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Abstract

Background: Rice is susceptible to both drought and heat stress, in particular during flowering and grain filling, when both
grain yield and quality may be severely compromised. However, under field conditions, these 2 stresses rarely occur
separately. Under well-watered conditions, plants avoid heat stress by transpirational cooling, while this is not possible
under drought conditions. Although investigating combined drought and heat stress is clearly more agronomically relevant
than analyzing the effects of the single stresses, only a few studies of this stress combination, in particular under field
conditions, have been published. Results: Three rice cultivars differing in drought and heat tolerance were grown in the
field under control and drought conditions in 3 consecutive years. Drought was applied either during flowering or during
early grain filling and resulted in simultaneous heat stress, leading to reduced grain yield and quality. Analysis by gas
chromatography−mass spectrometry showed distinct metabolic profiles for the 3 investigated organs (flag leaves, flowering
spikelets, developing seeds). The metabolic stress responses of the plants also strongly differed between cultivars and
organs. Correlation analysis identified potential metabolic markers for grain yield and quality under combined drought and
heat stress from both stress-regulated metabolites and from metabolites with constitutive differences between the
cultivars. Conclusions: Gas chromatography−mass spectrometry resolved metabolic responses to combined drought and
heat stress in different organs of field-grown rice. The metabolite profiles can be used to identify potential marker
metabolites for yield stability and grain quality that are expected to improve breeding efforts towards developing rice
cultivars that are resilient to climate change.
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Background

Changes in air temperature and precipitation have affected the
global climatic scenario, wherein global surface temperature has

increased by an average of 0.85◦C during the past century while
changes in precipitation varied geographically [1]. Climate mod-
els predict that heat waves and increased frequency and dura-
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tion of dry conditions will persist in the future. Together with
other changes in the climate system, drought and heat are ex-
pected to further negatively affect crop production [1]. Current
climate changes, with emphasis on variation in temperature
and precipitation, already account for 32–39% of the observed
variability in the yield of major crops, including rice [2]. Rice
is susceptible to heat [3–6] and drought [7–10] especially during
the flowering and grain-filling stages, resulting in reduced grain
yield and quality.

However, under natural field conditions, a combination of
more than two stresses is more prevalent and more damaging to
plants than exposure to a single stress [11]. Moreover, combined
stress elicits unique responses that cannot be extrapolated from
each of the individual stress responses [12, 13]. The effects of
combined drought and heat stress have been studied in model
plants and crops at the agronomic [14–17], physiological [18–20],
molecular [12, 21, 22], and metabolic [13, 23, 24] levels, encom-
passing different developmental stages. These studies have also
shown cultivar-specific responses and led to the identification of
cultivars with superior tolerance to combined drought and heat
stress. Knowledge about the molecular mechanisms underlying
tolerance to this stress combination coinciding with the particu-
larly sensitive flowering and grain-filling stages under field con-
ditions is limited, especially in cereals [25]. Although rice cultiva-
tion regions that are vulnerable to both drought and heat condi-
tions have been identified [26], only a few reports on combined
drought and heat stress are available [17, 27–29]. With the ex-
ception of the most recent study [17], all were conducted in con-
trolled environments where conditions are less complex com-
pared with natural field conditions [11], which have been exper-
imentally shown to induce more variable responses [30, 31]. To
date, there are no reports available that evaluate the metabolic
responses to combined drought and heat stress at the flower-
ing and grain-filling stages in field-grown rice. In addition, there
is only 1 publication that reports such metabolic responses in
different rice floral tissues, albeit from controlled environment
experiments [29].

Hence, we conducted a 3-year field experiment [17] and
assessed the metabolic changes in both source and sink or-
gans in response to combined drought and heat stress during
flowering and early grain filling. This study specifically aimed
to (i) define the metabolic profiles of flag leaves, flowering
spikelets, and developing seeds under control conditions and
differentiate rice cultivars with contrasting tolerance to com-
bined drought and heat stress based on their organ-specific
constitutive metabolic profiles; (ii) quantify organ- and cultivar-
specific metabolic changes under stress during flowering and
early grain filling compared with control conditions; (iii) com-
pare the metabolic responses under mild and severe stress
during flowering; and (iv) associate constitutive and stress-
responsive metabolites with stress-induced changes in grain
yield and quality to identify potential metabolic stress tolerance
markers.

Data Description

We performed 3 field experiments in 2013, 2014, and 2015 at
the International Rice Research Institute in the Philippines dur-
ing the dry season (late April to early May, the hottest time of
the year) including the 3 rice cultivars N22, Dular, and Anjali,
which differ in their response to drought and heat stress. Plants
either were grown in flooded paddies throughout their life cy-
cle or were drought stressed either during flowering or early

grain filling. At the end of the stress period, plants were rewa-
tered to allow seed set. Even under the prevailing climatic condi-
tions, drought induced an increase in both panicle and canopy-
air temperature due to the lack of transpirational cooling [17].
Soil and plant water status, air and plant temperature, leaf
and panicle transpiration rates, along with seed yield and seed
quality were monitored throughout the experiments. The re-
sults showed that canopy-air temperature frequently increased
to >33◦C under drought stress, the temperature considered the
threshold for the induction of spikelet sterility of rice in the field.
This was accompanied by significant reductions in grain yield
[17]. More than 1,200 samples were taken from flag leaves, flow-
ering spikelets, and developing seeds and were analyzed for sol-
uble metabolites by means of gas chromatography−mass spec-
trometry (GC-MS). All data have been deposited in the Metabo-
Lights database [32] and are freely accessible. Here, we present
an analysis of the metabolome data from samples obtained un-
der well-watered control conditions; during the early, mild stress
phase; and during the late, more severe stress phase. According
to their divergent tolerance properties, the cultivars differed in
their metabolic reaction to combined drought and heat stress
and also in their metabolome profiles under non-stressed con-
ditions. We identified metabolites that were correlated in their
abundance with either the reduction in yield or the loss of grain
quality under stress. These metabolites constitute a starting
point for the development of metabolic markers to speed up the
generation of new stress-tolerant rice cultivars.

Analysis
Initial data processing

In field experiments conducted over 3 consecutive years, a total
of 415 (2013), 406 (2014), and 420 (2015) samples were collected
from flag leaves, flowering spikelets, and developing seeds of 3
rice cultivars differing in their drought and heat response. Sam-
ples were taken from control plants (fully flooded), during ex-
posure to combined drought and heat stress, and during subse-
quent rewatering, with stress exposure either during flowering
or early grain filling (Fig. 1). Agronomic and physiological anal-
yses, as well as climate and microclimate data from these ex-
periments, have been published recently [17]. All samples were
analyzed by GC-MS metabolite profiling. A total of 221, 143, and
229 metabolites were detected in the samples from each year
(Table 1), excluding contaminants that were detected by non-
sample controls and added internal standards. Owing to the
high complexity of the obtained data sets, we herein present an
analysis of the effects of combined drought and heat stress on
the metabolome of the 3 investigated rice cultivars in 3 different
organs. The effects of rewatering on the metabolome of the same
cultivars and organs will be presented in a separate study. How-
ever, data pre-processing and normalization were performed for
the complete data set to allow direct comparisons of this and fu-
ture analyses of this large multi-factorial experiment.

Principal component analysis (PCA) performed on the control
and stress subset of the data (135 samples from flag leaves dur-
ing the flowering stage, 90 samples from flag leaves during the
early grain-filling stage, 132 samples from flowering spikelets,
87 samples from developing grains) showed a clear separation
between the 3 organs that was dominant compared to cultivar
and treatment effects (Fig. 2). Source (flag leaves) and sink (flow-
ering spikelets and developing seeds) organs were separated by
principal component 1 (PC1), which explained 48% of the total
variance in the data set, while the 2 sink organs were separated



Lawas et al. 3

Figure 1: Schematic illustration of drought stress imposition and collection of samples for metabolomic analysis. Light red indicates the onset of stress and dark red

indicates higher stress intensity (modified from [17]). The yellow arrow in the early grain-filling stage indicates the collection time point of flowering spikelets and
flag leaves under mild stress during flowering. The red arrows indicate collection time points of flag leaves (both stages), flowering spikelets (flowering stage), and
developing seeds (early grain-filling stage) under severe stress, and blue arrows indicate collection time points of flag leaves (both stages), flowering spikelets (flowering

stage), and developing seeds (early grain-filling stage) during rewatering.

