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Abstract: Breeding for nitrogen use efficiency (NUE) is important to deal with food insecurity and its
effect on grain quality, particularly protein. A total of 1679 hybrids were evaluated in 16 different
trials for grain yield (GY), grain quality traits (protein, starch and oil content) and kernel weight
(KW) under optimum and managed low soil nitrogen fields in Kiboko, Kenya, from 2011 to 2014.
The objectives of our study were to understand (i) the effect of low soil N stress on GY and quality
traits, (ii) the relationship between GY and quality traits under each soil management condition and
(iii) the relationship of traits with low-N versus optimum conditions. From the results, we observed
the negative effects of low N on GY, KW and the percentage of protein content, and a positive effect
on the percentage of starch content. The correlation between GY and all quality traits was very weak
under both soil N conditions. GY had a strong relationship with KW under both optimum and low
soil N conditions. Protein and starch content was significantly negative under both optimum and
low-N conditions. There was no clear relationship among quality traits under optimum and low N,
except for oil content. Therefore, it seems feasible to simultaneously improve GY along with quality
traits under both optimum and low-N conditions, except for oil content. However, the negative trend
observed between GY (starch) and protein content suggests the need for the regular monitoring of
protein and starch content to identify varieties that combine both high GY and acceptable quality.
Finally, we recommend further research with a few tropical maize genotypes contrasting for NUE to
understand the relationship between the change in grain quality and NUE under low-N conditions.

Keywords: NUE; grain yield; protein content; oil content; starch content; correlation; kernel weight;
low N

1. Introduction

Maize is a staple food in sub-Saharan Africa (SSA) where it is the primary source of
daily calorie and protein intake for more than 80 percent of the population [1]. In SSA, a
total of more than 43 million hectares (ha) of arable land was devoted to maize production,
from which only 90 million metric tons (t) of grain was harvested in 2020 [2]. The average
productivity of the crop (2 t/ha) in the region, is far below the world average (6 t/ha),
partly due to the limited use of production inputs (e.g., N fertilizers) by small-scale farmers
who cannot afford them [3,4]. Average fertilizer application in the world is 137 kg per
ha, whereas in SSA, it is estimated to be less than 8 kg per ha, the lowest of any region
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in the world [4,5]. Among all nutrients, N is considered to be the most limiting in crop
production [6]. Although Africa accounts for almost 20% of global land area under maize
cultivation, it accounts only for less than 4% of N fertilizer application [2].

Due to the high cost of fertilizers, the trend in the current use of chemical fertilizers
by resource-poor farmers in SSA is less likely to show significant change in the short
term. Improved agronomic practices and the development of nitrogen use efficiency (NUE)
varieties, which are efficient in capturing and utilizing the limited quantities of the applied
fertilizers, may play a vital role in improving the productivity of maize-based cropping
systems in the region. The existing genetic variation in various crops for different types of
stresses, including low soil nitrogen [7-11], can be exploited to address poor soil fertility-
related stresses in SSA. However, there is a concern regarding the possibility of losing the
nutritional quality of maize while breeding maize germplasm for NUE.

The effect of N fertilization on grain yield and kernel quality traits had long been
studied. Tsai et al. [6] observed a significant effect of N fertilizer on grain yield, kernel
texture and protein concentration in eight maize varieties evaluated under different N
fertilizer levels. By comparing 36 widely grown US commercial hybrids that were released
in different eras, Duvick [12] observed a higher percentage of starch content and a lower
percentage of grain protein content in newer varieties as compared to older ones under
stress environments. These changes are possibly due to the focus only on grain yield
under different biotic and abiotic stresses, including low-N tolerance. Likewise, an Fy.3
mapping population evaluated under optimum and low soil nitrogen levels showed a
reduction in grain protein content and an increase in grain starch content under low soil N
levels [13]. Worku et al. [8] evaluated three quality protein maize (QPM) and 13 non-QPM
varieties differing in grain yield under different N levels, and reported the increasing effect
of applied N on protein quantity in both QPM and non-QPM varieties. In a few cases where
oil was studied [12,14], it seemed to be unaffected by soil N levels. Different authors have
suggested different reasons for the change in grain quality, particularly for its starch and
protein content [8,12,15,16].

