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Abstract: Cereal yield and grain quality may be impaired by environmental factors associated with
climate change. Major factors, including elevated CO2 concentration ([CO2]), elevated temperature,
and drought stress, have been identified as affecting C3 crop production and quality. A meta-analysis
of existing literature was performed to study the impact of these three environmental factors on the
yield and nutritional traits of C3 cereals. Elevated [CO2] stimulates grain production (through larger
grain numbers) and starch accumulation but negatively affects nutritional traits such as protein and
mineral content. In contrast to [CO2], increased temperature and drought cause significant grain
yield loss, with stronger effects observed from the latter. Elevated temperature decreases grain yield
by decreasing the thousand grain weight (TGW). Nutritional quality is also negatively influenced
by the changing climate, which will impact human health. Similar to drought, heat stress decreases
starch content but increases grain protein and mineral concentrations. Despite the positive effect
of elevated [CO2], increases to grain yield seem to be counterbalanced by heat and drought stress.
Regarding grain nutritional value and within the three environmental factors, the increase in [CO2] is
possibly the more detrimental to face because it will affect cereal quality independently of the region.

Keywords: cereals; yield and quality; high [CO2]; predicted future climate; high temperature; grain
quality traits; drought stress

1. Introduction

Food security is threatened by the impacts of climate change on agriculture and
by increasing the world population [1,2]. Actually, climate change has already slowed
global agricultural productivity growth, and in a recent study, Ortiz-Bobea et al. [3] found
that anthropogenic climate change (ACC) has reduced global agricultural total factor
productivity since 1961 by about 21%, with a greater impact for warm regions such as
Africa (−34%) than for cooler regions such as Europe and Central Asia (−7.1%). Over
the next few decades, climate change is expected to affect more the world’s supply of
cereal grains, impacting their quantity and quality due to the complex effects of elevated
atmospheric [CO2] and changing temperature and rainfall patterns on crops [4]. Cereals
contribute to a substantial part of the world’s plant-derived food production and comprise
a majority of the crops harvested. In fact, FAO statistics show that in 2016, sugar cane
had the highest production globally, followed by corn, wheat, and rice [5]. Adding to
that, according to the Foreign Agricultural Service/USDA, preliminary world production
in 2018 of maize, wheat, and rice was estimated at around 1076, 763, and 495 million
tons, respectively [6]. Further, their nutritional quality has a significant impact on human
well-being and health, especially in the developing world [7]. Thus, one of the major
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challenges that plant breeders are facing currently is to increase cereal grain production
while taking into consideration an adequate grain nutrient content.

Numerous effects of elevated atmospheric [CO2] on plants have been documented
through a photosynthesis-mediated CO2fertilization effect, including increased carbon (C)
assimilation, growth, yield, and C content [8,9]. Thus, elevated [CO2] could enhance the
concentration of photosynthesis-derived carbohydrates in grains, starch being the major
component [10–12]. Since grains are predominantly composed of carbohydrates (mostly
in the form of starch), it has been suggested that increases in starch concentrations can
cause a dilution effect onother nutrients, including proteins, lipids, vitamins, and minerals.
In addition, adjustments in the photosynthetic apparatus and later on the redistribution
from senescing leaves to grains must be considered as the key mechanisms. Due to the
different biochemistry of C3 and C4 photosynthesis, the positive effect of elevated [CO2]
on photosynthesis is more pronounced in C3 crops such as wheat and rice but less notable
in C4 crops such as maize [13]. Rising [CO2] is likely to lead to “globally imbalanced plant
stoichiometry (relative to pre-industrial times)” [14], which in turn would “intensify the
already acute problem of micronutrient malnutrition” [14], particularly regarding minerals
such asFe, Zn, and I, as well asprotein (or N) [12,15,16]. Elevated [CO2] has been reported
to decrease mineral concentrations in barley grains (−6.9%), rice grains (−7.2%), and
wheat grains (−7.6%), and increasing the ratio of non-structural carbohydrates (TNC) to
protein by 6–47% in grains and tubers [9]. For the grain crops barley, rice, and wheat,
the reduction in protein mediated by elevated [CO2] was reported to be 15, 10, and 10%,
respectively [15]. In their meta-analysis of the impact of elevated [CO2] on wheat grains,
Broberg et al. [12] found a significant reduction in the concentration of the majority of
minerals (Ca, Cd, Cu, Fe, Mg, Mn, P, S, and Zn), while B and Na were not significantly
affected, and K was significantly increased (<2%). These meta-analytic results are in line
with those from individual wheat FACE experiments [17–21]. Two minerals, Fe and Zn,
are already deficient in the diets of hundreds of millions of people, and CO2-induced
reductions in Fe and Zn have been reported in the edible parts of major crops [9,22,23] and
are projected to have negative effects on human nutrition [24,25]. Furthermore, emerging
evidence points to elevated [CO2] affecting nutrients beyond protein and minerals that
are essential to humans, such as vitamins and carotenoids [26,27]. The decrease in mineral
concentrations is notable in C3 plants but less so in C4 plants [9,23] and is consistent with
differences in physiology; the simulation of carbohydrate production by elevated [CO2] is
stronger in C3 plants, while reduced transpiration is present in both C3 and C4 plants.

During the last two decades, the air temperature has increased by 0.85 ◦C [28]. In
fact, annual average minimum temperatures in Spain have increased over the last century
by 1.5 ◦C, and by 0.6 ◦C during the last 25 years [29]. The most probable outcome of
climate ensemble model projections foresees increasesof1.8 to 4.0 ◦C by the end of the 21st
century (2090–2099) relative to the period 1980–1999. These numbers originate from the best
estimate of greenhouse gas time series deduced from the six marker scenarios alone [30].
Heat stress is a major constraint to sustainable cereal production, with reductions in grain
yield being associated with high temperatures during the reproductive or grain-filling
stages in wheat [31,32] and rice [33–35]. High-temperature impacts on grain filling can
vary enormously, depending on timing (days after anthesis) and duration. Both chronic
moderately high temperatures (25–35 ◦C) and heat shocks (>35 ◦C) during the grain-
filling phase are frequently associated with an increase in grain protein concentration
in wheat [31,36,37] and rice [35,38]. Indeed, high temperature primarily impacts the
accumulation of starch in wheat grain, with accumulation beginning earlier than under
cooler temperatures, the duration of its accumulation also being reduced, and the result is a
greater concentration of protein in the grain. Further, the duration of protein accumulation
is reduced, while the rate of protein accumulation is substantially increased. In addition,
leaves senesce before the heads mature, suggesting that high temperatures might enhance
N remobilization from leaves and stems [39,40]. Moreover, the timing and duration of
heat stress during grain filling have been shown to be important sources of variation
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in dough properties in wheat [41]. Grain protein and mineral composition are quality
characteristics that can change due to high temperature, and they respond to changes in
enzymes involved in starch and protein synthesis. Yang et al. [42] observed that the activity
of glutamate synthase was enhanced by heat stress, while sucrose phosphate synthase,
sucrose synthase, and soluble starch synthase were significantly decreased during grain
filling. However, Monjardino et al. [43] found that protein concentration was negatively
affected by heat stress during the early stage of endosperm development. They found
that among the protein fractions, zeins are the most affected by heat stress. In fact, zein
accumulation was repressed under high temperature rather than being degradedin the
early developmental stages. In rice, elevated temperature also alters grain protein and
mineral nutrient composition [35,44]. Ferreira et al. [36] showed that the total quantity of
N per grain in wheat is generally little affected by the growing temperature but, due to the
above-mentioned lower grain yield, the percentage of N on a dry weight basis rises under
higher temperatures. Similar increases in the percentage of dry weight have been reported
for wheat [45,46].