Table 1: Number of analyzed samples and detected and analyzed compounds

Parameter
Flag leaves Flowering spikelets Developing seeds

2013 2014 2015 2013 2014 2015 2013 2014 2015

Samples analyzed by GC-MS 207 210 210 88 84 90 120 112 120
Compounds detected by GC-MS 255 164 264 255 164 264 255 164 264
Metabolites after removing
contaminants and standards

221 143 229 221 143 229 221 143 229

Metabolites with ≥33.33%
non-missing values

177 101 206 181 112 194 163 86 177

Metabolites common to the
3 experiments

81 88 67

Note: Metabolites were identified and quantified relative to internal standards and sample fresh weight. The table reports the numbers of samples analyzed, the
metabolites retained after data pre-processing, and common metabolites among the 3 experiments (2013, 2014, 2015). Data from flag leaves, flowering spikelets, and
developing seeds were analyzed separately. The total number of detected compounds and the number of metabolites after removing contaminants and standards is

expressed per experiment; hence, the same number is shown for all organs within the same year. Missing values, however, were organ-specific.

by PC2, explaining a further 26% of the variance. Because of this
strong organ specificity of metabolite composition, we decided
to perform all further data processing and analysis separately
for the different organs.

Metabolites that were not detected in two-thirds or more
of the samples from each organ per year were excluded from
further analysis. The threshold of 33.33% detection allows for
metabolites that may be present only in 1 of the 3 cultivars
to be included in the analysis to capture cultivar-specific re-
sponses. This filtering resulted in the removal of 10−40% of the
detected metabolites per organ and year (Table 1). From the re-
tained metabolites, we considered only those that were common
across the 3 experiments in each organ-specific data set for de-
tailed statistical analyses. This allowed use of the samples from

all 3 experiments as replicates. Finally, 81 metabolites were used
in the analysis of data from flag leaves, 88 metabolites for flower-
ing spikelets, and 67 metabolites for developing seeds (Table 1).
Additional file 1 lists all metabolites included in our analysis,
separately for those only present in 1 organ, in 2 organs, or com-
mon among all 3 organs.

Constitutive metabolic differences among cultivars

Metabolite profiles of all 3 organs significantly varied among the
3 contrasting cultivars (N22, drought and heat tolerant; Dular,
drought tolerant but heat sensitive; Anjali, drought and heat
sensitive) already under fully flooded control conditions (Figs 3–
5). In flag leaves, more metabolites showed constitutively dif-
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Figure 2: Score plot from the PCA of rice metabolite profiles. The first 2 principal components (PC1 and PC2) are shown for samples from flag leaves, flowering spikelets,
and developing seeds collected under control, mild stress (flag leaves at flowering stage and flowering spikelets only), and severe stress conditions from the rice cultivars

N22, Dular, and Anjali. Scores are means of the median-normalized and log10-transformed mass spectral intensities (normalized to internal standard and sample fresh
weight) of 110 metabolites that were detected in common across the 3 experiments in all organs.

ferent levels between cultivars during flowering (47 metabo-
lites) than early grain filling (33 metabolites) (Fig. 3). Twenty-four
metabolites had significantly different constitutive levels in flag
leaves between ≥2 of the cultivars regardless of the developmen-
tal stage of the plants. The magnitude of the differences between
the cultivars was quite similar in both stages for most of these
metabolites, which were mainly organic acids, sugars, and sugar
alcohols, such as pyruvic acid, glyceric acid−3-phosphate (glyc-
eric acid−3-P), erythronic acid, myo-inositol, and raffinose.

At the flowering stage, the levels of more than half (58%) of
the identified flag leaf metabolites were significantly different
between at least two cultivars. Most had the highest levels in
the susceptible cultivar Anjali, as indicated by the negative log2

ratios in Fig. 3B, while mainly sugars and sugar alcohols showed
the highest levels in the most tolerant cultivar N22. On the other
hand, less than half (41%) of the 81 metabolites analyzed in flag
leaves significantly varied in their constitutive levels between
cultivars at the early grain-filling stage. At this developmental
stage, N22 and Anjali had higher levels of the majority of these
metabolites than Dular (Fig. 3D). In particular, the levels of sev-
eral acids, polyhydroxy acids, and phosphates were higher in the
most sensitive cultivar Anjali than in either N22 or Dular, while
arabitol, arabinose, and 1-kestose showed the highest levels in
N22.

In flowering spikelets, 64 out of 88 analyzed metabolites
showed significantly different constitutive levels between at
least two of the cultivars (Fig. 4). Half of these metabolites were
amino acids and yet non-identified metabolites. The drought-
and heat-tolerant N22 had the highest levels of the polyols glyc-
erol and myo-inositol, and, together with the equally drought-
tolerant Dular, had higher levels of raffinose and 2-oxo-glutaric
acid than the drought- and heat-susceptible Anjali (Fig. 4B). On
the other hand, Anjali had, in addition to some amino acids,
higher levels of the polyamines putrescine and spermidine and
their biosynthetic precursor ornithine than Dular and N22.

Approximately two-thirds of the metabolites (44 of 67) ana-
lyzed in developing seeds significantly differed in constitutive
levels between cultivars (Fig. 5). In contrast to flag leaves and
flowering spikelets, where Anjali exhibited constitutively higher
levels of several metabolites in comparison with N22 and Du-
lar, in developing seeds only myo-inositol and erythritol had
significantly higher constitutive levels in Anjali compared with
Dular and N22, respectively (Fig. 5B). N22 had higher levels of
putrescine and 2 unknown metabolites (A159003 and A174001)
than both other cultivars, and in addition several sugars and
amino acids showed higher levels in N22 than Anjali. Dular on
the other hand exhibited the highest constitutive levels of, e.g.,
4-hydroxy-benzoic acid, vanillic acid, arabitol, hydroquinone,
and arbutin (4-hydroxyphenyl-β-glucopyranoside).



Lawas et al. 5

Figure 3: Pair-wise comparison of metabolite levels in flag leaves of 3 rice cultivars under control conditions. Venn diagrams (A, C) show the number of common and
specific metabolites that have significant (Mann-Whitney-Wilcoxon test, P < 0.05) differences in constitutive content between any pair of cultivars. The corresponding
metabolites are illustrated in heat maps (B, D) with the level of significance indicated by asterisks (∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001) and the log2-fold difference

indicated by the color code. Samples were taken from flag leaves under control conditions during flowering (A, B) and early grain filling (C, D). Metabolites are listed
alphabetically by metabolite class, with each class identified by the depicted color code (MST: mass spectral tag). Metabolites common between flowering and early
grain-filling stage are indicated in black font, while those in red font are developmental stage−specific.

