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Abstract

Maize (Zea mays) kernels are the largest cereal grains, and their endosperm is severely oxygen deficient during grain fill. The
causes, dynamics, and mechanisms of acclimation to hypoxia are minimally understood. Here, we demonstrate that hypoxia
develops in the small, growing endosperm, but not the nucellus, and becomes the standard state, regardless of diverse struc-
tural and genetic perturbations in modern maize (B73, popcorn, sweet corn), mutants (sweetéc, glossy6, waxy), and non-
domesticated wild relatives (teosintes and Tripsacum species). We also uncovered an interconnected void space at the chalazal
pericarp, providing superior oxygen supply to the placental tissues and basal endosperm transfer layer. Modeling indicated a
very high diffusion resistance inside the endosperm, which, together with internal oxygen consumption, could generate steep
oxygen gradients at the endosperm surface. Manipulation of oxygen supply induced reciprocal shifts in gene expression im-
plicated in controlling mitochondrial functions (23.6 kDa Heat-Shock Protein, Voltage-Dependent Anion Channel 2) and mul-
tiple signaling pathways (core hypoxia genes, cyclic nucleotide metabolism, ethylene synthesis). Metabolite profiling revealed
oxygen-dependent shifts in mitochondrial pathways, ascorbate metabolism, starch synthesis, and auxin degradation. Long-
term elevated oxygen supply enhanced the rate of kernel development. Altogether, evidence here supports a mechanistic
framework for the establishment of and acclimation to hypoxia in the maize endosperm.

cell labor and fates (Hammarlund et al., 2020). When the oxy-

Introduction gen supply falls below respiratory demands, this is usually
The concentration of oxygen within the plant body inte-  called hypoxic stress (Sasidharan et al,, 2021). A prominent
grates positional cues, metabolic state and environmental example is the detrimental oxygen shortage in waterlogged

conditions. Local levels can be substantially different from  tissues during flooding events, which causes substantial eco-
ambient and dynamically fluctuate. This, in turn, affects nomic losses of maize (Zea mays) and other crops every year
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Effect of hypoxia on maize kernels

(FAO 2015). Hypoxia also plays a signaling role in regular de-
velopmental programs. For maize, it was shown that hypoxia,
arising naturally within growing anthers, acts as a positional
cue regulating germ cell fate (Kelliher and Walbot, 2012). For
Arabidopsis (Arabidopsis thaliana), data supported the pro-
posal that meristems are enclosed in chronic hypoxic niches,
affecting both shoot apices and root primordia (Shukla et al.,
2019; Weits et al,, 2019).

In recent years, there has been substantial progress in the un-
derstanding of a plant’s capacity to sense and signal low-
oxygen concentrations (van Dongen and Licausi, 2015; Lee
and Bailey-Serres, 2019). A major step was the discovery of
oxygen-dependent enzymes (plant cysteine oxidases) that re-
press the operation of transcription factors such as group VII
Ethylene Response Factors (VII-ERFs) (Weits et al, 2014).
Posttranslational modification of the VII-ERFs reduces their sta-
bility under oxic conditions, while protein stability increases
under low-oxygen conditions. Upon transfer to the nucleus,
the VII-ERFs up-regulate a suite of genes, based on specific pro-
moter motifs (Gasch et al, 2016), which eventually triggers ac-
climation. In addition, a multitude of other oxygen-, redox- and
energy-dependent shifts, including histone methylation, modu-
late the plant’s hypoxic response (Lee and Bailey-Serres, 2019;
Wagner et al, 2019; Meng et al, 2020; Sasidharan et al,
2021). Overall, a remarkable convergence of functional features
is evident for the low-oxygen sensing/signaling among plants
and animals (Hammarlund et al,, 2020).

Developing seeds of our major crops, in particular cereal
grains, generally have a strongly hypoxic interior as demon-
strated for barley (Rolletschek et al, 2004), wheat (van
Dongen et al, 2004), maize (Rolletschek et al, 2005) and
rice (own unpublished data). Storage metabolism, assimilate
uptake and energy state appear coordinated by the low in-
ternal oxygen conditions (for review, see Borisjuk and
Rolletschek, 2009). As demonstrated for maize, severe hyp-
oxia governs the endosperm in particular, where it has
marked effects on assimilate partitioning and local ATP levels
(Rolletschek et al., 2005). As compared with seeds of other
crops, oxygen deprivation appeared particularly pronounced
in the maize kernel and led to the hypothesis that evolution
of this largest cereal grain may have involved special adapta-
tions to generate and/or respond to endogenous oxygen
limitation (Borisjuk and Rolletschek, 2009). However, a
mechanistic understanding based on molecular data are cur-
rently lacking. There are several, important unknowns relat-
ing to maize kernel hypoxia: Which features drive the
majority of endosperm (but not embryo) into severe hyp-
oxia? Is this outcome a consequence of low surface/volume
ratio or are specific (ultra-) structural features involved?
Does oxygen depletion (in sensu energy limitation) alter local
input into signaling systems, gene expression, and/or meta-
bolic control? Possibly yes, since analysis of the endosperm
interior showed an upregulation of RAP2.12 (RELATED TO
APETALA2.12; an VII-ERF transcription factor) as well as
hypoxia-responsive genes indicative of a fermentative metab-
olism in the center that did not extend to the periphery
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(Gayral et al,, 2017). How are low-oxygen signals integrated
into the normal developmental control of the kernel? As
hypoxia is tightly interwoven with accumulation of both
ethylene (Hartman et al, 2021) and reactive oxygen species
(ROS; Schmidt et al., 2018), it is tempting to speculate that
the ethylene-/ROS-mediated programed cell death during
maize endosperm development (Young et al., 1997) is a dir-
ect consequence of hypoxia. Moreover, developmental pro-
gression, kernel size, and kernel composition might
respond to a scenario where more/less oxygen becomes
available.

To address above questions, we first investigated whether
the endogenous hypoxic environment could be altered by
genetic perturbations including distinct kernel types (popcorn,
dent, sugary), maize mutants (glossy6, sweet4c, waxy) and wild
relatives (teosintes and tripsacums) of modern maize lines,
with focus on the model genotype B73. We applied oxygen
profiling using microsensors to test if kernel anatomy or
starch/sugar composition (defined by kernel type) are relevant
features for endosperm hypoxia. By analyzing wild relatives, we
tested if kernel hypoxia is merely a feature of domesticated
(large-sized) maize kernels or also inherent to small-grained
ancestors. Magnetic resonance imaging (MRI), enabling high-
resolution imaging of the seed interior, was used to check
for moisture gradients, having potential relevance for gas dif-
fusivity. By combining MRI with infrared microspectroscopy,
we tested for the existence of lipidous layers, surrounding
the endosperm and potentially hampering oxygen diffusion.
To model the kernel ultrastructure (including porosity and
oxygen diffusivity), we applied X-ray micro-computed tomog-
raphy (u-CT) and generated a 3D kernel model with spatial
resolution of 5 um. This was used to check for void spaces in-
side the kernel with relevance for oxygen diffusibility. The ker-
nel’s dynamic response to varying oxygen supply was studied
at the molecular (RNA-sequencing) and biochemical (metab-
olite profiling) levels. The search for reciprocally responding
genes and metabolites aimed to identify pathways under tight
0,-dependent control. Finally, we checked the developmental
response of kernels grown for extended periods at elevated
oxygen concentrations. The combined results were used to
mechanistically define the causes and consequences of en-
dogenous hypoxia on growth and metabolism of the develop-
ing maize kernel.

Results

Developmental dynamics of kernels is associated with
steep gradients of water loss

Following morphogenesis and cellular differentiation (Olsen,
2020), a maize kernel enters the filling phase, in which dry
matter deposition is accompanied by decreasing moisture
content (Sala et al, 2007). To uncover topological aspects
of kernel water dynamics, we here aimed for a detailed pic-
ture of water distribution and water loss during the main fill-
ing phase. Application of MRI allowed us to selectively
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imm
30 DAP mmm

Figure 1 Growth and water distribution in maize kernels during grain-filling stages. A, An MRI-based three-dimensional kernel model showing em-
bryo and endosperm at 15, 20, 25, and 30 DAP; (B) distribution of the water-specific signal (color-coded) in virtual sections (longitudinal sagittals)
through the kernels shown in (A) measured by MRI. Shown are representative images of three biological replicates (individual kernels) per stage.
Note that all images in (A, B) were digitally extracted for comparison, and use the same scale bar. Abbreviations: pe—pericarp; en—endosperm;

em—embryo; pc-pedicel; sc—scutelum; g—germ.

visualize the water distribution across tissues in vivo
during development. Based on individual kernel models
(Figure 1A), the kernel volume increased from 105 to
245 mm> between 15 to 30 days after pollination (DAP).
At 15 DAP, all tissues of the grain were well-hydrated with
the greatest water signal present in the chalazal region and
subtending pedicel (Figure 1B). Later in development, water
content decreased preferentially in apical regions of the
endosperm and basal regions of the embryo. The water
loss proceeded during development, forming a steep gradi-
ent in local water content. Toward maturity, abundant water
remained only in basal zones of the endosperm and central
parts of the embryo, whereas apical portions of endosperm
and embryo scutellum had already lost most of their water
signal (30 DAP, Figure 1B).

