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1. Introduction

Molecular oxygen deficiency leads to altered cellular metabolism and can dramatically reduce
crop productivity. Nearly all crops are negatively affected by lack of oxygen (hypoxia) due to adverse
environmental conditions such as excessive rain and soil waterlogging. Extensive efforts to fully
understand how plants sense oxygen deficiency and their ability to respond using different strategies
are crucial to increase hypoxia tolerance. It was estimated that 57% of crop losses are due to floods [1].
Progress in our understanding has been significant in the last years. This topic deserved more attention
from the academic community; therefore, we have compiled a Special Issue including four reviews
and thirteen research articles reflecting the advancements made thus far.

2. Advances in Hypoxia Sensing and Responses

Oryza sativa (rice) is an important crop widely used in areas prone to suffer waterlogging and
submergence. This Special Issue has contributions that address essential aspects related to its tolerance
to the lack of oxygen. Publications that address rice aspects include reviews on the molecular regulatory
pathways and the metabolic adaptation in the seed germination and early seedling growth [2,3]. A first
review examines in detail aspects about the coleoptile elongation under submergence, anaerobic gene
regulation in rice coleoptile, chromosomal regions regulating coleoptile elongation under oxygen
shortage, starch degradation during anaerobic germination, and the hormonal regulation of anaerobic
rice coleoptile elongation [2]. A second review focuses on the recent advances underlying anaerobic
germination and coleoptile elongation and highlights the prospect of introducing quantitative trait loci
(QTL) for anaerobic germination into rice mega varieties [3]. In addition, interesting experimental
information—indicating that chlorophyll retention, content, low hydrogen peroxide accumulation,
and catalase activity are related to better performance under submergence in seedlings of five japonica
rice varieties—is also shown [4]. Conversely, another paper examined the potassium efflux and cytosol
acidification as primary anoxia-induced events in wheat and rice seedlings and found that rice responses
were more distinct and reversible upon reoxygenation when compared with sensitive wheat [5].

Root aeration is essential to withstand water excess scenarios such as waterlogging [6]. The formation
of aerenchyma in roots is critical to enable the diffusive oxygen transport to reach the root tips. Additionally,
this longitudinal transport of oxygen towards root tips can be constrained if there is an excessive radial loss
of oxygen towards the rhizosphere (ROL). Hence, the presence of a barrier preventing ROL is a desirable
trait for more efficient root aeration. In this regard, it is shown for rice that auxin-mediated signaling
contributes to ethylene-dependent inducible aerenchyma formation in roots [7]. It was demonstrated
that an auxin transport inhibitor stopped aerenchyma formation under oxygen-deficient conditions
and reduced the expression of genes encoding ethylene biosynthesis enzymes [7]. Complementarily,
another contribution assessed the formation of barrier to oxygen loss of four genotypes from two wild rice
species (Oriza glumaepatula and O. rufipogon) and found that the three O. glumaepatula accessions formed a
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ROL barrier constitutively, while the accession of O. rufipogon accession did not [8]. Therefore, these wild
relatives’ selected accessions might be crossed with elite commercial rice materials to incorporate or
improve this root trait aiming at better root aeration when waterlogged [8].

The traits aiding to the recovery from submergence-induced hypoxia have been less examined
and identified than those conferring tolerance during the stress period. A detailed study in the legume
Lotus japonicus showed genotypic variation in the recovery ability (RGR) from short-term complete
submergence and a trade-off between growth during vs. after the stress. In addition, an inverse
relationship between growth after submergence and the shoot to root ratio (SR) was identified,
where genotypes with low values of SR were able to maintain high stomatal conductance, a better leaf
water status, and chlorophyll retention [9].

Among the consequences of flooded plants are the involvement of hormone and metabolic
responses as well as enhanced production of reactive oxygen species (ROS). To achieve progress in the
mechanisms underlying anoxia tolerance is crucial to develop a broader view considering interactions
between different signaling pathways. An exciting overview of the hypoxia field’s classical and
recent findings is reported in this Special Issue [10]. The review summarizes various aspects of low
oxygen stress: (i) hypoxia sensing; (ii) adaptation to hypoxia at the cellular level; (iii) environmental
hypoxia; and finally (iv) developmental hypoxia representing a physiologically relevant condition for
the functionality of specific plant tissues [10].

The molecular mechanism of oxygen perception has been revealed in plants where proteins
belonging to group VII Ethylene Response Factors (EFR-VIIs) play a pivotal role in becoming
stable under hypoxia and degraded by proteasome machinery under aerobic conditions [11,12].
A new contribution provides information about the function of the Jatropha curcas ERFVIIs and the
consequent N-terminal modification that stabilized the protein under low oxygen availability [13].
It was shown that JcERFVII2 is an N-end rule regulated waterlogging-responsive transcription factor
that modulates gene expression under different stress-responsive conditions, including low-oxygen,
oxidative, and pathogen response [13].

The involvement of hormones during hypoxia stress demonstrated that in root apical meristem,
crosstalk between hypoxia and JA signaling occurs [14]. The jasmonate synthesis is initially enhanced
but later decreased probably due to lack of oxygen and a consequent energy crisis [14]. Previous research
has shown that when low oxygen occurs, ethylene signal drives hypoxia responses and improves
survival in Arabidopsis [15,16]. A new paper showed that the hypoxia response triggered by ethylene is
conserved in Solanum species, and, as it occurs in Arabidopsis, it enhances hypoxia tolerance [17]. One of
ethylene signaling effects is hydrogen peroxide (H,O,) production that acts as a second messenger.
To clarify the relationship between ethylene and H,O, under low oxygen availability the rbohD/ein2-5
double mutant plants was analyzed under hypoxic stress [18]. The results demonstrated a synergistic
interaction between ethylene and H,O; signaling in modulating seed germination, seedling root
growth, leaf chlorophyll content, and hypoxia-inducible gene expression [18].

In Medicago truncatula, the metabolic response differs between shoots and roots tissue [19].
Analyzing the composition of phloem exudate sap, they demonstrated that roots and leaves have
distinct metabolic responses. Overall, the metabolomic data suggest that the decrease in sugar import
in waterlogged roots increases the phloem sugar pool, which exerts a negative feedback regulation on
sugar metabolism in shoots tissue [19].

In recent years, a group of non-coding RNA molecules, microRNAs (miRNAs), were identified.
They play a pivotal role in different cellular processes. Among them, it was proposed to have a role in
response to environmental stresses triggering the repression of target genes [20]. Taking advantage of
high-throughput small RNA sequencing, a group of micoRNAs was identified in maize and teosinte
under two crucial environmental stresses, submergence and drought and alternated stresses. Therefore,
the identified miRNAs are a good starting point to establish the roles of miRNAs in stress response
and could be useful for improving stress tolerance [21].
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Finally, some practical aspects are also approached by articles on this Special Issue for other
agricultural species. For instance, in Physalis peruviana (cape gooseberry), it was reported that foliar
glycine betaine or hydrogen peroxide sprays ameliorate waterlogging stress, and that these can be
potentially used as tools in managing waterlogging in this horticultural Andean fruit crop species [22].
Additionally, in Pisum sativum (pea) it was proved that the application of a hypoxic treatment decreases
the physiological action of the herbicide imazamox due to an amelioration of the effects on total soluble
sugars, starch accumulation, and changes in some amino acids [23]. This allows the authors to suggest
that fermentation might constitute a plant defense mechanism that decreases the herbicidal effect [23].
Finally, a complete revision of the state of the art is provided regarding the findings that explain the
traits conferring tolerance to root hypoxia in woody fruit species [24]. Special attention is given to the
strategies for managing the energy crisis in Prunus species, and less explored topics in recovery and
stress memory in woody fruit trees are pointed out.

3. Future Perspectives

The studies briefly summarized above provide an advance in our understanding of the
molecular basis, the ecophysiological traits, and some of the genetic diversity of the model species
Arabidopsis thaliana, Lotus japonicus, and Medicago truncatula. They also increase our understanding of
some agricultural species (rice and its wild relatives, wheat, cape gooseberry, alfalfa, Prunus spp.) in
response to waterlogging and submergence. These advances could provide opportunities to breed
crops tolerant to oxygen deficiency. Despite the advances in knowledge gained over the last years,
some challenges need to be addressed: (i) the study of genes indicative of ethylene-mediated hypoxia
acclimation must be deepened, exploring the universality of discovered mechanisms of tolerance
across species; (ii) physiological traits associated with plant recovery from submergence and their
regulation must be identified; and (iii) trait-to-gene-to-field approaches (i.e., “translational research”),
warranting the development of strategies to cope with oxygen deficiency stress aiming to stabilize crop
yields, must be promoted to resolve food insecurity in the future. The coordinated effort of research
groups working at the different organization levels (e.g., molecular, plant and field) will increase the
chances of success of the “translational research” as the main goal, implying the translation of basic
scientific discovery into improved agricultural productivity.
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Abstract: Plants are aerobic organisms that require oxygen for their respiration. Hypoxia arises due
to the insufficient availability of oxygen, and is sensed by plants, which adapt their growth and
metabolism accordingly. Plant hypoxia can occur as a result of excessive rain and soil waterlogging,
thus constraining plant growth. Increasing research on hypoxia has led to the discovery of the
mechanisms that enable rice to be productive even when partly submerged. The identification of
Ethylene Response Factors (ERFs) as the transcription factors that enable rice to survive submergence
has paved the way to the discovery of oxygen sensing in plants. This, in turn has extended the study
of hypoxia to plant development and plant-microbe interaction. In this review, we highlight the many
facets of plant hypoxia, encompassing stress physiology, developmental biology and plant pathology.

Keywords: anaerobiosis; anoxia; Arabidopsis; flooding; hypoxia; rice; submergence; waterlogging;
development

1. Hypoxia and Its Sensing

Oxygen availability is a pre-requisite for life in several living organisms. In plants, when the
oxygen supply is insufficient, most cellular functions are compromised, which can lead to death [1].
In order to keep the level of oxygen under control, cells sense the oxygen levels and react to insufficient
oxygen (hypoxia) by adopting survival strategies ranging from gene regulation to morphological
adaptive responses [2].

Hypoxia occurs when the oxygen level limits aerobic respiration (usually between 1% and 5%),
while anoxia takes place when oxygen is absent in the environment [3]. It is also important to highlight
the difference between acute and chronic hypoxia [4]. The term acute hypoxia is used when the drop
in oxygen availability is transitory in plants, which can be due to adverse environmental conditions
such as flooding events or when unusual, transient increases in oxygen consumption occur in a plant
tissue. Acute hypoxia is perceived by the plants as stressful. On the other hand, chronic hypoxia is a
constitutive and, usually, non-stressful condition where the oxygen level is maintained low only in a
given group of cells and not in the entire plant. In other words, chronic hypoxia can be a physiological
condition in specific plant tissues.

The molecular mechanism of oxygen perception has been revealed both in animals and plants.
In mammals, the Hypoxia Inducible Factor (HIF-1) is responsible for low-oxygen sensing, while this
molecular activity is controlled by the Cys branch of the N-degron pathway in plants [5,6].

HIF-1 is formed by two subunits: HIF-1 is constitutively expressed, while HIF-1c is regulated by
oxygen through post-translational modifications [7-9]. During normoxia, HIF-1e is degraded via the
ubiquitin—proteasome pathway, whereas during hypoxia, it is stabilized and protected from proteolysis,
allowing its migration into the nucleus [10]. Here, the complex HIF1x and HIF-1f is reconstituted [7],
which induces the transcription of hypoxic genes.

Plants 2020, 9, 745; doi:10.3390/plants9060745 5 www.mdpi.com/journal/plants
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The oxygen-sensing mechanism in plants (Figure 1) was revealed several years later after the
discovery of HIF-1[5,11,12]. In plants, proteins belonging to group VII of the Ethylene Response Factors
(ERF-VIIs) are destabilized by oxygen and become stable only under hypoxia, with a mechanism
conceptually similar to the one that regulating HIF-1. ERF-VIIs are transcription factors characterized
by a Cys residue at their N-terminal [13]. Under normoxia, the Cys residue is constitutively oxidized
by a class of plant enzymes named Plant Cysteine Oxidases (PCOs), which target the ERF-VII proteins
to degradation via the proteasome, following the Cys branch of the N-degron pathway [14,15].
Under hypoxia, on the other hand, ERF-VIIs are stable, given that the absence of oxygen prevents the
oxidization of the Cys residue by PCOs. The stabilized ERF-VIIs can translocate to the nucleus where
they activate the transcription of anaerobic genes by binding to the Hypoxia-Responsive Promotor
Element (HRPE) present in the promoter of anaerobic genes [16].

HYPOXIA

Glycolysis
‘..-

Glycolysis

Qe

Figure 1. How plants sense oxygen. Under aerobic conditions (left), aerobic respiration in the
mitochondria provides most of the energy (ATP) required for the cell metabolism. The ERF-VII
transcription factor genes are constitutively expressed, but their stability is compromised by the activity

of PCOs, which, in a process requiring oxygen, oxidize the N-terminal Cys residue, channeling the
ERE-VII proteins to the proteasome, in a process also requiring nitric oxide (NO). Under hypoxia (right),
the respiration in the mitochondria is drastically reduced, and ATP production can only occur because
of enhanced glycolytic activity. The ERF-VII proteins are stabilized because of the absence of oxygen
and also thanks to ethylene production, which dampens the presence of NO in the cell. The stable
ERF-VII proteins migrate to the nucleus where they activate the transcription of Hypoxia-Responsive
Genes (HRGs), including genes encoding proteins required for alcoholic fermentation. This figure was
created using BioRender [17].

Once oxygen deficiency has been perceived, plants change their metabolism, which is also
achieved by a modulation in gene expression [18]. In Arabidopsis, 49 anaerobic core hypoxic genes are
induced in all plant organs during a hypoxic event [18].

Although oxygen-sensing mechanisms in mammals and plants are different, an overlapping
sensing machinery between plants and the animal kingdom was recently discovered [19].
Mammals possess a cysteamine dioxygenase enzyme, named ADO, which is similar to the PCOs of
plants and operates similarly on proteins possessing a Cys residue at the N-terminus [19]. With their
differences and similarities [12], oxygen-sensing mechanisms in animals and plants represent the first
steps in the cascade of events following hypoxia.
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2. Adaptation to Hypoxia at the Cellular Level

Aerobic organisms have developed a variety of adaptive responses to hypoxia at the cellular,
tissue and organism levels [20]. When the oxygen supply is adequate, the mitochondria produce enough
ATP for survival, while under hypoxia alcoholic fermentation replaces mitochondrial respiration [21].
The aim of the fermentative metabolism is to allow ATP production through the glycolytic pathway
by recycling NAD+ via the action of two key enzymes, pyruvate decarboxylase (PDC) and alcohol
dehydrogenase (ADH) [21]. These two enzymes belong to the class of anaerobic polypeptides (ANPs),
which are induced and produced under hypoxia [21]. These are produced through the action of ERE-VIIs,
which activate the transcription of the Hypoxia-Responsive Genes (HRG) that encode the ANPs.

In addition to those involved in the fermentative pathway, ANPs also include proteins linked
to aerenchyma formation, cytoplasmatic pH and carbohydrate metabolism [2,22]. Carbohydrate
degradation through glycolysis coupled with the fermentative pathway leads to 2 moles of ATP instead
of the 36 normally produced during aerobic respiration [21]. Although limited, ATP production
through fermentation is important for hypoxia tolerance [1]. Moreover, mutants defective in alcoholic
fermentation are intolerant to hypoxia, demonstrating that this pathway contributes significantly to
hypoxia tolerance [23]. In order to be efficient at ATP production, glycolysis coupled to fermentation
under low oxygen availability requires an adequate glucose supply [1,24]. In this context, the role of
starch as a source of sugars to be used during prolonged hypoxia has been demonstrated, both in
cereals and in Arabidopsis [1,24]. Of the cereals, only rice is able to germinate under anoxia due to
its ability to exploit the starchy reserves present in the caryopses, a consequence of the successful
induction of x-amylases even in the absence of oxygen [25,26].

