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Abstract: Abiotic stresses reduce crop growth and yield in part by disrupting metabolic homeostasis
and triggering responses that change the metabolome. Experiments designed to understand the
mechanisms underlying these metabolomic responses have usually not used agriculturally relevant
stress regimes. We therefore subjected maize plants to drought, salt, or heat stresses that mimic field
conditions and analyzed leaf responses at metabolome and transcriptome levels. Shared features of
stress metabolomes included synthesis of raffinose, a compatible solute implicated in tolerance to
dehydration. In addition, a marked accumulation of amino acids including proline, arginine, and γ-
aminobutyrate combined with depletion of key glycolysis and tricarboxylic acid cycle intermediates
indicated a shift in balance of carbon and nitrogen metabolism in stressed leaves. Involvement
of the γ-aminobutyrate shunt in this process is consistent with its previously proposed role as a
workaround for stress-induced thiamin-deficiency. Although convergent metabolome shifts were
correlated with gene expression changes in affected pathways, patterns of differential gene regulation
induced by the three stresses indicated distinct signaling mechanisms highlighting the plasticity of
plant metabolic responses to abiotic stress.

Keywords: drought; salinity; heat stress; metabolomics; RNA-seq

1. Introduction

Agriculturally important abiotic stresses for crop plants include heat, drought, and
salinity (salt). These stresses are expected to become increasingly prevalent worldwide due
to climate change [1]. Photosynthesizing leaves are particularly sensitive to these stresses
because the capacity for uptake of CO2 through leaf stomatal pores must be balanced
against the rate of water loss via transpiration. For that reason, the physiological impacts
of heat, drought, and salt stress are likely to differ in fundamental ways. Under heat stress,
transpiration contributes to leaf cooling provided that transport of water from the roots
can be maintained, whereas under drought stress, transpiration and gas exchange are
curtailed by stomatal closure to prevent dehydration [2,3]. Under salt stress, transpiring
leaves accumulate high concentrations of salt, creating osmotic stress as well as ionic
imbalances [4]. Thus, while heat, drought, and salt stresses have distinct impacts on
photosynthetic metabolism, they overlap and interact in important ways [5,6]. All include
a likelihood that leaf cells of stressed plants will experience lowered water potentials.

Metabolites broadly implicated in plant abiotic stress tolerance include the pro-
tein amino acids proline and arginine and the non-protein amino acids ornithine and
γ-aminobutyric acid (GABA) [4,5,7]. Proline functions principally as a protective os-
molyte [8,9] and arginine and ornithine are precursors of proline and polyamines [10].
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The multifaceted roles of GABA and the GABA shunt in abiotic stresses are not yet fully
resolved [11,12]. GABA is both a key intermediary between the tricarboxylic acid (TCA)
cycle and nitrogen assimilation pathways and a signaling molecule [12]. Moreover, because
the GABA shunt bypasses the thiamin-dependent 2-oxoglutarate dehydrogenase reaction
of the TCA cycle, it provides a potential workaround for stress-induced functional thiamin
deficiency [13–15]. Raffinose series sugars confer tolerance to dehydration in seeds and
other organs by functioning as compatible osmolytes and antioxidants [16–18].

Gene expression changes induced by stress [19–22] fall into four broadly defined func-
tional categories: (1) stress-induced transcription factors; (2) genes involved in posttransla-
tional modifications including phosphorylation and dephosphorylation; (3) chaperonins;
and (4) genes involved in production of osomoprotectants and stress metabolites. Genes in
the latter category are a focus of this study.

Despite extensive research on abiotic stress responses, the physiological implications
of stress-induced changes in metabolism and the signaling mechanisms that reshape the
metabolome under stress remain poorly understood. One limitation is that experiments
designed to understand the mechanisms underlying these metabolomic responses have
usually not used agriculturally relevant stress regimes. Treatments are typically imposed
abruptly and for a short duration (<24 h)–conditions that rarely occur in field environ-
ments [19–22].

Here we analyze leaf metabolomes and transcriptomes of maize plants subjected
to long-term heat, drought, or salt stresses carefully designed to mimic realistic field
environments. Our results reveal a suite of metabolome changes that are common to all
three abiotic stress treatments. These core changes in the metabolome are correlated with
gene expression changes in associated metabolic pathways. However, the convergent
changes in heat, drought, and salt stress metabolomes, respectively, arise from distinct
signaling mechanisms that differentially target genes in key pathways, highlighting the
plasticity of plant stress responses.

2. Results
2.1. Changes in Central Metabolism in Response to Long-Term Drought, Heat, or Salt Stress

In agricultural environments, crop plants frequently encounter stress conditions of
prolonged duration (e.g., a week or longer) that reduce growth and biomass yield. Al-
though progress has been made in understanding correlations between stresses and plant
metabolomes [23,24], experiments typically have not used agriculturally realistic stress
conditions. To quantify effects of realistic stress environments on metabolic homeostasis of
maize leaves, we analyzed leaf metabolomes of B73 inbred plants grown under long-term,
non-lethal heat, drought, or salt stress treatments. As detailed in Materials and Methods,
drought stress imposed by withholding water intensified gradually over a two-week period
to mimic a natural stress environment. Salt stress treatments were carefully designed based
on classical principles to avoid confounding effects of leaching of soil nutrients, calcium
deficiency, and other types of inadvertent damage. Leaf metabolomes and transcriptomes
of stressed plants were then compared to those of unstressed control plants. At least six
biological replicates were used for metabolite analyses and three biological replicates were
analyzed by RNA-seq.