Organ-specific responses to combined drought and
heat stress

Flag leaves
Some metabolic responses of flag leaves to stress during flow-
ering (Fig. 6) differed depending on the stress duration (Addi-

tional File 2) and therefore also on stress intensity [17]. For ex-
ample, only the drought- and heat stress−tolerant N22 showed
increased levels of an unknown metabolite and reduced levels of
succinic acid and Glc-6-P under mild stress, while the same re-
sponse was observed in all 3 cultivars under severe stress (Fig. 7,
highlighted in purple). Conversely, the sensitive cultivar Anjali
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Figure 4: Pair-wise comparison of metabolite levels in flowering spikelets of 3 rice cultivars under control conditions. Venn diagram (A) shows the number of common

and specific metabolites that have significant (Mann-Whitney-Wilcoxon test, P < 0.05) differences in constitutive content between any pair of cultivars. The corre-
sponding metabolites are illustrated in the heat map (B) with the level of significance indicated by asterisks (∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001) and the log2-fold
difference indicated by the color code. Metabolites are listed alphabetically by metabolite class, with each class identified by the depicted color code (MST: mass spectral
tag).
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Figure 5: Pair-wise comparison of metabolite levels in developing seeds of 3 rice
cultivars under control conditions. Venn diagram (A) shows the number of com-

mon and specific metabolites that have significant (Mann-Whitney-Wilcoxon
test, P < 0.05) differences in constitutive content between any pair of cultivars.
The corresponding metabolites are illustrated in the heat map (B) with the level
of significance indicated by asterisks (∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001) and the

log2-fold difference indicated by the color code. Metabolites are listed alphabet-
ically by metabolite class, with each class identified by the depicted color code
(MST: mass spectral tag).

responded earlier than N22 in altering the levels of 7 metabo-
lites under stress (Fig. 7, highlighted in blue).

Under mild stress at the flowering stage, flag leaves of the
drought-tolerant cultivars N22 and Dular showed a specific over-
lap of 6 metabolites whose levels significantly increased com-
pared with well-watered control plants (Fig. 6A). These included
glutamic acid, putrescine, raffinose, and sucrose, while there
were no common decreased metabolites (Fig. 7). In contrast,
the overlap exclusively between N22 and Anjali yielded only 1
unidentified metabolite and the specific overlap between Dular
and Anjali consisted of only 3 metabolites. On the other hand,
of the 17 metabolites that showed reduced levels under com-
bined stress, 13 were found in Anjali, of which 6 were in com-
mon with Dular, but only 1 with N22 (Fig. 6B). Under longer and
more severe stress, more metabolites responded compared with
mild stress (Fig. 6C and D). Most of these metabolites were ei-
ther common to all 3 cultivars (21 metabolites) or specific to both
Dular and Anjali (16 metabolites). Of the metabolites whose lev-
els significantly changed under mild or severe stress, approxi-
mately 20% and 33% were unique to 1 of the treatments (Fig. 7,
highlighted in yellow and green, respectively). The levels of the
remaining metabolites were significantly changed regardless of
stress duration and intensity. Examples of cultivar-specific re-
sponses are the increase in the levels of glutamic acid in N22
and the decrease of phosphoenolpyruvic acid levels in Dular and
Anjali. On the other hand, an increase in the levels of phenylala-
nine, proline, threonine, and erythritol and a decrease in malic
acid levels were observed in all cultivars and can thus be re-
garded as a general metabolic response of the flag leaves of all
cultivars to both mild and severe stress during flowering (Fig. 7).

Metabolites that had significantly changed levels under se-
vere stress during early grain filling (Fig. 6E and F), except vanillic
acid, ascorbic acid, sucrose, and 4 unknown metabolites, were
also responsive to severe stress during flowering (Fig. 8). Most
of these common metabolites were regulated by the same culti-
var(s) across both developmental stages. For instance, lower lev-
els of phosphoric acid and malic acid under stress relative to
control conditions were detected in N22 across both flowering
and early grain filling. Nine metabolites had common responses
in the flag leaves of all 3 cultivars and in both developmental
stages and could thus be considered as metabolites generally
responsive to severe drought and heat stress. These included
the amino acids phenylalanine, proline, and threonine, the tri-
carboxylic acid cycle intermediates citric acid, isocitric acid, and
succinic acid, and raffinose.

Flowering spikelets
Similar to flag leaves during the flowering stage, combined
drought and heat stress elicited more stress-responsive metabo-
lites, in particular with increased abundance, under severe
stress compared with mild stress in flowering spikelets (Fig. 9;
Additional File 3). The number of metabolites that showed a sig-
nificant increase or decrease during mild stress relative to con-
trol conditions was very similar. Overlap between the cultivars
was small, with a maximum of 4 metabolites in common be-
tween the heat-susceptible cultivars Dular and Anjali (Fig. 9A
and B). Furthermore, the 3 cultivars had no common metabo-
lites responsive to mild stress.

Longer and more severe stress induced more significant in-
creases in metabolite levels relative to control plants, while the
number of metabolites with reduced levels remained low (Fig. 9C
and D). The overlap among all 3 cultivars consisted of 10 metabo-
lites, comprising amino acids, polyols, and unidentified metabo-
lites (Fig. 10). There was only a little overlap between N22 and ei-
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Figure 6: Venn diagrams illustrating numbers of metabolites with changes in abundance in flag leaves under stress. Numbers indicate common and cultivar-specific

metabolites in flag leaves that showed significant (Mann-Whitney-Wilcoxon test, P < 0.05) increases (A, C, E) or decreases (B, D, F) in abundance during mild stress at
the flowering stage (A, B), severe stress at the flowering stage (C, D), and severe stress at the early grain-filling stage (E, F) relative to well-watered controls.

ther of the other 2 cultivars. In contrast, 14 metabolites showed
changes in content that were common exclusively between Du-
lar and Anjali, including increased levels of fructose and glucose
and reduced levels of arbutin.

While half of the metabolites whose levels were significantly
changed during severe stress were unique to this time point,
24% of the metabolites responsive to mild stress were exclu-
sive to this treatment (Fig. 10). Most metabolites common be-
tween mild and severe stress were cultivar-specific. Three of
these common stress-responsive metabolites were differentially

regulated among the cultivars. Erythritol, isoleucine, and an un-
known metabolite showed significantly altered levels under se-
vere stress in all cultivars, but showed significant changes under
mild stress only in the susceptible cultivars Dular and Anjali.
Similarly, 1-kestose was accumulated in Dular under mild and
in Anjali under severe stress.

Developing seeds
Combined drought and heat stress−induced changes in devel-
oping seeds comprised mostly the accumulation rather than the
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Figure 7: Common and cultivar-specific stress-responsive metabolites in flag leaves during flowering. Metabolites correspond to the numbers in the Venn diagrams in

Fig. 6A−D. Comparisons between responses to early, mild and late, severe stress are color-coded: orange: common response irrespective of stress intensity; yellow: mild
stress−specific; green: severe stress−specific; purple: rapid response in tolerant cultivar N22, delayed response in the more susceptible cultivars; blue: rapid response
in susceptible cultivars, delayed response in tolerant cultivar. Severe stress responses in flag leaves common between the flowering (Fig. 7) and early grain-filling

stages (Fig. 8) are differentiated by font style: boldface: common responses among all cultivars between the 2 stages; italics: cultivar-specific metabolites with similar
responses in the same cultivars across the 2 stages. Quinic acid, 5-caffeoyl-, trans- is listed as chlorogenic acid; 4-hydroxyphenyl-β-glucopyranoside as arbutin; glyceric
acid−3-phosphate as glycerate-3-phosphate; phosphoenolpyruvic acid as phosphoenolpyruvate; phosphoric acid monomethyl ester as monomethyl phosphate.
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Figure 8: Common and cultivar-specific stress-responsive metabolites in flag leaves during early grain filling. Metabolites correspond to the numbers in the Venn
diagrams in Fig. 6E and F. Responses of flag leaves to severe stress common between the flowering (Fig. 7) and early grain-filling stages are indicated by font style:
boldface: common response among all cultivars between the 2 stages; italics: cultivar-specific metabolites with similar responses in the same cultivars across the 2

stages. Glyceric acid−3-phosphate is listed as glycerate-3-phosphate; phosphoenolpyruvic acid as phosphoenolpyruvate.

