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Projections indicate an elevation of the atmospheric CO2 concentration ([CO2]) concomitant with an intensification of drought for
this century, increasing the challenges to food security. On the one hand, drought is a main environmental factor responsible for
decreasing crop productivity and grain quality, especially when occurring during the grain-filling stage. On the other hand,
elevated [CO2] is predicted to mitigate some of the negative effects of drought. Sorghum (Sorghum bicolor) is a C4 grass that has
important economical and nutritional values in many parts of the world. Although the impact of elevated [CO2] and drought in
photosynthesis and growth has been well documented for sorghum, the effects of the combination of these two environmental
factors on plant metabolism have yet to be determined. To address this question, sorghum plants (cv BRS 330) were grown and
monitored at ambient (400 mmol mol21) or elevated (800 mmol mol21) [CO2] for 120 d and subjected to drought during the grain-
filling stage. Leaf photosynthesis, respiration, and stomatal conductance were measured at 90 and 120 d after planting, and plant
organs (leaves, culm, roots, prop roots, and grains) were harvested. Finally, biochemical composition and intracellular
metabolites were assessed for each organ. As expected, elevated [CO2] reduced the stomatal conductance, which preserved soil
moisture and plant fitness under drought. Interestingly, the whole-plant metabolism was adjusted and protein content in grains
was improved by 60% in sorghum grown under elevated [CO2].

Global food demand is projected to increase up to
110% by the middle of this century (Tilman et al., 2011;
Alexandratos and Bruinsma, 2012), particularly due to
a rise in world population that is likely to plateau at

about 9 billion people (Godfray et al., 2010). Addition-
ally, the average concentration of atmospheric CO2
([CO2]) has increased 1.75mmolmol21 per year between
1975 and today, reaching 400 mmol mol21 in April 2015
(NOAA, 2015). According to the A2 emission scenario
from the U.S. Environmental Protection Agency, in the
absence of explicit climate change policy, atmospheric
CO2 concentrations will reach 800 mmol mol21 by the
end of this century. The increasing atmospheric [CO2] is
resulting in global climate changes, such as reduction in
water availability and elevation in temperature. These
factors are expected to heavily influence food produc-
tion in the next years (Godfray and Garnett, 2014;
Magrin et al., 2014).

Sorghum (Sorghum bicolor) is a C4 grass, considered a
staple food grain for millions of the poorest and most
food-insecure people in the semiarid tropics of Africa,
Asia, and Central America, serving as an important
source of energy, proteins, vitamins, andminerals (Taylor
et al., 2006). Moreover, this crop is used for animal feed
and as industrial raw material in developed countries
such as the United States, which is the main world pro-
ducer (FAO, 2015). With a fully sequenced genome
(Paterson et al., 2009) and over 45,000 accessions repre-
senting a large geographic and genetic diversity, sorghum
is a good model system in which to study the impact of
global climate changes in C4 grasses.
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The increase in [CO2] in the atmosphere, which is the
main driver of global climate changes (Meehl et al.,
2007), is predicted to boost photosynthesis rates and
productivity in a series of C3 legumes and cereals,mainly
due to a decrease in the photorespiration process
(Grashoff et al., 1995; Long et al., 2006). On the contrary,
due to their capacity to concentrate CO2 in bundle sheath
cells and reduce photorespiration to virtually zero, C4
plants are unlikely to respond to the elevation of atmo-
spheric [CO2] (Leakey, 2009). However, even for C4
plants, elevated [CO2] can ameliorate the effects caused
by drought, maintaining higher photosynthetic rates.
This is due to an improvement in the efficiency of water
use that is achieved by the reduction in stomatal con-
ductance (Leakey et al., 2004; Markelz et al., 2011).

The rate of photosynthesis as well as the redistri-
bution of photoassimilates accumulated in different
plant tissues during the day and/or during vegetative
growth are crucial to grain development, and later, to
its filling (Schnyder, 1993). Due to this relationship, any
environmental stress such as drought occurring during
the reproductive phase has the potential to result in

poor grain filling and losses in yield (Blum et al., 1997).
For instance, postanthesis drought can cause up to 30%
decrease in yield (Borrell et al., 2000). It is also known
that elevated [CO2], drought, high temperature, and
any combinations of these stresses can lead to signifi-
cant changes in grain composition (Taub et al., 2008;
Da Matta et al., 2010; Uprety et al., 2010; Madan et al.,
2012), suggesting diverse metabolic alterations and/or
adaptations that occur in the plant when it is cultivated
in such conditions.

Although the impacts of elevated [CO2] and drought
on photosynthesis and the growth of sorghum have
been well documented (Conley et al., 2001; Ottman
et al., 2001; Wall et al., 2001), no attention has been
given to the impact of the combination of these two
environmental changes on plant metabolism and com-
position. Regarding physiology, studies on the growth of
sorghum under elevated [CO2] and drought showed an
increase of the net assimilation rate of 23% due to a de-
crease of 32% in stomatal conductance (Wall et al., 2001).
This resulted in sorghum’s ability to use water 17% more
efficiently (Conley et al., 2001). An improvement in the

Figure 1. A, OTCs used during the experiment to grow sorghum ‘BRS 330’ at ambient and elevated CO2. B, Experimental design.

