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1 | INTRODUCTION

Oxygen and aeration limitation is a common aspect of plant life. It is
found in dense, compact, and highly active tissues, but also at high

elevation, atmospheric pressure can drop significantly. A well-known

Juan de la Cruz Jiménez2 ® |

Sophie Lichtenauer?®

Abstract

Limited aeration that is caused by tissue geometry, diffusion barriers, high elevation,
or a flooding event poses major challenges to plants and is often, but not exclusively,
associated with low oxygen. These processes span a broad interest in the research
community ranging from whole plant and crop responses, post-harvest physiology,
plant morphology and anatomy, fermentative metabolism, plant developmental pro-
cesses, oxygen sensing by ERF-VIIs, gene expression profiles, the gaseous hormone
ethylene, and O, dynamics at cellular resolution. The International Society for Plant
Anaerobiosis (ISPA) gathers researchers from all over the world contributing to
understand the causes, responses, and consequences of limited aeration in plants.
During the 14th ISPA meeting, major research progress was related to the evolution
of O, sensing mechanisms and the intricate network that balances low O2 signaling.
Here, the work moved beyond flooding stress and emphasized novel underexplored
roles of low O2 and limited aeration in altitude adaptation, fruit development and
storage, and the vegetative development of growth apices. Regarding tolerance
towards flooding, the meeting stressed the relevance and regulation of developmen-
tal plasticity, aerenchyma, and barrier formation to improve internal aeration. Addi-
tional newly explored flood tolerance traits concerned resource balance, senescence,
and the exploration of natural genetic variation for novel tolerance loci. In this report,
we summarize and synthesize the major progress and future challenges for low O,

and aeration research presented at the conference.

KEYWORDS
aerenchyma, ethylene, fermentation, flooding, hypoxia, mitochondria

cause of low aeration is flooding, which is common to many ecosys-
tems. However, due to climate change, the frequency and intensity of
rainfalls have and continue to increase dramatically (Hirabayashi
et al., 2013), affecting ecosystems and imposing tremendous yield

losses for flooding sensitive crops. These are troubling developments
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for our capacity to ensure food supply for an increasing world popula-
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tion. Unfortunately, most crops are not tolerant to floods. Further-
more, low oxygen tolerance is important for post-harvest physiology.

During flooding, the pore spaces in soils are filled with water, and
the plant shoots can become submerged. Gas diffusion in water is
approximately 10,000 times slower than in air. Thus, flooding seri-
ously impairs gas exchange between the plant and the environment.
Additionally, oxygen (O,) in the soil is rapidly consumed by microor-
ganisms and roots, which creates an anoxic environment. Low O,
availability during flooding seriously impairs plant function
(Voesenek & Bailey-Serres, 2015). In addition, the leaves of sub-
merged plants face reduced availability of carbon dioxide (CO5), which
leads to compromised photosynthesis and carbon starvation. This is
often aggravated by murky water with low light penetration (Loreti
et al. 2016). Bulky or compact tissues, such as fruits, seeds, and
tubers, suffer similar O, availability problems caused by diffusion limi-
tations (van Dongen & Licausi, 2015). A lack of oxygen, the major
electron acceptor at the mitochondria, drastically impairs redox bal-
ance and ATP generation. Hypoxic tissues will need to switch to inter-
nal organic electron acceptors, as implemented by ethanol and lactate
fermentation to maintain redox balance and ATP regeneration. Addi-
tionally, O, gradients and hypoxic niches in the plant play a key role in
directing plant development, such as seedling establishment, meristem
activity, and organ formation (Weits et al., 2021). Diffusion limitations
also prevent the gaseous hormone ethylene to escape the plant, and
therefore, ethylene is a powerful and reliable signal of aeration status
that stimulates processes like adventitious rooting and aerenchyma
formation (Loreti et al. 2016).

The International Society for Plant Anaerobiosis (ISPA) aims to
understand the causes, responses, and consequences of limited aera-
tion in plants and seeks to identify mechanisms through which plants
acclimatize, adapt, or exploit an altered aeration status. At this year’s
society conference, held on 25-29 September 2022 at Kloster Banz,
Germany, the recent research developments were shared. In this
report, we highlight the key themes, progress, and challenges that
were addressed. These include (1) the evolution of O, sensing in and
beyond the plant kingdom; (2) the intricate network that balances low
O, signaling; (3) the relevance of O, in development of fruit, new
organs, and seedling establishments; (4) developmental plasticity to
improve flood tolerance by improving aeration or resource balance;
and (5) the exploration of natural variation in low O, responses within
and beyond crops.

2 | OXYGEN SENSING AND SIGNALING
ACROSS KINGDOMS

In flowering plants, molecular O, signaling occurs via the O,-
dependent stability of group VII of the ethylene responsive factor
family (ERF-VIIs), which are constitutively expressed transcription fac-
tors with a conserved N-terminal motif starting with Met-Cys
(Nakano et al., 2006). This N-terminus makes them a target of the
Cys-Arg branch of the N-degron pathway in the presence of O, and

nitric oxide (NO). The ERF-VII fraction that is free in the cytosol
undergoes a series of enzymatic reactions where the initiating Met is
removed through the activity of METHIONINE AMINOPEPTIDASE
(MetAP) to reveal Cys (Gibbs et al., 2011; Licausi et al., 2011). The
amino-terminal Cys is then oxidized by PLANT CYSTEINE OXIDASEs
(PCOs) and converted into cys-sulfinic acid (Weits et al., 2014; White
et al., 2017). This modified N-terminal enables the subsequent Nt-
arginylation by ARGININE TRANSFERASE (ATE), which is then recog-
nized by ligase PROTEOLYSIS 6 (PRT6) to ubiquitinate the ERF-VIls
and targets them for proteasomal degradation (Graciet &
Wellmer, 2010). Together with O,, NO is also required for degrada-
tion of Met-Cys substrates in plants; however, it is yet unknown
which component of the N-degron pathway functionally depends on
the presence of NO (Gibbs et al.,, 2014; Holdsworth et al., 2020).
Simultaneously, ACYL-CoA BINDING PROTEINS 1 and 2 (ACBP1/2)
can sequester some ERF-VIIs at the plasma membrane and protect
them from degradation under aerobic conditions. During hypoxia, the
lack of O, prevents PCOs from oxidizing the N-terminal cysteine, and
therefore, proteolysis is averted. Additionally, the ERF-VIIs from the
plasma membrane are released. This allows the accumulation of stable
ERF-VlIs in the nucleus where they activate transcription of target
genes, which include a set of conserved hypoxia responsive genes
(HRGs) (Gasch et al., 2016; Kosmacz et al., 2015; Mustroph
et al., 2009; Reynoso et al., 2019) (Figure 1a). PCO action is not spe-
cific to the N-terminus of ERF-Vlls but also mediates the O,-
dependent stability of other Cys-terminal proteins. In plants, two addi-
tional targets of PCO have been identified, namely, VERNALISATION
2 (VRN2) (Gibbs et al., 2018) and LITTLE ZIPPER 2 (ZPR2) (Weits
et al., 2019). An N-terminal Met-Cys does not guarantee targeting for
degradation in the presence of O, and NO. Sub1A-1, an ERF-VII in
rice, is considered to remain stable because its N-terminal sequence,
containing the conserved Met-Cys pattern, physically interacts with
the Sub1A-1 C-terminus, which thereby would shield it from modifi-
cations (Lin et al., 2019).

The way in which species that are evolutionary distant from
angiosperms sense O, levels remains elusive but has gained the atten-
tion of the community in recent years, because species like bryo-
phytes often thrive in highly humid and flood-prone habitats, where
O, availability is limited. PCOs, the primary O, sensors, appeared early
during the colonization of land by plants; however, their transcrip-
tional regulation by hypoxia was only acquired later by spermato-
phytes (Weits et al., 2022). Nonetheless, PCOs of bryophytes have
been characterized as functional O, sensors (Taylor-Kearney
et al., 2022). At the meeting, Monica Perri (University of Oxford, UK)
presented work where she explored whether the bryophyte PCOs
indeed exert a role during the acclimation to low O,. Regarding the
ERF-VII N-terminal sequence, Laura Dalle Carbonare (University of
Oxford, UK) suggested that angiosperms acquired their conserved
feature (MCGGAI) in a stepwise manner along land plant evolution.
Several studies show that Arabidopsis mutants for PCOs or plants
overexpressing stable versions of ERF-VIIs have drastic phenotypes
with negative effects on the overall plant fitness and without improv-

ing plant tolerance to low O, (Licausi et al., 2011; Masson
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FIGURE 1 Comparison between the O, sensing mechanisms in plants (angiosperm Arabidopsis thaliana) and animals. (a) O, levels in the plant
cell are detected through the conditional degradation of constitutively expressed group VIl of ethylene responsive factors (ERF-VIIs) via the PCO
branch of the PRT6 N-degron pathway. In situations where O, is available in the cell, after removing the initial Met, the Cys at the N-terminus of
ERF-VIIs is oxidized to cys-sulfinic acid by the PLANT CYSTEINE OXIDASE (PCO). Sequentially, the new N-degron is arginylated by ARGININE
TRANSFERASE (ATE) and ubiquitinated by ligase PROTEOLYSIS 6 (PRT6) to be target to the 26s proteasome for degradation. A fraction of the
ERF-VIIs remains sequestered at the plasma membrane bound to ACYL-CoA BINDING PROTEINS 1 and 2 (ACBP1/2). Under hypoxic conditions,
ERF-VIlIs are released from the plasma membrane and are no longer degraded due to the inhibition of PCO by the absence of O,. Stable ERF-VIIs
translocate to the nucleus where they bind a cis-element (hypoxia responsive promoter element [HRPE]) on promoters of hypoxia inducible genes
to initiate an acclimation response. (b) Similarly, O, levels in animal cells are perceived through the HIF-PHD-VHL system. In aerobic conditions,
the HYPOXIA INDUCIBLE FACTOR (HIF) is oxidized on two conserved Pro residues by PROLYL HYDROXYLASE DOMAIN (PHD) and targeted
for proteasomal degradation by von Hippel-Lindau TUMOUR-SUPPRESSOR PROTEIN (VHL) via the addition of ubiquitin units. On the contrary,
under hypoxia, the oxygen sensor HIF is stable and translocated to the nucleus where it binds to specific hypoxia responsive promoters
containing a hypoxia responsive element (HRE). In parallel, similarly to PCOs in plants, the enzyme CYSTEAMINE (2-AMINOETHANETHIOL)
DIOXYGENASE (ADOQ) is able to oxidize exposed N-terminal Cys to cys-sulfinic acid and target substrates (e.g., RGS4, RGS5, and |1L32) for
degradation depending on the O, availability. Potential N-terminal Cys-degron transcription factor targets of ADO have not been identified

so far.

et al., 2019). Nonetheless, Emily Flashman (University of Oxford, UK)
presented how the availability of crystal structures for Arabidopsis
PCO4 and PCOS5 offers new ways to manipulate the O, sensing
mechanism by modifying the PCO affinity for O,, possibly without
interfering with plant fitness (White et al., 2020).

The monitoring of internal O, is also a well-studied feature of ani-
mal cells. Both plant and animal responses to hypoxia are based on
the O,-dependent degradation of transcription factors, but the enzy-
matic pathways and the substrates are different. The O, sensing in
animal cells was firstly discovered in 2008 by Sir Peter Ratcliffe
(University of Oxford, UK) and colleagues, and in 2019, it was
awarded with the Nobel Prize in Physiology or Medicine (Kaelin
et al., 2019). It is based on the O, sensor PROLYL HYDROXYLASE
DOMAIN (PHD), which in aerobic conditions catalyzes the hydroxyl-
ation of HYPOXIA INDUCIBLE FACTOR (HIF, two members HIF-1a
and HIF-1p). The hydroxylation of conserved Pro residues of HIF is
then recognized as a target for ubiquitination and proteasomal

degradation (Kaelin & Ratcliffe, 2008) (Figure 1b). Under hypoxia, HIF
stabilization induces transcriptional responses towards acclimation.
The convergent evolution of the two mechanisms poses important
questions regarding the advantage that such mechanisms provide to
cells in response to low O,. In 2019, the animal counterpart of PCO
was identified, namely, CYSTEAMINE (2-AMINOETHANETHIOL)
DIOXYGENASE (ADO), which has a similar enzymatic activity to that
of PCO towards animal-specific Met-Cys initiating substrates (Masson
et al., 2019). Why did animals prefer the HIF-1a-based system to
sense O, instead of the ADO-based mechanism (homologous to the
plant PCO/PRT6 O, sensing mechanism)? Vinay Shukla (University of
Oxford, UK) approached this question by swapping the sensors
between the two organisms with the future goal to design synthetic
systems to regulate responses to low O, to grasp essential properties
of O, sensing mechanisms. In conclusion, as Sir Peter Ratcliffe empha-
sized at the meeting, all eukaryotic kingdoms use protein oxidation as

a signaling mechanism; however, still very little is known about the
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inter-relationship between them. Moreover, evolutionary distant
organisms could provide a source of yet undiscovered alternative oxy-

gen sensors.

