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Abstract: Concomitantly pursuing superior maize (Zea mays L.) productivity with grain quality is
essential for food security. Therefore, this study provides a meta-analysis of 21 studies assembled from
the scientific literature to tackle the effect of the two most limiting factors for maize production, water
and nitrogen (N), and their impacts on grain quality composition, herein focused on protein, oil, and
starch concentrations. Water stress levels resulted in erratic responses both in direction and magnitude
on all the grain quality components, plausibly linked to a different duration, timing, and intensity of
water stress treatments. Nitrogen fertilization more consistently affected the grain protein concentration,
with a larger effect size for protein as fertilizer N levels increased (protein change of +14% for low,
≤70 kg N ha−1; +21% for medium, >70–150 kg N ha−1; and +24% for high, >150 kg N ha−1). Both
starch and oil grain concentrations presented less variation to fertilizer N levels. The positive protein–oil
correlation (r = 0.49) permitted to infer that although the oil concentration may reach a plateau (8%),
further increases in protein are still possible. Augmented research on grain quality is warranted to
sustain food production but with both high nutritional and energetic value for the global demand.

Keywords: corn; grain quality; protein; oil; starch; meta-analysis

1. Introduction

The overgrowing demand for an improved quality of agricultural products has
stressed the already present need for food, feed, fuel, and fibers. In recent years, there has
been greater emphasis on the quality of cereal grain in addition to yield. For this study, we
use the term ‘grain quality’ to explore the impacts on the protein, oil, and starch compounds
of cereal grains. From the perspective of crop improvement, plant breeders face a dauting
task to create more nutritious crops (‘biofortification’) without compromising further yield
gains [1,2]. However, the development of nutritious crops requires a joint effort of multiple
disciplines, from agronomy to food scientists [3].

Cereals contribute to roughly 60% of the total world food demand [4]. Within the
cereals, maize (Zea mays L.) plays a significant role in animal feed and human nutrition,
as the main source of both energy and protein for tropical and sub-tropical regions [5]. It
is also one of the most important staple food crops for humans and key for global food
nutritional security in both developed and developing countries. During the last few
decades, it has also gained significance as a source of vegetable oil [6]. In 2019, the global
maize harvested area was roughly 197 million ha, with a total production of 1148 million
tons and an average yield of 5.8 Mg ha−1 [7]. From a grain composition, the mature grain
of dent maize presents 60 to 72% starch, 8 to 11% protein, and 4 to 6% oil [8]. Starch and
protein are mainly stored in the endosperm (ca. 90% of the grain weight), while the oil
is mainly in the embryo (ca. 10% of the grain weight) [9]. For this study, grain quality is
investigated as the grain protein, oil, and starch concentrations change.

Maize grain yield and quality attributes are interrelated and are highly influenced
by environmental conditions [10]. One of the major abiotic stresses related to climate
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change is water stress (drought), adversely impacting the yield and quality of many field
crops [11]. It has been demonstrated that drought could decrease the starch concentration
and increase the protein concentration in the grains of many crops [12]. Non-limiting
water availability during flowering and grain filling periods increased the grain yield and
protein concentration in maize [10]. Severe water stress decreased the grain yield and
starch but increased the protein concentration in maize relative to no stress conditions [13].
Water stress during grain filling stages decreased the grain yield but may present no
major changes in the protein and oil concentration [14]. Drought stress after pollination
significantly decreased the grain yield, increased the grain protein concentration but not
starch [12], while water stress during the late vegetative stages increased the seed oil
concentration in maize [6].

