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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 two 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 three 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 (GC-MS) showed distinct metabolic profiles for the three
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

GC-MS 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 climate change resilient rice.
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Response to Reviewers: Reviewer reports:
Reviewer #1: In this manuscript the authors performed metabolic profiling analysis of
three rice cultivars grown in field conditions. Drought was applied during early flowering
or grain filling. The authors studied the metabolic differences induced by drought and
the different responses of the three cultivars. This is a follow up study from the same
authors where other agronomic measurements were taken. In this paper the authors
make correlations analysis between metabolite levels and yield reduction under stress.
I wholeheartedly agree with the authors on the necessity of conducting this type of
analysis in plants grown in field conditions and particularly trying to induce several
stresses.
My main concern about the paper is about the way the idea of combined drought/heat
stress is presented. How plants respond to these two stresses is a very interesting
subject and a lot of research is currently going on about how climate change will
impact certain areas with a combination or both stresses while in other areas only high
temperature will be the predominant factor. In the paper the authors acknowledge the
fact that their experimental design only allows them to control drought stress by means
of controlling irrigation. Temperature is not controlled in their experimental setup.
However, it should be more clear how why the authors consider that the temperature at
which they grew the plants in the different seasons is considered stressful for the
cultivars used in the experiment. It would be important to clarify this since the main
idea of the paper is to study metabolic differences of cultivars grown under a
combination of heat and drought stress.

Response: We apologize if we have not made this point sufficiently clear. We have
now added information under Data Description to describe how we showed in our
earlier publication that the plants were indeed heat stressed. The modified text now
reads as follows:
We performed three field experiments in 2013, 2014 and 2015 at the International Rice
Research Institute (IRRI) in the Philippines during the dry season (late April to early
May, the hottest time of the year) including the three rice cultivars N22, Dular and
Anjali that differ in their response to drought and heat stress. Plants were either grown
in flooded paddies throughout their life cycle, or were drought stressed either during
flowering or early grain filling. At the end of the stress period, plants were rewatered to
allow seed set. Even under the prevailing climatic conditions, 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 results showed that canopy-air temperature frequently rose
above 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].

I have no concerns about the data analysis presented by the authors, only some
suggestions about the best way to present it:

-Please keep font size and type uniform across figures.
Response: We thank the reviewer for pointing this out. We have revised Figures 7, 8,
10 and 11 accordingly.

-With so many venn diagrams and tables it might be useful to consider something like
https://github.com/hms-dbmi/UpSetR or any other approach that can help visualize
intersections between the different genotypes and treatments more easily.
Response: We are aware of these approaches but decided against using them for this
paper. These visualization tools are very useful e.g. for transcriptomic data, where
hundreds of genes have to be classified. However, the number of metabolites
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detectable by GC-MS is still comparatively small so that relevant metabolites in the
different intersections could just be listed individually. We find this more appropriate
because in this way the metabolite identities are immediately obvious to the reader,
while with an approach such as UpSetR the reader would need to refer to an additional
supplemental table to see the identity of the metabolites.

- Related to the point above, it would be useful to combine tables and ven diagrams
that referr to the same dataset. E.g. Figure 9 and 10.
Response: We have combined Venn diagrams and heatmaps/tables as far as possible.
However, in the case of Figures 6 and 7, and 9 and 10 the combination would require
to reduce the size of the single panels to a degree that they would no longer be
readable. We would therefore strongly prefer to leave these figures unaltered.

Reviewer #2: The authors conducted metabolome analysis of 3 rice cultivars with
different drought tolerance. The samples are flag leaves, flowering spikelets, and
developing grains collected from rice plants grown in the paddy field under combined
drought and heat stress conditions. The sampling was conducted over 3 consecutive
years. Based on the datasets acquired by GC-MS from these samples, the authors
analyzed the metabolic responses of respective organs, and found several metabolic
markers linked to the stress tolerance, yield and grain quality. Although it remains still
unknown whether these marker metabolites provide drought tolerance to plants, these
markers, especially deduce from the analysis of samples from plants grown under well-
irrigated control conditions, might be useful for breeding of rice. Although in this
experiment quite different cultivars are used (aus, indica), further analysis using more
cultivars selected by considering their genetic relationship
might reveal more suited markers for breeding.

Additional Information:

Question Response

Are you submitting this manuscript to a
special series or article collection?

No

Experimental design and statistics

Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the
data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Yes

Resources

A description of all resources used,
including antibodies, cell lines, animals
and software tools, with enough
information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly

Yes
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encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

Availability of data and materials

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically
appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”
section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum
Standards Reporting Checklist?

Yes
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Abstract 24 

Background: Rice is susceptible to both drought and heat stress, in particular during flowering 25 

and grain filling, when both grain yield and quality may be severely compromised. However, 26 

under field conditions, these two stresses rarely occur separately. Under well-watered conditions, 27 

plants avoid heat stress by transpirational cooling, while this is not possible under drought 28 

conditions. Although investigating combined drought and heat stress is clearly more 29 

agronomically relevant than analyzing the effects of the single stresses, only a few studies of this 30 

stress combination, in particular under field conditions, have been published. 31 

Results: Three rice cultivars differing in drought and heat tolerance were grown in the field 32 

under control and drought conditions in three consecutive years. Drought was applied either 33 

during flowering or during early grain filling, and resulted in simultaneous heat stress, leading to 34 

reduced grain yield and quality. Analysis by gas chromatography-mass spectrometry (GC-MS) 35 

showed distinct metabolic profiles for the three investigated organs (flag leaves, flowering 36 

spikelets, developing seeds). The metabolic stress responses of the plants also strongly differed 37 

between cultivars and organs. Correlation analysis identified potential metabolic markers for 38 

grain yield and quality under combined drought and heat stress from both stress-regulated 39 

metabolites and from metabolites with constitutive differences between the cultivars. 40 

Conclusions: GC-MS resolved metabolic responses to combined drought and heat stress in 41 

different organs of field-grown rice. The metabolite profiles can be used to identify potential 42 

marker metabolites for yield stability and grain quality that are expected to improve breeding 43 

efforts towards climate change resilient rice. 44 

 45 
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Keywords: combined stress, drought stress, flowering, grain filling, heat stress, marker 46 

metabolites, metabolomics, rice (Oryza sativa) 47 

 48 

Background 49 

Changes in air temperature and precipitation have affected the global climatic scenario, 50 

wherein global surface temperature has increased by an average of 0.85 °C during the past 51 

century while changes in precipitation varied geographically [1]. Climate models predict that 52 

heat waves and increased frequency and duration of dry conditions will persist in the future. 53 

Together with other changes in the climate system, drought and heat are expected to further 54 

negatively impact crop production [1]. Current climate changes, with emphasis on variation in 55 

temperature and precipitation, already account for 32-39% of the observed variability in the yield 56 

of major crops, including rice [2]. Rice is susceptible to heat [3–6] and drought [7–10] especially 57 

during the flowering and grain-filling stages, resulting in reduced grain yield and quality.  58 

However, under natural field conditions, a combination of two or more stresses is more 59 

prevalent and more damaging to plants than exposure to a single stress [11]. Moreover, 60 

combined stress elicits unique responses that cannot be extrapolated from each of the individual 61 

stress responses [12,13]. The effects of combined drought and heat stress have been studied in 62 

model plants and crops at the agronomic [14–17], physiological [18–20], molecular [12,21,22], 63 

and metabolic [13,23,24] levels, encompassing different developmental stages. These studies 64 

have also shown cultivar-specific responses, and led to the identification of cultivars with 65 

superior tolerance to combined drought and heat stress. Knowledge about the molecular 66 

mechanisms underlying tolerance to this stress combination coinciding with the particularly 67 

sensitive flowering and grain-filling stages under field conditions is limited, especially in cereals 68 
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[25]. Although rice cultivation regions that are vulnerable to both drought and heat conditions 69 

have been identified [26], only a few reports on combined drought and heat stress are available 70 

[17,27–29]. With the exception of the most recent study [17], all were conducted in controlled 71 

environments where conditions are less complex compared with natural field conditions [11], 72 

which have been experimentally shown to induce more variable responses [30,31]. To date, there 73 

are no reports available that evaluate the metabolic responses to combined drought and heat 74 

stress at the flowering and grain-filling stages in field-grown rice. In addition, there is only one 75 

publication that reports such metabolic responses in different rice floral tissues, albeit from 76 

controlled environment experiments [29]. 77 

Hence, we conducted a three-year field experiment [17] and assessed the metabolic changes 78 

in both source and sink organs in response to combined drought and heat stress during flowering 79 

and early grain filling. This study specifically aimed to (i) define the metabolic profiles of flag 80 

leaves, flowering spikelets, and developing seeds under control conditions and differentiate rice 81 

cultivars with contrasting tolerance to combined drought and heat stress based on their organ-82 

specific constitutive metabolic profiles; (ii) quantify organ- and cultivar-specific metabolic 83 

changes under stress during flowering and early grain filling compared with control conditions; 84 

(iii) compare the metabolic responses under mild and severe stress during flowering; (iv) 85 

associate constitutive and stress-responsive metabolites with stress-induced changes in grain 86 

yield and quality to identify potential metabolic stress tolerance markers.  87 

 88 

Data description 89 

We performed three field experiments in 2013, 2014 and 2015 at the International Rice 90 