These key enzymes, which are required for starch degradation, are not produced in other cereals,
which results in their inability to germinate under hypoxia [27,28]. Although Arabidopsis tolerance to
hypoxia depends on distinct mechanisms that enable rice seeds to germinate, starch is also an essential
component of the anaerobic response in this species. Arabidopsis adult plants require starch for their
tolerance to submergence and, interestingly, a relation between sugar starvation and the plant’s ability
to induce HRG transcription has been observed [29]. Low-oxygen conditions weaken the anaerobic
response at the transcriptional level, indicating the existence of a homeostatic mechanism linking
oxygen sensing with sugar sensing, which controls the intensity of the induction of HRGs, so that this
matches the available carbon resources [29].

3. Environmental Hypoxia

Hypoxia can be caused by specific environmental conditions, which we refer to as “environmental
hypoxia”. In humans, a lack of oxygen can be due to environmental hypoxia at high altitudes,
where the partial oxygen pressure (pO,) is decreased in proportion to the lower ambient pressure [30].
Besides environmental hypoxia, pathological conditions such as chronic obstructive pulmonary
disease [31], obstructive sleep apnea [32] and anemia [33] can also lead to hypoxia. Similarly,
during intense exercise, hypoxia can also be generated by the intense respiratory metabolism [34].

In plants, hypoxia often originates during flooding, leading to waterlogging or submergence [1]
(Figure 2). Waterlogging is the saturation of soil with water and occurs when roots cannot respire due
to a water excess, whereas the term submergence means that, in addition to the roots, the aerial part of
the plant is under water [3]. In both cases, the final effect is a lack of oxygen.
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Figure 2. Environmental hypoxia is generated by soil waterlogging or by plant submergence. An excess
of water in the soil reduces aerobic respiration, which is replaced by anaerobic metabolism. The uptake
of nutrients is reduced. A radial oxygen loss (ROL) barrier and aerenchyma eventually develops in
the root system to provide oxygen to the submerged roots. The aerial part of the plant, although not
submerged, is also affected by waterlogging, with reduced stomata conductance and CO, assimilation.
Complete or partial plant submergence may trigger quiescence or escape strategies, characterized by
reduced or enhanced elongation, respectively. Ethylene entrapment in the submerged plant plays an

important role in defining the overall plant response to submergence. Aerenchyma develops and the
metabolism is mostly anaerobic, with the exception of tissues and organs that receive sufficient oxygen
through the aerenchyma. This figure was created using BioRender [17].

Table 1. Traits affected by waterlogging and submergence in plants.

Trait Function Plant Species References
Improvement in internal Zea mays; Oryza sation;
Aerenchyma P . . Pisum sativum; Triticum aestivum; [2,35-40]
gas diffusion S .
Arabidopsis thaliana
. . Facilitating O, diffusion; .
Hypertrophic lenticels venting ethylene and CO, Woody plant species [41]
Radial oxygen loss barrier Barrier impermeable to radial ~ Oryza sativa; Pi}mgmztgs australis; [37,41,42]
O, loss Phalaris aquatica
Igcrgasgd specific leaf area COZ- ent'ers t.he mesophyll cells Rumex palustris and other
(indicating a large surface via diffusion through the . . [2]
. . . . amphibious species
area relative to mass) epidermis and not via stomata
Petiole elongation Reaching water surface Rumex palustris [2,43]
Reonenta.tlon of Pgholes m Reaching water surface Rumex palustris [2,43]
upright position
Coleoptile elongation Reaching water surface Oryza sativa [26,44,45]
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Table 1. Cont.

Trait Function Plant Species References

Fast stem elongation Reaching water surface Oryza sativa (deep water rice) [46,47]

Reducing growth-associated

Inhibition of stem elongation :
costs (quiescence strategy)

Oryza sativa [48,49]

Minimize the distance . .
Oryza sativa; Zea mais;

Root architecture between the aerial surface and L . [1,38]
. Triticum aestivum
the flooded root tips
Replace primary root systems;
Adventitious roots roots at surface of water; Zea mais; Solanum lycopersicon; 150,51]
production enhance supply of water Solanum dulcamara o

and minerals

How plants survive flooding has been studied for decades and, besides the molecular responses
described above, survival also entails morpho-physiological modifications such as aerenchyma
development, formation of barriers to radial oxygen loss, production of adventitious roots, elongation
of stems, and leaf petioles (Table 1).

Opverall, plants respond to environmental hypoxia through different strategies, aimed at prolonging
their life even under these unfavorable conditions [2]. Some plant species respond to submergence
by attempting to escape from the low-oxygen environment by elongating their stems, petioles or
leaves so that at least part of the plant is above water. This facilitates the transport of oxygen to
the submerged organs, by means of the aerenchyma, whose development is usually enhanced by
submergence [2]. The production of ethylene, entrapped by the water surrounding the submerged
plant, plays an important role and regulates several aspects of the enhanced growth, enabling the plant
to escape submergence [52]. Plant species that adopt the escape strategy include wild species, such as
Rumex palustris, and crop plants, such as some rice varieties [2].

The escape strategy is energetically costly. It is only advantageous if the rate of elongation is
fast enough to keep part of the plant above the water surface. If, instead, growth is enhanced but is
insufficient for the plant to reach the surface of the submerging water, then this strategy is detrimental
to survival, since the plant will use most of its reserve carbohydrates to fuel growth and may be
starved of carbon when the water recedes and normal plant physiology should be re-established.
Some plant species are very well adapted to prevent the starvation syndrome arising from submergence,
and, instead of enhancing growth, they adopt a quiescence strategy based on very limited growth
when the plant is submerged.

Rice is a wetland species that has evolved in very distinct environments, very often characterized
by phases of growth suffering from flooding events. Some rice species (known as deep-water rice or
floating rice), have adapted well to environments where submergence is prolonged and deep [46,53].
Deep-water rice survives due to a set of genes, named Snorkel, which are ethylene-responsive and
trigger a very fast elongation response [53]. Other flooding-resistant rice varieties, also known as
“Scuba-rice”, can tolerate short-term complete submergence by adopting a quiescence strategy made
possible by the Sub1A gene. Sub1A is ethylene-responsive but, unlike the Snorkel genes, triggers reduced
elongation, thus allowing the plant to preserve its carbohydrate reserves, which are required to ensure
vigorous re-growth when the water recedes [48,49].

The regulation of gene expression is thus important during environmental hypoxia because it
controls the induction of genes that are required for tolerance. The cellular events previously described
occur during environmental hypoxia in all those tissues which, because of submergence, do not receive
an adequate oxygen supply, but not in tissues that become aerated because of oxygen transport via the
aerenchyma to the submerged organs.
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4. Developmental Hypoxia

In humans, hypoxia can arise as a consequence of impaired blood flow. This can significantly
damage organ structure and function, resulting, for example, in a stroke (cerebral ischemia) or heart
infarction (myocardial ischemia). Hypoxia also regulates tumor growth and metastasis [54].

Although, in plants, hypoxia traditionally refers to the stress due to flooding events, it can also
occur in tissues and organs under normal oxygen availability. In this case, hypoxia represents a
physiological status that is experienced by the plant throughout its life or during a specific stage of
development. Oxygen diffuses from the air (21% [v/v] oxygen) into the plant body across apertures in
the epidermis and through intracellular air spaces within a tissue [36]; however, unlike in animals, it is
still unknown if plants have an efficient mechanism that distributes oxygen to cells. As a consequence,
plants have to deal with oxygen gradients in tissues and organs [4].

The anatomy of specific tissues or organs such as in seeds, fruits and roots may limit oxygen
diffusion, leading to hypoxia [55-57]. In bulky organs, the oxygen concentration can be very low in the
inner part of the organ [58], thus limiting oxygen for respiration. For example, oxygen concentration in
the center of growing potato tubers can decrease to around 5%, thus making this tissue hypoxic [59].

With the notable exception of bulky fruits and organs, most plant organs possess a relatively
high surface-to-volume ratio that should allow oxygen diffusion, thus preventing the establishment of
hypoxia [55]. Even tissues in which oxygen diffusion is not problematic may become hypoxic when
there is high metabolic activity, especially if there are no intercellular air spaces. High local rates
of oxygen consumption may take place in tissues such as the phloem, which has been shown to be
hypoxic [55]. Furthermore, as discussed by van Dongen et al. [55], oxygen access might be restricted
because phloem is a dense tissue with few intercellular spaces. Measurements of oxygen profiles across
stems of Ricinus communis plants showed that oxygen levels can be as low as approximately 7% (v/v) in
the vascular regions, even when plants are grown under fully aerobic conditions [55].

Interestingly, alcohol dehydrogenase activities, as well as the presence of ethanol, have been
observed in the vascular cambium of trees [60], supporting the existence of hypoxic tissues near
the phloem. Physiological hypoxia usually occurs in heterotrophic tissues, given that autotrophic
tissue produces photosynthetic oxygen and can therefore more easily prevent the occurrence of
hypoxia. During germination, reduced oxygen availability in soil plays a positive role in the survival
and establishment of seedlings following darkness, through the enhanced stability of ERF-VIIs,
which enhance dark-activated development and repress light-activated development [61].

Environment-independent hypoxia can be limited to a small cluster of cells or to entire organs.
In animals, the formation of a hypoxic microenvironment occurs when the cells need to be kept in an
undifferentiated state, such as in stem cells [62,63]

Interest in hypoxic microenvironments is also growing in plant sciences. Pollen can be hypoxic [64],
and, in fact, given that hypoxia arises naturally within growing anther tissue, it acts as a positional cue
to establish germ cell fate [65].

The concept of hypoxia as a developmental, positional cue was recently strengthened (Figure 3),
and hypoxic niches were shown to be present in shoot apical meristems (SAM; [66]). Using a micro-scale
oxygen electrode, Weits et al. [66] measured the oxygen concentration inside the shoot apical meristems
of Arabidopsis (which are very small) and that of Solanum lycopersicum (which are larger). In both cases,
the oxygen concentration inside the meristem was below 5%, highlighting that hypoxia niches are a
conserved occurrence in plants. Interestingly, Weits et al. [66] demonstrated that low oxygen in the
SAM is not only a non-stressful condition, but is actually required for the production of new leaves [66].
This is because, in SAM-related proteins, a novel substrate of the Cys branch of the N-degron pathway,
namely, LITTLE ZIPPER 2 (ZPR2), due to its hypoxia-dependent stabilization, drives leaf organogenesis
in a hypoxia-dependent manner by interacting with its target class IIl homeodomain leucine zipper
(HD-ZIP III) proteins [66]. The hypoxic niche at the shoot meristem not only promotes the stability of
ZPR2, but also of VERNALIZATION 2 (VRNZ2; [67]), which requires low oxygen to be stable and thus
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regulates reproductive and vegetative development by acting on its target FLOWERING LOCUS C
(FLC) [67].
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Figure 3. Hypoxic niches affecting developmental processes. In the roots, hypoxia in the lateral root
primordia affects auxin-regulated genes through the action of ERE-VII proteins. In the anthers, hypoxia
represents a developmental signal influencing meiotic fate acquisition (MSCA: male sterile converted
anther 1). In the shoot apical meristem, a hypoxic niche controls the stability of ZPR2 and VRN2,
affecting meristem identity and flowering, respectively. This figure was created using BioRender [17].

Hypoxia in the SAM triggers the stabilization of the ERF-VII transcription factors, which drive
the expression of the core hypoxic genes, including those involved in the fermentative pathway such
as ALCOHOL DEHYDROGENASE (ADH) and PYRUVATE DECARBOXYLASE (PDC). These genes
are induced not only in SAM but also in the Lateral Root Primordia (LRP) of Arabidopsis, suggesting
that also LRP are hypoxic [68]. Low oxygen influences root architecture, such as the formation
of adventitious roots [69], the promotion of root bending and the inhibition of primary roots [70].
Physiological hypoxia occurs during LR development irrespectively of the oxygen concentration in the
environment [68]. The consequence of the formation of hypoxic niches during lateral root primordia
development is the stabilization of ERF-VII transcription factors, which induce the set of hypoxic genes
and, at the same time, the downregulation of crucial auxin-induced genes that promote lateral root
production [68].

Roots are, in fact, the organs most affected by limited oxygen supply when the plants are
waterlogged or submerged. Hypoxia causes the primary roots to grow sideways, possibly to escape
soil patches with reduced oxygen availability via ERF-VII activity and mediated by auxin signaling in
the root tips [70].

It is still unclear how hypoxic conditions are established in the SAM and in root primordia.
While the slow oxygen diffusion rate through plant tissues explains why bulky plant organs are hypoxic,
it is less obvious why oxygen levels drop to very low levels in plant meristems. One hypothesis is the
possibly very active respiratory metabolism in the SAM, which makes the rate of oxygen diffusion
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insufficient to cope with oxygen consumption in the cells. Alternatively, the presence, yet to be
demonstrated, of barriers to oxygen diffusion may keep the SAM hypoxic.

5. Hypoxia in Plant-Microbe Interactions

In legumes, the capacity to establish a symbiotic relationship with endosymbiotic dinitrogen-fixing
rhizobia requires the establishment of hypoxic conditions, given that the activity of the nitrogenase
enzyme, which can fix Ny, is inactivated by free O,. Nodules are able to maintain an internal low-O,
environment, including a nodule O, diffusion barrier, and by expressing O,-carrying symbiotic plant
hemoglobins (reviewed by Pucciariello et al. [71]).

In other plant species, hypoxia-responsive genes have been reported to be induced in roots infected
by Plasmodiophora brassicae [72] or in stems infected by Agrobacterium tumefaciens [73], suggesting that
hypoxic conditions are generated at the sites of infection by these bacteria. Slower O, diffusion rates in
tumorigenic tissues, such as clubroot, and in crown galls, may be responsible for the establishment
of hypoxia in these conditions [74]. Alternatively, intracellular competition for O, between the host
and the pathogen can reduce the oxygen available to the plant and lead to hypoxia [72]. In the case
of crown galls, the increased respiration rate in the plant cells, which is required to fuel rapid cell
proliferation rates, may be the cause of the hypoxic conditions [73].

The evidence of a possible role of ERF-VII proteins, which require hypoxia to be stable,
in pathogen resistance has raised the question as to whether hypoxia is established during
pathogen infection [72,75-77]. Low-oxygen conditions may be established during pathogen infection,
as described above, or by modulation of nitric oxide (NO) levels, as NO is another ERF-VII
de-stabilizing molecule [72,78]. Given that ethylene is often involved in plant-pathogen interaction,
the NO-scavenging activity of the ethylene-induced PHYTOGLOBIN1 (PGB1) may also play a role
which has not yet been studied [79]. In fact, hypoxia is present in leaves that are infected with
Botrytis cinerea [80]. The hypoxic conditions are established locally, at the exact sites of B. cinerea
infection, where an oxygen concentration of less than 1% has been measured. Given that leaves are
usually fully aerobic tissues, also due to their ability to produce oxygen through photosynthesis,
the establishment of hypoxia suggests that competition of oxygen at the sites of infection may be
very strong. Although increased oxygen consumption was actually measured at the sites of B. cinerea
infection, it is still not clear whether it is fungal or plant respiration that is enhanced to a level that
leads to the rapid depletion of oxygen availability [80].

In addition to B. cinerea, infection by Alternaria brassicicola, but not Pseudomonas syringae, also leads
to the establishment of hypoxia in leaves. Besides playing a role in enhanced respiration in the infected
tissue, hypoxia arising from infection by necrotrophic fungi can also be the consequence of tissue
waterlogging in the necrotic area [80]. An important question is thus whether hypoxia contributes to
plant tolerance to B. cinerea infection or is actually an advantage for the fungus. Given that ERF-VII
proteins can contribute to B. cinerea resistance in Arabidopsis [75] and that these proteins require
hypoxia to be stable and active, it is tempting to speculate that the low-oxygen environment that is
established at the site of infection is advantageous for the plant. The stability of RAP2.3 (an ERF-VII)
makes it possible to interact with OCTADECANOID-RESPONSIVE ARABIDOPSIS 59 (ORA59) [76],
thus enhancing tolerance to the fungus.