The management practices modifying the availability of resources, especially dur-
ing critical periods, are also likely to alter the grain components [15], mainly through
changes in the source/sink ratios [16]. Among other key practices, such as the sowing
date [17], nitrogen (N) management is indisputably one of the most limiting factors, not
only for grain productivity but also for the grain quality attributes [18,19]. Besides the
well-documented effects of N deficiencies in biomass and grain production, they are also
likely to impact the grain quality composition. For instance, [8] reported that high N
applications (184 kg N ha−1) not only increased the yield but also the grain quality, mainly
due to increments in the concentration of non-essential amino acids. The same authors also
observed that more frequent irrigation events (6-day intervals) and a high fertilizer N rate
increased the oil and starch concentrations. This emphasizes the existence of interactions
of water × N management (and co-limitations, [20]) on grain yield and quality traits,
with impacts dependent upon the timing, duration, and intensity of stress. Although few
studies have quantified the impacts of water stress and nitrogen fertilization levels on
grain quality trains (protein, starch, and oil concentrations) under field and controlled envi-
ronmental conditions, those investigations were all conducted under different genotype,
envir−1onment, and management (G × E × M) scenarios. These published data have not
been synthesized to better understand generalized effects across all the studies. For this
purpose, meta-analysis is a method that can help with integrating knowledge and results
from diverse studies and evaluate the impact of treatment on sets of target variables and
provides quantitative estimates of effect sizes [21–23].

The overall objective of this study was to execute a meta-analysis to evaluate the ef-
fects of water and nitrogen levels on the following three main components of maize grains:
protein, starch, and oil concentrations. The specific goals of this study were to employ a
meta-analytic model to (i) study the effect of water stress levels on grain protein, oil, and
starch concentrations; and (ii) investigate the effect of N fertilization and quantify the im-
pact of the N (sub-level of N level) added (low, <70 kg N ha−1, medium, >70–150 kg N ha−1,
and high, >150 kg N ha−1) on grain protein, oil, and starch concentrations for maize crop.

2. Materials and Methods

The source of data was only published manuscripts under the peer-review process.
Using the Web of Science®, CAB-Abstracts®, and Scopus® search-engines, the following
keywords were applied as a filter: corn or maize, and grain quality or grain composition,
and nitrogen fertilization or water stress or drought stress. The search was also constrained
to journal articles, and to the agricultural and biological sciences areas. Therefore, we also
applied the following keywords in the search equation: not fodder, not animal, not soil.
After the initial results, a screening of titles was applied in order to reduce the number
of candidate studies. A total of 91 manuscripts were downloaded and revised, with only
21 retained based on the following criteria: (i) replicated experiments, (ii) treatments of
interest, including either N fertilization (control vs. fertilized) or water management treat-
ment (irrigated as control and water stressed as the treated plot), (iii) variables of interest
reported at the treatment level including grain yield, and/or nitrogen (N) concentration,
and/or protein, and/or starch, and/or oil concentrations. In addition to the engine search,
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a set of experiments belonging to a comprehensive database on +30 N trials in maize [24]
was included. Although these trials were not particularly designed to evaluate maize grain
quality, the database met the criteria. When protein data were not reported, protein was
calculated as the grain N concentration multiplied by a factor of 5.6×, following Mariotti
et al. (2008), and Sosulski and Imafidon [25,26].

The final database consisted of 21 data sources (92 site-years) comprising experiments
published between 1972 and 2019, and distributed across 11 countries (Argentina, Brazil,
Canada, China, India, Iran, Pakistan, Serbia, Turkey, United States, and Venezuela) (Table 1).
In terms of the factors of interest, a total of 12 studies (75 trials) only evaluated the effect
of N on grain quality, 7 studies (15 trials) only evaluated the effect of water stress on
grain quality, and 1 study (2 trials) evaluated their interaction. Most of the experiments
were performed under field conditions, and one study was carried out under controlled
environmental conditions [12]. This controlled study was included as it satisfied our
search criteria and to expand the database. In terms of variables of interest, a total of
20 studies accounted for protein concentration, 14 studies evaluated starch concentration,
and 14 reported oil concentration.

Table 1. Data sources, measured grain quality variables, country, number of site-years per study (SY), water or nitrogen
treatments, and other factors evaluated. PRO = protein, STA = starch, OIL = oil, FC = field capacity, RSMC = relative soil
moisture content. * Performed under controlled conditions.

