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Abstract

Sugar supply is a key component of hypoxia tolerance and acclimation in plants. However, a striking gap remains in
our understanding of mechanisms governing sugar impacts on low-oxygen responses. Here, we used a maize (Zea mays)
root-tip system for precise control of sugar and oxygen levels. We compared responses to oxygen (21 and 0.2%) in
the presence of abundant versus limited glucose supplies (2.0 and 0.2%). Low-oxygen reconfigured the transcriptome with
glucose deprivation enhancing the speed and magnitude of gene induction for core anaerobic proteins (ANPs). Sugar
supply also altered profiles of hypoxia-responsive genes carrying G4 motifs (sources of regulatory quadruplex structures),
revealing a fast, sugar-independent class followed more slowly by feast-or-famine-regulated G4 genes. Metabolite analysis
showed that endogenous sugar levels were maintained by exogenous glucose under aerobic conditions and demonstrated
a prominent capacity for sucrose re-synthesis that was undetectable under hypoxia. Glucose abundance had distinctive
impacts on co-expression networks associated with ANPs, altering network partners and aiding persistence of interacting
networks under prolonged hypoxia. Among the ANP networks, two highly interconnected clusters of genes formed around
Pyruvate decarboxylase 3 and Glyceraldehyde-3-phosphate dehydrogenase 4. Genes in these clusters shared a small set
of cis-regulatory elements, two of which typified glucose induction. Collective results demonstrate specific, previously
unrecognized roles of sugars in low-oxygen responses, extending from accelerated onset of initial adaptive phases by starva-
tion stress to maintenance and modulation of co-expression relationships by carbohydrate availability.
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Introduction

The role of oxygen extends beyond its essentiality as a sub-
strate for oxidative phosphorylation during ATP production
in mitochondria. Many sensing, metabolic, and synthetic
processes require oxygen either as a substrate or as a signal-
ing molecule (Bailey-Serres and Voesenek, 2008; van Dongen
and Licausi, 2015). Diverse effects of oxygen deficiency (hyp-
oxia) can thus occur whenever levels drop below the physio-
logical threshold needed to sustain normal metabolism and
signaling. Among these, the best-known change occurs in
ATP production, which quickly shifts from an aerobic yield
of 36 ATP per glucose to only 2 ATP from glycolysis and fer-
mentation (Bailey-Serres and Voesenek, 2008; van Dongen
and Licausi, 2015).

Other impacts of hypoxia are evident in a rapid reconfigu-
ration of the transcriptome, a process strongly responsive to
the fast, oxygen-dependent changes in longevity for group
VIl ethylene response factors (VII-ERFs). These VII-ERF pro-
teins turn over rapidly when oxygen is present, since their
degradation is mediated by the N-end rule (Gibbs et al,
2017; Licausi et al, 2011). In Arabidopsis (Arabidopsis thali-
ana), hypoxic stabilization of the VII-ERF protein-related to
APETALA 2.12 initiates anaerobic responses at the level of
gene expression within 30 min (Gibbs et al, 2017; Licausi
et al, 2011). However, targeted modification of breakdown
regulated by the N-end rule leads to transcriptome profiles
that only partially mimic those associated with low oxygen
(Gibbs et al, 2011), thus indicating additional factors are in-
volved in oxygen responses.

Additional signals that contribute to hypoxia acclimation
may also arise from the rapid adjustment of cellular metabo-
lism essential for sustaining energy balance and redox status
when oxygen is limiting. This possibility is consistent with
observed contributions by plant energy sensors, such as the
sucrose nonfermentingl-related kinase1 (SnRK1) and target
of rapamacyn (TOR), to starvation signals during hypoxia
(Baena-Gonzélez et al, 2007; Tomé et al, 2014; Cho et al,
2019; Ramon et al,, 2019).

Starvation is often a central feature of hypoxic metabo-
lism, so it is not surprising that sugar-sensing systems have
been implicated in the acclimation process (Cho et al,
2021). Prominent examples include the sugar modulation of
at least two genes for core anaerobic proteins (ANPs) in
grains and Arabidopsis. The Alcohol dehydrogenasel (Adh1)
gene for alcohol dehydrogenase is sugar-responsive, and so
too is the maize Sh1 gene for sucrose synthase (Koch et al,
1992, 2000; Lee et al, 2009; Loreti et al, 2018). A second
maize sucrose synthase (Sus7) also responds to both sugars
and low oxygen (Koch et al, 1992). Furthermore, two su-
crose synthase genes (SUS1 and SUS4) in Arabidopsis are
also sugar-modulated (Loreti et al, 2005; Bieniawska et al,
2007; Santaniello et al, 2014). Some of these genes are in-
duced by sugar abundance, others by starvation, which to-
gether provide a means of adjusting low-oxygen responses
to changing substrate availabilities. Since sucrose synthases
typically cleave sucrose in vivo, their upregulation under
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hypoxia can enhance the potential for sucrose partitioning
to an ATP-conserving path of glycolysis, as well as minimiz-
ing flux through the hexokinase (HXK)-based sugar-sensing
system, and sustaining fermentation pathways (Zeng et al,,
1998, 1999; Koch, 2004; van Dongen and Licausi, 2015).
Impacts of sugar-sensing systems on transcription and
translation are distinct from direct effects of substrate limi-
tation on metabolism, but both would be involved in low-
oxygen responses. Fine-tuned signals of sugar availability
arise from “moonlighting” metabolic enzymes with dual
roles in signal transduction (e.g, HXK), and also from sys-
tems that sense oxidant-antioxidant balance (e.g, superox-
ide dismutase; Koch, 1996; Couée et al., 2006; Rolland et al,
2006; Baena-Gonzalez et al, 2007; Keunen et al, 2013; Tomé
et al, 2014). In contrast, direct metabolic effects would in-
clude those of ATP availability and feedback mechanisms.
Together, both systems couple sugar and oxygen status with
activity at cellular and organellar levels that mediate carbon
metabolism, redox homeostasis, and energy production. In
photosynthetic source tissues, for example, injury by hypoxia
is minimized by photosynthetic production of sugars as well
as oxygen in the chloroplast (Couée et al, 2006; Shingaki-
Wells et al, 2014). However, in sucrose-importing sink tis-
sues, mitochondrial integrity and redox status are tightly
regulated by endogenous and exogenous sugar levels
(Vartapetian and Andreeva, 1986; Couée et al, 2006; Kim
et al,, 2006; Shingaki-Wells et al,, 2014). Effects of sugar sens-
ing are also important in the modulation of translation effi-
ciency through ribosome biogenesis and polysome
occupancy (Rahmani et al, 2009; Gamm et al, 2014
Morgan et al, 2019; Parenteau et al, 2019). Collective costs
of transcription, translation, and protein turnover confer an
energetic advantage to the rapid repression observed for
most mMRNAs when oxygen is limiting (Branco-Price et al,
2008). Only a few genes are successfully expressed, such as
the abundant ANPs characteristic of hypoxic responses
(Sachs et al, 1980; Mustroph et al,, 2009). Carbohydrate me-
tabolism is thus central to low-oxygen responses as a source
of both direct and indirect effectors. The extent of these
inputs and their underlying mechanisms remains unclear de-
spite their ultimate importance to acclimation and survival.
A newly described component of sugar- and oxygen-
regulated gene expression in eukaryotes comes from guanine
(G)-rich sequences of nucleic acids that can form four-
stranded, secondary structures known as Gé4-quadruplexes
(Gé4s; Kendrick and Hurley 2010; Clark et al, 2012; Fleming
et al, 2015, 2017). In maize, G4 sequences are prevalent in
5'-UTRs (Un-Translated Regions) of genes for sugar metabo-
lism, energy sensing, and low-oxygen responses, including
Sh1, Snrk1, and several hypoxia-induced transcription factors
among the group VII-ERFs (Andorf et al, 2014). Due to their
high G-content, Gé4s are highly sensitive to oxidative damage
(Clark et al, 2012). Oxidation of G4-DNA during hypoxia
produces 8-oxo-7,8-dihydroguanine (OG), which acts as an
epigenetic mark leading to enhanced expression of down-
stream genes (Fedeles, 2017; Fleming et al, 2017). These OG
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marks have been identified in G4-sequences located in the
promoters of many hypoxia-regulated genes, including the
mammalian oxygen sensor hypoxia-inducible factor 1-alpha
(Fleming et al,, 2015, 2017). Suggested contributions by Gés
to regulation of gene expression thus extend to low oxygen
and sugar responses. However, the potential roles of G4s in
plants remain largely unexplored.

The interface between sugar and oxygen responses has
been difficult to dissect. Initial work identified the first set of
core mRNAs for ANPs in plants and the direct role of sugars
in their regulation (Sachs et al,, 1980, 1996; Koch et al,, 1992;
Zeng et al, 1998, 1999). The maize root-tip system was cen-
tral to these efforts, and interactions were further explored in
early micro-array studies by Loreti et al. (2005) in Arabidopsis
seedlings and by Lasanthi-Kudahettige et al. (2009) in rice
(Oryza sativa) coleoptiles. Subsequent research, however, fo-
cused on separate effects of hypoxia and sugar availability at
different levels of regulation. Our goal was thus to distinguish
which components of the hypoxic response are sugar-
responsive and which might be independent of carbohydrate
status. To do so, we modified a flow-through culture system
for excised maize root-tips (Saglio et al, 1980; Koch et al,
1992), which allows a precise control of both sugar and oxy-
gen availability. Use of glucose as the sole sugar substrate pro-
vided a direct path of entry into central metabolism that
bypassed the variability otherwise observed with partial action
of cell-wall invertases on exogenously supplied sucrose.