3 | DOSAGE CONTROLIN PLANT
HYPOXIA SIGNALING

The hypoxia responsive genes (HRGs) regulated by ERF-VIIs under
hypoxia include those required for fermentative metabolism essential
for energy supply and redox management and not surprisingly have
received much research attention (Mustroph et al., 2009). Activation
of HRGs via ERF-VIlIs seems straightforward. However, negative feed-
back regulation by the ERF-VII target HYPOXIA RESPONSIVE

Hypoxia

activation
release

NG

ERFVII membrane

ATTENUATOR 1 (HRA1) was previously shown (Giuntoli et al., 2014),
and strong interaction with ROS signaling networks was established
by another ERF-VII target HYPOXIA-RESPONSIVE UNIVERSAL
STRESS PROTEIN 1 (HRU1) (Gonzali et al., 2015). The work presented
at the meeting covered many novel discoveries and the expansion of
our knowledge around an intricate network of ERF-VII regulators that
could allow for precise dosage control to prevent excessive hypoxic
gene induction and match the hypoxic response to the physiological
status of the cell (Figure 2).

A first example of this dosage control of ERF-VII activity in Arabi-
dopsis was unraveled by Romy Schmidt-Schippers (Bielefeld Univer-
sity, DE) and coworkers. They showed how the ERF-VII mediated
hypoxia induction of SIMILAR TO RCD ONE 5 (SRO5) during prolonged

hypoxia leads to an inhibition of ERF-VII mediated transcriptional

ACBP1/2

Acyl-CoA

s @ )\
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FIGURE 2 Dosage control of ERF-VII signaling during hypoxia acclimation. During hypoxia, ERF-VIIs are no longer degraded via the PRT6 N-
degron pathway; in parallel, low levels of ATP (as consequence of mitochondrial dysfunction) reduce LONG-CHAIN ACYL-CoA SYNTHETASE
(LACS) activity and alter the fatty acid composition of the plasma membrane (higher ratio of C18:1-CoA over C16:0-CoA), inducing the release of
ERF-VIIs from ACYL-CoA BINDING PROTEINS 1 and 2 (ACBP1/2). These two events result in ERF-VII accumulation and translocation to the
nucleus where HYPOXIA RESPONSIVE GENES (HRGs) are activated by ERF-VIIs binding to the hypoxia responsive promoter element (HRPE)
motif in the promoter regions (as shown by the red arrows). Among the set of HRGs, those encoding for proteins involved in fermentation are
essential to provide an alternative source of ATP to the O,-dependent production by mitochondrial electron transport chain (mETC). However,
high fermentation rate leads to higher carbon consumption and eventually sugar starvation, whose dramatic effects are prevented by negative
feedback regulation (1) on the same fermentation-related HRGs. In addition, accumulation of stable ERF-VIIs is prevented over time by the
hypoxia-induced negative regulator HRA1 and PCO (which reactivates the N-degron pathway and ERF-VII degradation upon reoxygenation) and
novel feedback loops (2). Nonetheless, the hypoxia-induced PHOSPHOLIPASE D (PLD, dashed arrow), through the conversion of
phosphatidylethanolamine (PE) into phosphatidic acid (PA), activates MITOGEN-ACTIVATED PROTEIN KINASEs (MPK3/6), which leads to ERF-
VIl phosphorylation and ultimately enhances hypoxia signaling. At the same time, it inactivates PLD itself via phosphorylation (3). Low O,
conditions increase generation of reactive oxygen species (ROS), via the accumulation of HYPOXIA-RESPONSIVE UNIVERSAL STRESS PROTEIN
1 (HRU1) and mitochondrial malfunctioning. ROS accumulation triggers retrograde signaling via the cleavage of NAC transcription factors from
the ER membrane, enabling translocation to the nucleus, where it binds to a MITOCHONDRIAL DYSFUNCTION MOTIF (MDM) in promoters of
target genes. In addition, high levels of ROS inhibit novel feedback regulators (2) with effect on the stability of ERF-VIIs.
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induction of target genes. Additionally, they showed that RADICAL-
INDUCED CELL DEATH 1 (RCD1), which increases under hypoxia,
represses ERF-VIIs and other transcription factors already early in
hypoxia but is degraded in a redox-dependent manner when exposed
to ROS, a key signature of prolonged hypoxia (Pucciariello &
Perata, 2017). Regarding monocots, Ming-Che Shih (Academia Sinica,
TW) showed how the O, labile ERF-VIIs in Brachypodium distachyon
activate O, stable ERFs that in turn suppress ERF-VIIs to prevent a
runaway hypoxic response. This contrasts to the behavior of SUB1A
in rice. Here, SUB1A, an O, stable ERF-VII, stimulates the expression
of O, labile ERF-VIIs to enhance O, sensitivity (Lin et al., 2019).

ERF-VIIs are key to initiate fermentation to enable generation of
ATP during hypoxia. As fermentative metabolism has a very low ATP
yield, it requires high carbon consumption rates to be effective and
hence is limited by sugar availability. Indeed, sugar starvation
dampens the transcriptional activation of HRGs by ERF-VIIs (Loreti
et al., 2018). Alicja Kunkowska (Sant’Anna School of Advanced Stud-
ies, IT) presented evidence that a key ERF-VII in Arabidopsis is phos-
phorylated in an energy signaling-dependent manner to fine-tune
hypoxic transcriptional signaling (Kunkowska et al., 2023). In contrast,
a lack of ATP has also been proposed as a driver of ERF-VII activation
by affecting acyl-CoA metabolism such that it triggers ERF-VII translo-
cation to the nucleus (Schmidt et al., 2018; Zhou et al., 2020). Simi-
larly, Shi Xiao (Sun Yat-sen University, CN) showed that under
hypoxia, phosphatidic acid (PA) accumulation negatively affects hyp-
oxic signaling by compromising membrane integrity, but at the same
time, it triggers a phosphorylation cascade via MITOGEN-ACTIVATED
PROTEIN KINASEs (MPK3/6) to RAP2.12, which results in enhanced
hypoxic response (Zhou et al., 2022). This seeming contrast in rela-
tionship between energy starvation and activation/inhibition of ERF-
VII activity could potentially be explained by different requirements in
early and long-term hypoxia (Cho et al., 2021).

Impaired mitochondrial function and associated retrograde signal-
ing result in a strong overlapping transcriptional response compared
to O, deprivation (Meng et al., 2020; Wagner et al., 2018, 2019). The
retrograde ANAC transcription factor NAC017, which moves from
the ER to the nucleus during mitochondrial dysfunction (Ng
et al., 2013) was identified as important for flooding acclimation (Bui
et al., 2020; Meng et al., 2020). Similarly, Tilo Renziehausen and
coworkers (Bielefeld University, DE) showed that under hypoxia,
ANACO013 another retrograde signaling transcription factor (De Clercq
et al.,, 2013), is released from the ER to nucleus where it regulates key
HRGs whose promoters contain a specific mitochondrial dysfunction
motif (MDM). It is yet unclear whether retrograde signaling acts as a
parallel pathway to the classical N-degron-mediated O, signaling or
whether both pathways are required to achieve an optimal hypoxic
response that not only considers O, availability but also mitochondrial
functioning.

The multitude of feedback mechanisms and integration between
pathways that is emerging indicates that it is very important to pre-
vent excessive ERF-VII signaling and keep it in tune with the physio-
logical status of the cell and its organelles. The above examples

merely scratch the surface of potential interactors of metabolism and
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low O, signaling mechanisms. For instance, Sergey Shabala
(University of Tasmania, AU) highlighted ion channels that could act
as O, sensors and the relevance of y-aminobutyric acid (GABA) as
metabolic signature of hypoxia that affects K™ homeostasis and the
regulation of membrane potential and central ROS/Ca®* signaling
hubs (Wang et al., 2017; Wu et al., 2021). Hypoxia also sees dynamics
in NO levels through the reduction of nitrite at the electron transport
chain and its recycling via phytoglobin that improves hypoxia toler-
ance and respiratory flux (Gupta et al, 2005, 2020; Mugnai
et al., 2012). NO is further required for N-degron-based degradation
of ERF-VIIs (Gibbs et al., 2014) and interconnected with ethylene sig-
naling (Hartman et al., 2019; Manac’h-Little et al., 2005). At this ISPA
conference, Vajiheh Safavi-Rizi (Leipzig University, DE) presented a
potential role of AMIDOXIME REDUCING COMPONENT (ARC) as a
new player of NO metabolism in Arabidopsis (Chamizo-Ampudia
et al., 2016).

The high integration and multitude of signals potentially obscure
the dynamics of individual components of the N-degron pathway in
initiating low O, responses. Beatrice Giuntoli (University of Pisa, IT)
and coworkers were able to circumvent such limitations by introduc-
ing the core O, signaling components of plants into yeast (Puerta
et al., 2019). This allowed them to test the role of individual players
and led to the finding that HRG induction driven solely by ERF-VII
nuclear accumulation from de novo synthesis responds to an O,
decline in already 5 min. In Arabidopsis, Markus Schwarzlander and
Sophie Lichtenauer (University of Munster, DE) gained new insights
into ATP levels, NAD redox dynamics, and oxidative stress during
acclimation to varying concentrations of O, by using fluorescent bio-
sensors with high time resolution, which will further aid in characteriz-
ing the dynamics of low O, signaling (Wagner et al., 2019). However,
we have identified many coregulators and feedback mechanisms act-
ing on ERF-VlIs (Giuntoli & Perata, 2018), with recuring themes being
feedback regulation, integration with resource and energy systems,
and retrograde signaling. Dosage and temporal dynamics of hypoxia
are clearly important, along with established cell type variation in hyp-
oxic responses (Mustroph et al., 2009). The future challenge will be to
integrate, add weight and conditionality to each of these processes to

build a robust model of O, signaling in planta.

4 | THE ROLE OF LOW OXYGEN
SIGNALING BEYOND FLOODING

As described earlier, a key part of HRGs is the induction of the etha-
nol fermentation machinery, and a reduced or stronger HRG signature
leads to corresponding tolerance to a hypoxic treatment (Gibbs
et al.,, 2011; Hartman et al.,, 2019; Hinz et al., 2010; van Veen
et al, 2013). However, under flooding conditions, a relationship
between ERF-VIIs and tolerance is either negative, positive, or absent
(Giuntoli et al., 2014; Licausi et al., 2011; Riber et al., 2015; Sasidharan
et al., 2013; Tang et al., 2021; van Veen et al., 2016). Three explana-
tions for the apparent disconnect between the manipulation of ERF-

VIl signaling and flood tolerance are that (1) low O, is mostly
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restricted to the underground parts of the plant (Vashisht et al., 2011),

that (2) capacity for fermentation is dominated by sugar supply rather
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than fermentative gene induction (Magneschi et al., 2009; Santaniello
et al, 2014), and/or that (3) major transcriptomic changes during
flooding are strongly related to darkness, starvation, and mitochon-
drial retrograde signaling, indicating that the majority of acclimation
during flooding occurs outside ERF-VIlIs (Meng et al., 2020; van Veen
et al, 2016). Indeed, other roles beyond flooding stress are now
becoming the focus of low O, signaling.

O, levels are not distributed uniformly within the plant, also when
grown under favorable conditions. Hypoxic niches and strong gradi-
ents form particularly in meristems, compact seeds, and bulky fruits
and have an important role for the development of the whole plant
(Shukla et al., 2019; van Dongen & Licausi, 2015; Weits et al., 2019).
The exact cause of in planta O, gradients is not always straightfor-
ward; key aspects relate to the cellular arrangement, diffusion barriers,
and O, production or consumption rates. Regarding tomato fruit, Hui
Xiao (University of Leuven, BE) presented a model based on a pore
network, computed by X-ray micro-computed tomography (u-CT)
(Xiao et al., 2021) and tissue-specific respiration rates that explains
the lower O, levels in the gel/seed part and the higher O, levels in
the pericarp supplied via the pedicel scar. Similarly, Hardy Rolletschek
(Leibniz Institute of Plant Genetics and Crop Plant Research, DE)
showed how a void space along the pericarp contributes to O, supply
in maize kernels, which could aid in O, delivery to affect kernel
physiology.