The physiological mechanism behind the changes in quality traits could be due to the
variation among genotypes in post-anthesis nutrient uptake, and the redistribution of N
from vegetative parts to the grain sink [4,17]. Borras et al. [18] linked differences in kernel
composition to changes in the post-flowering source-sink ratio. As the number of sinks
per plant increased, it resulted in a change in each kernel component, i.e., a decrease in the
source—sink ratio beyond a specific threshold promoted a decrease in the relative protein
content and an increase in the relative starch content, but had no effect on oil content.
Duarte et al. [19] reported a much greater influence of genotypes rather than N rate on
grain quality, though nitrogen fertilizers had an increasing effect on both grain yield and
grain nitrogen content. They emphasized the greater importance of genotype selection over
N application and other production practices for increasing maize grain quality. Previously,
Tsai et al. [6] reported differences among hybrids for N requirements for maximum yield
and protein concentration. Despite different physiological reasons for the change in maize
kernel composition, most authors agreed on the availability of genotypic differences for
grain yield and kernel composition for maize genotypes grown under different soil N
conditions [6,16].

However, most of the aforementioned studies were conducted with a limited number
of commercial varieties (tropical or temperate) with a soil that had a different cropping
history and different applied N levels, except for Worku et al. [9], who used stress-tolerant
varieties developed by the global maize program of the International Maize and Wheat
Improvement Center (CIMMYT), and tested them under optimum and managed N stress
fields. CIMMYT has since developed and evaluated large-set NUE germplasm under
optimum and managed low-N stress environments. In addition to grain yield and other
agronomic traits, information has been collected on the grain protein content, oil content
and starch content of the genotypes in all optimum and low-N trials conducted in Kiboko,
Kenya, since 2011. We assume that breeding maize for nitrogen use efficiency (NUE) would
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not affect genetic potential for grain quality traits, but genotypes might tend to have a
higher percentage of starch content and a lower percentage of protein content in response
to N stress [12]. Using data from yield trials conducted over four years under optimum
and managed low-N stress (severe and moderate stresses) conditions, which is reflective of
smallholder farming conditions in SSA, we will try to understand the effect of low soil N on
the grain quality of maize. Therefore, the objective of our study was to understand: (1) the
effect of low N content in soil on grain yield and quality traits; (2) the relationship between
grain yield and each quality trait under optimum and low-N conditions.

2. Materials and Methods
2.1. Germplasm, Experimental Site and Trial Management

The experimental materials, consisting of 1679 genotypes, including hybrids (test
crosses, single crosses, three ways crosses) and synthetics, were tested in 16 different trials
(Table 1, Supplementary Table S1). Four common commercial checks were included in
each trial. The parental lines of the experimental hybrids have been derived from source
populations with known tolerance to low soil N stress. Each trial was composed of unique
genotypes, except for checks, which were repeated across trials.

All trials were grown at the Kiboko experimental station, Kenya, between 2010 and
2014. Kiboko lies within longitudes 37.7235° E and latitudes 2.2172° S, at an elevation of
975 m above sea level. The station receives between 545 and 629 mm of rainfall split across
two seasons. The long rain season is between October and January, while the short rain
season is between March and September. Kiboko lies in a hot, semi-arid region with a mean
annual temperature of 22.6 °C, a mean annual maximum of 28.6 °C and a mean annual
minimum of 16.5 °C. The average minimum and maximum temperatures, relative humidity
and rainfall for each trial is given in Table 1. The soils are well drained, very deep, dark-
reddish brown to dark red, friable sandy clay to clay (Acri-Rhodic Ferralsols), developed
from undifferentiated basement system rocks, predominantly banded gneisses [20]. All
trials were grown under optimum and low-N conditions. The low-N block had been
previously depleted of N by growing sorghum at high density with no N fertilizer sources
added for four cropping cycles. The depletion crop was uprooted at near maturity and
removed from the low-N field to prevent the incorporation of crop residues into the soil.
Soil N analyses revealed 0.10-0.12 ppm in soil N stress experimental sites, whereas in the
optimum sites, it varied from 0.21 to 0.26 ppm.

Trials under both optimum and low-N management were designed as alpha lat-
tices [21], apart from trials number 5, 6 and 15 (Table 1), for which a randomized complete
block design (RCBD) was used. The number of replications for each trial and rows per plot
is indicated in Table 1. All trials were hand-planted with 2 seeds per hill at 0.75 m between
rows and 0.2 m between plant stations. The planting dates of all trials are indicated in
Supplementary Table S1. The plots in all trials were thinned to one seed per hill three weeks
after germination to achieve a final plant density of 53,000 plants per hectare. At planting,
only phosphorous fertilizer triple phosphate (46% P,0Os) was applied to the low-N trials at
the rate of 50 kg P,O5/ha. In optimum trials, N was applied at the rate of 192 kg N per ha
in two splits. At planting, diammonium phosphate (DAP) fertilizer was used at the rate of
54 kg N per hectare.