2.2. Shared Features of Stress Metabolomes

The volcano plots shown in Figure 1a–c show which leaf metabolites were affected
most strongly by long-duration salt, heat, or drought stress treatments, respectively. Salt
stress induced accumulation of multiple amino acids—including serine, threonine, tryp-
tophan, histidine, glutamate, lysine, tyrosine, and ornithine. In addition, several sec-
ondary compounds likely derived from amino acids were elevated—including quinic acid,
pipecolic acid, and two unidentified phenolic compounds. Another prominent feature
of the salt stress metabolome was accumulation of raffinose and its precursor galactinol.
Amino acids (tryptophan, threonine, histidine) and raffinose pathway metabolites (raffinose
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and galactinol) also stood out in the heat stress metabolome profile. Unique features of the
heat stress metabolome included accumulation of the sugar alcohol lactitol. Notably, citrate
and trans-3-caffeoyl quinic acid were depleted relative to control samples. A unique feature
of the metabolome of drought stressed leaves was a marked accumulation of hexoses (fruc-
tose, glucose, and mannose). Accumulation of raffinose and at least one aromatic amino
acid was observed in all three stress metabolomes. Overall, the metabolome data included
63 compounds that were quantified in all three treatments, 69 compounds common to heat
and salt profiles, 67 compounds that overlapped in drought and salt experiments, and
77 metabolites shared by heat and drought stress profiles (Supplementary Figure S2A).
Hierarchical cluster analysis of metabolite data showed that control means grouped consis-
tently with their respective treatments indicating differences among experiments (Supple-
mentary Figure S2B). This separation of experiments likely reflected differences in growth
conditions necessitated by the three stress protocols. Notably, the salt protocol included
replacement of nutrients for both control and salt treated plants to avoid confounding
effects of leaching. For that reason, we focused on comparisons of fold-changes relative to
respective controls. Pairwise comparisons of changes in metabolites that were detected in
two or more treatment profiles revealed significant correlations between stress treatments
(Supplementary Figure S2C).

Figure 1. Enhanced volcano plots showing significantly changed metabolites in (a) salt stress,
(b) heat stress, and (c) drought stress conditions. Volcano plots are represented with Log2 fold change
(FC) on x-axis and −Log10 p-value on the y-axis. Each point represents a different metabolite. Circle
colors indicate classification of metabolites based on Log2 FC absolute value using a cutoff of 1.5-fold
and by statistical significance (p ≤ 0.01, −log10 p ≥ 2.0). Gray circles, Log2 FC absolute value ≤
1.5 and −log10 p < 2.0; green circles, Log2 FC absolute value >1.5 and −log10 p ≥ 2.0; dark blue
circles, Log2 FC absolute value ≤ 1.5 and −log10 p < 2.0; red circles, Log2 FC absolute value >1.5 and
−log10 p ≥ 2.0. In total, 22 metabolites met the threshold for significance Log2 FC values (absolute
value ≥ 1.5, p ≤ 0.01). Text colors of metabolite names indicate overlap among treatments. Magenta,
metabolites with significant Log2 FC in all three stress treatments; sky blue, significant Log2 FC in at
least two treatments; black, significant Log2 FC in one treatment.
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To facilitate comparisons of the metabolic impacts of long-term stress environments,
we performed a cluster analysis of fold-changes in the 63 metabolites that were detected
and quantified in all three stress experiments (Figure 2a). As shown in Figure 2b, the
cluster analysis revealed a set of 31 metabolites that showed consistent trends across the
three stress treatments (25 elevated, 6 depleted relative to controls). Notably, features of
this shared set summarized in Figure 2c included 14 of the 20 protein amino acids, four
compounds implicated in raffinose biosynthesis, and intermediates of the GABA shunt.
By contrast, three organic acids in glycolysis and TCA pathways (pyruvate, citrate, and
malate) consistently showed depletion.

Figure 2. Cluster analysis of fold-changes in 63 metabolites identified in all three stress conditions.
(a) Heat map shows log2 FC of 63 metabolites in the three stress treatments. (b) Venn diagram
showing overlap of metabolites that increased or decreased in the three stress treatments. Number
of metabolites that decrease is in parentheses. (c) Lists of selected metabolites that consistently
accumulated (green arrows) or decreased (red arrows). Metabolites with significant FC changes
(p value ≤ 0.01) are identified with asterisks. **, significant in all three treatments; **, significant in at
least two stress treatments; **, significant in one treatment.
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2.3. Transcriptome Changes Underlying of Metabolic Reprogramming of Stressed Leaves

To quantify impacts of long-term heat, salt, or drought stress on the leaf transcriptome,
RNA-seq analysis was applied to leaf samples parallel to those collected for metabolite pro-
filing. As summarized in the Venn diagram in Figure 3, the three stress treatments caused
massive changes in gene expression, revealing substantial overlap between stress treat-
ments (Supplementary Tables S2–S10). Heat stress affected the greatest number of genes
causing upregulation of 2549 genes and downregulation of 2587 genes. By comparison,
salt stress affected about half as many genes including 1449 upregulated genes and 1032
downregulated genes, while the impact of drought stress was intermediate, conditioning
upregulation of 1790 genes and downregulation of 1179 genes.

Figure 3. Overlap of genes differentially regulated in leaves of plants subjected to long-duration heat,
drought, and salt stress. The Venn diagram shows the overlap of genes upregulated and down regulated
(in parentheses) under long-term heat (red), drought (blue), and salt (brown) stress treatments.