Research Institute (IRRI) in the Philippines during the dry season (late April to early May, the 91 
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hottest time of the year) including the three rice cultivars N22, Dular and Anjali that differ in 92 

their response to drought and heat stress. Plants were either grown in flooded paddies throughout 93 

their life cycle, or were drought stressed either during flowering or early grain filling. At the end 94 

of the stress period, plants were rewatered to allow seed set. Even under the prevailing climatic 95 

conditions, drought induced an increase in both panicle and canopy-air temperature due to the 96 

lack of transpirational cooling [17]. Soil and plant water status, air and plant temperature, leaf 97 

and panicle transpiration rates, along with seed yield and seed quality were monitored throughout 98 

the experiments. The results showed that canopy-air temperature frequently rose above 33°C 99 

under drought stress, the temperature considered the threshold for the induction of spikelet 100 

sterility of rice in the field. This was accompanied by significant reductions in grain yield [17]. 101 

Over 1200 samples were taken from flag leaves, flowering spikelets and developing seeds and 102 

were analyzed for soluble metabolites by gas chromatography coupled to mass spectrometry 103 

(GC-MS). All data have been deposited in the MetaboLights database and are freely accessible. 104 

Here, we present an analysis of the metabolome data from samples obtained under well-watered 105 

control conditions, during the early, mild stress phase and during the late, more severe stress 106 

phase. According to their divergent tolerance properties, the cultivars differed in their metabolic 107 

reaction to combined drought and heat stress and also in their metabolome profiles under non-108 

stressed conditions. We identified metabolites that were correlated in their abundance with either 109 

the reduction in yield or the loss of grain quality under stress. These metabolites constitute a 110 

starting point for the development of metabolic markers to speed up the generation of new stress-111 

tolerant rice cultivars. 112 

 113 

Analysis 114 
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Initial data processing 115 

In field experiments conducted over three consecutive years, a total of 415 (2013), 406 116 

(2014), and 420 (2015) samples were collected from flag leaves, flowering spikelets and 117 

developing seeds of three rice cultivars differing in their drought and heat response. Samples 118 

were taken from control plants (fully-flooded), during exposure to combined drought and heat 119 

stress, and during subsequent rewatering, with stress exposure either during flowering or early 120 

grain filling (Fig. 1). Agronomic and physiological analyses, as well as climate and microclimate 121 

data from these experiments, have been published recently [17]. All samples were analyzed by 122 

GC-MS metabolite profiling. A total of 221, 143, and 229 metabolites were detected in the 123 

samples from each year (Table 1), excluding contaminants that were detected by non-sample 124 

controls and added internal standards. Due to the high complexity of the obtained data sets, we 125 

will in the following present an analysis of the effects of combined drought and heat stress on the 126 

metabolome of the three investigated rice cultivars in three different organs. The effects of 127 

rewatering on the metabolome of the same cultivars and organs will be presented in a separate 128 

study. However, data pre-processing and normalization were performed for the complete data set 129 

to allow direct comparisons of this and future analyses of this large multi-factorial experiment. 130 

PCA performed on the control and stress subset of the data (135 samples from flag leaves 131 

during the flowering stage, 90 samples from flag leaves during the early grain filling stage, 132 132 

samples from flowering spikelets, 87 samples from developing grains) showed a clear separation 133 

between the three organs that was dominant compared to cultivar and treatment effects (Fig. 2). 134 

Source (flag leaves) and sink (flowering spikelets and developing seeds) organs were separated 135 

by PC1 that explained 48% of the total variance in the data set, while the two sink organs were 136 

separated by PC2, explaining a further 26% of the variance. Because of this strong organ 137 
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specificity of metabolite composition, we decided to perform all further data processing and 138 

analysis separately for the different organs.  139 

 140 

 141 

Table 1. Number of analyzed samples and detected and analyzed compounds 142 

 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 in the 

three experiments 
81 88 67 

Note: Metabolites were identified and quantified relative to internal standards and sample fresh 143 

weight. The table reports the numbers of samples analyzed, the metabolites retained after data 144 

pre-processing, and common metabolites among the three experiments (2013, 2014, 2015). Data 145 

from flag leaves, flowering spikelets, and developing seeds were analyzed separately. The total 146 

number of detected compounds and the number of metabolites after removing contaminants and 147 

standards is expressed per experiment, hence the same number is shown for all organs within the 148 

same year. Missing values, however, were organ-specific. 149 

 150 

Metabolites that were not detected in two-thirds or more of the samples from each organ per year 151 

were excluded from further analysis. The threshold of 33.33% detection allows for metabolites 152 

that may be present only in one of the three cultivars to be included in the analysis to capture 153 

cultivar-specific responses. This filtering resulted in the removal of 10% to 40% of the detected 154 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 
 

metabolites per organ and year (Table 1). From the retained metabolites, we considered only 155 

those that were common across the three experiments in each organ-specific data set for detailed 156 

statistical analyses. This allowed us to use of the samples from all three experiments as 157 

replicates. Finally, 81 metabolites were used in the analysis of data from flag leaves, 88 158 

metabolites for flowering spikelets, and 67 metabolites for developing seeds (Table 1). 159 

Additional file 1 lists all metabolites included in our analysis, separately for those only present in 160 

one organ, or in two organs or commen among all three organs. 161 

 162 

Constitutive metabolic differences among cultivars 163 

Metabolite profiles of all three organs significantly varied among the three contrasting 164 

cultivars (N22, drought and heat tolerant; Dular, drought tolerant, but heat sensitive; Anjali, 165 

drought and heat sensitive) already under fully flooded control conditions (Fig. 3, 4, 5). In flag 166 

leaves, more metabolites showed constitutively different levels between cultivars during 167 

flowering (47 metabolites) than early grain filling (33 metabolites) (Fig. 3). Twenty-four 168 

metabolites had significantly different constitutive levels in flag leaves between at least two of 169 

the cultivars regardless of the developmental stage of the plants. The magnitude of the 170 

differences between the cultivars was quite similar in both stages for most of these metabolites, 171 

which were mainly organic acids, sugars and sugar alcohols, such as pyruvic acid, glyceric acid-172 

3-phosphate, erythronic acid, myo-inositol, and raffinose.  173 

At the flowering stage, the levels of more than half (58%) of the identified flag leaf 174 

metabolites were significantly different between at least two cultivars. Most had the highest 175 

levels in the susceptible cultivar Anjali, as indicated by the negative log2 ratios in Fig. 3B, while 176 

mainly sugars and sugar alcohols showed the highest levels in the most tolerant cultivar N22. On 177 
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the other hand, less than half (41%) of the 81 metabolites analyzed in flag leaves significantly 178 

varied in their constitutive levels between cultivars at the early grain-filling stage. At this 179 

developmental stage, N22 and Anjali had higher levels of the majority of these metabolites than 180 

Dular (Fig. 3D). In particular, the levels of several acids, polyhydroxy acids and phosphates were 181 

higher in the most sensitive cultivar Anjali than in either N22 or Dular, while arabitol, arabinose 182 

and kestose showed the highest levels in N22.  183 

In flowering spikelets, 64 out of 88 analyzed metabolites showed significantly different 184 

constitutive levels between at least two of the cultivars (Fig. 4). Half of these metabolites were 185 

amino acids and yet non-identified metabolites. The drought and heat tolerant N22 had the 186 

highest levels of the polyols glycerol and myo-inositol, and together with the equally drought 187 

tolerant Dular had higher levels of raffinose and 2-oxo-glutaric acid than the drought and heat 188 

susceptible Anjali (Fig. 4B). On the other hand, Anjali had, in addition to some amino acids, 189 

higher levels of the polyamines putrescine and spermidine and their biosynthetic precursor 190 

ornithine than Dular and N22.  191 

Around two-thirds of the metabolites (44 out of 67) analyzed in developing seeds 192 

significantly differed in constitutive levels between cultivars (Fig. 5). In contrast to flag leaves 193 

and flowering spikelets, where Anjali exhibited constitutively higher levels of several 194 

metabolites in comparison with N22 and Dular, in developing seeds only myo-inositol and 195 

erythritol had significantly higher constitutive levels in Anjali compared with Dular and N22, 196 

respectively (Fig. 5B). N22 had higher levels of putrescine and two unknown metabolites 197 

(A159003 and A174001) than both other cultivars, and in addition several sugars and amino 198 

acids showed higher levels in N22 than Anjali. Dular on the other hand exhibited the highest 199 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



10 
 

constitutive levels of e.g. 4-hydroxy-benzoic acid, vanillic acid, arabitol, hydroquinone and 200 

arbutin (4-hydroxyphenyl--glucopyranoside).  201 

 202 

 203 

 204 

Organ-specific responses to combined drought and heat stress 205 

Flag leaves 206 

Some metabolic responses of flag leaves to stress during flowering (Fig. 6) differed 207 

depending on the stress duration (Additional file 2) and therefore also on stress intensity [17]. 208 

For example, only the drought and heat stress-tolerant N22 showed increased levels of an 209 

unknown metabolite and reduced levels of succinic acid and Glc-6-P under mild stress, while the 210 

same response was observed in all three cultivars under severe stress (Fig. 7, highlighted in 211 

purple). Conversely, the sensitive cultivar Anjali responded earlier than N22 in altering the levels 212 

of seven metabolites under stress (Fig. 7, highlighted in blue). 213 

Under mild stress at the flowering stage, flag leaves of the drought-tolerant cultivars N22 214 

and Dular showed a specific overlap of six metabolites whose levels significantly increased 215 

compared with well-watered control plants (Fig. 6A). These included Glu, putrescine, raffinose 216 

and Suc, while there were no common decreased metabolites (Fig. 7). In contrast, the overlap 217 

exclusively between N22 and Anjali yielded only one unidentified metabolite and the specific 218 

overlap between Dular and Anjali consisted of only three metabolites. On the other hand, of the 219 