The plant’s response to fungal infection includes the production of elicitor molecules that are
aimed at boosting the plant’s response to the pathogen. Oligogalacturonides (OGs) are important
elicitors in the response to B. cinerea infection. Interestingly, the fate of OGs as elicitors might depend
on the establishment of local hypoxia at the site of B. cinerea infection [80]. OGs can be oxidized
by Arabidopsis berberine bridge enzyme-like proteins (OXOGs) [81]. Oxidized OGs are less able to
trigger the immune responses in the plant and are less hydrolysable by fungal polygalacturonases [81].
Hypoxia could therefore be beneficial for the fungus because it prevents the oxidation of OGs that
would otherwise be oxidized and are no longer metabolically useful for the fungus. On the other hand,
the plant benefits from hypoxia, which prevents oxidation of OGs making them less effective as elicitors.
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The overexpression of OXOGs results in enhanced resistance to B. cinerea [81], suggesting that the
fungus takes advantage of OGs as a metabolic source of carbon. Establishing whether it is the fungus
or the plant that benefits from hypoxia at the site of infection thus remains an open question (Figure 4).
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Figure 4. Local hypoxia establishment during plant-microbe interactions. Leaf infection by necrotrophic
fungi results in enhanced respiration, which eventually leads to hypoxia. Under these conditions,
ERF-VII proteins are stable and, through interaction with ORA59, they influence the efficacy of a plant’s
response to the pathogen. Similarly, agrobacterium infection enhances respiration in the infected tissue,
which leads to hypoxia. Stable ERF-VII activates the anaerobic response that favors tumor growth. In
legumes, rhizobia requires hypoxic conditions, given that the activity of nitrogenase enzyme, which
can fix Ny, is inactivated by oxygen. Nodules maintain an inner low-O, environment thanks to the
presence of a nodule O, diffusion barrier and by expressing O,-carrying symbiotic plant hemoglobins
(leghemoglobin). This figure was created using BioRender [17].

6. Concluding Remarks

The hypoxia field of study in animal physiology is quite broad, ranging from sensing at the
cellular level to its role in pathogenesis. In plants, for decades, research on hypoxia has been mostly
restricted to how plants respond to adverse environmental conditions such as excessive rain, resulting
in soil waterlogging and plant submergence. Although hypoxia is of great relevance for agriculture,
also due to the challenges of climate change, plant hypoxia has been erroneously considered a minor
abiotic stress compared to, for example, drought.

Understanding the mechanisms enabling rice plants to survive submergence, involving ERF-VII
transcription factors, has paved the way to the discovery of oxygen sensing in plants. Several papers
in this research area have recently extended hypoxia research to other fields, including developmental
biology and plant pathology.
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During plant-microbe interactions, hypoxia is required for generating an environment that is
compatible with oxygen-sensitive enzymatic activities, such as during nitrogen fixation in leguminous
plants. On the other hand, hypoxia at the site of infection of necrotrophic pathogens may be required
to activate oxygen-sensitive plant resistance pathways, or it may alter the production and stability of
elicitors in a hypoxia-dependent manner.

The identification of new targets of the oxygen-dependent N-degron pathway unequivocally
demonstrates that the absence of oxygen has profound effects on the physiology and developmental
biology of the plant, well beyond the metabolic adaptive response.

The existence of hypoxic niches in an otherwise aerobic plant body raises a number of issues.
Firstly, we need to know how hypoxia is achieved in hypoxic niches. Secondly, it is of importance
to assess how many enzymatic activities are affected in hypoxic niches, including those involved
in the synthesis of plant hormones, with consequences for the hormone concentration gradients.
Thirdly, we need to assess the energy status of hypoxic niches and the impact of energy sensing on
developmental processes. How is hypoxia achieved in hypoxic niches? The limited diffusion of oxygen
though tissues and intense respiratory activity are good candidates for explaining developmental
hypoxia; however, experimental evidence is missing. The existence of a gene family of PCOs with
different affinities for oxygen and, possibly, distinct expression patterns across different cell types is
another fascinating aspect of oxygen sensing in plants, which may provide evidence of a much more
complex regulatory network for hypoxia-modulated processes in plants. Besides PCOs, limited oxygen
availability will inevitably influence the activity of several other enzymes, including those involved
in the synthesis of plant hormones, but also as-yet-unidentified oxygen-requiring enzymes whose
activity will be restricted in hypoxic niches. The identification and evaluation of these enzymes is
of importance, as they may represent ancillary oxygen-sensing mechanisms in specific plant tissues.
Finally, how is metabolism adjusted so that energy production is not compromised during chronic
hypoxia? Is fermentation sufficient? All these questions await experimental evidence.
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Abstract: Rice germinates under submergence by exploiting the starch available in the endosperm
and translocating sugars from source to sink organs. The availability of fermentable sugar under
water allows germination with the protrusion of the coleoptile, which elongates rapidly and functions
as a snorkel toward the air above. Depending on the variety, rice can produce a short or a long
coleoptile. Longer length entails the involvement of a functional transport of auxin along the coleoptile.
This paper is an overview of rice coleoptiles and the studies undertaken to understand its functioning
and role under submergence.

Keywords: anoxia; coleoptile; flooding; hypoxia; rice; submergence

1. Introduction

Submergence stress is one of the most critical constraints on crop production, with a significant
impact on food security. Higher plants die rapidly when oxygen (O,) is limited due to water
submergence. However, plants adapted to semi-aquatic environments are able to survive weeks of
complete submergence by modifying their metabolism and morphology. Rice is known for its capacity
to grow in paddy fields. However, in countries where rice is the predominant food, prolonged flooding
can affect yield, since some varieties can be sensitive to complete submergence [1]. The rise of extreme
weather events—with inundation and flash flooding—has caused considerable production losses.

In the last two decades, important adaptations have been identified with a significant impact
on rice cultivation. The identification of the SUBMERGENCET1 (SUB1) locus, responsible for limiting
elongation during submergence in order to conserve energy, and its introgression into rice popular
varieties [2,3], led to the development of SUB1 mega-varieties, which provide submergence tolerance
with no effects on grain production and quality [4].

Rice seeds can germinate and elongate the coleoptile in the absence of O,. Other cereals such as
wheat, barley, oat and rye lack this trait, and early experiments found it to be related to the capacity of
rice to hydrolyse starch into readily fermentable sugars to generate ATP [5,6]. The energy produced by
anaerobic fermentation is much lower to that produced in air. However, the reoxidation of NADH to
NAD™ by ethanolic fermentation for use in glycolysis supports plant survival under O, shortage.

The availability of a-amylase enzymes, which degrade starch under low O, is among the key
determinant of the germination of this species under submergence. ALPHA AMYLASE 3 (RAMY3D) is
the only isoform significantly modulated under anoxia at the transcriptional level [7] and is regulated
by sugar starvation [8], a condition occurring at the beginning of germination under O,-limiting
conditions. This pathway enables rice grains to use the starchy reserves available in the endosperm in
order to fuel the sink organs.

During germination, rice elongates the coleoptile. The role of the coleoptile is to protect the true
leaves during emergence from the soil and likely provide nutrients for the developing tissues [9].
Under submergence, the coleoptile acts like a snorkel that reaches the water surface and makes
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connection with the air [10]. The hollow structure allows a flow of O, to travel down to underwater
organs in order to establish aerobic respiration and fulfill the energy requirements of the developing
leaves and roots.

Together with coleoptile elongation, a delay in radicle emergence is observed under O, shortage.
This suggests that the development program is different under low O, than in air. Under O, shortage,
the energy is preferentially allocated to fuel cell extension in the epigeal part of the plant and not to the
root, which instead rapidly grow in air [10].

This article reviews how research into anaerobic rice coleoptiles has evolved and thus highlights the
important role of this organ in rice seedling establishment under water. This trait may be of interest in
areas particularly prone to flooding. Moreover, direct seeding associated with early flooding tolerance
helps in suppressing weed growth and reducing the costs of mechanical and chemical weeding.

2. The Coleoptile Elongation under Submergence

During aerobic germination, the rice coleoptile is initially white and turns green after one day [11].
The conical structure of the coleoptile is interrupted at the apex, where a vertical crack results in the
following extension of true leaves [11]. The coleoptile generally has two vascular bundles running
in parallel longitudinally. Some cell layers of the outer coleoptile epidermis develop chloroplasts
during maturation, while the inner regions contain large amyloplasts [11]. Amyloplasts degrade
rapidly in air with a complete decomposition at day 3, although the plastid membrane persists
longer [12]. Along with the split in the coleoptile, aerenchyma is formed and senescence sets in [13].
In air, the energy supply from aerobic respiration, along with starch degradation in the endosperm,
enables cell division and primary root development [14].

Under O, shortage, there is no evidence of cell death events leading to coleoptile opening,
aerenchyma formation and senescence [13]. Coleoptile maturation and cell death are blocked, and the
coleoptile rapidly elongates while the root growth is dampened. The extension of the coleoptile
under water occurs mainly through the cell expansion of cells preformed in the embryo [15], and the
expansion increases with the time underwater [16]. On the contrary, the percentage of cells in mitotic
phase decreases [16].

Indeed, both the length and the number of cells determine the final length of a coleoptile. However,
cell division requires more energy than cell elongation, thus elongation is likely facilitated under O,
shortage [17]. Cell length increases from the base of the coleoptile with a peak one third of the way
up [10]. The basal region of the hypoxic rice coleoptile seems to be the most intense for cell elongation
and division.

When the submerged coleoptile reaches the water surface, the hollow structure of the coleoptile
enables O, to flow from the surface to the submerged parts. Coleoptile elongation is thus a strategy of the
rice plant to avoid submergence stress and is referred to as the “snorkel effect” [18]. After reoxygenation,
the rice plant shows a phenotype similar to that in air, since it will develop the primary root and leaf
after coleoptile degeneration [14].

Under submergence, the rice coleoptile can grow several days without apparent senescence; it
then reaches a plateau where cell extension is likely at a maximum [19,20]. At this plateau stage,
different rice varieties show variability in coleoptile length, which can be a trait of genetic origin
(Figure 1). Indeed, this condition can be considered specific for low O, state, since aerobic coleoptiles
degenerate after a few days. In this context, different water regimes in cultivation practices may have
influenced the selection of genotypes with the capacity to reach a certain final coleoptile length as
an adaptation.
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Figure 1. Rice elongates the coleoptile under water. Treahalose 6 phosphate phosphatase 7 (TPP7)
availability in rice genotypes enables a better use of sugar, which is transferred from the source zone
(endosperm) to the sink (embryo and coleoptile). Starch mobilization to fermentable sugars to fuel
elongation takes place thanks to a battery of x-amylase whose transcription is activated by sugar
starvation and oxygen shortage-dependent messages. Increased auxin transport by the influx carrier
AUX1 contributes to a long coleoptile.

3. Anaerobic Gene Regulation in Rice Coleoptile

Analysis conducted on coleoptiles grown under anoxia until four days after germination, using the
Nipponbare variety, revealed the regulation of the expression of several genes belonging to different
families [7]. A detailed picture of this phenomenon in comparison to air was drawn, showing the
upregulation of genes involved in the biochemical steps of pyruvate metabolism, glycolysis and
fermentation. Interestingly, RAMY3D is strongly expressed in anoxic rice coleoptiles, besides the
known role in the endosperm. The significance of this phenomenon is not known, but has been
suggested to be a futile cycle of starch synthesis and degradation to fill amyloplasts with starch for the
gravitropic response [7]. Another possibility is that starch is used as a provisional store derived from
the degeneration of endosperm with the coleoptile representing a temporary sink of resources for the
subsequent fast growth.

In parallel, the upregulation of EXPA7 and EXPA12 transcripts was observed. In this context,
a subsequent study provided insights into the difference in expansin expression in rice varieties
showing long (Arborio) and short (Lamone) coleoptile length [21]. No correlation was found between
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the transcriptional regulation of expansins and coleoptile elongation, suggesting that the differential
elongation observed in the two varieties is not related to these genes.

Genes coding for heat shock proteins (HSP) were also found to be induced in anoxic coleoptiles [7],
in a mechanism that is devoted to the protection of plant cells under stress and that overlaps with the
response to heat stress [22].

A general reduction in enzymes, whose activity requires O,, was observed [7], likely in an attempt
to limit the energy spent on enzymes that are destined to be non-functional. In parallel, a possible
sugar signalling role in genes induced under anoxia was observed, which the authors suggested was
due to a moderate sugar starvation experience by anoxic rice coleoptiles.

The study of cis-element enrichment in promoters of genes regulated in rice coleoptiles under
anoxia related to glycolysis and fermentation [7] revealed the association with the transcription factors
of ARF, ERF, MYB, WRKY and bZIP families [23]. In that study, the analysis of cis-element enrichment
revealed the potential link with hormonal signalling, e.g., GA, IAA, ABA and ethylene.

Dissimilarities in gene expression have been observed when comparing the basal with the tip
coleoptile sections under anoxia and hypoxia [10]. These regions are characterised by a longitudinal
steep gradient of growth, where the basal region is the most intense in terms of cell elongation and
division. Some genes were found to be specifically expressed in the tip rather than the coleoptile base.
A specific transcriptional program was also suggested to occur under anoxia and hypoxia. In anoxic
coleoptiles, a specific expression of x-amylase genes has been identified at the base of the coleoptile in
comparison to the tip [10].

Significant changes were observed in the epigenomic state of the coleoptile, with changes
correlated to cell elongation during anaerobic conditions [14]. Very interestingly, the analysis in the
DNA methylation observed in the reoxygenation phase after anaerobiosis showed a pattern similar to
dry seeds rather than the pattern observed during exposure to air, suggesting that the plant’s internal
clock is reset to react rapidly to molecular changes involved in root and true leaf elongation [14].

Hsu and Tung [24] conducted an RNA seq analysis of rice genotypes that have varying capacities
to elongate the coleoptile under submergence. They assigned those genes that were significantly
responsive in genotypes with rapid coleoptile growth, above all, to ethylene signalling and cell wall
modification related pathways.

4. Chromosomal Regions Regulating Coleoptile Elongation under Oxygen Shortage

Several works have recently been conducted to identify genomic regions associated with coleoptile
elongation under water (Table 1). Screenings were performed considering rice panels composed of
different varietal groups. Rapid coleoptile growth of submerged rice was studied in 153 rice accessions
from japonica and indica varietal groups, measuring the difference in coleoptile length between control
and submerged plants [25]. The authors used a Genome Wide Association Study (GWAS) and
identified several genomic regions significantly associated with anaerobic germination. They also used
a recombinant inbred line population obtained from a cross between indica and japonica varieties and
identified a single significant Quantitative Trait Locus (QTL) region on chromosome 1 [25].
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Table 1. Chromosomal regions identified in genetic studies focused on rice germination and coleoptile

elongation traits.

Major Chromosomal

Trait of Study Genotypes Region Reference
Tolerance to flooding Khao Hlan On backcross population Chr 9 gAG-9-1 and .
during germination with IR64 recurrent parent qAG-9-2 QTLs Angaji etal, 2010 [26]

Tolerance to anaerobic
conditions during germination

Population derived from a cross
between Ma-Zhan Red and IR42

Chr 7 gAG-7-1 QTL Septiningsih et al., 2013 [2]

Coleoptile elongation under

Recombinant inbred line population

A L derived from a cross between Chr1 QTL Hsu and Tung, 2015 [24]
anaerobic germination ) ) S L
japonica and indica varieties
Coleoptile length during Panel of 432 indica rice varieties Chr 6 MTAs Zhang et al., 2017 [27]

germination under flooding

Coleoptile length under
dark submergence

Panel of 273 japonica rice accessions

Chrl, Chr5 MTAs Nghi et al., 2019 [20]

Coleoptile length in
anaerobic solution

39 chromosome segment
substitution lines derived from a
cross between Koshihikari and

Chr3 gACE3.1 Noshimura et al., 2020 [28]

IR64 rice varieties

Zhang et al. investigated a pool of 432 indica varieties in terms of variations in the length
of flooded coleoptiles, and used GWAS to detect significant single nucleotide polymorphisms
(SNPs) [27]. One of the haplotypes of a candidate gene, coding for a DUF domain containing
protein, contributed significantly to coleoptile elongation.

A screening of over 8000 rice accessions performed at the International Rice Research Institute
(IRRI) identified a few genotypes tolerant to anaerobic germination (AG) [26]. The QTL mapping of
the backcross population obtained by the tolerant Khao Hlan On and the sensitive IR-64 identified
five putative QTL on chromosome 1 (JAG-3-1), 3 (JAG-3-1), 7 (4AG-7-2) and 9 (gAG-9-1 and 2),
which explained the phenotypic variation from 17.9 to 33.5%. The OsTTP7 gene responsible for
enhanced anaerobic germination was subsequently identified on gAG-9-2 [29].

