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Abstract: Hypoxic stress, caused by the low cellular oxygen in the events of flooding or waterlogging,
limits crop productivity in many regions of the world. Hypoxic stress in plants is often dynamic and
followed by a reoxygenation process that returns the oxygen level to normal. Although metabolic
responses to hypoxia have been studied in many plants, less is known about the recovery processes
following stress removal. To better understand the dynamic metabolic shift from a low-oxygen
environment to a reoxygenated environment, we performed time-course measurements of metabolites
in Arabidopsis seedlings at 0, 6, 12, and 24 h of reoxygenation recovery after 24 h of hypoxia stress
(100% N2 environment). Among the 80 metabolic features characterized using GC-MS, 60% of
them were significantly changed under hypoxia. The reoxygenation phase was accompanied by
progressively fewer metabolic changes. Only 26% significantly changed metabolic features by the
24 h reoxygenation. Hypoxia-induced metabolic changes returned to normal levels at different
speeds. For example, hypoxia-induced accumulation of lactate decreased to a basal level after 6 h
of reoxygenation, whereas hypoxia-induced accumulation of alanine and GABA showed partial
recovery after 24 h of reoxygenation. Some metabolites, such as gluconate, xylose, guanine, and
adenosine, constantly increased during hypoxia reoxygenation. These dynamic metabolic changes
demonstrate the flexibility and complexity of plant metabolism during hypoxia stress and subsequent
reoxygenation recovery.
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1. Introduction

Flooding causes oxygen depletion and affects plants in many aspects, such as growth
and development [1–3], meiosis [4], cell damage [5,6], respiration [5], seed germination [7,8],
flowering [9], and photomorphogenesis [10], and eventually causes crop losses [11–13].
There has been a steady increase in the number of flood events on continents since 1950,
as reported by the GRID-Arendal (http://www.grida.no/resources/6062, accessed on 30
December 2022), presenting challenges to crop production.

The hypoxia reoxygenation process has been better studied in animals than in
plants [14,15]. Plants have very different responses to hypoxia and subsequent reoxy-
genation compared to animals and have developed strategies to allow survival during
this process [16,17]. Hypoxia causes plant morphological abnormalities associated with a
severe impairment in gas exchange [18]. In general, plants adopt two alternative strategies
to react to hypoxic stress that have differences in phytohormone signaling and nitrogen
source utilization [2,19]. Wetland plants are able to withstand hypoxic conditions more
than terrestrial plants via escape strategies, which encourage the growth of specific organs
to reach normoxic status, and quiescence strategies, which slow growth and conserve
metabolic resources [2,20]. Conversely, terrestrial plants are unable to endure prolonged
oxygen deficiency and severe anaerobic conditions but can endure short-term hypoxia
stress through escape mechanisms, such as the development of adventitious roots, stem
hypertrophy, and ethylene-mediated aerenchyma formation [21–23].
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Hypoxia stress can trigger many plant responses at transcriptomic, proteomic, metabolomic,
and enzyme activity levels [24]. Plant cells sense oxygen levels that largely depend on the
stability of transcription factors belonging to group VII of the ethylene response factor family
(ERFVIIs) [25–30]. Hypoxia-responsive miRNAs, trans-acting siRNAs, natural antisense siRNA
(natsiRNA), and long non-coding RNAs (lncRNAs) were reported to play key regulatory
roles in responses to hypoxia [13,31,32]. Transcriptome, DNA methylation, and metabolic
changes have been reported in rice during hypoxia and the ensuing reoxygenation [33,34].
Analysis of the selective mRNA translation in anoxia-intolerant Arabidopsis seedlings that were
hypoxic and then re-oxygenated shows that transcripts encoding proteins involved in cell wall
formation, transcription, signaling, cell division, hormone metabolism, and lipid metabolism
are translationally repressed under hypoxia but released after 1 h of reoxygenation [35]. Many
hypoxia-induced genes do not significantly decrease after reoxygenation, which suggests
that some hypoxia-induced transcripts are crucial for reoxygenation [35]. Conversely, the
discovery of a group of Arabidopsis genes that are activated during hypoxia but only associate
with ribosomes during reoxygenation [35] raises the possibility that postponing polysome
dissociation during hypoxia may have evolutionary advantages [24].