Here, we separated sugar-modulated components of tran-
scriptome responses to low-oxygen and identified differential
contributions by genes favored under feast and famine con-
ditions. Starvation had a positive initial effect on mRNAs for
ANPs, consistent with a stress contribution to their hypoxic
induction. However, glucose abundance was central to sus-
taining co-expression relationships within and between
ANP-associated networks over time. Glucose availability also
favored upregulation of hypoxia-responsive genes having G4
motifs. In addition, we showed that Pyruvate decarboxylase
(Pdc3) and glyceraldehyde-3-phosphate dehydrogenase (Gpc4)
were highly interconnected at the co-expression level and
that their partners in these networks were determined by
glucose availability. Further investigation of underlying
mechanisms revealed that genes in the Gpc4-Pdc3 modules
were co-regulated by a small set of cis-elements, two of
which were distinct to genes expressed when glucose was
abundant. Work here provides new evidence for distinct
contributions by sugar availability as a central component of
the signals for transcriptional regulation during hypoxia.

Results

Fewer genes were impacted by sugars than oxygen,

but starvation responses increased during hypoxia

To identify transcriptional and metabolic modifications initi-
ated by altered availability of oxygen and sugars, we exposed
6-mm root tips from 3-d-old maize seedlings to 24 h of two
different oxygen levels (ambient air at 21% v/v or low oxy-
gen at 02% v/v) in combination with two glucose
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concentrations [physiologically abundant at 2% w/v
{111 mM} or low at 02% w/v {11.1 mM}]. These glucose
treatments were selected based on responses of maize root
tips under low-oxygen (Saglio et al, 1980; Bouny and Saglio,
1996), as well as basal levels of endogenous glucose in intact
roots (~80 mM; Saglio et al, 1980; Saglio and Pradet, 1980;
Brouquisse et al, 1991; Dieuaide-Noubhani et al, 1995), and
previous work with this system (Brouquisse et al, 1991; Koch
et al, 1992; Bouny and Saglio, 1996; Alonso et al,, 2007). The
minimal-glucose treatment (0.2% w/v) maintains root-tip re-
sponsiveness and sucrose synthase activity for at least 48 h
under aerobic conditions (Koch et al, 1992). Conversely, the
physiologically abundant glucose (AG) supports maximal
growth rate and respiratory capacity (Saglio and Pradet 1980;
Koch et al, 1992; Bouny and Saglio 1996). To test the efficacy
of the current system, we quantified the accumulation of
two low-oxygen markers: Adh1 and Adh2 transcripts. As
expected, their abundance rose markedly and was sustained
throughout the 24-h period (Supplemental Figure STA).

To characterize concurrent alterations in root-tip growth
and transcriptome profiles under the conditions tested, rates
of tip extension were monitored throughout these studies.
Oxygen impacted the elongation more prominently than
did sugar availability (Supplemental Figure S1B). When oxy-
gen and glucose (2.0%) were both abundant, root-tip
growth rates were about 25% greater than when sugar sup-
plies were limited. This difference was evident only under
the aerobic conditions necessary for long-term elongation
(Koch et al, 1992). In contrast, hypoxic root tips ceased
growth after only 3 h. Prior to this point, initial elongation
rates were equivalent to those of aerobic controls with
abundant exogenous glucose.

These changes were compared to coincident restructuring
of the root transcriptome analyzed by RNA-seq during the
same time-course. Hierarchical gene clustering showed that
genome-wide effects of hypoxia were evident within 3 h
(Figure 1A). Differential responses to sugar and oxygen avail-
ability were also indicated over time by principal component
analysis, which separated oxygen effects on the x-axis
(Supplemental Figure S2A), and glucose treatments over
time on the y-axis (Supplemental Figure S2, B and C) when
aerobic and hypoxic conditions were shown separately.
Duration was a prominent effector, evident in the transcrip-
tomes from hypoxic treatments with low versus AG initially
clustering together at 3 and 6 h. The initial responses also
indicated that effects of oxygen were considerably greater
than those of carbohydrates during onset of hypoxia.

To contrast the magnitude of transcriptional restructuring
in terms of gene numbers affected, we separated sugar and
oxygen effects over time. We first focused on the sugar-
responsive genes [mMRNAs for differentially expressed genes
{DEGs}] by comparing transcriptomes from low-glucose to
abundant-glucose treatments under either ambient air or
low oxygen (Figure 1B; Supplemental Dataset S1).
Conversely, we followed transcriptomes from low-oxygen
and ambient-air treatments in the presence of either low or
AG (Figure 1C Supplemental Dataset S2). Overall, we
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Figure 1 Root transcriptome responses to different levels of oxygen and sugar. (A) Hierarchical clustering analysis of normalized samples using
average linkage based on Euclidean distance revealed significant differences (two-fold change, P < 0.05) between oxygen and sugar levels.
(B) Number of sugar-responsive genes that were differentially expressed (P < 0.05) in ambient air and low oxygen (low O,). (C) Number of
hypoxia-responsive genes differentially expressed at each glucose level (LG or AG). Treatments included two oxygen levels: ambient air (21% O, v/
v) or low oxygen (0.2% O, v/v) in combination with two glucose concentrations: LG (0.2% w/v) or AG (2% w/v).

observed, first, that the maximal number of sugar-responsive
genes under low oxygen was less than half that affected by
hypoxia (compare the y-axis of Figure 1, B and C), and sec-
ond, that low oxygen increased the number of starvation-
induced (sugar-repressed) genes to an increasing degree
over time (Figure 1B).

Glucose altered transcriptome composition under
low oxygen

Functional classes of transcripts were identified among the
sugar- and oxygen-responsive genes using the Pageman tool
(Usadel et al, 2006). Regardless of glucose levels, hypoxia
upregulated genes categorized by gene ontology (GO) terms
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for carbohydrate metabolism, glycolysis, and response to
stress (Figure 2A). In contrast, transcripts for energy-
expensive processes, such as biosynthesis of cell wall and
secondary metabolites, were downregulated. Interestingly,
we observed a significant representation of transcripts for
sucrose synthesis, indicating that mRNAs for this energeti-
cally expensive process persist even under low-oxygen condi-
tions (Figure 2A).

The GO categories enriched among oxygen-responsive
genes (Figure 2A) typically included those found to be
sugar-responsive (Figure 2B). However, transcripts for ribo-
somal proteins were distinctively represented only when glu-
cose was abundant (Figure 2, A and B). This significant
enrichment of ribosomal transcripts was independent of ox-
ygen levels, indicating that sugar positively altered their ac-
cumulation. In contrast, abundance of typically sugar-
repressed mRNAs for photosynthetic-related genes was ele-
vated by hypoxia, regardless of sugar levels. Such responses
are not uncommon, even in normally nonphotosynthetic
tissues (Dinneny et al, 2008; Sasidharan et al, 2013; van
Veen et al, 2016). In the present work, mRNAs for light-
harvesting complexes were over-represented in root tips
from both oxygen treatments (Figure 2, A and B). Similar
results have been reported for roots of submerged
Arabidopsis and Rorippa species (Sasidharan et al., 2013; van
Veen et al, 2016). Underlying mechanisms remain unknown
but could include stress-related changes in energy charge
and/or carbohydrate availability. Although traces of light can
induce some degree of plastid development in roots
(Armstrong and Armstrong, 1994; Dinneny et al, 2008), the
hypoxic upregulation of photosynthetic genes in Arabidopsis
roots seems to be light-independent (Sasidharan et al, 2013;
van Veen et al, 2016). Moreover, this induction of photo-
synthetic genes in roots can occur in response to salt stress,
reactive oxygen species (ROS) accumulation, and Pi starva-
tion (Dinneny et al, 2008; Kang et al, 2014). The biological
significance of these responses is yet to be determined, but
data here and elsewhere indicate a conservation between
monocots and dicots.