Figure 2. Soil moisture (cm3 water cm23 soil)
during the experiment with sorghum ‘BRS
330’ at ambient and elevated CO2. n = 8.
Water deficit treatment started at 60 d after
planting (DAP). From 90 to 93 DAP, soil
moisture sensors from pots at elevated CO2 did
not log the data (gray dashed line).
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final overall biomass under elevated [CO2] and drought
has also been described (Ottman et al., 2001), but without
a significant effect in grain yield (Wall et al., 2001).
Few studies have been monitoring metabolic path-

ways in plants under elevated [CO2] (Li et al., 2008;
Aranjuelo et al., 2013) and drought (Silvente et al., 2012;
Nam et al., 2015; Wenzel et al., 2015). Furthermore, to
our knowledge, there are only two reports in which
metabolite profiles or metabolic pathways were inves-
tigated under the combination of these two environ-
mental conditions (Sicher and Barnaby, 2012; Zinta
et al., 2014). Although it is widely accepted that whole-
plant metabolism and composition can impact grain
filling and yield, metabolic studies conducted so far
have focused on a specific plant organ. For instance,
Sicher and Barnaby (2012) analyzed the metabolite
profile of leaves frommaize (Zea mays) plants that were
grown under elevated [CO2] and drought, but they did
not show how those environmental changes could have
affected the metabolism of other tissues (e.g. culm and
roots) or how they might have influenced the biomass
or grain composition.
In order to address how the combination of elevated

[CO2] and drought canmodifywhole-plant metabolism
as well as biomass composition in sorghum, this study
aimed to (1) evaluate photosynthesis, growth, and
yield; (2) underline the differences in biomass compo-
sition and primary metabolite profiles among leaves,
culm, roots, prop roots, and grains; and (3) determine
the effect of elevated [CO2] and drought on the primary
metabolism of each organ.

RESULTS

Elevated [CO2] Did Not Change the Rate of Photosynthesis
in Sorghum Plants Subjected to Drought But Modified
Panicle Size and the Timing of Initiation

Sorghum plants were grown in open-top chambers
(OTCs) under ambient or elevated [CO2] and subjected to
drought during grain formation and filling (Fig. 1). In

both treatments, the availability of water in the soil was
similar during the entire vegetative phase (Fig. 2). At
60 DAP, when the drought treatment started, the soil
moisture in pots at ambient [CO2] decreased faster than
those at elevated [CO2]. At 90 and 115DAP, soil moisture
in pots at elevated [CO2] was approximately 40% and
1,200%higher than in pots at ambient [CO2], respectively.

Despite the differences in soil moisture between
ambient and elevated [CO2], no significant changes
were observed in leaf photosynthesis and leaf respira-
tion (Fig. 3, A and C). However, stomatal conductance
in plants grown under elevated [CO2] was approxi-
mately 53% lower than ambient [CO2] at 90 DAP (Fig.
3B). Elevated [CO2] treatment did not affect the height
of plants but significantly increased their panicle size by
26% to 28% between 94 and 117 DAP (Fig. 4). Further-
more, the higher concentration of CO2 promoted a delay
of 1 week in panicle initiation (Fig. 4B).

Elevated [CO2] Significantly Improved Protein Content in
Grains But Did Not Change Yield under Drought

To evaluate whether biomass and its biochemical
composition were affected by elevated [CO2] and
drought, plants were harvested at 90 and 120 DAP.
Only leaf and prop root biomasses increased under el-
evated [CO2] (Table I). At 120 DAP, leaf biomass was
48% higher in plants grown at elevated [CO2], mostly as
a result of a decrease in leaf senescence. Indeed, the
biomass of shed leaves under elevated [CO2] was 90%
lower than in ambient [CO2] (data not shown). While a
significant increase in leaf biomass was observed at the
end of the plant cycle, the prop root biomass showed a
transitory increase at 90 DAP. At this date, prop roots of
plants under elevated [CO2] displayed 94% more bio-
mass than plants under ambient [CO2]. However, this
difference did not persist until 120 DAP (Table I). The
biomass of grains, which corresponds to yield, did not
change significantly between treatments.

Although the biomass biochemical composition of
different organs was not modified by elevated [CO2], it

Figure 3. Light-saturated rate of leaf photosynthesis (A; A), Stomatal conductance (gs; B), and dark leaf respiration (Rd; C) of the
youngest fully expanded leaf of sorghum ‘BRS 330’ at ambient and elevated CO2 at 90 and 120DAP. Bars represent means6 SD of
biological replicates. n = 3. The asterisk indicates significantly statistical differences between treatments (P , 0.05).
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promoted an increase of 35% and 59% in total protein
content of grains at 90 and 120DAP, respectively (Table I).
In contrast, some transitory reduction in total protein
content and total fatty acids under elevated [CO2] was
observed at 90 DAP in roots and grains, respectively.