Carbon and nitrogen metabolism are affected by hypoxia and reoxygenation, as
oxygen availability greatly influences metabolism [36]. Ethanol fermentation is one of
the primary metabolic adaptations that higher plants use to ensure energy production in
hypoxic environments [37,38]. Alanine accumulates in both the roots and shoots of wheat
under hypoxia, whereas gamma-aminobutyrate (GABA) and lactate accumulate in roots
only [39]. During reoxygenation after hypoxia, the alanine aminotransferase/glutamate
dehydrogenase cycle may reversibly produce pyruvate and NADH that can be directed
to the tricarboxylic acid (TCA) cycle, which is fully functional under normoxic conditions.
Regarding this carbon-nitrogen interaction, Arabidopsis grows more efficiently when fed
nitrates in hypoxic conditions [40]. Under hypoxia, the mitochondrial electron transport
chain reduces nitrite to NO, which is crucial for maintaining mitochondrial function, ATP
production, and the electrochemical gradient [41,42]. Hypoxia can also significantly reduce
nitrogen uptake, nitrogen content, and root biomass in poplar trees [43]. On the other hand,
hypoxia upregulates the enzymes involved in nitrogen assimilation in tomato plants [44].
It has been suggested that foliar nitrate assimilation can improve the tolerance of roots to
low-oxygen conditions by altering the transport of nitrogen-containing molecules from
roots to shoots [45].

Although intensive work has focused on plant responses to hypoxia stress in the
last 30 years, the physiological and biochemical events that occur during reoxygenation
recovery are much less well understood. The recovery process involves reoxygenation and
a darkness-to-light transition that results in light-induced photoinhibition, followed by the
production of reactive oxygen species (ROS) and cellular damage [6,46]. Plant responses
to reoxygenation appear to be coordinated through changes induced by light and oxygen
by the regulation of hormones such as ethylene, ABA, and JA and ROS, which together
control root and shoot processes such as water balance and transport, stomatal closure,
chlorophyll degradation, and leaf senescence [19].

Metabolomics is an emerging field that helps researchers better understand an or-
ganism’s physiological and biochemical state and response to stress in the post-genomic
era [47]. The comprehensive, quantitative, and qualitative analysis of metabolites, as the
final products of cellular regulatory processes, offers a more accurate representation of the
phenotype than genes and proteins, whose functions are influenced by post-translational
modifications and epigenetic regulation [48–50]. Therefore, utilizing metabolomics to study
how plants react to abiotic stresses is becoming increasingly common [51]. As plant central
metabolites are mostly polar, a non-targeted approach was used to profile polar fractions of
the extracts from plant seedlings exposed to hypoxia/reoxygenation environments. Time-
course measurements of metabolites were used to reveal the dynamic metabolic changes
during the post-hypoxia reoxygenation process.



Stresses 2023, 3 88

2. Results

A time-course experiment was performed to understand how plant metabolism recovers
following hypoxic stress (Figure 1). Untargeted metabolic profiling was conducted using
GC-MS. Eighty metabolic features were quantified with 50 chemically identified and 30 corre-
sponding to unknowns. An unsupervised multivariate statistical approach was used to obtain
an overview of temporal changes of the metabolic changes in response to hypoxia and the
following reoxygenation. Specifically, principal component analysis (PCA) was applied to
compare hypoxia/reoxygenation-treated and ambient control samples at different time points.
The first two principal components explained over 67% of the total variance among all samples
(Figure 2A). The first component (PC1), accounting for 54.87% of the total variance, clearly
separated the hypoxia/reoxygenation-treated samples from the ambient control samples.
The second principal component (PC2) explained 12.67% of the total variance corresponding
with the different time points following the stress removal. To identify the most influencing
metabolite contributing to explaining the variance, the metabolic loadings in PC1 and PC2
are shown in Figure 2B. Metabolites with large loadings on PC1, such as GABA, inositol,
glucose, and adenine, showed a positive contribution to the hypoxia/reoxygenation group.
Metabolites with negative loadings on PC2, such as lactate, putrescine, and malonate, showed
a positive contribution to the 0 h reoxygenation group.
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unstressed throughout the experiment, and were sampled at the same points as the controls. 

Figure 1. Scheme of the experimental design and time-points of sample collection for transcript
and metabolite analyses. For the hypoxia and reoxygenation treatment, Arabidopsis seedlings were
exposed to oxygen-depleted air (100% N2 gas) for 24 h in a hypoxia chamber and sampled after 0, 6,
12, and 24 h upon reoxygenation. The control plants were maintained in an aerated chamber, stayed
unstressed throughout the experiment, and were sampled at the same points as the controls.