We focused on the set of 174 genes that were upregulated in all three stress treatments.
GO term enrichment analysis of this group confirmed enrichment for known stress response
categories including protein refolding and temperature stress functions (Supplementary
Figure S3). Of particular relevance to this study, this shared set of differentially expressed
genes also included 33 genes that were annotated as encoding enzymes and transporters
with well-defined metabolic roles. To place the functional roles of these genes in a broader
metabolic context, we augmented the shared set of 33 metabolic genes to include genes
with related functional roles that were also upregulated significantly in at least one of
the stress treatments. A heatmap of log2 (FC) of this set of genes shown in Figure 4
revealed coordinate changes in expression of genes in pathways for amino acid biosynthesis,
transport, and metabolism, the GABA shunt and raffinose biosynthetic pathways. Hence,
there was overall a substantial correspondence between pathways impacted by stress
induced changes in the leaf transcriptome and observed shifts in metabolism. Other major
pathway associations included differentially expressed genes implicated in starch and cell
wall metabolism. Because complex polysaccharides were not included in our metabolite
analysis, the metabolic impact of those changes was not assessed.
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Figure 4. Gene expression changes in metabolic pathways upregulated by long-duration abiotic stresses. The heatmap
of log2 FC values includes 33 genes upregulated in all three stress treatments, plus functionally related amino acid and
raffinose pathway genes upregulated in at least one stress treatment. The heatmap was created using the heatmap function
in R. Lowercase letters following the gene identifier indicate statistical significance (p ≤ 0.05) in a, drought; b, heat; and c,
salt experiments. DH, dehydrogenase.

3. Discussion

Our results document metabolome and transcriptome changes that occur in leaves
of maize plants grown under long-term stress environments. While stress responses of
maize and other species have been studied extensively, most prior studies have focused on
short-term responses typically measured within 24 h of the initial treatment [21,25]. A key
goal of this study was to document metabolic and transcriptome responses to comparable,
prolonged stress treatments that reflect realistic environmental conditions encountered
in the field. Guo et al. [7] recently took a similar approach to analysis of interactions of
drought and cold stresses.

The metabolic context of stress-induced changes in leaf metabolites is depicted in
Figure 5. At least four common themes were evident in stress metabolomes. Key features
include accumulations of (1) diverse α-amino acids; (2) GABA; (3) raffinose and related
carbohydrates; and (4) relative depletion of key organic acid intermediates of central
metabolism (notably pyruvate, citrate, and malate). These metabolic shifts are associated
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with upregulation of corresponding genes in amino acid, GABA, and raffinose biosynthesis
pathways indicating that the reprogramming of the metabolome under abiotic stress was
to a large extent controlled at the transcriptional level. This contrasts with the pattern
observed in yeast where metabolic adjustments to diverse environments occur mainly at the
level of metabolic regulation rather than gene regulation [26]. In higher plants, regulation
of metabolism at the transcriptome level is likely necessitated by the requirements for
coordination among organs and tissues at an organismal level.

Figure 5. Integration of metabolite and transcriptome changes caused by drought, heat, and salt stress treatments. Open,
pattern filled, and solid triangles represent metabolites changes caused by heat, drought, and salt stress, respectively.
Up-modulations are in green, whereas down-modulations are in red. Asterisks indicate statistically significant changes
(p ≤ 0.05). Raw quantification data of shown metabolites are available as Supplementary Table S1. Differentially expressed
genes encoding enzymes in the relevant pathways are represented with blue numbers with superscript letters indicating
statistical significance (p ≤ 0.05) in a, drought; b, heat; and c, salt experiments. Gene identities are 1, galactinol synthase; 2,
raffinose synthase; 3, stachyose synthase; 4, acetolactone synthase; 5, homogentisate dioxygenase; 6, tryptophan synthase;
7, aspartate-kinase/homoserine dehydrogenase; 8, aspartate-semialdehyde dehydrogenase; 9, asparagine synthase; 10,
threonine synthase; 11, glutamate decarboxylase; 12, glutamate N-acetyltransferase; 13, N-acetyl-l-glutamate kinase; 14,
ornithine carbamoyltransferase; 15, argininosuccinate synthase; 16, arginine decarboxylase-1 and 2; 17, pyrroline-carboxylate
synthase; 18, pyrroline-carboxylate reductase; 19, pyrroline-carboxylate dehydrogenase.

Our current results documenting the metabolome at a single leaf position of the plant
(fifth leaf from the base) during the vegetative phase of development at mid-day illumi-
nate only a small slice of the whole organism response to long-term stress environments.
Potential interactions with leaf age, time-of-day, time of flowering, vegetative and repro-
ductive phases, and other aspects of plant development are not accessed by these data.
Nevertheless, common themes in the metabolic responses to long-term stress treatments
clearly emerge.

3.1. Prominent Roles of Amino Acids in Stress Metabolomes

Among the stress-modulated amino acids, proline stands out as a well-known stress
metabolite that functions as a protective osmolyte and antioxidant [5]. In this respect,
proline accumulation serves as a marker confirming that stress treatments were effective.
The 1-pyrrolidone-5-carboxylate precursor of proline is formed from glutamate via 1-
pyrrolidone-5-carboxylate synthase [8]. Proline is also potentially derived from metabolism
of arginine and ornithine [10]. The stress transcriptomes indicate upregulation of genes in
the pathway from glutamate as well as pathways of arginine and ornithine metabolism.
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The latter are likely involved in synthesis of polyamines, which were elevated to varying
degrees in all three treatments (Figure 5).

Accumulation of asparagine was associated with a striking upregulation of asparagine
synthase under all three stress regimes. Indeed, this was the single most marked change
observed at the transcriptome level across the three stress regimes (Figure 4). While
asparagine synthesis has been implicated by several studies in stress tolerance of maize
and other grasses [27,28], the precise metabolic role of asparagine metabolism in this
context is much less clear than is the case for proline and arginine. One possibility is that
increased asparagine synthesis in stressed source leaves is associated with an enhanced rate
of nitrogen export via the phloem. Li et al. [28] linked asparagine synthase expression to
increased remobilization of leaf nitrogen in reproductive stage maize plants under drought
stress. While the increase in amino acid levels we observe overall is consistent with the
possibility of increased protein degradation in stressed leaves of vegetative stage plants,
proteins with proteolysis-related functions were not enriched among stress induced genes
(Supplementary Figure S3). A more complete understanding of the roles of asparagine
and other amino acids may require analysis of multiple leaf positions on the plant as well
as sink organs to place changes in leaf amino acid metabolism and transport in a whole
organism context.