Intracellular Metabolism among Organs: The First Step to
Assess How Grain Biochemical Composition Is Altered by
Elevated [CO2] under Drought

The grain-filling stage in plants is largely dependent
on the plant metabolic status (Schnyder, 1993). Never-
theless, there are no studies that describe the primary
metabolite profiles of different plant organs and assess
the question of how they are interconnected. In order
to obtain evidence that supports how each organ can
contribute to observed changes in grain biochemical
composition under elevated [CO2] and drought, the
intracellular amounts of primary metabolites of leaves,

culm, roots, prop roots, and grains were quantified
by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) at 90 and 120 DAP.

In total, we identified and quantified 76metabolites in
leaves and culm, 77 metabolites in roots and grains, and
75 metabolites in prop roots at 90 and 120 DAP in plants
grownunder ambient and elevated [CO2] (Supplemental
Data Set S1). Principal component analysis (PCA) of the
entire data set revealed that differences in the amounts of
metabolites were sufficient to distinguish metabolism
among the organs, even between prop roots and roots
(Fig. 5). Irrespective of the dates and treatments, some
metabolites were found to be in higher quantities in
specific organs (Supplemental Fig. S1).

Cys levels were highest in grains when compared
with other organs. This amino acid is the only metabolite
donor of sulfur for the production of other sulfur-
containing compounds (Noji and Saito, 2003). Interest-
ingly, g-aminobutyric acid, a metabolite that has been
shown to mitigate drought stress in grasses (Krishnan
et al., 2013), was preferentially accumulated in the grains
rather than other plant organs such as leaves and roots.
Polyols, such as glycerol and sorbitol, were also found to
be highest in grains. These have been shownpreviously to
be involved in osmotic stress responses (Bohnert and
Shen, 1999). ADP-Glc, a precursor for starch biosynthesis,
was only detectable in the grains (Supplemental Fig. S1).
The majority of the amino acids were especially accu-
mulated at higher levels in the grains of 90-DAP plants
subjected to drought and elevated [CO2].

The plants were harvested between 10 AM and 2 PM;
therefore, photosynthesiswas very active.As anticipated,
leaves showed higher amounts of metabolites related to
the Calvin cycle (i.e. 2- or 3-phosphoglycerate, ribulose-
1,5-bisphosphate, pentose phosphates, sedoheptulose-7-
phosphate, and erythrose-4-phosphate) and nucleotide
triphosphates. In culm, some metabolites related to the
respiration process, such as citrate and isocitrate, were
in higher quantities. Trp, a precursor of a large variety of
secondary metabolites as well as the precursor of the
plant hormone indole-3-acetic acid (Ljung et al., 2002;
Kriechbaumer and Glawischnig, 2005), was also accu-
mulated preferentially in the culm. The amount of soluble
sugars (Fru, Glc, and Suc) was greater in prop roots,
structures described to aid the anchorage of the plant to
the soil (Gregory, 2006), than in any other organ.

Intracellular Metabolism Is Modified by Elevated [CO2] in
Plants Grown under Drought

To investigate whether the metabolism of each organ
was modified by elevated [CO2] and through different
grain-filling stages (90 and 120 DAP), we performed a
series of PCAs taking into account all metabolites pre-
sent in a given organ and tested the significance related
to CO2 treatment and the grain developmental stage.
All organs showed significant differences between
ambient and elevated [CO2].With the exception of prop
roots, they also had significant differences related to the
grain developmental stages (Fig. 6).

Figure 4. Plant heightwithout panicle (A) and panicle size (B) of sorghum
‘BRS 330’ at ambient and elevated CO2 during the experiment. Data
points are means 6 SD of biological replicates. n = 3. Asterisks indicate
significant statistical differences between treatments (P , 0.05).
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In leaves, most of the amino acids decreased from 90
to 120 DAP at ambient [CO2], whereas they were at
similar amounts on both dates under elevated [CO2]
(Fig. 7A). Leaves under elevated [CO2] hadhigher amounts
of nucleotide monophosphates, 2- or 3-phosphoglycerate,
and Suc-6-P at 90 DAP in comparison with leaves
grown under ambient [CO2]. However, no differences
between treatments were found at 120 DAP. Both am-
bient and elevated [CO2] plants showed a reduction in
metabolites related to glycolytic processes in leaves at
120 DAP compared with 90 DAP. On the other hand,
sugars, sugar alcohols, and intermediaries of the tri-
carboxylic acid cycle increased in both CO2 treatments
between 90 and 120 DAP. Metabolites related to the
Calvin cycle were lower under elevated [CO2] at 90
DAP but higher at 120 DAP.
Similar to leaves, the majority of the amino acids