Sugar depletion enhanced accumulation of mRNAs
for core anaerobic genes of maize

To evaluate the extent of sugar effects on low-oxygen
responses, we identified mRNAs that varied most promi-
nently during progression of transcriptome changes
(Figure 3). The 10 most strongly induced transcripts
encoded primarily mRNAs for ANPs that contribute to
the core hypoxia response of maize (Sachs et al, 1980).
These proteins are selectively translated during hypoxia and
participate in carbohydrate metabolism, glycolysis, and fer-
mentation (Sachs et al, 1980; Mustroph et al, 2009).
Enhancement of mRNA levels for these core-hypoxia genes
was greater when glucose was limiting. Starvation thus posi-
tively modulated accumulation of these key transcripts.
The converse was also evident in the attenuation of this
response by AG.
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Given the magnitude of starvation enhancement observed
here for hypoxic induction of the ANP mRNAs (Figure 3),
we sought to determine how widespread this response was
among genes for primary metabolism (Figure 4). The
mRNAs for Sus1 and Sh1, the two main sucrose synthases
that reversibly cleave sucrose in vivo, were prominent in
maize roots, and levels of both increased under hypoxia
(Figure 4, A and B). Abundance of SusT transcripts was unaf-
fected by glucose availability in these analyses. In contrast,
the extent of induction for ShT mRNA under low oxygen
was enhanced when glucose was limited. This response of
Sh1 was similar to that observed for other ANPs, with key
genes among them validated by reverse transcription quan-
titative PCR (RT-qPCR) analysis at specific time points
(Supplemental Figure S3). In Arabidopsis, limitations to
sugar supply are also implicated in the extent of induction
and apparent roles of sucrose synthases under low-oxygen
(Santaniello et al, 2014). Here, the alternate, unidirectional
path of sucrose cleavage was represented by Invertase tran-
scripts that were much less abundant, and except for cell-
wall invertase (Cw1), levels of all other Invertase mRNAs
were further reduced by hypoxia (Figure 4B). Data are con-
sistent with a predominant capacity for sucrose cleavage by
the sucrose synthase pathway in maize root tips, particularly
under hypoxia (Ricard et al, 1998; Koch, 2004; Bieniawska
et al, 2007; Wang et al,, 2014).

Low-oxygen tolerance in maize has been associated with
the capacity to maintain HXK activity (Bouny and Saglio,
1996; Gharbi et al, 2007). There are nine Hxk genes in maize.
Of these, only mRNAs for the Hxk7 (Zm00001d037689) ac-
cumulated under hypoxia in the current work (Figure 4B).
Initial responses of this transcript to limiting oxygen supplies
were evident within 3 h and continued for 24 h. As ob-
served for the ANPs, abundance of the Hxk7 mRNAs was
maximized by progressive glucose depletion under hypoxia.
Transcripts associated with fermentative pathways, including
Adh1, Adh2, and several Pdcs, were highly induced by hyp-
oxia while levels of Lactate dehydrogenase (Ldh) remained
constant throughout all treatments. Nevertheless, high levels
of Adh and Pdc mRNAs were observed at the experiment
start (0 h) as well as under aerobic conditions, consistent
with at least partial functioning of hypoxic metabolism in
normal young roots (Sachs et al, 1980; Thomson and
Greenway, 1991; Drew, 1997). In addition, the modest accu-
mulation of Adh1 transcripts under aerobic conditions was
greater when glucose was abundant, indicating that sugar
effects can differ with oxygen environment. Previous work
shows that Arabidopsis seedlings are unable to maintain
Adh induction during anoxia unless exogenous sucrose is
provided (Loreti et al, 2005) or starch reserves are present
(Loreti et al, 2018). Here, in hypoxic maize root tips, even
minimal amounts of glucose (0.2%) were sufficient to pro-
long duration of elevated transcript abundance for Adh.

Levels of mRNAs related to biosynthesis of sucrose were
prominent in root tips, regardless of whether these tips
were intact, excised, or incubated with differing levels of glu-
cose (Figure 4, C and D). Still further enhancement occurred
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Figure 2 GO-term enrichment among sugar- and oxygen-responsive genes over time. (A) functional categories of transcripts over- (red) or
under-represented (blue) in root-tips exposed to low oxygen (Low O; 0.2% v/v) with either LG (0.2% w/v) or AG (2% w/v). (B) GO categories
over- (red) or under-represented (blue) among glucose-responsive genes under ambient air (21% O, v/v) or low oxygen (Low O; 0.2% O, v/v).
Data were analyzed using the Wilcoxon test in Pageman (P < 0.05, Usadel et al., 2006) and resulting heat-maps indicate log2 changes during
treatments.
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Figure 3 Changes in relative gene expression during responses to oxygen and sugar treatments over time. The heatmap represents the top 30
genes with the greatest statistical variance and shows treatment effects on expression of each gene relative to its overall standard deviation.
Treatments included two levels of glucose: LG (0.2% w/v) or AG (2% w/v) in combination with two oxygen treatments: ambient air (21% O, v/v)
and low oxygen (Low O, 0.2% v/v). Red text indicates genes that encode the core “ANPs” initially identified using maize by Sachs et al. (1980).
Transcripts are ranked based on significant differences in their relative expression (P < 0.05; Supplemental Datasets S1 and S2).

in response to hypoxia. Sucrose phosphate synthase (Sps)
and sucrose phosphate phosphatase (Spp) were both induced
under low oxygen regardless of sugar levels. These results in-
dicate that limited substrate supplies for primary metabo-
lism may induce genes for enzymes of sucrose biosynthesis,
possibly advantageous under short-term hypoxia, even when
this may be an energy-expensive process.

Results observed here indicate that glucose levels can
modulate the hypoxia response in maize roots. Although
glucose deprivation enhances the low-oxygen induction of
core hypoxic genes and transcripts related to anaerobic
metabolism, AG supplies attenuate these responses.
Representation of these genes in the anaerobic transcrip-
tome is thus responsive to sugar status.

Rapid hypoxic induction of G4 genes is initially

sugar-independent, later feast-or-famine modulated
Over a quarter of maize genes (9,572; 28%) carry sequences
for G4 quadruplex formation (Andorf et al, 2014). These

four-stranded, localized configurations occur most often
near transcription start sites from which they can regulate
gene expression (Postel et al, 1993; Clark et al, 2012; Welsh
et al, 2013; Andorf et al, 2014; Fedeles, 2017; Fleming et al,,
2017). In maize, G4s are prevalent in many genes that re-
spond to low energy and low oxygen (Andorf et al, 2014).
Previously, we and others proposed that one role of Gés
could be that of pausing transcription of key genes that
could later be mobilized rapidly in response to signals of se-
vere stress. We thus hypothesized that here, mRNAs from
G4-containing genes would be disproportionately abundant
among the earliest responders. To test this possibility and
explore dynamics of G4-containing genes during low oxygen,
we compared the entirety of our hypoxia-regulated mRNAs
(in low or AG) to those identified in a whole-genome screen
for G4 sequences in maize by Andorf et al. (2014).

Figure 5A shows that hypoxia did indeed upregulate a
significantly greater percentage of G4 genes than are present
in the genome or expressed in untreated maize root tips.
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Figure 4 Effect of glucose levels on transcript profiles associated with primary and anaerobic metabolism over time. (A) Schematic representation
of reactions associated with primary and hypoxic metabolism. (B) Heat-map of mRNA abundance (rlog-transformed, normalized count values)
for transcripts associated with pathways in A. (C) Schematic representation of SPS and SPP reactions. (D) Heat-map of relative RNA abundance as
number of normalized sequence reads (rlog-transformed) genes encoding SPS and SPP. Treatments included two levels of glucose: LG (0.2% w/v)
or AG (2% w/v) in combination with two oxygen treatments: ambient air (21% O, v/v) and low oxygen (Low O,; 0.2% v/v). Significance of sugar
effects on gene expression was evaluated at each time point using the DESEq2 pipeline (Supplemental Dataset S1).

Moreover, the response was rapid, with maximum numbers
of G4 genes induced in less than 3 h. Interestingly, the pro-
portion of genes that contain Gé4s remained constant
throughout the treatments and was similar in both glucose

levels (Figure 5 A and B; Supplemental Dataset S3).
However, the identities of these genes changed over time,
with rapid, initial regulation being sugar-independent,
and later mRNAs separating into feast-or-famine modulated
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Figure 5 Responses by hypoxia-regulated genes over time, which carry motifs with potential to form four-stranded, DNA-quadruplex structures
(G4s). (A) Proportion of G4 motifs among the total number of DEGs under low oxygen in LG (0.2% w/v) or AG (2% w/v). The probability of the
observed frequency for G4-motifs in a DEG set (induced or repressed) occurring by random chance was determined using a binomial distribution
test where n=total number of DEG at each time point, k=number of DEG's that contain G4s at each time point, p=proportion of G4-containing
genes in the whole maize genome (28%, blue line), and g = 1-0.28. Asterisks indicate where the probability was significant (P < 0.05) for DEG in
low (black) or abundant (red) glucose. (B) Number of G4-containing genes that were newly upregulated at each time point.

G4 responses depending on  glucose availability
(Figure 5A, Venn diagrams above time-course; Supplemental
Dataset S3).

In addition, many of the initial, sugar-independent tran-
scripts were later displaced by the slower, sugar-modulated
mMRNAs, such that by 24 h, the latter accounted for over
half of the total upregulated G4 genes (Figure 5B). Among
these, when glucose was abundant, we consistently observed
a significant representation of Gé4-containing genes in GO
categories associated with carbohydrate metabolism
(Supplemental Figure S4). Finally, evidence here also shows
that hypoxia increases the number of starvation-induced
genes (Figure 1, B and 5, A), so together with the above,
data collectively indicate that G4-containing genes are not
only regulated by hypoxia, but also by sugar availability.

GO-term analysis also showed a significant enrichment
of transcripts associated with regulation of transcription
and hormone metabolism (Supplemental Figure S4).

Possible roles for G4-motifs are thus suggested in genes for
gibberellins (GAs) and other hormones under low-oxygen
conditions.