Reducing O, is an established method to delay fruit ripening and
prolong storage, but at the risk of damaging the fruits. In hypoxic-
stored apples, ERF-Vlls are stabilized and activated (Cukrov
et al., 2016), similarly to Arabidopsis ERF-VlIs, as shown by Suzanne
Pols (KU Leuven, BE). The gaseous hormone ethylene is another key
driver of fruit ripening. Ethylene diffusion follows similar physical rules
as O,, but because it is produced rather than consumed by living tis-
sues, it tends to accumulate in poorly aerated tissues. Benedetto
Ruperti (University of Padua, IT) presented how ethylene production
in fruits depends on O, availability and showed how during apple
storage a complex interaction of O, and ethylene-dependent and
independent effects govern apple metabolism.

Meristems, both in the root and the shoot, also are hypoxic niches.
However, in contrast to fruits and seeds, it is not clearly defined how
the root and apical meristems generate and preserve hypoxia. Viktoriia
Voloboeva (Utrecht University, NL) presented possible mechanisms to
maintain a hypoxic niche, with emphasis on a role that cuticles of
the outer cell layer might play. In the shoot apex, local hypoxic condi-
tions allow stabilization of the locally expressed N-degron target
ZPR2, which helps to maintain meristem activity and define leaf devel-
opment (Weits et al., 2019). By genetically inhibiting O,-mediated deg-
radation of N-degron proteins, Daan Weits and Gabrielle Panicucci
(Utrecht University, NL) showed that leaf development displayed
morphological phenotypes of delayed differentiation or possibly even
de-differentiation. Where low O, delays fruit development (Boeckx
et al., 2019), leaf formation and lateral root emergence are stimulated
and require low O, (Shukla et al., 2019; Weits et al., 2019).

Besides development, imposing low O, signaling, either externally
or genetically, prevents photomorphogenesis of an emerging seedling.
Because chlorophyll homeostasis during germination in the dark is O,
dependent, O, received from the air or from early photosynthesis is a
key requirement to kick-start seedling establishment (Abbas
et al., 2015). This phenomenon can cause problems for plants grown
at high altitudes where O, partial pressures are lower. To compensate
for low partial O, pressure, high-altitude Arabidopsis ecotypes display
a more sensitive response to O, to adjust signaling during germination
in the dark correspondingly, as described by Michael Holdsworth
(University of Nottingham, UK) (Abbas et al., 2022).

The relevance of hypoxia not only as a metabolic stressor but also
as a signaling molecule (Weits et al., 2021) highlights the need to
understand the dynamics and spatial patterns of O, availability, but
measurement of O, concentrations with spatiotemporal resolution
within tissues remains challenging. Regarding O,, microelectrodes,
modeling approaches and HRG expression provide our current knowl-
edge base. The ISPA conference highlighted how the community is
developing the use of sensor foils, genetically encoded O,-sensitive
fluorophores or fluorogenic probes to noninvasively characterize O,
gradients within the plant with high spatial resolution and in pursuit of
temporal sensitivity (Rolletschek & Liebsch, 2017; Weits, 2021). Simi-
lar to O,, the gaseous hormone ethylene, despite different produc-
tion/consumption and sensing mechanisms, is affected by the same
physicochemical constraints in aeration imposed by flooding or tissue
geometry. Hence, for full understanding of aeration-dependent
metabolism and development, establishing toolsets such as those

developed for O, will be crucial for ethylene too.

5 | TOWARD FLOOD TOLERANCE:
IMPROVED INTERNAL AERATION

During flooding, shortage of O, in the belowground parts of the plant
limits root respiration, growth, and nutrient uptake. Flood-adapted
plants such as rice circumvent O, shortage through effective internal
aeration during prolonged flooding conditions and so guarantee plant
survival. A key trait for improved internal aeration is the combination
of radial expansion of the root cortex and aerenchyma formation
(Figure 3a; Yamauchi, Abe, et al., 2019). Constitutive and inducible
aerenchyma formation in rice roots is mediated by auxin (Yamauchi
et al., 2019) and ethylene (Drew et al., 1979), respectively. The molec-
ular mechanisms that underlie root cortex expansion in response to
flooding remain unclear but are under investigation by Takaki Yamau-
chi (Nagoya University, JP). He presented a rice mutant deficient in
auxin signaling, which compared with the wild type, has smaller cortex
area and reduced cortex expansion in response to flooding and can
serve as a model to understand the genetic regulation of the cortex
expansion during flooding.

In addition to increased root diameter and aerenchyma, some
flood tolerant plants (e.g., rice) form apoplastic barriers in roots that
impede radial O, loss (ROL) to the anoxic rhizosphere during soil

flooding. The barriers enhance longitudinal O, transport along the
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Drained Flooding

FIGURE 3 Key anatomical and morphological changes in response to flooding and partial submergence. When the soil is flooded, (a) rice
develops new adventitious roots with larger diameters and increased aerenchyma spaces. Moreover, the cell walls of the exodermal and
sclerenchyma layers are heavily impregnated with suberin and lignin, respectively. Black arrows and arrowheads in (b) and (c) indicate suberized
exodermal cells (green color) and lignified sclerenchyma (red color), respectively. Asterisks indicate aerenchyma spaces. The increased deposition
of these polymers in cell walls enable (b) the formation of apoplastic barriers impeding radial oxygen loss and restricting the entry of toxic
compounds (i.e., Fe2+, organic acids) produced in flooded soils. During partial submergence, (c) deepwater rice elongates the internodes in order
for the leaves to reach air. Similarly, in flooded or partially submerged soils, (d) legumes develop hypertrophied lenticels with extensive secondary
aerenchymatous phellem above the water surface to enable O2 diffusion down to submerged tissues. Black arrow in (d) points to secondary

aerenchyma formation. Created with BioRender.com.

length of the root toward the tip (Figure 3b). The formation of these
barriers is associated with increased impregnation of suberin and lig-
nin polymers in cell walls of the outer part of the root (i.e., epidermis,
exodermis, and/or sclerenchyma; Abiko et al., 2012; Jiménez
et al., 2019; Kotula et al., 2009). These polymers act as physical bar-
riers impeding the apoplastic movement of gases and solutes from
roots to soils and vice versa. At the meeting, several speakers (Ole
Pedersen and Lucas Peralta, University of Copenhagen, DK; Juan
Jiménez, Nagoya University, JP) emphasized the relevance of this
trait. Recent progress and the future challenges concern the identifi-
cation of the genetics and chemical composition of these barriers and
the importance of this trait in multiple stress conditions (e.g., flooding,
drought, and toxic soils).

The barriers to ROL also impede the entry of toxic compounds
produced in flooded soils (i.e., organic acids, Colmer et al., 2019; Fet?,
Jiménez et al., 2021; H", Peralta Ogorek et al., 2021). Moreover, the
barriers to ROL also restrict radial water loss and thereby slow down
tissue desiccation (Peralta Ogorek et al., 2021; Song et al., 2022),
which extend the importance of this trait for developing crops
adapted to drought conditions. In line with this, Julia Bailey-Serres
(UC Riverside, US) in her closing talk indicated that exodermal cells
from roots of rice grown in water deficit conditions exhibited a pro-
nounced upregulated pattern for suberin biosynthesis genes. MYB

and NAC transcription factors are key candidates in modulating the

gene regulatory network of suberin formation in rice (Reynoso
et al., 2022). This multifaceted root characteristic (i.e., barriers to ROL
with increased suberization) appears as a particularly promising trait
for breeding purposes because during normal cultivation cycles plants
can experience temporal periods of both soil flooding and droughts.

In lowland regions or during periods of heavy rainfalls, water
levels can rise to cause partial or even complete plant submergence.
Deepwater rice varieties adapt to submergence by elongating the
internode to keep part of the shoot above the water surface
(Figure 3c; Catling, 1992; Hattori et al., 2009). This allows snorkeling
behavior where diffusion of gases through the internode cavity and
aerenchyma sustain aeration of the submerged parts of the plant. As
shown by Keisuke Nagai (Nagoya University, JP), wetland monocots
possess significantly higher porous spaces in their nodes compared
with dryland monocot species, which further facilitates O, diffusion
when partially submerged. Risa Tanaka, Keisuke Nagai, and Motoyuki
Ashikari (Nagoya University, JP) presented their progress on the phys-
jological and molecular mechanisms of internode elongation in deep-
water rice. Internode elongation and plant length under submergence
track the increases in the water level to keep the shoot apex aerated
(see supplementary movie 1 in Hattori et al., 2009), and this elonga-
tion is usually fast during the first days of complete submergence but
slows down thereafter (Catling, 1992). It is still unknown whether the

internode elongation during submergence is indeterminate. Risa
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Tanaka (Nagoya University, JP) indicated that a new internode (young)
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develops and elongates only after the previous (older) internode has
stopped elongating. Moreover, differences in O, partial pressures
between younger and the following older internode suggest that O,
gradients could also play a role in internode elongation in addition to
other key regulators such as ethylene and gibberellins (Hattori
et al., 2009; Nagai et al., 2020). Such differences in O, diffusion and
concentration between internodes can be influenced by the anatomi-
cal characteristics of nodes.

Soybean displays a different strategy to improve aeration when
challenged by soil flooding and/or partial submergence by forming
hypertrophied lenticels allowing high O, diffusion into the stem and
increased secondary aerenchymatous phellem to facilitate O, diffu-
sion toward the submerged parts of the plant (Figure 3d; Shimamura
et al., 2010; Takahashi et al., 2018). Using soybean as a model,
Hirokazu Takahashi (Nagoya University, JP) identified specific genes
associated with key metabolites of the triterpenoids required in sec-
ondary aerenchymatous phellem to improve internal aeration
(Takahashi et al., 2022).

Improved aeration and limited ROL are key traits for flood toler-
ance; however, the formation of these structures is developmentally
complex and tissue and age specific and requires cell type specific
responses. The leveraging of cell type resolution, either through laser
capture microdissection (Nakazono et al., 2003) or genetically
encoded technologies like INTACT (Isolation of Nuclei Tagged in Spe-
cific Cell Types) and TRAP (Translating Ribosome Affinity Purification)
(Reynoso et al., 2022), has and will continue to be key to systematic
progress in our understanding of the plasticity in aeration traits in our
major crops such as rice and soybean.

6 | TOWARD FLOOD TOLERANCE: AGE-
SPECIFIC SENESCENCE

Anoxic and hypoxic treatments tend to rapidly stress and kill flooding-
sensitive plants, and any adaptive mechanisms to this treatment delay,
rather than prevent death. Flooding, either waterlogging or partial or
complete submergence, when no improved internal aeration can be
achieved (see section above), typically leads to stunted performance
or a more gradual demise of the plant. In such conditions, the senes-
cence of the leaves is often used as a representative trait for toler-
ance. Also, the stressful recovery period following de-submergence
can trigger senescence of the leaves (Fukao et al, 2012; Yeung
et al.,, 2018).

Senescence is a natural process toward the end of leaf’s lifetime,
where controlled breakdown of the leaf allows reuse of valuable nutri-
ents either in new leaf growth or seed filling. Initiation and advance-
ment through senescence is highly controlled and in addition to old
age is also induced by darkness, too high or low sugar availability, and
abiotic and biotic stressors (Rankenberg et al., 2021). Tom Rankenberg
(Utrecht University, NL) and colleagues showed that under dark sub-
mergence, senescence progresses sequentially from old to young

leaves and that the youngest primordia and shoot meristem survive

flooding the longest. Using Arabidopsis as a model, they showed that
ethylene, despite accumulating throughout the plant during flooding,
is key to the sequential nature of senescence by age-dependently
phosphorylating, and thereby activating, the positive regulator of
senescence ORESARA1 (Rankenberg et al., 2022). This regulation of
submergence-induced age-dependent senescence contrasts from age
effects under favorable conditions that are dominantly driven by
microRNA regulation of ORE1 (Li et al., 2013). In rice, SUB1A not only
suppresses elongation to improve tolerance (Fukao et al, 2006;
Fukao & Bailey-Serres, 2008), it also limits leaf senescence (Alpuerto
et al., 2016; Fukao et al., 2012). As Takeshi Fukao (Fukui Prefectural
University, JP) presented at the conference, also SUB1A is induced by
ethylene (Fukao et al., 2006) and also predominantly acts in the youn-
gest leaves (Alpuerto et al., 2022).