Increasing greenhouse gas emissions may also lead to rainfall reductions in the coming
decades, which will increase the frequency and intensity of drought in the Mediterranean
basin [47–49]. Climate change projections for the Mediterranean region indicate a pre-
cipitation decrease of 25–30% for the last decades of the 21st century [50]. Adding to
that, the seasonality of rainfall is much more important. In fact, the expected shortage
in Mediterranean rainfall should impact summer precipitation much more than winter
precipitation. Mediterranean crop growth, however, is mainly driven by winter rain. More-
over, drought is considered one of the most important factors limiting crop yields around
the world. Wheat crop responses to water scarcity depend on several factors, including
plant development status, duration, and intensity of the stress and genetic variables [51].
Although rainfall during winter has been traditionally abundant and coincides with the
lowest evapotranspiration rates, the occurrence of drought in winter during the early stages
of the crop cycle has been recently reported [52].

This can further constrain wheat growth and thus final grain yield, mostly through
a decrease in ear density and the number of kernels per unit crop area [53,54]. Grain
yield reductions mediated by drought have been widely reported in wheat [55,56], and
depending on the genotype, the reductions may reach up to 50%. The TGW is also reduced
significantly, above 30% in droughted wheat [51,56,57]. Drought stress leads to reduced
photosynthetic area and acceleration of leaf senescence during late grain filling in cereals,
resulting in a shorter grain-filling period. In wheat, this smaller photosynthetic area
and accelerated leaf senescence limit the amount of assimilates translocated to the grain,
which implies reductions in grain yield [51]. Grain composition is also affected. Drought
stress affects starch accumulation [51,58] more severely than N accumulation during grain
filling, putatively influencing the conversion of sucrose into starch [59]. This tends to
increase the grain protein concentration (expressed as % protein) in wheat [35,55,57] and
rice [60]. In some cases, the opposite effect has been observed in wheat [61,62], possibly
related to differences in stress levels and plant development status [63]. Knowledge of the
effects of drought stress on grain mineral composition is scarce [7,64]. Crusciol et al. [60]
explained the increase in rice grain N, Ca, Mg, Fe, and Zn concentration under rainfed
conditions being due to a dilution effect because productivity was higher in irrigated than
rainfed systems.

All the above-mentioned changes in grain composition linked to the changing environ-
mental conditions are expected to have important implications for the nutritional quality of
foods. During the last decade, different meta-analyses have characterized elevated [CO2]
effects on crop yield and quality traits. However, comparatively little attention has been
given to how other target environmental parameters such as temperature and drought will
affect crop yield, and especially grain nutritional characteristics. Considering the economic
and social importance of cereal crops and the impact of climate change not only on grain
production but also on the nutritional value, this meta-analysis aims to provide an overview
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of the effects and interactions of multiple climate stressors, specifically high [CO2], drought
and elevated temperatures, on the productivity and grain quality of C3 cereals.

2. Results
2.1. [CO2], Temperature and Drought Stress Effects on Grain Yield Components

The overall effect of elevated [CO2] on C3 crops resulted insignificant increases in
grain yield and thousand grain weight (TGW) of30.10% and 7.41%, respectively (Figure 1).
Nevertheless, a contrasting drastic loss in grain yield and TGW was observed under high
temperatures and drought stress. Results presented in Figure 1 indicate that the heat and
drought stress effects were similarfor TGW and recorded −20.17% and −20.29% reductions,
respectively, but the negative effect of drought on cereal grain yield was larger than the
effect of elevated temperatures (−70.53% vs. −24.85%).
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2.2. [CO2], Temperature and Drought Stress Effects on Grain Quality
2.2.1. Starch

In cereals grown under high [CO2], there was a significant increase in grain starch
concentration (5.65%), whereas there was a significant decrease (−9.91%) under elevated
temperature (Figure 2). Regarding water availability, there was no significant change as
responses were sprayed in a broad range of both positive and negative changes (Figure 2).
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2.2.2. Total Protein

Grain total protein concentration was negatively affected (−8.90%) by high [CO2].
However, it was significantly increased by temperature and drought (10.40% and 12.44%,
respectively, as shown in Figure 3. Among the proteins that were studied, the gluten,
gliadin, and glutenin concentrations were analyzed under elevated [CO2]. The grain gluten,
gliadin, and glutenin concentrations presented in Figure 4 reveal a significant decrease in
the gluten and gliadin concentrations (−11.54% and −7.41%, respectively). In contrast,
rising [CO2] decreased the glutenin concentration, but it was not significant. Regarding
the effects of drought and heat stress on these proteins, it was not possible to generate
statistically powerful results due to the low amount of data (less than three repetitions).
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2.2.3. Mineral Composition

The results presented in Figure 5 show an overall decrease in micro-macronutrients
in C3 grains under elevated [CO2]. Across all the data, the mean change ranged between
−4.70% (recorded for P) and −39.41% (recorded for Mo). The changes in B and Se were
not significant. Among all the measured elements, only Na concentration increased signifi-
cantly (52.05%) under high [CO2]. Heat stress had no significant effect on any of the grain
mineral concentrations, and this could be due to data scarcity and small sample sizes lead-
ing to high data variability. Slight increases in Mg and N of1.91% and 6.31%, respectively,
were recorded, whereas the Ca, Fe, Mn, and Zn concentrations were reduced. Regarding
water scarcity, the data analysis showed distinct effects between minerals (Figure 5). In
fact, drought stress induced an accumulation of Ca and N in grains and recorded a sig-
nificant increase by 19.92% and 9.56%, respectively. However, no significant increase was
obtained regarding Fe, Mg, P, and Zn concentrations. Under low water availability, S and
K concentrations declined, but not significantly, by −10.43% and −7.59%, respectively.
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3. Discussion
3.1. [CO2], Temperature and Drought Stress Effects on Grain Yield Components

Current scientific knowledge indicates that grain yield and quality will face serious
challenges under the projected future climate. In line with previous papers [65–67], our
meta-analysis shows that the predicted elevated [CO2] will increase crop grain produc-
tion [8,17,68]. However, as noted by studies conducted over recent decades, it is essential to
consider that the [CO2]-derived “fertilization” effect might decline or be eliminated when
combined with stressful growth conditions, such as drought and temperature stress [69–71].
Moreover, in cereals such as wheat, increased grain yields have been associated with in-
creases in the numbers of tillers and grains per spike rather than spike number or grain
size [72,73]. The results of the current study have also revealed an association with an
increase in the number of grains rather than their weight (larger increase in grain yield
than TGW).