Oxygen levels alter metabolite profiles for sugars
and respiratory intermediates

Due to enhancement of core hypoxic responses by the
glucose-depletion observed above (Figures 3 and 4, B), we
sought to characterize endogenous sugar levels using
targeted-metabolite profiling (Figure 6; Supplemental Figure
S5). At the time of excision (0 h), glucose was the predomi-
nant sugar in root tips with levels 2-fold greater than fruc-
tose and 30-fold more than sucrose (Figure 6, A and 6, C).
Within 6 h, these glucose levels had risen still further if aero-
bic roots were supplemented with physiologically AG. Under
these conditions, glucose content increased two-fold, as did
that of fructose, but sucrose abundance rose five-fold. The
sucrose accumulation indicated that aerobic roots can use
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Figure 6 Profiles of sugars and their primary metabolites in roots exposed to different levels of oxygen and sugars over time. Metabolite levels
throughout the treatments were quantified by GC-MS (A-D) or LC-MS-MS (E and F). Treatments included two oxygen levels: ambient air
(+ 0, 21% O, v/v) or low oxygen (-Oy; 0.2% O, v/v) in combination with two glucose concentrations: LG (0.2% w/v) or AG (2% w/v). Data repre-
sent mean values + sem; n = 3. Asterisks indicate a significant difference in responses to oxygen concentrations (black) or between glucose levels

(red) according to two-way ANOVA (P < 0.05).

glucose to synthesize sucrose, which is consistent with abun-
dant sucrose synthase and enhanced levels of Spp and Sps
mRNAs described above (Figure 4D).

Under hypoxia, however, no sucrose accumulation was de-
tectable regardless of glucose supplies. Endogenous sucrose
was depleted between 3 and 6 h of low oxygen (Figure 6C).
Fructose levels also dropped rapidly, with less than half the
original amounts remaining after 6 h, again regardless of glu-
cose supplies (Figure 6B). In contrast, glucose levels
remained relatively unchanged in hypoxic roots, even with-
out exogenous additions (Figure 6A). The lack of sucrose ac-
cumulation under low oxygen was not countered by the
upregulation of mRNAs for Sps and Spp under these condi-
tions. Although transcriptional mechanisms for sucrose bio-
synthesis may be in place, (1) the process may be limited at
other levels of control and/or (2) sucrose may not accumu-
late due to rapid use. The latter is supported by the speed
of depletion observed above for endogenous sucrose pools,
and also by indications of active sucrose cycling in maize
roots even during hypoxia (Alonso et al., 2005, 2007).

Hypoxia and sugar supplies had variable effects on inter-
mediates of central metabolism. Size of the UDP-glucose

pool, for example, dropped precipitously in the first 3 h of
hypoxia, regardless of glucose availability (Figure 6E). Results
were consistent with a rapid shift to the sucrose synthase
path of glycolysis initially implicated for sugar-starved plant
cells by Huber and Akazawa (1986). Here, levels of hexose-P
decreased slowly under hypoxia (Figure 6D) and could have
resulted from either reduced production of these ATP-costly
intermediates, their rapid use, or both. In contrast, sorbitol
abundance was minimally responsive to low oxygen and in-
stead, closely paralleled fluctuations in pool size for endoge-
nous glucose and fructose (Figure 6F).

Only modest changes were observed for levels of the gly-
colytic intermediate 3-PGA in any of the treatments
examined (Supplemental Figure S5). Pools of citrate and ma-
late were significantly lower during hypoxia compared to
ambient air. At the same time, succinate levels initially rose,
especially in sugar-depleted, hypoxic roots. In addition, ratios
of NAD(P)H/NAD(P) were reduced (Supplemental Figure
S5). Profiles of these metabolites reflect an expected down-
regulation of TCA-cycle activity and enhancement of alter-
nate pathways (Narsai et al, 2011; Ramirez-Aguilar et al,
2011).
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Gpc2, Sh1, Pdc2, Adh2, Adh1,
Pdc3, Gpc3, Gpc4, Ald1, Gpc1

Figure 7 Co-expression network of genes for core ANPs. The co-expression network was constructed using 15 genes coding for ANPs (designated
by Sachs et al. (1980); Supplemental Table S4) as baits. Co-expressed targets were identified in the transcriptome data from 60 different RNA-Seq
libraries, each representing responses of 0.6-cm maize root tips under either aerobic (21% O, v/v) or low-oxygen conditions (0.2% O, v/v) using
CoExpNetViz (Tzfadia et al, 2016). Data were analyzed using the Pearson correlation co-efficient, with the 5 lowest and 95 uppermost percentile
rankings as thresholds for co-expression. Dots with the same color represent genes co-expressed with a given bait, based on positive correlations
where R> > 0.8. For gene identifiers, see Supplemental Table $1. Wsl1, Receptor-like protein kinase-related.

Co-expression networks for core hypoxia genes are
dynamic and sugar-responsive
To identify functional and organizational patterns in gene
expression over time and under different conditions, we
constructed and analyzed a guided co-expression-network
beginning with mRNAs for 15 ANPs (Supplemental Table
S1). Relationships were identified using the Pearson correla-
tion co-efficient, with the 5 lowest- and 95 uppermost-
percentile ranks to define thresholds for co-expression.
Since, ANP genes are selectively transcribed and translated
during hypoxia (Sachs et al,, 1980; Mustroph et al, 2009), we
used these genes as baits to focus on mRNA targets with
positively correlated expression (R>>0.8). The resulting net-
work included 5,733 nodes (transcripts) and 26,348 edges,
which collectively revealed two major connected compo-
nents (Figure 7). One large component was composed of
most of ANP bait genes and their targets while the second
component included three bait genes: Enolasel (Eno1),
Enolase 2 (Eno2), and Aldolase 2 (Ald2). Distinct coordina-
tion of expression was thus indicated for the second compo-
nent of the network compared to most bait genes. To
determine the sugar-responsiveness of these networks and
extent of transcriptional coordination within and between
them, we paired the core ANP network with transcriptome
profiles for DEGs under each condition tested here.

Two sets of co-expression networks were defined under
low-oxygen conditions; one from limited glucose (LG); and

one from AG (Figure 8). Over the entire 24-h period, a
greater number of genes (nodes) were significantly co-
expressed with the ANP bait genes when glucose was abun-
dant (Figure 8). Under these conditions, network size in-
creased over time, with average number of neighbors per
node rising from 6 at 3 h to 9 at 24 h. However, network
size was actually greater during initial responses to hypoxia
by low-glucose root tips, but later decreased. The average
number of neighbor genes increased during the first 9 h of
hypoxia from 8 at 3 h to 10 at 9 h, but dropped to 2 after
24 h of low oxygen. Similarly, the clustering coefficient, a
measure of local connections in the networks (Horvath and
Dong, 2008) varied depending on glucose availability. When
glucose was abundant, clustering coefficients in ANP-
centered networks increased throughout the experiment
from 0.54 to 0.65, but low glucose led initial increases in
these values to decline from 0.61 to 0. This measure of clus-
tering further defined the capacity for glucose to maintain
and increase the size of co-expression networks under pro-
longed hypoxic conditions. Nonetheless, the magnitude of
initial low-oxygen responses at the gene network level was
greater when glucose supplies were limited.

Subsequent analysis of the ANP-related networks with low
and abundant glucose supplies (LG and AG) identified
highly interconnected regions that included Adh, Pdc, Sh1,
Phosphohexose  isomerase 1 (Phi1), and Wusl1032
(Supplemental Figure S6). The topological properties and

1202 Jequiaydas zz uo Josn epuol4 Jo Ausieaun Aq 6.0£009/562/2/58 L /20Ie/sAyd|d/woo-dno-ojwepeoey/:sdiy woJy papeojumoq


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data

306 PLANT PHYSIOLOGY 2021: 185; 295-317

Low glucose (LG)

M.-A. Sanclemente et al.

Abundant glucose (AG)

LG

AG

Time (h) 3 6
Number of nodes
Number of edges
Clustering coefficient
Average no. of neighbors 7.941

9 24 3 6 9 24
2584 2903 3298 2151
10260 11800 16222 2158
0.613 0.594 0.585 0
8.13 9.837 2.01

2772 2825 4073 3618
8219 8829 15946 16568
0.54 0.5 0.539 0.647
59 6.25 7.83 9.159

Figure 8 Changes in the co-expression network of genes for core ANPs throughout oxygen and sugar treatments in maize. The overall network is
as shown in Figure 7, modified here with altered color to show regulation of component genes and changes in their co-expression relationships in
each glucose concentration: LG or physiologically AG. Visualized data represent target genes that were positively correlated (R* > 0.8) and differ-
entially expressed (P < 0.05). Downregulated genes are shown in blue, with strongly downregulated genes (more than two-fold) in black.
Upregulated genes are shown in yellow, with strongly upregulated genes (more than two-fold) in orange. The Table shows topological characteris-
tics of co-expression networks among low-oxygen-responsive genes under each glucose condition.

co-expression relationships of these clusters changed over
time depending on glucose availability, indicating that the
extent of transcriptional coordination is dynamic. Overall,
modules with Adh genes were small and clustered together
with only a few others. Clusters with Sh1, on the other
hand, were composed solely of the other ANP bait genes
(Supplemental Figure S6). Among the modules identified,
those consisting of Pdc3 and Gpc4 had the densest neigh-
borhoods and grew most steadily over time (Figure 9A).