All trials under both optimum and low N were irrigated throughout the growing
period as required to avoid any moisture stress. Trials under both conditions were kept
weed-free throughout the growing season, and other recommended agronomic manage-
ment techniques were followed to prevent trials from other stresses. At harvest, two edge
plants from either end of each harvested row were removed from all low-N trials to avoid
the border effect.
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Table 1. Trial name, number of replications, design, number of genotypes tested and the average of weather parameters between planting and harvesting for each

trial.
Trial . Experimental No. of Type of MINT (°C) MAXT (O RH (%) RF (mm)
Trial Name . Rep Year

Code Design Genotypes Germplasm oP LN oP LN oP LN oP LN
1 07-10TSCLWN Alpha lattice 2 2011 126 Experimental hybrids 30.9 30.9 16.4 16.4 79.8 79.8 0.1 0.1
2 13A-DHTC Alpha lattice 2 2013 120 DH testcrosses 29.0 29.4 15.1 16.4 87.5 90.0 5.0 311.7
3 13A-IMAS-LXTKARI Alpha lattice 2 2013 40 Experimental hybrids 28.6 30.6 153 17.0 88.6 86.7 39.8 188.5
4 13A-IMAS-SYN Alpha lattice 2 2013 30 Synthetics 31.1 30.6 18.1 17.0 87.8 86.7 241.5 188.5
5 COMM-1ROW-3REPS RCBD 3 2012 12 Commercial varieties 29.6 31.6 15.1 17.8 88.5 85.2 76.5 331.2
6 IMAS-Baseline-Early RCBD 3 2011 14 Commercial varieties 30.5 30.9 16.0 16.4 77.8 79.8 7.0 7.0
7 IMAS-Baseline-Late Alpha lattice 3 2011 35 Commercial varieties 30.5 31.6 16.0 17.8 77.8 85.2 7.0 331.2
8 THTA13B Alpha lattice 2 2013 250 Experimental hybrids 29.0 29.5 16.0 16.6 89.1 89.9 252.9 323.0
9 THTA13C Alpha lattice 2 2013 180 Experimental hybrids 29.0 29.5 16.0 16.6 89.1 89.9 252.9 323.0
10 IMAS12A-STG1TC-HGB Alpha lattice 2 2012 210 Experimental hybrids 29.6 29.6 15.1 15.1 88.5 88.5 76.5 76.5
11 THTA13A Alpha lattice 2 2013 168 Experimental hybrids 29.2 29.5 16.2 16.6 90.2 89.9 252.9 323.0
12 14A-DHPOPITC Alpha lattice 2 2014 215 DH testcrosses 29.3 29.3 15.4 15.4 84.1 84.1 18.3 18.3
13 14A-DHPOP2TC Alpha lattice 2 2014 110 DH testcrosses 29.3 29.3 154 154 84.1 84.1 18.3 18.3
14 14A-EXP-TWC Alpha lattice 2 2014 30 Experimental hybrids 29.3 29.3 154 15.4 84.1 84.1 18.3 18.3
15 14A-ADVTC-HGA RCBD 2 2014 25 Experimental hybrids 29.3 29.3 15.4 15.4 84.1 84.1 18.3 18.3
16 14A-ADVTC-HGB Alpha lattice 2 2014 114 Experimental hybrids 29.3 29.3 154 154 84.1 84.1 18.3 18.3

Rep—Replication; OP—optimum; LN—low N; MIN T—minimum temperature; MAX T—maximum temperature; RH—relative humidity; RE—rainfall.
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Phenotypic data were collected for grain yield, grain quality (protein content, oil
content and starch contents) and kernel weight. Grain yield was measured in kilograms
(kg) and converted to tons per hectare and reported at 12.5% moisture. Grain quality
parameters were measured using the FOSS Infratec TM 1241 from 500 g samples of grain
taken from each plot, and are reported as a percentage of whole grain. The FOSS Infratec is
a non-destructive whole-grain analyzer that uses near-infrared reflectance (NIR) to estimate
quality parameters. Five 100 g subsamples were assayed, and the mean reading for each
parameter was reported per plot. This resulted in a higher level of accuracy for each quality
parameter. Kernel weight was measured in kilograms from 1000 random kernels selected
from shelled grain.

2.2. Statistical Analysis

The data for both optimum and low-N stress sites were analyzed separately for each
trial using the PROX Mixed procedure of SAS [22]. Low-N trials were further divided into
two sets, namely, moderately stressed (MS) and severely stressed (SS), based on the percent-
age of yield loss in comparison to yield under optimum condition (Table 1). Genotypes were
used as fixed effects and incomplete blocks as random effects. Only those traits that showed
significant genotypic effects were used for the phenotypic correlation analysis. Correlation
analysis between traits and scatter plots were generated using MINITAB 14.2 software
(State College, PA, USA) [23] and R [24] separately for moderately and severely stressed
trials. The broad-sense heritability of traits (repeatability of the trials) was estimated from
each entry for the mean squares generated in the ANOVA.