Figure 9: Venn diagrams illustrating numbers of metabolites with changes in abundance in flowering spikelets under stress. Numbers indicate common and cultivar-

specific metabolites in flowering spikelets that showed significant (Mann-Whitney-Wilcoxon test, P < 0.05) increases (A, C) or decreases (B, D) in abundance in response
to mild (A, B) or severe stress (C, D) during the flowering stage relative to well-watered controls.
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Figure 10: Common and cultivar-specific stress-responsive metabolites in flowering spikelets. Metabolites correspond to the numbers in the Venn diagrams in Fig. 9.
Comparisons between mild and severe stress are color-coded: orange: common response irrespective of stress intensity; yellow: mild stress−specific; green: severe

stress−specific; blue: rapid response in susceptible cultivars, delayed response in the tolerant cultivar N22. Common responses of flowering spikelets (Fig. 10) and
developing seeds (Fig. 11C) during severe stress are indicated by font style: boldface: same response among all cultivars between the 2 organs; italics: cultivar-specific
with similar responses in the same cultivars across the 2 organs. 4-Hydroxyphenyl-β-glucopyranoside is listed as arbutin; phosphoric acid monomethyl ester as
monomethyl phosphate.

reduction of metabolites (Fig. 11). As a general stress response
of all 3 cultivars, the amino acids 3-cyano-alanine, isoleucine,
and phenylalanine, and 2 unknown metabolites had increased,
while succinic acid, Glc-6-P, erythronic acid, and erythritol had
decreased levels (Fig. 11C). Otherwise, the overlap between cul-
tivars was small. The drought-tolerant cultivars N22 and Dular
shared no metabolites with the same response, whereas Anjali
had 2 overlapping increased, but no decreased metabolites in
common with N22 and Dular, respectively. Among the 8 metabo-
lites with significantly reduced levels under stress, half were

unique to N22, while the other half were common to all 3 cul-
tivars.

Because seeds develop from spikelets that underwent suc-
cessful fertilization, it is interesting to compare the responses
at these 2 developmental stages. Eleven of the 28 metabolites
that exhibited significant changes in levels during stress in de-
veloping seeds were unique to this organ (Fig. 11C, highlighted
in green), while among those metabolites that were also stress-
responsive in flowering spikelets, 6 exhibited the same cultivar-
specific responses (Fig. 11C, italics). For instance, arabitol accu-
mulated in N22 under severe stress in both flowering spikelets
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Figure 11: Common and cultivar-specific stress-responsive metabolites in developing seeds. (A, B) Numbers of common and cultivar-specific metabolites in developing
seeds that showed significant (Mann-Whitney-Wilcoxon test, P < 0.05) increases (A) or decreases (B) in abundance under severe stress relative to well-watered controls.

The corresponding metabolites are listed in (C). Metabolites highlighted in green showed specific responses to severe stress in developing seeds compared with
flowering spikelets; metabolites in italics are those that have similar cultivar-specific responses across the 2 organs, and boldface indicates metabolites with a common
response with flowering spikelets among all cultivars (Fig. 10). 4-Hydroxyphenyl-β-glucopyranoside is listed as arbutin.

and developing seeds. In addition, isoleucine also showed the
same response across the 2 organs, but this was a general rather
than a cultivar-specific response. The other metabolites showed
the same pattern of change in the 2 organs, but in different cul-
tivars, or exhibited an opposite response between the 2 organs.
An example of the latter case is erythritol, which accumulated in
flowering spikelets under stress in all cultivars but had reduced
levels in stressed developing seeds.

Metabolite-yield correlations

Correlations between changes in metabolite levels and yield reduction
under stress
From the same experiments that were used to obtain the sam-
ples for metabolite profiling, we also determined seed yield and
seed quality (chalkiness) [17]. The extent of the reduction in both
the amount and quality of the harvested seeds under stress can
be used as measures of the stress tolerance of the cultivars. To
identify candidates for potential marker metabolites for rice tol-
erance to combined drought and heat stress, we performed cor-
relation analyses between the magnitude of changes (i.e., abso-
lute increase or decrease) in metabolite levels and yield reduc-
tion under stress relative to control conditions (Fig. 12A−F). In

this context, a positive correlation means that larger changes
in metabolite levels under stress indicate a smaller yield reduc-
tion, i.e., higher stress tolerance, while a negative correlation
means that a larger change in metabolite levels under stress
indicates higher yield reduction, i.e., lower stress tolerance. It
is obvious from Fig. 12A−F that most of the identified signif-
icant correlations point to metabolites whose levels changed
more strongly with higher yield reduction under stress. Only
8 of the 35 identified metabolites showed larger changes with
higher stress tolerance. In addition, with the exception of isoc-
itric acid, phosphoric acid, and A159003, no metabolite showed
an opposite direction of the correlation in different organs or
under mild and severe stress conditions. However, 1 unknown
metabolite (A124002) showed a negative correlation, i.e., larger
changes with lower tolerance, in flowering spikelets during both
mild and severe stress (Fig. 12D and E) and erythritol showed
a negative correlation in both flowering spikelets and develop-
ing seeds under severe stress (Fig. 12E and F). Four additional
metabolites (A174001, 3-cyano-alanine, gluconic acid, and thre-
onic acid) showed negative correlations in flag leaves during se-
vere stress at the flowering and grain-filling stage (Fig. 12B and
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Figure 12: Identification of potential metabolite markers for yield stability under combined drought and heat stress. The upper panels (A−F) show metabolites with
significant correlations (Spearman’s rank correlation, P < 0.05) between yield reduction under stress and the corresponding changes in metabolite content (log2-fold
change). Metabolites were analyzed in flag leaves under mild (A) and severe (B) stress at the flowering stage, and under severe stress at the early grain-filling stage

(C). Flowering spikelets were investigated under mild (D) and severe stress (E) and developing seeds (F) under severe stress. The lower panels (G−J) show metabolites
with significant correlations between yield reduction under stress and the relative metabolite levels under control conditions. Metabolites were analyzed in flag leaves
during flowering (G) and early grain-filling stages (H), in flowering spikelets (I), and developing seeds (J). Blue and red indicate negative and positive correlations,
respectively. Metabolites in dashed box are common between mild and severe stress within the same organ. Solid boxes indicate metabolites common during severe

stress between flowering and early grain filling within the same source/sink organ. Metabolites indicated in red font are common between the upper and lower panels
within the same organ. Metabolites are sorted alphabetically.

C). All other metabolites only showed a correlation in 1 specific
organ under 1 stress condition.

The largest number of significant correlations between the
magnitude of change in metabolite levels and grain yield under
stress was observed in flag leaves with 10 and 8 metabolites dur-
ing the flowering stage under mild (Fig. 12A) and severe stress
conditions (Fig. 12B), respectively, and with 14 metabolites under
severe stress at the early grain-filling stage (Fig. 12C). There were
also 14 metabolites identified in flowering spikelets under se-
vere stress (Fig. 12E), but only 5 and 2 in developing seeds under
the same stress conditions (Fig. 12F) and in flowering spikelets
under mild stress (Fig. 12D), respectively. Most of the identified
metabolites were unique to either source or sink organs at a cer-
tain stress condition and developmental stage, except for glu-
conic and threonic acid, which were common in flag leaves at
the flowering stage and in flowering spikelets (Fig. 12B and E),
and isocitric acid, which was common in flag leaves at the early
grain-filling stage and in developing seeds (Fig. 12C and F).

Correlations between metabolite levels under control conditions and
yield reduction under stress
From a breeding perspective, metabolite markers that could be
used under control conditions would be an optimal tool because
this would overcome the necessity for costly stress experiments.
Therefore, we also tested the correlation of stress-induced yield
loss with constitutive metabolite levels under control conditions

(Fig. 12G−J). In this analysis, a positive correlation indicates that
higher metabolite levels are related to a smaller yield loss under
stress conditions, i.e., higher tolerance, while a negative correla-
tion indicates that lower metabolite levels are related to higher
tolerance. It is quite striking that much fewer significant correla-
tions could be identified (11 compared to 35; compare Fig. 12G−J
with Fig. 12A−F) and that most of these correlations (8 of 11)
were positive, i.e., the identified metabolites were present in
higher amounts when the stress-induced yield loss was smaller.
In addition, there was no overlap among the identified metabo-
lites in different organs or at different growth stages.