Both high temperature and drought negatively affected crop yield. Data analysis
showed that yield was more markedly affected under drought than under heat stress
conditions. Lower yields in stressed plants can be associated with (i) a shortened duration
of the grain-filling period and/or (ii) a lowered photosynthetic rate during grain-filling.
Dixit et al. [67] applied a crop simulation model to assess the impact of climate change on
wheat production and found a loss of 15% in wheat grain yield in stressed plants, which
was associated with a reduction in the number of days to reach grain maturity. Indeed,
Mitchell et al. [74] attributed the direct negative effect of rising temperature on wheat yield
to the temperature-dependent shortening of the phenological stages. Such decreases in the
duration of grain filling would imply a shorter time available for accumulating resources
for grain formation [31,46]. The time and duration of heat stress could cause different
physiological responses in the plant, therefore, affect crop production. Many studies have
reported that heat stress applied prior to anthesis negatively affects the grain yield of
wheat due to many reasons [31,75]. High temperature accelerates leaf senescence and
reduces post heading duration [75]. Adding to that, heat stress significantly reduces seed
germination and negatively affects microspores and pollen cells, leading to non-functional
florets or abortion of fertile florets and resulting in male sterility [76]. In fact, the decline in
grain yields under high day temperatures was primarily caused by a reduction in the seed
set percentage. Meanwhile, under high night temperature, the combination of decreased
spikelet number per panicle, grain weight, and biomass production in addition to decreased
seed set percentage contributed to the grain yield loss [77]. Altenbach et al. [51] reported
that high temperature during anthesis promoted both grain shrinkage and a decrease in
weight. Additionally, under heat stress conditions, plants tend to have a shorter grain-
filling period, which reduces grain size and thousand kernel weight, while under drought
conditions, plants tend to produce fewer grains per spikelet (and/or fewer tillers) [78].
This finding matches the TGW analyses stated above. In fact, heat stress and water scarcity
showed similar effects on TGW in the current data analysis, suggesting that under drought
conditions, the drastic decline inC3cereal yields is instead linked to a decrease in grain
number produced per plant.

3.2. Effects of [CO2], Temperature and Drought Stress on Grain Quality

Another major consideration is the effect of climate change on grain quality. While
crop breeding is already much more focused on yield traits, comparatively little attention
has been given to grain quality traits. This is a matter of great concern because, as described
in more detail below, environmental stress will affect the relative abundance of starch,
protein, and minerals [9,79,80].

3.2.1. Starch

Starch is the most abundant end-product of cereal growth and development, represent-
ing around 70% of the dry weight (w/w) of grains [81]. Rising [CO2] increases photosyn-
thetic rates in C3 plants; increased carbohydrate translocation from the source (leaves and
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stems) to the sink (grains) is expected to increase the starch content in grains [82]. Indeed,
the current data analysis has shown that growth under elevated [CO2] has a significant
positive effect on the grain starch concentration, which contrasts with the non-significant
results reported by Högy and Fangmeier [83] and Broberg et al. [12]. Fangmeier et al. [84]
reported that elevated [CO2] significantly increased starch only for plants under high levels
of N fertilizer.

Despite no significant effect due to drought, we revealed an overall decrease in
grain starch concentration under drought stress. Worch et al. [85] observed that changes
in endosperm starch content positively correlated with grain yield and concluded that
grain starch content is one of the leading causes of reduced yield in crops subjected to
drought conditions. This can be due to water deficit compromising both production of
photoassimilates (source of carbon skeletons for the synthesis of starch) and the activity of
enzymes involved in starch biosynthesis in the endosperm. Thus, the lower starch content
observed in grains of genotypes subjected to water deficit could be correlated with the
availability of reducing sugars [86].

Elevated temperature also negatively affected the starch concentration in grains. It
has been reported that the reduction in starch concentration under high-temperature
conditions is due to two factors; (i) shortening of the grain-filling period, which may reduce
the duration of starch accumulation [51], and (ii) impairment of starch metabolism. While
data for grains of plants exposed to high temperatures are scarce, Hawker and Jenner [87]
and Keeling et al. [88] reported the inhibition of starch metabolism by high temperature
(generally around 30 ◦C), possibly due to thermal denaturation negatively affecting the
activity of starch synthase.

3.2.2. Total Protein

Elevated [CO2] has been documented to reduce grain protein (or N) content in edible
parts of crops [14–16]. In line with these earlier studies, the current meta-analysis showed
that elevated [CO2] significantly decreased grain protein concentrations. This reduction has
been associated with increased photosynthesis and accumulation of grain carbohydrates,
leading to reductions in the amount of grain protein (due to a dilution effect) [17,35].
However, Goufo et al. [89] reported decreases in protein without associated increases
in starch in grains of rice exposed to elevated [CO2]. Decreased protein concentrations
in cereal grains under elevated [CO2] might be a consequence of reduced leaf protein
concentrations in photosynthetic tissues, leading to decreased seed protein [84,90]. The
suppression of nitrate assimilation by elevated [CO2] could be another contributor [91]. Our
study also showed that there was a change in protein composition in grains of plants grown
at elevated [CO2]. In line with the results of Wieser et al. [92] and Högy et al. [17], gluten,
gliadins, and glutenin concentrations decreased under increasing [CO2]. Differences in the
amounts and proportions of gluten protein fractions and types have significant effects on
dough mixing and rheological characteristics. One of the most important characteristics for
baking quality is bread volume, which has been strongly correlated with crude protein, total
gluten proteins, and glutenin macropolymers [4,93]. Consequently, a reduction in bread
quality can be expected due to the higher sensitivity of gluten fractions to elevated [CO2].