decreased in culm between 90 and 120 DAP. However,
in culm, the reduction was observed in both CO2
treatments. Sugars and sugar alcohols decreased at 120
DAP in both conditions. Also similar to what was ob-
served in leaves, intermediaries of the tricarboxylic acid
cycle (fumarate, malate, citrate, isocitrate, trans-aconitate,
and cis-aconitate) in the culmof both ambient and elevated
[CO2] increased between 90 and 120 DAP. Remarkably,
metabolites related to Suc metabolism (UDP-Glc, Suc,
Fru-6-P, Glc-6-P, and Suc-6-P) were higher in the culm
at 90 DAP under elevated [CO2] and decreased to lower
levels than ambient [CO2] at 120 DAP (Fig. 7B).
The amounts of soluble sugars (Suc, Glc, and Fru)

and some sugar alcohols in roots were higher under
ambient [CO2], especially at 90 DAP. Under elevated
[CO2], the levels of these sugars increased only at 120
DAP (Fig. 7C). Roots from plants grown at elevated
[CO2] also showed a higher content of hexose phos-
phates and nucleotide triphosphates at 120 DAP. As
observed previously for leaves and culm, the overall
metabolism of amino acids was reduced at 120 DAP in
roots under both conditions. Overall, the intermediaries
of glycolysis and the tricarboxylic acid cycle were re-
duced at 120 DAP compared with 90 DAP in both CO2
treatments.

In prop roots, an overall increase of organic acids,
hexose phosphates, and sugar alcohols was measured
at 120 DAP under ambient [CO2] but not under ele-
vated [CO2] (Fig. 7D). Intriguingly, this response is
different from what was found in roots. Additionally,
the levels of sugars and metabolites related to Suc me-
tabolism decreased at 120 DAP in prop roots under
elevated [CO2], whereas they were maintained at sim-
ilar levels under ambient [CO2] (Fig. 7D). This response
is also opposite to what was observed in roots, where
the amounts of sugars increased at 120 DAP under el-
evated [CO2] (Fig. 7C).

Table I. Biomass (g) and starch, fatty acids, and proteins contents (% of dry weight) of leaves, culm, roots, prop roots, and grains of sorghum ‘BRS
330’ at ambient and elevated CO2 at 90 and 120 DAP

Values are means 6 SD of biological replicates. n = 3. Boldface values indicate significant statistical differences between treatments (P , 0.05).
n.d., Not detected.

Organ DAP
Biomass Starch Fatty Acids Proteins

Ambient CO2 Elevated CO2 Ambient CO2 Elevated CO2 Ambient CO2 Elevated CO2 Ambient CO2 Elevated CO2

Leaves 90 23.54 6 6.84 32.63 6 5.4 n.d. n.d. 1.49 6 0.09 1.42 6 0.04 14.4 6 1.23 16.8 6 0.45
120 17.75 6 2.04 26.19 6 3.8 n.d. n.d. 1.09 6 0.07 1.23 6 0.05 16.3 6 2.01 19.1 6 2.70

Culm 90 13.25 6 4.51 15.49 6 2.96 n.d. n.d. 0.29 6 0.02 0.30 6 0.03 2.2 6 0.26 1.9 6 0.08
120 13.69 6 4.79 10.80 6 1.96 n.d. n.d. 0.22 6 0.02 0.24 6 0.00 2.0 6 0.32 1.9 6 0.32

Roots 90 10.74 6 3.54 9.17 6 2.03 n.d. n.d. 0.29 6 0.02 0.29 6 0.01 3.9 6 0.15 3.4 6 0.22
120 10.41 6 4.34 14.25 6 7.79 n.d. n.d. 0.21 6 0.00 0.21 6 0.00 3.2 6 0.15 3.6 6 0.42

Prop roots 90 5.46 6 1.78 10.48 6 1.2 n.d. n.d. 0.21 6 0.01 0.19 6 0.02 4.1 6 0.69 3.1 6 0.16
120 2.76 6 0.16 3.5 6 0.72 n.d. n.d. 0.18 6 0.01 0.17 6 0.01 2.5 6 0.12 2.3 6 0.28

Grains 90 34.74 6 3.14 30.08 6 7.51 57.4 6 4.51 51.6 6 6.06 1.91 6 0.14 1.32 6 0.11 7.5 6 0.53 10.1 6 0.70
120 61.95 6 16.92 46.91 6 13.56 59.9 6 1.15 57.3 6 2.43 2.09 6 0.03 2.10 6 0.13 5.1 6 0.10 8.1 6 0.68

Figure 5. PCA of the metabolites identified by LC-MS/MS of sorghum
‘BRS 330’ at ambient (open symbols) and elevated (closed symbols)
CO2 at 90 DAP (squares) and 120 DAP (circles). P values indicate sig-
nificant statistical differences of the PCs.
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The metabolites in grains were generally lower at 120
DAP than at 90 DAP in both treatments, indicating a
reduction in the overall grain metabolism (Fig. 7E).
Remarkably, the majority of metabolites related to inter-
mediaries of glycolysis, the tricarboxylic acid cycle,
and amino acids were higher under elevated [CO2] at
90 DAP.