Plants that inhibit senescence and stay greener during and after
flooding, such as SUB1A rice, oresaral, ethylene signaling mutants,
and tolerant Arabidopsis accessions, significantly perform better fol-
lowing flooding stress (Fukao et al., 2012; Rankenberg et al., 2022;
Yeung et al., 2018). However, senescence is essential to remobilize
valuable resources, and lack of senescence might compromise the
long-term tolerance of the meristem and undeveloped leaves that are
natural sink tissues and might rely on resource remobilization. Hans
van Veen (Utrecht University, NL) presented stable isotope labelling
experiments demonstrating that indeed the old senescing leaves sup-
ply the meristem and undeveloped leaves with especially carbon rich
amino acids. However, this did not contribute to long-term tolerance
of the plant, possibly because of the capacity of these sink tissues to
engage into strong quiescence. The absence of a relationship between
long-term tolerance and senescence provides us opportunities to use
inhibition of senescence as a trait to improve short to medium-term
flood tolerance without severe trade-offs. Senescence is a highly com-
plex and controlled process that seems independent of low O, signal-
ing, but rather underlies a network of ethylene, ABA, cytokinin, and
ROS and intersects with age. Understanding and manipulating this

network will be a key aspect of moving toward flood-tolerant crops.

7 | TOWARD FLOOD TOLERANCE:
FORWARD GENETICS AND WILD SPECIES TO
IDENTIFY TOLERANCE TRAITS

There is a wealth of genetic variation within rice germplasms
(Ashikari & Matsuoka, 2006) that has been effectively exploited with
forward genetics to identify key loci for flood tolerance. Indeed,
SUB1A proved highly effective in tolerance to flash flooding (Fukao
et al., 2006; Xu et al., 2006), and OsTPP7 and OsGF14h improve toler-
ance and capacity of anaerobic germination (Kretzschmar et al., 2015;
Sun et al.,, 2022). Apart from rice, true flood tolerance traits are not
abundant among our major crops, hampering the identification of
strong quantitative trait loci (QTLs). Nonetheless, some variation in
flood tolerance exists, which does provide opportunities to identify
existing genetic components that aid performance when confronted
with floods.
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In maize, the QTL Subtol6 was able to explain 22% of variation in
flood tolerance variation (Campbell et al., 2015). Two key candidate
genes underlying this QTL are thought to improve tolerance by
enhanced PHYTOGLOBIN transcription and key regulators that reduce
senescence. At the meeting, Henry Nguyen (University of Missouri,
US) shared extensive work on soybean genetics where they discov-
ered a QTL that leads to enhanced root growth both in length and the
number of root tips independent of waterlogging treatment. Fine-
mapping identified key auxin signaling players to mediate this toler-
ance trait (Ye et al., 2018). Another forward genetic approach toward
crop-tolerant traits and genes was presented by Chiara Pucciariello
(Sant’Anna School of Advanced Studies, IT), where she explored the
capacity of barley to germinate after a flooding event and found novel
marker-trait associations (MTAs) through genome wide association
mapping.

Ultimately, these forward genetic screens are limited by the poor
tolerance extremes found within the crop populations. This was coun-
teracted by introgression lines between maize and the flood tolerant
wild relative Zea nicaraguensis, which helped to find and introduce
key mediators of aerenchyma formation and ROL barriers into maize
(Gong et al., 2019; Watanabe et al., 2017). Also, the many wild rela-
tives of rice that are highly flood tolerant, often independent of
SUB1A, represent a powerful resource to find novel tolerance regula-
tors (Niroula et al., 2012). With the development of sequencing tech-
nology, our palette of species has increased, and we have been able
to characterize wild species not only at a physiological level but also
at a molecular genetic level (Kim et al., 2018; Muiller et al., 2021;
Nakayama et al., 2014; van Veen et al., 2013). At the meeting, we saw
such efforts taken beyond transcriptomic assessment of a single or
pair of species. Angelika Mustroph (University Bayreuth, DE) showed
how sampling a multitude of species from a tolerant sublineage of the
Brassicaceae identified key molecular players that could be helpful for
underwater photosynthesis. Dana MacGregor (Rothamsted Research,
UK) focused instead on the troublesome weed black grass that per-
forms well in waterlogged conditions. By creating novel genetic
resources of varying populations, she aims to provide the tools to
decipher how waterlogging tolerance is acquired. Angelina Jordine
(Aachen University, DE) took her study object to the extreme by dis-
secting the behavior of the flooding and salt-tolerant Salicornia euro-
paea. These undomesticated plants can provide us with essential
understanding on how natural selection enforced flood tolerance and
therefore can lead us to the key and feasible genetic changes required
to create flood tolerance in crops.

8 | FUTURE PERSPECTIVES

In a common goal to understand the regulation and relevance of aera-
tion status in plants, the conference united a wide variety of expertise
ranging from the cell to organism level. Moreover, we were blessed
with numerous online contributions and active worldwide participa-
tion. The accessibility and broad expertise of the conference stimu-

lated lively discussion and an integrative treatise of the topics.
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The presented work expanded our knowledge of the intricate
regulatory network surrounding low O, signaling in plants, in part
by leveraging alternate model systems such as yeast and exploring
an evolutionary wide range of species. Low O, signaling is not only
relevant for metabolic acclimation but also plays a key role in
development. The distribution of O, levels across tissues is depen-
dent on tissue geometry, cellular respiration, and diffusion barriers.
Therefore, O, levels vary across plant development but also play an
important role in organizing tissue development. To fully understand
these processes, it is essential to obtain a cellular resolution of O,
levels in planta and get a good grasp on the dose-dependent effects
of O, on downstream signaling and plant performance. A future
challenge is to include ethylene and other underexplored gaseous
components such as CO, as potential signals for aeration status in
this equation, because their gaseous nature means it also provides a
signal for aeration status. As such, ethylene already proved to be
key driver of adaptive traits such as aerenchyma formation,
adventitious root formation, and underwater shoot elongation
(Jackson, 2008; Lin et al., 2023; Lorbiecke & Sauter, 1999;
Sauter, 2013). Much work was shown on the integration and
processing of the primary signals, but here many questions remain,
especially regarding players such as NO, GABA, and KV
homeostasis.

The meeting featured a lot of work on Arabidopsis (43% of all talks
and posters presented), of which a considerable amount was in vitro
based experiments. Where controlled growth conditions provide
experimental benefits, future challenges will be to move more toward
understanding of flooding acclimation mechanisms and potential traits
to improve tolerance in crops other than rice (only 17% of all talks and
posters presented) on the one hand and research on field conditions
on the other. There is also a need to study the interactions of flooding
and other stresses such as drought, salinity, nutrient availability, or
heavy metals that could occur simultaneously or sequentially in the
field, as well as the contribution of soil and microbiome to the overall
plant tolerance to flooding.

In contrast to Arabidopsis, the rice germplasms display a full suite
of adaptive traits, many associated with improving aeration status.
Here, the formation and performance of ROL barriers, not present in
Arabidopsis, was a major topic at the conference. ROL barriers not
only aid flood tolerance but also resistance to other stresses. Future
challenges will be to translate tools and knowledge developed in Ara-
bidopsis and rice toward flooding-sensitive staple crops. At the
ISPA22 conference, we heard about specific examples of aeration
traits developed in response to flooded conditions, which improved
tolerance in soybean. Nonetheless, universal traits such as senes-
cence regulation and growth cessation could prove a more suitable
avenue for implementing flood tolerance into crops that are una-
mendable to aeration improving traits. To follow the natural path
toward flood tolerance, we should turn to wild species from wet hab-
itats. The amphibious lifestyle evolved many times (Cook, 1999), and
the work on these non-model species will help us to decipher the
independent routes to flood adaptation and could further aid us

toward flood-tolerant crops.

85U8017 SUOWIWOD SAIIE8ID 3dedl|dde auyy Aq peuseob aJe Sspie O 8sN J0 S8|nJ Joj AkeiqiTauljuQ AB]1/W UO (SUONIPUOD-PUR-SLBIWOD A8 I ARe.d1jBul [UO//SdNL) SUONIPUOD pue swie 1 841 88S *[£202/0/82] Uo AriqiTauliuo A8|im eeuoljqigsieisenlun Ad 881'ep(d/z00T OT/I0p/wod A8 | Aleiq1pul|uoy/sdny Wwiolj pepeojumod ‘€ ‘€202 ‘SGrvSLE



DALLE CARBONARE ET AL.

10 of 14 Wl LEY

AUTHOR CONTRIBUTIONS
All authors contributed equally and are listed alphabetically.

American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

ACKNOWLEDGMENTS

The authors would like to thank Angelika Mustroph and all co-
organizers for arranging this excellent conference, the participants for
sharing their latest research, and Rashmi Sasidharan and Julia Bailey-
Serres for stimulating the writing of this meeting report. We also
thank Keisuke Nagai for feedback and help on figure 3. This work was
supported by the Netherlands Organization for Scientific Research
grant ALWOP.419 to HvV, the Leverhulme Trust, and European
Research Council (ERC) to LDC. SL thanks the German Research
Foundation (DFG) for generous support (SCHW 1719/5-3) and JdicJ
is grateful to the Japan Society for the Promotion of Science for a
Postdoctoral Fellowship. Additionally, LDC and SL thank the ISPA22
organizers for the awarded travel grants to participate in the

conference.

CONFLICT OF INTEREST STATEMENT
The Authors did not report any conflict of interest.

ORCID

Laura Dalle Carbonare "' https://orcid.org/0000-0002-7536-7654
https://orcid.org/0000-0002-9985-5302
Sophie Lichtenauer "2 https://orcid.org/0000-0003-4525-6555

https://orcid.org/0000-0001-9772-5929

Juan de la Cruz Jiménez

Hans van Veen

REFERENCES

Abbas, M., Berckhan, S., Rooney, D. J., Gibbs, D. J., Conde, J. V.,
Correia, C. S., Bassel, G. W., Marin-de la Rosa, N., Ledn, J.,
Alabadi, D., & Blazquez, M. A. (2015). Oxygen sensing coordinates
photomorphogenesis to facilitate seedling survival. Current Biology,
25(11), 1483-1488. https://doi.org/10.1016/j.cub.2015.03.060

Abbas, M., Sharma, G., Dambire, C., Marquez, J., Alonso-Blanco, C.,
Proaiio, K., & Holdsworth, M. J. (2022). An oxygen-sensing mecha-
nism for angiosperm adaptation to altitude. Nature, 606, 1-5.
https://doi.org/10.1038/s41586-022-04740-y

Abiko, T., Kotula, L., Shiono, K., Malik, A. I., Colmer, T. D., & Nakazono, M.
(2012). Enhanced formation of aerenchyma and induction of a barrier
to radial oxygen loss in adventitious roots of Zea nicaraguensis con-
tribute to its waterlogging tolerance as compared with maize (Zea
mays ssp. mays). Plant, Cell & Environment, 35(9), 1618-1630.
https://doi.org/10.1111/j.1365-3040.2012.02513.x

Alpuerto, J. B.,, Fukuda, M., Li, S., Hussain, R. M., Sakane, K., & Fukao, T.
(2022). The submergence tolerance regulator SUB1A differentially
coordinates molecular adaptation to submergence in mature and
growing leaves of rice (Oryza sativa L.). The Plant Journal, 110(1),
71-87. https://doi.org/10.1111/tpj.15654

Alpuerto, J. B,, Hussain, R. M. F., & Fukao, T. (2016). The key regulator of
submergence tolerance, SUB1A, promotes photosynthetic and meta-
bolic recovery from submergence damage in rice leaves. Plant, Cell &
Environment, 39(3), 672-684. https://doi.org/10.1111/pce.12661

Ashikari, M., & Matsuoka, M. (2006). Identification, isolation and pyramid-
ing of quantitative trait loci for rice breeding. Trends in Plant Science,
11(7), 344-350. https://doi.org/10.1016/j.tplants.2006.05.008

Boeckx, J., Pols, S., Hertog, M. L., & Nicolai, B. M. (2019). Regulation of the
central carbon metabolism in apple fruit exposed to postharvest low-

oxygen stress. Frontiers in Plant Science, 10, 1384. https://doi.org/10.
3389/fpls.2019.01384

Bui, L. T., Shukla, V., Giorgi, F. M., Trivellini, A., Perata, P., Licausi, F., &
Giuntoli, B. (2020). Differential submergence tolerance between
juvenile and adult Arabidopsis plants involves the ANACO17 tran-
scription factor. The Plant Journal, 104(4), 979-994. https://doi.org/
10.1111/tpj.14975

Campbell, M. T., Proctor, C. A, Dou, Y., Schmitz, A. J., Phansak, P.,
Kruger, G. R,, Zhang, C., & Walia, H. (2015). Genetic and molecular
characterization of submergence response identifies Subtolé as a
major submergence tolerance locus in maize. PLoS ONE, 10(3),
€0120385. https://doi.org/10.1371/journal.pone.0120385

Catling, D. (1992). Growth and development. In Rice in deep water. Macmillan
Press, pp. 145. https://doi.org/10.1007/978-1-349-12309-4