Grain protein content is sensitive to environmental conditions and controlled by a
number of factors, particularly the duration and rate of grain filling and the availability
of assimilates, which are negatively affected in crops subjected to stressful growth condi-
tions [94,95]. In contrast to elevated [CO2], we found that high temperatures increased the
grain protein concentration by 10.4%, which could be attributed to greater remobilization
of shoot-derived protein. The grain protein concentration is expressed as a percentage of
grain dry mass, which alongside the lower size and weight of the affected grains (also
detected in our meta-analysis), would contribute to them having lower carbohydrate levels
and consequently higher grain protein [96]. We note that the increase in grain protein
concentration (10.4%) is almost the same as the decrease in grain starch concentration
(−9.9%), suggesting that starch depletion increases the relative content of total protein.
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Drought affects plant phenology and physiology. Water scarcity has been previously
described as reducing photosynthetic rates, shortening the grain-filling period [11,97], and
accelerating leaf senescence after anthesis. We detected significant increases in grain total
protein associated with low water availability. Bhullar and Jenner [98] reported that during
the grain-filling period, drought stress hinders the conversion of sucrose into starch but
has a milder effect on protein biosynthesis. Our findings did not corroborate Bhullar and
co-workers’ conclusions. As mentioned before, the fact that the grain starch concentration
was not significantly affected by drought would discard the lower carbohydrate level as a
factor that induces increased grain protein content. Singh et al. [7] observed that together
with lower rates of carbohydrate accumulation in the grain of plants subjected to drought,
the increase in flour protein was mainly due to higher rates of grain N accumulation. The
present meta-analysis supports this assertion because grain N concentration was affected
by drought. Adding to that, the increased grain protein concentration under drought could
be explained by the shortened maturation time common to stress conditions, which tends
to favor protein over starch accumulation in cereal grains [99]. Drought, among other
stresses, accelerates the translocation of senescence-inducing resources (including amino
acids) from leaves to seeds during grain filling. Several studies have demonstrated that
the contribution of reserve mobilization to the final grain yield is higher under stressful
conditions than relatively well-irrigated conditions [100–102].

3.2.3. Mineral Composition

The present study showed that elevated [CO2] leads to an impoverishment of macro/
microelements in grains. Moreover, there is a variation among minerals in the magnitude of
the reductions, and this supports previous results [17,18,20,26,103]. In fact, only the Na con-
centration was significantly increased, with surprisingly few studies having investigated
this element in relation to the effect of [CO2], and so there is little background information
to explain this trend. Basically, most studies have focused on the main minerals that affect
human health, such as Fe, Zn, P, K, and Ca, and have underlined a common decline in these
minerals under rising [CO2]. With respect to our results, the concentrations of Zn, Fe, S, Ca,
Mg, P, Mn, K, and Mo were significantly decreased. Such reductions have been associated
with increased production of spikes and grains that translates into a grain nutrient-dilution
effect, diminishing the nutritional value. Furthermore, by reducing transpiration (linked to
stomatal closure due to long-term exposure to elevated [CO2]), high [CO2] can reduce the
mass flow in the soil toward roots, which diminishes the availability of mobile minerals in
the rhizosphere [14]. While carbohydrate dilution should lower all other nutrients in plant
tissues evenly [104], other effects of elevated [CO2] on plant physiology are not evenly
distributed among the minerals. For example, reduction in transpiration and elevated
biosynthesis affect some minerals more than others. This means that the stoichiometry
of plants exposed to elevated [CO2] should “differ not only in C:(other elements) ratios
but also in the ratios among other elements (e.g., C:N, N:P, and P:Zn should be differ-
ent)” [14]. Indeed, Loladze’s meta-analysis of over 7500 pairs of observations from studies
of elevated [CO2] published over 30 years (1984–2014) showed a significant reduction in
foliar Mg (and N, P, K, Ca, S, Fe, Zn, and Cu) but not the Mn content in C3 plants, and
underlying biochemical mechanisms responsible for the increased Mn:Mg ratio have been
proposed [105].

Changes in the elemental composition in grains are also detected under heat and
drought stress. Previous studies suggested that both stress factors tend to increase mineral
concentrations (including Fe, N, S, Zn, K, and P). However, the low number of reports
means that there is relatively large uncertainty about the magnitude of the increase. The
observed increase in grain protein and N concentrations (and the concomitant decrease in
starch) under elevated temperature means that there is more N per unit of starch [106]. In
addition, Fe and Zn tend to increase under drought. Although water plays a significant role
in mineral uptake and later mobilization within the plant, with these processes decreasing
during water stress, our meta-analysis agrees with Ge et al. [107] reporting that soil drought
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stress improved transport mechanisms and/or routes for some minerals, such as Fe and
Zn, leading to increased grain concentrations of these elements. Moreover, according to
other studies [107,108], the increase in the levels of Fe and Zn may be related to the more
efficient remobilization of these nutrients from leaves to grains. However, according to
other authors [109], the increase in Fe and Zn concentrations is linked to sink strength at the
single grain level. More specifically, Miller et al. [109] observed in maize how the mineral
content in drought-sensitive genotypes (which produced lower numbers of grains than the
tolerant ones) was higher than in fully watered plants. According to this explanation, the
increase in nutrients in the grains may be related to the number of grains formed, with each
grain being a specific sink [86]. Furthermore, as we mentioned above, heat and drought
cause a decrease in the number and size of cereal grains, which suggests that there might
be a concentration effect due to the smaller grains [110].

4. Materials and Methods
4.1. Data Search and Selection Criteria

To find relevant studies related to the issue of the current meta-analysis, literature
searches of primary research in published peer-reviewed journal sources were conducted
from Google, Web of Science, and Scopus in June 2017. To search the literature, the following
keywords were used: grain yield, cereal, high [CO2], elevated temperature, drought stress,
climate change, and C3 grain quality. More than 150 papers were found, but 78 articles
were selected according to the following criteria: (i) the article studies the effect of at least
one climate parameter, including [CO2], temperature, and drought, (ii) the article contains
at least one response variable from the following list: grain yield, thousand grain weight
(TGW), starch, total protein, gluten, glutenins, gliadins, and a set of minerals (Al, N, B, Ca,
Cd, Co, Cr, Cu, Fe, K, Mo, Mg, Mn, Na, Ni, P, Pb, S, Se, Si, and Zn). The most abundant C3
species that are reported in the literature are wheat, rice, and barley. All papers included in
this meta-analysis were published between 1990 and 2019 (Table A1). The study is based
on comparing plants grown at elevated [CO2] (550–900 ppm) using Open Top Chamber
(OTC) facilities or in the field using Free-Air-CO2-Enrichment (FACE) systems with those
grown at ambient [CO2] (currently at ca. 400 ppm). Studies comparing different ranges
of temperature, from ambient (10–25 ◦C) to elevated temperature (28–37 ◦C), and two
levels of irrigation (limited irrigation or well-watered) are also included in the current
report. Response means of plants grown under the different environmental conditions
stated previously were taken from tables. The time of occurrence of stress during the crop
cycle and the duration of stress applied differ among the studies, as indicated in Table S1.
Most studies reported that treatments were maintained until the end of the experiments,
when the plants reached maturity.