DISCUSSION

Elevated [CO2] Changes the Physiological Status and
Development of Sorghum under Drought

Losses in grain quality and yield are observed when
drought stress occurs, especially during flowering time
(Blum et al., 1997). For instance, postanthesis drought
can cause up to a 30% decrease in grain yield (Borrell
et al., 2000). However, elevated [CO2] commonly ame-
liorates the effects of environmental stresses (Ottman
et al., 2001; Leakey et al., 2006; Geissler et al., 2009; Sicher
and Barnaby, 2012; Naudts et al., 2013; Arenque et al.,
2014; Zinta et al., 2014), reducing the impact on photo-
synthesis, biomass production, and loss in productivity.

In C4 plants, the mitigation of the effect of drought
stress promoted by elevated [CO2] is thought to be a
consequence of the reduction in stomatal conductance,
which leads to an increase in water use efficiency
(Leakey, 2009). For sorghum, previous studies revealed
that the improvement inwater use efficiency stimulated
by elevated [CO2] in plants cultivated under drought
stress increased the rate of photosynthesis and final
overall biomass (Conley et al., 2001; Ottman et al., 2001;
Wall et al., 2001). As consistently described in the lit-
erature, our results show that stomatal conductance
under elevated [CO2] was lower than under ambient
[CO2] at 90 DAP (Fig. 3B). However, this pattern was
reversed at 120 DAP, where plants at elevated [CO2]
displayed higher stomatal conductance than at ambient
[CO2]. This reversion may reflect the effect of drought
on plants at ambient [CO2]. Due to the lower stomatal
conductance, soil moisture was conserved during the
period of growth under elevated [CO2] (Fig. 2), pro-
ducing a less severe effect for drought. Nevertheless, it
is important tomention that the large difference of up to
1,200% in soil moisture observed between elevated and
ambient [CO2] might not reflect values detected under

Figure 6. PCA of the metabolites identified by LC-MS/MS of leaves, culm, roots, prop roots, and grains of sorghum ‘BRS 330’ at
ambient and elevated CO2 at 90 and 120 DAP. P , 0.05 indicates significant statistical differences of the PCs.
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Figure 7. Heatmaps showing the variation in the amount of metabolites in sorghum ‘BRS 330’ grownunder ambient and elevated
[CO2] at 90 and 120 DAP in leaves (A), culm (B), roots (C), prop roots (D), and grains (E). 2/3PGA, 2- or 3-phosphoglycerate; 6PG,
6-phosphogluconate; AKG, a-ketoglutarate; cis-aco, cis-aconitate; Deoxyxyl5P, deoxyxylulose-5-phosphate; E4P, erythrose-4-
phosphate; F1,6bP, Fru-1,6-bisP; Fru6P, Fru-6-P; GABA, g-aminobutyric acid; Gal1p, Gal-1-P; Glc6P, Glc-6-P; GlycerolP,
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field conditions. These high values may be due to an
interference of OTC ventilation on the sensors installed
at only 15 to 20 cm from the soil surface.

In spite of the observed effect on stomatal conduc-
tance, no significant differences in photosynthesis be-
tween ambient and elevated [CO2] were measured (Fig.
3A). Even at the end of the experiment, when plants at
ambient [CO2] faced quite a low amount of water in the
soil (Fig. 2), both treatments showed similar photo-
synthetic rates. However, leaf biomasses were different
between treatments. Indeed, under elevated [CO2] leaf
senescence was reduced, leading to a higher leaf bio-
mass accumulation at 120 DAP (Table I). The reduc-
tion in leaf senescence under elevated [CO2] (data not
shown) indicates that this treatment alleviates some of
the drought effects. In sorghum, drought stress during
and after flowering stages (as applied in our experiment)
can cause premature leaf senescence (RosenowandClark,
1995), and it is well known that the retention of green
leaves during the grain-filling stage generally results in
higher grain yield (Valdez et al., 2011; Jordan et al., 2012).
In our experimental design, the greater amount of green
leaves under elevated [CO2] did not have an impact on
yield (Table I) but rather can be related to the observed
changes in grain quality, as will be discussed further.

Even without a significant impact on yield, plants
under elevated [CO2] had their panicle development
delayed by 7 d. At the same time, their panicle size was
increased significantly (Fig. 4B). The late inflorescence de-
velopment was already reported in previous experiments
with sorghum (Marc and Gifford, 1983). Those authors
showed similar 7-d delays in inflorescence development
from plants cultivated under 500 mmol CO2 mol21 air
and postulated that CO2 can exert some direct effect on
inflorescences, since no other changes in plant develop-
ment were observed.