Most of the significant correlations were again identified in
flag leaves (8 of 11). Five of these metabolites (arabitol, Glc-6-P,
and A174001 at the flowering stage (Fig. 12G) and succinic and
threonic acid at the grain-filling stage (Fig. 12H)) were also iden-
tified in the previous correlation analysis in flag leaves at the
same developmental stage (metabolites indicated in red font in
Fig. 12).

Only 1 metabolite (A214003) in flowering spikelets showed
a significant positive correlation (Fig. 12I) between its levels
under control conditions and yield loss under stress. On the
other hand, 2 metabolites from developing seeds, glycerol and
A155004, had significant negative correlations (Fig. 12J). None of
these metabolites in the sink organs were identified in the pre-
vious correlation analysis.
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Metabolite−grain quality correlations

Correlations between changes in metabolite levels and changes in the
proportion of chalky grains under stress
In addition to grain yield, grain quality is also of obvious impor-
tance in a staple food crop such as rice. Grain chalkiness is a
commonly used quantitative measure to describe grain quality,
with an increase in chalkiness, as it occurred under the applied
stress conditions [17], indicating lower quality. Rice grains with
>50% chalk content are generally considered to be undesirable
in the consumer market [33, 34]. We therefore tested whether
there were significant correlations between changes in metabo-
lite levels and changes in the proportion of grains with >50%
chalk [17], with the aim of identifying potential metabolic mark-
ers for this important trait.

A total of 26 metabolites showed a significant correlation be-
tween the magnitude of the difference in content between stress
and control conditions and the change in the proportion of
chalky grains (Fig. 13A−E). Except for ascorbic acid, all metabo-
lites showed a positive correlation, indicating that the respec-
tive metabolites had larger changes in content when the pro-
portion of chalky grains increased more strongly, i.e., with lower
combined drought and heat tolerance. In contrast to the cor-
responding correlations with yield reduction, there were fewer
correlations found in flag leaves (8) than in flowering spikelets
exposed to mild (11) and severe stress (10). Surprisingly, there
were no significant correlations between changes in metabolite
levels and reduction in seed quality under stress in developing
seeds. While there was no overlap between metabolites iden-
tified from source and sink organs, 3 of the metabolites show-
ing significant correlations in flowering spikelets were identical
between plants exposed to mild and severe stress (butyro-1,4-
lactam, 1-kestose, and succinic acid).

Correlation between metabolite levels under control conditions and
changes in the proportion of chalky grains under stress
Analogous to the approach described above for identifying con-
stitutive metabolic markers for reduced grain yield under stress,
we also investigated the relationship between the constitutive
levels of metabolites and changes in the proportion of chalky
grains under stress. A total of 18 metabolites with significant cor-
relations were identified in this analysis, of which 8 were found
in flag leaves, 7 in flowering spikelets, and 3 in developing seeds
(Fig. 13F−I). Most correlations (13 of 18) were negative, i.e., higher
constitutive metabolite levels correlated with lower fractions of
chalky grains. An interesting exception are the 3 metabolites
(A237001, A237002, and ribitol) identified from developing seeds,
which all showed the opposite behavior (Fig. 13I). Furthermore,
of the 18 metabolites identified as significant by this correlation
analysis, 7 (1 in flag leaves and 6 in flowering spikelets) were also
identified in the previous analysis as showing a significant cor-
relation between their change in content under stress and the
increase in chalky grains.

Discussion

While most investigations of stress effects on plants have fo-
cused on a single stress factor, conditions in the field often result
in the simultaneous imposition of 2 or even more stresses. Our
current knowledge suggests that the molecular and metabolic
consequences of a combined stress exposure cannot be extrap-
olated from the effects of the single stresses (see [25] for a recent
review). A common pair of companion stresses is drought and
heat. For example, a recent transcriptomic study of drought ef-

fects on potato in the field revealed a massive induction of heat
shock genes, indicating the inevitable induction of heat stress
during drought, even under the relatively mild climatic condi-
tions of Central Europe [31]. The experiments conducted in the
present study were explicitly set up during the hottest time of
the year in the Philippines, with the aim of inducing heat stress
as a result of the imposition of drought stress. We have pre-
sented physiological and agronomic evidence recently [17] that
under these conditions drought stress resulted in a significant
increase in both flag leaf and panicle temperature, accompa-
nied by decreased grain yield and increased chalkiness of the
harvested grains. It should be mentioned at this point that due
to the nature of such field experiments it was not possible to
generate “true controls,” i.e., samples harvested under condi-
tions where well-watered and drought-stressed plants were ex-
posed to a lower temperature that would not elicit heat stress.
This would require growing plants during a cooler season or in
a cooler region, which would obviously change too many other
growth and environmental conditions to make this a relevant
direct control.

Our data showed that the 3 investigated organs (flag leaves,
flowering spikelets, and developing seeds) could be clearly sep-
arated in a PCA according to their metabolite composition, with
the largest difference between sink and source organs. Due to
these large differences among the organs, all further analysis
was performed separately on the organ-specific data sets. A sim-
ilar separation has been shown previously for leaf blade and
ear/husk in maize plants [35] and flag leaves and spikelets in
rice [36]. Also, different flower tissues could be separated in rice
and sorghum based on their metabolite and lipid profiles, re-
spectively [29, 37].

Constitutive differences in metabolite content among
cultivars in relation to drought and heat tolerance

Not only did metabolite composition differ among organs, but
in addition each organ showed a cultivar-specific constitutive
metabolome under fully flooded control conditions. Because the
cultivars differ in their stress responses, this opens the pos-
sibility that cultivar-specific metabolic pre-adaptations may be
identified. There were a total of 60 annotated metabolites that
showed significant differences in content between any 2 culti-
vars across all organs, i.e., flag leaves at the flowering and grain-
filling stage, flowering spikelets, and developing seeds. Of these
metabolites only 7 were identified by this analysis in all organs,
including 2 acids, 3 sugar alcohols, arbutin, and 1-kestose. Only
for vanillic acid and arbutin were the highest relative amounts
detected in Dular in all organs, while the relative content in the
3 cultivars differed between the organs for the other metabo-
lites. Likewise, 4 metabolites differed among cultivars only in
flag leaves (irrespective of developmental stage), with phospho-
ric acid, dehydroascorbic acid dimer, and phosphoenolpyruvate
showing the highest amounts in Anjali, and 5-caffeoyl-trans-
quinic acid in Dular. However, the last 3 of these metabolites
were only detectable in flag leaves but not in flowering spikelets
or developing seeds. These data alone without any further func-
tional analysis provide no clear basis to deduce any hypothe-
ses for metabolic pre-adaptation towards drought or combined
drought and heat tolerance in the investigated cultivars.