3.2. GABA Shunt Activation as a Thiamin-Deficiency Workaround?

Our metabolome and transcriptome data revealed that increased capacity for GABA
production was a response common to all three stresses. In contrast to other key organic
acids (pyruvate, citrate, and malate), which showed a consistent pattern of depletion in
stressed leaves, the GABA shunt pathway product succinate was observed to accumulate
(Figure 5). Although GABA accumulation is a very common response to stress in plants, its
precise roles in plant metabolism, and more so, signaling are still poorly understood [12].
We have previously proposed that adverse metabolic impacts of stress may be partly
attributed to functional deficiencies in thiamin and other vitamins [14]. In this context,
the GABA shunt pathway can play a critical role in ameliorating a thiamin constraint on
metabolism by providing a bypass of the thiamin-dependent 2-oxoglutarate dehydrogenase
enzyme of the TCA cycle [15]. This is achieved by shifting the decarboxylation reaction
to the non-thiamin requiring glutamate decarboxylase [12]. Consistent with activation
of the GABA shunt, one or more glutamate decarboxylase genes are upregulated in each
of the three stresses (Figure 4). Interestingly, no other consistent changes in genes of
thiamin biosynthesis or thiamin-dependent metabolism were seen at the transcriptome
level. This does not exclude the possibility that metabolic adjustments to functional cofactor
deficiencies in central metabolism occur at the level of metabolic regulation. In addition to
its established role as a bypass of key steps in the canonical TCA cycle, GABA metabolism
is thought to provide an important interface between C and N metabolism especially under
stress conditions [12] as well as being a signaling molecule implicated in regulation of
growth [29]. In addition to activity of the GABA shunt, relative depletion of pyruvate and
key TCA intermediates—malate and citrate—may reflect a broad shift of carbon toward
amino acid metabolism noted above. The implications of this shift for energy metabolism
are not yet determined.

3.3. Upregulation of the Raffinose Biosynthetic Pathway

Our results indicate that a key shared metabolic response—accumulation of raffinose
and raffinose precursors (Figure 2c) in stressed leaves—is associated with upregulation of
multiple raffinose biosynthesis genes (Figure 4). Raffinose series sugars have well known
roles as compatible solutes that confer dehydration tolerance in seeds and other plant
organs [16,18,30]. In addition, galactinol and raffinose have been implicated in protection
against oxidation, further extending their range of activity [17]. A recent study of the
interaction of long-duration drought and cold stresses on maize showed a similar induction
of the raffinose pathway by drought [7]. Although heat, salt, and drought environments
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are distinct, they each include—to varying degrees—a potential to impose water stress on
leaf cells. Hence, biosynthesis of raffinose series sugars is likely a protective mechanism
that confers tolerance to this shared stress component.

3.4. Multiple Signaling Mechanisms Contribute to Shared Metabolic Responses to Stress

While raffinose accumulation is a common feature of all three stress metabolomes, the
stress treatments differ in their effects on expression of individual genes in the pathway. In
this respect, the impact of drought stress is distinct from those of heat and salt stress. Heat and
salt stresses cause coordinate upregulation of early steps in the pathway including galactinol
synthase (Zm00001d028931), stachyose synthase (Zm00001d039685), and a putative inositol
transporter (Zm00001d018803), whereas drought stress primarily causes upregulation of
raffinose synthase (Zm00001d019163). The distinct signaling mechanisms may be rationalized
because, of the three conditions, drought has the most direct impact on water status of leaf
cells. Interestingly, glucose and hexose phosphates that are precursors of early raffinose
pathway intermediates showed marked accumulation only under drought stress (Figure 5).
One possibility is that preferential upregulation of early steps in the raffinose pathway in
salt and heat stressed leaves maintains relative depletion of the hexose pool, whereas flux to
raffinose precursors in drought stressed leaves is substrate driven.

Distinct signaling mechanisms are also apparent in regulation of the GABA shunt
and arginine metabolism pathways. GABA accumulation is associated with differen-
tial upregulation of two paralogous genes encoding glutamate decarboxylase (Figure 4).
Zm00001d033805 was upregulated most strongly by drought and heat stress, whereas
salt stress acted preferentially on Zm00001d031749. Two stress-induced arginine decar-
boxylase paralogs exhibited a similar dichotomy with drought and heat causing induction
of Zm00001d051194 and salt stress acting on Zm00001d045470. However, this pairing of
drought and heat responses contrasts with the pattern exhibited by raffinose pathway genes
described above where heat and salt effects were correlated. Hence, there are evidently
multiple ways to achieve equivalent changes in the metabolome, highlighting the plasticity
of plant metabolism.

Our results provide a basis for interpreting interactions in plants subjected to multiple
stresses. In situations where the gene expression changes underlying a shared metabolic
response are common to both stresses, an additive or less-than-additive interaction might
be expected. By contrast, synergistic interactions are plausible where distinct signaling
pathways impact the same pathway. An interesting case in that respect is raffinose biosyn-
thesis in plants subjected to heat and drought–two stresses that frequently occur together
in field environments.

Overall, our results uniquely document changes in leaf metabolism induced by
long-term stress treatments that were carefully designed to reproduce realistic field en-
vironments. The shared suite of metabolic changes observed under prolonged stress
includes several classes of metabolites previously identified in studies employing short
duration stress treatments. This correspondence indicates that prompt metabolic and
transcriptome responses to stress are largely maintained under prolonged stress. While
key shared features of stress metabolomes are evidently controlled at the level of gene ex-
pression, the underlying signaling mechanisms and target genes are distinct for each of the
three stresses.