Further analysis of these Gpc4—Pdc3 networks showed that
glucose altered the identity of all co-expressed genes
detected (Supplemental Dataset S4), thus restructuring these
central modules by introducing an essentially all-new set of
interrelationships and co-expression partners over time.
Enrichment analysis of co-expressed genes in the
Gpc4-Pdc3 modules under low glucose revealed that many
were related to regulation of cellular and biological
processes, protein binding, and reproductive development
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Figure 9 Modules of the most highly interconnected co-expression networks for genes expressed under low-oxygen with either AG (2% w/v) or
LG (LG; 0.2% w/v) levels. (A) Modules were identified using the Cytoscape MCODE algorithm plug-in. Nodes represent DEG (P < 0.05) and edges
represent significant co-expression between DEG. Color indicates expression levels: blue (downregulated); yellow (upregulated); orange (more
than two-fold upregulated). (B) Cis-regulatory elements identified in co-expressed members of the Gcp4—Pdc3 modules. Promoter sequences were
analyzed using the PlantPAN2.0 (Chow et al., 2015). Partners in these modules shared four of the motifs noted when glucose was limiting (LG,
green oval), but only two where distinct to module genes when glucose was abundant (AG, blue oval).

(Supplemental Table S2). When glucose was abundant, upre-
gulated genes included several associated with sugar metab-
olism, glycolysis, transport, protein modification, and nucleic
acid binding. Later, at 24 h, mRNAs also included genes for
reproductive development and others for regulation of bio-
logical processes and responses to stimuli (Supplemental
Table S2).

To further define the glucose-dependent contrast in com-
position of the Gpc4-Pdc3 modules, we screened the pro-
moter regions of co-expressed genes for common cis-
regulatory elements. We found that for each glucose level,
there were mutual elements regulating transcription of co-
expressed genes in the Gpc4—Pdc3 modules (Figure 9B). Two
additional elements (TATAPVTRNLEU and DRECRTCOREAT)
were distinctive among members of abundant glucose

modules. Moreover, the set of cis-elements identified varied
over time, indicating their relevance to module regulation
and message stability during rapid and longer term responses
to hypoxia. Together these results revealed specific contribu-
tions of sugars to co-expression relationships between low-
oxygen transcripts.

Discussion

Responses to hypoxia are being carefully studied at multiple
levels in both rice and Arabidopsis (van Dongen and Licausi,
2015; Gasch et al, 2016; van Veen et al, 2016; Locke et al,
2018; Cho et al, 2019). However, the extent and mecha-
nisms of sugar interface with hypoxic responses have
been difficult to distinguish beyond the earlier work of
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Loreti et al, 2005 and Lasanthi-Kudahettige et al, 2009. In
the first of these studies, microarray analyses focused on
whole Arabidopsis seedlings incubated in an oxygen-free en-
vironment for 6 h with or without sucrose. Later, Lasanthi-
Kudahettige et al, 2009, characterized transcriptome modifi-
cations of rice coleoptiles under aerobic and anaerobic con-
ditions, including the low-oxygen induction of a starvation-
responsive-AMY3D gene for o-amylase. Here, our purpose
was to define sugar-modulated components of the whole-
genome response to low-oxygen conditions. We hypothe-
sized that reconfiguration of the transcriptome under hyp-
oxia would involve a combination of sugar-responsive genes
as well as other mRNAs essentially insensitive to sugar avail-
ability. We further expected that the balance between these
inputs would shift during progression of the low-oxygen re-
sponse and that in-depth analysis of the sugar—oxygen inter-
face could lead to new insights into underlying regulatory
mechanisms.

Toward these ends, we first characterized the overall
framework and timing for the hypoxic response in a maize
root-tip system where both oxygen and sugar levels could
be precisely controlled. Glucose was used for this work, par-
tially because it normally predominates in maize root tips
(Figure 6; Dieuaide-Noubhani et al, 1995; Bouny and Saglio,
1996; Alonso et al, 2005). In addition, early studies indicated
that apoplastic transport of sucrose into maize root tips typ-
ically involved hydrolysis into hexoses in the cell-wall space
(Guiaquinta et al, 1983). Moreover, symplastic transport
alone, without exposure of sucrose to cell-wall invertases, is
insufficient to satisfy estimated carbon demands for growth
of maize root tips (Bret-Harte and Silk, 1994). Subsequent
work by Bouny and Saglio, 1996 showed that responses of
excised maize roots supplemented with exogenous sucrose
were similar to those incubated with glucose or fructose,
presumably due to action of the extracellular cell-wall inver-
tase. Use of glucose in the present work thus provided the
most direct path of entry into central metabolism. The con-
centrations used were based on those previously found to
support root respiration and accumulation of mRNAs for
sugar metabolism (Saglio and Pradet, 1980; Koch et al,
1992). Root tips in this system grew rapidly if ambient air
was provided, and remained responsive to markers of sugar
and oxygen status (Supplemental Figure S1).

Oxygen-responsive mRNAs include sugar-modulated
genes

The root-tip system and time course used here provided the
framework for more in-depth dissection of transcriptional
reconfiguration that occurred when sugars, oxygen, or both
were either limiting or abundant (Figure 1; Supplemental
Figure S2). Results allowed identification of feast and famine
contributions to hypoxic responses and a determination of
extent and timing for this input (Figure 1; Supplemental
Tables S1 and S2). Regardless of sugar availability, 3 h of
hypoxia induced major restructuring of the maize root-tip
transcriptome (Figure 1A). The speed and extent were
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comparable to the rapid changes in transcript, protein, and
metabolic profiles observed within 0.5 to 6 h of hypoxia for
Arabidopsis seedlings (Loreti et al, 2005; van Dongen et al,,
2009; Lee et al, 2011; Mustroph et al, 2014; Locke et al,
2018). In terms of gene numbers affected, the widespread re-
pression observed here under hypoxia was expected,
whereas the combination of up- and downregulated mRNAs
from glucose deprivation was less so (Figure 1, B and 1, C).
Earlier work with Arabidopsis had indicated that sucrose
could reduce the extent of hypoxia response after a 6-h
low-oxygen treatment, whereas starvation would reduce ex-
pression of hypoxic genes after 12 h of dark hypoxia (Loreti
et al, 2005, 2018; Cho et al, 2019, 2021). Here, our time-
course analysis of the maize root-tip system revealed that
the hypoxic transcriptome included an increasing compli-
ment of sugar-repressible, starvation-enhanced genes over
time (Figure 1, B and C).

Among such genes is the prominent group of those
encoding core hypoxic genes or ANPs (Sachs et al, 1980;
Mustroph et al, 2009). Although their induction is partially
regulated by the stabilization of the ERF-VII-family of tran-
scription factors, sugar availability has long been recognized
as a key contributing factor of their modulation during hyp-
oxia (Koch et al, 1992; Zeng et al, 1998, 1999; Loreti et al,,
2005; Cho et al, 2019, 2021). For the majority of ANPs, star-
vation had a pronounced effect as indicated by the greater
levels of these mMRNAs when glucose supplies were limited
(Figure 3). The differential regulation by oxygen and sugars
of different ANP isoforms included the two main sucrose
synthases: Sh1 and Sus1. Our data are consistent with previ-
ous work (Koch et al, 1992; Zeng et al, 1998) indicating
that Sus7 levels were maximal in hypoxic high sugar environ-
ments, while Sh1 was highly induced by anoxia and starva-
tion. The sugar treatments employed here were comparable
to those used in other studies, and the transcript profile of
Sus1 and ShT in response to sugar levels was equally consis-
tent. Our results also indicate that the hypoxia treatment
used here was severe, since Sh1 levels were higher than
those of Sus1, especially after prolonged exposure with LG
supplies (Figure 4B). In low-oxygen conditions, the preferred
accumulation of sucrose synthase over invertase (Figure 4B)
would theoretically be an energetic advantage at a local level
given that invertase-mediated sucrolysis has a two-fold
greater demand for ATP compared to the one UTP and in-
organic pyrophosphate used for the sucrose-synthase path
of breakdown. The relatively minimal levels of invertase
mMRNAs compared to those of sucrose synthase (Figure 4B),
even under aerobic conditions, are consistent with a pre-
dominantly sucrose-synthase path for sucrose cleavage in
maize root tips.

At the GO level, abundant glucose had a significant effect
on hypoxic responses in categories associated with
“ribosome biogenesis” and “formation and elongation of pol-
yribosomes” (Figure 2). These categories represent energy-
demanding processes strictly dependent on cellular ATP and
sugar availability. The representation of these GO terms may
reflect operation of the translational machinery poised to
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translate selective mRNAs for ANPs and other sugar- and/or
oxygen-responsive genes. This possibility is consistent with
the sugar-dependent enhancement of polysome loading, ri-
bosome associations, and chromatin accessibility of genes
for carbohydrate metabolism and fermentation during hyp-
oxia (Pal et al, 2013; Gamm et al, 2014; Lee and Bailey-
Serres, 2019; Reynoso et al, 2019). In maize root-tips, glucose
abundance and prolonged hypoxia beyond 6 h also led to
increase in the number of transcripts associated with RNA/
protein synthesis. The significant over-representation of
these transcripts indicates a distinctly positive effect of glu-
cose at the mRNA level even under hypoxia. Though
steady-state mMRNA levels may or may not correspond to
the extent of translation (Branco-Price et al, 2008;
Juntawong et al, 2014), sugars can also affect the latter,
even when oxygen is limiting. In mammalian cells, for exam-
ple, glucose additions can transiently counter repression of
translation during hypoxia (Thomas et al, 2008). In plants,
sugar signals mediated by SnRK1 enhance translation effi-
ciency of mRNAs for acclimation to hypoxia, while in yeast
(Saccharomyces cerevisiae), glucose availability and the TOR-
complex1 (TORC1) regulate expression of ribosomal genes
that enhance survival and regrowth after C-starvation
(Branco-Price et al, 2008; Xiong et al, 2013; Juntawong
et al, 2014; Cho et al, 2019; Morgan et al, 2019; Parenteau
et al, 2019). Each of these examples indicates that both low-
oxygen and sugar status can modulate translation in those
systems.