A further QTL mapping conducted using a population obtained from a cross between the sensitive
cultivar IR42 and the tolerant Ma-Zhan Red identified six significant QTL on chromosome 2, 5, 6, and 7,
with the largest effect on anaerobic germination played by gAG-7.1 [2].

Our laboratory screened a panel of 273 japonica rice accessions for coleoptile length [20]. There were
wide differences in coleoptile length, with a maximum length being reached at day 8 of dark
submergence. This limited growth of the coleoptile can be due to energy restrictions by starch
availability in the endosperm and release of soluble sugar or restrained capacity to sustain cell
elongation over a certain limit. The interesting aspect of this panel was the high homogeneity [30],
which led to the identification of new regions probably masked by high diversity in other panels.
In this work, two marker trait associations (MTAs) were highly significant on chromosomes 1 and
5, with the identification of a subgroup of genes likely related to the coleoptile length trait. Of those
genes, some related to auxin transport and sensing were found to be differentially expressed in long
versus short coleoptile-harbouring varieties. In particular, the auxin transporter AUX1 was found to
be more expressed in rice varieties having a low ratio between the coleoptile length at day 8 on day 4,
thus elongating very rapidly and showing a long coleoptile already at day 4. This gene was also more
expressed in the group of rice varieties showing a long coleoptile at day 8.

Recently, chromosome segment substitution lines (CSSLs) obtained crossing Koshihikari variety,
characterised by a long coleoptile, with IR 64 background, characterised by a short coleoptile,
were evaluated for coleoptile elongation in anaerobic solution and tested in paddy field [28]. A novel
QTL was identified on chromosome 3, referred to as JACE3.1, likely affecting the expression of genes
involved in fermentative metabolism.
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5. Starch Degradation during Anaerobic Rice Germination

The difference that makes rice stand out from other cereals is the use of the starch contained in the
endosperm even under O, shortage. Alpha amylase enzymes enable rice grains to degrade starch,
which thereby allows the production of soluble sugars for sink organs. In air, these enzymes function
through gibberellins (GA), abscisic acid (ABA) and sugar-demand mediated activation. In aerobic
conditions, the x-amylases subfamily AMY1 and AMY? are principally regulated by phytohormones
GA and ABA [31]. The expression of x-amylase in air and anoxia differs in relation to where they
are located. Under anoxia, the expression of total a-amylases transcripts decreases in aleurone and
increases in embryo. In particular, the anoxia-dependent reduction of AMY1 was observed with a
simultaneous increase in AMY3 [31].

Loretietal. [8]investigated the Tan-ginbozu rice mutant, impaired in GA biosynthesis, and revealed
that, under anoxia, the expression of x-amylase genes is independent of GA. Under O, shortage,
the subfamily AMY3 is predominant [31], whose transcriptional regulation is mediated by sugar
starvation and low O, signalling [8]. Other cereals fail to degrade starch in low O, conditions, due to
the absence of these isoforms [6]. As a consequence, they cannot exploit the starchy reserves to activate
the fermentation pathway and produce energy for growth.

Several studies have contributed to understanding the cascade effect that culminates with starch
degradation by x-amylase. Rice plants mutated in a CALCINEURIN B-LIKE (CBL) INTERACTING
PROTEIN KINASE 15 (CIPK15) cipk15 were identified to be extremely sensitive to submergence during
the early phase of development [32]. The cipk15 mutant fails to elongate the coleoptile under low O,
and to express anaerobic genes (e.g., ADH and AMY3) [32]. In addition, a sucrose supply restored the
cipk15 phenotype under submergence, confirming the importance of sugar availability for this trait.

CIPK proteins are involved in decoding the Ca2t signal sensed by CBL proteins, constituting a
dual component for the Ca?* sensing-responding system [33]. Although it is not clear how the
mechanism functions under O, deprivation, CBL4 was found to interact with CIPK15 [34] to positively
regulate downstream events. On the contrary, CBL10 has been found to be a negative regulator
of the CIPK15-dependent pathway since the maintenance of a low CBL10 expression level in some
rice varieties allows a higher expression of AMY3 [35]. In the activation cascade, CIPK15 was
shown to regulate the major sugar regulatory kinase SUCROSE NONFERMETNING 1-RELATED
PROTEIN KINASE SnRK1A that subsequently activates the MYELOBLASTOSIS SUCROSE 1 (MYBS1)
transcription factor involved in the transcriptional regulation of x-amylase genes [36-38]. Under sugar
starvation, MYBSI binds to the sugar response element located on the x-amylase promoter [37,38].

In the context of sugar availability, a panel of 141 Italian and 23 Sri Lankan rice varieties was tested
for coleoptile length under anoxia [39]. Expansins were shown not to be involved in the coleoptile
length difference among varieties [21], while the long coleoptile varieties showed a higher ethanol
production, suggesting a better performance in fermentation in comparison to the short coleoptile
varieties [39]. The rice alcohol dehydrogenase 1-deficient (rad) mutant showed a shorter coleoptile under
low O, in comparison to the wild-type [16]. This was mainly related to a reduced longitudinal cell
length and repression of cell division in the coleoptile, together with ADH essentiality for fermentation
in embryo and endosperm [40].

The TREHALOSE 6 PHOSPHATE PHOSPHATASE 7 (TPP7) gene, the genetic determinant of the
major QTL gAG-9-2 identified in the rice japonica variety Khao Hlan On [26], plays a key role in the
mobilization of starch under water in terms of coleoptile elongation and embryo development [29].
This gene is absent in the variety IR64, which barely germinates and whose coleoptile does not
elongate significantly under submergence. When TPP7 gene is available, the dampening of the
starch degradation due to a balance between trehalose 6 phosphate and sucrose likely decreases,
and «-amylases can work toward the production of sugars for sink organs. The consumption of
T6P with the production of trehalose by TPP7 removes the dampening effect of T6P on SnRK1A,
activating the starch catabolism. TPP7 availability has been shown to contribute substantially to the
elongation of coleoptiles. The isolation of the near isogenic line NIL-AG1 in the IR64 background
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showed an increase in coleoptile length and x-amylase activity [29]. The anaerobic germination
sensitivity of IR64 was rescued by a sucrose supply, while it was not influenced by ABA or GA.
The presence of haplotypes in a rice japonica panel characterised by the systematic presence of TPP7
was shown not to influence coleoptile length [20].

6. Hormonal Regulation of Anaerobic Rice Coleoptile Elongation

The role of auxin in coleoptile development under submergence has been questioned for several
years. There are contrasting data on the availability and role of auxin in anaerobic coleoptiles [41-46].
Early works reported that the treatment of IAA inhibitors in water resulted in dampened elongation
growth [41,42]. During anaerobic treatment, an increase in the IAA level was found, which was
suggested to be translocated from the endosperm [43]. However, the addition of IAA to coleoptiles
under anoxia did not affect the final coleoptile length, unlike air where IAA enhances coleoptile
elongation [44]. Subsequently, experiments in Heller medium flasks showed that IAA addition has an
initial positive influence on the elongation of coleoptile segments, while the second step of elongation
depends on ethylene [45]. The level of IAA was found to be lower in underwater rice segments than in
air [46].

More recently, the submergence-dependent inhibition of 1iR393 expression has been shown to
reduce the degradation of the mRNA TRANSPORT INHIBITOR RESPONSE 1 (TIR1), activating the
auxin-dependent signalling pathway in hypoxic rice [47]. Under submergence, the auxin-dependent
pathway induces coleoptile elongation and likely stomata development. EXPA7 expression was found
to be positively regulated by target-mimic lines of miR393, and negatively by miR393 overexpressing
lines. Subsequently, EXPA7 expression has been found to be significantly regulated in japonica rice
varieties that have a long coleoptile [19]. A role for auxin availability and transport mediated by
AUX1 has been identified in long coleoptile harbouring varieties [19]. In these varieties, the coleoptile
tip likely induces a further production or redistribution of auxin along the coleoptile longitudinal axis
that culminates in an increased length.

There is a higher rate of ethylene production in rice genotypes that germinate and grow rapidly
under low O; [48]. Indeed, ethylene is a primary signal under submergence [49] and ethylene treatment
increases the coleoptile length [44,50]. In rice, ethylene drives the expression of the SUB1A gene and
the SNORKELs genes, which belong to the Ethylene Responsive Factor of group VII (ERF-VII) and
help adult plants to tolerate submergence. In coleoptiles under anoxia, more ERFs are upregulated
than in air, such as ERF60, ERF67, and ERF68 [7], which belong to the ERF-VII group, like SUB1 and
SNORKEL genes. Group VII ERFs function as O; sensors in Arabidopsis, and ERF66 and ERF67 have
been identified as a target of SUB1A and, in contrast to SUB1A [51], of the N-end rule pathway [52].
In fact, a characteristic of ERF-VII is the conservation of the N-terminus, which promotes degradation
in presence of O, and stabilisation under hypoxia. This means that, under O, shortage, ERF66 and
ERF67 escape proteolysis and are stabilised for downstream transcriptional regulation of anaerobic
genes [52].

Ethylene interacts with auxin in order to inhibit root elongation in rice seedling development [53]
and it may extend the auxin-dependent elongation of rice coleoptiles under submergence [54]. It will
be interesting to investigate how ERF-VIIs function in anaerobic coleoptiles and what gene targets they
have in this organ.

7. Conclusions

The ability to produce coleoptiles under hypoxia and anoxia, rather than in air, is a unique feature
of rice. Other cereals fail to germinate under submergence. The involvement of sugar in this important
trait has long been studied. Rice can hydrolase and use the starchy reserves available in the endosperm
in times when Oy is absent. The cascade, which culminates with the activation of starch hydrolysing
enzyme o-amylase, is not regulated by GA and ABA, like in air, but is modulated by sugar availability
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and low O,. The pathway has been explored in detail with the identification of key components,
such as CIPK15, MYBS1 and SnRK1A.

Rice varieties that have the TPP7 gene are more effective than other varieties in moving sugars
from source (endosperm) to sink (embryo and coleoptile). Of the phytohormones, the role of auxin
in coleoptile length grown under water has long been controversial. Indeed, the discovery of
miR393 regulation of TIR1 transcription under submergence and the key role of auxin in long coleoptile
open again the possibility that this hormone is involved in the trait. Under submergence, O, is going
down very rapidly [20]; however, a certain level is maintained in the first days and may support
tryptophan-dependent auxin biosynthesis in germinating rice. Some authors hypothesised that the
rice endosperm releases auxin during low O,. Rice grain contains IAA [19], which may be translocated
to the elongating coleoptile. A key role in auxin transport has been proved by the phenotype of
osaux1 mutants, which shows a reduced coleoptile length under submergence in comparison to the
background [19]. This result is very interesting also in relation to the possible auxin interaction with
ethylene, as previously suggested, and the positive effect of ethylene on coleoptile growth. We know
that the ethylene level increases under water and governs rice adaptation strategies to submergence.

In this framework, many questions are still open: i) is the endosperm an auxin source in coleoptile
elongation under submergence? ii) what is the auxin gradient in the submerged coleoptile? iii) is auxin
involved in the delay of radicle emergence observed in submerged rice? iv) is there any interaction
between auxin and ethylene in the regulation of coleoptile length under water?

The answer to these questions should provide a comprehensive vision of the mechanisms involved
in coleoptile elongation under water. This would help to find ways to develop coleoptile elongation in
rice varieties that are needed for direct seeding or are cultivated in areas exposed to unexpected flooding.
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Abstract: As sessile organisms, flooding/submergence is one of the major abiotic stresses for higher
plants, with deleterious effects on their growth and survival. Therefore, flooding/submergence is a
large challenge for agriculture in lowland areas worldwide. Long-term flooding/submergence can
cause severe hypoxia stress to crop plants and can result in substantial yield loss. Rice has evolved
distinct adaptive strategies in response to low oxygen (O,) stress caused by flooding/submergence
circumstances. Recently, direct seeding practice has been increasing in popularity due to its advantages
of reducing cultivation cost and labor. However, establishment and growth of the seedlings from seed
germination under the submergence condition are large obstacles for rice in direct seeding practice.
The physiological and molecular regulatory mechanisms underlying tolerant and sensitive phenotypes
in rice have been extensively investigated. Here, this review focuses on the progress of recent advances
in the studies of the molecular mechanisms and metabolic adaptions underlying anaerobic germination
(AG) and coleoptile elongation. Further, we highlight the prospect of introducing quantitative trait
loci (QTL) for AG into rice mega varieties to ensure the compatibility of flooding/submergence
tolerance traits and yield stability, thereby advancing the direct seeding practice and facilitating future
breeding improvement.

Keywords: submergence; direct seeding; anaerobic germination; low O stress; regulatory mechanism;
metabolic adaptation

1. Introduction

Rice (Oryza sativa L.) is a staple food crop feeding more than half of the world’s population [1].
The traditional rice production system in Asian countries commonly involves transplanting seedlings
from the nursery into a paddy field. This production pattern is labor-, water-, and energy-consuming
and is becoming less profitable [2]. Therefore, in recent years, direct seeding has been receiving much
attention worldwide, especially in Asian countries, and farmers have shifted to direct seeding of rice
due to its low cost and labor-saving strategy [2—4]. There are three major methods for rice direct
seeding: dry seeding (sowing dry seeds into dry soil), wet seeding (sowing pregerminated seeds on
wet puddled soils), and water seeding (sowing seeds into standing water) [5]. However, poor crop
stand establishment has become a key obstacle that prevents the subsequent growth, development,
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and yield in the direct seeding of rice [5]. In particular, water seeding severely affects the establishment
of rice seedlings due to low water oxygen under the submergence condition.

For the early emerging seedlings, submergence reduces air diffusion, which limits O, and carbon
dioxide (CO,) availability in the submerged tissues, resulting in a hypoxic (<21% O;) environment,
with an O, concentration below that under normoxic conditions [6-9]. At low O, supply (hypoxia)
conditions, O, concentration can affect the respiration in plants, and respiration can still active although
at a strong reduced rate when O, concentration is below the critical oxygen pressure for respiration
(COPR), which is the lowest oxygen partial pressure to support maximum respiration rate [10,11].
Under O, deficiency conditions, the accumulation of several phytotoxic substances such as reduced iron
(Fe?*), manganese (Mn?*), hydrogen sulfide (H,S), oxygen radicals, and the products of fermentation,
cause severe damage to plants. The ability of rice seeds to avoid the damages caused by these toxins
is helpful to prevent further injury [4,12]. Although most modern rice varieties have low ability
to germinate under water, rice has developed various adaptive mechanisms morphologically and
physiologically in order to adapt to a wide range of hydrological environments. There are genetic
variations exist among rice varieties, and these variations lay the base for the possibility of studying
the molecular regulatory mechanism of AG-related traits and facilitate breeding rice varieties that are
suitable for direct seeding systems [4]. In direct seeding practice, varieties that are suitable for water
seeding have characteristics of high anaerobic germination tolerance, early vigorous seedling growth,
fast root growth, early tillering, and lodging resistance [13]. Therefore, the breeding of rice varieties that
are capable of surviving and accommodating submergence conditions during germination and early
growth stages improves the success of direct-seeded rice [14]. Thus, prior to breeding applications, it is
of great importance to isolate related genes for AG tolerance from tolerant genotypes and to understand
the genetic basis and the molecular regulatory mechanisms underlying anaerobic germination and
submerged seedling growth.

Despite the sophisticated molecular mechanisms involved in the regulation of the anaerobic
germination and seedling growth in rice, considerable progress on understanding the genetic, molecular
and physiological basis of rice in response to submergence stress at the germination stage, has been
achieved in the last few decades [15-23]. Here, we mainly focus on reviewing the molecular genetic
mechanisms that regulate the metabolic adaptation of rice to anaerobic germination stress; we could
not cover all the related advances due to space limitations. The advances reviewed here are crucial for
understanding the fundamental mechanisms and for the breeding design in direct seeding practice.
Last but not least, we proposed future research prospects and premised the issues raised that remain
for further investigation.