17 metabolites that showed reduced levels under combined stress, 13 were found in Anjali, of 220 

which six were in common with Dular, but only one with N22 (Fig. 6B). Under longer and more 221 

severe stress, more metabolites responded compared with mild stress (Fig. 6C and D). Most of 222 
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these metabolites were either common to all three cultivars (21 metabolites) or specific to both 223 

Dular and Anjali (16 metabolites). Of the metabolites whose levels significantly changed under 224 

mild or severe stress, approximately 20% and 33% were unique to one of the treatments (Fig. 7, 225 

highlighted in yellow and green, respectively). The levels of the remaining metabolites were 226 

significantly changed regardless of stress duration and intensity. Examples of cultivar-specific 227 

responses are the increase in the levels of Glu in N22 and the decrease of phosphoenolpyruvic 228 

acid levels in Dular and Anjali. On the other hand, an increase in the levels of Phe, Pro, Thr, and 229 

erythritol and a decrease in malic acid levels were observed in all cultivars and can thus be 230 

regarded as a general metabolic response of the flag leaves of all cultivars to both mild and 231 

severe stress during flowering (Fig. 7).  232 

Metabolites that had significantly changed levels under severe stress during early grain 233 

filling (Fig. 6E and F), except vanillic acid, ascorbic acid, Suc, and four unknown metabolites, 234 

were also responsive to severe stress during flowering (Fig. 8). Most of these common 235 

metabolites were regulated by the same cultivar/s across both developmental stages. For 236 

instance, lower levels of phosphoric acid and malic acid under stress relative to control 237 

conditions were detected in N22 across both flowering and early grain filling. Nine metabolites 238 

had common responses in the flag leaves of all three cultivars and in both developmental stages 239 

and could thus be considered as metabolites generally responsive to severe drought and heat 240 

stress. These included the amino acids Phe, Pro, and Thr, the TCA cycle intermediates citric 241 

acid, isocitric acid, and succinic acid and raffinose.  242 

 243 

Flowering spikelets 244 
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Similar to flag leaves during the flowering stage, combined drought and heat stress elicited 245 

more stress-responsive metabolites, in particular with increased abundance, under severe stress 246 

compared with mild stress in flowering spikelets (Fig. 9; Additional file 3). The number of 247 

metabolites that showed a significant increase or decrease during mild stress relative to control 248 

conditions was very similar. Overlap between the cultivars was small, with a maximum of four 249 

metabolites in common between the heat susceptible cultivars Dular and Anjali (Fig. 9A and B). 250 

Furthermore, the three cultivars had no common metabolites responsive to mild stress. 251 

Longer and more severe stress induced more significant increases in metabolite levels 252 

relative to control plants, while the number of metabolites with reduced levels remained low 253 

(Fig. 9C and D). The overlap among all three cultivars consisted of 10 metabolites, comprising 254 

amino acids, polyols, and unidentified metabolites (Fig. 10). There was only little overlap 255 

between N22 and either of the other two cultivars. In contrast, 14 metabolites showed changes in 256 

content that were common exclusively between Dular and Anjali, including increased levels of 257 

Fru and Glc and reduced levels of arbutin.  258 

While half of the metabolites whose levels were significantly changed during severe stress 259 

were unique to this time point, 24% of the metabolites responsive to mild stress were exclusive 260 

to this treatment (Fig. 10). Most metabolites common between mild and severe stress were 261 

cultivar specific. Three of these common stress-responsive metabolites were differentially 262 

regulated among the cultivars. Erythritol, Ile, and an unknown metabolite showed significantly 263 

altered levels under severe stress in all cultivars, but showed significant changes under mild 264 

stress only in the susceptible cultivars Dular and Anjali. Similarly, 1-kestose was accumulated in 265 

Dular under mild and in Anjali under severe stress.  266 

 267 
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Developing seeds 268 

Combined drought and heat stress-induced changes in developing seeds comprised mostly of 269 

the accumulation rather than the reduction of metabolites (Fig. 11). As a general stress response 270 

of all three cultivars, the amino acids 3-cyano-Ala, Ile, and Phe and two unknown metabolites 271 

had increased, while succinic acid, Glc-6-P, erythronic acid, and erythritol had decreased levels 272 

(Fig. 11C). Otherwise, the overlap between cultivars was small. The drought-tolerant cultivars 273 

N22 and Dular shared no metabolites with the same response, whereas Anjali had two 274 

overlapping increased, but no decreased metabolites in common with N22 and Dular, 275 

respectively. Among the eight metabolites with significantly reduced levels under stress, half 276 

were unique to N22, while the other half was common to all three cultivars.  277 

Since seeds develop from spikelets that underwent successful fertilization, it is interesting to 278 

compare the responses at these two developmental stages. Eleven out of the 28 metabolites that 279 

exhibited significant changes in levels during stress in developing seeds were unique to this 280 

organ (Fig. 11C, highlighted in green), while among those metabolites that were also stress-281 

responsive in flowering spikelets, six exhibited the same cultivar-specific responses (Fig. 11C, 282 

highlighted in italics). For instance, arabitol accumulated in N22 under severe stress in both 283 

flowering spikelets and developing seeds. In addition, Ile also showed the same response across 284 

the two organs, but this was a general rather than a cultivar-specific response. The other 285 

metabolites showed the same pattern of change in the two organs, but in different cultivars, or 286 

exhibited an opposite response between the two organs. An example of the latter case is 287 

erythritol, which accumulated in flowering spikelets under stress in all cultivars but had reduced 288 

levels in stressed developing seeds.  289 

 290 
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Metabolite-yield correlations 291 

Correlations between changes in metabolite levels and yield reduction under stress 292 

From the same experiments that were used to obtain the samples for metabolite profiling, we 293 

also determined seed yield and seed quality (chalkiness) [17]. Both the extent of the reduction in 294 

the amount and quality of the harvested seeds under stress can be used as measures of the stress 295 

tolerance of the cultivars. To identify candidates for potential marker metabolites for rice 296 

tolerance to combined drought and heat stress, we performed correlation analyses between the 297 

magnitude of changes (i.e. absolute increase or decrease) in metabolite levels and yield reduction 298 

under stress relative to control conditions (Fig. 12A to F). In this context, a positive correlation 299 

means that larger changes in metabolite levels under stress indicate a smaller yield reduction, i.e. 300 

higher stress tolerance, while a negative correlation means that a larger change in metabolite 301 

levels under stress indicates higher yield reduction, i.e. lower stress tolerance. It is obvious from 302 

Fig. 12A to F that most of the identified significant correlations point to metabolites whose levels 303 

changed more strongly with higher yield reduction under stress. Only eight out of the 35 304 

identified metabolites showed larger changes with higher stress tolerance. In addition, with the 305 

exception of isocitric acid, phosphoric acid and A159003, no metabolite showed an opposite 306 

direction of the correlation in different organs or under mild and severe stress conditions. 307 

However, one unknown metabolite (A124002) showed a negative correlation, i.e. larger changes 308 

with lower tolerance, in flowering spikelets during both mild and severe stress (Fig. 12D and E) 309 

and erythritol showed a negative correlation in both flowering spikelets and developing seeds 310 

under severe stress (Fig. 12E and F). Four additional metabolites (A174001, 3-cyano-Ala, 311 

gluconic and threonic acid) showed negative correlations in flag leaves during severe stress at the 312 
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flowering and grain-filling stage (Fig. 12B and C). All other metabolites only showed a 313 

correlation in one specific organ under one stress condition. 314 

The largest number of significant correlations between the magnitude of change in 315 

metabolite levels and grain yield under stress was observed in flag leaves with 10 and eight 316 

metabolites during flowering stage under mild (Fig. 12A) and severe stress conditions (Fig. 317 

12B), respectively, and with 14 metabolites under severe stress at the early grain-filling stage 318 

(Fig. 12C). There were also 14 metabolites identified in flowering spikelets under severe stress 319 

(Fig. 12E), but only five and two in developing seeds under the same stress conditions (Fig. 12F) 320 

and in flowering spikelets under mild stress (Fig. 12D), respectively. Most of the identified 321 

metabolites were unique to either source or sink organs at a certain stress condition and 322 

developmental stage, except for gluconic and threonic acid that were common in flag leaves at 323 

the flowering stage and in flowering spikelets (Fig. 12B and E), and isocitric acid which was 324 

common in flag leaves at the early grain-filling stage and in developing seeds (Fig.12C and F). 325 

 326 

Correlations between metabolite levels under control conditions and yield reduction under stress 327 

From a breeding perspective, metabolite markers that could be used under control conditions 328 

would be an optimal tool, as this would overcome the necessity for costly stress experiments. 329 