Chamizo-Ampudia, A., Sanz-Luque, E., Llamas, A., Ocana-Calahorro, F.,
Mariscal, V., Carreras, A., Barroso, J. B., Galvan, A., & Fernandez, E.
(2016). A dual system formed by the ARC and NR molybdoenzymes
mediates nitrite-dependent NO production in Chlamydomonas.
Plant, Cell & Environment, 39, 2097-2107. https://doi.org/10.1111/
pce.12739

Cho, H. Y., Loreti, E., Shih, M. C., & Perata, P. (2021). Energy and sugar sig-
naling during hypoxia. New Phytologist, 229(1), 57-63. https://doi.
org/10.1111/nph.16326

Colmer, T. D., Kotula, L., Malik, A. I, Takahashi, H., Konnerup, D.,
Nakazono, M., & Pedersen, O. (2019). Rice acclimation to soil flood-
ing: Low concentrations of organic acids can trigger a barrier to radial
oxygen loss in roots. Plant Cell & Environment, 42, 2183-2197.
https://doi.org/10.1111/pce.13562

Cook, C. D. (1999). The number and kinds of embryo-bearing plants which
have become aquatic: A survey. Perspectives in Plant Ecology, Evolu-
tion and Systematics, 2(1), 79-102. https://doi.org/10.1078/1433-
8319-00066

Cukrov, D., Zermiani, M., Brizzolara, S., Cestaro, A., Licausi, F., Luchinat, C.,
Santucci, C., Tenori, L., Van Veen, H., Zuccolo, A., & Ruperti, B.
(2016). Extreme hypoxic conditions induce selective molecular
responses and metabolic reset in detached apple fruit. Frontiers in
Plant Science, 7, 146. https://doi.org/10.3389/fpls.2016.00146

De Clercq, I, Vermeirssen, V. Van Aken, O., Vandepoele, K,
Murcha, M. W, Law, S. R, Inzé, A, Ng, S., Ivanova, A,
Rombaut, D., & Van De Cotte, B. (2013). The membrane-bound NAC
transcription factor ANACO013 functions in mitochondrial retrograde
regulation of the oxidative stress response in Arabidopsis. The
Plant Cell, 25(9), 3472-3490. https://doi.org/10.1105/tpc.113.
117168

Drew, M. C,, Jackson, M. B., & Giffard, S. C. (1979). Ethylene-promoted
adventitious rooting and development of cortical air spaces (aeren-
chyma) in roots may be adaptive responses to flooding in Zea mays L.
Planta, 147(1), 83-88. https://doi.org/10.1007/BF00384595

Fukao, T., & Bailey-Serres, J. (2008). Submergence tolerance conferred
by SublA is mediated by SLR1 and SLRL1 restriction of
gibberellin responses in rice. Proceedings of the National Academy of
Sciences, 105(43), 16814-16819. https://doi.org/10.1073/pnas.
0807821105

Fukao, T., Xu, K., Ronald, P. C., & Bailey-Serres, J. (2006). A variable cluster
of ethylene response factor-like genes regulates metabolic and
developmental acclimation responses to submergence in rice. The
Plant Cell, 18(8), 2021-2034. https://doi.org/10.1105/tpc.106.
043000

Fukao, T., Yeung, E., & Bailey-Serres, J. (2012). The submergence tolerance
gene SUB1A delays leaf senescence under prolonged darkness
through hormonal regulation in rice. Plant Physiology, 160(4),
1795-1807. https://doi.org/10.1104/pp.112.207738

Gasch, P., Fundinger, M., Miiller, J. T., Lee, T., Bailey-Serres, J., &
Mustroph, A. (2016). Redundant ERF-VII transcription factors bind to

85U8017 SUOWIWOD SAIIE8ID 3dedl|dde auyy Aq peuseob aJe Sspie O 8sN J0 S8|nJ Joj AkeiqiTauljuQ AB]1/W UO (SUONIPUOD-PUR-SLBIWOD A8 I ARe.d1jBul [UO//SdNL) SUONIPUOD pue swie 1 841 88S *[£202/0/82] Uo AriqiTauliuo A8|im eeuoljqigsieisenlun Ad 881'ep(d/z00T OT/I0p/wod A8 | Aleiq1pul|uoy/sdny Wwiolj pepeojumod ‘€ ‘€202 ‘SGrvSLE


https://orcid.org/0000-0002-7536-7654
https://orcid.org/0000-0002-7536-7654
https://orcid.org/0000-0002-9985-5302
https://orcid.org/0000-0002-9985-5302
https://orcid.org/0000-0003-4525-6555
https://orcid.org/0000-0003-4525-6555
https://orcid.org/0000-0001-9772-5929
https://orcid.org/0000-0001-9772-5929
https://doi.org/10.1016/j.cub.2015.03.060
https://doi.org/10.1038/s41586-022-04740-y
https://doi.org/10.1111/j.1365-3040.2012.02513.x
https://doi.org/10.1111/tpj.15654
https://doi.org/10.1111/pce.12661
https://doi.org/10.1016/j.tplants.2006.05.008
https://doi.org/10.3389/fpls.2019.01384
https://doi.org/10.3389/fpls.2019.01384
https://doi.org/10.1111/tpj.14975
https://doi.org/10.1111/tpj.14975
https://doi.org/10.1371/journal.pone.0120385
https://doi.org/10.1007/978-1-349-12309-4
https://doi.org/10.1111/pce.12739
https://doi.org/10.1111/pce.12739
https://doi.org/10.1111/nph.16326
https://doi.org/10.1111/nph.16326
https://doi.org/10.1111/pce.13562
https://doi.org/10.1078/1433-8319-00066
https://doi.org/10.1078/1433-8319-00066
https://doi.org/10.3389/fpls.2016.00146
https://doi.org/10.1105/tpc.113.117168
https://doi.org/10.1105/tpc.113.117168
https://doi.org/10.1007/BF00384595
https://doi.org/10.1073/pnas.0807821105
https://doi.org/10.1073/pnas.0807821105
https://doi.org/10.1105/tpc.106.043000
https://doi.org/10.1105/tpc.106.043000
https://doi.org/10.1104/pp.112.207738

DALLE CARBONARE ET AL.

an evolutionarily conserved cis-motif to regulate hypoxia-responsive
gene expression in Arabidopsis. The Plant Cell, 28(1), 160-180.
https://doi.org/10.1105/tpc.15.00866

Gibbs, D. J., Isa, N. M., Movahedi, M., Lozano-Juste, J., Mendiondo, G. M.,
Berckhan, S., Marin-de la Rosa, N., Conde, J. V., Correia, C. S.,
Pearce, S. P., & Bassel, G. W. (2014). Nitric oxide sensing in plants is
mediated by proteolytic control of group VII ERF transcription fac-
tors. Molecular Cell, 53(3), 369-379. https://doi.org/10.1016/j.
molcel.2013.12.020

Gibbs, D. J,, Lee, S. C., Md Isa, N., Gramuglia, S., Fukao, T., Bassel, G. W.,
Correia, C. S., Corbineau, F., Theodoulou, F. L., Bailey-Serres, J., &
Holdsworth, M. J. (2011). Homeostatic response to hypoxia is regu-
lated by the N-end rule pathway in plants. Nature, 479(7373),
415-418. https://doi.org/10.1038/nature10534

Gibbs, D. J., Tedds, H. M., Labandera, A. M., Bailey, M., White, M. D,
Hartman, S., Sprigg, C., Mogg, S. L., Osborne, R., Dambire, C., &
Boeckx, T. (2018). Oxygen-dependent proteolysis regulates the sta-
bility of angiosperm polycomb repressive complex 2 subunit VER-
NALIZATION 2. Nature Communications, 9(1), 5438. https://doi.org/
10.1038/s41467-018-07875-7

Giuntoli, B., Lee, S. C.,, Licausi, F., Kosmacz, M., Oosumi, T., van
Dongen, J. T., Bailey-Serres, J., & Perata, P. (2014). A trihelix DNA
binding protein counterbalances hypoxia-responsive transcriptional
activation in Arabidopsis. PLoS Biology, 12(9), e1001950. https://doi.
org/10.1371/journal.pbio.1001950

Giuntoli, B., & Perata, P. (2018). Group VII ethylene response factors in
Arabidopsis: Regulation and physiological roles. Plant Physiology,
176(2), 1143-1155. https://doi.org/10.1104/pp.17.01225

Gong, F., Takahashi, H., Omori, F., Wang, W., Mano, Y., & Nakazono, M.
(2019). QTLs for constitutive aerenchyma from Zea nicaraguensis
improve tolerance of maize to root-zone oxygen deficiency. Journal
of Experimental Botany, 70(21), 6475-6487. https://doi.org/10.
1093/jxb/erz403

Gonzali, S., Loreti, E., Cardarelli, F., Novi, G., Parlanti, S., Pucciariello, C.,
Bassolino, L., Banti, V., Licausi, F., & Perata, P. (2015). Universal stress
protein HRU1 mediates ROS homeostasis under anoxia. Nature
Plants, 1(11), 15151. https://doi.org/10.1038/nplants.2015.151

Graciet, E., & Wellmer, F. (2010). The plant N-end rule pathway: Structure
and functions. Trends in Plant Science, 15(8), 447-453. https://doi.
org/10.1016/j.tplants.2010.04.011

Gupta, K. J, Mur, L. A, Wany, A, Kumari, A, Fernie, A. R, &
Ratcliffe, R. G. (2020). The role of nitrite and nitric oxide under low
oxygen conditions in plants. New Phytologist, 225(3), 1143-1151.
https://doi.org/10.1111/nph.15969

Gupta, K. J., Stoimenova, M., & Kaiser, W. M. (2005). In higher plants, only
root mitochondria, but not leaf mitochondria reduce nitrite to NO,
in vitro and in situ. Journal of Experimental Botany, 56(420),
2601-2609. https://doi.org/10.1093/jxb/eri252

Hartman, S., Liu, Z., Van Veen, H., Vicente, J., Reinen, E., Martopawiro, S.,
Zhang, H., Van Dongen, N., Bosman, F., Bassel, G. W., & Visser, E. J.
(2019). Ethylene-mediated nitric oxide depletion pre-adapts plants to
hypoxia stress. Nature Communications, 10(1), 4020. https://doi.org/
10.1038/s41467-019-12045-4

Hattori, Y., Nagai, K., Furukawa, S., Song, X. J., Kawano, R., Sakakibara, H.,
Wu, J., Matsumoto, T., Yoshimura, A., Kitano, H., & Matsuoka, M.
(2009). The ethylene response factors SNORKEL1 and SNORKEL2
allow rice to adapt to deep water. Nature, 460(7258), 1026-1030.
https://doi.org/10.1038/nature08258

Hinz, M., Wilson, I. W., Yang, J., Buerstenbinder, K., Llewellyn, D.,
Dennis, E. S., Sauter, M., & Dolferus, R. (2010). Arabidopsis RAP2. 2:
An ethylene response transcription factor that is important for hyp-
oxia survival. Plant Physiology, 153(2), 757-772. https://doi.org/10.
1104/pp.110.155077

Hirabayashi, Y., Mahendran, R., Koirala, S., Konoshima, L., Yamazaki, D.,
Watanabe, S., Kim, H., & Kanae, S. (2013). Global flood risk under

. . 11 of 14
s SI@EBL Wi LE y-12

" SOCIETY FOR EXPERIMENTAL BI0LOGY

climate change. Nature Climate Change, 3(9), 816-821. https://doi.
org/10.1038/nclimate1911

Holdsworth, M. J., Vicente, J., Sharma, G., Abbas, M., & Zubrycka, A.
(2020). The plant N-degron pathways of ubiquitin-mediated proteol-
ysis. Journal of Integrative Plant Biology, 62(1), 70-89. https://doi.org/
10.1111/jipb.12882

Jackson, M. B. (2008). Ethylene-promoted elongation: An adaptation to
submergence stress. Annals of Botany, 101(2), 229-248. https://doi.
org/10.1093/aob/mcm237

Jiménez, J. D. L. C, Clode, P. L., Signorelli S. Veneklaas, E. J.,
Colmer, T. D., & Kotula, L. (2021). The barrier to radial oxygen loss
impedes the apoplastic entry of iron into the roots of Urochloa humi-
dicola. Journal of Experimental Botany, 72(8), 3279-3293. https://doi.
org/10.1093/jxb/erab043

Jiménez, J. D. L. C, Kotula, L., Veneklaas, E. J., & Colmer, T. D. (2019).
Root-zone hypoxia reduces growth of the tropical forage grass Uro-
chloa humidicola in high-nutrient but not low-nutrient conditions.
Annals of Botany, 124(6), 1019-1032. https://doi.org/10.1093/aob/
mcz071