4.2. Data Analysis

All the data described above were organized in an Excel datasheet pairwise (control
and experimental value) for each experimental factor ([CO2], temperature, water) (Table S1).
The datasheet was loaded into and analyzed in RStudio v1.1.456 [111]. For the effect size
metric, we used the natural log of the response ratio, lnR = ln(HF/LF), where LF and
HF are reported mean nutrient concentrations at low and high treatment, respectively,
with the treatment being any of the three climate factors considered in this study (CO2,
temperature, or water). The log response ratio eliminates asymmetry between percentage
decreases limited to 100% and unlimited percentage increases; it is a standard approach for
analyzing elevated [CO2] and other ecological studies [112]. After performing statistical
analyses, all the results were back-transformed to regular percentage changes using the
formula: (exp(lnR) − 1)*100%.For estimating the 95% confidence intervals for the mean
effect size, a non-parametric test, namely bootstrapping with 999 replacements, was used
for sample sizes of seven or more (i.e., when seven or more independent studies reported
any given nutrient concentration at low and high treatments) [27]. The advantage of this
approach is that it does not require the distribution of effect sizes to be normal. However,
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for the confidence intervals to be accurate, they can be applied only for sufficiently large
sample sizes (>7). For sample sizes <7, we had a choice of discarding the data completely,
which would result in the loss of potentially valuable information, or making a normality
assumption and applying a parametric method. We chose the latter for sample sizes of
3 to 7. No confidence intervals were derived for sample sizes of two or less. In all cases,
unweighted methods were used, with each study having equal weight.

5. Conclusions and Perspectives

This study highlights that while current and near-future environmental conditions
will severely affect cereal yield, the nutritional value of cereal grain will also be affected.

It seems that within the three factors related to climate change investigated, the rise
in atmospheric [CO2] is possibly the one more detrimental and difficult to face because
elevated [CO2] will impact grain quality traits all over the world while the impacts of the
increase in temperature and the decrease in water availability will be localized or easy to
counterbalance. In fact, although the increase in [CO2] might promote yield enhancement
and starch accumulation through higher rates of photosynthesis, the grains of these plants
will have lower concentrations of total proteins and minerals, leading to reduced baking
quality and deficient nutritional value. On the other hand, even if both high temperature
and drought severely decrease crop yields, the available data shows that grain quality will
be differentially affected. Heat stress will negatively affect grain starch concentration due
to depleted starch biosynthesis metabolism and shortening of the grain-filling period, but
it might increase total proteins and N concentration. Regarding water availability effects,
grain yield could be conditioned by the final starch concentration of affected plants. Adding
to the increase in the Fe and Zn concentrations, we found that total protein concentrations
are significantly increased, which is probably due to a dilution effect on starch and the
accelerated reserve remobilization from source to sink to compensate for the nutrient
uptake deficit that results from low soil water content. According to numerous climatic
models, precipitation patterns are expected to change in the future with more frequent
drought events in semiarid and arid regions but, it is also predicted that in other regions,
precipitation will likely increase. Therefore, while drought and elevated temperature can
be potentially mitigated (by increasing irrigation, planting crops at higher altitudes within
a given latitude, or displaced to cooler and wet latitudes within a country), the effect
of rising [CO2] is present at all latitudes and will act independently of where crops will
be established. Hence, [CO2]-induced reductions in grain quality would be much more
challenging to mitigate.

Our study highlights the fact that within the context of the present and near-future
environments, it is crucial to increase crop yield through the development of stress-adapted
cultivars. While the current breeding programs and agricultural incentives are almost
exclusively yield-based, breeding for improved cereal quality can meaningfully improve
the nutritional status of humanity. For this purpose, a better understanding of how
environmental growth conditions (such as elevated temperature, drought, etc.) affect grain
yield and nutritional parameters of cereals will help developing more nutrient-dense crops.
Adding to that, exploring genetic diversity and variability of major crops is needed to
discover genotypes more resilient to ongoing climate change.
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Appendix A

Table A1. List of papers and species used for the data analysis of each environmental factor.

Papers Species

High [CO2]

[92] Triticum durum L.
[113] Triticum aestivum L.
[17] Triticum aestivum L.
[114] Triticum aestivum L.
[115] Triticumaestivum L./Hordeumvulgare
[26] Oryza sativa L.
[116] Oryza sativa L.
[73] Triticum aestivum L.
[22] Triticumdurum L./Oryza sativa L.
[117] Triticum aestivum L.
[20] Triticum aestivum L.
[118] Triticum aestivum L.
[119] Triticum aestivum L.
[120] Triticum aestivum L.
[121] Triticum aestivum L.
[122] Triticum aestivum L.
[84] Triticum aestivum L.

[123] Triticum aestivum L.
[124] Triticum aestivum L.
[125] Triticum aestivum L.
[126] Triticum aestivum L.
[127] Triticum aestivum L.
[74] Triticum aestivum L.

[128] Triticum aestivum L.
[129] Triticum durum L.

[38] Oryza sativa L.
[80] Triticum durum L.
[18] Triticum durum L.
[19] Triticum aestivum L.
[130] Triticum aestivum L.
[131] Oryza sativa L.
[132] Triticum aestivum L.
[133] Triticum aestivum L.
[134] Triticum durum L.
[35] Oryza sativa L.
[135] Oryza sativa L.

Drought stress

[136] Triticum aestivum L.
[57] Triticum durum L.
[137] Triticum aestivum L.
[138] Triticum aestivum L.
[139] Triticum durum L.
[140] Triticum durum L.
[141] Triticum aestivum L.
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Table A1. Cont.

Papers Species

[55] Triticum durum L.
[62] Triticum aestivum L.
[80] Triticum durum L.
[60] Oryza sativa L.
[61] Triticum aestivum L.
[129] Triticum durum L.
[126] Triticum aestivum L.
[56] Triticum aestivum L.

[142] Triticum aestivum L.
[37] Triticumaestivum L., Triticumdurum L.
[143] Triticum aestivum L.
[144] Triticum aestivum L.
[145] Triticum aestivum L.
[51] Triticum aestivum L.

Heat stress

[36] Triticum durum L.
[51] Triticum aestivum L.
[32] Triticum aestivum L.
[146] Triticumaestivum L., Triticumdurum L.

[59,147] Triticum aestivum L.
[45] Triticum aestivum L.
[148] Triticumaestivum L., Triticumdurum L.
[31] Triticum durum L.
[145] Triticum durum L.
[39] Triticum aestivum L.
[74] Triticum aestivum L.
[149] Triticum aestivum L.
[46] Triticum aestivum L.
[150] Triticumaestivum L., Triticumdurum L.
[151] Triticum aestivum L.
[37] Triticumaestivum L., Triticumdurum L.
[152] Triticum aestivum L.
[153] Triticum aestivum L.
[41] Triticum aestivum L.
[154] Triticum durum L.
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95. Brdar, M.D.; Kraljević-Balalić, M.M.; Kobiljski, B.D. The parameters of grain filling and yield components in common wheat

(Triticum aestivum L.) and durum wheat (Triticum turgidum L. var. durum). Cent. Eur. J. Biol. 2008, 3, 75–82. [CrossRef]
96. Barnabás, B.; Jäger, K.; Fehér, A. The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ.