No. Authors Variables Country Years SY (#) Treatments +Factors

Water

1 Ali et al.,
2010 [6]

PRO, STA,
OIL Turkey 2007 1

Irrigated (15d
intervals),

Water stress (21d
intervals)

Hybrid

2 Ali et al.,
2011 [27]

PRO, STA,
OIL Turkey - 1

Irrigated (15d
intervals),

Water stress (21d
intervals)

Hybrid,
Hormones

3
Barutcular
et al., 2016

[14]

PRO, STA,
OIL Turkey 2014–2015 2

Irrigated (full),
Water stress

(reproductive)
Hybrid

4 Ge et al., 2020
[13]

PRO, STA,
OIL China 2002–2003 2

Irrigated (full),
Water stress
(mild-severe,

3rd leaf to maturity-)

-

5
Hussain

et al., 2020
[28]

PRO, STA,
OIL Pakistan 2013–2014 2

Irrigated (full),
Water stress

(mild-severe)
-

6
Kresovic

et al., 2007
[29]

PRO, STA,
OIL Serbia 2012–2014 3

Irrigated (full), Water
stress (75% FC–50%

FC–rainfed)
-

7 * Lu et al.,
2014 [12] PRO, STA China 2011–2012 2

Irrigated (75% RSMC),
Water stress (60%

RSMC, flowering to
harvest)

Hybrid (wax)

8
Mason and

Mason, 2002
[30]

STA United States 1991–1994 4 Irrigated, rainfed Hybrid, Plant
density

9 Jahangirlou
et al., 2021 [8] STA, OIL Iran 2018–2019 2

Irrigated (6d intervals),
Water stress (12d

intervals)
N
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Table 1. Cont.

No. Authors Variables Country Years SY (#) Treatments +Factors

Nitrogen

9 Jahangirlou
et al., 2021 [8]

PRO, STA,
OIL Iran 2018–2019 2 0, 184 Water Stress

10
Barrios and
Basso, 2018

[31]
PRO, STA Venezuela 2013 1 0, 100, 150, 200 Hybrid

11 Duarte et al.,
2005 [32] PRO, OIL Brazil 2000–2001 3 0, 60, 120, 240 -

12
Ma and

Biswas, 2016
[33]

PRO Canada 2006–2010 5 0, 30,60,90,120,150,180 -

13 Miao et al.,
[18]

PRO, STA,
OIL United States 2001–2003 6 0, 112, 168, 224, 336 Hybrid

14
O’Leary and
Rehm, 1990

[34]
PRO United States 1984–1986 8 0, 75, 150, 225 -

15
Perry and

Olson, 1975
[35]

PRO United States 1972–1973 2 0, 90, 180, 270 -

16 Simić et al.,
2020 [36]

PRO, STA,
OIL Serbia 2016–2018 3 0, 180, 240 Tillage

17
Tamagno

et al., 2016
[37]

PRO, STA,
OIL Argentina 2012–2013 2 0, 70, 165 Hybrid

18 Tsai et al.,
1992 [38] PRO United States 1984–1986 3 0, 67, 134, 201, 268 Hybrid

19
Uribelarrea
et al., 2004

[39]

PRO, STA,
OIL United States 2001–2002 2 0, 30, 60, 90, 120, 160,

200, 240 Hybrid

20
Wortmann
et al., 2011

[24]
PRO United States 2002–2004 32 0, 84, 140, 196, 280 -

21 Zhang et al.,
1993 [40] PRO, OIL Canada 1989–1991 6 0, 90, 180 N timing

Grain yields were adjusted to dry basis (0 g moisture kg−1), and protein, starch, and
oil were standardized to percentage (%) units. The final database consisted of 510, 570, 279,
and 265 data points for grain yield, protein, starch, and oil concentration, respectively.

2.1. Statistical Analysis

Descriptive statistics provide a summary of variables of interest in the compiled
database (Table 2). Simple correlation (Figure 1) and regression analyses were performed
in order to study the relationships among the grain quality components (Figure 1) and the
components and yield (Figure 2).
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Table 2. Descriptive statistics of the reported data on maize grain yield (dry basis), protein, starch, and oil concentration
split by the treatments of interest (water and nitrogen fertilizer). Main statistics are sample size (n), mean, median, minimum
(min), maximum (max), standard deviation (sd), and coefficient of variation (%).