4. Materials and Methods
4.1. Plant Growth Conditions

All experiments were performed with maize plants (Zea mays, inbred B73) at
24 to 35 days after planting. Plants were grown in the USDA-ARS controlled-environment
greenhouse facility (Gainesville, FL, USA) between April and December, with a temper-
ature regime of 28/23 ± 2 ◦C, day/night and an approximately 16 h:8 h light:dark cycle.
Seeds were sown in PVC tubes, 8 cm diameter and 60 cm long, filled with Metro-Mix®300
(Sun Gro Horti-culture) soil containing Osmocote® General Purpose Fertilizer (ICL Spe-
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cialty Fertilizers), 5 g per tube. A single plant was grown in each tube, and the tubes were
placed in the chambers using a complete randomized block design. For parallel metabolite
and transcriptome analyses, the fifth fully expanded leaf was sampled within one hour
of midday from replicate plants, growing in vegetative phase, that had been subjected to
carefully controlled stress treatment regime for a period of two weeks.

4.2. Drought Stress

For drought stress, the water-holding capacity of each tube was determined. Drought
stress was imposed beginning the fifth day after germination by ceasing watering of six
replicate plants while six control replicates were watered to soil field capacity. After two
weeks of treatment, leaf samples were collected for metabolomic and RNA-seq analysis
from stressed and control plants. Samples were taken at 24 days after planting from
the mid-blade position of the fully expanded fifth leaf counted from the base of the plant,
taking one side of the midrib for transcriptomic analysis and the other side for metabolomic
analysis. Drought stress was monitored by measuring relative water content. Relative
water content for the sampled leaves was determined by cutting 1-cm diameter discs from
the mid-position of the leaf blade, avoiding the midrib. Groups of 10 to 15 discs from
each leaf sample were weighed together to determine fresh weight (FW). Discs were then
floated on water in a Petri dish in light overnight, blotted dry, and reweighed to determine
turgid weight (TW). Finally, discs were frozen in liquid nitrogen, freeze-dried, and weighed
to determine dry weight (DW). The relative water content (RWC) was calculated using
RWC% = (FW−DW) × 100/(TW−DW). Efficacy of the drought treatment was confirmed
by a marked reduction in relative water content of drought treated plants (Supplementary
Figure S1).

4.3. Heat Stress

For high-temperature stress, six replicate plants were transferred to a separate growth
chamber at two weeks after germination. In the treatment chamber, temperature was raised
gradually while maintaining a 16 h:8 h photoperiod as described above. Heat stress started at
30/24 ◦C, day/night, and increased 2 ◦C per day for five days, then a 37/32 ◦C day/night
regime was maintained for 12 days. Plants were watered every three days. Control plants (six
replicates) were grown as described above. Leaf samples were collected for metabolomics
and RNA-seq analysis at 35 days after planting as described above.

4.4. Salt Stress

Proper design of salinization experiments must strive to: (1) avoid over-salinizing the
soil as evapotranspiration passively raises soil salt concentration, which means irrigating
liberally to achieve a high ‘leaching fraction’; (2) at the same time, avoid leaching out
of nitrogen, phosphate, and micronutrients, which means adding them to the irrigation
medium; (3) avoid permeabilizing root cells by an excessive monovalent/divalent cation
ratio in soil water, and avoid Na+-induced Ca2+ deficiency, which both mean salinizing
with a NaCl/CaCl2 mix.

This is what our procedure was designed to do, based on classical principles. Running
a salinization experiment in a seemingly simpler way can—and often does—result in more
a severe and less reproducible level of salt stress than intended, and even worse salt stress
complicated by nutrient deficiencies and ion imbalances [31,32].

Fourteen plants were grown under the conditions described above. Salt stress was
started at two weeks of germination. The growth tubes were drenched with 500 mL of
nutrient media. The composition of the nutrient solution (mM) was: 2.5 Ca(NO3)2, 3 KNO3
1.5 MgSO4, 0.17 KH2PO4, 0.05 Fe (C14H22FeN3NaO10), 0.023 H3BO3, 0.005 MnSO4, 0.0004
ZnSO4, 0.0002 CuSO4, 0.0001 H2MoO4. The pH of the solution was kept between 5.2
and 6.2, adjusted with KOH/H2SO4. For eight stressed plants, the nutrient solution was
salinized in steps calculated to reduce the osmotic potential of the solution by 0.1 MPa
every 2 days with NaCl/CaCl2 [31]. The steps were: 18 mM NaCl/3.125 mM CaCl2; 36 mM
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NaCl/6.25 mM CaCl2; 54 mM NaCl/9.75 mM CaCl2; and 72 mM NaCl/12.5 mM CaCl2.
Plants were maintained at −0.4 MPa osmotic potential for 8 days. Non-salinized control
plants were drenched with the same volume of nutrient solution without NaCl/CaCl2. Leaf
samples were collected at 24 days after planting for metabolomics and RNA-seq analysis
as above.