2008, 31, 11–38. [CrossRef]
97. Gallé, A.; Csiszár, J.; Secenji, M.; Guóth, A.; Cseuz, L.; Tari, I.; Györgyey, J.; Erdei, L. Drought response strategies during grain

filling in wheat. Glutathione transferase activity and expression pattern in flag leaves. J. Plant Physiol. 2009, 170, 1389–1399.
[CrossRef]

98. Bhullar, S.S.; Jenner, C.F. Effects of temperature on conversion of sucrose to starch in the developing wheat endosperm. Aust. J.
Plant. Physiol. 1986, 13, 605–615. [CrossRef]

99. Wang, Y.; Frei, M. Stressed food—The impact of abiotic environmental stresses on crop quality. Agric. Ecosyst. Environ. 2011, 141,
271–286. [CrossRef]

100. Blum, A. Improving wheat grain filling under stress by stem reserve mobilization. Euphytica 1998, 100, 77–83. [CrossRef]
101. Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.; Liu, L. Involvement of abscisic acid and cytokinins int the senescence and remobilization of

carbon reserves in wheat subjected to water stress during grain filling. Plant Cell. Environ. 2003, 26, 1621–1631. [CrossRef]
102. Srivastava, A.; Srivastava, P.; Sharma, A.; Sarlach, R.S.; Bains, N.S. Effect of stem reserve mobilization on grain filling under

drought stress conditions in recombinant inbred population of wheat. J. Appl. Nat. Sci. 2017, 9, 1–5. [CrossRef]
103. Houshmandfar, A.; Fitzgerald, G.J.; Tausz, M. Elevated CO2 decreases both transpiration flow and concentrations of Ca and Mg

in the xylem sap of wheat. J. Plant Physiol. 2015, 174, 157–160. [CrossRef] [PubMed]
104. Gifford, R.M.; Barrett, D.J.; Lutze, J.L. The effects of elevated [CO2] on the C:N and C:P mass ratios of plant tissues. Plant Soil

2000, 224, 1–14. [CrossRef]
105. Bloom, A.J.; Lancaster, K.M. Manganese binding to Rubisco could drive a photorespiratory pathway that increases the energy

efficiency of photosynthesis. Nat. Plants 2018, 4, 414–422. [CrossRef]
106. Stone, P.J.; Grast, P.W.; Nicolas, M.E. The influence of recovery temperature on the effects of a brief heat shock on wheat. III. grain

protein composition and dough properties. J. Cereal Sci. 1997, 25, 129–141. [CrossRef]
107. Ge, T.D.; Sui, F.G.; Nie, S.; Sun, N.B.; Xiao, H.; Tong, C.L. Differential responses of yield and selected nutritional compositions to

drought stress in summer maize grains. J. Plant. Nut. 2010, 33, 1811–1818. [CrossRef]
108. Farahani, S.M.; Mazaheri, D.; Chaichi, M.; Afshari, R.T.; Savaghebi, G. Effect of seed vigour on stress tolerance of barley

(Hordeum vulgare) seed at germination stage. Seed Sci. Technol. 2010, 38, 494–507. [CrossRef]
109. Miller, R.O.; Jacobsen, J.S.; Skogley, E.O. Aerial accumulation and partitioning of nutrients by hard red spring wheat. Commun.

Soil Sci. Plant Anal. 1994, 24, 2389–2407. [CrossRef]
110. Velu, G.; Guzman, C.; Mondal, S.; Autrique, J.E.; Huerta, J.; Singh, R.P. Effect of drought and elevated temperature on grain zinc

and iron concentrations in CIMMYT spring wheat. J. Cereal Sci. 2016, 69, 182–186. [CrossRef]
111. RStudio Team. RStudio: Integrated Development Environment for R; RStudio Inc.: Boston, MA, USA, 2016.
112. Hedges, L.V.; Gurevitch, J.; Curtis, P.S. The meta-analysis of response ratios in experimental ecology. Ecology 1999, 80, 1150–1156.

[CrossRef]
113. Högy, P.; Keck, M.; Niehaus, K.; Franzaring, J.; Fangmeier, A. Effects of atmospheric CO2 enrichment on biomass, yield and low

molecular weight metabolites in wheat grain. J. Cereal Sci. 2010, 52, 215–220. [CrossRef]
114. Högy, P.; Brunnbauer, M.; Koehler, P.; Schwadrof, K.; Breuer, J.; Franzaring, J.; Zhunusbayeva, D.; Fangmeier, A. Grain quality

characteristics of spring wheat (Triticum aestivum) as affected by free-air CO2 enrichment. Environ. Exp. Bot. 2013, 88, 11–18.
[CrossRef]

115. Erbs, M.; Manderscheid, R.; Jansen, G.; Seddig, S.; Pacholski, A.; Weigel, H.J. Effects of free-air CO2 enrichment and nitrogen
supply on grain quality parameters and elemental composition of wheat and barley grown in a crop rotation. Agric. Ecosyst.
Environ. 2010, 136, 59–68. [CrossRef]

116. Usui, Y.; Sakai, H.; Tokida, T.; Nakamura, H.; Nakagawa, H.; Hasegawa, T. Rice grain yield and quality responses to free-air CO2
enrichment combined with soil and water warming. Glob. Chang. Biol. 2016, 22, 1256–1270. [CrossRef]

http://doi.org/10.1007/BF00195691
http://doi.org/10.1094/CCHEM-12-13-0256-R
http://doi.org/10.1016/S0098-8472(00)00067-8
http://doi.org/10.1038/nclimate2183
http://doi.org/10.1021/jf8008603
http://www.ncbi.nlm.nih.gov/pubmed/18598044
http://doi.org/10.1006/jcrs.1996.0001
http://doi.org/10.1111/j.1469-8137.2005.01597.x
http://doi.org/10.2478/s11535-007-0050-x
http://doi.org/10.1111/j.1365-3040.2007.01727.x
http://doi.org/10.1016/j.jplph.2013.04.010
http://doi.org/10.1071/PP9860605
http://doi.org/10.1016/j.agee.2011.03.017
http://doi.org/10.1023/A:1018303922482
http://doi.org/10.1046/j.1365-3040.2003.01081.x
http://doi.org/10.31018/jans.v9i1.1137
http://doi.org/10.1016/j.jplph.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25462978
http://doi.org/10.1023/A:1004790612630
http://doi.org/10.1038/s41477-018-0191-0
http://doi.org/10.1006/jcrs.1996.0080
http://doi.org/10.1080/01904167.2010.503829
http://doi.org/10.15258/sst.2010.38.2.21
http://doi.org/10.1080/00103629309368963
http://doi.org/10.1016/j.jcs.2016.03.006
http://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
http://doi.org/10.1016/j.jcs.2010.05.009
http://doi.org/10.1016/j.envexpbot.2011.12.007
http://doi.org/10.1016/j.agee.2009.11.009
http://doi.org/10.1111/gcb.13128