Univariate statistical analyses were performed to identify metabolic features that are
significantly different from the control and hypoxia/reoxygenation-treated samples at each
time point. The numbers of significantly increased or decreased metabolites at each time point
were summarized in Figure 3. The 24 h hypoxia induced a decrease in 30 metabolic features
and an increase in 19 metabolic features (Figure 3). With the progression of oxygenation,
the number of significantly changed metabolic features decreased (Figure 3). In the late
oxygenation recovery phase, only 10 and 11 metabolic features were significantly decreased
and increased, respectively (Figure 3). Volcano plots (Figure 4) showed metabolic changes in
all metabolic features throughout the entire time course (Supplemental Dataset S1).

Among the chemically identified metabolites, there were several distinct temporal
patterns in response to hypoxia followed by reoxygenation. Several metabolites drastically
increased during hypoxia treatment but decreased during reoxygenation. Specifically,
lactate showed a 44-fold increase in response to hypoxia and quickly decreased to a basal
level at the 6 h reoxygenation (Figure 5A). Unlike lactate, several other hypoxia-induced
metabolites, such as alanine, GABA, and glucose, did not decrease to their basal levels by the
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end of the 24 h reoxygenation, exhibiting partial recovery (Figure 5A). In contrast, another
group of metabolites decreased during hypoxia but increased during reoxygenation. For
example, the hypoxia-induced decreases in aspartate (75%), glutamine (50%), leucine (44%),
and threonine (43%) were returned to the control level by the end of the 24 h reoxygenation
(Figure 5B). However, the decreases in other metabolites, such as citrate and valine, were
recovered much slower and to a lesser extent (Figure 5B).
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Figure 2. Principal component analysis (PCA) of metabolic profiles of Arabidopsis seedlings in
response to hypoxia stress and subsequent reoxygenation recovery. (A) The score plot of PCA.
Samples under hypoxia treatment and recovery are shown in triangles, and control samples grown in
the chamber filled with air are shown in circles. Time points are indicated by different colors. (B) The
PCA loading plot.
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Figure 3. Overview of significantly changed metabolic features in response to hypoxia and reoxy-
genation. The Student’s t-test was performed to identify significantly changed metabolites between
the treatment and control samples at each time point. Total significantly increased and decreased
metabolites at each time point are shown.

For some metabolites, hypoxia-induced changes were maintained during the reoxy-
genation phase. Proline (2–4 fold), fructose (4–13 fold), glycine (2-fold), inositol (4–12 fold),
and malonate (8–17 fold) were kept up-regulated in the hypoxia/reoxygenation-treated
plants throughout the time-course (Figure 6A). In contrast, asparagine (2–3%), ornithine
(5–7%), cysteine (44–60%), serine (11–19%), methionine (14–26%), and sinapinate (20–34%)
were kept down-regulated under hypoxia/reoxygenation throughout the time-course
(Figure 6B). Interestingly, gluconate, xylose, guanine, and adenosine constantly increased
through the 24 h reoxygenation process (Figure 7).
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Figure 5. Hypoxia-induced metabolic changes returned during oxygenation. (A) Lactate, alanine, GABA,
and glucose increased during hypoxia but decreased during reoxygenation. (B) Aspartate, glutamine,
leucine, threonine, valine, and citrate decreased during hypoxia but increased during reoxygenation.
Data are presented as box plots (center line at the median, upper bound at 75th percentile, lower bound
at 25th percentile) with whiskers extended to the extreme data points (n = 3).
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Figure 6. Metabolites kept up-regulated or down-regulated during hypoxia and reoxygenation.
(A) Fructose, proline, glycine, inositol, and malonate maintained up-regulated during hypoxia and
reoxygenation. (B) Asparagine, ornithine, cysteine, serine, methionine, and sinapinate kept down-
regulated during hypoxia and reoxygenation. Data are presented as box plots (center line at the
median, upper bound at 75th percentile, lower bound at 25th percentile) with whiskers extended to
the extreme data points (n = 3).
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Figure 7. Metabolites that keep accumulating during the post-hypoxia reoxygenation. Data are
presented as box plots (center line at the median, upper bound at 75th percentile, lower bound at
25th percentile) with whiskers extended to the extreme data points (n = 3).
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3. Discussion
3.1. Ethanol and Lactate Fermentation