The developmental pattern of endosperm hydration was
topographically inverse to that of starch. Rapid accumulation

of starch occurred during the grain-fill stage, starting in the
upper endosperm and proceeding toward the base
(Supplemental Figure S1). Starch appeared to increasingly
displace the endosperm water. Notably, the gradients in
endosperm (de-) hydration directly affect the local oxygen
diffusivity. Data from Arvanitoyannis et al. (1994) revealed
an oxygen diffusivity of 15% (starch in water) compared
with that in water alone (corresponding to a ~6-fold differ-
ence when expressed in gas phase equivalents).

Severe endogenous hypoxia during the grain-filling
phase is a universal feature of kernels from modern
maize lines to their mutants and wild relatives
Oxygen profiles were characterized for developing kernels of
distinct genotypes during their near-linear phase of starch
deposition (Tsai et al, 1970). Representative profiles are
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Tripsacum dactyloides
(teosinte-type)

460 sweet4C

o

Figure 2 Representative oxygen concentration profiles determined in individual maize kernels (14-20 DAP) of distinct genotypes and non-
domesticated wild relatives. Oxygen was measured by microsensors along the x-axis (penetration depth given in pm). For additional measurements,

see Supplemental Figure S2.

shown in Figure 2; additional profiles in Supplemental
Figure S2. Across all modern maize genotypes (B73, popcorn,
waxy corn, sweet corn), the oxygen level typically dropped
dramatically within the first 100-400 um of the kernel sur-
face, and the remainder of the endosperm showed little de-
tectable oxygen (mean ~3.9 uM, corresponding to 2.86 hPa
or 1.38% of atmospheric saturation). Notably, oxygen levels
increased strongly, toward the basal endosperm transfer
layer, which implies that substantial oxygen entry occurred
in the placental chalazal region of the kernel. In the two
wild relatives of maize, Z. perennis and Tripsacum dactyloides,
the measured oxygen gradients appeared less steep, but
mean oxygen levels in the interior were similar to those of
modern maize. The two glossy mutants (with decreased epi-
cuticular wax load and increased cuticule permeability; Li
et al. 2019) also showed less steep oxygen gradients, reaching
a plateau after 400-900 um of sensor insertion with similar
mean of oxygen concentration.

A notable exception was the kernel’s oxygen profile in the
sweet4c mutant. A portion of the mutant kernel interior re-
mained empty due to disturbed endosperm development
(Sosso et al, 2015). When the sensor penetrated the outer
cuticle/pericarp, the oxygen level remained at almost ambi-
ent levels, but dropped dramatically when entering the endo-
sperm. Such a pattern indicates the presence of a diffusion
barrier at the surface of the endosperm rather than that of
the pericarp.

Oxygen profiling during distinct developmental stages of
B73 (Supplemental Figure S3) revealed that the gradient of
oxygen from the exterior toward the kernel s center is ini-
tially rather shallow (5 DAP) but later gets much steeper.
The gradients suggest that hypoxia develops in the small,
growing endosperm, but not the nucellus distal to it during
early growth. (The endosperm does not fill the kernel inter-
ior until 10 to 12 DAP, when it fully displaces the nucellus;
see Leroux et al, 2014.) This developmental pattern may
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indicate the establishment of a gas diffusion barrier during
early development.

Overall, these profiling data let us conclude that (i) en-
dogenous hypoxia is a universal feature of developing kernels
from modern maize to its non-domesticated wild relatives,
(i) oxygen diffusion is not hampered by cuticle/pericarp,
but rather the internal tissues themselves (endosperm with
immediately adjacent layers), and (iii) the placental chalazal
region is relevant for oxygen entry into the endosperm.

Chalazal pericarp harbors a highly porous layer with
high diffusivity and relevance for oxygen balance in
kernels

High-resolution X-ray micro-computed tomography (u-CT)
was used to (1) unravel the existence and features of a
void network, and (2) model oxygen diffusivity, as well as
steady state oxygen distribution inside the maize kernel.
Results are shown for a fully differentiated B73 kernel at
~20 DAP. A porous layer was identified that enveloped the
entire base of the kernel. Based on the p-CT data, we calcu-
lated an average porosity (= volume of pore space/volume of
whole tissue type) of 34% in a region of the pericarp. This
layer did not extend distally up the endosperm side of the
kernel but did rise across the face of the developing embryo
(Figure 3, A-D, Supplemental Movies S1and S2). A few small
pores were also evident in the embryo and these connected
to the porous layer (Supplemental Figure S4). No porous
structures were found in endosperm regions of the pu-CT
images, indicating that voids were either completely absent
or very small (<5 pum). The resulting oxygen diffusivity was
calculated for kernel tissues and found to differ by five orders
of magnitude (Figure 3E), with highest resistances evident in
both the endosperm and non-porous outer pericarp. In add-
ition to diffusivity, localized respiratory activity is a determin-
ant of oxygen distribution. The use of planar oxygen sensors
(Supplemental Figure S5) revealed that the embryo has a su-
perior respiratory activity of 2.56-fold (standard deviation
0.72; n=5) compared with the endosperm.

In the next step, the rendered 3D kernel model
(Supplemental Movies S1 and S2) was combined with the re-
spiratory data to compute the internal 3D oxygen distribution.
The modeling outcome (Figure 3F) corresponded closely to the
microsensor profiling data: the low diffusivity and large size of
the endosperm resulted in rapid and complete depletion of
oxygen in layers of this tissue extending all the way to those im-
mediately inside the pericarp and embryo. The results indicate
that the endosperm itself is a major barrier to oxygen transfer.
The establishment of a lipidous layer at the endosperm’s sur-
face may additionally increase diffusional resistance. The high
diffusivity in porous chalazal pericarp was consistent with the
high concentrations of oxygen throughout the embryo despite
its higher respiratory demand relative to endosperm. The oxy-
gen model generated here now allows computation of steady
state O, concentrations across all planes/regions of the kernel
as exemplified in Supplemental Figure S6.

Langer et al.

The simulation of total mass flow revealed that 43% of all
oxygen likely enters the endosperm via direct contact with
sites of porous pericarp, whereas only 16% would enter via
the non-porous upper surface. For embryos, 41% of their oxy-
gen likely flows from the kernel base, but only 2% of that flow
would move further into the endosperm. Different levels of
oxygen diffusivity in the outer pericarp were modeled to
evaluate whether this layer could contribute a substantial re-
sistance to oxygen diffusion in the maize kernel. Results
showed that modest changes in oxygen diffusivity of the out-
er pericarp did not substantially affect oxygen distribution in
the embryo, mainly due to the relatively small size of the em-
bryo and the presence of pores connected to the porous
layer. However, when a lower oxygen diffusivity (12X
10~"" m?s™") was modeled to describe the outer pericarp,
a sharp decrease in oxygen concentration appeared in the
upper endosperm (surrounded by a non-porous region be-
tween outer pericarp and endosperm).

To conclude, (1) the peripheral (maternal) void network
inside the maize kernel has high relevance for oxygen supply
of the basal endosperm and embryo, and (2) the steep oxy-
gen gradients can be purely caused by the very low diffusivity
of the endosperm (except basal regions).

Formation of potential gas permeability barriers
during kernel development

CT-based modeling demonstrated that diffusion resistance
inside the endosperm is very high. Compared to the modeled
O, concentrations, the measured O, gradients at the endo-
sperm periphery appeared even steeper (Supplemental
Figure S6B and C). Results thus imply that additional diffu-
sion constraints could be involved. Such restrictions to gas
diffusion might be imposed by lipidous layers (Borisjuk and
Rolletschek, 2009). We therefore tested for their possible pres-
ence and chemical nature in the developing kernel (B73)
using localized micro-ATR spectroscopy (Figure 4, A-E).
Three characteristic regions were probed, (1) the starchy
endosperm, (2) the endosperm surface layer (mainly aleur-
one), and (3) the outer epidermal layer of the pericarp. The
corresponding spectra (Figure 4, C-E) showed association
with cutin- and wax-related features in the spectral region
of 3600-2800 1/cm. A dominant representation of cutin IR
features was evident at the endosperm surface (Figure 4D)
as well as the outer epidermal layer of pericarp (Figure 4E).
When looking at the infrared fingerprint region (wavenum-
bers <1800; Supplemental Figure S7), the association of cutin
with these tissues was confirmed, since cutin related C=0
and C-O-C vibrations were evident in the representative fin-
gerprint spectra at ~1,730 and 1163 1/cm. As expected,
carbohydrate features (around 1100-1000 1/cm) were espe-
cially descriptive for the endosperm.