Another interesting change related to growthwas the
transitory increase in biomass accumulation in prop
roots at 90 DAP under elevated [CO2] (Table I). Since
drought can reduce the growth of prop roots (Nielsen,
2002), the higher biomass found under elevated [CO2]
at 90 DAP might also be a consequence of the lower
effect of drought under this treatment. At 120 DAP, the
biomass of prop roots in both ambient and elevated
[CO2] was reduced compared with 90 DAP, and no
differences were found between the two treatments
(Table I). During the grain-filling stage, there is a mobi-
lization of storage compounds from other organs in order
to supply carbon and nitrogen to grain. In sorghum, this
storage mobilization can reach up to 40% in optimal
conditions and up to 52% under drought stress (Beheshti
and Fard, 2010). This is one possible explanation for the
observed reductions of 49% and 67% in the biomass of
prop roots under ambient and elevated [CO2], respectively.

Elevated [CO2] Preserves the Quality of Grains
under Drought through the Maintenance of
Whole-Plant Metabolism

Plant responses to environmental factors is not only
limited to physiological behavior but also involves a
coordinated and complex network of different organi-
zational levels (i.e. physiological, metabolic, and tran-
scriptional) that may take place in different organs. It
has been demonstrated previously that plant metabo-
lism can change to maintain whole-plant homeostasis
under stress, preventing massive alterations in physi-
ological and growth parameters. For instance, De Souza
et al. (2013) showed for Miscanthus 3 giganteus that
even when no significant changes in photosynthesis
and dry weight were found, growth under elevated
[CO2] promoted a reduction in starch content in leaves,
roots, and rhizomes of this C4 plant.

In the experiment reported here, one of the most re-
markable differences found between ambient and ele-
vated [CO2]was the one related to the protein content in
grains. Even though there were no changes in yield, the
protein content per mass in grains was higher at ele-
vated [CO2] (Table I). At 120 DAP, we found averages
of 5% and 8% of protein in grains under ambient
and elevated [CO2], respectively. According to EMBRAPA
Maize and Sorghum (http://www.catalogosnt.cnptia.
embrapa.br/catalogo20/catalogo_de_produtos_e_servicos/
arvore/CONT000gdhlxxjo02wx5ok0272do2kg8u7h5.
html), the cultivar used in this experiment (cv BRS 330)
displays around 10% of protein content in its grains
under field conditions. Thus, the protein content found in
plants under elevated [CO2] was closer to what is usu-
ally observed in this cultivar, indicating that elevated
[CO2] ameliorates the effects of drought, leading to a
preservation of grain quality.

Corroborating the mitigation effects of drought un-
der elevated [CO2], the conservation of water in the soil
observed in this treatment most likely extended the
activity of metabolites related to the Calvin cycle, Suc,
and amino acid metabolisms in leaves (Fig. 7A). This
condition also promoted a higher accumulation of
metabolites related to Suc metabolism in culm at 90
DAP (Fig. 7B) and the maintenance of metabolites re-
lated to energy metabolism such as hexose phosphates
and nucleotide triphosphates in roots until 120 DAP
(Fig. 7C). Additionally, the appearance of metabolites
associated with drought was delayed in roots and prop
roots under elevated [CO2]. No responses related to
drought were found in prop roots under elevated [CO2]
during this experiment. The increase in the levels of
sugars and sugar alcohols in roots, which is a conse-
quence of the drought response (Bohnert and Sheveleva,
1998; Pavli et al., 2013), occurred only at 120 DAP under

Figure 7. (Continued.)
glycerol-3-phosphate;Man6P,Man-6-P;Man/Gal-ol, mannitol or galactitol;Man/Glc1P,Man- or Glc-1-P;OHPro, Hyp; Pentoses
P, pentose-phosphates; PEP, phosphoenolpyruvate; Ribul1,5bP, ribulose-1,5-bisphosphate; S7P, sedoheptulose-7-phosphate;
Suc6P, Suc-6-P; trans-aco, trans-aconitate; Tre6P, trehalose-6-phosphate.

1762 Plant Physiol. Vol. 169, 2015

De Souza et al.

http://www.catalogosnt.cnptia.embrapa.br/catalogo20/catalogo_de_produtos_e_servicos/arvore/CONT000gdhlxxjo02wx5ok0272do2kg8u7h5.html
http://www.catalogosnt.cnptia.embrapa.br/catalogo20/catalogo_de_produtos_e_servicos/arvore/CONT000gdhlxxjo02wx5ok0272do2kg8u7h5.html
http://www.catalogosnt.cnptia.embrapa.br/catalogo20/catalogo_de_produtos_e_servicos/arvore/CONT000gdhlxxjo02wx5ok0272do2kg8u7h5.html
http://www.catalogosnt.cnptia.embrapa.br/catalogo20/catalogo_de_produtos_e_servicos/arvore/CONT000gdhlxxjo02wx5ok0272do2kg8u7h5.html