Kaelin, W. Jr., Ratcliffe, S. P., & Krebs, H. (2019). An award to oxygen sens-
ing. Nature Biomedical Engineering, 3, 843-844. https://doi.org/10.
1038/541551-019-0479-z

Kaelin, W. G. Jr., & Ratcliffe, P. J. (2008). Oxygen sensing by metazoans:
The central role of the HIF hydroxylase pathway. Molecular Cell,
30(4), 393-402. https://doi.org/10.1016/j.molcel.2008.04.009

Kim, J., Joo, Y., Kyung, J., Jeon, M., Park, J. Y., Lee, H. G,, Chung, D. S,,
Lee, E., & Lee, I. (2018). A molecular basis behind heterophylly in an
amphibious plant, Ranunculus trichophyllus. PLoS Genetics, 14(2),
€1007208. https://doi.org/10.1371/journal.pgen.1007208

Kosmacz, M., Parlanti, S., Schwarzlander, M., Kragler, F., Licausi, F., & Van
Dongen, J. T. (2015). The stability and nuclear localization of the
transcription factor RAP 2.12 are dynamically regulated by oxygen
concentration. Plant, Cell & Environment, 38(6), 1094-1103. https://
doi.org/10.1111/pce.12493

Kotula, L., Ranathunge, K., & Steudle, E. (2009). Apoplastic barriers effec-
tively block oxygen permeability across outer cell layers of rice roots
under deoxygenated conditions: Roles of apoplastic pores and of res-
piration. New Phytologist, 184(4), 909-917. https://doi.org/10.1111/
j.1469-8137.2009.03021.x

Kretzschmar, T., Pelayo, M. A. F., Trijatmiko, K. R., Gabunada, L. F. M,
Alam, R, Jimenez, R.,, Mendioro, M. S., Slamet-Loedin, |. H.,
Sreenivasulu, N., Bailey-Serres, J., & Ismail, A. M. (2015). A trehalose-
6-phosphate phosphatase enhances anaerobic germination tolerance
in rice. Nature Plants, 1(9), 15124. https://doi.org/10.1038/nplants.
2015.124

Kunkowska, A. B., Fontana, F., Betti, F., Soeur, R., Beckers, G. J., Meyer, C,,
De Jaeger, G., Weits, D. A, Loreti, E., & Perata, P. (2023). Target of
rapamycin signaling couples energy to oxygen sensing to modulate
hypoxic gene expression in Arabidopsis. Proceedings of the National
Academy of Sciences, 120(3), €2212474120. https://doi.org/10.
1073/pnas.2212474120

Li, Z., Peng, J., Wen, X., & Guo, H. (2013). ETHYLENE-INSENSITIVE3 is a
senescence-associated gene that accelerates age-dependent leaf
senescence by directly repressing miR164 transcription in Arabidop-
sis. Plant Cell, 25, 3311-3328. https://doi.org/10.1105/tpc.113.
113340

Licausi, F., Kosmacz, M., Weits, D. A., Giuntoli, B., Giorgi, F. M,
Voesenek, L. A., Perata, P., & van Dongen, J. T. (2011). Oxygen sens-
ing in plants is mediated by an N-end rule pathway for protein desta-
bilization. Nature, 479(7373), 419-422. https://doi.org/10.1038/
nature10536

Lin, C., Ogorek, L. L. P, Liu, D., Pedersen, O., & Sauter, M. (2023). A quanti-
tative trait locus conferring flood tolerance to deepwater rice regu-
lates the formation of two distinct types of aquatic adventitious
roots. New Phytologist. https://doi.org/10.1111/nph.18678

85U8017 SUOWIWOD SAIIE8ID 3dedl|dde auyy Aq peuseob aJe Sspie O 8sN J0 S8|nJ Joj AkeiqiTauljuQ AB]1/W UO (SUONIPUOD-PUR-SLBIWOD A8 I ARe.d1jBul [UO//SdNL) SUONIPUOD pue swie 1 841 88S *[£202/0/82] Uo AriqiTauliuo A8|im eeuoljqigsieisenlun Ad 881'ep(d/z00T OT/I0p/wod A8 | Aleiq1pul|uoy/sdny Wwiolj pepeojumod ‘€ ‘€202 ‘SGrvSLE


https://doi.org/10.1105/tpc.15.00866
https://doi.org/10.1016/j.molcel.2013.12.020
https://doi.org/10.1016/j.molcel.2013.12.020
https://doi.org/10.1038/nature10534
https://doi.org/10.1038/s41467-018-07875-7
https://doi.org/10.1038/s41467-018-07875-7
https://doi.org/10.1371/journal.pbio.1001950
https://doi.org/10.1371/journal.pbio.1001950
https://doi.org/10.1104/pp.17.01225
https://doi.org/10.1093/jxb/erz403
https://doi.org/10.1093/jxb/erz403
https://doi.org/10.1038/nplants.2015.151
https://doi.org/10.1016/j.tplants.2010.04.011
https://doi.org/10.1016/j.tplants.2010.04.011
https://doi.org/10.1111/nph.15969
https://doi.org/10.1093/jxb/eri252
https://doi.org/10.1038/s41467-019-12045-4
https://doi.org/10.1038/s41467-019-12045-4
https://doi.org/10.1038/nature08258
https://doi.org/10.1104/pp.110.155077
https://doi.org/10.1104/pp.110.155077
https://doi.org/10.1038/nclimate1911
https://doi.org/10.1038/nclimate1911
https://doi.org/10.1111/jipb.12882
https://doi.org/10.1111/jipb.12882
https://doi.org/10.1093/aob/mcm237
https://doi.org/10.1093/aob/mcm237
https://doi.org/10.1093/jxb/erab043
https://doi.org/10.1093/jxb/erab043
https://doi.org/10.1093/aob/mcz071
https://doi.org/10.1093/aob/mcz071
https://doi.org/10.1038/s41551-019-0479-z
https://doi.org/10.1038/s41551-019-0479-z
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1371/journal.pgen.1007208
https://doi.org/10.1111/pce.12493
https://doi.org/10.1111/pce.12493
https://doi.org/10.1111/j.1469-8137.2009.03021.x
https://doi.org/10.1111/j.1469-8137.2009.03021.x
https://doi.org/10.1038/nplants.2015.124
https://doi.org/10.1038/nplants.2015.124
https://doi.org/10.1073/pnas.2212474120
https://doi.org/10.1073/pnas.2212474120
https://doi.org/10.1105/tpc.113.113340
https://doi.org/10.1105/tpc.113.113340
https://doi.org/10.1038/nature10536
https://doi.org/10.1038/nature10536
https://doi.org/10.1111/nph.18678

DALLE CARBONARE ET AL.

120f 14 ¢ _
2o \WiLEY—(a) i [SHEHE]

" SOCIETY FOR EXPERIMENTAL BIOLOGY

Lin, C. C,, Chao, Y. T., Chen, W. C,, Ho, H. Y., Chou, M. Y,, Li, Y. R,
Wu, Y. L, Yang, H. A, Hsieh, H,, Lin, C. S., & Wu, F. H. (2019). Regu-
latory cascade involving transcriptional and N-end rule pathways in
rice under submergence. Proceedings of the National Academy of Sci-
ences, 116(8), 3300-3309. https://doi.org/10.1073/pnas.
1818507116

Lorbiecke, R., & Sauter, M. (1999). Adventitious root growth and cell-cycle
induction in deepwater rice. Plant Physiology, 119, 21-30. https://
doi.org/10.1104/pp.119.1.21

Loreti, E., Valeri, M. C., Novi, G., & Perata, P. (2018). Gene regulation and
survival under hypoxia requires starch availability and metabolism.
Plant Physiology, 176(2), 1286-1298. https://doi.org/10.1104/pp.17.
01002

Loreti, E., van Veen, H., & Perata, P. (2016). Plant responses to flooding
stress. Current Opinion in Plant Biology, 33, 64-71.

Magneschi, L., Kudahettige, R. L., Alpi, A., & Perata, P. (2009). Comparative
analysis of anoxic coleoptile elongation in rice varieties: Relationship
between coleoptile length and carbohydrate levels, fermentative
metabolism and anaerobic gene expression. Plant Biology, 11(4),
561-573. https://doi.org/10.1111/j.1438-8677.2008.00150.x

Manac’h-Little, N., Igamberdiev, A. U., & Hill, R. D. (2005). Hemoglobin
expression affects ethylene production in maize cell cultures. Plant
Physiology and Biochemistrythis, 43(5), 485-489. https://doi.org/10.
1016/j.plaphy.2005.03.012

Masson, N., Keeley, T. P., Giuntoli, B., White, M. D., Puerta, M. L,
Perata, P., Hopkinson, R. J., Flashman, E., Licausi, F., & Ratcliffe, P. J.
(2019). Conserved N-terminal cysteine dioxygenases transduce
responses to hypoxia in animals and plants. Science, 365(6448),
65-69. https://doi.org/10.1126/science.aaw0112

Meng, X., Li, L., Narsai, R., De Clercq, I., Whelan, J., & Berkowitz, O. (2020).
Mitochondrial signalling is critical for acclimation and adaptation to
flooding in Arabidopsis thaliana. The Plant Journal, 103(1), 227-247.
https://doi.org/10.1111/tpj.14724

Mugnai, S., Azzarello, E., Baluska, F., & Mancuso, S. (2012). Local root apex
hypoxia induces NO-mediated hypoxic acclimation of the entire root.
Plant and Cell Physiology, 53(5), 912-920. https://doi.org/10.1093/
pcp/pcs034

Miller, J. T., van Veen, H., Bartylla, M. M., Akman, M., Pedersen, O.,
Sun, P., Schuurink, R. C., Takeuchi, J., Todoroki, Y., Weig, A. R,
Sasidharan, R., & Mustroph, A. (2021). Keeping the shoot above
water - submergence triggers antithetical growth responses in stems
and petioles of watercress (Nasturtium officinale). The New Phytolo-
gist, 229, 140-155. https://doi.org/10.1111/nph.16350

Mustroph, A., Zanetti, M. E., Jang, C. J., Holtan, H. E., Repetti, P. P,
Galbraith, D. W., Girke, T., & Bailey-Serres, J. (2009). Profiling trans-
latomes of discrete cell populations resolves altered cellular priorities
during hypoxia in Arabidopsis. Proceedings of the National Academy of
Sciences, 106(44), 18843-18848. https://doi.org/10.1073/pnas.
0906131106

Nagai, K., Mori, Y., Ishikawa, S., Furuta, T., Gamuyao, R., Niimi, Y., Hobo, T.,
Fukuda, M., Kojima, M., Takebayashi, Y., Fukushima, A., Himuro, Y.,
Kobayashi, M., Ackley, W., Hisano, H., Sato, K., Yoshida, A., Wu, J.,
Sakakibara, H., ... Ashikari, M. (2020). Antagonistic regulation of the
gibberellic acid response during stem growth in rice. Nature, 584,
109-114. https://doi.org/10.1038/s41586-020-2501-8

Nakano, T., Suzuki, K., Fujimura, T., & Shinshi, H. (2006). Genome-wide
analysis of the ERF gene family in Arabidopsis and rice. Plant Physiol-
ogy, 140(2), 411-432. https://doi.org/10.1104/pp.105.073783

Nakayama, H., Nakayama, N., Seiki, S., Kojima, M., Sakakibara, H.,
Sinha, N., & Kimura, S. (2014). Regulation of the KNOX-GA gene
module induces heterophyllic alteration in North American lake
cress. The Plant Cell, 26(12), 4733-4748. https://doi.org/10.1105/
tpc.114.130229

Nakazono, M., Qiu, F., Borsuk, L. A., & Schnable, P. S. (2003). Laser-capture
microdissection, a tool for the global analysis of gene expression in

specific plant cell types: Identification of genes expressed differen-
tially in epidermal cells or vascular tissues of maize. The Plant Cell,
15(3), 583-596. https://doi.org/10.1105/tpc.008102

Ng, S., Ivanova, A., Duncan, O., Law, S. R,, Van Aken, O., De Clercq, |.,
Wang, Y., Carrie, C.,, Xu, L., Kmiec, B.,, & Walker, H. (2013). A
membrane-bound NAC transcription factor, ANACO017, mediates
mitochondrial retrograde signalling in Arabidopsis. The Plant Cell,
25(9), 3450-3471. https://doi.org/10.1105/tpc.113.113985

Niroula, R. K., Pucciariello, C., Ho, V. T., Novi, G., Fukao, T., & Perata, P.
(2012). SUB1A-dependent and-independent mechanisms are
involved in the flooding tolerance of wild rice species. The Plant Jour-
nal, 72(2), 282-293. https://doi.org/10.1111/j.1365-313X.2012.
05078.x