Hypoxia stress inhibits oxidative phosphorylation of mitochondrial respiration, caus-
ing a deficiency in ATP production [52]. To cope with the energy deficiency, pyruvate
is channeled through several fermentation pathways to regenerate NAD+, maintaining
fluxes through glycolysis to continue making more ATP. Pyruvate can be decarboxylated to
acetaldehyde by pyruvate decarboxylase (PDC) and then reduced to ethanol by pyruvate
decarboxylase (PDC) [53]. In this study, the increased expression of ADH was observed
throughout the hypoxia/reoxygenation period (Figure 2), suggesting ethanol fermentation
was active. Ethanol can be oxidized to acetaldehyde and acetate via ADH and aldehyde
dehydrogenase. The ability of plants to recycle the carbon that would be lost as ethanol
to acetate, and subsequent acetyl-CoA is thought to be important for post-hypoxic re-
covery [54,55]. Although acetate and acetyl-CoA were not analyzed in this study, the
acetyl-CoA-derived metabolites, such as leucine and valine, decreased under hypoxia and
increased under reoxygenation (Figure 5B).

Alternatively, pyruvate can be reduced to lactate via lactate dehydrogenase. We ob-
served a drastic increase in lactate after hypoxia (Figure 5A), which is consistent with other
studies in Arabidopsis [39]. The accumulation of lactate may lead to cellular acidification,
impairing enzyme activities and cellular functions [56]. The elevation of lactate rapidly
returned to a normal level at 6 h reoxygenation (Figure 5A), which has been observed in
previous work [57]. This rapid recovery may help avoid the inhibitory effect of lactate
accumulated under hypoxia.

3.2. Nitrogen Metabolism

An alternative metabolic fate of pyruvate is alanine via alanine aminotransferase
(AlaAT), a transaminase that reversibly converts pyruvate and glutamate into alanine and
2-oxoglutarate. This reversible reaction facilitates the accumulation of alanine under hy-
poxia and breakdown of alanine under reoxygenation [58]. The increased alanine induced
by hypoxia was not fully recovered (Figure 5A). The relatively high levels of alanine during
reoxygenation would require the supply of glutamate as the substrate for AlaAT. The
demand for glutamate could explain its low level throughout the hypoxia/reoxygenation
(Figure 5B). Regeneration of glutamate is likely supported by reductive amination of
2-oxoglutarate via the NADH-dependent glutamate synthase (NADH-GOGAT) [59]. Glu-
tamine was decreased by hypoxia but gradually increased by reoxygenation (Figure 5B).
It is possible that the ATP-consuming enzyme glutamine synthetase was inhibited under
hypoxia to mitigate energy deficiency but reactivated when energy was not limited during
reoxygenation. This supports that matching energy production with metabolic demands is
necessary for plants to perform photosynthesis efficiently [60].

Similarly to alanine, the hypoxia-induced GABA accumulation did not fully return to
a normal level under reoxygenation (Figure 5A). GABA typically accumulates in response
to various abiotic stresses, including hypoxia [51,61]. Hypoxia-induced elevation in the
GABA level was found to be important for restoring membrane potential by pH-dependent
regulation of H+-ATPase and/or by generating more energy via the fluxes through the
GABA shunt pathway and TCA cycle [62].

Proline was found to maintain a high level under hypoxia/reoxygenation (Figure 6A),
which agrees with previous findings. Anaerobic-germinated rice embryos have much greater
proline abundance than aerobic-germinated rice embryos [33]. Prior to the breakdown and
degradation of amino acids in storage proteins, proline synthesis takes place under anaerobic
conditions as a major byproduct of seed nitrate assimilation [63,64]. Therefore, proline
accumulation may be affected by ornithine-arginine-citrate metabolism under anoxia [35]. In
this study, ornithine was maintained at a low level throughout the hypoxic reoxygenation
period (Figure 6B). A previous study in rice found an anaerobic, enhanced basic amino acid
carrier with the regulation of arginine and ornithine in anaerobic rice tissues [65].
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3.3. Mitochondrial Metabolism