Plants 2021, 10, 1052 18 of 19

117. Panozzo, J.F.; Walker, C.K.; Partington, D.L.; Neumann, N.C.; Tausz, M.; Seneweera, S.; Fitzgerald, G.J. Elevated carbon dioxide
changes grain protein concentration and composition and compromises baking quality. A FACE study. J. Cereal Sci. 2014, 60,
461–470. [CrossRef]

118. Bencze, S.; Veisz, O.; Bedõ, Z. Effects of high atmospheric CO2 on the morphological and heading characteristics of winter wheat.
Cereal Res. Comm. 2004, 32, 233–240. [CrossRef]

119. Blumenthal, C.; Rawson, H.M.; McKenzie, E.; Gras, P.W.; Barlow, E.W.R.; Wrigley, C.W. Changes in wheat grain quality due to
doubling the level of atmospheric CO2. Cereal Chem. 1996, 73, 762–766.

120. Conroy, J.; Seneweera, S.; Basra, A.; Rogers, G.; Nissen-Wooller, B. Influence of rising atmospheric CO2 concentrations and
temperature on growth, yield and grain quality of cereal crops. Aust. J. Plant. Physiol. 1994, 21, 741–758. [CrossRef]

121. De la Puente, L.S.; Perez, P.P.; Carrasco, R.M.; Morcuende, R.M.; Del Molino, L.M.M. Action of elevated CO2 and high temperature
on the mineral chemical composition of two varieties of wheat. Agrochimica 2000, 44, 221–230.

122. Fangmeier, A.; Grüters, U.; Högy, P.; Vermehren, B.; Jäger, H.J. Effects of elevated CO2, nitrogen supply and tropospheric ozone
on spring wheat—II. Nutrients (N, P, K, S, Ca, Mg, Fe, Mn, Zn). Environ. Pollut. 1997, 96, 43–59. [CrossRef]

123. Fangmeier, A.; Grüters, U.; Vermehren, B.; Jager, H.J. Responses of some cereal cultivars to CO2 enrichment and tropospheric
ozone at different levels of nitrogen supply. J. Appl. Bot. Food Qual. 1996, 70, 12–18.

124. Wroblewitz, S.; Hüther, L.; Manderscheid, R.; Weigel, H.J.; Wätzig, H.; Dänicke, S. Effect of Rising atmospheric carbon dioxide
concentration on the protein composition of cereal grain. J. Agric. Food Chem. 2014, 62, 6616–6625. [CrossRef]

125. Weigel, H.J.; Manderscheid, R. CO2 enrichment effects on forage and grain nitrogen content of pasture and cereal plants. J. Crop
Improv. 2005, 13, 73–89. [CrossRef]

126. Wu, D.X.; Wang, G.X.; Bai, Y.F.; Liao, J.X. Effects of elevated CO2 concentration on growth, water use, yield and grain quality of
wheat under two soil water levels. Agric. Ecosyst. Environ. 2004, 104, 493–507. [CrossRef]

127. Rogers, G.S.; Gras, P.W.; Batey, I.L.; Milham, P.J.; Payne, L.; Conroy, J.P. The influence of atmospheric CO2 concentration on the
protein, starch and mixing properties of wheat flour. Aust. J. Plant Physiol. 1998, 25, 387–393. [CrossRef]

128. Manderscheid, R.; Bender, J.; Jäger, H.J.; Weigel, H.J. Effects of season long CO2 enrichment on cereals. II. Nutrient concentrations
and grain quality. Agric. Ecosyst. Environ. 1995, 54, 175–185. [CrossRef]

129. Erice, G.; Sanz-Sáez, A.; González-Torralba, J.; Mendez-Espinoza, A.M.; Urretavizcaya, I.; Nieto, M.T.; Serret, M.D.; Araus, J.L.;
Irigoyen, J.J.; Aranjuelo, I. Impact of elevated CO2 and drought on yield and quality traits of a historical (Blanqueta) and a modern
(Sula) durum wheat. J. Cereal Sci. 2019, 87, 194–201. [CrossRef]

130. Carlisle, E.; Myers, S.; Raboy, V.; Bloom, A. The Effects of Inorganic Nitrogen form and CO2 Concentration on Wheat Yield and
Nutrient Accumulation and Distribution. Front. Plant Sci. 2012, 3, 1–13. [CrossRef]

131. Guo, H.; Zhu, J.; Zhou, H.; Sun, Y.; Yin, Y.; Pei, D.; Ji, R.; Wu, J.; Wang, X. Elevated CO2 levels affects the concentrations of copper
and cadmium in crops grown in soil contaminated with heavy metals under fully open-air field conditions. Environ. Sci. Technol.
2011, 45, 6997–7003. [CrossRef]

132. Ma, H.; Zhu, J.; Xie, Z.; Liu, G.; Zeng, Q.; Han, Y. Responses of rice and winter wheat to free-air CO2 enrichment (China FACE) at
rice/wheat rotation system. Plant Soil 2007, 294, 137–146. [CrossRef]

133. Pleijel, H.; Danielsson, H. Yield dilution of grain Zn in wheat grown in open-top chamber experiments with elevated CO2 and O3
exposure. J. Cereal Sci. 2009, 50, 278–282. [CrossRef]

134. Beleggia, R.; Fragasso, M.; Miglietta, F.; Cattivelli, L.; Menga, V.; Nigro, F.; Pecchioni, N.; Fares, C. Mineral composition of durum
wheat grain and pasta under increasing atmospheric CO2 concentrations. Food Chem. 2018, 242, 53–61. [CrossRef]

135. Sakai, H.; Tokida, T.; Usui, Y.; Nakamura, H.; Hasegawa, T. Yield responses to elevated CO2 concentration among Japanese rice
cultivars released since 1882. Plant Prod. Sci. 2019, 22, 352–366. [CrossRef]

136. Chang-Xing, Z.; Ming-Rong, H.; Zhen-Lin, W.; Yue-Fu, W.; Qi, L. Effects of different water availability at post-anthesis stage on
grain nutrition and quality in strong-gluten winter wheat. Comptes Rendus Biol. 2009, 332, 759–764. [CrossRef]

137. Eivazi, A.; Habibi, F. Sensitivity wheat genotypes for grain yield and quality traits to drought stress. Int. J. Agron. Plant Prod.
2012, 3, 738–747.

138. Baric, M.; Keresa, S.; Sarcevic, H.; HabusJercic, I.; Horvat, D.; Drezner, G. Influence of drought during the grain filling period to
the yield and quality of winter wheat (T. aestivum L.). In Proceedings of the 3rd International Congress “Flour-Bread 05” and 5th
Croatian Congress of Cereal Technologists, Opatija, Croatia, 26–29 October 2005; pp. 19–24.