Peralta Ogorek, L. L., Pellegrini, E., & Pedersen, O. (2021). Novel functions
of the root barrier to radial oxygen loss-radial diffusion resistance to
H2 and water vapour. New Phytologist, 231(4), 1365-1376. https://
doi.org/10.1111/nph.17474

Pucciariello, C., & Perata, P. (2017). New insights into reactive oxygen spe-
cies and nitric oxide signalling under low oxygen in plants. Plant,
Cell & Environment, 40(4), 473-482. https://doi.org/10.1111/pce.
12715

Puerta, M. L., Shukla, V., Dalle Carbonare, L., Weits, D. A., Perata, P.,
Licausi, F., & Giuntoli, B. (2019). A ratiometric sensor based on plant
N-terminal degrons able to report oxygen dynamics in Saccharomyces
cerevisiae. Journal of Molecular Biology, 431(15), 2810-2820. https://
doi.org/10.1016/j.jmb.2019.05.023

Rankenberg, T., Geldhof, B., van Veen, H., Holsteens, K., Van doel, B., &
Sasidharan, R. (2021). Age-dependent abiotic stress resilience in
plants. Trends in Plant Science, 26(7), 692-705. https://doi.org/10.
1016/j.tplants.2020.12.016

Rankenberg, T., van Veen, H. Sedaghatmehr, M., Liao, C. Y,
Devaiah, M. B., Balazadeh, S., & Sasidharan, R. (2022). Ethylene-
mediated phosphorylation of ORESARA1 induces sequential leaf
death during flooding in Arabidopsis. bioRxiv. https://doi.org/10.
1101/2022.11.23.517613

Reynoso, M. A, Borowsky, A. T., Pauluzzi, G. C, Yeung, E., Zhang, J.,
Formentin, E., Velasco, J., Cabanlit, S., Duvenjian, C., Prior, M. J., &
Akmakjian, G. Z. (2022). Gene regulatory networks shape develop-
mental plasticity of root cell types under water extremes in rice.
Developmental Cell, 57(9), 1177-1192. https://doi.org/10.1016/j.
devcel.2022.04.013

Reynoso, M. A, Kajala, K., Bajic, M., West, D. A., Pauluzzi, G., Yao, A. I,
Hatch, K., Zumstein, K., Woodhouse, M., Rodriguez-Medina, J.,
Sinha, N., Brady, S. M., Deal, R. B., & Bailey-Serres, J. (2019). Evolu-
tionary flexibility in flooding response circuitry in angiosperms. Sci-
ence, 365(6459), 1291-1295.

Riber, W., Mdiller, J. T., Visser, E. J., Sasidharan, R., Voesenek, L. A, &
Mustroph, A. (2015). The greening after extended darkness1 is an N-
end rule pathway mutant with high tolerance to submergence and
starvation. Plant Physiology, 167(4), 1616-1629. https://doi.org/10.
1104/pp.114.253088

Rolletschek, H., & Liebsch, G. (2017). A method for imaging oxygen distri-
bution and respiration at a microscopic level of resolution. In Plant
respiration and internal oxygen (pp. 31-38). Humana Press. https://
doi.org/10.1007/978-1-4939-7292-0_3

Santaniello, A., Loreti, E., Gonzali, S., Novi, G., & Perata, P. (2014). A reas-
sessment of the role of sucrose synthase in the hypoxic sucrose-
ethanol transition in Arabidopsis. Plant, Cell & Environment, 37(10),
2294-2302. https://doi.org/10.1111/pce.12363

Sasidharan, R., Mustroph, A., Boonman, A., Akman, M., Ammerlaan, A. M.,
Breit, T., Schranz, M. E., Voesenek, L. A., & van Tienderen, P. H.
(2013). Root transcript profiling of two Rorippa species reveals
gene clusters associated with extreme submergence tolerance. Plant
Physiology, 163(3), 1277-1292. https://doi.org/10.1104/pp.113.
222588

85U8017 SUOWIWOD SAIIE8ID 3dedl|dde auyy Aq peuseob aJe Sspie O 8sN J0 S8|nJ Joj AkeiqiTauljuQ AB]1/W UO (SUONIPUOD-PUR-SLBIWOD A8 I ARe.d1jBul [UO//SdNL) SUONIPUOD pue swie 1 841 88S *[£202/0/82] Uo AriqiTauliuo A8|im eeuoljqigsieisenlun Ad 881'ep(d/z00T OT/I0p/wod A8 | Aleiq1pul|uoy/sdny Wwiolj pepeojumod ‘€ ‘€202 ‘SGrvSLE


https://doi.org/10.1073/pnas.1818507116
https://doi.org/10.1073/pnas.1818507116
https://doi.org/10.1104/pp.119.1.21
https://doi.org/10.1104/pp.119.1.21
https://doi.org/10.1104/pp.17.01002
https://doi.org/10.1104/pp.17.01002
https://doi.org/10.1111/j.1438-8677.2008.00150.x
https://doi.org/10.1016/j.plaphy.2005.03.012
https://doi.org/10.1016/j.plaphy.2005.03.012
https://doi.org/10.1126/science.aaw0112
https://doi.org/10.1111/tpj.14724
https://doi.org/10.1093/pcp/pcs034
https://doi.org/10.1093/pcp/pcs034
https://doi.org/10.1111/nph.16350
https://doi.org/10.1073/pnas.0906131106
https://doi.org/10.1073/pnas.0906131106
https://doi.org/10.1038/s41586-020-2501-8
https://doi.org/10.1104/pp.105.073783
https://doi.org/10.1105/tpc.114.130229
https://doi.org/10.1105/tpc.114.130229
https://doi.org/10.1105/tpc.008102
https://doi.org/10.1105/tpc.113.113985
https://doi.org/10.1111/j.1365-313X.2012.05078.x
https://doi.org/10.1111/j.1365-313X.2012.05078.x
https://doi.org/10.1111/nph.17474
https://doi.org/10.1111/nph.17474
https://doi.org/10.1111/pce.12715
https://doi.org/10.1111/pce.12715
https://doi.org/10.1016/j.jmb.2019.05.023
https://doi.org/10.1016/j.jmb.2019.05.023
https://doi.org/10.1016/j.tplants.2020.12.016
https://doi.org/10.1016/j.tplants.2020.12.016
https://doi.org/10.1101/2022.11.23.517613
https://doi.org/10.1101/2022.11.23.517613
https://doi.org/10.1016/j.devcel.2022.04.013
https://doi.org/10.1016/j.devcel.2022.04.013
https://doi.org/10.1104/pp.114.253088
https://doi.org/10.1104/pp.114.253088
https://doi.org/10.1007/978-1-4939-7292-0_3
https://doi.org/10.1007/978-1-4939-7292-0_3
https://doi.org/10.1111/pce.12363
https://doi.org/10.1104/pp.113.222588
https://doi.org/10.1104/pp.113.222588

DALLE CARBONARE ET AL.

Sauter, M. (2013). Root responses to flooding. Current Opinion in Plant Biol-
ogy, 16(3), 282-286. https://doi.org/10.1016/].pbi.2013.03.013
Schmidt, R. R,, Fulda, M., Paul, M. V., Anders, M., Plum, F., Weits, D. A,
Kosmacz, M., Larson, T. R, Graham, |. A, Beemster, G. T., &
Licausi, F. (2018). Low-oxygen response is triggered by an ATP-
dependent shift in oleoyl-CoA in Arabidopsis. Proceedings of the
National Academy of Sciences, 115(51), E12101-E12110. https://doi.

org/10.1073/pnas.1809429115

Shimamura, S., Yamamoto, R., Nakamura, T., Shimada, S., & Komatsu, S.
(2010). Stem hypertrophic lenticels and secondary aerenchyma
enable oxygen transport to roots of soybean in flooded soil. Annals
of Botany, 106(2), 277-284. https://doi.org/10.1093/aob/mcq123

Shukla, V., Lombardi, L., lacopino, S., Pencik, A., Novak, O., Perata, P,
Giuntoli, B., & Licausi, F. (2019). Endogenous hypoxia in lateral root
primordia controls root architecture by antagonising auxin signaling
in Arabidopsis. Molecular Plant, 12(4), 538-551. https://doi.org/10.
1016/j.molp.2019.01.007

Song, Z., Zonta, F., Ogorek, L. L. P., Bastegaard, V. K., Herzog, M.,
Pellegrini, E., & Pedersen, O. (2022). The quantitative importance
of key root traits for radial water loss under low water potential.
Plant and Soil, 482, 1-18. https://doi.org/10.1007/s11104-022-
05711-y

Sun, J., Zhang, G., Cui, Z., Kong, X., Yu, X,, Gui, R,, Han, Y., Li, Z, Lang, H.,
Hua, Y., & Zhang, X. (2022). Regain flood adaptation in rice through a
14-3-3 protein OsGF14h. Nature Communications, 13(1), 5664.
https://doi.org/10.1038/s41467-022-33320-x

Takahashi, H., Abo, C., Suzuki, H., Romsuk, J., Oi, T., Yanagawa, A.,
Gorai, T., Tomisaki, Y., Jitsui, M., Shimamura, S. and Mori, H., 2022.
Triterpenoids in aerenchymatous phellem contribute to internal root
aeration and waterlogging adaptability in soybean. https://doi.org/
10.21203/rs.3.rs-2230730/v1

Takahashi, H., Xiaohua, Q., Shimamura, S., Yanagawa, A., Hiraga, S., &
Nakazono, M. (2018). Sucrose supply from leaves is required for aer-
enchymatous phellem formation in hypocotyl of soybean under
waterlogged conditions. Annals of Botany, 121(4), 723-732.

Tang, H., Bi, H,, Liu, B, Lou, S., Song, Y., Tong, S., Chen, N., Jiang, Y.,
Liu, J., & Liu, H. (2021). WRKY33 interacts with WRKY12 protein to
up-regulate RAP2.2 during submergence induced hypoxia response
in Arabidopsis thaliana. New Phytologist, 229(1), 106-125. https://
doi.org/10.1111/nph.17020

Taylor-Kearney, L. J., Madden, S. Wilson, J, Myers, W. K,
Gunawardana, D. M., Pires, E., Holdship, P., Tumber, A,
Rickaby, R. E., & Flashman, E. (2022). Plant cysteine oxidase oxygen-
sensing function is conserved in early land plants and algae. ACS
Bio & Med Chem au, 2(5), 521-528. https://doi.org/10.1021/
acsbiomedchemau.2c00032

van Dongen, J. T., & Licausi, F. (2015). Oxygen sensing and signaling.
Annual Review of Plant Biology, 66, 345-367. https://doi.org/10.
1146/annurev-arplant-043014-114813

van Veen, H. Mustroph, A. Barding, G. A. Vergeer-van Eijk, M.,
Welschen-Evertman, R. A., Pedersen, O., Visser, E. J., Larive, C. K,,
Pierik, R., Bailey-Serres, J., & Voesenek, L. A. (2013). Two Rumex spe-
cies from contrasting hydrological niches regulate flooding tolerance
through distinct mechanisms. The Plant Cell, 25(11), 4691-4707.
https://doi.org/10.1105/tpc.113.119016

van Veen, H., Vashisht, D., Akman, M., Girke, T., Mustroph, A., Reinen, E.,
Hartman, S., Kooiker, M., van Tienderen, P., Schranz, M. E., & Bailey-
Serres, J. (2016). Transcriptomes of eight Arabidopsis thaliana acces-
sions reveal core conserved, genotype-and organ-specific responses
to flooding stress. Plant Physiology, 172(2), 668-689. https://doi.org/
10.1104/pp.16.00472

Vashisht, D., Hesselink, A., Pierik, R., Ammerlaan, J. M. H., Bailey-Serres, J.,
Visser, E. J. W., Pedersen, O., van Zanten, M., Vreugdenhil, D.,
Jamar, D. C. L., Voesenek, L. A. C. J., & Sasidharan, R. (2011). Natural
variation of submergence tolerance among Arabidopsis thaliana

) . 13 of 14
snsiesecey, [SHBHBL-W1 LEY-L2o™

" SOCIETY FOR EXPERIMENTAL BI0LOGY

accessions. New Phytologist, 190, 299-310. https://doi.org/10.
1111/j.1469-8137.2010.03552.x

Voesenek, L. A. C. J., & Bailey-Serres, J. (2015). Flood adaptive traits and
processes: An overview. The New Phytologist, 206, 57-73. https://
doi.org/10.1111/nph.13209