The TCA cycle intermediates, such as citrate and fumarate, were maintained at low
levels under hypoxia and reoxygenation (Figure 5B, Supplemental Dataset S1). Previous
studies reported significant changes in mRNA, protein, and enzyme activity levels of
metabolites in TCA-cycle intermediates under hypoxia [66–68] can lead to accelerated
oxidation during reoxygenation [54]. Transcripts encoding TCA cycle enzymes were
reported to be down-regulated in response to oxygen depletion in poplar, rice, and Ara-
bidopsis [68,69]. Both the transcript and protein levels of pyruvate dehydrogenase and
malate dehydrogenase were reported to be downregulated in coleoptiles of rice seedlings
under low oxygen [33,67,70–72]. Malate dehydrogenase activity was dramatically de-
creased in Lotus japonicus under waterlogging conditions [73]. The protein level of malate
dehydrogenase was significantly decreased in rice coleoptiles under low oxygen [72]. The
ccitrate level was slowly increased during 24 h reoxygenation, which is consistent with
previous findings that genes encoding TCA cycle enzymes were activated under reoxy-
genation with increased levels of citrate and 2-oxoglutarate, suggesting a quick response
to restore the aerobic TCA cycle [33].

Succinate showed a reverse trend, showing a relatively high level under hypoxia
and reoxygenation (Supplemental Dataset S1). This is consistent with previous studies,
as the well-known response to hypoxia in rice is the accumulation of succinate [33,72,74].
Succinate is a substrate for complex II in the mitochondrial electron transport chain [66].
Although low succinate dehydrogenase activity is still present in anoxic rice shoots, suc-
cinate may accumulate upon the electron saturation of ubiquinone pool because there is
no terminal electron acceptor, O2 [73]. The well-recognized alanine accumulation under
oxygen depletion [68] can also lead to the co-production of 2-oxoglutarate, which can be
converted to succinyl-CoA and further metabolized to generate succinate and ATP [73].
Although the precise pathway(s) causing hypoxia succinate accumulation is yet unknown,
it has been proposed that the increased activity of fumarate reductase and GABA shunt
under hypoxia may be responsible [24,75]. The GABA shunt starts with the synthesis of
GABA from glutamate, followed by the synthesis of succinic semialdehyde, and eventually,
succinate [76]. Therefore, hypoxic succinate accumulation may be caused by increased
activity of the GABA shunt.

The accumulation of malonate under hypoxia/reoxygenation (Figure 6A) was less
commonly seen in previous studies. One possible metabolic source for malonate is malon-
dialdehyde, which can be formed during lipid peroxidation [77]. Reoxygenation has been
shown to strongly induce oxidative stress and antioxidant systems in lupin roots treated
with hypoxia, and this is accompanied by the buildup of lipid peroxides [78]. Malonate
is the precursor for malonyl-CoA synthetase; the resulting malonyl-CoA is important
for mitochondrial fatty-acid biosynthesis [77]. The accumulation of malonate under hy-
poxia/reoxygenation may indicate a limitation in mitochondrial fatty acids, which would
further limit lipoic acid biosynthesis, affecting the function of mitochondrial enzymes such
as glycine decarboxylase [79]. Indeed, we observed a significant increase in glycine and a
decrease in serine under hypoxia/reoxygenation (Figure 6).

3.4. Sugar Metabolism

Xylose was found to keep accumulating under reoxygenation (Figure 7). Fructose
maintained a high level under hypoxia/reoxygenation (Figure 6A). These results are consis-
tent with previous findings. Sugars, including fructose, glucose, arabinose, and trehalose,
were observed to accumulate under reoxygenation after hypoxia, suggesting that carbohy-
drate pools will be restored once the anoxic energy crisis has been resolved [33]. Group-VII
ethylene-responsive factors have been implicated in regulating sugar metabolism, fermenta-
tion, and/or growth in plants under low-oxygen conditions over the past decade [27,80–82].
Additionally, detached rice coleoptiles, which no longer receive sugar from the endosperm,
are more vulnerable to hypoxia [83]. When glucose was provided externally, this effect was
eliminated, indicating that mitochondria are sensitive to hypoxia in the glucose-dependent
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way [83]. Sucrose catabolism was reported to be required for the sucrose–ethanol metabolic
transition under hypoxia [84]. The preferential pathway for sucrose metabolism under
hypoxia is not the sucrose synthase pathway, but starch metabolism, which is necessary for
plants to survive submersion and ensure the quick induction of genes encoding enzymes
necessary for anaerobic metabolism [85,86].

3.5. Energy and Purine Metabolism

Interestingly, guanine and adenosine constantly increased through the time course of
reoxygenation, which has been less frequently observed in earlier research. As adenosine is
the precursor for ATP, the constant increase in adenosine may be related to increased energy
demand during reoxygenation, where ATP is metabolized for energy production. The
constant increase in guanine and adenosine may also be related to purine metabolism under
hypoxia/reoxygenation. A previous study on rat astrocytes found hypoxia/hypoglycemia
treatment led to increased levels of adenine-based purines, guanine-based purines, guano-
sine, and adenosine [87].