To non-invasively access the appearance of lipidous layers
across the entire developing kernel, we next exploited MRI.
Due to the different frequencies of proton signals, images
from water-only and lipid-only can be acquired along with
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Figure 3 Modeling of kernel void space, oxygen diffusivity, and oxygen distribution. A, u-CT imaging analysis with a pixel resolution of 5 um. The
central image is a 3D rendering of the kernel, with the segmented porous layer (blue) and the embryo (green). Subplots are horizontal cross sections
through the CT scan at sites progressively further from the kernel base; scale bar = 1000 um. Note that all images were digitally extracted for com-
parison, and use same scale bar. See also Supplemental Movies S1and S2. (B-D) Rendering of the porous pericarp (in sub-volumes of approximately
50 X 50 X 50 pixels) at different positions indicated by the rectangular boxes in (A), with a well-connected pore network (blue, average porosity =
34%) through tissue (yellow) in the lower part of the kernel, decreasing in width along the height; scale bars = 100 um. E, Modeling parameters for
distinct maize kernel tissues (emb: embryo, es: endosperm, op: outer pericarp, pp: porous pericarp). [1] Calculated from a microscale oxygen dif-
fusion simulation, n = 6, mean =+ standard deviation; [2] Arvanitoyannis et al,, 1994; [3] Estimated by assuming oxygen diffusion in two phases (water
and air) based on porosity value. F, Modell of oxygen concentration in a longitudinal plane.

the characterization of seed architecture (Munz et al, 2016).  (storage lipids in aleurone plus wax/cutin-containing layers)
The lipid topology in vivo is shown relative to kernel structure ~ completely encloses the endosperm except at its chalazal re-
in Figure 4, F-K and Supplemental Movie S3. The 3D model  gion (arrowed in Figure 4, G-J). Only the chalazal region of
and virtual sections clearly demonstrate that a lipid-rich layer ~ endosperm is thus free of potential gas diffusion barriers.
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Figure 4 Features of lipidous layers covering the endosperm of developing maize kernels (B73, ~25 DAP). (A-E) Chemometric analysis of micro-ATR
image spectra of maize kernels where (A) gives an overview image of a cryo-sectioned maize kernel; a red box locates the analyzed region for ATR
imaging; the magnified image in (B) depicts the location of the analyzed spectra (C-E) for starchy endosperm (C), endosperm surface layer (D), and
outer epidermis of pericarp (E). Spectral panels in (C-E) present the measured spectrum at the given location in blue, and superimposed contribu-
tions of cutin (red), wax (yellow) and carbohydrate (purple, carbohydrate) library spectra. The dominant spectral feature is underlined in bold let-
ters. The micro-ATR data provide the mean of 1,000 spectra (technical replicates) measured at three regions (biological replicates) per tissue type.
(F-K) MRI-based lipid mapping indicating the presence of lipid at the endosperm surface and in the embryo. The sample shown in (H) is the same as
that in Figure 1 (A-B). F, 3D model and its virtual sections shown in (G-I); arrows indicate the lack of lipidous layers at the basal endosperm region;
(J-K) Consecutive virtual sections along the alpha and beta planes shown in (F). Shown are representative images out of three biological replicates
(individual kernels). All images in (F-K) were digitally extracted for comparison, and use the same scale bar. See also Supplemental Movie S3. Bars:
500 pm in (A), 100 pm in (B), 1 mm in F-K. Abbreviations: en—endosperm; em—embryo; pc—pedicel.

These concentrations were sufficient to reciprocally affect
the expression of hypoxia-core genes as verified by
To identify molecular adjustments to local oxygen availabil- ~ RT-qPCR (Supplemental Figure S8).
ity, we next treated intact attached kernels with gas mixtures RNA-sequencing revealed mRNA profiles for kernels
containing either 10, 21, or 30 vol% of oxygen (termed  sampled after 24 h of Low-O,, Control, and High-O, treat-
Low-O,, Control, and High-O, treatments, respectively). ~ ments. High-O, had modest effects, significantly altering
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Figure 5 Regulation of kernel transcriptome profiles and gene-network responses by oxygen availability (B73, 18 DAP). RNA was extracted from
maize kernels at 18 DAP (five biological replicates each consisting of three individual kernels). A, Venn diagram of differentially expressed genes
(DEGs) unique to- or shared between Low- and High-oxygen treatments (Low-O,=10vol%, High-O,=30vol%, ambient control =21vol%).

(continued)
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only 95 transcripts (FDR < 0.01), 86 of which were downre-
gulated (Figure 5A and Supplemental Dataset S1A).
Low-O,, however, impacted ten-fold more DEGs
(Figure 5A and Supplemental Dataset S1B). A group of
only 26 genes responded to both High- and Low-O,, with
16 of these DEGs showing reciprocal patterns of expression
(upregulated under one condition, and downregulated un-
der the other) (Figure 5B). By lowering the statistical confi-
dence (FDR < 0.05), 15 additional genes were found to show
reciprocal responses (Supplemental Dataset S1C). More
than half of these 16 high-confidence reciprocally expressed
genes were characteristic of stress responses. In addition,
most of these genes were not ubiquitously expressed
throughout the kernel, but appeared preferentially in either
oxygenated tissues (pericarp and embryo) or hypoxic endo-
sperm (Figure 5B and data on 13 DAP kernels from Doll
et al., 2020). Two of these reciprocal-response genes en-
coded proteins targeted to mitochondria: the regulatory
transporter, Voltage-Dependent Anion Channel 2 (VDAC2;
Kanwar et al,, 2020) and the master modulator of electron
transport, 23.6-kDa Heat-Shock Protein (HSP23.6; Ma et al.,
2019). The latter showed the strongest downregulation
and was normally (grown at ambient levels) most abundant
in the endosperm.

To investigate the relationship between oxygen-responsive
transcripts and their sites of expression, we compared the
most prominently impacted mRNAs to their distribution in
transcriptomes of tissues from ambient-air kernels at 13
DAP (Supplemental Figures S9 and S10 with additional
data from Doll et al, 2020). Under High-O,, the most prom-
inently downregulated DEGs were ones otherwise expressed
at diverse sites in kernels growing under ambient oxygen. The
upregulated genes, however, predominated in the embryo of
ambient-air kernels. In contrast, Low-O, strongly upregu-
lated genes normally expressed in the pericarp, whereas
those downregulated often predominated in endosperm of
ambient-air kernels. A closer look at genes downregulated
by High-O, showed that roles of many were implicated in
oxidative stress and were most often expressed in pericarp

Figure 5 (Continued)
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of ambient-air kernels (Supplemental Figure S11). Further
comparison of these transcriptomes showed that many
genes responsive to High-O, were categorized as tempera-
ture sensitive (including HSPs with diverse functions).
Interestingly, this functional category was also prominent
among genes upregulated by Low-O, and in endosperm of
ambient-air kernels (Supplemental Figure S10 with Doll
et al, 2020). Low-O, upregulated genes related to ABA
(9-cis-epoxycarotenoid dioxygenase3 (NCED3) and vivipar-
ous14) and alcohol responses but downregulated others for
assembly and organization of nucleosomes and peptide bio-
synthesis (Supplemental Figure S12).