Results here thus reveal that sugars modulate the
accumulation of specific mRNAs for ANPs and also the ex-
tent to which transcriptome profiles respond to hypoxia.
Moreover, the effect of C-supplies extends beyond transcrip-
tional reconfiguration for metabolic paths to those associ-
ated with ribosome function and post-transcriptional
processes.

G4 motifs are prevalent in genes associated with
hypoxia, starvation, and hormone metabolism

G4 motifs have emerged as important components of low-
oxygen responses at different levels of regulation in eukar-
yotes (Clark et al, 2012, Welsh et al, 2013; Fedeles, 2017;
Fleming et al, 2017), and potential roles of G4s in plants are
attracting increased interest (Andorf et al, 2014; Cho et al,
2018; Griffin and Bass, 2018). Here, we evaluated the previ-
ously unexplored regulatory potential of G4-motifs and the
dynamics of Gé4-gene expression during low-oxygen and C-
starvation stresses. Recent work in maize has indicated that
G4 sequences are abundant in genes associated with low-
oxygen, starvation, and oxidative stress (Andorf et al, 2014).
We thus hypothesized that G4 genes would be enriched
among those upregulated by hypoxia. Analysis confirmed
that this was indeed the case (Figure 5A; Supplemental
Dataset S3). Although glucose availability had little effect on
the total number of G4 genes induced under low oxygen, a
comparison of profiles showed that first-responders (3 h)
were essentially sugar-independent, whereas later inductions
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(after 6 h) were sugar-modulated (Figure 5A). A key feature
of G4 motifs is their suggested capacity to “poise” transcrip-
tional machinery for rapid responses to severe stresses. For
this reason, we had expected many of the Gé-gene
responses to occur rapidly, as was evident at the gene-
number level (Figure 5A). However, analysis of individual
genes showed that new G4 genes were continuously in-
duced during the 24-h low-oxygen treatment. Moreover,
these newly expressed genes were enriched for sugar-
modulated mRNAs that eventually comprised over half the
total G4 genes upregulated by hypoxia.

Timing of change in the G4-gene profiles (Figure 5A) indi-
cated that glucose-responsive G4s could become increasingly
important contributors to acclimation responses after the
initial 6 h of low-oxygen signals, during periods when
changes in sugar availability and related metabolism become
more prominent. The 6-h timepoint is indeed when the
greatest shifts in sugar levels and metabolites emerged in
this root-tip system (Figure 6; Supplemental Figure S5). In
addition, sugars play a role in the physical stability of G4
structures, while both sugars and G4s can regulate mRNA
half-life and maturation (Chan and Yu, 1998; Beaudoin and
Perreault, 2013; Gémez-Pinto et al,, 2013; Cho et al,, 2018).
These impacts of both sugar and oxygen on the dynamics
of G4 genes could provide a mechanism that aids the cou-
pling of gene expression with metabolic status during the
progression of hypoxic responses over time. In mammalian
systems, for example, the eukaryotic initiation factor A
(elF4A; a component of the elF4F protein complex that reg-
ulates translation) can bind and unwind G4 structures in
mRNAs (Wolfe et al, 2014; Song et al, 2016). This interac-
tion between elF4A and G4s allows translation of selective
mMRNAs by elF4G. Remarkably, in plants, elF4G phosphoryla-
tion by SnRK1 enhances translation of mRNAs for hypoxia
responses including those for Adh (Cho et al, 2019, 2021).
These observations, together with data presented here, indi-
cate at least one potential mechanism by which G4 motifs
can contribute to oxygen and sugar signals. Although roles
may be diverse, work here shows that G4 elements and their
host genes are prominent components of the low-oxygen
response in plants.

Additional investigation of hypoxia-responsive G4 genes
at the GO-term level indicated an enrichment of G4
sequences in genes for hormone responses, especially GA
(Supplemental Figure S4). The G4 motifs could be relevant
through direct or indirect integration of signaling pathways
under hypoxia. For instance, transcriptional regulation of
GA signals during low oxygen can define escape or quies-
cent strategies for flooding tolerance in rice (Fukao and
Bailey-Serres, 2008; Colebrook et al,, 2014). Furthermore, in
flooded soybean (Glycine max L.), GA plays a significant role
in ROS homeostasis and nitric oxide (NO) signaling (Khan
et al, 2018). Collectively, our data support possible roles for
G4 motifs in hormonal responses to low oxygen, and also
to diverse, starvation-independent components of the hyp-
oxic transcriptome.

1202 Jequiaydas zz uo Josn epuol4 Jo Ausieaun Aq 6.0£009/562/2/58 L /20Ie/sAyd|d/woo-dno-ojwepeoey/:sdiy woJy papeojumoq


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa029#supplementary-data

310 | PLANT PHYSIOLOGY 2021: 185; 295-317

Metabolite profiles were consistent with shifts in
sucrose cycling even under hypoxia
Impacts of sugar and oxygen availability on targeted-
metabolite profiles (Figure 6; Supplemental Figure S5) were
compared to simultaneous remodeling of the transcriptome,
plus known effects at the protein level (Sachs et al, 1980;
Mustroph et al, 2009). Resulting integrations showed that
levels of endogenous sucrose and hexoses rose as long as
both oxygen and glucose were abundant (Figure 6). A clear
capacity for maize root tips to synthesize sucrose is evident
in these data and further supported by previous work on
preferential sucrose use as a metabolic substrate in maize
roots fed exogenous glucose or fructose (Bouny and Saglio,
1996). This sucrose can be re-synthesized from either the
products of previous sucrose cleavage or exogenously fed
hexoses. A similar re-synthesis is also central to development
of maize kernels, where sucrose in route to starch storage in
the hypoxic endosperm is initially cleaved in the extracellular
space of the pedicel, then re-synthesized before final use
(Shannon, 1972; Alonso et al, 2011). This cycling (cleavage
and re-synthesis) of sucrose in maize roots is estimated to
mediate a major flux during primary metabolism (Dieuaide-
Noubhani et al, 1995; Alonso et al, 2007). Transcriptome
data here (Figure 4D) indicate that sucrose synthesis (or re-
synthesis) could potentially be mediated by either the re-
versible sucrose synthase reaction or the SPS-SPP path (su-
crose-P  synthase +  sucrose-P  phosphatase), both
abundantly represented at the mRNA level. Once formed,
this sucrose is the likely source of the free fructose observed
in the present work (other nonsucrose paths to free fructose
remain equivocal). Both known paths of sucrose cleavage
produce a free-fructose product (invertase and the reversible
sucrose synthase). Consistent with a sucrose source for the
fructose in these root tips is the observation that fructose
pool size was maintained only when sucrose was abundant
and declined steadily otherwise (Figure 6B). The alternative
production of free hexoses from futile cycling of hexose-P
would require a hypothesized hexose phosphatase
(Dieuaide-Noubhani et al, 1995 Alonso et al, 2005).
However, despite evidence for the activity of a putative
glucose-6-phosphatase in plants, this enzyme remains
unidentified (Alonso et al., 2005; Claeyssen and Rivoal, 2007).
Low oxygen severely reduced levels of most sugars in
maize root tips except for glucose and sorbitol (Figure 6, A
and 6, F). The sucrose pool was nearly depleted within the
first 3 h of hypoxia, a response comparable to that observed
elsewhere with anaerobic roots (Bouny and Saglio, 1996;
Germain et al, 1997; Mustroph and Albrecht, 2003). This ob-
servation was expected given the preferential use of sucrose
noted above for hypoxic maize roots regardless of which ex-
ogenous sugars are provided (Bouny and Saglio, 1996).
Despite the probable constraint to ATP supplies, metabolic
modeling in maize roots has indicated that sucrose cycling
could continue under hypoxia and would depend on extent
of available ATP (Alonso et al, 2007). If so, then even the
small sucrose pool observed here would be concurrently
supplying both glycolysis and its own cycling. Such a
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scenario is consistent with the hypoxic induction of tran-
scripts for sucrose synthase, SPS, and SPP seen here (Figures
2, A and 4, D). Moreover, glucose incorporation into sucrose
follows a path that requires hexose-P and UDP-glucose.
Both these metabolite pools were significantly reduced by
low oxygen, and their decrease over time approximately par-
alleled that of sucrose (Figure 6, D and Figure E).