2. Strategies are Adopted in Rice under Submerged Germination

Anaerobic germination (AG) tolerance is an important trait required for rice to successfully
germinate in a direct seeding system. Rice has the ability to perceive low O, stress and regulate
germination and early seedling growth under hypoxic conditions [24,25]. There are two distinct
adaptive responses or survival strategies for coping with submergence stress in plants: one is low O,
escape strategy (LOES), and the other is low O, quiescence strategy (LOQS) [26-29]. In the case of
the established rice plants, the two adaptive strategies for flooding tolerance are SUBMERGENCE 1A
(SUB1A)-dependent quiescence strategy and SNORKEL 1 and SNORKEL 2 (SK1/2)-dependent escape
strategy [30]. Overexpression of SUB1A stimulated the expression of alcohol dehydrogenase (ADH) genes
for ethanolic fermentation and conferred submergence tolerance at the vegetative stage in rice by
up-regulating the expression of slender rice-1 (SLR1) and SLR1 like-1(SLRL1), two negative regulators for
gibberellin (GA) signaling, thereby inhibiting rice elongation, reducing the carbohydrate consumption,
and exhibiting a strong submergence tolerance in rice plants. The rice varieties with SUBIA gene
could survive up to two weeks of the complete submergence [31-33]. For SNORKEL 1 and SNORKEL
2 (SK1/2)-dependent escape strategy, SK1/2 promotes the internode elongation via the stimulation of
GA biosynthesis in deep-water rice under flooding stress, and thereby enabling rice grows upward to
the water surface for air exchange [34].
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During germination and early seeding stages of rice, the LOES is characterized by promoting
the elongation of the mesocotyl and coleoptile to allow plants to reach the water surface to increase
air exchange between the aerial and submerged tissues. In rice, varieties that have adopted LOES in
response to the submergence stress during germination are considered stress-tolerant [24]. Conversely,
LOQS is a strategy that constrains the elongation of the mesocotyl and coleoptile and preserves
energy for prolonged submergence stress. The varieties that exhibit slow coleoptile growth under
low O, conditions are sensitive to submergence stress, thereby impairing the subsequent growth and
development of the seedlings (Figure 1). Therefore, coleoptile elongation is a main index for selection
of anerobic germination-tolerant rice varieties.

Air
Normoxic ~'
growth LOES ]
= [ |

Figure 1. Low O, escape strategy (LOES) and low O, quiescence strategy (LOQS) strategy of rice
germination under submergence conditions. Oxygen is one of the important factors that affects
the germination and early seedling growth of rice. Under normoxic conditions, the surrounding
oxygen ensures normal seed germination and early growth of the seedlings. Under the submergence
condition, the formation of roots is inhibited in rice seedlings after germination. Sensitive cultivars
adopt the quiescence strategy that inhibits germination and coleoptile elongation under low O, stress,
while tolerant varieties show phenotypes with faster coleoptile elongation capacity to reach the water
surface for air exchange.

Previous studies have revealed that cell elongation contributes to the rapid increase in the length
of the coleoptile. During the early stage of germination, cell division is activated to increase cell
numbers for coleoptile growth, and the subsequent cell expansion contributes to elongation of the
coleoptile under anerobic conditions [25,35,36]. Some specific expansins were reported to contribute to
coleoptile elongation in rice under anaerobic conditions [25,37,38]; for example, EXPA2, EXPA4, EXPAI1,
EXPB11, and EXPB17 have been reported to be highly expressed in the coleoptiles under submergence
stress [36,37,39]. To adapt to the submergence environment during the germination and early stages
of growth, rice plants have evolved specific regulatory mechanisms to modulate metabolic shifts in
response to low O, stress [40,41], which will be described in more detail in the following sections.

3. Metabolic Adaption to Anaerobic Germination in Rice

In the submerged germination of rice, aerobic respiration is severely inhibited due to water O,
deficiency, leading to differential expression of the genes that contribute to activating the essential
mechanisms and, in turn, to shifting the metabolic processes to anerobic respiration, which is related
to energy production and utilization in the germinating seeds [42]. These alternative pathways
to aerobic respiration are known as fermentation, including alcoholic fermentation, lactic acid
fermentation, and the alanine pathway [43-45]. Meanwhile, tricarboxylic acid (TCA) cycle and
oxidative phosphorylation processes are inhibited, and the production of ATP is shifted from electron
transport chains (ETCs) to glycolysis and ethanol fermentation. Consequently, the net energy yield
from anaerobic fermentation (2 mol ATP per mol of glucose) is lower than that from aerobic respiration
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(30-32 mol ATP per mol of glucose) (Figure 2). Although limited amounts of energy are produced
from ethanol fermentation, it is extremely important for the germination and seedling growth under
submergence condition. The energy is allocated to critical bioprocesses, especially protein synthesis in
the cells of the coleoptile, contributing to submergence tolerance and success in the establishment of
seedlings [46]. Likewise, the reoxidization of NADH to NAD™ in anerobic fermentation is also required
for continuous glycolysis [6,47]. A recent report suggested that the AG-tolerant genotypes of rice
adopt a strategy that strongly increases starch degradation in the endosperm into metabolizable sugars,
thereby supplying substrates for subsequent glycolysis and alcohol fermentation to produce the energy
required for enhancing the germination vitality and for the rapid outgrowth of the coleoptile [15].

Coleoptile

Endosperm Aleurone Scutellum Embryo

Germination/Elongation

Energy

Fermentation

(PDC,ADH)
Low O, stress

Starch Sink strength ~—— T6P/Sucrose

TPP7
T6P — Trehalose

aAmy «— MYBS1 < SnRK1A ~— CIPK15 ~— CBL/Ca>"

|

MYBS2 SKIN1/2 Sugar starvation

Imbibition of seeds

Figure 2. The molecular regulatory pathways and metabolic pathways of rice under hypoxic germination
and early seedling growth. Sugar starvation caused by low O, stress under the submergence condition
is the key upstream signal affecting metabolic regulation pathways. The Ca>* signal acts as a secondary
messenger to mediate the downstream responses. The calcineurin B-like (CBL) proteins bind to Ca?*
and then interact with CIPK15, leading to the activation of its kinase activity. Subsequently, the activated
CIPK15 physically interacts with SnRK1A, an upstream protein kinase of the transcription factor MYBS1,
and activates its activity, consequently elevating the activity of x Amy for seed stored starch degradation.
SKIN1/2 and MYBS2 negatively regulate SnRK1A and MYBSI, respectively, thereby repressing aAmy
expression. Additionally, seed imbibition also results in the biosynthesis of gibberellin (GA) in the
embryo. GA induces the expression of MYBGA in cereal aleurone cells, thereby upregulating the
expression of the aAny gene. Meanwhile, low O-induced OsTPP7 desuppresses the SnRK1A activity
that is inhibited by trehalose 6-phosphate (T6P). OsTPP7 increases the sink strength of the embryo
axis—coleoptile by the perception of low sugar availability by enhancing the conversion of T6P to
trehalose and leads to a decrease in the T6P/sucrose ratio, thus enhancing starch mobilization for
energy production to promote coleoptile elongation. In addition, low O, results in the shift of aerobic
respiration to anaerobic fermentation, therefore inducing the expression of essential components,
including PDC and ADH.
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In the starch metabolic pathways, x-amylase (xAmy) (1,4-x-p-glucan maltohydrolase) is one
of the most abundant hydrolases in rice and is involved in mobilization of the stored starch [48,49];
it catalyzes the hydrolysis of x-1,4-glucosidic bonds of starch, yielding x-glucose, and a-maltose [50].
In rice, a total of 10 distinct aAny genes are classified into three subfamilies: subfamilies RAmy1 (A, B,
and C), RAmy2A, and RAmy3 (A, B, C, D, E, and F). Most of the aAmy genes belong to the RAmy3
subfamily [51,52], in which only one gene (LOC_Os08g36910) is induced by sugar starvation and O,
deficiency [53]. Thus, RAmy3D is considered an important enzyme in the fermentative metabolism
pathway for metabolic shift regulation and in the production of energy in response to submergence
stress [19] (Table 1). Regarding the alcoholic fermentation process, ADH, pyruvate decarboxylase
(PDC), and aldehyde dehydrogenase (ALDH) are key enzymes that are involved in the reduction of
pyruvate into alcohol. ADH catalyzes the rate-limiting step of ethanol metabolism and is considered
to be essential for carbohydrate metabolism that is critical for the germination and growth of rice
under low O stress [54,55]. It has been reported that a mutation in rice ADH1 leads to a reduction
in the level of ADH protein, and thus compromises the tolerance to anaerobic stress of the adh-null
mutant, suggesting that a functional ADH protein is required for enhancing tolerance to submergence
during rice germination [20,56] (Figure 2). Moreover, pyruvate is a final product of glycolysis, which is
converted to lactate by lactate dehydrogenase (LDH). The reduction in cytoplasmic pH inhibits the
activity of LDH and activates the activity of PDC, leading to the reduction of intracellular lactate
concentration. Therefore, the regulation of cytoplasmic pH, enables rice to avoid acidosis and improves
the survival under low O, conditions [4,25,40]. Therefore, enhancement of the activity of major
enzymes for either starch hydrolysis or ethanol synthesis is in favor of promoting the elongation of rice
coleoptile under low O, stress [24,39,54,57].

Table 1. Subfamilies of the rice xAmy genes.

Gene Subfamily =~ Chromosome Locus Name CDs ?;?;gmates Regulatory Function
RAmyl A 2 LOC_0s02g52700  32243146-32245056 f‘g}l‘ temperat;re m
RAmyl eveloping seeds [58]
RAmy1 B 2 LOC_0s02g52710  32250180-32248279 Chemical inhibition [59]
B High temperature in
RAmy1 C 1 LOC_Os01g25510  14459951-14461849 developing seeds [58]
RAmy2 A RAmy2 6 LOC_0s06g49970  30262778-30266915 Unknown
High temperature in
RAmy3 A 9 LOC_Os09g28400  17288993-17291295 developing seeds [58]
RAmy3 B 9 LOC_0s09g28420  17296166-17305076 Chemical inhibition [59]
RAmy3 C RAmy3 8 LOC_Os08g36900  23335165-23337151 Unknown
High temperature in
- developing seeds [58]
RAmy3 D 8 LOC_0Os08g36910  23340676-23343533 Sugar starvation [53,60]
Calcium signaling [21]
High temperature in
RAmy3 E 4 LOC_Os04g33040 20006128-2000927 developing seeds [58]
Chemical inhibition [59]
RAmy3 F 1 LOC_Os01g51754  29760719-29770037 Unknown

Upon imbibition of cereal grains, the rapid consumption of soluble carbohydrates during
the germination and seedling growth stages causes sugar starvation and the activation of aAmy
biosynthesis in the scutellum, which is mediated by the CIPK15-SnRK1A-MYBS1 signaling pathway [61].
Among major cereals, only rice produces a complete set of enzymes to degrade starch under AG [19].
With a higher xAmy activity for the degradation of starch to produce energy in germinating seeds, rice
promotes coleoptile elongation for surviving the anerobic stress [15,19,53].

4. The Molecular Regulatory Pathway of Anaerobic Germination in Rice

As mentioned above, rice submergence-tolerant varieties adopt LOES in response to low O,
stress [24]. In submerged germination, O, deficiency and sugar starvation are the key signals for
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rice responsiveness. O, is one of the key components for the important biochemical reactions in rice
cells. When rice germinates under submergence conditions, it senses hypoxic stress and induces
the responsive regulatory pathways to adapt to the adverse environment. Calcium (Ca2*) signal,
acting as a secondary messenger, is involved in multiple plant abiotic/biotic stress responsive signaling
pathways [62]. The calcineurin B-like (CBL) proteins, a family of Ca2+—binding proteins and one of
the major calcium ion sensors in plants, interact with CBL protein-interacting protein kinases (CIPKs)
to form the CBL-CIPK complex, thereby decoding Ca?* signaling in response to various abiotic
stresses [63-65]. CIPKs is a group of plant-specific Ser/Thr protein kinases that contain an N-terminal
kinase catalytic domain and a C-terminal regulatory NAF (Asn-Ala-Phe) domain. The NAF domain of
CIPKs is sufficient for interaction with CBL protein and leads to the activation of the CIPKs [66].

Recent studies have revealed that the CBL/CIPK15-SnRK1A-MYBS1-mediated sugar-signaling
cascade plays an important role in low-O, tolerance during the seed germination stage of rice [15,17].
CIPK15 is essential for regulating the expression of genes encoding «Amy and ADH [15] (Figure 2).
CBL4 has been reported to be induced by low-oxygen conditions and strongly interacts with the
CIPK15 protein. The silence of CBL4 results in downregulation of the expression of aAmy3 (RAmy3
D). These findings suggest that the CBL4/CIPK15 complex plays a critical role in the sugar starvation
signaling pathway and may contribute to the germination of rice under the hypoxia condition [21,67].
OsCBL10, another member of the rice CBL family, has been reported to be involved in flooding stress
response during rice germination by comparing flooding-tolerant (Low88) with flooding-intolerant
(Up221) cultivars. The natural variation in the OsCBL10 promoter is associated with the tolerance of
anaerobic germination and seedling growth among rice subspecies [16]; according to the sequence
variation, its promoter can be characterized into two types, including a flooding-tolerant type (T-type)
that only exists in japonica lowland cultivars and a flooding-intolerant type (I-type) that exists in
japonica upland-, and indica upland/lowland-, cultivars. The flooding-intolerant cultivars that contain
an I-type promoter can downregulate CIPK15 protein accumulation by inducing the expression of
OsCBL10. In contrast, the cultivars containing a T-type promoter have downregulated OsCBL10
transcription, higher xAmy activity, and increased CIPK15 protein accumulation [16]. Furthermore,
however, the OsCBL10-overexpressing line is more sensitive to flooding stress than the wild type,
suggesting that CBL10 negatively regulates the CIPK15-SnRK1A-MYBS1-mediated pathway [16].

Rice sucrose nonfermenting-1 (SNF1) homolog SNF1-related protein kinase-1 (SnRK1) is encoded
by SnRK1A and SnRK1B, and SnRK1A is structurally and functionally analogous to SNF1 in yeast and
AMP-activated protein kinase (AMPK) in mammals [17,68]. SnRK1A, SNF1, and AMPK are considered
as metabolic sensors for monitoring cellular carbohydrate status and/or AMP/ATP levels, play an
important role in the regulation of carbon and nitrogen metabolism, and are essential for the proper
growth and development of higher eukaryotes [68-70]. In the downstream of CBL/CIPK15 complex,
SnRK1A is involved in sugar starvation and O, deficiency signaling pathways and acts as a conserved
energy and stress sensor under submergence condition [15]. Additionally, SnRK1A-interacting negative
regulators (SKINs) physically interact with SnRK1A and negatively regulate its activity to modulate
the nutrient starvation signaling and its downstream pathways, including inhibition of the expression
of MYBS1 and aAmy 3, consequently resulting in compromising anaerobic germination and seedling
growth under submergence stress in rice [22] (Figure 2).

Myeloblastosis sugar response complex 1 (MYBS1) and MYBGA are two crucial transcription
factors that can integrate diverse nutrient starvation and GA signaling pathways in downstream
of SnRK1A in rice [71]. Under sugar-depleted conditions, MYBS1 specifically binds to the TATCCA
cis-acting element (the TA-box) that is located on the sugar response complex (SRC) of the
aAmy promoter, and consequently elevates the activity of xAmy for hydrolysis of starch in
the endosperm [17,72,73]. SnRK1A mediates the interaction between MYBS1 and aAmy 3 SRC,
and thus regulates the seed germination and seedling growth of rice [17] (Figure 2). In addition,
the phytohormone GA controls diverse aspects of plant growth and development, including seed
germination and stem elongation [74]. Endogenous GA is synthesized in embryo and is then transported
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to the aleurone cells to promote the secretion of xAmy [75-77]. Furthermore, MYBGA is a GA-inducible
MYB transcription factor that is expressed in cereal aleurone cells [78]. With GA induction, MYBGA
upregulates the expression of aAmy by binding to the GA-responsive element (GARE) of the aAmy 3
promoter [75,79,80]. The formation of a stable bipartite MYB (MYBS1-MYBGA)-DNA (GARE-TA box)
complex in the cytoplasm coordinates the expression of aAmy genes [71]. A recent study revealed that
the transcription factor MYBS2 competes with MYBS] for the same cis-element of the aAmy promoter
and represses aAmy expression (Figure 2). Via promoting or inhibiting the expression level of aAmy,
the competition between MYBS1 and MYBS2 can regulate and maintain sugar within an appropriate
range during germination and early seedling growth under sugar starvation stress [23].