elevated [CO2]. In contrast, high levels of these metabo-
lites were found under ambient [CO2] as soon as 90 DAP
(Fig. 7C). Under ambient [CO2], prop roots displayed a
later response to drought compared with roots. An in-
crease in the contents of organic acids and sugar alcohols,
which are metabolites regarded as characteristic of the
drought response in sorghum (Pavli et al., 2013), was
observed at 120 DAP in this organ (Fig. 7D). It is also
important to note that our metabolomics study revealed
a maximal level of all the amino acids in grain under
elevated [CO2] at 90 DAP (Fig. 7E; Supplemental
Data Set S1). Altogether, these responses accounted for
the maintenance of grain metabolism under elevated
[CO2] and, consequently, higher protein contents in
grains. Moreover, the higher biomass of prop roots and
the larger mobilization of sugars in both culm and prop
roots from 90 to 120 DAP (Table I; Fig. 7, B and D) at
elevated [CO2] also contributed to the higher protein
levels in grains. Indeed, the high amounts of Fru, Glc,
and Suc found in prop roots (Supplemental Fig. S1) and
the decrease of its biomass from 90 to 120 DAP suggest
that this organ can serve as a storage organ in addition
to its function in plant support.
Even though cultivation under elevated [CO2] di-

minished the effects of drought, metabolic responses
related to this stress can be observed in both treatments
at 120 DAP. The contents of sugars and sugar alcohols
in leaves and roots increased in both treatments from 90
to 120 DAP (Fig. 7, A and C). Similarly, the levels of
some organic acids, primarily the intermediaries of
the tricarboxylic acid cycle, were greater in leaves and
culm (Fig. 7, A and B). The increase in concentration
of these metabolites has been suggested previously to
be associated with drought responses in sorghum (Pavli
et al., 2013).
During plant development, the overall metabolic re-

sponse indicated a reduction in plant metabolism from
90 to 120DAP,with a decrease in amino acid contents in
leaves and culm, a concomitant decrease in metabolites
related to Sucmetabolism in culm and prop roots, and a
reduction in intermediaries of glycolysis and the tri-
carboxylic acid cycle in roots (Fig. 7).

CONCLUSION AND PERSPECTIVES

Our results show that, although few physiological
effects were observed, the cultivation of sorghumunder
elevated atmospheric CO2 alleviated the loss in grain
quality caused by drought during the grain-filling stage
due to a delay in physiological andmetabolic responses
to drought. To our knowledge, this is the first study that
demonstrates the simultaneous metabolic responses of
the different organs of a plant cultivated under elevated
atmospheric CO2 and drought at the same time. It also
shows, to our knowledge for the first time in sorghum,
how changes in each organ can affect grain composi-
tion. In this context, in the future, it will be key to
evaluate metabolic fluxes within the plant in order to
highlight how different organs integrate to produce

whole-plant physiological behavior under different en-
vironmental conditions. Furthermore, our results set up
a map of metabolic events occurring in different organs
of sorghum. This information could be used to search
candidate genes related to the control of interorgan
communication. Thus, they might be targeted in plant
engineering to help cope with the impacts of global
climate changes on crop grasses.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of sorghum (Sorghum bicolor ‘BRS 330’) were obtained from
EMBRAPA Maize and Sorghum. They were germinated in trays containing
Plantmax soil compost (peat, Pinus spp. bark, and vermiculite) in a greenhouse.
At 15 DAP, seedlings of similar size were transferred to 40-L pots and randomly
distributed through four OTCs of 1.53 3.5 m (diameter 3 height) as described
by De Souza et al. (2008; Fig. 1A). Two OTCs were coupled to a CO2 cylinder in
order to maintain the chamber internal concentration at approximately
800 mmol mol21 (elevated [CO2]). The other two chambers were maintained with
current atmospheric [CO2] (approximately 400 mmol mol21; ambient [CO2]).

Every 1 week, pots were rotated inside the OTCs, and every 2 weeks, they
were rotated between OTCs to avoid acclimation to the microenvironment. Air
temperature, air relative humidity, and [CO2] for each OTC were constantly
recorded (Supplemental Fig S2). After 25 d, soil moisture sensors (10HS; ICT
International) were installed at 15 to 20 cm from the soil surface in four pots of
each OTC, in which the soil moisture values were recorded every 24 h. Once
eachweek, each plant received 400mL ofHoagland solution (Epstein, 1972) as a
source of nutrients until the end of the experiment. During the vegetative phase
(from 0 to 60 DAP), each pot received 1.5 L of water per day. At the beginning of
the reproductive phase (after 60 DAP, with the initiation of the flag leaf), the
amount of water per pot in both treatments was reduced to 0.45 L (reduction of
70%) per day to start the water deficit treatment (Fig. 1B).

Harvests

Five plants from each treatment were harvested at 90 and 120 DAP, corre-
sponding to developmental stages of immature andmature grains, respectively
(Fig. 1B). Each harvested plant was separated into leaves, culm, roots, prop
roots, and grains, immediately frozen in liquid nitrogen, and freeze dried.