139. Houshmand, S.; Arzani, A.; Maibody, S.A.M. Influences of drought and salt stress on grain quality of durum wheat. Genetic Variation
for Plant Breeding. In Proceedings of the 17th Eucarpia General Congress, Tulln, Austria, 8–11 September 2004; pp. 383–386.

140. Arzani, A. Grain quality of durum wheat germplasm as affected by heat and drought stress at grain filling period. Wheat Inf. Serv.
2002, 94, 9–13.

141. Saint Pierre, C.; Peterson, C.J.; Ross, A.S.; Ohm, J.B.; Verhoeven, M.C.; Larson, M.; Hoefer, B. White wheat grain quality changes
with genotype, nitrogen fertilization, and water stress. Agron. J. 2008, 100, 414–420. [CrossRef]

142. Souza, E.J.; Martin, J.M.; Guttieri, M.J.; O’Brien, K.M.; Habernicht, D.K.; Lanning, S.P.; McLean, R.; Carlson, G.R.; Talbert, L.E.
Influence of genotype, environment, and nitrogen management on spring wheat quality. Crop Sci. 2004, 44, 425–432. [CrossRef]

143. Mkhabela, M.; Bullock, P.; Gervais, M.; Finlay, G.; Sapirstein, H. Assessing indicators of agricultural drought impacts on spring
wheat yield and quality on the Canadian prairies. Agric. For. Meteorol. 2010, 150, 399–410. [CrossRef]

http://doi.org/10.1016/j.jcs.2014.08.011
http://doi.org/10.1007/BF03543304
http://doi.org/10.1071/PP9940741
http://doi.org/10.1016/S0269-7491(97)00013-4
http://doi.org/10.1021/jf501958a
http://doi.org/10.1300/J411v13n01_05
http://doi.org/10.1016/j.agee.2004.01.018
http://doi.org/10.1071/PP96014
http://doi.org/10.1016/0167-8809(95)00602-O
http://doi.org/10.1016/j.jcs.2019.03.012
http://doi.org/10.3389/fpls.2012.00195
http://doi.org/10.1021/es2001584
http://doi.org/10.1007/s11104-007-9241-5
http://doi.org/10.1016/j.jcs.2009.06.009
http://doi.org/10.1016/j.foodchem.2017.09.012
http://doi.org/10.1080/1343943X.2019.1626255
http://doi.org/10.1016/j.crvi.2009.03.003
http://doi.org/10.2134/agronj2007.0166
http://doi.org/10.2135/cropsci2004.4250
http://doi.org/10.1016/j.agrformet.2010.01.001


Plants 2021, 10, 1052 19 of 19

144. Guttieri, M.J.; Stark, J.C.; O’Brien, K.; Souza, E. Relative sensitivity of spring wheat grain yield and quality parameters to moisture
deficit. Crop. Sci. 2001, 41, 327–335. [CrossRef]

145. Li, Y.F.; Wu, Y.; Hernandez-Espinosa, N.; Peña, R.J. Heat and drought stress on durum wheat: Responses of genotypes, yield, and
quality parameters. J. Cereal Sci. 2013, 57, 398–404. [CrossRef]

146. Dias, A.S.; Bagulho, A.S.; Lidon, F.C. Ultrastructure and biochemical traits of bread and durum wheat grains under heat stress.
Braz. J. Plant Physiol. 2008, 20, 323–333. [CrossRef]

147. Panozzo, J.F.; Eagles, H.A. Cultivar and environmental effects on quality characters in wheat. II. Protein. Aust. J. Agric. Res. 2000,
51, 629–636. [CrossRef]

148. Corbellini, M.; Canevar, M.G.; Mazza, L.; Ciaffi, M.; Lafiandra, D.; Borghi, B. Effect of the Duration and Intensity of Heat Shock
During Grain Filling on Dry Matter and Protein Accumulation, Technological Quality and Protein Composition in Bread and
Durum Wheat. Aust. J. Plant Physiol. 1997, 24, 245–260. [CrossRef]

149. Daniel, C.; Triboi, E. Effects of temperature and nitrogen nutrition on the grain composition of winter wheat: Effects on gliadin
content and composition. J. Cereal Sci. 2000, 32, 45–56. [CrossRef]

150. Labuschagne, M.T.; Elago, O.; Koen, E. The influence of temperature extremes on some quality and starch characteristics in bread,
biscuit and durum wheat. J. Cereal Sci. 2009, 49, 184–189. [CrossRef]

151. Spiertz, J.H.J.; Hamer, R.J.; Xu, H.; Primo-Martin, C.; Don, C.; van der Putten, P.E.L. Heat stress in wheat (Triticum aestivum L.):
Effects on grain growth and quality traits. Eur. J. Agron. 2006, 25, 89–95. [CrossRef]

152. Viswanathan, C.; Khanna-Chopra, R. Effect of heat stress on grain growth, starch synthesis and protein synthesis in grains of
wheat (Triticum aestivum L.) varieties differing in grain weight stability. J. Agron. Crop. Sci. 2001, 186, 1–7. [CrossRef]

153. Wrigley, C.; Blumenthal, C.; Gras, P.; Barlow, E. Temperature variation during grain filling and changes in wheat-grain quality.
Aust. J. Plant Physiol. 1994, 21, 875–885. [CrossRef]

154. De Leonardis, A.M.; Fragasso, M.; Beleggia, R.; Ficco, D.B.M.; De Vita, P.; Mastrangelo, A.M. Effects of heat stress on metabolite
accumulation and composition, and nutritional properties of durum wheat grain. Int. J. Mol. Sci. 2015, 16, 30382–30404. [CrossRef]

http://doi.org/10.2135/cropsci2001.412327x
http://doi.org/10.1016/j.jcs.2013.01.005
http://doi.org/10.1590/S1677-04202008000400008
http://doi.org/10.1071/AR99137
http://doi.org/10.1071/PP96067
http://doi.org/10.1006/jcrs.2000.0313
http://doi.org/10.1016/j.jcs.2008.09.001
http://doi.org/10.1016/j.eja.2006.04.012
http://doi.org/10.1046/j.1439-037x.2001.00432.x
http://doi.org/10.1071/PP9940875
http://doi.org/10.3390/ijms161226241

	Introduction 
	Results 
	[CO2], Temperature and Drought Stress Effects on Grain Yield Components 
	[CO2], Temperature and Drought Stress Effects on Grain Quality 
	Starch 
	Total Protein 
	Mineral Composition 


	Discussion 
	[CO2], Temperature and Drought Stress Effects on Grain Yield Components 
	Effects of [CO2], Temperature and Drought Stress on Grain Quality 
	Starch 
	Total Protein 
	Mineral Composition 


	Materials and Methods 
	Data Search and Selection Criteria 
	Data Analysis 

	Conclusions and Perspectives 
	
	References