Therefore, we also tested the correlation of stress-induced yield loss with constitutive metabolite 330 

levels under control conditions (Fig. 12G to J). In this analysis, a positive correlation indicates 331 

that higher metabolite levels are related to a smaller yield loss under stress conditions, i.e. higher 332 

tolerance, while a negative correlation indicates that lower metabolite levels are related to higher 333 

tolerance. It is quite striking that much fewer significant correlations could be identified (11 334 

compared to 35; compare Fig. 12G to J with Fig. 12A to F) and that most of these correlations (8 335 
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out of 11) were positive, i.e. the identified metabolites were present in higher amounts when the 336 

stress-induced yield loss was smaller. In addition, there was no overlap among the identified 337 

metabolites in different organs or at different growth stages.  338 

Most of the significant correlations were again identified in flag leaves (8 out of 11). Five 339 

of these metabolites (arabitol, Glc-6-P, and A174001 at the flowering stage (Fig. 12G) and 340 

succinic and threonic acid at the grain-filling stage (Fig. 12H)) were also identified in the 341 

previous correlation analysis in flag leaves at the same developmental stage (metabolites 342 

indicated in red font in Fig. 12).  343 

Only one metabolite (A214003) in flowering spikelets showed a significant positive 344 

correlation (Fig. 12I) between its levels under control conditions and yield loss under stress. On 345 

the other hand, two metabolites from developing seeds, glycerol and A155004, had significant 346 

negative correlations (Fig. 12J). None of these metabolites in the sink organs were identified in 347 

the previous correlation analysis. 348 

 349 

Metabolite-grain quality correlations 350 

Correlations between changes in metabolite levels and changes in the proportion of chalky 351 

grains under stress 352 

In addition to grain yield, grain quality is also of obvious importance in a staple food crop 353 

such as rice. Grain chalkiness is a commonly used quantitative measure to describe grain quality, 354 

with an increase in chalkiness, as it occurred under the applied stress conditions [17], indicating 355 

lower quality. Rice grains with >50% chalk content are generally considered to be undesirable in 356 

the consumer market [32,33]. We therefore tested whether there were significant correlations 357 
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between changes in metabolite levels and changes in the proportion of grains with >50% chalk 358 

[17], with the aim to identify potential metabolic markers for this important trait. 359 

A total of 26 metabolites showed a significant correlation between the magnitude of the 360 

difference in content between stress and control conditions and the change in the proportion of 361 

chalky grains (Fig. 13A to E). Except for ascorbic acid, all metabolites showed a positive 362 

correlation, indicating that the respective metabolites had larger changes in content when the 363 

proportion of chalky grains increased more strongly, i.e. with lower combined drought and heat 364 

tolerance. In contrast to the corresponding correlations with yield reduction, there were fewer 365 

correlations found in flag leaves (8) than in flowering spikelets exposed to mild (11) and severe 366 

stress (10). Surprisingly, there were no significant correlations between changes in metabolite 367 

levels and reduction in seed quality under stress in developing seeds. While there was no overlap 368 

between metabolites identified from source and sink organs, three of the metabolites showing 369 

significant correlations in flowering spikelets were identical between plants exposed to mild and 370 

severe stress (butyro-1,4-lactam, 1-kestose, and succinic acid). 371 

 372 

Correlation between metabolite levels under control conditions and changes in the proportion of 373 

chalky grains under stress 374 

Analogous to the approach described above for identifying constitutive metabolic markers 375 

for reduced grain yield under stress, we also investigated the relationship between the 376 

constitutive levels of metabolites and changes in the proportion of chalky grains under stress. A 377 

total of 18 metabolites with significant correlations were identified in this analysis, of which 378 

eight were found in flag leaves, seven in flowering spikelets and three in developing seeds (Fig. 379 

13F to I). Most correlations (13 of 18) were negative, i.e. higher constitutive metabolite levels 380 
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correlated with lower fractions of chalky grains. An interesting exception are the three 381 

metabolites (A237001, A237002, and ribitol) identified from developing seeds, which all showed 382 

the opposite behavior (Fig. 13I). Furthermore, of the 18 metabolites identified as significant by 383 

this correlation analysis, seven (one in flag leaves and six in flowering spikelets) were also 384 

identified in the previous analysis as showing a significant correlation between their change in 385 

content under stress and the increase in chalky grains. 386 

 387 

Discussion 388 

While most investigations of stress effects on plants have focused on a single stress factor, 389 

conditions in the field often result in the simultaneous imposition of two or even more stresses. 390 

Our current knowledge suggests that the molecular and metabolic consequences of a combined 391 

stress exposure cannot be extrapolated from the effects of the single stresses (see [25] for a 392 

recent review). A common pair of companion stresses is drought and heat. For example, a recent 393 

transcriptomic study of drought effects on potato in the field revealed a massive induction of heat 394 

shock genes, indicating the inevitable induction of heat stress during drought, even under the 395 

relatively mild climatic conditions of Central Europe [31]. The experiments conducted in the 396 

present study were explicitly set up during the hottest time of the year in the Philippines, with the 397 

aim to induce heat stress as a result of the imposition of drought stress. We have presented 398 

physiological and agronomic evidence recently [17] that under these conditions drought stress 399 

resulted in a significant increase in both flag leaf and panicle temperature, accompanied by 400 

decreased grain yield and increased chalkiness of the harvested grains. It should be mentioned at 401 

this point that due to the nature of such field experiments it was not possible to generate "true 402 

controls", i.e. samples harvested under conditions where well-watered and drought-stressed 403 
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plants were exposed to a lower temperature that would not elicit heat stress. This would require 404 

growing plants during a cooler season or in a cooler region, which would obviously change too 405 

many other growth and environmental conditions to make this a relevant direct control. 406 

Our data showed that the three investigated organs (flag leaves, flowering spikelets and 407 

developing seeds) could be clearly separated in a PCA according to their metabolite composition, 408 

with the largest difference between sink and source organs. Due to these large differences among 409 

the organs, all further analysis was performed separately on the organ-specific data sets. A 410 

similar separation has been shown previously for leaf blade and ear/husk in maize plants [34] 411 

and flag leaves and spikelets in rice [33]. Also, different flower tissues could be separated in rice 412 

and sorghum based on their metabolite and lipid profiles, respectively [29,36].  413 

 414 

Constitutive differences in metabolite content among cultivars in relation to drought and heat 415 

tolerance 416 

Metabolite composition did not only differ among organs, but in addition each organ showed 417 

a cultivar-specific constitutive metabolome under fully flooded control conditions. Since the 418 

cultivars differ in their stress responses, this opens the possibility that cultivar-specific metabolic 419 

pre-adaptations may be identified. There were a total of 60 annotated metabolites that showed 420 

significant differences in content between any two cultivars across all organs, i.e. flag leaves at 421 

the flowering and grain filling stage, flowering spikelets and developing seeds. Of these 422 

metabolites only seven were identified by this analysis in all organs, including two acids, three 423 

sugar alcohols, arbutin and 1-kestose. Only for vanillic acid and arbutin the highest relative 424 

amounts were detected in Dular in all organs, while the relative content in the three cultivars 425 

differed between the organs for the other metabolites. Likewise, four metabolites differed among 426 
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cultivars only in flag leaves (irrespective of developmental stage), with phosphoric acid, 427 

dehydroascorbic acid dimer and phosphoenolpyruvate showing the highest amounts in Anjali, 428 

and 5-caffeoyl-trans-quinic acid in Dular. However, the last three of these metabolites were only 429 

detectable in flag leaves, but not in flowering spikelets or developing seeds. These data alone 430 

without any further functional analysis provide no clear basis to deduce any hypotheses for 431 

metabolic pre-adaptation towards drought or combined drought and heat tolerance in the 432 

investigated cultivars. 433 

In the sink tissues a total of 22 out of the 60 annotated metabolites described above showed 434 

significant constitutive differences between at least one pair of cultivars. Of these metabolites, 11 435 

were specific to flowering spikelets and three to developing seeds. The latter metabolites 436 

(isocitric acid, glycerol-3-P, galactaric acid) showed the highest relative amounts in either N22 437 

or Dular, which are both drought tolerant, in contrast to Anjali. A possible functional role of 438 

these compounds in drought tolerance, however, is presently unclear. Of the metabolites 439 

specifically identified in flowering spikelets, four that were not detectable in flag leaves or 440 

developing seeds, showed the highest content in the most susceptible cultivar Anjali (Tyr, 4-441 

hydroxy-trans-cinnamic acid, ornithine, spermidine). In addition to spermidine, a further 442 

polyamine, putrescine, also showed the highest content in Anjali in flowering spikelets. Both 443 

putrescine and spermidine levels further increased in flowering spikelets under stress conditions 444 

in Anjali, pointing to a possible negative role of high polyamine concentrations for the drought 445 

and/or heat tolerance of rice spikelets. Similarly, high salt sensitivity was correlated with high 446 

putrescine levels in the leaves of 18 rice cultivars under control conditions [37], while no such 447 

correlation was found under drought stress in a similar panel of cultivars [38]. Conversely, 448 

developing seeds of Anjali contained the lowest amounts of several amino acids such as Gln and 449 
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Gly under control conditions that may function as compatible solutes under drought in the more 450 

tolerant cultivars. Likewise, four sugars which are well-known compatible solutes (Glc, Fru, 1-451 

kestose and raffinose) showed the highest constitutive levels in N22 and/or Dular in all 452 

investigated organs, with the exceptions of developing seeds, where no significant differences 453 

among the cultivars could be detected for raffinose. 454 

To identify potential constitutive metabolite markers for combined drought and heat 455 

tolerance in rice, we used the data (reduction in grain yield, increase in fraction of chalky grains, 456 

relative constitutive metabolite content) from the three years separately to obtain nine data points 457 