In the sink tissues a total of 22 of the 60 annotated metabo-
lites described above showed significant constitutive differences
between at least one pair of cultivars. Of these metabolites, 11
were specific to flowering spikelets and 3 to developing seeds.
The latter metabolites (isocitric acid, glycerol−3-P, galactaric
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Figure 13: Identification of potential metabolite markers for seed quality under combined drought and heat stress. The upper panels (A−E) show metabolites with
significant correlations (Spearman’s rank correlation, P < 0.05) between increases in the proportion of grains with >50% chalk under stress and the corresponding
changes in metabolite content (log2-fold change). Metabolites were analyzed in flag leaves under mild (A) and severe (B) stress at the flowering stage, and under severe

stress at the early grain-filling stage (C). Flowering spikelets were investigated under mild (D) and severe stress (E). The lower panels (F−I) show metabolites with
significant correlations between the increase in proportion of grains with >50% chalk under stress and relative metabolite levels under control conditions. Metabolites
were analyzed in flag leaves during flowering (F) and early grain-filling stages (G), in flowering spikelets (H), and developing seeds (I). Blue and red indicate negative
and positive correlations, respectively. Metabolites in dashed boxes are common between mild and severe stress within the same organ. Metabolites indicated in red

font are common between the upper and lower panels within the same organ. Metabolites are sorted alphabetically.

acid) showed the highest relative amounts in either N22 or Du-
lar, which are both drought tolerant, in contrast to Anjali. A
possible functional role of these compounds in drought toler-
ance, however, is presently unclear. Of the metabolites specifi-
cally identified in flowering spikelets, 4 that were not detectable
in flag leaves or developing seeds showed the highest content in
the most susceptible cultivar Anjali (tyrosine, 4-hydroxy-trans-
cinnamic acid, ornithine, spermidine). In addition to spermi-
dine, a further polyamine, putrescine, also showed the high-
est content in Anjali in flowering spikelets. Both putrescine and
spermidine levels further increased in flowering spikelets under
stress conditions in Anjali, pointing to a possible negative role of
high polyamine concentrations for the drought and/or heat tol-
erance of rice spikelets. Similarly, high salt sensitivity was cor-
related with high putrescine levels in the leaves of 18 rice cul-
tivars under control conditions [38], while no such correlation
was found under drought stress in a similar panel of cultivars
[39]. Conversely, developing seeds of Anjali contained the lowest
amounts of several amino acids such as glutamine and glycine
under control conditions that may function as compatible so-
lutes under drought in the more tolerant cultivars. Likewise, 4
sugars that are well-known compatible solutes (glucose, fruc-
tose, 1-kestose, and raffinose) showed the highest constitutive
levels in N22 and/or Dular in all investigated organs, with the
exception of developing seeds, where no significant differences
among the cultivars could be detected for raffinose.

To identify potential constitutive metabolite markers for
combined drought and heat tolerance in rice, we used the data
(reduction in grain yield, increase in fraction of chalky grains,
relative constitutive metabolite content) from the 3 years sepa-
rately to obtain 9 data points (3 years times 3 cultivars) for corre-
lation analysis. This generated additional variability in the data
because the magnitude of the stress effects on grain yield and
chalkiness in the field varied between years [17]. When we corre-
lated the magnitude of yield reduction due to drought and heat
stress with constitutive metabolite pool sizes, 11 metabolites
showed a significant correlation. Interestingly, most metabolites
were identified in flag leaves and not in flowering spikelets, al-
though pollen sterility is considered the most important factor
for yield reduction under conditions of combined drought and
heat stress in rice [27, 29].

Analogous to the approach described above we also at-
tempted to identify potential constitutive marker metabolites
for grain quality under drought and heat stress. While we iden-
tified 8 potential markers from the flag leaf metabolome, only
3 metabolites from developing seeds (A237001, A237002, and
ribitol) showed significant correlations of their constitutive pool
sizes with changes in the fraction of chalky grains. These corre-
lations were all positive, indicating that increased constitutive
levels of these metabolites were related to a larger increase in
the fraction of chalky grains under stress. On the other hand, al-
most all correlations detected for metabolites in flag leaves and
spikelets were negative.
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The potential markers for the stability of grain yield and
quality under drought and heat stress identified from the flag
leaf metabolomes may not play a direct role in these traits but
may function in an indirect way, possibly by characterizing the
performance of source tissues that ultimately export metabo-
lites to flowering spikelets and developing seeds. It may be the
export potential of the source tissue for carbon and possibly ni-
trogen that may influence the quality and yield of seeds. Al-
ternatively, the compounds could be merely associated to the
phenotype without a functional connection, which would, how-
ever, not reduce their utility for breeding. In particular, marker
metabolites that can be detected in unstressed flag leaves are
interesting from a practical point of view because they would
not require stress experiments and flag leaves would be easy to
sample even under field conditions.

Stress-induced changes in metabolite content among
cultivars in relation to drought and heat tolerance

The metabolomic responses to drought and heat stress varied
depending on the organ, cultivar, and the duration and inten-
sity of the stress treatment. Owing to the fact that we investi-
gated responses to both mild and severe stress in flag leaves at
the flowering stage and in flowering spikelets, it was possible to
identify metabolites in these organs that were differentially reg-
ulated with stress severity in the different cultivars. There were
only a few metabolites that showed a response specifically to
mild stress in the most tolerant cultivar N22 and a response to
severe stress in all 3 cultivars, indicating metabolic changes that
may be related to drought and heat tolerance. One (A155004) was
increased in pool size, while 2 (Glc-6-P and succinic acid) were
decreased. A decrease in succinic acid levels with increasing leaf
temperature has previously been reported for maize leaves un-
der drought stress [35]. Interestingly, both Glc-6-P and succinic
acid also showed decreased pool sizes in all 3 cultivars under se-
vere stress in developing seeds. Both metabolites were also iden-
tified in an earlier study in the anthers of N22 as related to heat,
or drought and heat tolerance, respectively [29]. In addition, the
enzyme Glc-6-P dehydrogenase shows increased activity during
both drought and heat stress in different plant species, leading
to a reduction in Glc-6-P levels (see [40] for a review). While we
did not identify any metabolites as specifically regulated in N22
in flowering spikelets under mild stress, succinic acid was also
identified to have the highest constitutive content in flowering
spikelets in N22. Furthermore, our analyses indicated that high
constitutive levels of both compounds in flag leaves were signif-
icantly correlated with a lower yield reduction under stress. In
addition, the changes in content under stress in flag leaves for
both metabolites were correlated with yield reduction, and for
succinic acid changes under mild stress in flowering spikelets
were correlated with changes in the fraction of chalky grains.

Conversely, we also identified metabolites with specifically
changed levels under mild stress in the most sensitive cultivar
Anjali and a later response to severe stress in all 3 cultivars. The
only metabolites that showed such a pattern with an early in-
crease under mild stress in flag leaves and flowering spikelets
were arabitol and isoleucine, respectively. Arabitol showed a sig-
nificantly higher content in flag leaves at the flowering stage in
N22 than in Anjali already under control conditions. The change
in arabitol content under severe stress and the constitutive lev-
els of arabitol in flag leaves were further significantly corre-
lated with the reduction in grain yield under stress. In addition,
arabitol content increased in flowering spikelets under severe
stress in all cultivars and showed significant correlations with

the change in chalky grain fraction both for its constitutive level
and its change in content under severe stress.

Of the metabolites with specifically reduced levels under
mild stress in Anjali and reduced levels in all cultivars under
severe stress in flowering spikelets, pyruvic acid is of particu-
lar interest, because its constitutive content and the change in
content under severe stress were significantly correlated with
the change in the fraction of chalky grains after drought and
heat stress. In addition, the change in pyruvic acid levels during
stress in developing seeds was significantly correlated with yield
reduction. Cumulatively, this evidence points to Glc-6-P, arabitol,
succinic acid, and pyruvic acid as promising metabolic marker
candidates for drought and heat tolerance in rice.

We further hypothesized that metabolites whose levels un-
der drought and heat stress were uniquely increased in the tol-
erant cultivar N22 are potential candidates for conferring tol-
erance to this stress combination in rice and may therefore
be valuable targets for marker-assisted breeding. In particular,
we focus here on metabolites whose levels were significantly
increased under severe stress (i.e., longer stress duration and
higher intensity) relative to well-watered control conditions.