Variable n Mean Median Min Max sd cv (%)

Grain yield, Mg ha−1 510 8.7 8.4 1.3 18.1 2.8 32
Water, Control 7 11.6 12 3.9 18.1 5.3 46
Water, Stress 9 8.4 7.9 1.3 15.7 4.8 58
N, Control 103 6.4 5.7 2.4 13.1 2.3 36

N, Fertilized 391 9.2 8.9 1.8 14.4 2.5 27

Protein, % 562 8.990 7.79 2.8 18.4 2.0 24.5
Water, Control 29 8.1 7.80 5.75 12.4 1.2 14.9
Water, Stress 31 8.1 8.17 6.24 12.0 1.1 14.3
N, Control 107 7.0 6.8 2.8 11.3 1.7 24.7

N, Fertilized 395 8.2 8.05 3.2 18.4 2.0 24.6

Starch, % 279 70.2 72.2 43.8 80.2 5.3 7.6
Water, Control 37 64.7 64.1 56.7 71.4 3.9 6.1
Water, Stress 39 63.9 64.1 43.8 75.5 6.1 9.5
N, Control 43 72.7 73.6 65.2 78.6 3.2 4.4

N, Fertilized 160 72.3 72.9 63.0 80.2 3.5 4.8

Oil, % 265 4.4 4.1 0.6 7.9 1.3 30.0
Water, Control 29 3.5 3.1 2.5 6.4 1.1 31.5
Water, Stress 31 3.5 3.0 0.6 6.1 1.2 34.9
N, Control 45 4.4 4.1 3.2 7.2 1.0 23.2

N, Fertilized 160 4.8 4.7 2.9 7.9 1.3 26.9
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Figure 2. Simple relationships between grain yield (Mg ha−1, expressed in dry basis) and grain concentration (%) of protein
(A), starch (B), and oil (C) (all adjusted to dry basis). For each component, data points belong to multiple studies where
both grain yield and the component of interest were quantified.

2.2. Meta-Analysis

Meta-analysis models are particularly useful for identifying patterns when data from
multiple sources are combined and analyzed [23–41]. Thus, for the comparison of water
stress and N fertilization effects on grain quality components, random effects meta-analysis
models were fit following the log response ratio (lnRR) approach [42]. This type of meta-
analysis allows us to acknowledge that the effect of a single study comes from a distribution
of effects rather than considering it as fixed. The meta-analyses were performed with the
metafor package [43] in R software [44]. Each model consisted of an evaluation of specific
effect sizes of the treatments of interest. The three models to analyze the water stress effect
were split into (i) protein concentration, (ii) starch concentration, and (iii) oil concentration.
The effect sizes of water stress on these quantities were estimated using the following
Equations (1) and (2):

yi(j) = ln
(

zstress

zcontrol

)
(1)

vi(j) =
1

wi(j)
=

nstress + ncontrol
nstress ∗ ncontrol

(2)

where yi(j) is the water stress effect size for the ith observation nested within the ith study,
and zi(j) is the concentration of protein, starch, or oil in the water stressed (zstress) or the
water-controlled (zcontrol) treatments. Each yi were subsequently weighted using the inverse
sample variance of each case (vi(j)), using the corresponding sample sizes (n) to estimate
the weights (wi(j)).

Similarly, for the N models, the effect sizes of N fertilization on the grain quality
components were estimated using the following Equations (3) and (4):

xi(j) = ln
( zN f

zN0

)
(3)

vi(j) =
1

wi(j)
=

nN f + nN0

nN f ∗ nN0

(4)

where xi(j) is the N fertilization effect size for the ith observation nested within the jth study,
and zi(j) is the concentration of protein, starch, or oil in the N-fertilized (zNf ) or the control
(zN0 ) treatments. Each xi(j) were subsequently weighted using Equation (4).

Since the studies presented a wide range of N fertilization rates (30 to 280 kg N ha−1,
Table 1), a second meta-analysis was fit for the N models in order to assess the effect of the
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N level as follows: (i) low N (<70 kg N ha−1), (ii) medium N (>70–150 kg N ha−1), and (iii)
high N (>150 kg N ha−1). Thus, the effect size of N fertilization (xi) was also assessed at
the sub-level of N level within each study.