3. Results
3.1. Grain Yield and Kernel Weight

The genotypic effect was highly significant for grain yield in most of the trials under
both optimum and low-N conditions (Table 2). As expected, GY under optimum conditions
was higher than low N in all trials and years. Low-N stress resulted in variable yield
reduction, ranging from 26 to 65%. The mean performance of genotypes for grain yield
across all optimum trials averaged at 9.12 t ha~!, ranging from 6.30 to 12.10 t ha—!. Under
low-N conditions, the trials on average yielded 4.35 t ha~!, ranging from 2.11 to 7.07 t
ha~! (Table 2). Considering the average of all trials, high NUE varieties (high yielding
under both optimum and low-N soil conditions) had a 40% and 46% yield advantage over
commercial checks, and 73 and 96% over poor NUE varieties (low yielding under both
optimum and low-N conditions) under optimum and low-N conditions, respectively (data
not shown).
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Table 2. Trial mean performance of genotypes for grain yield (GY), oil content, protein content and starch content, and their heritability estimates for 16 different
trials evaluated under optimum and low-nitrogen conditions in Kiboko during 2011 to 2014.

%

Trial Grain Yield (t/ha) Ifel celde- 0Oil Content (%) Protein Content (%) Starch Content (%)
Code tion
OPT h? LN h? OPT h? LN h? OPT h? LN h? OPT h? LN h?
1 8.35 ** 0.52 2.56 ** 0.71 69 5.12 ** 0.85 5.21 ** 0.79 11.53 ** 0.53 7.15 ** 0.70 69.35 ** 0.67 71.80 ** 0.60
2 9.09 ** 0.47 3.48 ** 0.33 62 5.66 ** 0.92 5.37 ** 0.84 10.47 ** 0.56 7.38 ** 0.68 69.12 ** 0.83 71.29 ** 0.56
3 6.30 ** 0.63 2.40 ** 0.65 62 4,97 ** 0.88 5.15 ** 0.76 10.55 ** 0.68 7.29 ** 0.85 69.64 ** 0.66 71.52 ** 0.57
4 8.90 ** 0.80 3.38 % 047 62 5.49 ** 0.70 5.00 ** 0.65 11.74 ** 0.77 7.69 ** 0.77 68.63 * 0.52 71.30 * 0.55
5 8.69 ** 0.91 3.42 % 0.58 61 5.62 ** 0.94 5.20 ** 0.86 10.71 ** 0.91 7.54 NS 0.37 68.22 ** 0.85 7141% 0.50
6 8.08 ** 0.79 2.11 ** 0.88 74 5.62 ** 0.97 5.22 ** 0.95 10.48 ** 0.95 7.71% 0.63 68.91 ** 0.92 71.35 ** 0.78
7 6.87 ** 0.79 2.70 ** 0.55 61 5.76 ** 0.68 5.41 ** 0.88 10.22 * 0.44 7.61 ** 0.71 69.29 * 0.56 70.94 ** 0.69
8 9.65 ** 0.82 3.09 ** 0.53 68 4.85 ** 0.90 4.74 ** 0.83 10.06 ** 0.86 7.21 ** 0.80 70.43 ** 0.74 73.13 ** 0.71
9 9.36 ** 0.80 3.74 ** 0.48 60 5.09 ** 0.85 4,98 ** 0.85 10.14 ** 0.88 7.62 ** 0.69 70.02 ** 0.67 72.00 ** 0.65
10 9.25 ** 0.66 4.93 ** 0.37 47 5.84 ** 0.73 5.30 ** 0.53 10.29 ** 0.71 7.05 ** 0.59 68.36 ** 0.63 71.11 ** 0.40
11 6.92 ** 0.86 4.08 ** 0.62 41 453 ** 0.79 457 ** 0.82 10.21 ** 0.78 7.81 ** 0.78 70.44 ** 0.77 71.69 ** 0.77
12 10.60 ** 0.55 6.49 ** 0.35 39 5.89 ** 0.88 5.66 ** 0.76 11.46 ** 0.74 7.49 ** 0.51 68.27 ** 0.63 70.85 ** 0.44
13 10.48 ** 0.63 6.82 % 0.33 35 6.24 ** 0.79 6.02 ** 0.61 10.77 ** 0.72 7.69 ** 0.59 68.28 ** 0.52 70.34 NS 0.30
14 10.92 ** 0.78 6.63 ** 0.82 39 5.79 ** 0.73 5.49 ** 0.80 10.73 ** 0.95 7.92 NS 0.37 68.59 ** 0.75 70.21 * 0.57
15 10.42 ** 0.88 6.79 NS 0.44 35 5.65 ** 0.78 5.63 ** 0.73 10.39 ** 0.86 7.32 ** 0.69 68.51 NS 0.47 69.98 * 0.54
16 12.10 ** 0.69 7.07 * 0.51 42 5.95 ** 0.84 5.58 ** 0.82 10.70 ** 0.84 7.41 ** 0.71 68.62 ** 0.71 70.93 ** 0.58
Mean 9.10 0.68 4.29 0.54 54 5.51 0.78 5.28 0.78 10.71 0.72 7.49 0.66 69.03 0.64 71.24 0.59
Min 6.30 0.00 2.11 0.33 35 453 0.00 457 0.53 10.06 0.01 7.05 0.37 68.22 0.04 69.98 0.30
Max 12.10 0.91 7.07 0.88 74 6.24 0.97 6.02 0.95 11.74 0.95 7.92 0.85 70.44 0.92 73.13 0.78