In flag leaves during flowering, glutamic acid and arbutin
levels significantly increased under severe stress specifically in
N22, and in flag leaves during early grain filling vanillic acid lev-
els were significantly increased. Arbutin is an aromatic com-
pound with strong antioxidative [41] and membrane-stabilizing
[42] properties. It has also been identified as a metabolic predic-
tor of drought tolerance in potato [31, 43]. Similarly, vanillic acid
was identified as a drought-induced metabolite in rice leaves in
the vegetative growth stage, with higher content in a drought-
tolerant than a sensitive cultivar [44]. In the case of flowering
spikelets and developing seeds, 5 and 1 metabolite, respectively,
showed an N22-specific increase under severe stress. However,
the constitutive levels of these metabolites were significantly
lower in N22 compared with Dular and/or Anjali under control
conditions. Therefore, even with increased levels under stress in
N22, they were still lower compared with the constitutive levels
of the susceptible cultivars, making a functional role in drought
and heat tolerance unlikely.

Potential Implications

From the metabolomic analysis presented in this article it be-
comes apparent that we should be cautious when comparing
data from different studies that were conducted on different
plant organs or tissues, or even on the same organ at differ-
ent developmental stages such as flag leaves during flowering
and early grain filling. Also, our study has identified a number
of potential marker metabolites for both grain yield and grain
quality under combined drought and heat stress. The utility of
such markers has to be tested with a wider range of cultivars
to assess whether more tolerant genotypes could be identified
in this way. Obviously, most of the potential markers, such as
those identified in flag leaves for grain quality, will most likely
not have a direct function in the observed phenotype. Instead,
these metabolites may indicate the status or source potential
of the leaf tissue. The fact that we currently cannot function-
ally link systemic metabolite levels to yield reduction or changes
in grain quality under stress does not diminish their potential
value as markers for breeding purposes. In particular, markers
that can be used without the need for stress experiments and
that can be identified in plant organs such as leaves that are
easy to obtain would be of particular interest. The fact that this
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is already the second species after potato [43] for which predic-
tive metabolic markers for drought and heat tolerance have been
identified raises the possibility that our approach for metabolic
marker discovery may be a more generally applicable strategy
in efforts to breed for more stress-tolerant cultivars in different
crop species. It should finally be emphasized that both studies
used field experiments, indicating that it is indeed feasible to
conduct such molecular studies under agronomically relevant
conditions.

Methods
Crop husbandry and stress treatment

Crop husbandry and stress treatments were exactly the same as
in Lawas et al. [17]. In brief, a 3-year field experiment was con-
ducted at the International Rice Research Institute, Philippines,
during the dry seasons of 2013–2015. Rice (Oryza sativa L.) culti-
vars used were the drought-, heat-, and combined drought- and
heat-tolerant N22 (O. sativa aus ssp.), drought-tolerant but heat-
and combined drought- and heat-susceptible Dular (O. sativa aus
ssp.), and drought-, heat-, and combined drought- and heat-
susceptible Anjali (O. sativa indica ssp.), which have contrasting
responses to drought and heat stress at both the flowering and
grain-filling stages [17, 27, 45–47]. These cultivars were randomly
assigned in a split-plot design with 3 replicate subplots per treat-
ment, with separate plots allocated for stage-specific (flowering
and early grain filling) drought stress. A staggered-sowing ap-
proach was used to ensure that the 3 cultivars synchronized
with flowering and early grain filling that coincided with the
hottest period (late April to early May) in the experiment loca-
tion. The average maximum ambient air temperature coincid-
ing with drought stress across the 3 years was 34.3 ± 0.50◦C (see
[17] for more detailed climate and microclimate data). A rainout
shelter was used for imposing drought conditions. Fully flooded
conditions were maintained until the early booting stage or until
the start of flowering for flowering and early grain-filling stage
drought treatments, respectively, after which water was drained
from the stress plots (Fig. 1). At the end of the drought stress
treatment, an average soil water potential of −46.6 ± 11.1 kPa
was recorded across the 3 years before rewatering to maintain
flooded conditions until crop maturity. Control plots were kept
fully flooded during the entire experiment. It should be stressed
that under field conditions all plants were exposed to the same
environmental conditions. Hence, no “true” control at a lower
air temperature was possible.

Sample collection

Three to 5 replicates each of flag leaves, flowering spikelets, and
developing seeds per cultivar were collected under mild stress
(4–7 days after drought stress initiation; Fig. 1, yellow arrow), se-
vere stress (11–16 days after drought stress initiation; Fig. 1, red
arrows), and at 3 rewatering time points (12, 36, and 60 hours
after rewatering; Fig. 1, blue arrows) in each of the 3 years, yield-
ing a total of 12−15 replicate samples from each organ per treat-
ment and time point across the 3 years. Mild and severe stress
corresponded to an average soil water potential of −16.2 ± 4.1
and −46.6 ± 11.1 kPa and an average maximum canopy air tem-
perature in 2013 and 2014 (no data available for 2015 [17]) of
32.8 ± 0.98◦C and 35.7 ± 1.07◦C, respectively, across the exper-
iments. For the early grain-filling stage, drought stress was initi-
ated when the plants started to flower. Hence, it was possible to
collect flag leaves and spikelets at the flowering stage under mild

stress conditions for comparison with the severe stress flower-
ing samples. However, collection of early grain-filling samples
exposed to mild stress was not feasible because it would require
a different strategy, where drought would be initiated at the start
of grain filling.

When plants in the plots designated for imposing drought
during early grain filling were at the flowering stage, i.e., a few
days after water was drained, flowering spikelets were identi-
fied in both control and stress plots and the respective pedicels
(or secondary branches in the cases where all spikelets on
that branch were flowering) were marked using marker pens.
Spikelets were not directly marked on the floral tissue, i.e.,
lemma and palea, to avoid any interference of the chemicals
from the marker pen ink with metabolite analysis. This mark-
ing strategy (only for spikelets that were collected at a later time
point, i.e., during severe stress, as developing seeds) was fol-
lowed to ensure that samples at the same developmental stage
were harvested and that only those that were stressed during
early grain filling would be collected. The marked spikelets were
collected during severe stress, i.e., 9–11 days after flowering, and
after rewatering, i.e., 10–14 days after flowering, as developing
seeds. In addition, from the same plot, flowering spikelets were
also collected to serve as samples exposed to mild stress during
the flowering stage. On the other hand, from the flowering stage
drought stress plots, spikelets flowering at the time of sampling
were collected during severe stress and after rewatering. In par-
allel, samples from the control plots (fully flooded, 33.3 ± 0.77◦C
average maximum canopy air temperature in 2013 and 2014)
were also collected in all 3 years. Flowering spikelets and de-
veloping seeds were individually detached from the rachis, ex-
cluding the pedicel, using forceps. Only those that were posi-
tioned at the upper two-thirds of the panicle were collected to
exclude inferior spikelets, which have lower fertility compared
with superior spikelets under both control and stress conditions
in fully exserted panicles and in panicles partially trapped in-
side the flag leaf sheath [48–50]. Sampling was done randomly
from ≥4 plants per replicate plot in order to collect ≥150 mg of
tissue, with each sample replicate consisting of pooled samples
from the 3 replicate plots. In the case of flag leaves, 2 leaves per
replicate plot were collected randomly from plants that were at
the target developmental stage. All samples were collected in 15-
mL conical tubes immersed in liquid nitrogen during the entire
sampling in the field and stored at –80◦C until use. Sample col-
lection was done between 9:00 and 11:30 a.m. in all treatments
and cultivars to avoid confounding results due to the impact of
circadian rhythm.