Moreover, trehalose-6-phosphate (T6P) metabolism is modulated in response to submergence
stress. T6P phosphatase catalyzes the conversion of T6P to trehalose and changes the T6P:sucrose
ratio [18,81]. The elevated level of T6P represses the activity of SnRK1A [82] (Figure 2). Therefore, T6P,
is considered a sensor of sucrose effectiveness under low oxygen stress and is critical for allocating
carbon from source to sink tissues and for maintaining sucrose homeostasis, which influences many
metabolic and developmental processes in plants [83,84].

In addition, phytohormones also play an important role in rice under submergence. Ethylene has a
regulatory role in the upstream of both the SUB1A-dependent quiescence strategy and SK1/2-dependent
escape strategy [28,85]. GA plays negative roles in SUBIA-dependent pathway mediating submergence
tolerance and plays positive roles in the SK1/2-dependent pathway, triggering rapid internode
elongation. GA also promote the elongation of rice coleoptile in the CIPK15-dependent pathways
under submergence [15,28,40,86].

Thus, CIPK15 is induced by sugar starvation/low O, signals caused by submergence and
then activates the accumulation of SnRK1A protein. The accumulation of SnRK1A triggers
a SnRK1A-dependent signaling cascade in response submergence stress. The downstream
SnRK1A-MYBS1-aAmy 3 sugar signaling cascade promotes starch degradation and sugar mobilization,
indicating that the CIPK15-SnRK1A-MYBS1-mediated sugar sensing pathway plays a key role in the
submerged germination of rice seeds [15,17].

5. Identification of QTLs/Genes for AG Tolerance

Many QTLs and candidate genes for AG tolerance have been reported in recent years. Coleoptile
elongation and seedling survival rate under submerged conditions have been widely used as major
indicator traits for tolerance phenotyping in QTL mapping and genome-wide association study
(GWAS) approach (Table 2). Among these, five QTLs associated with tolerance of submergence during
germination were mapped on chromosomes 1 (JAG-1-2), 3 (§AG-3-1), 7(§AG-7-2), and 9 (§AG-9-1 and
gAG-9-2), respectively [87]; four QTLs (qAG7.1, gAG7.2, gAG7.3, and gAG3), which derived from aus
landrace Kharsu 80A for AG tolerance were identified in a recent study [88]. Of which, only one QTL
(9AG-9-2) has been cloned. OsTPP7, a gene encoding T6P phosphatase, was determined to be a target of
the QTL gAG-9-2. OsTPP7 is involved in the regulation of sugar signaling and in the linking of trehalose
metabolism to starch mobilization. The modulation of the local T6P: sucrose ratio by OsTPP7 promotes
the flux of sugar from the source (endosperm reserve) toward the sink (embryo axis—coleoptile growth).
These processes are partly mediated via the upregulation of MYBS1 and CIPK15 under low-oxygen
stress, thereby increasing carbohydrate availability and consequently enhancing AG tolerance [18]
(Figure 2).

GWAS is an effective and popular strategy for dissecting complex traits, which can be able to
capture complex trait variations by utilizing both evolutionary as well as historical recombination
events at the population level [97]. In recent studies, 15 AG tolerance loci were detected through
GWAS and one candidate gene, a DUF domain-containing protein (LOC_0s06g03520) was identified
and found to be highly induced by AG [94]. Additionally, two candidate genes (LOC_Os03g31550
and LOC_0Os12g31350) which encode xanthine dehydrogenase 1 (OsXDH1) and SSXT family protein,
respectively, have been identified using GWAS approach [96]. Nonetheless, the candidate genes
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currently isolated from rice seedlings for AG do not always overlap in the results of QTL mapping
and GWAS. These may result from the different principle of two strategies. QTL mapping is based
on linkage analysis of molecular markers using artificially constructed populations, while GWAS is
performed based on the association analysis between single nucleotide polymorphisms (SNPs) and
phenotypes and is able to uncover a large number of associated loci in natural populations. Although
many QTLs/associated loci have been mapped using molecular marker assisted selection and GWAS,
respectively; however, it is required for the identification of more AG tolerance genes in order to
insightfully elucidate the molecular mechanisms underlying AG tolerance and provide major loci for
breeding the AG tolerant varieties via molecular breeding.

Table 2. The identified quantitative trait loci (QTLs)/candidate genes for anaerobic germination
(AG) tolerance.

QTLs/Candidate Genes Chromosome Traits Description & Reference
GAG-1-2 1
Zﬁg:?:; :; survival rate [87]
gAG-9-1, gAG-9-2 9
qAG7.1 7 survival rate [89]
qAG7 7
qAGI1 11 survival rate [90]
qAG2.1 2
qAthq:,g?Glb 51; survival rate [91]
AG71, 1724@552, AG7.3 Z survival rate [88]
q;SuHR16:11 ? survival rateseedling height [92]
OsTPP7 9 coleoptile length Enhancing germination and coleoptile elongation [18]
P 8! g 8 P g
HXK6 1 coleoptile length Encoded a hexokinase [93]
LOC_0s06g03520 6 coleoptile length DUF domain containing protein [94]
TIR1 5 F-Box auxin receptor protein [95]
AUX1 1 . Control lateral root initiation in rice [95]
COlIla 1 coleoptile length Codes for an E3 ubiquitin ligase complex component [95]
ABC1-2 2 The ATP binding cassette transporter [95]
LOC_0Os03g31550 3 . . encodes for enzyme xanthine dehydrogenase 1(0sXDHT) [96]
LOC_Os12g31350 12 survival rate and coleoptile encodes for SSXT family protein [96]

6. Breeding Applications Using QTLs/Genes Underlying AG Tolerance

Introgression of the loci conferring submergence tolerance into rice mega varieties using
marker-assisted selection has been extensively explored recently. The results showed that introgression
has significantly enhanced submergence tolerance and did not exhibit negative impacts on rice
development, yield, or grain quality [98-101].

Under field trials, the §AG-9-2-containing near-isogenic line (NIL-AG1), which carries a small Khao
Hlan On (KHO) introgression in an elite cultivar (IR64) background, confers AG tolerance in the field
and exhibits similar grain quality as IR64 [18]. The introgression of AG1 into Ciherang-Sub1 significantly
increased AG tolerance [101]. For rice direct seeding in the field, AGI and AG2 introgression lines
show no negative impact on the early seedling growth and exhibit yield stability under flooding
condition [100], suggesting that the development of high-yielding varieties with submergence tolerance
is feasible and imperative for the direct seeding practice.

In further studies, the more commonly detected QTLs and their candidate genes could provide
promising perspectives for molecular genetic characterization of AG tolerance and for the rapid
development of cultivars with enhanced submergence tolerance. The identified QTLs/genes are in
favor of developing a more effective and efficient breeding strategy for direct seeding practice around
the world [100,102].

7. Conclusions and Perspectives

The complex trait AG is influenced by many factors, including intrinsic genetic factors and seed
quality factors, such as dormancy, maturity, and storage of nutrients, and environmental factors, such as
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light intensity, water oxygen content, pH, salinity, temperature, and soil physical state. Considering the
major obstacle encountered in the direct seeding practice, poor seedling establishment under anerobic
germination, it is critical for rice varieties to possess the ability to elongate the coleoptile faster to reach
the water surface and escape the low O, condition to ensure normal early growth [103]. Rice with faster
coleoptile elongation can be applied in direct seeding and breeding improvement [104,105]. Compared
with AG-tolerant varieties (LOES), AG-intolerant varieties (LOQS) severely inhibit growth and have
lower survival rate under submergence; however, AG-intolerant varieties that have the characteristics
of avoiding growth under submergence conditions also seem to be meaningful for short-term flooding
in direct seeding applications in the paddy fields.

Here, we highlighted the important genes and regulators that underlie the essential mechanisms
for AG tolerance. Among the stress-responsive pathways, the CIPK15-mediated O,-deficiency signaling
regulatory pathway plays a key role in controlling sugar and energy production during AG. CIPK15
regulates the SnRK1IA-dependent sugar sensing, thereby regulating the abundance of xAmy and
ADH for the metabolic shift and energy production to adapt to submergence conditions [15,40].
The upregulation of the key enzyme aAmy 3 is effective in mobilizing starch to produce energy and
shifts ATP production from aerobic to anaerobic respiration through signaling cascades and metabolic
regulation under low O, stress.

Recent progress allows us to better understand the stress-related regulatory mechanisms and
the field trials. However, more extensive investigations are required to resolve global food security
challenges in the future. It is necessary to highlight the significance of trait-to-gene-to-field approaches
to ensure that appropriate coping strategies are adopted to enable staple food crops that are more
tolerant to various abiotic stresses to maintain yield stability in the field [106,107].
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Abstract: Plants, including most crops, are intolerant to waterlogging, a stressful condition that limits
the oxygen available for roots, thereby inhibiting their growth and functionality. Whether root growth
inhibition represents a preventive measure to save energy or is rather a consequence of reduced metabolic
rates has yet to be elucidated. In the present study, we gathered evidence for hypoxic repression of
root meristem regulators that leads to root growth inhibition. We also explored the contribution of the
hormone jasmonic acid (JA) to this process in Arabidopsis thaliana. Analysis of transcriptomic profiles,
visualisation of fluorescent reporters and direct hormone quantification confirmed the activation of JA
signalling under hypoxia in the roots. Further, root growth assessment in JA-related mutants in aerobic
and anaerobic conditions indicated that JA signalling components contribute to active root inhibition
under hypoxia. Finally, we show that the oxygen-sensing transcription factor (TF) RAP2.12 can directly
induce Jasmonate Zinc-finger proteins (JAZs), repressors of JA signalling, to establish feedback inhibition.
In summary, our study sheds new light on active root growth restriction under hypoxic conditions
and on the involvement of the JA hormone in this process and its cross talk with the oxygen sensing
machinery of higher plants.

Keywords: root hypoxia; oxygen sensing; jasmonate; root meristem

1. Introduction

Heavy soil structure and intense rainfalls often result in waterlogging events that impose severe
hypoxic conditions to the root system of plants due to the poor diffusivity of gases in water [1].
Establishment of anaerobic conditions triggers an energy crisis in root cells due to the fact that oxygen
is required by the mitochondrial electron transport chain as a terminal acceptor. Indeed, plant tissues
that experience hypoxia mainly rely on glycolysis supported by fermentation for ATP production,
although this is considerably lower than that obtained via oxidative phosphorylation [2]. Additionally,
restricted oxygen supply affects a wide variety of biochemical processes in which this molecule
participates as a substrate, including the production of reactive oxygen species (ROS), fatty acid
desaturation and synthesis of phytohormones [3,4]. Therefore, plants developed an array of strategies
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to save energy and to selectively dedicate the little amount produced to structural maintenance and
stress endurance [5].

In higher plants, several of these metabolic adaptations are transcriptionally controlled by
constitutively expressed members of the group VII of Ethylene Response Factors (ERF-VII) [6-8].
For example, the Arabidopsis ERF-VII RAP2.12 was shown to re-localise from the plasma membrane
into the nucleus to induce the expression of enzymes required for fermentative pathways in response
to a drop in oxygen availability [9,10]. Indeed, oxygen levels determine ERF-VII stability by acting
upon the amino terminal sequence of these transcriptional regulators and by addressing them to
proteolysis via the N-end rule pathway [11,12]. This regulatory function has been demonstrated to be
catalysed by plant cysteine oxidases, enzymes that use molecular oxygen as a substrate to oxidize an
exposed cysteine residue to its sulfinated or possibly sulfonated form [13-15]. N-terminal oxidized
cysteines are subjected to the subsequent activity of Arginyl-transferases (ATEs) that conjugate an
arginine, thereby marking the protein for recognition by the E3 ubiquitin ligase Proteolysis 6 (PRT6)
and subsequent proteasomal degradation [16]. Under hypoxia, this chain of events is inhibited at the
initial oxidation step, leading to ERF-VII accumulation in the nucleus, where they reprogram the cell
transcriptome to accommodate anaerobic metabolism [17,18].

Notwithstanding these metabolic adjustments, growth and developmental penalties are evident
in plants that face waterlogging stress [19]. In soybean roots, rhizosphere hypoxia has been shown
to mimic the morphological responses caused by waterlogging [20], indicating that the low oxygen
component of this stress condition holds major potential to direct root architectural variation [21-23].
In general, adaptation to abiotic stresses in roots is guided by genetically controlled post-embryonic root
development that allows phenotypic plasticity, fundamentally by the determination of cell division in
the apical and lateral root meristems and cell expansion in the elongation zone [24-26]. Anatomical root
adaptation to hypoxia is species specific. In Rumex and tomato, for example, it involves a reduction
in root extension, accompanied by divergence from its regular gravitropic habitus and inhibition of
lateral root production in favour of above-water adventitious roots [27,28]. Additionally, some species,
including rice, are shown to develop aerenchyma and barriers to radial oxygen losses to enhance
oxygen channelling from above-water tissues to the submerged organs [29,30].

Previously, microarray studies have been carried out to investigate the reprogramming of gene
expression and metabolism in Arabidopsis roots and to identify a highly specific set of genes induced
at moderate levels of hypoxia [31]. Cell-specific genetic regulation across individual cell types of
Arabidopsis roots under hypoxia has been studied further at the translatome level [32]. Crosstalk of
hypoxia responsive factors and hormonal signalling has been described for ethylene, gibberellic acid
and abscisic acid signalling pathways. Ethylene, accumulated under submergence, plays a crucial
role in the adaptation to low oxygen environment as well as developmental control in concert with
gibberellic acid (GA) and abscisic acid (ABA) signalling. Ethylene promotes shoot elongation in an
escape strategy of submergence tolerance in rice [33,34]. The interplay of ethylene with GA and ABA is
known to control adventitious root and aerenchyma formation in rice [35,36]. In tomato, the ethylene
and auxin signalling pathways crosstalk to ensure adventitious root formation in flooded tomato
plants [24]. Instead, the impact of hypoxia on jasmonic acid (JA) signalling pathways is yet to be
studied in depth.

JA plays crucial roles in both plant defence and developmental processes [37], including root
growth [38], tuberization, tendril coiling [39], senescence [40] and fertility [41]. The contribution of JA
to root development has been object of several studies that shed light on a dual role for this hormone.
In fact, JA and auxin signalling modules are connected by the transcription factors MYC2 [42] and
PLETHORA (PLT1 and PLT?2), crucial regulators of root meristem activity and stem cell maintenance
depending on auxin gradients. MYC2 has been shown to repress PLT1/2 expression by directly binding
to their promoters [43], de facto counteracting the positive contribution to auxin biosynthesis by JA,
which occurs via the enzymatic step catalysed by Anthranilate Synthase A1 (ASA1) [44].
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In the current study, we investigated the crosstalk of hypoxia on JA signalling in the root apical
meristem to test whether root growth was hindered by oxygen deficiency not only as a consequence of
reduced metabolic activity but also due to active repressive signalling.