Growth Measurements

Plantheight andpanicle sizewere evaluatedevery1week from31 to117DAP
and from 66 to 117 DAP, respectively, using a measuring tape. Plant height was
considered as being the distance between the root-shoot transition and the tip of
the younger leaf, and panicle size as the distance between the peduncle-
inflorescence transition and the inflorescence tip. Biomass accumulation in
leaves, culm, roots, prop roots, and grainswas determined at 90 and 120DAP in
freeze-dried material.

Gas-Exchange Measurements

Before each harvest, leaf CO2 uptake, stomatal conductance, and leaf res-
piration of the flag leaf were measured with a portable open gas-exchange
system (LI-6400 XT; Li-Cor). Leaf temperature was maintained at 26°C, light
intensity at 1,000 mmol m22 s21 photosynthetically active radiation, and CO2
concentration at 400 or 800 mmol mol21 depending of the [CO2] treatment. For
leaf respiration measurements, the leaf was dark adapted during 30 min. All
measurements were made between 10 AM and 2 PM.

Fatty Acid, Protein, and Starch Extraction
and Quantification

Fatty acids, proteins, and starch were sequentially extracted from 20 mg of
freeze-dried ground sorghum tissues as described previously (Cocuron et al.,
2014).
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Fatty acid content was determined by gas chromatography-mass spec-
trometry (GC-MS). Fatty acid methyl esters (FAMEs) were analyzed using a
Thermo Trace 1310 gas chromatograph coupled to an ISQ single-quadrupole
mass spectrometer. FAME derivatives were separated using an Omegawax 250
capillary (30 m 3 0.25 mm 3 0.25 mm) column from Supelco as described
previously (Tsogtbaatar et al., 2015). GC-MS data were acquired and processed
using Xcalibur software. FAME derivatives were identified using the National
Institute of Standards and Technology 11 library and neat FAME standards
purchased from Sigma.

Proteins and starchwere quantified following the steps described previously
(Cocuron et al., 2014).

Metabolite Extraction

Metabolites were extracted from 20 mg of freeze-dried ground sorghum
tissues using boiling water following a protocol described previously (Cocuron
and Alonso, 2014). At the time of the extraction, 200, 200, and 50 nmol of [U-13C]
Glc, [U-13C]Gly, and [U-13C]fumarate were added, respectively, as internal
standards.

LC-MS/MS Quantification of Intracellular Metabolites

After lyophilization, extracts were resuspended in 500mL of nanopurewater
and vortexed. Two hundred microliters of sample was loaded onto a 0.2-mm
nanosep microfiltration centrifugal device in order to quantify the sugars and
sugar alcohols. The remaining 300 mL was transferred to a 3-kD Amicon Ultra
0.5-mL filtering device for the quantification of amino acids, phosphorylated
compounds, and organic acids. The samples were centrifuged at 14,000g for
45 min at 4°C. The intracellular metabolites were separated and quantified as
described previously (Cocuron et al., 2014) with minor modifications. Liquid
chromatography was performed with the UHPLC 1290 device from Agilent
Technologies. The tandem mass spectrometry analyses were performed with a
hybrid triple-quadrupole/ion-trapmass spectrometer (QTRAP 5500; AB Sciex).
LC-MS/MS data were acquired and processed using Analyst 1.6.1 software.

For sugar and sugar alcohol quantification, the extracts from leaves, roots,
andgrainsobtainedafter centrifugation in thenanosepmicrofiltrationfilterwere
diluted 25 times, and those from culm and prop roots were diluted 50 times, in
acetonitrile:water (60:40) solution. For amino acids, the extracts from leaves and
roots were diluted 25 times, and those from culm, prop roots, and grains were
diluted 50 times, in 1 mM hydrochloric acid. The quantification was made by
injecting 5 mL of the diluted sample onto the LC-MS/MS column.

In order to quantify phosphorylated compounds and organic acids, the
extracts fromleaves, culm, roots, prop roots, andgrainswerediluted inultrapure
water 25, 25, 20, 20, and 10 times, respectively. Tenmicroliters was injected onto
the column.

Statistical Analysis

Differences between ambient and elevated [CO2] (P , 0.05) were tested by
Student’s t test (n = 3) using JMP Statistical Discovery Software, version 5.0.1.

Metabolites were analyzed by PCA using the software Minitab version 14.1.
Before PCA, all metabolite data were normalized using log2 function. The sig-
nificance of each principal component was tested by a two-way ANOVA test,
treating grain developmental stages and CO2 concentration as fixed effects.

Heat mapswere generated usingMetaboAnalyst version 3.0 (Xia et al., 2009,
2012, 2015), a free online software (www.metaboanalyst.ca). Briefly, metabolite
levels were first normalized using log2 function, mean centered, and divided by
the SD of each variable. Finally, Ward’s hierarchical clustering algorithm was
used to group metabolites that have the same pattern of distribution.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Heat map comparing metabolite levels in differ-
ent organs.

Supplemental Figure S2. Atmospheric [CO2], air temperature, and air rel-
ative humidity inside the OTCs.

Supplemental Data Set S1. List of metabolites and their quantification in
sorghum tissues under ambient and elevated [CO2].
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