(three years times three cultivars) for correlation analysis. This generated additional variability in 458 

the data, as the magnitude of the stress effects on grain yield and chalkiness in the field varied 459 

between years [17]. When we correlated the magnitude of yield reduction due to drought and 460 

heat stress with constitutive metabolite pool sizes, 11 metabolites showed a significant 461 

correlation. Interestingly, most metabolites were identified in flag leaves and not in flowering 462 

spikelets, although pollen sterility is considered the most important factor for yield reduction 463 

under conditions of combined drought and heat stress in rice [27,29].  464 

Analogous to the approach described above we also attempted to identify potential 465 

constitutive marker metabolites for grain quality under drought and heat stress. While we 466 

identified eight potential markers from the flag leaf metabolome, only three metabolites from 467 

developing seeds (A237001, A237002 and ribitol) showed significant correlations of their 468 

constitutive pool sizes with changes in the fraction of chalky grains. These correlations were all 469 

positive, indicating that increased constitutive levels of these metabolites were related to a larger 470 

increase in the fraction of chalky grains under stress. On the other hand, almost all correlations 471 

detected for metabolites in flag leaves and spikelets were negative.  472 
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The potential markers for the stability of grain yield and quality under drought and heat 473 

stress identified from the flag leaf metabolomes may not play a direct role in these traits but may 474 

function in an indirect way, possibly by characterizing the performance of source tissues that 475 

ultimately export metabolites to flowering spikelets and developing seeds. It may be the export 476 

potential of the sources tissue for carbon and possibly nitrogen that may influence the quality and 477 

yield of seeds. Alternatively, the compounds could be merely associated to the phenotype 478 

without a functional connection, which would, however, not reduce their utility for breeding. In 479 

particular, marker metabolites that can be detected in unstressed flag leaves are interesting from 480 

a practical point of view, as they would not require stress experiments and flag leaves would be 481 

easy to sample even under field conditions. 482 

 483 

Stress-induced changes in metabolite content among cultivars in relation to drought and heat 484 

tolerance 485 

The metabolomic responses to drought and heat stress varied depending on the organ, 486 

cultivar and the duration and intensity of the stress treatment. Due to the fact that we investigated 487 

responses to both mild and severe stress in flag leaves at the flowering stage and in flowering 488 

spikelets, it was possible to identify metabolites in these organs that were differentially regulated 489 

with stress severity in the different cultivars. There were only a few metabolites that showed a 490 

response specifically to mild stress in the most tolerant cultivar N22 and a response to severe 491 

stress in all three cultivars, indicating metabolic changes that may be related to drought and heat 492 

tolerance. One (A155004) was increased in pool size, while two (Glc-6-P and succinic acid) 493 

were decreased. A decrease in succinic acid levels with increasing leaf temperature has 494 

previously been reported for maize leaves under drought stress [34]. Interestingly, both Glc-6-P 495 
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and succinic acid also showed decreased pool sizes in all three cultivars under severe stress in 496 

developing seeds. Both metabolites were also identified in an earlier study in the anthers of N22 497 

as related to heat, or drought and heat tolerance, respectively [29]. In addition, the enzyme Glc-498 

6-P dehydrogenase shows increased activity during both drought and heat stress in different plant 499 

species, leading to a reduction in Glc-6-P levels (see [39] for a review). While we did not 500 

identify any metabolites as specifically regulated in N22 in flowering spikelets under mild stress, 501 

succinic acid was also identified to have the highest constitutive content in flowering spikelets in 502 

N22. Furthermore, our analyses indicated that high constitutive levels of both compounds in flag 503 

leaves were significantly correlated with a lower yield reduction under stress. In addition, the 504 

changes in content under stress in flag leaves for both metabolites were correlated with yield 505 

reduction, and for succinic acid changes under mild stress in flowering spikelets were correlated 506 

with changes in the fraction of chalky grains.  507 

Conversely, we also identified metabolites with specifically changed levels under mild stress 508 

in the most sensitive cultivar Anjali and a later response to severe stress in all three cultivars. The 509 

only metabolites that showed such a pattern with an early increase under mild stress in flag 510 

leaves and flowering spikelets were arabitol and Ile, respectively. Arabitol showed a significantly 511 

higher content in flag leaves at the flowering stage in N22 than in Anjali already under control 512 

conditions. The change in arabitol content under severe stress and the constitutive levels of 513 

arabitol in flag leaves were further significantly correlated with the reduction in grain yield under 514 

stress. In addition, arabitol content increased in flowering spikelets under severe stress in all 515 

cultivars and showed significant correlations with the change in chalky grain fraction both for its 516 

constitutive level and its change in content under severe stress.  517 
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Of the metabolites with specifically reduced levels under mild stress in Anjali and reduced 518 

levels in all cultivars under severe stress in flowering spikelets, pyruvic acid is of particular 519 

interest, because its constitutive content and the change in content under severe stress were 520 

significantly correlated with the change in the fraction of chalky grains after drought and heat 521 

stress. In addition, the change in pyruvic acid levels during stress in developing seeds was 522 

significantly correlated with yield reduction. Cumulatively, this evidence points to Glc-6-P, 523 

arabitol, succinic and pyruvic acid as promising metabolic marker candidates for drought and 524 

heat tolerance in rice.  525 

We further hypothesized that metabolites whose levels under drought and heat stress were 526 

uniquely increased in the tolerant cultivar N22 are potential candidates for conferring tolerance 527 

to this stress combination in rice and may therefore be valuable targets for marker-assisted 528 

breeding. In particular, we focus here on metabolites whose levels were significantly increased 529 

under severe stress (i.e. longer stress duration and higher intensity) relative to well-watered 530 

control conditions.  531 

In flag leaves during flowering, Glu and arbutin levels significantly increased under severe 532 

stress specifically in N22 and in flag leaves during early grain filling vanillic acid levels were 533 

significantly increased. Arbutin is an aromatic compound with strong antioxidative [40] and 534 

membrane stabilizing [41] properties. It has also been identified as a metabolic predictor of 535 

drought tolerance in potato [31,42]. Similarly, vanillic acid was identified as a drought-induced 536 

metabolite in rice leaves in the vegetative growth stage, with higher content in a drought tolerant 537 

than a sensitive cultivar [43]. In the case of flowering spikelets and developing seeds, five and 538 

one metabolite, respectively, showed a N22-specific increase under severe stress. However, the 539 

constitutive levels of these metabolites were significantly lower in N22 compared with Dular 540 
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and/or Anjali under control conditions. Therefore, even with increased levels under stress in 541 

N22, they were still lower compared with the constitutive levels of the susceptible cultivars 542 

making a functional role in drought and heat tolerance unlikely.  543 

 544 

Potential implications 545 

From the metabolomic analysis presented in this paper it becomes apparent that we should 546 

be cautious when comparing data from different studies that were conducted on different plant 547 

organs or tissues, or even on the same organ at different developmental stages such as flag leaves 548 

during flowering and early grain filling. Also, our study has identified a number of potential 549 

marker metabolites for both grain yield and grain quality under combined drought and heat 550 

stress. The utility of such markers has to be tested with a wider range of cultivars to assess 551 

whether more tolerant genotypes could be identified in this way. Obviously, most of the potential 552 

markers, such as those identified in flag leaves for grain quality, will most likely not have a 553 

direct function in the observed phenotype. Instead, these metabolites may indicate the status or 554 

source potential of the leaf tissue. The fact that we currently cannot functionally link systemic 555 

metabolite levels to yield reduction or changes in grain quality under stress does not diminish 556 

their potential value as markers for breeding purposes. In particular, markers that can be used 557 

without the need for stress experiments and that can be identified in plant organs such as leaves 558 

that are easy to obtain, would be of particular interest. The fact that this is already the second 559 

species after potato [42] for which predictive metabolic markers for drought and heat tolerance 560 

have been identified raises the possibility that our approach for metabolic marker discovery may 561 

be a more generally applicable strategy in efforts to breed for more stress-tolerant cultivars in 562 

different crop species. It should finally be emphasized that both studies employed field 563 
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experiments, indicating that it is indeed feasible to conduct such molecular studies under 564 

agronomically relevant conditions.  565 

 566 

Methods 567 

Crop husbandry and stress treatment 568 

Crop husbandry and stress treatments were exactly the same as in Lawas et al. [17]. In brief, 569 

a three-year field experiment was conducted at the IRRI, Philippines during the dry seasons of 570 

2013 – 2015. Rice (Oryza sativa L.) cultivars used were the drought, heat, and combined drought 571 

and heat tolerant N22 (aus ssp.), drought tolerant but heat and combined drought and heat 572 

susceptible Dular (aus ssp.), and drought, heat, and combined drought and heat susceptible 573 

Anjali (indica ssp.), which have contrasting responses to drought and heat stress at both the 574 

flowering and grain filling stages [17,27, 44–46]. These cultivars were randomly assigned in a 575 

split-plot design with three replicate subplots per treatment, with separate plots allocated for 576 

stage-specific (flowering and early grain filling) drought stress. A staggered-sowing approach 577 

was employed to ensure that the three cultivars synchronized with flowering and early grain 578 

filling that coincided with the hottest period (late April to early May) in the experiment location. 579 

The average maximum ambient air temperature coinciding with drought stress across the three 580 

years was 34.3 ± 0.50 °C (see [17] for more detailed climate and microclimate data). A rainout 581 

shelter was used for imposing drought conditions. Fully-flooded conditions were maintained 582 

until the early booting stage or until the start of flowering for flowering and early grain-filling 583 

stage drought treatments, respectively, after which water was drained from the stress plots (Fig. 584 