2. Results

2.1. Primary Root Growth Is Transiently Inhibited under Hypoxia

To examine the extent to which reduced oxygen levels affect root growth, we compared the primary
root length of Arabidopsis seedlings treated with either normoxic (21% O,) or hypoxic conditions (1%
v/v O,) for four days after one week of aerobic growth. Plants were supplemented with 1% sucrose
to prevent possible carbon starvation. As expected and reported previously [28], the length of the
primary root was significantly reduced in plants subjected to a hypoxic atmosphere (Figure 1A,B),
raising the question of whether this phenomenon was due to transient inactivation of root meristem
or rather due to stem cell death. To test these alternative hypotheses, we repeated the experiment,
this time including root length measurements also at the onset of hypoxic stress and four days after its
end. We observed that primary roots actually maintained elongation under hypoxia and grew further
in the post-hypoxia phase, although to a significantly reduced rate when compared to the controls
maintained under constant aerobiosis (Figure 1C), indicating that the meristematic activity at the root
apex was not lost. Remarkably, root growth inhibition was maintained in the post-hypoxic phase
(Figure 1C, Supplementary Figure S1), suggesting that active repression of root growth was established
by hypoxia rather than by being a simple metabolic consequence of reduced respiratory metabolism.
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Figure 1. Root length restriction by hypoxia and ERF-VII stabilisation: (A) Root development of
7-day-old plants treated with 1% or 21% v/v O, for 4 days; (B) primary root length of 7-day-old plants
treated with 1% or 21% v/v O, for four days (1 > 20); and (C) primary root length of plants grown
on vertical plates 7, 11 and 15 days after sowing. Circles represent averages of plants subjected to
4-day-long hypoxia (1% O, v/v) and subsequently to 4 days of recovery. Error bars represent the
standard deviation of 7 > 20. (D) Root phenotype of 11-day-old Col-0 and A13RAP plants under
normoxic conditions; (E) root length of wildtype and A13RAP plants after 11 days of growth on vertical
plates under normoxic conditions (1 > 40); (F) root phenotype of wildtype and prt6 mutant plants after
11 days of growth on vertical plates under normoxic conditions; and (G) root length of wildtype and
prt6 plants after 11 days of growth on vertical plates under normoxic conditions (1 > 25): Asterisks
indicate statistical significance (** p-value < 0.01, *** p-value < 0.001, t-test).
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Indeed, reduction of root growth under hypoxic conditions can be explained as a consequence of
ATP shortage although one could also speculate that repressive signalling may be set in action to save
energy and resources and possibly to reorient root growth towards areas with more favourable oxygen
conditions. Therefore, we tested whether the regulators of the molecular response to anaerobiosis,
the ERF-VII transcription factors [8], may also play a role in regulating root growth under hypoxic
conditions. We compared root growth of wildtype and transgenic genotypes in which ERF-VII
signalling is constitutively active due to constitutive stabilisation of these TFs independently of the
actual oxygen availability. More specifically, we exploited the ARAP line that expresses an N-terminally
deleted version of the ERF-VII RAP2.12 that makes it insensitive to oxygen [18] and the prt6 mutant,
which bears a nonfunctional version of the E3 ligase responsible for recognition and ubiquitination
of ERF-VII proteins [16]. At the transcriptional level, both genotypes exhibit an active anaerobic
response even when their mitochondria are perfectly able to carry out oxidative phosphorylation [17].
After 11 days of growth on vertical agar plates, we noticed that the primary root length of the ARAP
line was significantly reduced when compared to Col-0 plants (Figure 1D,E). Similarly, we observed
reduced root growth in the prt6 mutant as compared to wildtype plants (Figure 1EG). Since hypoxia
and ERF-VII stabilisation under aerobic conditions lead to inhibition of primary root growth to a
similar extent, we hypothesized that the observed phenotype is at least partly ascribable to active
signalling rather than exclusive metabolic arrest.

2.2. Root Meristem Regulators Are Repressed by Hypoxia

Root elongation is ensured by the production of new cells at the apex. Here, basally channelled
auxin and apically diffused (CLAVATA3/Embryo Surrounding Region-Related) (CLE)-like peptides
restrict the expression of the WUSCHEL-related homeobox 5 (WOX5) transcriptional regulator
to the quiescent centre (QC), which in turn promotes cell proliferation in the surrounding
meristematic neighbours in a cell nonautonomous manner through the PLETHORA (PLT) family [45].
mRNA quantification of PLTs and WOXS5 gene expression in root apex samples did not reveal significant
alterations in response to hypoxia, although PLT4 and WOXS5 expression was significantly reduced in
ARAP plants as compared with wildtype ones (Figure 2A). Instead, in PLT2 and PLT3, accumulation
was reduced in the meristem as a consequence of 12 h of exposure to 1% oxygen, as revealed by
the respective pPLT:PLT-YFP translational reporter lines [44] (Figure 2B,C, Supplementary Figure S2).
Similarly, GFP expression was strongly inhibited in the QC when its coding sequence was placed
under control of the WOX5 promoter (Figure 2D). We therefore speculated that hypoxia drove
posttranscriptional repression of PLT2 and 3 expression, whereas low oxygen-induced stabilisation of
RAP2.12 caused WOXS5 transcriptional inhibition in the QC. Since the GFP reporter is controlled by the
whole genomic region upstream of WOX5 coding sequence, posttranscriptional regulation impacting
on the 5’UTR could also not be excluded. The overall reduction in transcripts and proteins involved in
root meristem activity under hypoxia can potentially explain the reduction in root growth observed in
the previous experiments (Figure 1A).

2.3. Assessment of Jasmonate Levels and Activity in Hypoxic Roots

Primary root growth inhibition was one of the first physiological effects attributed to JA [46].
Therefore, we decided to investigate whether hypoxia could impact JA signalling in roots. First,
we quantified the levels of free JA, the bio-active JA-isoleucine conjugate (JA-Ile) [47] and the
JA-precursor cis-12-oxo-phytodienoic acid (cis-OPDA) [48] in roots of wildtype plants grown under
aerobic and hypoxic conditions. We sampled the roots at the end of two hypoxia treatments, a short
period of 6 h and a prolonged one of 4 d, both starting after seven days of normoxic growth. After 6 h
hypoxia, we could not observe statistically significant changes in endogenous JA and cis-OPDA levels
while the active form JA-Ile was increased (Figure 3A-C). Prolonged exposure to hypoxia, instead, led
to significant reduction in JA, JA-Ile and cis-OPDA when compared to aerobic roots (Figure 3A-C).
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This latter observation is not unexpected, since JA biosynthesis involves several biochemical steps that
use oxygen as a co-substrate, including cycles of beta-oxidation in the peroxisomes [49].
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difference calculated by 1-way ANOVA and Tukey post hoc test (p < 0.05). (B-C)The YFP signal in the
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Figure 3. Active jasmonates are produced in roots under hypoxia. Levels of JA (A), JA-Ile (B) and
cis-12-oxo-phytodienoic acid (cis-OPDA) (C) in the roots of Arabidopsis plants kept at 21% O, (green
boxes) or 1% O, (red boxes) (1 = 4). The letters in A-C indicate statistical significance compared with
untreated controls (p < 0.05, Two-way ANOVA, Tukey’s post hoc test). (D) Jas9-VENUS fluorescent
protein abundance in root apical meristems under aerobic and hypoxic conditions: Yellow associates to
the YFP signal, and purple associates to propidium iodide dye (Scale bar = 20 um).
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To understand whether the observed increase in active JA levels in Arabidopsis roots subjected to
hypoxia actually impact on JA signalling, we exploited a genetically encoded reporter for JA activity in
plants, consisting of the JA-labile JAS domain of the JAZ9 protein fused to the VENUS yellow fluorescent
protein, of which degradation relates directly to the amount of active JA [50]. Indeed, treatment with
1% O3, a level of hypoxia that we previously proved to be able to promote a physiological response
in roots (Figure 1A), decreased the fluorescent signal in the entire meristematic region (Figure 3D).
The signal was decreased as early as 2 h after the onset of hypoxia and did not reappear in the following
16 h (Figure 3D), confirming JA signalling being activated under low oxygen conditions.

2.4. JA-Responsive Genes Are Affected in Hypoxic Roots

In order to understand the contribution of JA signalling to the hypoxic response in Arabidopsis,
we first analysed a microarray dataset that interrogates the transcriptional effect of exogenous methyl-JA
(Me]JA) treatment on cultured Arabidopsis cells for 2and 6 h [51]. Using the Genevestigator software [52],
we selected 70 genes that exhibited the strongest up- (43) or downregulation (27) in response to Me-JA
treatments, and associated their corresponding fold change in a hypoxic dataset where cell-specific
translatomes from aerobic and hypoxic root samples were compared (Supplementary Table S2) [32].
This analysis returned 22 hypoxia-inducible hormone-responsive mRNAs, characterized by a hypoxic
fold change (FC) larger than 2 and 7 in which abundance was at least halved in one root cell type
(Figure 4A, Supplementary Table S3). Among the upregulated genes, six coded for JAZ proteins
(JAZ1/2/5/6/8/10), established markers of JA responses. Analysing the impact of RAP2.12 stabilisation
under aerobic conditions [18] on the same set of genes, we observed a remarkable overlap: 9 of the
11 upregulated genes were induced, and 8 of the 13 downregulated ones were repressed by RAP2.12
(Figure 4A). This last observation indicated the capacity of ERE-VII TFs to regulate JA-responsive genes,
either, in principle, by direct transcriptional control or rather by promotion of active JA signalling.
In the first instance, we identified candidate ERF-VII target genes in those containing the Hypoxia
Responsive Promoter Element (HRPE), bound by ERF-VII proteins [9], in the 1 kb 5’ region upstream
of their coding sequence. Since we could detect this DNA motif in 3 of the 24 selected genes only
(Supplementary Table S3), we rather favoured the hypothesis of indirect regulation exerted by these
transcription factors on JA-responsive genes.

Among the 11 upregulated genes, we identified JAZ1 (jasmonate-ZIM Domain 1), a repressor of JA
signalling [53]. An in-depth analysis of the whole JAZ gene family revealed that also JAZS8 is induced
by constitutive expression of the oxygen-insensitive RAP2.12 variant (Supplementary Figure S3).

To demonstrate the involvement of the ERF-VII-mediated oxygen sensing pathway, on one
side, and of the MYC-dependent jasmonate signalling, on the other, we analysed the root tissues of
wildtype, erf-VII and myc234 triple mutant plants and looked for alterations imposed by hypoxia to
the expression of selected differentially expressed genes (DEGs). The five genes (three upregulated
and two downregulated) chosen as markers displayed a rather heterogeneous behaviour (Figure 4B).
GRX480 maintained hypoxic inducibility irrespective of the genotype, whereas JAZ1 and At2g47950
lost it in one or in both knockout backgrounds, respectively (Figure 4B). Like GRX480, the regulation
of each selected repressed gene (MAN7 and NLM2) was unaffected by multiple gene knockout
(Figure 4B). Altogether, these results supported a complex picture of JA-mediated gene expression
under hypoxia, only partially involving canonical JA or hypoxia signalling and probably requiring
additional components.
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Figure 4. Jasmonic acid (JA)-responsive genes are affected by hypoxia. (A) Comparative expression
profiles of highly MeJA-responsive genes [51] across root cell types kept in a hypoxic environment [32] or
in a ARAP2.12 leaf dataset: the colours depict relative expression in each condition, with red indicating
upregulation and blue indicating downregulation according to a logarithmic scale. (B) Expression
of five selected hypoxia and MeJA-responsive genes in wildtype, erf-VII and myc234 mutants under
aerobic and hypoxic conditions: mRNA level of each gene is normalised to the house-keeping gene
(UBQ10-AT4G05320). Data shown in the graphs are the re-normalised AACt values to one of the
biological replicates of the wildtype sample at 21% O,. Data are mean + SD of five biological replicates.
Asterisks mark statistically significant differences in the indicated pairwise comparisons (**p < 0.01,
*** p <0.001, t- test).

2.5. JA Signaling Is Active under Hypoxia and Contributes to Root Growth Restriction

The observations collected in the previous experiments encouraged us to test the effect of
exogenous jasmonates on root growth under aerobic and hypoxic conditions. This could reveal
whether the repression of primary root elongation imposed by hypoxia is saturated or can be further
enhanced by JA. Root length was significantly reduced in the wildtype by a 4-day-long treatment
with hypoxia (1% O, v/v), as observed before, and further inhibited by the presence of 1 uM JA
(Figure 5A,B). A two-way ANOVA analysis did not detect significant interaction between the two
treatments. We tested the additional repressive capacity of exogenous JA treatment also in seedings
with constitutively active hypoxia signalling. prt6 but not ARAP roots showed Ja-sensitivity, although a
stronger treatment (5 tM Methyl-JA) was able to repress growth even in the latter genotype (Figure 5C).
Together, these observations indicated that ectopic expression of RAP2.12 saturates the repressive effect
of moderate JA signalling on primary root growth, although its limited induction in hypoxia and the
prt6 background is not sufficient for it. To further study the JA-related signalling cascade involved in
this regulatory process, we assessed the extent of root growth repression in JA-insensitive mutants
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under hypoxia. We observed that primary root growth was reduced in myc234 and jazl mutants, and
exposure to 4 d hypoxia further inhibited it to a similar extent as in wildtype plants (Figure 5A,B,D,E).
Instead, inactivation of the JA-Ile conjugation enzyme JAR1 caused reduced primary root growth under
aerobic conditions but did not show further decrease under hypoxia, suggesting that in this genotype
active root growth repression by JA signalling was lost (Figure 5D-E). We therefore concluded that
hypoxia triggers a JA-mediated signalling pathway that is independent of the release of JAZ-MYC2
repressive interaction.
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Figure 5. Involvement of JA signalling components in root growth repression under hypoxia: (A) Root
phenotype of 11-day-old Col-0 plants treated for four days with 1% and 21% O, atmosphere in the
presence or absence of 1 uM jasmonic acid for four days (size bar: 10 mm); (B) root length of 11-day-old
Col-0 plants treated with 1% and 21% O, in the presence or absence of 1 uM JA for four days (1 > 30)
(p < 0.05, Two-way ANOVA, Tukey’s post hoc test); (C) root length of 11-day-old A13RAP and prt6
plants treated with 1 uM JA (n > 20) (p < 0.05, T-test); (D) root phenotype of myc234, jazl and jarl-1
11-day-old plants treated for four days in 1% and 21% O, (size bar: 10 mm); and (E) root length of
11-day-old myc234, jazl and jar1-1 plants treated for four days in 1% and 21% O, (n > 30). The wildtype
control is presented in 5A and 5B. Asterisks indicate statistical significance compared with untreated
controls (**p <0.01, **p < 0.001 t-test) (size bar: 10mm).

3. Discussion

Throughout their lifespan, plants accumulate a limited amount of resources that can be dedicated
to either growth and reproduction or enduring biotic and abiotic stresses. Therefore, when plants
face adverse environmental conditions, growth and development are necessarily affected [4,5]. In the
frame of this study, we focused on the inhibition of primary root elongation that occurs under hypoxia.
We confirmed that elongation of the primary root of Arabidopsis plants grown on agarised plates
was significantly hampered by imposition of a hypoxic atmosphere (Figure 1A,D,F). The slanting
tropism reported by Eysholdt-Derzso and Sauter [54] could still be observed, although to a moderate
extent (Figure 1A). This can be explained by the fact that, differently from the original report of this
phenomenon, hypoxic treatments were applied to plants maintained under photoperiodic regime in
order to avoid interference with light signalling and possible starvation due to prolonged darkness.
Therefore, the photo-oxygenic activity likely raised the oxygen concentration inside the plate when
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oxygen was exchanged with the external atmosphere through the stomata. Nevertheless, continuous
flushing of an atmosphere containing 1% O, was sufficient to restrict root elongation (Figure 1A,B).

Remarkably, primary root growth was maintained at a reduced rate four days after the end of the
hypoxic treatment (Figure 1C, Supplementary Figure S1), which led us to speculate about the persistence
of an inhibiting signalling after reoxygenation. It should be noted, however, that Arabidopsis root
elongation in vertical plates is expected to increase with plant age, as reported by Yazdanbakhsh and
Fisahn [55]. The comparable growth rate observed for seedlings grown permanently under aerobic
conditions for 11 days and 15-day-old ones treated for 4 days with hypoxia (Supplementary Figure S1)
can be considered as a simple delay imposed by active repression under hypoxia and fully relieved by
restoration of aerobiosis.

The involvement of JA signalling in the active restriction of root growth that arose from the current
study (Figure 5) is rather controversial, considering the requirement of several oxygen molecules
for JA biosynthesis [56]. However, it is possible that, under naturally occurring hypoxia, such as
waterlogging, the actual oxygen available in the non-submerged organs sustains JA biosynthesis,
which is subsequently transported basipetally to restrict root meristem activity. Indeed, we could only
observe significant increase of the Ile-conjugated form of JA, whereas the unconjugated version or
cis-OPDA precursor were unaffected (Figure 3), suggesting that it is the last step of JA activation to be
stimulated by short-term hypoxia. Recently, JA influx and efflux transporters have been identified
in Arabidopsis [57]. The transient nature of Ja-Ile accumulation under hypoxia could thus also be
likely explained by the energy requirement of AtABCG16/jasmonate transporter 1 for its activity [58].
Moreover, the observation of considerably lower levels of cis-OPDA over prolonged hypoxia when
compared to aerobic roots suggested that, in the long run, oxygen and ATP became limiting factors
in the synthesis of this hormone. In addition to substrate shortage, it is also possible that the JA
biosynthetic pathway is actively repressed at the transcriptional or posttranscriptional levels by hypoxia.
For instance, a reduction in JA-biosynthetic gene expression and consequently of JA levels in the
seedlings of the N-end rule pathway mutant of Arabidopsis atelate? has been reported previously [59].
Additionally, moderate repression of the JA-biosynthetic genes AOC2, OAS, VSP1 and JAR1 by hypoxia
was also observed in root cell types of Arabidopsis [32].