In order to estimate the confidence intervals (CI, 95%) of the mean effect sizes at the
study and overall levels, we used non-parametric bootstrapping stratified by study in order
to conserve the original data structure. Thus, at the study level (j), the available observations
(i) were resampled with replacement (n = 5000) [45,46] using the boot package [47] in R-
software [44]. The heterogeneity between studies was calculated using the I2 statistic to
detect whether all of them are assessing the same effect [48].

Forest plots were used to summarize the effects of water and N fertilizer, re-expressing
the yj, xj (ln ratios), and their respective confidence intervals (95% CI) to percentage units
(%) using the following Equations (5) and (6):

WaterStressE f f ect(%) = (expyj − 1) ∗ 100 (5)

N f ertilizerE f f ect(%) = (expxj − 1) ∗ 100 (6)

3. Results

The descriptive analysis of the database indicates that the maize grain yield showed a
wide range of values, with an average of 8.7 Mg ha−1, ranging from 1.8 to 18 Mg ha−1, and
with a standard deviation of 2.8 Mg ha−1 (Table 2). Although only three studies reported
yield data on water stress, limiting the comparison, water limited treatments resulted
in average yields of 8.4 Mg ha-1, relative to full irrigation with yields of 11.6 Mg ha−1.
Similarly, on average, the N-limited yields were 6.4 Mg ha−1, while the N-fertilized were
9.2 Mg ha−1.

The protein concentration varied between 2.8 to 18%, with a mean of 8.0% and a
standard deviation of 2.0%. While water stress appears not to exert an effect on maize grain
protein, the N-limited scenario resulted in a mean of 7.0%, while the N-fertilized averaged
a protein of 8.2%. The starch concentration ranged from 44 to 80%, with a mean of 70%
and a standard deviation of 5.4%, but with starch neither affected by water stress nor by N
fertilizer. Finally, the oil concentration ranged from 0.6 to 7.9%, with a mean of 4.4% and a
standard deviation of 1.3%, but also with the trivial effect of both evaluated factors (Table 2).

In terms of trade-offs between grain quality components (Figure 1), the protein and
oil concentrations displayed an overall moderate positive correlation (r = 0.49), followed
by a low but negative correlation between protein and starch (r = −0.25), and low but
positive correlation between oil and starch (r = 0.17). A particular remark to the protein–oil
relationship (Figure 1) is that the oil concentration seems to reach a plateau about 8%, while
it is still possible to achieve further increases in the protein levels. Nonetheless, specific
trade-offs were observed at each particular study (Figure S1).

Even though significant relationships were observed between the quality components
and grain yield (Figure 2), the strength of associations was characterized by their weakness
(R2 <0.1). Besides the weak relationships, it is noteworthy to highlight that all three
components presented large variability when the yields were below ca. 10 Mg ha−1. For
instance, at a yield level of ca. 4 Mg ha−1, the protein ranged between <4 and ca. 12%. In
contrast, the range of protein, starch, and oil concentrations is considerably narrower with
yield levels above ca. 10 Mg ha−1 (Figure 2).

3.1. Meta-Analysis Results
3.1.1. Water Stress

The impact of water stress was contrasting across components and with high hetero-
geneity among studies (Figure 3). Although an overall null effect is expected, the effect
was variable depending on the study and reflected by I2 values of 96, 99, and 93%, for
protein, starch, and oil, respectively. Only two out of the eight studies observed a sig-
nificant reduction in protein (ca. 17%), one showed a small but yet significant reduction
(ca. 4%), two showed a non-significant effect, and two studies presented a significant
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increase (7–10%) (Figure 3A). Three out of the eight studies evaluating starch showed a
significant increase under water stress (4.7 to 9.2%), four studies showed no effect, while
two presented significant 7.0 and 18% reductions (Figure 3B). Finally, three out of the six
studies evaluating oil showed a significant decrease in the oil concentration (12 to 30%),
three studies resulted in minor water stress effect, while one study observed a significant
ca. 45% increase (Figure 3C).
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3.1.2. Nitrogen Fertilizer