1). At the end of the drought stress treatment, an average soil water potential of -46.6 ± 11.1 kPa 585 

was recorded across the three years before rewatering to maintain flooded conditions until crop 586 
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maturity. Control plots were kept fully-flooded during the entire experiment. It should be 587 

stressed that under field conditions all plants were exposed to the same environmental 588 

conditions. Hence, no "true" control at a lower air temperature was possible. 589 

 590 

Sample collection 591 

Three to five replicates each of flag leaves, flowering spikelets, and developing seeds per 592 

cultivar were collected under mild stress (4-7 days after drought stress initiation; Fig. 1, yellow 593 

arrow), severe stress (11-16 days after drought stress initiation; Fig. 1, red arrows), and at three 594 

rewatering time points (12, 36, and 60 h after rewaterin; Fig. 1, blue arrows g) in each of the 595 

three years, yielding a total of 12 to 15 replicate samples from each organ per treatment and time 596 

point across the three years. Mild and severe stress corresponded to an average soil water 597 

potential of -16.2 ± 4.1 kPa and -46.6 ± 11.1 kPa and an average maximum canopy air 598 

temperature in 2013 and 2014 (no data available for 2015 [17]) of 32.8 ± 0.98 °C and 35.7 ± 1.07 599 

°C, respectively, across the experiments. For the early grain filling stage, drought stress was 600 

initiated when the plants started to flower. Hence, it was possible to collect flag leaves and 601 

spikelets at the flowering stage under mild stress conditions for comparison with the severe stress 602 

flowering samples. However, collection of early grain filling samples exposed to mild stress was 603 

not feasible as it would require a different strategy, where drought would be initiated at the start 604 

of grain filling.  605 

When plants in the plots designated for imposing drought during early grain filling were at 606 

the flowering stage, i.e. a few days after water was drained, flowering spikelets were identified in 607 

both control and stress plots and the respective pedicels (or secondary branches in the cases 608 

where all spikelets on that branch were flowering) were marked using marker pens. Spikelets 609 
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were not directly marked on the floral tissue, i.e. lemma and palea, to avoid any interference of 610 

the chemicals from the marker pen ink with metabolite analysis. This marking strategy (only for 611 

spikelets which were collected at a later time point, i.e. during severe stress, as developing seeds) 612 

was followed to ensure that samples at the same developmental stage were harvested and that 613 

only those that were stressed during early grain filling would be collected. The marked spikelets 614 

were collected during severe stress, i.e. 9-11 days after flowering (DAF), and after rewatering, 615 

i.e. 10-14 DAF, as developing seeds. In addition, from the same plot, flowering spikelets were 616 

also collected to serve as samples exposed to mild stress during the flowering stage. On the other 617 

hand, from the flowering stage drought stress plots, spikelets flowering at the time of sampling 618 

were collected during severe stress and after rewatering. In parallel, samples from the control 619 

plots (fully-flooded, 33.3 ± 0.77 °C average maximum canopy air temperature in 2013 and 2014) 620 

were also collected in all three years. Flowering spikelets and developing seeds were individually 621 

detached from the rachis, excluding the pedicel, using forceps. Only those that were positioned at 622 

the upper two-thirds of the panicle were collected to exclude inferior spikelets, which have lower 623 

fertility compared with superior spikelets under both control and stress conditions in fully 624 

exserted panicles and in panicles partially trapped inside the flag leaf sheath [47–49]. Sampling 625 

was done randomly from at least four plants per replicate plot in order to collect at least 150 mg 626 

of tissue, with each sample replicate consisting of pooled samples from the three replicate plots. 627 

In the case of flag leaves, two leaves per replicate plot were collected randomly from plants that 628 

were at the target developmental stage. All samples were collected in 15 mL conical tubes 629 

immersed in liquid nitrogen during the entire sampling in the field and stored at -80 °C until use. 630 

Sample collection was done between 09:00 and 11:30 a.m. . in all treatments and cultivars to 631 

avoid confounding results due to the impact on circadian rhythm.  632 
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 633 

Metabolite profiling and data processing 634 

Samples were homogenized using a cryogenic grinding robot (Labman Automation Ltd., 635 

North Yorkshire, United Kingdom). Metabolite profiling was performed as previously described 636 

[29,44]. An aliquot of 120 ± 5 mg ground tissue was used to extract a fraction enriched in polar 637 

primary metabolites and small secondary products using methanol:chloroform with 13C6-sorbitol 638 

added as an internal standard. An aliquot of 160 μL from the upper polar phase was dried 639 

overnight in a vacuum concentrator. Chemical derivatization and gas chromatography coupled to 640 

electron impact ionization-time of flight-mass spectrometry (GC/EI-TOF-MS) was performed 641 

using a gas chromatograph with a split and splitless injector (Agilent 6890N24, Agilent 642 

Technologies, Böblingen, Germany) attached to a Pegasus III time-of-flight mass spectrometer 643 

(LECO Instrumente GmbH, Mönchengladbach, Germany) following Erban et al. [50]. Acquired 644 

chromatograms were processed by ChromaTOF software (LECO Instrumente GmbH, 645 

Mönchengladbach, Germany). Metabolites were identified using TagFinder [51], NIST mass 646 

spectral search and comparison software (NIST17; https://www.nist.gov/srd/nist-standard-647 

reference-database-1a-v17), and the mass spectral and retention time index reference collection 648 

of the Golm Metabolome Database (GMD; http://gmd.mpimp-golm.mpg.de/). The majority of 649 

the metabolites were quantified in splitless injection mode, while malic acid, phosphoric acid, 650 

Fru, Glc, and Suc were quantified in split injection mode. Data with the best quantitative 651 

information based on manual curation were chosen and mass spectral intensity was normalized 652 

to the sample fresh weight and 13C6-sorbitol and was used for further data analysis. Quantified 653 

metabolites were either known or yet non-identified (indicated by an identifier number) and are 654 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



30 
 

archived in the Golm Metabolome Database [52,53]. All metabolomics data are freely available 655 

[54]. 656 

 657 

Statistical analysis 658 

All statistical analyses were performed using R version 3.4.0 [55] and RStudio version 659 

1.0.153 [56]. Data was filtered by removing all contaminants and internal standards. Principal 660 

component analysis (PCA) was performed on the data from control and stress conditions. Only 661 

metabolites identified in common from all three experiments (110 metabolites) were included in 662 

the PCA. For each metabolite, data was divided by the median across all samples and log10-663 

transformed. Mean values were pareto-scaled and mean-centered for PCA using the probabilistic 664 

method performed with the ‘pcaMethods’ package (version 1.60.0), which is recommended for 665 

large data sets due to its speed and use with incomplete data sets [57]. Data visualization by 666 

score plot was done with the ‘ggplot2’ package (version 2.2.1). Since the three organs (flag 667 

leaves, flowering spikelets, developing seeds) clustered distinctly from each other, further 668 

analyses were performed separately for each organ.  669 

Each organ-specific data set was initially pre-processed separately per experiment. Although 670 

this paper focuses only on the differential metabolic responses between control and stress 671 

conditions, all data pre-processing (e.g. outlier detection, median transformation) were 672 

performed including samples collected during the rewatering time points. This will allow for a 673 

direct comparison of the data presented here and those of the metabolic differences between 674 

control and rewatering and between stress and rewatering in the future. Metabolites that were 675 

present in at least one-third of the total number of samples were considered for further data pre-676 

processing. Hydroquinone in flowering spikelets collected in 2013, although present in only 677 
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32.95% of the total samples, was also included since it was specific to Dular based on manual 678 

inspection. Furthermore, from the reduced metabolite list, only those that were common in the 679 

three experiments were analyzed. Missing values were substituted by half of the minimum value 680 

of each metabolite for data transformation to be performed [58]. Data from the three experiments 681 

were then combined and subjected to an ANOVA-based normalization with treatment, time 682 

point, cultivar, measurement batch and sequence as factors. Systematic differences due to 683 

measurement batch and sequence were removed [59] to allow combined analysis of individual 684 

experiments [31]. The normalized data was separated into the three experiments, each of which 685 

were subjected to outlier detection using an R script [31] based on Grubbs’ test from the ‘outlier’ 686 

package (version 0.14). Identified outliers were replaced with missing values. Since some of the 687 

outliers were condition-specific, manual supervision of the data was also done to avoid removing 688 

biological variance. Three flowering spikelet samples that exhibited a large fraction of missing 689 

values (61-67% of metabolites not detected) at the start of data pre-processing and after outlier 690 

detection were excluded from the analysis. Moreover, data from flag leaves was separated 691 

between the flowering and early grain-filling stage after outlier detection. Data from the three 692 

experiments were then combined for each organ (flag leaves from flowering stage, flag leaves 693 

from early grain-filling stage, flowering spikelets, developing seeds) and the subsequent data 694 

processing and analyses were done on the combined data sets (12-15 replicates per organ per 695 

cultivar and condition). Data was normalized to the median of each metabolite and log2-696 

transformed to approximate normal distribution. Shapiro-Wilk test was performed using the R 697 

package ‘stats’ (version 3.4.0) to assess normality of the data. Since not all metabolites were 698 

normally distributed, Wilcoxon-Mann-Whitney test from the R package ‘stats’ was used to 699 

determine the significance of differences (expressed as log2 fold change) of the relative 700 
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metabolite content of each cultivar under control and stress conditions. A subset of the combined 701 

data comprising only control samples was also analyzed. This data set was also median-702 

normalized per metabolite and log2-transformed. Wilcoxon-Mann-Whitney test (‘stats’ package) 703 

was used to compare the relative levels of metabolites between the cultivars. Venn diagrams 704 

showing unique and common metabolites between the comparisons were drawn using the 705 