The suggested cycling of sugar metabolites in a low-
oxygen environment by Alonso et al. (2007) seems initially
contradictory given the extent to which acclimation strate-
gies favor conservation of ATP. Theoretically, futile cycles
may increase flexibility of plant metabolism by allowing a
rapid change in the direction of net flux while maintaining
balanced ratios of ATP and ADP (Dieuaide-Noubhani et al,
1995; Hill and ap Rees, 1995; Alonso et al, 2005, 2007). For
instance, in yeast cells, >40% of excess glucose is stored as
readily available energy in the form of glycogen and treha-
lose (Shulman and Rothman, 2015). Synthesis of these
metabolites helps maintain homeostasis of ATP and glyco-
lytic intermediates in aerobic- high-glucose environments
(Shulman and Rothman, 2015). Although mechanisms vary,
the yeast trehalose/glycogen shunt would be analogous to
the accumulation of sucrose observed here and its suggested
cycling in maize roots. In these systems, sugar accumulation
could provide a centrally important means of maintaining
metabolic homeostasis during large changes in glucose avail-
ability. Our data provide additional support for this hypoth-
esis given that synthetic capacity of glucose would depend
on the phosphorylating activity of HXK. We observed an ac-
cumulation of Hxk mRNA (Figure 4B) consistent with the
sustained activity of HXK reported during hypoxia by Bouny
and Saglio, 1996.

Data here also indicate that mechanisms other than fer-
mentation contribute to the recycling of NAD ™. First, sorbi-
tol accumulated to a greater extent in roots supplemented
with abundant glucose (Figure 6F). Sorbitol is formed during
the NADH-dependent reduction of fructose by sorbitol de-
hydrogenase (SDH) and the generation of NAD™ (de Sousa
et al, 2008). In some respects, the low-oxygen, high-sugar
treatment used here has similarities to that of the maize en-
dosperm, where the SDH pathway is active and proposed to
aid redox balance and maintenance of energy status (de
Sousa et al, 2008; Gayral et al, 2017). Second, roots in low
oxygen had lower ratios of NAD(P)H/NAD(P) than those in
ambient air (Supplemental Figure S5). Depletion of
NAD(P)H during hypoxia has been associated with futile cy-
cling of nitric oxide (NO; Dordas et al.,, 2003). This cycle pro-
duces NAD(P) ™ that can sustain glycolytic flux, while at the
same time, NO levels contribute to oxygen signals by modu-
lating the N-end-pathway of protein hydrolysis (Igamberdiev
and Hill, 2004; Gibbs et al, 2014; van Dongen and Licausi,
2015). Llastly, succinate accumulation, together with
decreases in citrate and malate levels (Supplemental Figure
S5), are consistent with expected downregulation of the
TCA cycle and use of alternative respiratory substrates for
ATP production (Rocha et al, 2010; van Dongen et al., 2017;
Antonio et al, 2016).
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Sugar availability alters co-expression relationships
of ANPs in prolonged hypoxia

Sugar-modulated components of hypoxic responses were
clearly apparent in gene-expression networks constructed
from a core of maize ANPs (Figure 7; Supplemental Table
S1). These networks showed prominent effects of glucose
supplies on topological properties, including an enhance-
ment of network size, density, clustering coefficients, and
connectivity (Figure 8). In general, the number of differen-
tially co-expressed genes was similar, but the interconnec-
tions between them were markedly increased if glucose was
present during prolonged periods of low oxygen (Figure 8).
The greater number of nodes and extent of clustering
showed that glucose enhanced the co-expression relation-
ships associated with core hypoxic genes. The reverse was
observed with glucose limitation, indicating that sugar sup-
plies may be central for maintaining gene relationships dur-
ing prolonged hypoxia. Results here thus revealed that
sugars not only modulate mRNA levels of core ANP genes,
but also play a role in maintaining their co-expression rela-
tionships. The shifting dynamics of these co-expression net-
works in response to sugars provide a potential mechanism
for prioritizing primary metabolism and metabolic homeo-
stasis under long-term hypoxia.

Topological analysis of co-expression networks identified
several modules that persisted under hypoxia regardless of
sugar levels. These were comprised mainly of Adh, Pdc, Sh,
Phi1, and Wusl1032 (Supplemental Figure S6). Although
these genes were highly interconnected with each other in
the network and are central to the low-oxygen response of
maize, they were not entirely coordinated at a transcrip-
tional level. Our analysis shows that sugar level and duration
of hypoxia altered their co-expression patterns. Only clusters
containing the Gpc4 and Pdc3 were consistently co-
expressed regardless of sugar levels (Figure 9A). Still,
throughout the treatments, Gpc4 and Pdc3 shared co-
expressed couplings that were distinct for each glucose level
(Figure 9A; Supplemental Dataset S4). The strong relation-
ship between these two bait genes and their targets indi-
cates that sugar levels may trigger cooperative responses
among these genes in response to altered oxygen status.
Metabolically, this is particularly relevant, since Gpc4 and
Pdc3 encode enzymes that, respectively, regulate the initial
and final reactions of glycolysis. They are credited with con-
trolling the rate of glucose catabolism and cycling as well as
demonstrated roles in hypoxia acclimation (Sachs et al,
1996; Ismond et al,, 2003).

A closer look at these Gpc4—Pdc3 networks revealed that
functional categories of transcripts in modules from low-
and abundant-glucose treatments changed over time
(Supplemental Table S2). The shifts observed were consis-
tent with the importance of both sugar and oxygen input.
The differential co-expression patterns observed here under
feast and famine conditions correlated with cis-regulatory
elements shared within modules. However, two additional
elements were identified as distinctive to the transcriptome
re-structuring that occurred under low oxygen when glucose
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was abundant (Figure 9B). One of these sequences,
TATAPVTRNLEU, functions as a TATA-like motif in maize,
where it allows binding of a Myb transcription factor that
can enhance anaerobic expression, as observed for Gpc4
(Geffers et al, 2001). This cis-element can also play a role in
re-initiating transcription of plant tRNA genes (Yukawa
et al,, 2000). The second of these motifs, DRECRTCOREAT,
is a dehydration-responsive element (Qin et al., 2004).

Using the Gpc4-Pdc3 modules, we identified putative
players associated with secondary signaling pathways that
operate at different points in the sequential series of hypoxic
responses. These networks and their partners represent new
and potentially central aspects of sugar contributions to the
progressive transcriptional responses under low oxygen.
Furthermore, construction of gene-expression networks
revealed initially unexpected roles of glucose availability in
determining network partners for core-hypoxia genes.

Conclusions

The present work identifies and dissects previously unrecog-
nized contributions by sugars to low-oxygen impacts on
plants. The separation of transcriptional responses to sugar
availability from those associated with hypoxia demon-
strated that sugars modulate specific, oxygen-responsive
gene networks without affecting others. Although impacts
of hypoxia predominate in maize root tips, sugar supplies al-
ter these responses in distinctive ways. Starvation stress
enhances the magnitude and speed of initial transcript accu-
mulation for ANP genes, whereas sugar abundance is central
to maintaining co-expression relationships and network con-
nectivity of ANPs under prolonged hypoxia. In addition,
genes in co-expressed modules share a small set of cis-ele-
ments distinctive to their sugar status. Together, these co-
expression networks define new roles of sugars in adaptive
responses to low oxygen that extend beyond modulating
mMRNA levels for ANP genes. Results here also show that
hypoxic induction of genes with G4-quadruplex motifs can
be divided into two phases, the first one being fast and
sugar-independent, the second one being less rapid, but
modulated by feast-or-famine signals. Analyses of the collec-
tive inputs provided here reveal new components of low-
oxygen responses and provide targets for rational
approaches to enhancing hypoxia tolerance.

Materials and Methods

Plant material

Maize (Zea mays L.) seeds of the W22 inbred were surface
sterilized for 15 min in 15% (v/v) sodium hypochlorite and
rinsed with distilled water five times to remove traces of the
hypochlorite. To ensure uniform seed germination, seeds
were imbibed overnight at 25°C in distilled water shaking at
165 rp.m. to allow oxygenation. After imbibition, drained
seeds were germinated in darkness at 25°C on moistened
germination paper in 25X 5 X 39-cm glass pans. Each pan
was sealed and supplied with a continuous, humidified
air flow at 1 L min~" during the 3-d germination period. The
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terminal 6-mm tips of primary roots were excised in distilled
water to maintain tissue moisture until oxygen and sugar
treatments were applied.

Flow-through system

Excised root tips of 3-d-old seedlings were used for four dif-
ferent experimental treatments: The two glucose treatments
were physiologically abundant glucose (2% w/v [10 mmol])
or low glucose [0.2% w/v [1 mmol]), and the two oxygen
treatments were ambient air (21% v/v) or low oxygen (0.2%
v/v).

Root tips were incubated in Whites media for 24 h shak-
ing at 85 r.p.m. on a compact digital mini rotator shaker.
Hypoxia treatments were initiated using an established pro-
tocol described by Zeng et al. (1998). Briefly, root tips were
exposed to a positive pressure and gas flow of 1 L min™"
and maintained for hypoxic (0.2% O, in N,) or aerobic (am-
bient air, 21% O,) treatments. Each source was fully humidi-
fied prior to chamber entry.