Wagner, S., Steinbeck, J., Fuchs, P., Lichtenauer, S., Elsidsser, M.,
Schippers, J. H., Nietzel, T., Ruberti, C., Van Aken, O., Meyer, A. J., &
Van Dongen, J. T. (2019). Multiparametric real-time sensing of cyto-
solic physiology links hypoxia responses to mitochondrial electron
transport. New Phytologist, 224(4), 1668-1684. https://doi.org/10.
1111/nph.16093

Wagpner, S., Van Aken, O., Elsasser, M., & Schwarzlander, M. (2018). Mito-
chondrial energy signaling and its role in the low-oxygen stress
response of plants. Plant Physiology, 176(2), 1156-1170. https://doi.
org/10.1104/pp.17.01387

Wang, F., Chen, Z. H., & Shabala, S. (2017). Hypoxia sensing in plants:
On a quest for ion channels as putative oxygen sensors. Plant and
Cell Physiology, 58(7), 1126-1142. https://doi.org/10.1093/pcp/
pcx079

Watanabe, K., Takahashi, H., Sato, S., Nishiuchi, S., Omori, F., Malik, A. 1.,
Colmer, T. D., Mano, Y., & Nakazono, M. (2017). A major locus
involved in the formation of the radial oxygen loss barrier in adventi-
tious roots of teosinte Zea nicaraguensis is located on the short-arm
of chromosome 3. Plant, Cell & Environment, 40(2), 304-316. https://
doi.org/10.1111/pce.12849

Weits, D. A. (2021). In vivo imaging of plant oxygen levels. Plant and Cell
Physiology, 62(8), 1251-1258. https://doi.org/10.1093/pcp/pcab039

Weits, D. A., Giuntoli, B., Kosmacz, M., Parlanti, S., Hubberten, H. M.,
Riegler, H., Hoefgen, R., Perata, P., Van Dongen, J. T., & Licausi, F.
(2014). Plant cysteine oxidases control the oxygen-dependent
branch of the N-end-rule pathway. Nature Communications, 5(1),
3425. https://doi.org/10.1038/ncomms4425

Weits, D. A., Kunkowska, A. B., Kamps, N. C., Portz, K., Packbier, N. K.,
Nemec Venza, Z., Gaillochet, C., Lohmann, J. U., Pedersen, O., van
Dongen, J. T., & Licausi, F. (2019). An apical hypoxic niche sets the
pace of shoot meristem activity. Nature, 569(7758), 714-717.
https://doi.org/10.1038/s41586-019-1203-6

Weits, D. A., van Dongen, J. T., & Licausi, F. (2021). Molecular oxygen as a
signaling component in plant development. New Phytologist, 229(1),
24-35. https://doi.org/10.1111/nph.16424

Weits, D. A., Zhou, L., Giuntoli, B., Dalle Carbonare, L., lacopino, S.,
Piccinini, L., Shukla, V., Bui, L. T., Novi, G., van Dongen, J. T., &
Licausi, F. (2022). Acquisition of hypoxia inducibility by oxygen sens-
ing N-terminal cysteine oxidase in spermatophytes. Plant, Cell and
Enviroment, 46, 322-338. https://doi.org/10.1111/pce.14440

White, M. D., Dalle Carbonare, L., Lavilla Puerta, M., lacopino, S.,
Edwards, M., Dunne, K., Pires, E., Levy, C., McDonough, M. A,
Licausi, F., & Flashman, E. (2020). Structures of Arabidopsis thaliana
oxygen-sensing plant cysteine oxidases 4 and 5 enable targeted
manipulation of their activity. Proceedings of the National Academy of
Sciences, 117(37), 23140-23147. https://doi.org/10.1073/pnas.
2000206117

White, M. D., Klecker, M., Hopkinson, R. J., Weits, D. A., Mueller, C.,,

Naumann, C.,, O'Neill, R., Wickens, J., Yang, J., Brooks-

Bartlett, J. C., & Garman, E. F. (2017). Plant cysteine oxidases are

dioxygenases that directly enable arginyl transferase-catalysed argi-

nylation of N-end rule targets. Nature Communications, 8(1), 14690.

https://doi.org/10.1038/ncomms14690

Q., Su, N., Huang, X., Cui, J., Shabala, L., Zhou, M., Yu, M., &

Shabala, S. (2021). Hypoxia-induced increase in GABA content is

essential for restoration of membrane potential and preventing ROS-

induced disturbance to ion homeostasis. Plant Communications, 2(3),

100188. https://doi.org/10.1016/j.xplc.2021.100188

Xiao, H., Piovesan, A., Pols, S., Verboven, P., & Nicolai, B. (2021). Micro-
structural changes enhance oxygen transport in tomato (Solanum

Wu

85U8017 SUOWIWOD SAIIE8ID 3dedl|dde auyy Aq peuseob aJe Sspie O 8sN J0 S8|nJ Joj AkeiqiTauljuQ AB]1/W UO (SUONIPUOD-PUR-SLBIWOD A8 I ARe.d1jBul [UO//SdNL) SUONIPUOD pue swie 1 841 88S *[£202/0/82] Uo AriqiTauliuo A8|im eeuoljqigsieisenlun Ad 881'ep(d/z00T OT/I0p/wod A8 | Aleiq1pul|uoy/sdny Wwiolj pepeojumod ‘€ ‘€202 ‘SGrvSLE


https://doi.org/10.1016/j.pbi.2013.03.013
https://doi.org/10.1073/pnas.1809429115
https://doi.org/10.1073/pnas.1809429115
https://doi.org/10.1093/aob/mcq123
https://doi.org/10.1016/j.molp.2019.01.007
https://doi.org/10.1016/j.molp.2019.01.007
https://doi.org/10.1007/s11104-022-05711-y
https://doi.org/10.1007/s11104-022-05711-y
https://doi.org/10.1038/s41467-022-33320-x
https://doi.org/10.21203/rs.3.rs-2230730/v1
https://doi.org/10.21203/rs.3.rs-2230730/v1
https://doi.org/10.1111/nph.17020
https://doi.org/10.1111/nph.17020
https://doi.org/10.1021/acsbiomedchemau.2c00032
https://doi.org/10.1021/acsbiomedchemau.2c00032
https://doi.org/10.1146/annurev-arplant-043014-114813
https://doi.org/10.1146/annurev-arplant-043014-114813
https://doi.org/10.1105/tpc.113.119016
https://doi.org/10.1104/pp.16.00472
https://doi.org/10.1104/pp.16.00472
https://doi.org/10.1111/j.1469-8137.2010.03552.x
https://doi.org/10.1111/j.1469-8137.2010.03552.x
https://doi.org/10.1111/nph.13209
https://doi.org/10.1111/nph.13209
https://doi.org/10.1111/nph.16093
https://doi.org/10.1111/nph.16093
https://doi.org/10.1104/pp.17.01387
https://doi.org/10.1104/pp.17.01387
https://doi.org/10.1093/pcp/pcx079
https://doi.org/10.1093/pcp/pcx079
https://doi.org/10.1111/pce.12849
https://doi.org/10.1111/pce.12849
https://doi.org/10.1093/pcp/pcab039
https://doi.org/10.1038/ncomms4425
https://doi.org/10.1038/s41586-019-1203-6
https://doi.org/10.1111/nph.16424
https://doi.org/10.1111/pce.14440
https://doi.org/10.1073/pnas.2000206117
https://doi.org/10.1073/pnas.2000206117
https://doi.org/10.1038/ncomms14690
https://doi.org/10.1016/j.xplc.2021.100188

DALLE CARBONARE ET AL.

14 of 14 WI LEY—

lycopersicum) fruit during maturation and ripening. New Phytologist,
232(5), 2043-2056. https://doi.org/10.1111/nph.17712

Xu, K., Xu, X., Fukao, T., Canlas, P., Maghirang-Rodriguez, R., Heuer, S.,
Ismail, A. M., Bailey-Serres, J., Ronald, P. C., & Mackill, D. J. (2006).
Sub1A is an ethylene-response-factor-like gene that confers submer-
gence tolerance to rice. Nature, 442(7103), 705-708. https://doi.
org/10.1038/nature04920

Yamauchi, T., Abe, F., Tsutsumi, N., & Nakazono, M. (2019). Root cortex
provides a venue for gas-space formation and is essential for plant
adaptation to waterlogging. Frontiers in Plant Science, 10, 259.
https://doi.org/10.3389/fpls.2019.00259

Yamauchi, T., Tanaka, A., Inahashi, H., Nishizawa, N. K., Tsutsumi, N.,
Inukai, Y., & Nakazono, M. (2019). Fine control of aerenchyma and
lateral root development through AUX/IAA-and ARF-dependent
auxin signaling. Proceedings of the National Academy of Sciences,
116(41), 20770-20775. https://doi.org/10.1073/pnas.1907181116

Ye, H., Song, L., Chen, H., Valliyodan, B., Cheng, P., Ali, L., Vuong, T.,
Wau, C., Orlowski, J., Buckley, B., & Chen, P. (2018). A major natural
genetic variation associated with root system architecture and plas-
ticity improves waterlogging tolerance and vyield in soybean. Plant,
Cell & Environment, 41(9), 2169-2182. https://doi.org/10.1111/pce.
13190

Yeung, E., van Veen, H., Vashisht, D., Sobral Paiva, A. L., Hummel, M.,
Rankenberg, T., Steffens, B., Steffen-Heins, A., Sauter, M.,

% American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

de Vries, M., & Schuurink, R. C. (2018). A stress recovery signaling
network for enhanced flooding tolerance in Arabidopsis thaliana. Pro-
ceedings of the National Academy of Sciences, 115(26), E6085-E6094.
https://doi.org/10.1073/pnas.1803841115

Zhou, Y., Tan, W. J, Xie, L. J,, Qi, H,, Yang, Y. C, Huang, L. P, Lai, Y. X,,
Tan, Y. F., Zhou, D. M,, Yy, L. J.,, & Chen, Q. F. (2020). Polyunsatu-
rated linolenoyl-CoA modulates ERF-VII-mediated hypoxia signaling
in Arabidopsis. Journal of Integrative Plant Biology, 62(3), 330-348.
https://doi.org/10.1111/jipb.12875

Zhou, Y., Zhou, D. M., Yu, W. W,, Shi, L. L, Zhang, Y., Lai, Y. X,
Huang, L. P, Qi, H.,, Chen, Q. F., Yao, N., & Li, J. F. (2022). Phospha-
tidic acid modulates MPK3-and MPKé-mediated hypoxia signaling in
Arabidopsis. The Plant Cell, 34(2), 889-909. https://doi.org/10.1093/
plcell/koab289

How to cite this article: Dalle Carbonare, L., Jiménez, J.,
Lichtenauer, S., & van Veen, H. (2023). Plant responses to
limited aeration: Advances and future challenges. Plant Direct,
7(3), e488. https://doi.org/10.1002/pld3.488

85U8017 SUOWIWOD SAIIE8ID 3dedl|dde auyy Aq peuseob aJe Sspie O 8sN J0 S8|nJ Joj AkeiqiTauljuQ AB]1/W UO (SUONIPUOD-PUR-SLBIWOD A8 I ARe.d1jBul [UO//SdNL) SUONIPUOD pue swie 1 841 88S *[£202/0/82] Uo AriqiTauliuo A8|im eeuoljqigsieisenlun Ad 881'ep(d/z00T OT/I0p/wod A8 | Aleiq1pul|uoy/sdny Wwiolj pepeojumod ‘€ ‘€202 ‘SGrvSLE


https://doi.org/10.1111/nph.17712
https://doi.org/10.1038/nature04920
https://doi.org/10.1038/nature04920
https://doi.org/10.3389/fpls.2019.00259
https://doi.org/10.1073/pnas.1907181116
https://doi.org/10.1111/pce.13190
https://doi.org/10.1111/pce.13190
https://doi.org/10.1073/pnas.1803841115
https://doi.org/10.1111/jipb.12875
https://doi.org/10.1093/plcell/koab289
https://doi.org/10.1093/plcell/koab289
https://doi.org/10.1002/pld3.488

	Plant responses to limited aeration: Advances and future challenges
	1  INTRODUCTION
	2  OXYGEN SENSING AND SIGNALING ACROSS KINGDOMS
	3  DOSAGE CONTROL IN PLANT HYPOXIA SIGNALING
	4  THE ROLE OF LOW OXYGEN SIGNALING BEYOND FLOODING
	5  TOWARD FLOOD TOLERANCE: IMPROVED INTERNAL AERATION
	6  TOWARD FLOOD TOLERANCE: AGE-SPECIFIC SENESCENCE
	7  TOWARD FLOOD TOLERANCE: FORWARD GENETICS AND WILD SPECIES TO IDENTIFY TOLERANCE TRAITS
	8  FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