‘VennDiagram’ package in R (version 1.6.17). Heat maps to illustrate metabolites with 706 

significant log2-fold differences in content between cultivars were generated from the ‘gplots’ 707 

package (version 3.0.1). 708 

Correlations between the changes in yield and proportion of grains with >50% chalk content 709 

as a measure of grain quality under stress relative to control conditions and in the relative 710 

metabolite levels under control condition as well as the change in metabolite levels between the 711 

treatments were assessed using the Spearman’s rank method from the R package ‘stats’. For ease 712 

of term, we have used "chalky grains" to refer to rice grains having >50% chalk content. Data for 713 

grain yield and proportion of chalky grains were extracted from our previous report [17]. For the 714 

correlation test, average values per cultivar per experiment (three cultivars x three years) were 715 

used. Metabolite data were median-normalized and log2-transformed before calculating the 716 

average values per experiment. Metabolites with significant correlation between the factors of 717 

interest were visualized through heat maps (‘gplots’ package). All code used in these analyses is 718 

freely available [60]. 719 
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 729 

Figure legends 730 

Figure 1. Schematic illustration of drought stress imposition and collection of samples for 731 

metabolomic analysis 732 

Light red indicates the onset of stress and dark red indicates higher stress intensity (modified 733 

from [17]). The yellow arrow in the early grain-filling stage indicates the collection time point of 734 

flowering spikelets and flag leaves under mild stress during flowering. The red arrows indicate 735 

collection time points of flag leaves (both stages), flowering spikelets (flowering stage), and 736 

developing seeds (early grain filling stage) under severe stress, and blue arrows indicate 737 

collection time points of flag leaves (both stages), flowering spikelets (flowering stage), and 738 

developing seeds (early grain filling stage) during rewatering. 739 

 740 

Figure 2. Score plot from the principal component analysis of rice metabolite profiles  741 

The first two principal components (PC1 and PC2) are shown for samples from flag leaves, 742 

flowering spikelets, and developing seeds collected under control, mild stress (flag leaves at 743 

flowering stage and flowering spikelets only), and severe stress conditions from the rice cultivars 744 

N22, Dular, and Anjali. Scores are averages of the median-normalized and log10-transformed 745 
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mass spectral intensities (normalized to internal standard and sample fresh weight) of 110 746 

metabolites that were detected in common across the three experiments in all organs. 747 

 748 

Figure 3. Pair-wise comparison of metabolite levels in flag leaves of three rice cultivars 749 

under control conditions 750 

Venn diagrams (A, C) show the number of common and specific metabolites that have 751 

significant (Mann-Whitney-Wilcoxon test, P < 0.05) differences in constitutive content between 752 

any pair of cultivars. The corresponding metabolites are illustrated in heat maps (B, D) with the 753 

level of significance indicated by asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001) and the log2-754 

fold difference indicated by the color code. Samples were taken from flag leaves under control 755 

conditions during flowering (A, B) and early grain filling (C, D). Metabolites are listed 756 

alphabetically by metabolite class, with each class identified by the depicted color code. 757 

Metabolites common between flowering and early grain filling stage are indicated in black font, 758 

while those in red font are developmental stage-specific. 759 

 760 

Figure 4. Pair-wise comparison of metabolite levels in flowering spikelets of three rice 761 

cultivars under control conditions 762 

Venn diagram (A) shows the number of common and specific metabolites that have significant 763 

(Mann-Whitney-Wilcoxon test, P < 0.05) differences in constitutive content between any pair of 764 

cultivars. The corresponding metabolites are illustrated in the heat map (B) with the level of 765 

significance indicated by asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001) and the log2-fold 766 

difference indicated by the color code. Metabolites are listed alphabetically by metabolite class, 767 

with each class identified by the depicted color code.  768 
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 769 

Figure 5. Pair-wise comparison of metabolite levels in developing seeds of three rice 770 

cultivars under control conditions 771 

Venn diagram (A) shows the number of common and specific metabolites that have significant 772 

(Mann-Whitney-Wilcoxon test, P < 0.05) differences in constitutive content between any pair of 773 

cultivars. The corresponding metabolites are illustrated in the heat map (B) with the level of 774 

significance indicated by asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001) and the log2-fold 775 

difference indicated by the color code. Metabolites are listed alphabetically by metabolite class, 776 

with each class identified by the depicted color code.  777 

 778 

Figure 6. Venn diagrams illustrating numbers of metabolites with changes in abundance in 779 

flag leaves under stress 780 

Numbers indicate common and cultivar-specific metabolites in flag leaves that showed 781 

significant (Mann-Whitney-Wilcoxon test, P < 0.05) increases (A, C, E) or decreases (B, D, F) in 782 

abundance during mild stress at the flowering stage (A, B), severe stress at the flowering stage 783 

(C, D), and severe stress at the early grain-filling stage (E, F) relative to well-watered controls. 784 

 785 

Figure 7. Common and cultivar-specific stress-responsive metabolites in flag leaves during 786 

flowering 787 

Metabolites corresponding to the numbers in the Venn diagrams in Fig. 6A to D. Comparisons 788 

between responses to early, mild and late, severe stress are color-coded: orange – common 789 

response irrespective of stress intensity; yellow – mild stress-specific; green – severe stress-790 

specific; purple – rapid response in tolerant cultivar N22, delayed response in the more 791 
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susceptible cultivars; blue – rapid response in susceptible cultivars, delayed response in tolerant 792 

cultivar. Severe stress responses in flag leaves common between the flowering (Fig. 7) and early 793 

grain-filling stages (Fig. 8) are differentiated by font style: bold – common responses among all 794 

cultivars between the two stages; italics – cultivar-specific metabolites with similar responses in 795 

the same cultivars across the two stages. Quinic acid, 5-caffeoyl-, trans- is listed as chlorogenic 796 

acid; 4-hydroxyphenyl--glucopyranoside as arbutin; glyceric acid -3-phosphate as glycerate-3-797 

phosphate; phosphoenolpyruvic acid as phosphoenolpyruvate; phosphoric acid monomethyl ester 798 

as monomethyl phosphate.  799 

 800 

Figure 8. Common and cultivar-specific stress-responsive metabolites in flag leaves during 801 

early grain filling 802 

Metabolites corresponding to the numbers in the Venn diagrams in Fig. 6E and F. Responses of 803 

flag leaves to severe stress common between the flowering (Fig. 7) and early grain-filling stages 804 

are indicated by font style: bold – common response among all cultivars between the two stages; 805 

italics – cultivar-specific metabolites with similar responses in the same cultivars across the two 806 

stages. Glyceric acid-3-phosphate is listed as glycerate-3-phosphate; phosphoenolpyruvic acid as 807 

phosphoenolpyruvate.  808 

 809 

Figure 9. Venn diagrams illustrating numbers of metabolites with changes in abundance in 810 

flowering spikelets under stress 811 

Numbers indicate common and cultivar-specific metabolites in flowering spikelets that showed 812 

significant (Mann-Whitney-Wilcoxon test, P < 0.05) increases (A, C) or decreases (B, D) in 813 
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abundance in response to mild (A, B) or severe stress (C, D) during the flowering stage relative 814 

to well-watered controls. 815 

 816 

Figure 10. Common and cultivar-specific stress-responsive metabolites in flowering 817 

spikelets 818 

Metabolites corresponding to the numbers in the Venn diagrams in Fig. 9. Comparisons between 819 

mild and severe stress are color-coded: orange – common response irrespective of stress 820 

intensity; yellow – mild stress-specific; green – severe stress-specific; blue – rapid response in 821 

susceptible cultivars, delayed response in the tolerant cultivar N22. Common responses of 822 

flowering spikelets (Fig. 10) and developing seeds (Fig. 11C) during severe stress are indicated 823 

by font style: bold - same response among all cultivars between the two organs; italics - cultivar-824 

specific with similar responses in the same cultivars across the two organs. 4-Hydroxyphenyl--825 

glucopyranoside is listed as arbutin; phosphoric acid monomethyl ester as monomethyl 826 

phosphate.  827 

 828 

Figure 11. Common and cultivar-specific stress-responsive metabolites in developing seeds 829 

Panels (A) and (B) show the numbers of common and cultivar-specific metabolites in developing 830 

seeds that showed significant (Mann-Whitney-Wilcoxon test, P < 0.05) increases (A) or 831 

decreases (B) in abundance under severe stress relative to well-watered controls. The 832 

corresponding metabolites are listed in (C). Metabolites highlighted in green showed specific 833 

responses to severe stress in developing seeds compared with flowering spikelets; metabolites in 834 

italics are those that have similar cultivar-specific responses across the two organs, and bold font 835 
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indicates metabolites with a common response with flowering spikelets among all cultivars (Fig. 836 

