they grow vigorously
and develop strong sinks that can effectively
accommodate photo assimilates to support and sustain
their vigorous growth (figures. 1-3). On the other hand,
N limitation disrupts the source/sink balance via
retardation of the overall plant growth and young ear
development and thus reduces sink's strength (Hirel et
al., 2005; Schluter et al., 2012). Consequently, a
significant part of photo assimilates is temporally
stored as starch which leads to direct feedback
inhibition of photosynthesis in leaves (lglesias et al.,
2002; Schluter et al., 2012). Such starch-driven
feedback inhibition of photosynthesis partially explains
the low N-induced reduction in photosynthetic carbon
assimilation-related components such as photosynthetic
pigment (figure 4A and B), sucrose, and TSS (figure
5A and B). The significantly lower starch concen-
tration in hybrids, relative to B73 and Mol7, indicate
that hybrids have stronger sink than inbreds and thus
accommodate more photo assimilates. In fact, it has
been reported that hybrids maintain proper source/sink
relationships than inbreds under sufficient and limited
N supply (Hisse et al., 2019).

CONCLUSION

The current study demonstrated significant
heterogeneity in growth and physiological response in
the tested inbreds and hybrids under sufficient and
deficient N rates. Such heterogeneity indicates that the
potential exists for genetic improvement in NUE in
elite maize inbreds and hybrids. The inbred lines B73
and Sids7 seem to have higher genetic potential than
the rest of inbreds under sufficient and deficient N
rates. Such high genetic potential enables B73 and
Sids7 to employ more efficient strategies to effectively
utilize N for better growth under sufficient and limited
N supply. Mol7 and Sids63 are the two extremes in
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tolerance against N limitation whereas Sids7 and B73
showed relatively similar intermediate capability to
tolerate N limitation. This highlights the significance of
the tested inbreds in maize breeding programs.
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