Regarding the N fertilizer effect, its impact on each grain quality component was
relatively more consistent as compared to the water stress effect (Figure 4). Still, the effect
size was highly heterogeneous across the studies, with I2 values of 90, 91, and 98%, for
protein, starch, and oil, respectively. Although an overall positive effect of ca. 21% in
protein is expected as a result of N fertilization (Figure 4A), across the studies, the mean
effect size varied from ca. +8 to +37%, being significant in the majority of the cases (12
out of 13). An overall small but yet negative N fertilizer effect (−1.5%) is expected in
starch concentration (Figure 4B), with an overall null effect on the oil fraction (Figure 4C).
Nonetheless, the effect on the two latter components differed across studies. Only three
out of the six studies observed a small (ca. −1.7 to −2.7%) but yet significant reduction in
starch (Figure 4B), while the remaining expressed a null effect. Out of the seven studies
evaluating oil, two showed a decrease in oil (ca. −3.7 to −5.9%), one showed a small
positive effect (+2.0%), while there was no significant effect on the remaining (Figure 4C).
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Considering the N fertilizer levels (Figure 5), the low N rates (≤70 kg ha−1) showed
a significant mean effect on protein of +13.8%, while the medium (>70–150 kg N ha−1)
and high rates (>150 kg N ha−1) showed a similar but significantly greater effects than
low N rates, with +21 and +24%, respectively. In terms of starch, all the N fertilizer levels
produced a low but yet significant starch reduction, with an overall effect of −1.7%. Finally,
none of the N levels produced a significant impact on the oil concentration. Nonetheless,
it is important to highlight that the effect on the quality components differed across the
studies (Figure S2).
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pooled by the N fertilizer rate level (low ≤70 kg N ha−1, medium >70–150 kg N ha−1, and high >150 kg N ha−1) vs. their
respective control. Within each variable, symbols represent the mean effect per study, while size and whiskers represent
their respective weights and uncertainties, respectively. Blue circles represent the overall random effects model with their
respective uncertainties.
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4. Discussion

This meta-analysis offers a novel summary with focus on the effect of the two most
limiting factors for maize production, water and N, on grain quality (protein, oil, and starch
concentrations). Historically, water and N management studies have mainly focused on
yield as the response variable, with less attention paid to the grain quality components [18].
In this regard, combining and weighing the results from multiple studies, our analysis
represents a valuable contribution to the literature. This meta-analysis synthesized two-
fold more data for protein relative to both starch and oil, highlighting the lack of research
studies focused on quality, mainly in non-protein factors.

One of the first lessons is that a not clear trade-off was apparent between the yield
levels and the most expensive components in energetic terms (oil > protein > starch).
Unexpectedly, we were neither able to confirm a negative association between the most
(oil) and the least (starch) expensive components, nor between the protein and starch
concentrations [16]. Moreover, the positive association observed between the protein and
the oil was somewhat surprising, although the oil concentration remained relative constant
at ca. 8%, while the protein levels could still be increased. This scenario remarks the
stability of the oil fraction, which is mostly located in the embryo [9], and the possibility of
concomitantly high protein levels. Likewise, [40] reported stable oil concentrations across
N fertilization levels, also suggesting that an increase in protein could not necessarily imply
a decrease in energy concentration.

The water stress effect on maize grain quality was mainly characterized by its inconsis-
tency. Most likely, we could not distinguish noise from signal as the database encompasses
stress treatments applied at different timings during the season (e.g., entire season, around
flowering, during grain filling), with different intensities and durations, as well as different
environments (soil and weather conditions), genetic materials (e.g., dent, semident, flint,
wax), and management practices (planting dates, tillage systems, etc.). For example, the
severity of the drought impact on crops’ production generally depends on the soil moisture
status and nutrients’ availability [49]. As these unaccounted factors were basically pooled
in the meta-analysis, there is a risk of obscuring the actual impact of drought stress on the
quality components. As water stress remains an undesirable scenario, when irrigation is
not possible, the risk of water shortage should be managed with other crop practices such
as sowing dates, hybrid selection, among others. We should also consider that the genetics,
environment, and management (G × E × M) factors may interact with the response to
either water stress or N fertilizer levels [38]. It is also worth remarking that only one study
evaluated combinations of water stress and N fertilizer, factors that are largely known for
interacting and exerting co-limitations [20,21,50].