*, ** Significant difference at p = 0.05, 0.01 level, respectively, when compared the trait’s performance under optimum versus low-N stress conditions; NS—not significant; h>—heritability,
OPT—optimum; LN—low N.
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3.2. Grain Quality Traits

In this study, we measured three grain quality traits, viz., protein content, starch
content and oil content. The genotypes differed significantly for all the three quality
parameters in almost all trials (Table 2). Pair-wise t-tests between protein content, starch
content and oil content for optimum and low-N conditions showed highly significant
differences (p < 0.01) for quality traits between contrasting N conditions. However, the
effect of low-N stress was different on each quality parameter (Table 2, Figure 1). The
percentage of protein content in grain was generally higher under optimum conditions,
whereas genotypes tended to accumulate a relatively higher percentage of starch content
under low N compared to optimum (Table 2). On average, the percentage of protein was
reduced by 29%, ranging from 23 to 38% in all trials, while the percentage of starch content
increased by 3%, ranging from 2 to 5% in all trials. Low-N stress reduced the percentage
of oil by 2 to 9% in most trials, but increased it by 1 to 4%, or left it unchanged, in three
trials. The mean performance of genotypes for protein content percentage ranged from
10.06 to 11.74% with an average of 10.65% under optimum conditions, and from 7.05 to 7.92
with an average of 7.49% under low N. The percentage of starch content varied between
68.22% and 70.44% with a mean of 69.04% under optimum conditions, and from 69.98%
to 73.13% with a mean of 71.24% under low-N stress. The percentage of oil content was
between 4.53% and 6.24% with an average of 5.50% under optimum conditions, and 4.57%
and 6.02% with an average of 5.28% under low N.

10%
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Figure 1. Percentage increase or decrease in grain yield, oil content, protein content and starch content
under low-N management compared to their performance under optimum soil nitrogen condition.

The heritability of various traits was good in most of trials, indicating that the effects
were largely attributable to genotype. The heritability of grain yield was generally higher
under optimum management (mean of all trials = 0.72) than under low N (mean of all
trial = 0.54), as expected. Starch content and protein content had a heritability of greater
than 0.60 under both management conditions, while oil content had consistently higher
heritability under both management conditions (Table 2).

3.3. Phenotypic Correlation among Traits and between N Environments

The association between grain yield and grain quality traits was assessed under both
optimum and low-N conditions. A positive and significant correlation was observed
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between grain yield and oil content, protein content or starch content (Table 3) in a small
number of trials under both optimum and low-N conditions. However, most correlations
were weak (r < 0.5) under both management conditions (Table 3). The average correlation
of grain yield was negligible with oil content (r = 0.07 for optimum and r = 0.03 for low N)
and starch content (r = —0.02 for optimum and r = —0.09 for low N) under both optimum
and low-N conditions. The relation between grain yield and protein content was very weak
under optimum (r = —0.23), but it was negligible under low-N (¥ = —0.08). An assessment of
the relations between protein content and starch content was negative under both optimum
and low-N conditions (Figure 2), and so was the relation between starch content and oil
content. On the other hand, grain yield was positively correlated with kernel weight under
both optimum (mean » = 0.46) and low-N (r = 0.30) conditions (Table 3). Generally, the
mean correlation between grain yield was very low with all grain quality traits, but the
relationship between gain yield and kernel weight tended to be relatively high (Table 3).

Table 3. Pearson correlation between grain yield and grain quality parameters (oil, starch, protein)
and Kernel weight under optimum and low N in 16 trials evaluated in Kiboko, Kenya from 2011
to 2014.