A subset of 12 root tips was sampled prior to initiation of
treatments, weighed, and frozen in liquid N,. These consti-
tuted pre-treatment controls for subsequent qPCR, RNA-
seq, and metabolite analysis. Time-course samples were har-
vested after 3, 6, 9, and 24 h of treatment. Each was frozen
in liquid N, and stored at —-80°C until analysis. For each
time point, including the 0-h pretreatment samples, there
were three biological replicates. Each replicate consisted of
12 root tips (approximately 0.1 g total).

RT-gPCR

RNA was extracted using an RNAeasy Plant Mini Kit
(Qiagen) and treated with DNase. Complementary DNA was
made by reverse transcription with random primers and
RNase inhibitor. The gPCR reactions were done in a
StepOne thermocycler using a relative quantification proto-
col (Cikos et al, 2007) with SYBRGreen PCR Master Mix in
a 20-puL reaction mixture with gene-specific primers and
three technical replicates per sample. For validation of ANP
gene expression, a SYBR® Green fluorescent dye-based
Luna® Universal One-Step RT-gPCR kit (New England
BiolLabs) was used with a CFX Connect real-time PCR detec-
tion system (Bio-Rad). Reference genes included maize genes
for tubulin1, ubiquitin carrier protein, and 18S rRNA. All
primer pairs (listed in the Supplemental Table S3) were
designed to span an exon—exon junction to reduce the pos-
sibility of genomic DNA detection and amplification. The
relative expression of each gene was determined following
the modified AAC, method (Pfaffl, 2001). For each reaction,
100-ng total RNA was used for templates. A standard curve
(0.01-00 ng) was run for each target on the plate, and the
PCR efficiency of each primer pair was calculated. The PCR
efficiency of all primer pairs was within 100 £ 3%.

RNA-sequencing and analysis

Frozen root tissue was homogenized and total RNA
extracted using Trizol© and the RNAeasy Plant Mini Kit
(Qiagen) following the manufactures’ recommendations.
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RNA quality and quantity were assessed spectrophotometri-
cally and by agarose gel electrophoresis. lllumina cDNA li-
braries were constructed using the NEBNext Ultra RNA
Library Prep Kit for lllumina (NEB). The cDNA libraries were
sequenced using standard protocols for Illumina HiSeq
(Mumina Inc.). Libraries were quantified using an Agilent
Bioanalyzer.

Quality control of RNA-seq reads, manipulation, and
analysis was conducted using the Galaxy framework (Afgan
et al, 2018). TopHat2 (Kim et al, 2013) was used to align
reads to the maize B73 reference genome (B73 RefGen_v4)
allowing two mismatches. Gene transcript quantification
was estimated using the HTSeq-count tool (Anders et al,
2015) with the union resolution mode. Normalized read
counts and standardized gene expression were used to iden-
tify and compare the top 30 most responsive genes between
treatments based on ANOVA test (P < 0.05). Differential
gene expression analyses and significance of treatments on
gene expression were estimated using the R package DESeq2
(Love et al, 2014). Genes were considered differentially
expressed if their P-value was < 0.05.

Hierarchical clustering was conducted using average link-
age based on Euclidean distance methods with the Partek
Genomics suite software (Partek®). GO was analyzed for
DEGs, and results were visualized using the Pageman plat-
form (Usadel et al, 2006). The Wilcoxon rank sum test with
the Benjamini—-Hochberg correction test (Benjamini and
Hochberg, 1995) was used to determine statistically signifi-
cant (P < 0.05) changes between different functional classes
of transcripts.

Metabolic profiling

For targeted metabolite analysis, soluble sugars and meta-
bolic intermediates were extracted as described previously
(Ma et al, 2014) with the following modifications. Frozen
root tips were ground to a fine powder in liquid N,, fol-
lowed by transfer of 20 mg to a 0.6-mL volume of extraction
media containing 7:3 (v/v) methanol-chloroform (-20°C)
plus 300 pmols of PIPES (1,4-Piperazinediethanesulfonic
acid) as an internal standard. Polar metabolites were
extracted twice from the chloroform/methanol phase using
ddH,O (4°C), and the supernatants were pooled. The meth-
anol/H,O phase was evaporated to dryness with a speed
vacuum concentrator and polar metabolites re-suspended in
200 pL ddH,O. The resulting extract was filtered through
0.45-um centrifuge tube filters (Costar Spin-X). Intermediate
metabolites were analyzed via LC-MS/MS following the pro-
tocol from Arrivault et al, 2009. Quantification of soluble
sugars from the extractions was performed as described by
Lisec et al. (2006) on an Agilent 7980A series gas chromatog-
raphy (GC) equipped with an Agilent 5977A single quadru-
pole mass spectrum detector (MSD). Dry extracts were
derivatized sequentially with methoxyamine hydrochloride
and N-methyl-N-trimethylsilyl-trifluoroacetamide. Parameters
used for the GC were as follows: Helium carrier gas fixed at
16.477 psi, splitless injection, inlet temperature 220°C, injec-
tion volume 2 plL, and syringe washes with acetone and
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hexane. Sample analytes were separated using an equipped
DB-5 column (5%-phenyl)-methylpolysiloxane, 30 m
lengthx250 pum id.x1 pm film thickness; Agilent
Technologies, Santa Clara, CA, USA). Oven temperatures
were programmed as follows: An initial 100°C was held for
4 min, then ramped up at a rate of 5°C min~' to 200°C, fol-
lowed by a ramp-down rate of 10°C min~" to 300°C, where
it was held for 10 min. The MSD was equipped with an ex-
tractor ion source and tuned for sensitivity and mass accu-
racy prior to sample analysis. Parameters for the MSD were
maintained as follows: MSD transfer line temperature at
280°C, MS source temperature at 230°C, MS quad tempera-
ture at 150°C, a solvent delay of 7.50 min, and a mass scan
range of 50-650 m/z with a threshold of 150. An Agilent
MassHunter Workstation Acquisition (version, Agilent
Technologies, Santa Clara, CA, USA) was used for data ac-
quisition and Agilent's MassHunter Quantitative Analysis
program was used for subsequent data processing. Spectral
deconvolution was performed for each sample in the pro-
gram by hand to achieve a list of compounds that were
then validated based on comparing retention time and
spectra to authentic standards. The most abundant noncon-
voluted m/z ion fragment for each compound was used to
integrate peak area. Integrated peaks were quantified by
three additional m/z ion fragments that were required to
match ratios observed in authentic standards. Soluble sugar
concentration (umol g~' FW) was calculated using standard
curves for each individual compound and each sample’s cor-
responding biological mass.

Network analysis

The gene co-expression network was constructed by identi-
fying genes in the dataset that co-expressed with core hyp-
oxia genes of maize. The co-expression matrix was obtained
from the CoExpNetViz platform (Tzfadia et al,, 2016) and vi-
sualized in Cytoscape (Shannon et al,, 2003). Pearson correla-
tion coefficients were estimated using the 5 lowest and 95
uppermost percentile ranks as thresholds for co-expression.
Topological features of the networks, including clustering
coefficients, centrality, and average number of neighbors,
were determined using the NetworkAnalyzer plug-in of
Cytoscape (v.3.6.0).

Expression data for DEGs in hypoxic roots incubated with
either limited or abundant glucose were used to obtain dif-
ferential co-expression networks for each glucose level at
each time point. Clusters of highly interconnected genes
within each network were identified by the MCODE plug-in
of Cytoscape (v.3.6.0). Enrichment analysis of each module
was performed through the Pageman platform (Usadel
et al, 2006) or the AgriGO database (Zhou et al,, 2010; Tian
et al, 2017). Regulatory cis-elements were identified from
the PlantPAN 2.0 database (Chow et al., 2015).

Accession numbers

Accession numbers of genes for ANPs can be found in
Supplemental Table S1. All others can be found in
Supplemental Datasets S1-54.
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Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1 Responsiveness of the excised
maize root-tip system.

Supplemental Figure S2 PCA of root tip samples.

Supplemental Figure S3 Validation of RNA-se read
counts by RT-qPCR of genes for core ANPs and Sps2
(Sucrose P-synthase)

Supplemental Figure S4 GO terms over-represented
among hypoxia-responsive genes carrying G4 quadruplex
motifs.

Supplemental Figure S5 Profiles of intermediate metabo-
lites in primary metabolism over time.

Supplemental Figure S6 Modules of highly intercon-
nected co-expression networks for genes expressed under
low oxygen with either abundant or LG levels.

Supplemental Table S1 Subset of maize genes coding for
core ANPs used as baits for the construction of a low-
oxygen co-expression network (Figure 7).

Supplemental Table S2 GO terms significantly repre-
sented in the Gpc4-Pdc3 modules in LG and physiologically
AG

Supplemental Table S3 List of primers used in this study.

Supplemental Dataset S1 Sugar-responsive genes
(mRNAs for DEG) identified by comparing transcriptomes
from LG to physiologically abundant glucose (AG) treat-
ments under either ambient air or low oxygen (LO,).

Supplemental Dataset S2 Oxygen-responsive genes
(mRNAs for DEG) identified by comparing transcriptomes
from ambient air to low oxygen (LO,) in the presence of ei-
ther LG or physiologically AG.

Supplemental Dataset S3 Low oxygen-responsive genes
(mRNAs for DEG) in either LG or physiologically AG that
contain G4 motifs.

Supplemental Dataset S4 List of component genes that
co-expressed with Pdc3 and Gpc4 modules under low oxy-
gen conditions in either LG or physiologically AG.
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