Gene expression networks responsive to high and low
O, conditions

We next sought deeper insights into potential functional and
regulatory relationships among the 1,222 genes responding
to oxygen perturbation. To do so, we selected 15 with known
roles in other systems to use as probes for defining co-
expression networks (Figure 5C and Supplemental Dataset
S2). Since genes with similar functions tend to cluster to-
gether, this approach allowed an outline of possible com-
monalities in roles and regulation. Five co-expression
modules emerged (Figure 5C) indicating involvement of at
least five regulatory mechanisms. Among these modules,
was a large cluster that included eight bait genes along
with other mRNAs central to respiration, stress responses,
and biogenesis of cellular components. Three of the other
modules were distinct from but related to this large cluster.
One was defined by the ribosomal L27a-3 bait and included
other nucleosome- and ribosome-related mRNAs, consistent
with the extent of restructuring in response to treatments.
The second module included the two bait genes, vivipar-
ous14 and NCEDS, as well as NCED9, collectively indicating
a level of coordinate expression between the major respira-
tory cluster and genes encoding biosynthesis and sensing sys-
tems for ABA. A third module defined a separate source of
respiratory input, yet one closely coordinated with the

Total DEGs responding to one or both treatments are shown inside the Venn diagram, with upregulated DEGs alongside in red and downregulated
DEGs in green. Expanded analysis of the 26 genes responsive to both high and low O, appears below (gray arrow). B, Expression (log2-fold change) of
the 26 DEGs responding to both High- and Low-O, (left column), together with their annotation (left center), expression in tissues of ambient-air
grown kernels at 13 DAP (right center) (RNA-seq data from Doll et al,, 2020), and gene identifiers (right column). Two genes of particular interest are
shown in bold, the HSP23.6 (master regulator of mitochondrial electron transport), and the Voltage-dependent anion channel protein 2 (VDAC2;
mitochondrial regulatory transporter). C, Gene expression networks for key responses to oxygen availability in maize kernels. Networks and their
relationships were defined from among 1,222 genes that responded to oxygen perturbation (see Supplemental Datasets S1D and S1E) by using 15
bait genes selected from this group based on their known roles in other systems. Co-expressed modules were identified in transcriptome data from
14 different RNA-Seq libraries constructed and sequenced here, each representing responses of 18-DAP maize kernels under either control (21% O2
v/v), low (10% O2 v/v) or high-oxygen conditions (30% O2 v/v) using CoExpNetViz (Tzfadia et al, 2015). Data were analyzed using the Pearson
correlation co-efficient, with the 5 lowest and 95 uppermost percentile rankings as thresholds for co-expression. Bait gene abbreviations are shown
in colored text near the modules they define (full names, annotations, gene identifiers, and color coding are as in Supplemental Dataset S2). Dots
with the same color represent genes co-expressed with a given bait based on positive correlations where R2 > 0.8. Five genes with high betweenness
scores (hub nodes) indicative of essential points of connection are highlighted with a red outline and their corresponding genes are labeled in black
(see also Supplemental Dataset STF).
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main cluster. This one was delineated by a gene for the glyco-
lytic enzyme, cytosolic fructose-1,6-biphosphatase (F-1,6
BPase) and transcripts for mitochondrial membrane pro-
teins. This group of coordinately expressed mRNAs is consist-
ent with evidence for a functional association between F-1,6
BPase and the mitochondrial membrane protein VDAC2
(Voltage-dependent anion channel 2) (Gizak et al, 2019) as
well as a moonlighting role for this protein as a transcription-
al regulator in other systems (Cho and Yoo, 2011; Gizak et al.,
2019). Analyses here also indicate that the thioredoxin and
HSFB-2b module was probably regulated independently of
the others. A notable result was the extent of co-expression
observed for VDAC2, which closely paralleled that of six bait
genes (HSP22.0-1V, sHSP23.6-Mt, Hypoxia-responsive protein,
PD(C3, NDPK4 and RPL29). In other systems, the VDAC2 occu-
pies a pivotal role in regulating metabolite transfer between
cytosol and mitochondria (Kanwar et al,, 2020). Still another
finding was the identification of seven genes with
betweenness-centrality scores that indicate essential links be-
tween clusters, often with regulatory roles (Figure 5C and
Supplemental Dataset S2). Five of these genes were impli-
cated in control of signaling or transcription. Lastly, we
were especially interested in the degree to which the large re-
spiratory module shown here was interconnected with genes
showing reciprocal expression (both up and down regula-
tion) across the range of oxygen treatments. Each of these
genes thus provides a point of interface between the major
respiratory module and kernel adjustment to the full spec-
trum of oxygen perturbations tested here.

Energy, sugar, and auxin metabolism instantly

respond to modulations in oxygen availability

To test the temporal dynamics of the kernel’s metabolome in
response to oxygen supply, we used kernels treated as above,
and sampled at 0.5, 1, 2, 4, 12, and 24 h after the start of treat-
ments. Untargeted metabolite profiling allowed identifica-
tion and quantification of 125 metabolic intermediates
covering the major pathways of central metabolism as well
as auxins (Figure 6 and Supplemental Dataset S3). Major
trends seen in responses to the Low-O, treatment were a re-
duction in sucrose-6-P levels (precursor for sucrose re-
synthesis) and accumulation of diverse intermediates. The
latter included (i) ADP-glucose (precursor for starch synthe-
sis), (ii) IAA-Asp (degradation product of 1AA), (iii) inter-
mediates of lower glycolysis (most evident for pyruvate),
(iv) allantoin and allantoate (degradation products of urate),
(v) panthothenate (relevant for synthesis of coenzyme A
used for the TCA cycle and elsewhere), (vi) ribonate (sugar
acid from the pentose-P pathway), and finally (vii) up to five-
fold increases in 2-oxoglutarate, GABA, and 4-hydroxybuty-
rate (fermentation product). The latter is indicative of
some GABA-shunt activity, which is however redirected
from its normal return to the TCA cycle to instead, formation
of 4-hydroxybutyrate (Shelp et al., 2017). Despite an induc-
tion of ADH1 expression, Low-O, treatment did not lead
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to an accumulation of the classical fermentation products
(ethanol, alanine or lactate). A possible avoidance strategy
was considered and is consistent with the transient, but
strong increase in caprylate at 30 min of treatment. This
compound (also known as octanoic acid) is a fermentation
inhibitor in yeast (Licek et al., 2020). Some of the intermedi-
ates mentioned above showed strongly reciprocal behavior
under Low-O, vs. High-O,. Among these were ADP-glucose,
IAA-Asp, and GABA.

In contrast to Low-O, treatments, major trends in re-
sponses to High-O, included the almost complete loss of as-
corbate (major antioxidant) toward end of treatment. This
decrease indicated that antioxidant capacity was strongly
compromised after 12 to 24 h of elevated oxygen. We further
noted lower levels of ADP-glucose and IAA-Asp, as well as in-
termediates of lower glycolysis (3PGA and PEP), and some or-
ganic acids (malate and succinate).

Unexpectedly, lowered abundance of all four nucleotide
tri-phosphates was noted in data from both High-O, and
Low-O, relative to control treatments. This change in abun-
dance of NTPs was sometimes accompanied by (transient)
increases in mono- and di-phosphorylated nucleotides,
pointing to some mechanism of energetic balancing.

Elevated oxygen supply over long-term causes a
progression in kernel development

To check for developmental adjustments of kernels to ele-
vated oxygen supply, we used a standardized in vitro ap-
proach (Gengenbach & Jones, 1994) with 17 days of
cultivation under either High-O, (30 vol%) or control condi-
tions (21 vol%). High-O, caused a visible phenotype: a more
progressed development (Supplemental Figure S13).
MRI-based imaging of representative kernels revealed that
High-O, led to a substantially lower water signal in both
upper and central endosperm regions as well as in the em-
bryo scutellum (Figure 7A). This finding corresponded to
lowered water content of entire kernels determined gravime-
trically (Figure 7B). While dry weight of kernels did not show
statistically significant effects of treatment (Figure 7C), we
noticed that High-O, resulted in a proportional increase of
both fresh and dry weights of embryo versus endosperm
(Figure 7E). This shift in dry matter accumulation also corre-
sponded to the higher >C/"*N-label abundance measured in
embryo under High-O, vs. Control conditions, following
feeding with labeled sugars/amino acids (Figure 7F). Total la-
bel uptake of kernels was, however, not affected. Regarding
biomass composition, the most notable response to
High-O, was the greater level of starch in endosperm (21%
versus 14% of fresh weight; compensated by lower water con-
tent) (Figure 7D). Treatment effects on steady state metab-
olite abundance were minor (Supplemental Figure S14;
Supplemental Dataset S4). The largest increase resulting
from High-O, was that of fumarate, and the most prominent
decrease was in isocitrate (both representing TCA cycle inter-
mediates). Altogether, we conclude that long-term
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Figure 6 Metabolite heat map illustrating the abundance of selected intermediates in the developing kernel in response to High-O, and Low-O,
treatment (30 and 10 vol%, respectively). B73 kernels were sampled at distinct time intervals and measured using LC/MS (n =5, each sample con-
sisting of three kernels). Ethanol was measured after 24 h of treatment using a photometric assay. Data are given relative to those of controls
(21 vol%). All details are given in Supplemental Dataset S3.