4.5. Metabolite Analysis

Metabolite profiling was performed by GC-MS as described by Suzuki et al. [33].
Briefly, ground frozen leaf tissue was homogenized at 70 ◦C for 15 min in 300 µL of
methanol followed by addition of 200 µL of chloroform and 300 µL of water. The polar
phase was collected and dried under vacuum. The residue was derivatized at 37 ◦C in
50 µL of 20 mg mL−1 methoxyamine hydrochloride in pyridine incubating for 120 min
followed by a 30 min treatment with 50 µL of MSTFA. Analyses were performed using
a Leco Pegasus HT TOF-MS gas chromatograph (Leco Inc, St. Joseph, MI, USA) with
coupled time-of-flight mass spectrometer. Samples were injected using a Gerstel Multi-
Purpose autosampler (Gerstel GMbH, Mülheim an der Ruhr, Germany). A 30 m DB-35 gas
chromatography column was used with helium carrier gas flow rate of 2 mL s−1. A 230 ◦C
injection temperature was used with transfer line and ion source set to 250 ◦C. The oven
temperature (initially 85 ◦C) was increased at a rate of 15 ◦C min−1 to a final temperature of
360 ◦C. Following a delay of 180 s for solvent mass spectra were recorded with 20 scans s−1

over a 70–600 m/z range. Chroma TOF 4.5 (Leco Inc., St. Joseph, MI, USA) and TagFinder
4.2 software [34,35] were used to evaluate chromatograms and mass spectra.

4.6. RNAseq

RNA-seq analysis was performed as described by Mimura et al. [36] and Suzuki
et al. [33]. Briefly, leaf samples were ground in liquid nitrogen and stored at −80 ◦C. Total
RNA was extracted from a spatula scoop of frozen ground leaf sample using the Plant
RNeasy kit (Qiagen). RNA-seq libraries were constructed using TruSeq® Stranded Total
RNA LT-with RiboZero™ Plant (Illumina). Illumina sequencing was conducted with a
HiSeq instrument at UF ICBR service core facility. Unidirectional reads were mapped to
the maize B73 v2 assembly and analyzed using TopHat, Cufflinks, and Cuffdiff [37] hosted
on the Galaxy platform at UF HPC.

4.7. Statistical Analysis

Principal component analysis (prcomp) and hierarchical clustering (hclust) of metabo-
lite and transcriptome fold-change data were performed using standard methods in R
(r-project.org). Heat maps were created using the heatmap function in R.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metabo11110797/s1, Figure S1: Relative water content of drought stressed leaves, Figure
S2: Common metabolites measured in three different stress conditions, Figure S3: GO category
enrichment of genes upregulated in heat, drought and salt stressed leaves, Table S1: Metabolite data,
Table S2–S9: RNA-seq FPKM and fold-change data for heat, salt and drought experiments, and Table
S10: GO term enrichment analysis.

Author Contributions: Conceptualization, A.D.H. and D.R.M.; Stress experiments, G.H. and A.D.H.,
Metabolomics analysis, S.A. and A.R.F.; RNA-seq analysis, S.W., J.-C.G., T.L., M.L. and D.R.M.; Data
analysis, J.J. and D.R.M.; Manuscript preparation, D.R.M., J.J. and A.D.H.; Funding acquisition,
A.D.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by National Science Foundation Grant IOS-1444202. The contribu-
tion of S.A. and A.R.F. was supported by the European Union’s Horizon 2020 research and innovation
program, project PlantaSYST (SGA-CSA no. 739582 under FPA no. 664620).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/metabo11110797/s1
https://www.mdpi.com/article/10.3390/metabo11110797/s1


Metabolites 2021, 11, 797 12 of 13

Data Availability Statement: The RNA-seq data presented in this study are openly available in
the National Center for Biotechnology Information SRA database under bio-project accession PR-
JNA368967. Metabolite data presented in this study are available in Supplementary Table S1.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anderson, R.; Bayer, P.E.; Edwards, D. Climate change and the need for agricultural adaptation. Curr. Opin. Plant Biol. 2020, 56,

197–202. [CrossRef] [PubMed]
2. Hanson, A.D.; Hitz, W.D. Metabolic responses of mesophytes to plant water deficits. Annu. Rev. Plant Physiol. 1982, 33, 163–203.

[CrossRef]
3. Crafts-Brandner, S.J.; Salvucci, M.E. Sensitivity of photosynthesis in a C4 plant, maize, to heat stress. Plant Physiol. 2002, 129,

1773–1780. [CrossRef]
4. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef]
5. Krasensky, J.; Jonak, C. Drought, salt, and temperature stress-induced metabolic rearrangements and regulatory networks. J. Exp.

Bot. 2012, 63, 1593–1608. [CrossRef]
6. Hussain, H.A.; Men, S.; Hussain, S.; Chen, Y.; Ali, S.; Zhang, S.; Zhang, K.; Li, Y.; Xu, Q.; Liao, C.; et al. Interactive effects of

drought and heat stresses on morpho-physiological attributes, yield, nutrient uptake and oxidative status in maize hybrids. Sci.
Rep. 2019, 9, 3890. [CrossRef]

7. Guo, Q.; Li, X.; Niu, L.; Jameson, P.E.; Zhou, W. Transcription-associated metabolomic adjustments in maize occur during
combined drought and cold stress. Plant Physiol. 2021, 186, 677–695. [CrossRef]

8. Szabados, L.; Savoure, A. Proline: A multifunctional amino acid. Trends Plant Sci. 2010, 15, 89–97. [CrossRef] [PubMed]
9. Székely, G.; Abrahám, E.; Cséplo, A.; Rigó, G.; Zsigmond, L.; Csiszár, J.; Ayaydin, F.; Strizhov, N.; Jásik, J.; Schmelzer, E.; et al.