The effect of N fertilizer on grain quality showed, in contrast, a more consistent
trend across studies, particularly for protein, as this fraction is generally expected to show
increments with increasing resources, particularly N availability [18]. Nonetheless, further
research is needed regarding the effect not only in the protein concentration but also in
its amino acids’ quality [51]. For example, diets with essential amino acids as the only N
source are used less efficiently than diets with a better ratio of essential to nonessential
amino acids [52], which may ultimately modify the fate of N in animal production [53].
Synergistic applications of N and sulfur (S) cannot only increase the protein concentration
but increase the protein quality via increments in the concentration of essential amino acids,
such as methionine, tryptophan, and lysine [54].

Our results suggest that N fertilizer rates within a medium range (>70–150 kg N ha−1)
may be sufficient to saturate the response on protein (+21% with respect to a control), which
will also cover a wide range of economic optimum N recommendations [55]. However,
more accurate interpretations on the effect of N on grain quality present the same challenge
as research on grain yield [55]: more accurate estimations of the soil N supply [56,57].
Improved estimations of the quantity (and timing) of soil N supply will help producers
reducing the risk of losing efficiency with either an N deficiency or an N surplus. Other
N sources such as mineralization and carryover from the previous year [58] may exert a
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significant influence on both grain yield and quality. In that regard, research on splitting
the N fertilizer should expand the current focus on yield and efficiency improvements [23]
to explore the role of late N applications on improving grain quality components as well.

Increases in protein may be concomitant with decreases in starch and/or in oil [18,37,59].
However, we found an overall small reduction in starch due to N fertilizer, and oil resulted
in a stable fraction against changes in either the water or N availability. In the scientific
literature, a negative trade-off between protein and starch is generally reported for specific
conditions [10,16,59,60], while the maize oil concentration is normally found as the most
stable grain compound under varying environmental conditions [16,40,59,61].

Future research steps should seek to overcome certain limitations encountered in our
work. A first shortcoming was related to very limited number of cases (11) reporting all
three grain quality components and grain yield, constraining the evaluation and inference
about potential trade-offs. A second deficiency was linked to the lack of studies report-
ing more detailed grain traits such as test weight and other quality compounds such as
amino- and fatty-acids, in order to expand our database and synthesis analysis inference.
Prospective research should also explore the effect of heat stress on grain quality [10],
either isolated or in combination with water and N management. Similarly, the effect of
other nutrients besides N and their interactions (co-limitations) is a relevant topic that
warrants further investigation. Moreover, the explored literature presents a lack of stan-
dard practices reporting the laboratory protocols used to determine protein, starch, and oil
concentrations (e.g., chemical extraction procedures, near-infrared spectroscopy). Finally,
from a methodological standpoint, the lack of presentation of measures of variation at the
treatment level in the studies gathered by this meta-analysis restricted the possibilities
regarding the weighing procedures of the effect sizes [62].

5. Conclusions

The accompanying maize grain productivity increases with a high nutritional quality
are essential toward the main goal of global food security. This meta-analysis reported
that (i) water stress resulted in an erratic direction of the grain quality response, plausible
to changes in the timing, intensity, and duration of the stress; and (ii) N fertilization not
only increases yields but also the grain protein concentration, while both starch and oil
remained relatively stable under contrasting N levels. In the current context of an emerging
food crisis, this study documented a remarkably important scenario for maintaining oil
concentration while increasing the protein fraction. Under an adequate management of N
fertilizer, this represents a unique opportunity of producing maize crops with both higher
quality and energetic value.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091851/s1, This section contains Figure S1: By-study correlation matrix between
grain quality components, and Figure S2: By-study summary of N fertilizer rate level effect (%) on
maize grain quality components.
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