€202 Joquieydas | | Uo Josn Aleiqr Jo)usD 90usIdS YlieaH BPLOIS JO ‘N AQ Z£€6669/892 1/2/26 L /I0IMe/sAyd|d/woo dno-olwapeoe)/:sdjy WwoJy papeojumod


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad038#supplementary-data

Effect of hypoxia on maize kernels PLANT PHYSIOLOGY 2023: 192; 1268-1288 1279

B 100 - % c 0.06 -
80 - 0.05 - L
=
560 - - 0.04 -
= I
S 0.03
340 1 2
8 0.02 -
© i
s U 0.01

0 - 0 A

21% 02 30% 02 21% 02 30% 02

> o

40 A
30% 02
35 A
30 4
Water [%]
25 1 Ash [%]
£ 20 A | Protein [%]
W Lipid [%
15 ipid [%]
W Starch [%]
10 A
5 -
72130 21 30%0,
ES EMB
E F
N B N FW 13C 15N
o - b — 96 - = 96 1
bre) * = T * 2 £
S 95 | £ 95 4 = * = *
9 @ 94 - E S944 7 S 94
E Eoas.] z 5 = &
S T 3 93 1 & 3 g
& £ i £ 92 - g £ 921 § 92 1
Q Q 93 ] o o o
T X R4 < 2 ®
= N —— 91 A w © o
w0 92 A 5] g 90 1 2 90 1
2 ® 90 1 g g
91 = 89 4 2 88 A 5 8g A
21% 30% 02 21% 30% 02 21% 30% 02 21% 30% 02
— 87 * 87 10 - * 10 -
2] z°] E % 5 ° ]
o = -
=2 = ] 5 4
& Ta 4 - £ é g 2 °
E 3 g 5 g4 g 41
i = 2 = 2 4 o ®
o =) o 2 4 v 2 4
3 = & 8
0 - 0 - 8 0 A 5 0
21% 30% 02 21% 30% 02 - 21% 30% 02 B 21% 30% 02

Figure 7 Long-term effects of elevated oxygen supply on kernel growth. Kernels were cultivated in vitro from 10 to 27 days after pollination under
either control (21 vol% of oxygen) or High-O, conditions (30 vol%). A, An MRI-based three-dimensional model showing embryo and endosperm
(upper panel) and distribution of the water-specific signal (color-coded) in virtual cross sections through these kernels (lower panel). All images were
digitally extracted for comparison, and use the same scale bar and color code. (B and C) Gravimetric analysis of water content (B) and dry weight (C)
of kernels. D, Biomass fractionation for endosperm (ES) and embryo (EMB); please note that y-axis is set to 40%. E, Fresh and dry weight of separated
endosperm and embryo fractions. F, Abundance of ">C and "N isotopes in separated endosperm and embryo fractions following feeding with la-
beled sugars/amino acids. Data in B-F are means =+ standard deviation (n = 8-10 individual kernels). * indicates statistical significance according to
t-test (P < 0.05); ns=not significantly different.
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elevations in oxygen supply enhance progression of kernel
development, which includes a shift in assimilate partitioning
favoring embryo growth.

Discussion

Structural features shaping oxygen dynamics in the
developing maize kernel

Respiration is generally the major sink for oxygen in plant tis-
sues. How then does the intensely respiring embryo avoid
oxygen depletion, while hypoxia develops in the endosperm?
The reason includes prominent impacts of structural ele-
ments of the kernel and their physical parameters, which ei-
ther constrain or accelerate gas diffusion and therewith
control oxygen supply and are summarized in Movie 1. We
identified the following core elements: (i) A previously un-
known but well-developed void space is present in the basal
region of maize kernels (Figure 3). Analysis of this porous
layer by u-CT and further modeling clearly revealed its high
diffusivity and quantified its relevance for the overall oxygen
balance. (ii) Although the outer cuticula of the pericarp was
expected to be the relevant barrier to gas exchange, oxygen
profiling and modeling revealed instead, that the endosperm
itself constitutes a major limitation to diffusion (Figure 2).
(ii) A potential barrier identified here is a lipidous layer
found to enclose the entire endosperm except at the placen-
tal chalazal region (Figure 4). These epidermal (aleurone)
cells are known to accumulate storage lipids but are appar-
ently tightly associated with layers of cutin and wax
(Figure 4, D and E). Such lipid polyesters are known for their
capacity to form a protective barrier that hampers gas diffu-
sion (Lendzian, 1982; Borisjuk & Rolletschek, 2009). The pro-
gressive crushing of nucellar cells (and inner integument)
could have contributed some or all of this barrier material
(Johann, 1942; Leroux et al,, 2014). The rapid onset of this
stage in nucellar maturation and its programed cell death
also corresponds to enhanced kernel size and starch storage
(Sun et al, 2022). The impact of this layer is further sup-
ported by oxygen profiling during early growth phases
(Supplemental Figure S3), which indicated a barrier at the
endosperm-nucellus interface. Please note that lipidous
layers are not just a potential barrier to gas exchange but
can act as barrier to water movements (thereby restricting
uncontrolled water loss). Finally (iv), gradients in water and
starch content form during late stages of endosperm devel-
opment and inevitably induce gradients in oxygen solubility
and diffusivity. High local starch content (displacing water)
therefore contributes to steep O, concentration gradients
in endosperm.

The well-hydrated chalazal endosperm remains well oxyge-
nated via the porous basal layer (void network) throughout
the grain-filling phase. The basal endosperm transfer layer
(mediating assimilate transfer into endosperm; Chourey &
Hueros, 2017) is therefore not exposed to the endogenous
hypoxia nearby. This conclusion is not only based on oxygen
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profiling/modeling data (Figures 2 and 3) but also implied by
evidence that the more rapid rate of kernel development at,
High-O, levels was not accompanied by increased assimilate
import (Figure 7).

Key components of metabolic acclimation to hypoxia
Hypoxia in the developing maize endosperm is a standard
state, being established from early stages onwards
(Supplemental Figure S3). This constancy of normal hypoxia
poses a challenge for assessing whether components of nor-
mal endosperm development (fluxes, expressed genes, etc.)
actually represent adjustments to hypoxia or not. The experi-
mental modulation of oxygen supply to the kernel, as applied
here, aimed to identify regulatory and metabolic elements as-
sociated with acclimation to hypoxia.

Potential keys to oxygen regulation of kernel metabolism
were revealed by the genes identified here that showed recip-
rocal responsiveness (Figure 5B and Supplemental Data Set
S1C). The importance of these observations lies in their im-
plication of roles for sensing and/or adjusting to changes in
localized oxygen availability. Among these genes is one en-
coding a VDAC2 and another for an HSP23.6, both upregu-
lated by oxygen abundance and targeted to mitochondria.
The VDAC2 is a central regulator of mitochondrial function,
controlling the metabolite trafficking between mitochondria
and cytosol, and partnering with glycolytic enzymes like
F-1,6BPase (Kanwar et al., 2020). The VDACs can also regulate
mitochondrial Ca®* homoeostasis, and transport reactive
oxygen species (ROS) from mitochondria to the cytosol.
The HSP23.6 has a role in control of the electron transport
chain and respiratory activity (Ma et al., 2019). Network rela-
tionships with the HSP23.6 indicated that its regulation was
closely associated with that of other low-oxygen-responsive
genes (Figure 5C). In the maize kernel, both VDAC2 and
HSP23.6 likely function in balancing mitochondrial activity,
thereby contributing to not just metabolic acclimation, but
also mitochondrial functions as sensors of stress and signal-
ing hubs (Meng et al., 2020).

The prime importance of mitochondrial adjustments is
further seen by substantial shifts of GABA-shunt intermedi-
ates upon low-oxygen treatment. Rising levels of oxogluta-
rate and GABA are consistent with GABA-shunt activity,
but an open loop is indicated in the present instance by their
accumulation together with that of 4-hydroxybutyrate.
Accumulation of this compound has been observed also in
other systems (Shelp et al, 2017), and likely results from
the induction of 4-hydroxybutyrate dehydrogenase upon
hypoxia (Breitkreuz et al., 2003). This would be accompanied
with provision of NAD(P) needed for accelerated glycolysis
(relevant under hypoxia). An incomplete GABA-shunt pro-
vides a means of redox (NAD/NADH) balancing, and 4-hy-
droxybutyrate functions in oxidative stress tolerance. Genes
relating to the GABA-shunt or TCA cycle were not respon-
sive to the elevated oxygen treatment, nor were those encod-
ing enzymes of glycolysis, gluconeogenesis, or sucrose
metabolism (while the intermediates sucrose-6-P and

€202 Joquieydas | | Uo Josn Aleiqr Jo)usD 90usIdS YlieaH BPLOIS JO ‘N AQ Z£€6669/892 1/2/26 L /I0IMe/sAyd|d/woo dno-olwapeoe)/:sdjy WwoJy papeojumod


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad038#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad038#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad038#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad038#supplementary-data

Effect of hypoxia on maize kernels

pyruvate were responsive). We conclude that in the maize
kernel, most regulation of these pathways appears to be post-
transcriptional. This scenario differs from that of transient
hypoxia in maize roots (Sanclemente et al,, 2021), but is con-
sistent with previous suggestions that respiration and other
central metabolic pathways are controlled to a great degree
at the post-transcriptional level (Plaxton & Podesta, 2006;
Schwender et al,, 2014; Hackett et al., 2016).