Duplicated P5CS genes of Arabidopsis play distinct roles in stress regulation and developmental control of proline biosynthesis.
Plant J. 2008, 53, 11–28. [CrossRef]

10. Miller, G.; Honig, A.; Stein, H.; Suzuki, N.; Mittler, R.; Zilberstein, A. Unraveling ∆1-pyrroline-5-carboxylate-proline cycle in
plants by uncoupled expression of proline oxidation enzymes. J. Biol. Chem. 2009, 284, 26482–26492. [CrossRef]

11. Renault, H.; Roussel, V.; El Amrani, A.; Arzel, M.; Renault, D.; Bouchereau, A.; Deleu, C. The Arabidopsis pop2-1 mutant reveals
the involvement of GABA transaminase in salt stress tolerance. BMC Plant Biol. 2010, 10, 20. [CrossRef]

12. Michaeli, S.; Fromm, H. Closing the loop on the GABA shunt in plants: Are GABA metabolism and signaling entwined? Front.
Plant Sci. 2015, 6, 419. [CrossRef] [PubMed]

13. Fitzpatrick, T.B.; Chapman, L.M. The importance of thiamine (vitamin B1) in plant health: From crop yield to biofortification. J.
Biol. Chem. 2020, 295, 12002–12013. [CrossRef]

14. Hanson, A.D.; Beaudoin, G.A.; McCarty, D.R.; Gregory, J.F., 3rd. Does abiotic stress cause functional B vitamin deficiency in
plants? Plant Physiol. 2016, 172, 2082–2097. [CrossRef]

15. Joshi, J.; Folz, J.S.; Gregory, J.F., 3rd; McCarty, D.R.; Fiehn, O.; Hanson, A.D. Rethinking the PDH bypass and GABA shunt as
thiamin-deficiency workarounds. Plant Physiol. 2019, 181, 389–393. [CrossRef]

16. Peters, S.; Mundree, S.G.; Thomson, J.A.; Farrant, J.M.; Keller, F. Protection mechanisms in the resurrection plant Xerophyta
viscosa (Baker): Both sucrose and raffinose family oligosaccharides (RFOs) accumulate in leaves in response to water deficit. J.
Exp. Bot. 2007, 58, 1947–1956. [CrossRef] [PubMed]

17. Nishizawa, A.; Yabuta, Y.; Shigeoka, S. Galactinol and raffinose constitute a novel function to protect plants from oxidative
damage. Plant Physiol. 2008, 147, 1251–1263. [CrossRef]

18. Zhang, Y.; Sun, Q.; Zhang, C.; Hao, G.; Wang, C.; Dirk, L.M.; Downie, A.B.; Zhao, T. Maize VIVIPAROUS1 interacts with ABA
INSENSITIVE5 to regulate GALACTINOL SYNTHASE2 expression controlling seed raffinose accumulation. J. Agric. Food Chem.
2019, 67, 4214–4223. [CrossRef]

19. Yang, S.; Vanderbeld, B.; Wan, J.; Huang, Y. Narrowing down the targets: Towards successful genetic engineering of drought-
tolerant crops. Mol. Plant 2010, 3, 469–490. [CrossRef]

20. Blum, A. Genomics for drought resistance—Getting down to earth. Funct. Plant Biol. 2014, 41, 1191–1198. [CrossRef] [PubMed]
21. Makarevitch, I.; Waters, A.J.; West, P.T.; Stitzer, M.; Hirsch, C.N.; Ross-Ibarra, J.; Springer, N.M. Transposable elements contribute

to activation of maize genes in response to abiotic stress. PLoS Genet. 2015, 11, e1004915. [CrossRef]
22. Aguilar-Rangel, M.R.; Chávez Montes, R.A.; González-Segovia, E.; Ross-Ibarra, J.; Simpson, J.K.; Sawers, R.J.H. Allele specific

expression analysis identifies regulatory variation associated with stress-related genes in the Mexican highland maize landrace
Palomero Toluqueño. PeerJ 2017, 5, e3737. [CrossRef]

23. Fàbregas, N.; Fernie, A.R. The metabolic response to drought. J. Exp. Bot. 2019, 70, 1077–1085. [CrossRef] [PubMed]
24. Villate, A.; San Nicolas, M.; Gallastegi, M.; Aulas, P.A.; Olivares, M.; Usobiaga, A.; Etxebarria, N.; Aizpurua-Olaizola, O. Review:

Metabolomics as a prediction tool for plants performance under environmental stress. Plant Sci. 2021, 303, 110789. [CrossRef]
25. Li, P.; Cao, W.; Fang, H.; Xu, S.; Yin, S.; Zhang, Y.; Lin, D.; Wang, J.; Chen, Y.; Xu, C.; et al. Transcriptomic profiling of the maize

(Zea mays L.) leaf response to abiotic stresses at the seedling stage. Front. Plant Sci. 2017, 8, 290. [CrossRef]
26. Hackett, S.R.; Zanotelli, V.R.; Xu, W.; Goya, J.; Park, J.O.; Perlman, D.H.; Gibney, P.A.; Botstein, D.; Storey, J.D.; Rabinowitz, J.D.

Systems-level analysis of mechanisms regulating yeast metabolic flux. Science 2016, 354, aaf2786. [CrossRef]

http://doi.org/10.1016/j.pbi.2019.12.006
http://www.ncbi.nlm.nih.gov/pubmed/32057694
http://doi.org/10.1146/annurev.pp.33.060182.001115
http://doi.org/10.1104/pp.002170
http://doi.org/10.1146/annurev.arplant.59.032607.092911
http://doi.org/10.1093/jxb/err460
http://doi.org/10.1038/s41598-019-40362-7
http://doi.org/10.1093/plphys/kiab050
http://doi.org/10.1016/j.tplants.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/20036181
http://doi.org/10.1111/j.1365-313X.2007.03318.x
http://doi.org/10.1074/jbc.M109.009340
http://doi.org/10.1186/1471-2229-10-20
http://doi.org/10.3389/fpls.2015.00419
http://www.ncbi.nlm.nih.gov/pubmed/26106401
http://doi.org/10.1074/jbc.REV120.010918
http://doi.org/10.1104/pp.16.01371
http://doi.org/10.1104/pp.19.00857
http://doi.org/10.1093/jxb/erm056
http://www.ncbi.nlm.nih.gov/pubmed/17452754
http://doi.org/10.1104/pp.108.122465
http://doi.org/10.1021/acs.jafc.9b00322
http://doi.org/10.1093/mp/ssq016
http://doi.org/10.1071/FP14018
http://www.ncbi.nlm.nih.gov/pubmed/32481068
http://doi.org/10.1371/journal.pgen.1004915
http://doi.org/10.7717/peerj.3737
http://doi.org/10.1093/jxb/ery437
http://www.ncbi.nlm.nih.gov/pubmed/30726961
http://doi.org/10.1016/j.plantsci.2020.110789
http://doi.org/10.3389/fpls.2017.00290
http://doi.org/10.1126/science.aaf2786