10). 4-Hydroxyphenyl--glucopyranoside is listed as arbutin.  837 

 838 

Figure 12. Identification of potential metabolite markers for yield stability under combined 839 

drought and heat stress 840 

The upper panels (A – F) show metabolites with significant correlations (Spearman’s rank 841 

correlation, P < 0.05) between yield reduction under stress and the corresponding changes in 842 

metabolite content (log2-fold change). Metabolites were analyzed in flag leaves under mild (A) 843 

and severe (B) stress at the flowering stage, and under severe stress at the early grain-filling 844 

stage (C). Flowering spikelets were investigated under mild (D) and severe stress (E) and 845 

developing seeds (F) under severe stress. The lower panels (G – J) show metabolites with 846 

significant correlations between yield reduction under stress and the relative metabolite levels 847 

under control conditions. Metabolites were analyzed in flag leaves during flowering (G) and 848 

early grain-filling stages (H), in flowering spikelets (I), and developing seeds (J). Blue and red 849 

indicate negative and positive correlations, respectively. Metabolites in dashed box are common 850 

between mild and severe stress within the same organ. Solid boxes indicate metabolites common 851 

during severe stress between flowering and early grain filling within the same source/sink organ. 852 

Metabolites indicated in red font are common between the upper and lower panels within the 853 

same organ. Metabolites are sorted alphabetically.  854 

 855 

Figure 13. Identification of potential metabolite markers for seed quality under combined 856 

drought and heat stress 857 
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The upper panels (A – E) show metabolites with significant correlations (Spearman’s rank 858 

correlation, P < 0.05) between increases in the proportion of grains with >50% chalk under stress 859 

and the corresponding changes in metabolite content (log2-fold change). Metabolites were 860 

analyzed in flag leaves under mild (A) and severe (B) stress at the flowering stage, and under 861 

severe stress at the early grain-filling stage (C). Flowering spikelets were investigated under mild 862 

(D) and severe stress (E). The lower panels (F – I) show metabolites with significant correlations 863 

between the increase in proportion of grains with >50% chalk under stress and relative 864 

metabolite levels under control conditions. Metabolites were analyzed in flag leaves during 865 

flowering (F) and early grain-filling stages (G), in flowering spikelets (H), and developing seeds 866 

(I). Blue and red indicate negative and positive correlations, respectively. Metabolites in dashed 867 

box are common between mild and severe stress within the same organ. Metabolites indicated in 868 

red font are common between the upper and lower panels within the same organ. Metabolites are 869 

sorted alphabetically.  870 

 871 

Additional files 872 

Additional file 1 (XLS). Common and organ-specific metabolites used in the final data 873 

analysis 874 

Metabolites that were common among the three experiments with ≥33.33% non-missing values, 875 

as indicated in Table 1 and that were either specific to one or two organs, or detected in all three 876 

organs. Metabolites are listed alpahabetically by metabolite class in the same order as in Figs. 3-877 

5. 878 
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Additional file 2 (PDF). Metabolites with different abundance under mild and severe 880 

drought and heat stress in flag leaves 881 

The heat map displays all flag leaf metabolites that showed a significant (Mann-Whitney-882 

Wilcoxon test, P < 0.05) difference in abundance between mild and severe combined drought 883 

and heat stress during the flowering stage. The level of significance is indicated for each 884 

metabolite and cultivar by asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001) and the log2-fold 885 

difference is indicated by the color code. 886 

 887 

Additional file 3 (PDF). Metabolites with different abundance during mild and severe 888 

drought and heat stress in flowering spikelets 889 

The heat map displays all metabolites in flowering spikelets that showed a significant (Mann-890 

Whitney-Wilcoxon test, P < 0.05) difference in abundance between mild and severe combined 891 

drought and heat stress during the flowering stage. The level of significance is indicated for each 892 

metabolite and cultivar by asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001) and the log2-fold 893 

difference is indicated by the color code. 894 

 895 

 896 

 897 

Availability of supporting data and materials 898 

The data set supporting the results of this article is available in the EMBL-EBI MetaboLights 899 

database (DOI: 10.1093/nar/gks1004. PubMed PMID: 23109552) with the identifier 900 

MTBLS801. 901 

Availability of source code and requirements 902 
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Project name: Rice_HxD_Metabolomics 903 

Project home page: GitHub (https://github.com/llawas/Rice_HxD_Metabolomics) 904 

Operating system: Windows 7 905 

Programming language: R 906 

License: GNU General Public License 907 
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N22 Dular Anjali N22∩Dular N22∩Anjali Dular∩Anjali N22∩Dular∩Anjali 

Mild stress, Increase 
Glutamine Isoleucine Arabitol Glutamic acid A170001 Aspartic acid Leucine 

Serine Hexadecanoic acid  A137012  Octadecanoic acid Phenylalanine 
A155004 A143003  A211001  A250001 Proline 

Chlorogenic acid A214004  Putrescine   Threonine 
 A237001  Raffinose   Valine 
 Glycerol  Sucrose   Erythritol 
 Arabinose     Inositol, myo- 

Mild stress, Decrease 
Succinic acid A148006 Glutaric acid, 2-oxo-   Citric acid Malic acid 

Sinapic acid, trans-  Pyruvic acid   Glycolic acid  
Glucose-6-phosphate  A116014   Isocitric acid  

  A159003   Glycerate-3-phosphate  
  A180002   Phosphoenolpyruvate  
  A192014     
  Pyridine, 2-hydroxy-     

Severe stress, Increase 
Glutamic acid Aspartic acid A170001 Valine  Glycine N-Carboxyglycine 

Arbutin Erythronic acid A213001 A137012  Isoleucine Phenylalanine 
  Ribitol   Leucine Proline 
     Serine Threonine 
     A203003 A155004 
     A237001 A211001 
     A311002 A250001 
     Glycerol Putrescine 
     Inositol, myo- Arabitol 
     Arabinose Erythritol 
     Fructose Raffinose 
     Glucose  

Severe stress, Decrease 
Phosphoric acid A148006 A116014 Glutaric acid, 2-oxo- Glyceric acid Glycolic acid Citric acid 
Galactonic acid A171003 Chlorogenic acid   Glycerate-3-phosphate Isocitric acid 

  Galactaric acid   Phosphoenolpyruvate Malic acid 
     Dehydroascorbic acid 

dimer 
Pyruvic acid 

      Succinic acid 
      A192014 
      Pyridine, 2-hydroxy- 
      Pyridine, 3-hydroxy- 
      Glucose-6-phosphate 
      Monomethyl phosphate 
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Increase 
Vanillic acid Aspartic acid Serine Glycine Inositol, myo- Arabitol Isoleucine 

 Glutamic acid A211001 N-Carboxyglycine Arabinose  Phenylalanine 
 A311002 A250001 A137012   Proline 
 Fructose Putrescine A237001   Threonine 
  Erythritol Ribitol   Valine 
  Glycerol Glucose   A155004 
      A170001 
      A203003 
      Raffinose 

Decrease 
Malic acid A112003 Glutaric acid, 2-oxo- Pyruvic acid Pyridine, 2-hydroxy- Glycolic acid Citric acid 
A278005 A145016 Glycerate-3-phosphate A148006 Glucose-6-phosphate  Isocitric acid 

Phosphoric acid A147011 Phosphoenolpyruvate    Succinic acid 

Ascorbic acid Sucrose Galactonic acid    A192014 
      Dehydroascorbic acid 

dimer 
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Mild stress, Increase 
Glycolic acid Malic acid Isoleucine A155004    

Alanine, 3-cyano- A203003 Proline A170001    
A211001 A214003  A237002    

Spermidine Erythritol      
Glycerophosphoglycerol Kestose, 1-      

Raffinose       

Mild stress, Decrease 
Threonine Asparagine N-Carboxyglycine  Threonic acid A157012  

Phosphoric acid Glutamine Phenylalanine   A171003  
 Arbutin Serine   A174001  
  A148006   Pyridine, 2-hydroxy-  
  Ornithine     
  Pyridine, 3-hydroxy-     
  Cinnamic acid, 

4-hydroxy-, trans- 
    

  Arabinose     

Severe stress, Increase 
Serine Glycine Pyruvic acid Malic acid Spermidine Phenylalanine Isoleucine 

A116014 Valine Butyro-1,4-lactam  Raffinose Tyrosine Leucine 
A211001 Ribitol Proline   A203003 Threonine 

Glycerophosphoglycerol Arabinose A214003   A213001 A155004 
Monomethyl phosphate  A250001   A237001 A170001 

  A311002   Glycerol-3-phosphate A237002 
  Putrescine   Fructose Arabitol 
  Gluconic acid   Glucose Erythritol 
  Kestose, 1-    Inositol, myo- 

Severe stress, Decrease 
 Benzoic acid, 4-

hydroxy- 
N-Carboxyglycine   A145008 A148006 

 4-Hydroxy-
benzaldehyde 

A176001   A159003  

 Pyridine, 3-hydroxy- Phosphoric acid   A171003  
 Glucose-6-phosphate    A174001  
 Hydroquinone    Pyridine, 2-hydroxy-  
     Arbutin  
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Increase 
Arabitol Aspartic acid Glutamine  Glycine A228001 Alanine, 3-cyano- 

 Raffinose N-Carboxyglycine  Arbutin Galactaric acid Isoleucine 
  Threonine    Phenylalanine 
  A155004    A159003 
  A170001    A174001 
  A176001     
  Pyridine, 2-hydroxy-     
  Arabinose     

Decrease 
A145016      Succinic acid 
A147011      Glucose-6-phosphate 
A213001      Erythronic acid 

Threonic acid      Erythritol 
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