The Low-O, treatment applied here failed to induce accu-
mulation of standard fermentation products (Figure 6),
though transcriptional upregulation was evident for alcohol
dehydrogenase (Supplemental Figure S8). An avoidance
mechanism may be operating, and the transient accumula-
tion of caprylate could be part of it. In other systems, capryl-
ate produced as a by-product in hypoxic conditions is
considered a fermentation inhibitor (reducing the formation
of the toxic intermediate acetaldehyde; Licek et al, 2020).
Although speculative, the early transient rise in caprylate
could present a signal, blocking the onset of ethanolic fer-
mentation activity in the kernel. Caprylate and other short-
chain acids could also act as enhancers of ethylene action
(Friedman et al,, 2003), which in turn is a core component
of the hypoxic plant response. Redox modifications of alco-
hol dehydrogenase proteins (Dumont et al., 2018) could con-
tribute to alternative means of avoidance.

High-O, had a modest impact on the number of respon-
sive genes, but caused a more rapid rate of kernel develop-
ment, as evidenced by progressive desiccation (Figure 7).
The most prominently downregulated gene under High-O,
was a BAX inhibitor-1. In Arabidopsis, this gene suppresses
programed cell death (PCD) (Watanabe and Lam, 2008).
The downregulation of this inhibitor in maize kernels could
thus lead to an earlier onset of PCD, a characteristic feature
of maturing endosperm. Another marker of more rapid ker-
nel development under High-O, was the upregulation of an
o-zein 3 storage protein typically expressed during late stages
of maturation (Stelpflug et al, 2016). Oxygen treatment
caused a reciprocal-response for the gene encoding
ADP-glucose pyrophosphorylase (upregulation at High-O,),
as well as for ADP-glucose. Given that ADP-glucose synthesis
is rate limiting for starch synthesis in maize (Hannah and
Boehlein, 2017), our findings imply an elevated synthesis
rate for starch at High-O,. This was also detectable under
long-term conditions (Figure 7D).

Hypoxia signaling elements operating in the maize kernel

Oxygen responsiveness was demonstrated here for key ele-
ments controlling the oxygen-dependent branch of the
N-end-rule pathway. These included RAP2.2 and Plant cyst-
eine oxidase 1. The latter protein appears kinetically tailored
to act as an oxygen sensor (White et al, 2018). In addition,
other candidate signaling genes were evident, such as guany-
lyl cyclase 1 (induced under low oxygen). The encoded en-
zyme generates the second messenger, cyclic GMP,
providing a link to myriads of signaling opportunities includ-
ing plant hormones, phosphodiesterases, protein kinases,
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Ca’" and nitric oxide (Duszyn et al, 2019). Cyclic GMP can
also bind to ion channels with predicted oxygen-sensing cap-
acity (Wang et al., 2017).

At the hormonal level, we observed an induction of
1-aminocyclopropane-1-carboxylate oxidase15 under low oxy-
gen, and thereby a potential induction of ethylene synthesis.
Auxin metabolism was clearly affected. The conjugate
IAA-Asp, destined for catabolic metabolism, showed a strong
reciprocal responsiveness (Figure 6). Auxin turnover can be
very rapid (~10 min; Fukui et al, 2022), and auxin-conjugating
enzymes are known to link growth regulation with stress adap-
tation (Park et al,, 2007). In maize kernels, low-oxygen-induced
IAA degradation was accompanied by transcriptional downre-
gulation of SMALL AUXIN UP RNAS55 (SAURS5), localized to
mitochondria. The SAUR proteins provide a functional link
to Ca** signaling which is integral to hypoxia signaling.
Potential effects include auxin-induced cell expansion, cell cy-
cle, transcription of zein coding genes, and others (Bernardi
et al, 2019). Neither abscisic acid (ABA) nor its intermediates
could be detected in the maize kernel, and other indications
on ABA metabolism were rather indirect. Allantoin and al-
lantoate, presumably from urate (nucleotide) degradation, ac-
cumulated at Low-O, as did transcript levels for NCED3 and
viviparous14. Allantoin has been implicated in the induction
of NCED3 and subsequent rises in ABA levels (Watanabe
et al, 2014). However, oxygen availability could still limit
ABA synthesis due to the role of O, as substrate in the dioxy-
genase reactions of NCEDs. Alternatively, allantoin and allanto-
ate could also result from nucleotide salvage accompanying
the mRNA turnover during transcriptional reprograming.

Reactive oxygen species are another class of oxygen signal-
ing elements. A surplus of oxygen was previously shown to
raise respiratory activity of maize kernels (Rolletschek et al,,
2005), and thereby the inevitable production of mitochon-
drial ROS. Although ROS levels in kernels have not been stud-
ied here, High-O, treatment completely exhausted the
ascorbate pool within hours, a response indicative of elevated
oxidative stress. The upregulation of HSP23.6 under High-O,
is consistent with oxidative stress, since this protein causes a
decrease in cytochrome oxidase activity but aids increase in
the alternative oxidase pathway (Ma et al., 2019). Such redir-
ection of flux would decrease mitochondrial ROS production
to some extent.

Collectively, the importance of our findings are four-fold:
(1) we demonstrate that severe hypoxia is the standard state
for endosperm in modern maize and its non-domesticated
wild relatives, (2) we show the ‘where, when and why’ of hyp-
oxia establishment in endosperm, and (3) uncover the mo-
lecular and biochemical mechanisms associated with
acclimation to and maintenance of hypoxia (Figure 8).
Finally (4), we demonstrate that oxygen supply takes effect
on the kernel's developmental progression. In other words,
hypoxia slows down the development of the maize kernel
and this needs to be further investigated.

In addition, the data set presented here provides oppor-
tunities for further research. For example, the 3D kernel
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Low-oxygen micro-environment:
-- Elements of acclimation

Sensing and signaling:
Core hypoxia genes (RAP2.2; PCOT)
Cyclic nucleotides (guanylyl cyclase 1)
Auxin conjugation/degradation (IAA-Asp)
Bax inhibitor-1 (PCD-related)

Biosynthetic flux:
Post-transcriptional flux control
Flux into starch (AGPase)

Mitochondria altered:

GABA shunt redirected
Homeostatic energy/redox control

Figure 8 Schematic representation of systems for oxygen and sugar delivery during grain-fill in maize, and core elements for hypoxic acclimation.
Left panel: A void space network (in blue) provides a path for oxygen movement to BETL (red) and embryo (yellow) allowing fully aerobic metab-
olism at these localized sites. The void space includes hydrated cell walls and other portions of the assimilate transport path. In contrast, oxygen
supply to most of the endosperm is constrained by its low gas diffusivity and additional diffusion barriers covering the endosperm. Right panel: Local
oxygen status in the endosperm is sensed, signaled, and adjusted by reciprocally responsive elements, alterations to biosynthetic pathways, and
altered roles of mitochondria. Key players implicated in respiratory control are a VDAC2 regulatory transporter and a HSP23.6 master modulator
of electron transport. Abbreviations: AGPase (ADP-glucose pyrophosphorylase); GABA (4-aminobutyrate); HSP23.6 (23.6-kDa Heat-Shock Protein);
IAA-Asp (indole-3-acetyl-aspartate); PCD (programed cell death); PCO1 (Plant cysteine oxidase 1); RAP2.2 (RELATED TO APETALA2.2); VDAC2

(Voltage-Dependent Anion Channel 2).

models and the respective water maps (Figure 1) can be em-
ployed for understanding the maturation program, sink-
source relations, and establishment of desiccation tolerance.
Water loss is recognized as a general marker for maize kernel
development (Sala et al.,, 2007), but the hydration/dehydra-
tion pattern of kernel tissues are an untapped resource.
We show that tissue dehydration is a gradual process, which
already starts during early grain filling, and occurs in an
organ- and tissue-specific manner. The local onset of storage
product deposition in apical endosperm is one obvious rea-
son (as it inevitably reduces the portion of water per total tis-
sue volume); in addition, cell size and other features might
also play a role. The 3D models and water maps could be
used to analyze fluid transfer capabilities, surface areas, vo-
lumes, and the proposed tidal ebb and flow of kernel fluid
(Koch and Ma, 2017), all having relevance for assimilate sup-
ply and sink strength of the maize kernel. We propose that
MR, diffusivity modeling and other topological approaches
can provide avenues for addressing long-standing questions
in maize biology.