Metabolites 2021, 11, 797 13 of 13

27. Wang, H.; Liu, D.; Sun, J.; Zhang, A. Asparagine synthetase gene TaASN1 from wheat is up-regulated by salt stress, osmotic
stress and ABA. J. Plant Physiol. 2005, 162, 81–89. [CrossRef] [PubMed]

28. Li, Y.; Wang, M.; Zhang, F.; Xu, Y.; Chen, X.; Qin, X.; Wen, X. Effect of post-silking drought on nitrogen partitioning and gene
expression patterns of glutamine synthetase and asparagine synthetase in two maize (Zea mays L.) varieties. Plant Physiol. Biochem.
2016, 102, 62–69. [CrossRef]

29. Xu, B.; Long, Y.; Feng, X.; Zhu, X.; Sai, N.; Chirkova, L.; Betts, A.; Herrmann, J.; Edwards, E.J.; Okamoto, M.; et al. GABA
signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience. Nat. Commun. 2021, 12, 1952.
[CrossRef]

30. Zhuo, C.; Wang, T.; Lu, S.; Zhao, Y.; Li, X.; Guo, Z. A cold responsive galactinol synthase gene from Medicago falcata (MfGolS1) is
induced by myo-inositol and confers multiple tolerances to abiotic stresses. Physiol. Plant 2013, 149, 67–78. [CrossRef]

31. Maas, E.V.; Grieve, C.M. Sodium-induced calcium deficiency in salt-stressed corn. Plant Cell Environ. 1987, 10, 559–564. [CrossRef]
32. Grieve, C.M.; Grattan, S.R.; Maas, E.V. Plant salt tolerance. In ASCE Manual and Reports on Engineering Practice No. 71 Agricultural

Salinity Assessment and Management, 2nd ed.; Wallender, W.W., Tanji, K.K., Eds.; ASCE: Reston, VA, USA, 2012; pp. 405–459.
33. Suzuki, M.; Wu, S.; Mimura, M.; Alseekh, S.; Fernie, A.R.; Hanson, A.D.; McCarty, D.R. Construction and applications of a B

vitamin genetic resource for investigation of vitamin-dependent metabolism in maize. Plant J. 2020, 101, 442–454. [CrossRef]
[PubMed]

34. Roessner, U.; Luedemann, A.; Brust, D.; Fiehn, O.; Linke, T.; Willmitzer, L.; Fernie, A. Metabolic profiling allows comprehensive
phenotyping of genetically or environmentally modified plant systems. Plant Cell 2001, 13, 11–29. [CrossRef]

35. Schauer, N.; Steinhauser, D.; Strelkov, S.; Schomburg, D.; Allison, G.; Moritz, T.; Lundgren, K.; Roessner-Tunali, U.; Forbes, M.G.;
Willmitzer, L.; et al. GC-MS libraries for the rapid identification of metabolites in complex biological samples. FEBS Lett. 2005,
579, 1332–1337. [CrossRef] [PubMed]

36. Mimura, M.; Zallot, R.; Niehaus, T.D.; Hasnain, G.; Gidda, S.K.; Nguyen, T.N.; Anderson, E.M.; Mullen, R.T.; Brown, G.; Yakunin,
A.F.; et al. Arabidopsis TH2 encodes the orphan enzyme thiamin monophosphate phosphatase. Plant Cell 2016, 28, 2683–2696.
[CrossRef]

37. Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentael, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Differential
gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 2012, 7, 562–578.
[CrossRef]

http://doi.org/10.1016/j.jplph.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15700423
http://doi.org/10.1016/j.plaphy.2016.02.002
http://doi.org/10.1038/s41467-021-21694-3
http://doi.org/10.1111/ppl.12019
http://doi.org/10.1111/1365-3040.ep11604096
http://doi.org/10.1111/tpj.14535
http://www.ncbi.nlm.nih.gov/pubmed/31520508
http://doi.org/10.1105/tpc.13.1.11
http://doi.org/10.1016/j.febslet.2005.01.029
http://www.ncbi.nlm.nih.gov/pubmed/15733837
http://doi.org/10.1105/tpc.16.00600
http://doi.org/10.1038/nprot.2012.016

	Introduction 
	Results 
	Changes in Central Metabolism in Response to Long-Term Drought, Heat, or Salt Stress 
	Shared Features of Stress Metabolomes 
	Transcriptome Changes Underlying of Metabolic Reprogramming of Stressed Leaves 

	Discussion 
	Prominent Roles of Amino Acids in Stress Metabolomes 
	GABA Shunt Activation as a Thiamin-Deficiency Workaround? 
	Upregulation of the Raffinose Biosynthetic Pathway 
	Multiple Signaling Mechanisms Contribute to Shared Metabolic Responses to Stress 

	Materials and Methods 
	Plant Growth Conditions 
	Drought Stress 
	Heat Stress 
	Salt Stress 
	Metabolite Analysis 
	RNAseq 
	Statistical Analysis 

	References