. Optimum N Low N
No Trial Name
OIL PRO STA  KNWT OIL PRO STA KNWT
1 07-10TSCLWN —0.12 0.04 0.13 NA —0.34 —0.13 —0.08 NA
2 13A-DHTC 0.14 010  —0.14 NA 0.09 0.02 —0.19* NA
13A-IMAS- o " 03 *
3 IXTKARI 0.24 —032  -023 042 0.29 0.32 0.05 0.22
4 13A-IMAS-SYN —029  —0.03 0.17 0.35 —0.14 —0.05 0.02 0.29
COMM-1ROW- -
5 3REPS 0.05 —047 0.22 0.38 0.15 NA —0.18 0.71
6 IMAS-Comum- 0.01 ~037 019 0.61* 0.28 0.03 ~0.23 ~0.14
Baseline-Early
7 IMAS-Comm- —016  —034* 021 0.41 ** 0.09 —0.39* 0.28 0.03
Baseline-Late
8 THTA13B 045*  —030* —026*  NA 0.03 —015*  —034* 029
9 THTA13C 020*  —031*  —006  0.60* 0.15* —0.02 —035*  032*
10 14A-DHPOPITC 015*  —029*  0.03 0.30 ** 0.06 0.18 ** —0.12 0.25 **
11 14A-DHPOP2TC 0.12 —015  —0.03  025* —0.00 0.24 ** —026*  045*
12 14A-EXP-TWC 0.29 012  —040*  0.62* 0.10 —0.28 0.29 0.40 *
IMAS12A- *% *% *% *%
13 STGLTOHCE —010  —0.34 0.13 043 0.08 0.03 —0.19 037
14  THTAI3A 003  —057% —037*  0.67* —0.15 —0.12 —038*  0.46*
15 14A-ADVTC-HGA  0.02 —0.05  —0.04 NA 0.12 —0.20 0.20 NA
16 14A-ADVTC-HGB 009  —020*  0.12 NA —0.26 ** —0.02 0.11 NA
Mean 0.07 —023  —0.02 0.46 0.03 —0.08 —0.09 0.30

NA = data not available; OIL—oil content; PRO—protein content; STA—starch content; KNWT—Xkernel weight; *,
** significant at p = 0.05 and 0.01 level, respectively (the minimum value for considering significance varies for
each trial, since each trial had a different number of genotypes evaluated).
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Figure 2. Scatter plots with regression lines showing the relationship between different quality
traits in nine different trials conducted under optimum and severe N stress: (A) protein and starch
content under low N, (B) protein and starch content under optimum conditions, (C) oil and starch
content under low N and (D) oil and starch content under optimum conditions. OIL—oil content;
PRO—protein content; STA—starch content; LN—low N; OPT—optimum.

3.4. Relationship between Traits under Low N and Optimum

The estimate of a phenotypic correlation between optimum and low-N management
for each trait is presented in Figure 3A-E. For each trait, graphs are plotted separately for
trials evaluated under moderate and severe stresses. The grouping of stress into moderate
and severe is merely based on the percentage of yield reduction under low N relative to
the respective grain yield of the optimally managed trials. Accordingly, the grain yields
under the two conditions were positively related between optimum and moderate stress,
albeit at a low magnitude (average r = 0.33). However, as the severity of stress increased,
the relation for grain yield between optimum and low N tended to be negligible (p > 0.05
in more than 50% of the trials, Figure 3A,B). In the same manner, the relationship between
the percentages of protein content, as well as the percentages of starch content, under
optimum and low-N stress conditions were weak in both moderate and severe N stresses.
The average correlation for the percentages of protein was 0.44, ranging from 0.14 to 0.65,
and 0.37, ranging from —0.06 to 0.75, under moderate and severe N stress conditions,
respectively. The percentages of starch content tended to be strongly related in most trials
under both moderate (average r = 0.43) and severe stress (0.37) conditions, more so than
both protein content and grain yield (Figure 3D,E). The percentages of oil content and
kernel weight, on the other hand, had a high positive association between optimum and
low-N conditions, regardless of the N stress level (Figure 3C,D,1]).
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Figure 3. Relationship between optimum and stress environments (moderate and severe low-N stress)
for grain yield (A,B), percentage of oil content (C,D), percentage of starch content (E,F), percentage of
protein content (G,H) and kernel weight (L]).
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4. Discussion
4.1. Mean Grain Yield and Grain Composition

Highly significant mean squares for grain yield, grain composition and kernel weight
under both high and low soil N conditions in all years were an indication of the presence
of huge genotypic variability among the CIMMYT’s current maize germplasm. Some geno-
types in all trials were both N-responsive (give a high yield under high N) and N-efficient
(give a better yield under low N) as they resulted in a high yield under both optimum
and low soil N, while others gave a higher yield only under either of the conditions [8].
Worku et al. [8] observed a consistent association between high grain yield under low N
and NUE (post-anthesis N uptake).