Materials and methods

Plant material and growth conditions

Plants were cultivated in a greenhouse under natural light
supplemented with lamps to provide a 16/8 h photoperiod
and an approximate light intensity of 800 umol photons
m~> second”'. Temperature was controlled at 23°C (day)
and 18°C (night). Plants were hand-pollinated for determin-
ation of developmental stages (days after pollination, DAP).
Genotypes used in this study were the following: B73 (Zea
mays), a teosinte morpho-type Tripsacum dactyloides
(IPK-Genbank; accession number Zea 800), a perennial teo-
sinte species Zea perennis (ZEA 832), popcorn type Zea
mays subsp. everta var. purpuornis (ZEA 1166), mutant
sweet4C (provided by Karen Koch, UF Gainesville), Waxy
Maize A, a waxy-type corn Zea mays subsp. ceratina (ZEA
218), sweet corn (Zea mays subsp. saccharata var. dulcis, cv.
Dippes Zuckermais and E-Mu-njan), and two glossy6 mutant
lines (Maize genetics stock center #313A (line gl6) and
#M841H (line gl6 wx1).
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MRI experiments

MR imaging experiments were performed on the Avance
Il HD 400 MHz NMR spectrometer (Bruker Biospin,
Germany). Three-dimensional (3D) water and lipid images
were generated by using a chemical shift-selective spin-echo
sequence as described in Munz et al. (2016). The water and
lipid signals were acquired in an interleaved scheme.
Chemical shift-selective calculated pulses were used for glo-
bal excitation and refocusing of water or lipid protons. For
generating the water images, the pulses were applied reson-
ant on the water frequency, and with an offset of —1400 Hz
for the lipid images. The field of views of (13 X8 X 8) mm,
(11X 7.5%7.5) mm and (11X9X9) mm were adjusted to
the kernel size. The matrix sizes were correspondingly chosen
as (260X 160 X 160), (220x 150% 150) and (220X 180 X
180), so that an isotropic resolution of 50 um for every water
and lipid image was achieved. The echo times (TE) were set as
short as possible (7.5, 6.7 and 6.7 ms) to minimize signal re-
duction due to T2 relaxation. Repetition times of 850, 950
and 650 ms were used, so that the total measurement time
for each of the three samples was around 24 h. The signal
was averaged over four times to maximize signal-to-noise ra-
tio. The processing of the NMR data was carried out using
Matlab (MathWorks), the visualization of maize kernels
was performed with AMIRA software (FEl Visualization
Sciences Group). Three kernels per stage were analyzed.

Fourier transform infrared microspectroscopy

Kernel samples were frozen in liquid nitrogen and embedded
in Tissue-Tek cryomolds and cryo-sectioned (3—12 um) with
a cryotome CryoStar NX7 (Thermo Fisher Scientific, Dreieich,
Germany) according to Kawamoto et al. (2021) using adhe-
sive foils. Tissue sections were lyophilized and stored in dark-
ness at room temperature until analysis. Imaging was
performed using a Hyperion 3,000 Fourier transform infrared
(FTIR) microscope (Bruker Optics, Ettlingen, Germany)
coupled to an Invenio S FTIR spectrometer (Bruker Optics)
with an internal mid-infrared source. The focal plane array
detector (64 X 64 pixel) was used in ATR mode. The imaging
system was purged with dry air continuously. FTIR images
were recorded in the spectral range of 3900 cm™' to
800 cm ™' at a spatial resolution of 2—4 pm and a spectral
resolution of 6 cm™" using a 20X (0.5 um digital resolution)
infrared magnification ATR objective (Bruker Optics). Each
spectrum comprised 64 coadded scans. A reference of a sin-
gle focal plane array window in the empty light path was ac-
quired before image acquisition and automatically
subtracted from the recorded image by the software OPUS
(Bruker Optics). Atmospheric absorptions of water vapor
and CO, were corrected by OPUS during image acquisition.
Target regions were selected according to the visual image
and spectra were exported into Matlab (2019b, The
Mathworks Inc, USA). Exported spectra were vector-
normalized in preparation for modeling. Representative spec-
tra of waxes, cutin and polysaccharides (carbohydrates) were
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taken from Heredia-Guerrero et al. (2014). These were mod-
eled into the exported tissue spectra using the spectral region
of 3700-2600 cm ™" to identify compositional representation
of features by a constrained least squares fitting function. The
predicted coefficients were used as an indicator for the dom-
inance of associated features.

Short-term oxygen treatment in planta

At 18 DAP, kernels on an intact ear (enclosed within a trans-
parent plastic chamber) were aerated with gas mixtures
(combined by a multi gas controller, PCU10 MIX 2K, HTK
Hamburg, Germany) containing either atmospheric oxygen
levels (21 vol%), 30 vol% oxygen or 10 vol% oxygen. The
same procedure was tested and applied earlier (Rolletschek
et al. 2005). Oxygen concentration inside chambers was
checked for accuracy using microsensors (NTH-PSt7-02 nee-
dle sensor connected to Microx-4, PreSens GmbH,
Regensburg, Germany) placed inside the chamber.
Time-course samples were harvested after 30 min, 2, 4, 8,
12 and 24 h of treatment. Each sample was frozen in liquid
N, and stored at —80°C until analysis. For each time point,
there were five biological replicates used for metabolite ana-
lysis and three to five used for RNA analysis. Each replicate
sample consisted of at least three kernels. The experiment
was started at 8 am, and all sampling was done during the
light phase of diurnal growth.

Long-term oxygen treatment in vitro

The High-O, treatment was applied to kernels grown in vitro
during the developmental period of 10 to 27 DAP. For the
culture, cobs were harvested at 5 DAP and up to 15 kernels
were dissected under sterile conditions as in Gengenbach
and Jones (1994). Individual kernels attached to cob seg-
ments were transferred to in vitro culture tubes (Duchefa
Biochemie, Netherlands) each with a sterile 2 cm deep block
of rock wool (Grodan Vital, Grodan, Canada). Two ml of cul-
ture medium was used in each tube and the explants were
embedded into the rock wool. The medium was prepared
following Glawischnig et al. (2000), and contained per liter
80 g of sucrose, 4.33 g of Murashige-Skoog salts, 2 g of Asn
monohydrate, 400 pg of thiamine hydrochloride, and
10 mg streptomycin sulfate, or, for the labeling experiment,
2.5% of the sucrose as '>C,-sucrose and 2 mM '"°N,-Gln.
Medium was adjusted to pH 5.8 before sterile filtration.
Explants were incubated at 23°C in the dark for five days
using isotope-free media. After this period, the kernel seg-
ments were transferred to fresh trays and incubated for an
additional 17 days at 23°C/18°C (day/night). Sample trays
were kept inside chambers aerated with gas mixtures
containing either atmospheric (21 vol%) or elevated
oxygen levels (30 vol%). Oxygen concentration inside the
chamber was continuously monitored using microsensors
(NTH-PSt7-02 needle sensor, PreSens GmbH). After 17 days
of treatment, kernels were removed, directly frozen in liquid
N,, and stored at —80°C until analysis. In the experiment with
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labeled substrates, embryos and endosperms were separated
and weighed before freezing in liquid N.,.

Microsensor experiments and histology

Oxygen profiling was done using oxygen-sensitive microsen-
sors in a procedure described earlier (Rolletschek et al., 2005).
After measurement, the kernel was dissected along the mea-
sured transect, and imaged photographically. Starch staining
with lodine-potassium iodide solution was done as in
Rolletschek et al. (2005). At least three individual kernels
were measured per stage and genotype.

Respiratory assays

For analyzing embryo- and endosperm-specific respiration
rates, we used a fluorescence ratiometric-based method
(Tschiersch et al., 2012). Briefly, the kernel was cut in two
halves and an oxygen-sensitive sensor foil was placed on
the sample surface. Based on the localized change in fluores-
cence signal (= oxygen concentration) over time, the
local oxygen consumption (characteristic of embryo and
endosperm) was estimated for five individual kernels.
Respiratory activity of intact kernels was measured as oxygen
uptake rate of kernels placed in wetted, gas-tight vials (Munz
et al, 2017). Rates of respiratory oxygen uptake were deter-
mined for five individual kernels from the change in sensor
signal over time using linear regression models normalized
to kernel fresh weight.