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Arabidopsis thaliana wild-type (ecotype Col-0) seeds were sterilized and germinated in
half-strength Murashige and Skoog agar media under constant light at 23 ◦C for 16 days.
The seedlings on agar plates were transferred into a chamber for hypoxic treatment. For
the hypoxic treatment, a 40 L chamber was filled with oxygen-depleted air (100% N2 gas)
to replace the air in the chamber. For re-oxygenation treatment, the chamber was opened
to replace the nitrogen atmosphere with air. The processes of hypoxia and reoxygenation
were carried out in the dark to avoid oxygen generation during photosynthesis. Plates
with seedlings were arranged in a randomized block design. A group of control plants
was placed in another chamber exposed to ambient air under the same regimes of light
and humidity. After 24 h of hypoxic stress in the darkness, hypoxia-treated seedlings
were exposed to oxygen by opening the lid of the hypoxic chamber to replace the nitrogen
atmosphere with air. To capture both early and late metabolic changes throughout the
recovery phase, we harvested 50 whole seedlings at four time points, 0, 6, 12, and 24 h,
upon reoxygenation. For each time point, 50 seedlings from an aerated (control) chamber
that were not perturbed by the hypoxia stress were harvested at the same points of time as
controls (Figure 1).

4.2. Metabolite Extraction, Derivatization, and GC-MS Analysis

Seedlings were quenched in liquid nitrogen at harvest, and ~100 mg of the frozen tissue
for each replicate was homogenized. Polar metabolites were extracted and trimethylsilyl
derivatized as described previously [88]. Briefly, 0.35 mL of hot methanol (60 ◦C) was
added to the homogenized tissue and incubated at 60 ◦C for 10 min. After 10 min of
sonication, 0.35 mL of chloroform and 0.3 mL of water were added, followed by 3 min of
vortexing and 5 min of centrifugation at 13,000× g. The extracts were separated into two
phases; 200 µL of the upper phase (polar fraction) was removed, dried, and derivatized
with methoxyamine hydrochloride and N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA)
with 1% (w/v) trimethylchlorosilane. One microliter of trimethylsilyl-derivatized samples
was separated on an Agilent 6890 series gas chromatograph equipped with a 60-m DB-5
MS column (0.25 mm × 0.25 µm) and analyzed in scanning and positive electron ionization
mode using an Agilent 5973 series quadrupole mass spectrometer (Agilent Technologies,
Santa Clara, USA). Metabolites were identified as described previously [88]. Peak areas of
the analytes were normalized to the peak area of the internal standard (ribitol) and sample
dry weight.
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4.3. Statistical Analyses

Statistical analyses were performed using R (Version 4.0, R Development Core Team
2008, http://www.R-project.org, accessed on 30 December 2022). The means of three bio-
logical replicates were used to determine the fold changes between the treated and control
samples. Student’s t-test was performed to identify significantly changed metabolites
between the treated and control samples at each time point. The p-values were adjusted by
Benjamini–Hochberg correction to control the false discovery rate at 0.05. Volcano plots
were obtained by plotting the log2 (fold change) against the −log10 (adjusted p-value) of
the metabolites. Data visualization was conducted using the ggplot2 package.

5. Conclusions

In summary, we found the typical hypoxia-induced metabolic increases (lactate, ala-
nine, GABA, and glucose) and decreases (aspartate, glutamine, leucine, threonine, citrate,
and valine) returned to normal levels at different speeds during the reoxygenation recovery,
suggesting the distinct roles of these metabolites in orchestrating carbon and nitrogen
metabolism during the reoxygenation recovery. Future work on understanding how these
metabolic changes are regulated at enzymatic, transcriptional, and posttranslational lev-
els would help devise strategies to engineer plants to cope with hypoxia/reoxygenation.
Moreover, metabolites such as gluconate, xylose, guanine, and adenosine constantly in-
creased during reoxygenation, highlighting the important roles of sugar, energy, and purine
metabolism in post-hypoxia recovery. These reoxygenation-responsive metabolites can
serve as biomarkers to compare genotypes with different recovery capabilities. The distinct
patterns of metabolic changes reveal the complexity and flexibility of plant metabolism
during hypoxia stress and subsequent reoxygenation recovery.
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