Metabolite profiling and data processing

Samples were homogenized using a cryogenic grinding robot
(Labman Automation Ltd., North Yorkshire, UK). Metabolite pro-
filing was performed as previously described [29, 51]. An aliquot
of 120 ± 5 mg ground tissue was used to extract a fraction en-
riched in polar primary metabolites and small secondary prod-
ucts using methanol: chloroform with 13C6-sorbitol added as an
internal standard. An aliquot of 160 μL from the upper polar
phase was dried overnight in a vacuum concentrator. Chemical
derivatization and gas chromatography coupled to electron im-
pact ionization time-of-flight mass spectrometry was performed
using a gas chromatograph with a split and splitless injector
(Agilent 6890N24, Agilent Technologies, Böblingen, Germany) at-
tached to a Pegasus III time-of-flight mass spectrometer (LECO
Instrumente GmbH, Mönchengladbach, Germany) following Er-
ban et al. [51]. Acquired chromatograms were processed by Chro-
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maTOF software (LECO Instrumente GmbH, Mönchengladbach,
Germany). Metabolites were identified using TagFinder [52], NIST
mass spectral search and comparison software (NIST17; [53]),
and the mass spectral and retention time index reference collec-
tion of the Golm Metabolome Database [54]. The majority of the
metabolites were quantified in splitless injection mode, while
malic acid, phosphoric acid, fructose, glucose, and sucrose were
quantified in split injection mode. Data with the best quanti-
tative information on the basis of manual curation were cho-
sen, mass spectral intensity was normalized to the sample fresh
weight, and 13C6-sorbitol was used for further data analysis.
Quantified metabolites were either known or yet non-identified
(indicated by an identifier number) and are archived in the Golm
Metabolome Database [55, 56]. All metabolomics data are freely
available [57].

Statistical analysis

All statistical analyses were performed using R, version 3.4.0
[58], and RStudio, version 1.0.153 [59]. Data were filtered by
removing all contaminants and internal standards. PCA was
performed on the data from control and stress conditions.
Only metabolites identified in common from all 3 experiments
(110 metabolites) were included in the PCA. For each metabo-
lite, data were divided by the median across all samples and
log10-transformed. Mean values were Pareto-scaled and mean-
centered for PCA using the probabilistic method performed with
the “pcaMethods” package (version 1.60.0), which is recom-
mended for large data sets owing to its speed and use with
incomplete data sets [60]. Data visualization by score plot was
done with the “ggplot2” package (version 2.2.1). Because the 3
organs (flag leaves, flowering spikelets, developing seeds) clus-
tered distinctly from each other, further analyses were per-
formed separately for each organ.

Each organ-specific data set was initially pre-processed sep-
arately per experiment. Although this article focuses only on
the differential metabolic responses between control and stress
conditions, all data pre-processing (e.g., outlier detection, me-
dian transformation) was performed including samples col-
lected during the rewatering time points. This will allow for a
direct comparison of the data presented here and those of the
metabolic differences between control and rewatering and be-
tween stress and rewatering in the future. Metabolites that were
present in at least one-third of the total number of samples
were considered for further data pre-processing. Hydroquinone
in flowering spikelets collected in 2013, although present in only
32.95% of the total samples, was also included because it was
specific to Dular on the basis of manual inspection. Further-
more, from the reduced metabolite list, only those that were
common to the 3 experiments were analyzed. Missing values
were substituted by half of the minimum value of each metabo-
lite for data transformation to be performed [61]. Data from the
3 experiments were then combined and subjected to an analy-
sis of variance−based normalization with treatment, time point,
cultivar, measurement batch, and sequence as factors. System-
atic differences due to measurement batch and sequence were
removed [62] to allow combined analysis of individual experi-
ments [31]. The normalized data were separated into the 3 exper-
iments, each of which was subjected to outlier detection using
an R script [31] based on Grubbs’ test from the “outlier” pack-
age (version 0.14). Identified outliers were replaced with miss-
ing values. Because some of the outliers were condition-specific,
manual supervision of the data was also done to avoid remov-
ing biological variance. Three flowering spikelet samples that

exhibited a large fraction of missing values (61–67% of metabo-
lites not detected) at the start of data pre-processing and af-
ter outlier detection were excluded from the analysis. More-
over, data from flag leaves were separated between the flow-
ering and early grain-filling stage after outlier detection. Data
from the 3 experiments were then combined for each organ
(flag leaves from flowering stage, flag leaves from early grain-
filling stage, flowering spikelets, developing seeds) and the sub-
sequent data processing and analyses were done on the com-
bined data sets (12–15 replicates per organ per cultivar and con-
dition). Data were normalized to the median of each metabolite
and log2-transformed to approximate normal distribution. The
Shapiro-Wilk test was performed using the R package “stats”
(version 3.4.0) to assess the normality of the data. Because not
all metabolites were normally distributed, the Wilcoxon-Mann-
Whitney test from the R package “stats” was used to determine
the significance of differences (expressed as log2-fold change)
of the relative metabolite content of each cultivar under control
and stress conditions. A subset of the combined data compris-
ing only control samples was also analyzed. This data set was
also median-normalized per metabolite and log2-transformed.
The Wilcoxon-Mann-Whitney test (“stats” package) was used to
compare the relative levels of metabolites between the cultivars.
Venn diagrams showing unique and common metabolites be-
tween the comparisons were drawn using the “VennDiagram”
package in R (version 1.6.17). Heat maps to illustrate metabolites
with significant log2-fold differences in content between culti-
vars were generated from the “gplots” package (version 3.0.1).

Correlations between the changes in yield and proportion of
grains with >50% chalk content as a measure of grain quality
under stress relative to control conditions and in the relative
metabolite levels under control condition, as well as the change
in metabolite levels between the treatments, were assessed us-
ing the Spearman’s rank method from the R package “stats.” For
ease of term, we have used “chalky grains” to refer to rice grains
having >50% chalk content. Data for grain yield and proportion
of chalky grains were extracted from our previous report [17].
For the correlation test, average values per cultivar per exper-
iment (3 cultivars × 3 years) were used. Metabolite data were
median-normalized and log2-transformed before calculating the
average values per experiment. Metabolites with significant cor-
relation between the factors of interest were visualized through
heat maps (“gplots” package). All code used in these analyses is
freely available [63].

Availability of source code and requirements

Project name: Rice HxD Metabolomics
Project home page: GitHub (https://github.com/llawas/Rice HxD
Metabolomics)

Operating system: Windows 7
Programming language: R
License: GNU General Public License
RRID:SCR 017073

Availability of supporting data and materials

The data set supporting the results of this article is available in
the EMBL-EBI MetaboLights database [32] with the identifier MT-
BLS801. Snapshots of our code and other data supporting this
research are available in the GigaScience repository, GigaDB [64].

https://github.com/llawas/Rice_HxD_Metabolomics
https://scicrunch.org/resolver/RRID:SCR_017073
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Additional files

Additional file 1 (XLS). Common and organ-specific metabolites
used in the final data analysis. Metabolites that were common
among the 3 experiments with ≥33.33% non-missing values, as
indicated in Table 1 and that were either specific to 1 or 2 organs,
or detected in all 3 organs. Metabolites are listed alpahabetically
by metabolite class in the same order as in Figs 3–5.
Additional file 2 (PDF). Metabolites with different abundance
under mild and severe drought and heat stress in flag leaves.
The heat map displays all flag leaf metabolites that showed a
significant (Mann-Whitney-Wilcoxon test, P < 0.05) difference
in abundance between mild and severe combined drought and
heat stress during the flowering stage. The level of significance
is indicated for each metabolite and cultivar by asterisks (∗ P <

0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001) and the log2-fold difference is
indicated by the color code.
Additional file 3 (PDF). Metabolites with different abundance
during mild and severe drought and heat stress in flowering
spikelets. The heat map displays all metabolites in flowering
spikelets that showed a significant (Mann-Whitney-Wilcoxon
test, P < 0.05) difference in abundance between mild and severe
combined drought and heat stress during the flowering stage.
The level of significance is indicated for each metabolite and cul-
tivar by asterisks (∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001) and the
log2-fold difference is indicated by the color code.
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GC-MS: gas chromatography-mass spectrometry; Glc-6-P:
glucose-6-phosphate; glycerol−3-P: glycerol−3-phosphate; PC:
principal component; PCA: principal component analysis.
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