The higher heritability of grain yield under optimum conditions implied greater ge-
netic variance under optimum conditions compared to low N, suggesting the effectiveness
of selection for grain yield under optimum condition [25]. Consistent with our result,
Banziger et al. [26] reported 29% less heritability under low-N conditions than optimum,
which agrees with our result (30% less under low N). In addition to grain yield, a large
variation was observed for grain composition (oil content, starch content and protein
content) and kernel weight under both soil N levels. The broad-sense heritability of oil
content, protein content and starch content under optimum conditions were 6, 14 and 20%
higher than low-N conditions, respectively. The genetic component of variance tended
to be higher under optimum conditions than low N for both protein content and starch
content (Table 2). The variance was comparable for oil content under both soil N levels,
suggesting the effectiveness of selection for oil under both soil N levels [17,27,28]. This
indicates that genetic diversity among genotypes was more or less intact under both soil
conditions, particularly for oil content. It is encouraging because the genetic variance in
maize germplasm under different soil-N conditions can be exploited through breeding.
The percentage of protein content, starch content and oil content recorded for low-N trials
was in agreement with results from a wide range of maize germplasm reported by Eckhoff
and Paulsen [29], who found approximately 67.8-74% (mean 73%) starch content, 8-11.5%
(mean 10%) protein content and 3.9-5.8% (mean 5%) oil content in maize kernels.

The decreased percentage of grain protein content and the corresponding increase
in starch content under low N was previously reported by Duvick, [12] and Duvic and
Cassman [30]. These changes were observed in new varieties, which they attributed to the
increased stress tolerance of the new varieties, including for low N. A similar change was
observed in our study in the percentage of protein content and starch content under low N
relative to the high-N condition, but it was the same for all genotypes in all trials, regardless
of their yield potential under either optimum or low soil N stress conditions. Highly
responsive NUE genotypes had shown yield advantage over both commercial checks and
poor NUE responsive genotypes in respective trials but, generally, we observed little change
in quality traits between these group of genotypes. Genotypes that are adapted to stress are
known to minimize protein accumulation in order to maximize grain production with the
little nitrogen available in the soil [11,31]. This is because the amount of N fertilizer required
to maximize grain yield is known to be lower than the amount needed to produce maximum
grain protein content [31]. The remobilization and transport of N from vegetative parts and
post-anthesis uptake from the soil constitute the primary sources of grain N [14,31], which
are highly related with NUE in tropical germplasm [8].

The decrease in N fertilizer in the soil or inefficiency in N use results in decreased N
sink capacity (zein), which causes less sucrose transport to kernels, resulting in less kernel
weight and grain yield [32]. Therefore, genotypes that are low yielding under stress and
poor in NUE usually attain the yield threshold on little N, and use the remaining N for
protein synthesis, because of which such varieties usually have a higher proportion of
protein than high-yielding and NUE genotypes [6]. The lack of a clear pattern between
increased stress tolerance (NUE varieties) and change in kernel composition [12] could be
due to the use of genotypes derived from inbred/source germplasm selected for NUE, i.e.,
favorable genes for NUE have been accumulated at some stage. Most of the commercial
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checks included in our trials were also derived from the CIMMYT germplasm screened for
multiple stresses, including NUE, over the years. Further, the experimental materials in
our trials were obtained from few years of breeding efforts contrary to the genotypes [12],
which were from breeding efforts in different eras. To understand the association between
change in starch content and protein content with low-N stress tolerance [12,30], we
recommend further research with varieties contrasting for NUE. The establishment of a
clear relationship between stress tolerance (high yield under low-N stress) and change
in grain composition (starch content and protein content) would enable breeders to use
starch content and protein content percentages as additional secondary traits for selecting
low-N-tolerant genotypes. In the meantime, monitoring the amount of grain protein and
starch content in trials conducted under low-N conditions is needed because there are
genotypic differences for starch content and protein content. Further reduction in protein
content beyond a certain threshold level is not tolerable [12], as seed protein is crucial for
seed germination and seedling growth [33].