Biochemical analysis

Frozen kernels (five biological replicates each consisted
of three kernels) were used for metabolite profiling,
applying the procedure exactly as in Radchuk et al. (2021).
In short, metabolic intermediates were extracted using
methanol-chloroform-water mixtures. Soluble sugars were
measured using ion chromatography coupled to ampero-
metric detection (Guendel et al, 2018). All other intermedi-
ates were measured by ion chromatography (1C5-5000") and
UPLC (Vanquish Focused), both coupled to QExactivePlus
hybrid quadrupole-orbitrap mass spectrometer (all instru-
ments from Thermo Scientific, Dreieich, Germany).
Chromatographic and detection schemes are given in
Supplementary Method S1. Further details on batch process-
ing and compound identification using the untargeted meta-
bolomics workflow are given in Radchuk et al. (2021). Ethanol
content in frozen, pulverized material was determined fol-
lowing extraction with tri-n-butyl phosphate using a photo-
metric assay based on dichromate oxidation (Seo et al., 2008).
The contents of starch, lipid, protein, and ash were measured
in freeze-dried pulverized samples using a near-infrared spec-
troscope (MPA; Bruker), calibrated according to the suppli-
er’s protocol.

p-CT and data analysis

Fresh kernels (B73) were scanned using a Phoenix Nanotom S
p-CT system (General Electric, Heidelberg, Germany) on a
12-bit 2304 X 2304 detector with voxel resolutions of 5 um
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at 55 kV and 229 kA. In total, 1,600 projection images were
captured per sample (two kernel samples in total) with an
average of two scans per projection and an exposure time
of 500 ms, resulting in 27 min scanning time for each sample.
The X-ray shadow projection images were reconstructed
using a mathematical algorithm based on the filtered back-
projection procedure implemented in the Phoenix CT
Software (GE inspection Technology, Germany).

Oxygen diffusivity of porous pericarp

Three small regions (200 x 200 X 200 pum?) of the porous
pericarp from each X-ray reconstructed image stack of maize
kernels were cropped and segmented into cells and intercel-
lular spaces using Otsu’s thresholding to create a three-
dimensional (3D) geometric model of the tissue and used
to compute the effective oxygen diffusivity using a voxel-
based numerical diffusion model (Ho et al, 2011). In the si-
mulations, an oxygen concentration difference of 2 kPa was
applied over the thickness of the 3D tissue geometry. Cells
and air spaces were assigned oxygen diffusivity values of
water and air, respectively. The diffusion flux through the tis-
sue was computed, and the effective oxygen diffusivity was
calculated using Fick’s law of diffusion from the flux and
the applied oxygen concentration gradient over the tissue
sample.

Porosity estimation

The porosity of tissues was calculated from the original p-CT
images (at 5 um voxel resolution), where Porosity = volume
of pore space/volume of whole tissue type. If no pores
were evident at tissues at the given resolution, we indicated
0% porosity for them.

Reaction—diffusion modeling of oxygen transport in maize
kernel

To save computational memory and time, the voxel size of
the reconstructed X-ray images was increased from 5 pm
to 40 um. The p-CT scan of a maize kernel was segmented
to obtain a volumetric geometrical model of the kernel dis-
tinguishing the different tissues including outer pericarp,
porous pericarp, embryo, and endosperm. Resolution down-
sizing and segmentation of p-CT images were conducted in
Avizo 2020.1 (Thermo Fisher Scientific, Waltham, USA). A
gradient image of the porous pericarp region and the remain-
ing regions was created by a texture classification operation
on one image slice, then the gradient image was used for
watershed segmentation of the 3D stack to obtain the por-
ous pericarp region. The embryo region was manually seg-
mented using interpolation and warping operations. A
reaction—diffusion model was applied to simulate the oxygen
distribution in the intact maize kernel resulting from diffu-
sion and respiration, subjected to atmospheric boundary
conditions (21 kPa oxygen at 25°C) to the surface of the ker-
nel. Effective diffusivity values were assigned to the different
tissues. The anisotropy of the oxygen diffusivity with each
region was neglected. The computed effective oxygen
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diffusivity was applied to the porous pericarp region.
Diffusivity of the embryo was computed assuming it a simple
porous material, of which the effective diffusivity has a
weighted value of diffusivity in gas and water balanced by
porosity (Nugraha et al., 2021). The porosity of the embryo
was computed from the segmented high-resolution p-CT im-
age and was found to be very low (0.026%). In the endo-
sperm, the high local content of starch was accounted for
(Zhang et al,, 2016) by using an approximate oxygen diffusiv-
ity value (1.0x 107" m? s™') (Arvanitoyannis et al,, 1994).
Gradients in embryo diffusivity due to variations in starch
and water content were explored, but these did not affect
the overall oxygen gradients in the kernel. The diffusivity of
the outer pericarp was difficult to obtain. Therefore, the sen-
sitivity of the oxygen distribution to the value of the diffusiv-
ity of outer pericarp was evaluated using simulation with a
range of values (50X 107° to 1.0x10~"" m? s™"). Finally,
the diffusion resistance of the lipidous layer around the
endosperm was not taken into account because (1) it is
very thin while the resistance of the starchy endosperm is al-
ready high due to its very low diffusivity and thickness, and
(2) there is a lack of permeability data of the layer.
Indicative values of oxygen diffusivity have been reported
for pear fruit peel (containing a cutin layer on top of dense
epidermis and hypodermis) as 1.9+0.7x 10~ m*> s™' (Ho
et al,, 2008). This value is higher than that of the endosperm
and in the range of pericarp values. Still, the lipidous barrier
that becomes established during development is likely enfor-
cing the hypoxic state of endosperm as it is predicted by the
model.

The respiratory oxygen consumption was modeled by
means of a Michaelis-Menten model with consumption rates
determined in the oxygen sensor experiment. The mitochon-
drial K,,, value was assumed to be equal to 0.14 pM (1.02 X
1072 kPa) (Verboven et al,, 2013). The 3D model of the maize
kernel was developed, and the reaction—diffusion model
equations were solved using a finite volume method imple-
mentation in Matlab (Ho et al,, 2011).

RNA extraction and Rt-qPCR

Total RNA was isolated from kernels (18 DAP) using Trizol/
chloroform, purified by RNeasy Plant Mini Kit (Qiagen) and
treated with DNase | (New England Biolabs). RNA of
800 ng were used for cDNA synthesis. One pl of the cDNA
was applied as a template for RT-qPCR with CYBR green
(Invitrogen). Primers for six hypoxia-core genes (Gasch
et al, 2016) were created using Primer3 (primer3.ut.ee)
(Supplemental Table S1). Specificity and efficiency of primers
were checked via melting curve analysis. The PCR reaction
was performed after an initial denaturation at 95°C/120 s fol-
lowed by 40 cycles of 95°C/15s, 58°C/30s, 72°C/60 s.
Estimates of transcript abundances, based on four biological
replicates, each represented by three technical repetitions,
were derived by applying the 272" method (Livak and
Schmittgen, 2001). The reference sequence was the house-
keeping gene actin1 (gene ID GRMZM2G126010).
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Library construction and RNA-seq

RNA was extracted from the maize kernels at 18 DAP (five
biological replicates with three kernels each) as described
above. The libraries were produced using the TruSeq RNA
Kit (lllumina, San Diego, USA) following the manufacturer’s
instructions and sequenced using an lllumina HiSeq™
2,500 device.

Data from RNA-seq were analyzed using the Galaxy plat-
form (Goecks et al,, 2010) on the UF HiPerGator supercom-
puting system. For quality control, raw reads were trimmed
and processed by Trimmomatic and checked with FastQC.
Reads passing quality control were mapped and aligned to
the B73 reference genome (version 4) with HISAT2.
Alignments were assembled by StringTie with reference an-
notations from the B73 maize inbred. After initial assembly
of these mRNAs, StringTie-merge was used to generate a
transcriptome database representing all transcripts from
the reference genome that were also present in any of the
samples studied here. This database thus included the map
location and origin of each transcript. Annotations were fur-
ther checked using GFFcompare. To identify transcripts dif-
ferentially expressed between the control and Low-O, or
High-O, treatments, FeatureCounts was used to quantify
reads per transcript and DESeq?2 to test differential expres-
sion. Default settings were used in all applications. Heat
maps were constructed using Heatmap2. Kernel tissue ex-
pression data were from Doll et al. (2020). Pathway enrich-
ment analysis and visualization were done as described by
Reimand et al. (2019). The gene co-expression network was
constructed as per Sanclemente et al. (2021).

Statistics

Mathematical calculations were performed using Excel 2019
(Microsoft Corp., Redmond WA, USA), and statistical ana-
lyses using either software MATLAB (version R2019b,
http://www.mathworks.com) or RStudio (v. 1.2.5042).
Statistical tests (P<0.05) and replicate numbers are as
shown in figure legends. For parametric tests, normal distri-
bution was tested using Quantile-Quantile-plots (RStudio,
package: ggpubr 0.3.0); variance homogeneity was tested
using Levene’s test (RStudio, package: car 3.0-7). Test results
are given in Supplemental Data Set S5.

Accession numbers

The RNA-seq raw data sets have been registered in NCBI un-
der the following accession numbers: PRINA823922; Voltage-
depend anion channel protein2 (Zm00001d038840);
23.6 kDa Heat-shock protein (Zm00001d044874).

Supplemental data

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

Supplemental Figure S1. Starch accumulation and water
content in developing maize kernels (Supports Figure 1).
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tration profiles determined in developing kernels of B73
(Supports Figure 2).
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Figure 3).
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