Oil is an important element for seed germination [12]. The percentage of reduction for
oil content in our study was smaller (2 to 9%) than reported by Liu et al. [13], which was a
16% reduction in low-N conditions relative to optimum management. The difference in
germplasm (an F,.3 mapping population in their case) and the method of pollination (self-
pollinated kernels were used in their case) might have also contributed to the difference.
On the other hand, Duvick [12] observed no change in oil percentage between optimum
and low-N management conditions, which could be because the low N rate used (92 kg
N/ha) was much higher than that in our managed low-N fields. Generally, it seems that
the effect of N fertilization has little effect on changing the size of the embryos where oil is
stored [18,34].

4.2. Relationship between Grain Yield and Grain Quality Traits

In the current large set of tropical germplasm, we observed a negative association
between starch content and protein content under both optimum and low-N soil fertility
levels (Figure 2), but not between grain yield and protein content. Within vitro-grown
kernels, Singletary and Below (1989) demonstrated that the addition of N fertilizer beyond
an optimum level of starch content in kernels leads to a reduction in starch content and
the subsequent increase in protein content. The analysis of change in yield potential
over a period of time revealed changes in the composition of grain regardless of the
species, while an increase in yield leads to a decrease in the protein/starch content and
oil content ratio [35]. In maize, for example, the increase in the yield potential after 1967
was accompanied by a decrease in the concentration of protein content and an increase
in that of starch content [12,30]. The negative relationship between grain protein content
and grain yield could partly be associated with the higher glucose use for the synthesis of
protein over that of carbohydrate [31].

Despite an increase in the percentage of starch content under low N, the relationship
between grain yield and starch content was either neutral (most of the trials) or weak.
The starch in cereal endosperm is synthesized to enhance plant survival for the next
generation [36,37], and any stress signal could lead plants to store the available starch in
the reproductive organs to ensure the succession of the next generation. Generally, we
did not observe a strong relationship between grain yield and any of the quality traits
under both soil management conditions. This indicates the feasibility for the simultaneous
improvement of grain yield and quality traits under both management conditions [13,16].
Therefore, with the regular monitoring of protein content at harvest, it is feasible to develop
NUE maize varieties with acceptable quality.

4.3. Relation between Optimum and Low-Nitrogen Conditions

The association between quantitative characters measured in different environments
is a function of the degree to which the same genes influence genetic variation in both
environments [10]. The low correlation coefficient between grain yield under optimum
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and moderate low-N stress observed in our study indicates that only a few genes might be
held in common for controlling grain yield under optimum and low soil N conditions. It
was also evident from the high genotype-by-management interaction and the inconsistent
rank of genotypes for grain yield under two environments (data not shown). Similar
to our study, Worku et al. [10] also reported a low correlation for grain yield between
optimum and low soil N conditions. As the average yield reduction under low N was
increased from 40 to 60% relative to optimum grain yield, the correlation between grain
yields under optimum and severely low N had deteriorated quickly, making it difficult to
predict the grain yield under one soil N condition based on the performance of genotypes
from contrasting environments [8-10]. The lack of a strong association between grain yield
from high- and low-N environments under this and similar studies confirm the need to
evaluate genotypes under optimum and low-N conditions to develop varieties that can
perform in a wide range of soil N levels.

Like grain yield, the prediction for protein content and starch content in one manage-
ment condition based on results from another environment contrasting in N levels seems
unfeasible, particularly as the stress level increases. This again could be due to the expres-
sion of different genes/QTLs under different management conditions. A strong association
was observed for oil content between optimum and low-N management, indicating the
presence of genes that are expressed under both management conditions. The performance
of the genotypes for oil under one management condition can be fairly predicted based on
the performance of other management conditions. Contrary to this result, Liu et al. [13]
detected two different QTLs for oil content specifically expressed under different N condi-
tions. The use of a mapping population derived from parents not contrasting for oil content
might have affected the result.

5. Conclusions

Breeding for tolerance to Low-N stress is very important to address the challenges
faced by small-scale farmers in developing countries and to overcome environmental
challenges due to nitrate leaching. NUE genotypes offer an environmentally friendly
solution for low-N stress by giving a reasonable yield under a low range of N levels.
However, grain quality traits should not be compromised while improving yield under low-
N conditions. The increased percentage of starch content and the corresponding decrease
in protein content under low soil N conditions could be an indication for increased stress
tolerance, but there was no difference for grain composition between genotypes contrasting
for NUE under both optimum and low-N conditions. Therefore, genetic variance for grain
quality traits was not affected through breeding for NUE, as the values were within the
range reported for diverse maize germplasm. However, it is crucial to monitor the protein
content of germplasm under both optimum and managed low soil N conditions, as the
correlations for protein content and starch content were minimal as the severity of low-N
stress increased. Finally, we recommend the testing of a small set of germplasm contrasting
for NUE to understand the relationship between low-N stress tolerance and changes in
grain composition, particularly for protein content and starch content.
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