The role of JA in root growth inhibition has been extensively characterized in the past (reviewed
in [60]). This regulatory activity has been shown to be mediated by different transcriptional regulators
belonging to the basic helix-loop-helix (bHLH) and ethylene insensitive 3 (EIN3) families [61].
The observed root inhibition under hypoxia does not seem to be mediated by the bHLH MYC2, 3 and
4, as indicated by maintenance of repression in a myc234 mutant (Figure 5). In fact, whereas MYC2 has
been shown to repress PLT1 and PLT2, thereby inhibiting room meristem activity [43], hypoxia and
possibly its JA-signalling component seem to act post-transcriptionally on PLT2 and PLT3 (Figure 2).
Transcriptional repression was instead observed for WOX5, which therefore suggests a parallel
regulatory pathway to be in action (Figure 2D). Since significant, although slight, WOXS5 repression
could be measured in a ARAP genotype (Figure 2A), it is tempting to speculate about a repressive role
for the ERF-VII transcription factors in the root apical meristem. Further analyses in plants impaired in
jasmonate synthesis or signalling will be required to test this hypothesis. Their involvement seems
to be indirect, since we could not identify the HRPE motif, preferentially recognized by ERF-VII,
in the promoters of most JA responsive genes (Supplementary Table S4). This role might rather be
ascribed to transcriptional repressors activated by ERF-VIIs under hypoxia, such as the Hypoxia
Responsive Attenuator 1 or Lateral Organ Boundaries (LOB) domain-containing protein 41 [10,62].
Further analyses are therefore required to shed light on the role of these transcription factors in limiting
root growth under low oxygen environment.

In summary, with this study, we provided novel evidence that, under hypoxic conditions,
restriction of root growth relies at least partly on JA-signalling pathways that negatively affect PLT2/3
and WOXG5 activity. The synthesis of jasmonate is initially enhanced under such stress in the root,
although it later decreases, probably due to oxygen and energy deficiency. We also provided the first
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evidence that the main known mechanism accounting for plant transcriptional responses to low oxygen,
which is based on ERF-VII stabilisation, might be intertwined with this process. These observations
will need to be corroborated in the future with similar analyses using single and high-order level
erf-VII mutants. This study paves the way to understanding adaptive root growth responses under
localised hypoxic conditions and therefore suggests previously unrecognized targets for breeding
crops with improved waterlogging tolerance.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

The Columbia-0 (Col-0) ecotype of Arabidopsis thaliana was used as the wildtype background
in all experiments. The transgenic line expressing a stabilised RAP2.12 factor (355:A13RAP #10)
used for experiments has been previously described in [12]. The ERF-VII mutant [50] was provided
by Michael Holdsworth (University of Nottingham, UK). prt6-5 (N684039), jar1-1 (N8072) and jaz1
(N2107784) seeds were obtained from the European Arabidopsis Stock Centre (NASC). myc234 mutant
seeds were previously described in [63] and provided by Roberto Solano (Spanish National Research
Council, Madrid, Spain). Plethora reporter lines, pPLT1:PLT1-YFP, pPLT2:PLT2-YFP, pPLT3:PLT3-YFP,
and pPLT4:PLT4-YFP and WOX5 reporter line WOX5:GFP, were previously described in [64] and
provided by Ben Scheres (University of Wageningen). A jasmonate responsive reporter, Jas9-VENUS,
has been previously described in [65] and was provided by Laurent Laplaze (Institute of Research
for Development, Marseille). Seeds were grown on vertical plates on agarised medium composed of
half-strength Murashige and Skoog (Duchefa) basal salt mixture, 0.8% plant agar, supplemented with
1% sucrose (Sigma-Aldrich). Seeds were stratified at 4 °C in the dark for 48 h and germinated at 22 °C
day/18 °C night with a photoperiod of 12 h light and 12 h dark. For root development evaluation,
treatments were applied as described in [31] to plants grown in air containing 21% oxygen (normoxia)
or 1% O, as hypoxia for the time indicated in the figure legends and while keeping plants under
unchanged growth photoperiod.

4.2. Measurement of Primary Root Length

Transparent square plates (12 cm side) containing the Arabidopsis plants were scanned at the end
of the treatments, using a Perfection V700 Photo scanner (Seiko Epson) at the resolution of 300 DPI.
The software EZ-Rhizo [66] was used for root length measurement, while the number of emerged
lateral roots was calculated manually.

4.3. Confocal Imaging

For GFP and YFP visualisation in the primary root, plants were grown for eleven days on vertical
square plates. Roots were observed under a FluoView1000 (Olympus) inverted confocal laser scanning
microscope with a 20X objective lens. GFP fluorescence was excited with 488-nm laser light (4%
laser transmissivity, PMT voltage 805 V) and collected with a 497-554 nm long-pass emission filter.
YFP fluorescence was excited with 515-nm laser light (10% laser transmissivity, PMT voltage 890 V) and
collected with a 520-560 nm long-pass emission filter. Propidium iodide (PI) fluorescence was excited
with 515-nm laser light (10% laser transmissivity, PMT voltage 905 V) and collected at 590-680 nm.
Scanner and detector settings were optimized and kept unchanged for all the experiments. Images were
analysed with the FluoView FV1000 software (Olympus).

4.4. In Silico Analysis of Differentially Expressed Genes

Differentially expressed genes (DEGs) upon jasmonate treatment were selected from the microarray
experiment by [67] (=0.5 < 1og2FC > 2, corresponding to 70 DEGs in that data set) and compared to the
hypoxic root microarray profiles produced by [32], as retrieved from the Genevestigator platform [65].
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JA-responsive genes for which mRNA association with ribosome and/or overall abundance is affected by
hypoxia were selected by filtering those coherently up- or downregulated in at least one root cell-type.

4.5. RNA Extraction and Gene Expression Analysis by Real-Time qRT-PCR

Roots from 11-day-old Arabidopsis plants grown on vertical agar plates were collected and
immediately frozen in liquid nitrogen. RNA extraction was performed and processed to cDNA as
described in [68]. An ABI Prism 7300 sequence detection system (Applied Biosystems) was used to
carry out real-time PCR, using iQSYBR Green Supermix (Biorad). Ubiquitin10 (At4g05320) was used as
the housekeeping gene. Relative expression of each gene was calculated using the 244t method [69].
A full list of the qPCR primers used is provided in Supplementary Table S1.

4.6. Hormone Quantification

Quantification of JA, cis-OPDA and JA-Ile was performed according to the method described
in [70]. Samples were homogenized, and hormones were extracted using an aqueous solution of
10% MeOH/H;0O, v/v. The extracts were purified using Oasis HLB columns (30 mg/L mL, Waters),
and hormones were eluted with 80% MeOH. Eluent was evaporated to dryness under a stream of nitrogen.
Jasmonates levels were determined by ultra-high performance liquid chromatography-electrospray
tandem mass spectrometry (UHPLC-MS/MS) using Acquity UPLC® System (Waters) equipped with an
Acquity UPLC BEH C18 column (100 X 2.1 mm, 1.7 um; Waters) coupled to triple quadrupole mass
spectrometer Xevo™ TQ-S MS (Waters).

4.7. Statistical Analysis

Sigmaplot 14 (Systat Software) was used to carry out statistical analyses. Comparisons between
treatments and genotypes were performed, after testing the normality of data distribution, using t-test
or Analysis of Variance (ANOVA) depending on the number of averages. In the case of ANOVA,
a Tukey post hoc test was applied for pairwise comparison. Results shown in figures are representative
of those obtained from experiments repeated twice with qualitatively equal relative output.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/8/1046/s1.
Figure S1. Primary root growth rate in aerobic, hypoxic and post-hypoxic recovery conditions. Figure S2. Effect of
hypoxia on PLT1 and PLT4 protein level in the root apex. Figure S3. Effect of hypoxia on the expression JAZ genes
in the roots of wildtype and oxygen or jasmonate sensing mutants. Figure S4. Effect of 5 uM methyl-jasmonate
(MeJA) treatment on A13RAP root growth. Table S1. List of oligonucleotides used for real-time qPCR in this
study. Table S2. Expression levels of up- or downregulated genes (log fold change [1]) in response to Me-JA
treatments [51] and the corresponding fold change in ribosome association caused by short-term exposure to
hypoxia in root tissues [32]. Table S3. Numerical values of the expression levels of 24 JA-responsive genes shown
as a heatmap in Figure 4. Table S4. Presence of HRPE motif in the promoter of JA-regulated genes shown in
Figure 3.
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Abstract: The increasing occurrence of floods hinders agricultural crop production and threatens
global food security. The majority of vegetable crops are highly sensitive to flooding and it is unclear
how these plants use flooding signals to acclimate to impending oxygen deprivation (hypoxia).
Previous research has shown that the early flooding signal ethylene augments hypoxia responses and
improves survival in Arabidopsis. To unravel how cultivated and wild Solanum species integrate
ethylene signaling to control subsequent hypoxia acclimation, we studied the transcript levels
of a selection of marker genes, whose upregulation is indicative of ethylene-mediated hypoxia
acclimation in Arabidopsis. Our results suggest that ethylene-mediated hypoxia acclimation is
conserved in both shoots and roots of the wild Solanum species bittersweet (Solanum dulcamara) and
a waterlogging-tolerant potato (Solanum tuberosum) cultivar. However, ethylene did not enhance
the transcriptional hypoxia response in roots of a waterlogging-sensitive potato cultivar, suggesting
that waterlogging tolerance in potato could depend on ethylene-controlled hypoxia responses in the
roots. Finally, we show that ethylene rarely enhances hypoxia-adaptive genes and does not improve
hypoxia survival in tomato (Solanum lycopersicum). We conclude that analyzing genes indicative of
ethylene-mediated hypoxia acclimation is a promising approach to identifying key signaling cascades
that confer flooding tolerance in crops.

Keywords: ethylene; flooding; hypoxia; phytoglobin; VII Ethylene Response Factor; PRT6 N-degron
pathway of proteolysis; Solanum tuberosum; Solanum lycopersicum; Solanum dulcamara

1. Introduction

Global food demand is expected to double by 2050, as a result of the rising world population
and shifting human diets [1]. However, future food security is highly challenged by a decline in
arable land and an increase in crop losses, due to the consequences of a changing climate [1,2].
Indeed, elevated temperatures and extreme precipitation patterns due to climate change have led to
an increase in the frequency and severity of flooding events [3]. Floods strongly impair agricultural
crop production and exacerbate the food security crisis [3,4]. In order to minimize crop losses
and safeguard global food security, it is therefore paramount to develop flood-tolerant crops in
the near future [5]. Flooding tolerance in plants is regulated by variety of signals that mediate
responses to combat oxygen (O,) deprivation (hypoxia) and ameliorate toxic reactive oxygen species
(ROS) [4,6]. Submerged terrestrial plants ultimately encounter hypoxia, due to impaired gas diffusion
under water, and flooding survival therefore strongly depends on traits that enhance hypoxia
tolerance [4,7]. In addition, passive ethylene entrapment acts as a rapid signal for submergence,
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and regulates many flood adaptive responses that include morphological and anatomical modifications
to prevent hypoxia [8]. Ethylene also mediates metabolic hypoxia acclimation in the wetland species
Rumex palustris and the model species Arabidopsis (Arabidopsis thaliana) [9-11]. In Arabidopsis,
ethylene-mediated hypoxia tolerance is conserved in root and shoot meristems and is associated with
enhanced expression of a conserved set of hypoxia-responsive genes when O, levels decline [10,12].
These hypoxia adaptive genes are predominantly controlled by the group VII Ethylene Response Factor
(ERFVII) transcription factors RELATED TO APETALA2.2 (RAP2.2), RAP2.12 and RAP2.3 [13,14].
ERFVIIs are typically known to control a variety of developmental growth [15-17], biotic [18,19]
and abiotic stress responses in plants [20-23]. Arabidopsis ERFVIIs possess a conserved N-terminal
sequence that regulates their turnover through the PROTEOLYSIS6 (PRT6) N-degron pathway under
O, and nitric oxide (NO) replete conditions [24-26]. When the cellular levels of either O, or NO
decline, ERFVII proteolysis is restricted and these proteins stabilize, ultimately activating target
hypoxia adaptive gene expression [24-26]. Ethylene can already stabilize ERFVIIs prior to hypoxia
through active NO reduction, by enhancing levels of the NO-scavenging protein PHYTOGLOBIN1
(PGBI1) [10]. In addition, ethylene can promote ERFVII production through transcriptional activation.
Collectively, these results showed that the cascade initiated by ethylene upon submergence is crucial to
prevent N-degron targeted ERFVII proteolysis by the increased production of the NO-scavenger PGBI.
This ethylene-induced ERFVII accumulation, in turn, augments the transcription of downstream target
genes to improve energy homeostasis and oxidative stress tolerance during hypoxia and re-oxygenation
in Arabidopsis [10,27-29].

Interestingly, this work in Arabidopsis revealed that if ethylene was not able to enhance PGB1
or ERFVII levels (through mutant analysis), ethylene was also unable to augment the transcriptional
hypoxia response and promote hypoxia tolerance [10]. Similarly, the inability to enhance hypoxia
tolerance through early ethylene signaling correlated with the absence of ethylene-induced expression
of PGB1, RAP2.12 and hypoxia adaptive gene orthologues in the terrestrial wild plant species
Rumex acetosa [9]. Contrastingly, but similar to Arabidopsis, R. palustris uses the ethylene signal to
promote hypoxia survival and this corresponded with PGB1, RAP2.12 and hypoxia adaptive transcript
induction [9]. Finally, natural variation for higher flooding tolerance is frequently found to be correlated
with enhanced ethylene signaling [30,31], PGB1 levels and NO removal [32,33], ERFVII levels [31,34]
and hypoxia adaptive gene transcripts [30,35-38] in crop and ornamental plant species. Taken together,
the mechanism of ethylene-mediated hypoxia tolerance could be instrumental in enhancing flooding
tolerance of intolerant crops through the manipulation of ethylene responsiveness of PGB1 and ERFVII
genes and its downstream signaling targets.

Potato (Solanum tuberosum) and tomato (Solanum lycopersicum) are the most economically important
cultivated vegetable crops in the world (e.g., the global tomato export value exceeded USD 9 billion in
2019 [39]), but are both considered to be highly intolerant to abiotic stresses, including flooding [40,41].
Conversely, the closely related wild plant species bittersweet (Solanum dulcamara) is highly tolerant to a
variety of abiotic stresses [42]. All three species display multiple (ethylene-mediated) flood adaptive
responses [41,43,44], but still show strong differences in flooding tolerance. However, whether ethylene
also contributes to metabolic hypoxia acclimation and if this correlates with flooding tolerance in these
Solanum species is currently unknown. Several studies showed that genes involved in ethylene signaling
and ethanolic fermentation are induced in response to flooding and hypoxia, but not consistently
across all plant tissues in these Solanum species [37,40,41,45,46].

Here, we investigated whether these cultivated and wild Solanum species integrate the early
flooding signal ethylene to control subsequent hypoxia acclimation. To do so, we studied transcript
levels of a selection of representative marker gene orthologues that control ethylene-mediated hypoxia
responses in Arabidopsis. In addition, we tested whether an ethylene pre-treatment was able to enhance
survival during subsequent hypoxia in roots and shoots of several Solanum species. Interestingly,
our results revealed that ethylene contributes to hypoxia acclimation responses in bittersweet and a
waterlogging-tolerant potato cultivar, but does not in tomato and the roots of waterlogging-sensitive
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potato cultivar. We propose that the mechanism of ethylene-mediated hypoxia acclimation could be
instrumental to uncover signaling cascades that confer flooding tolerance in crops.

2. Results

2.1. Elite Potato Cultivars Show Variation in Waterlogging Tolerance

To unravel whether ethylene-mediated hypoxia acclimation contributes to potential flooding
tolerance differences in potato, we first explored whether variation in flooding tolerance exists across
six elite potato cultivars. Potato plants grown from tubers were waterlogged for up to 12 days and
shoot growth parameters were scored every 3 days. Overall, the cultivars Festien and Avarna retained
the highest shoot biomass and leaf area, whereas the cultivars Seresta and Ambition showed the
highest loss in shoot performance during waterlogging (Figure 1). The differences between the tolerant
cultivar Festien and sensitive Seresta were the most consistent for both biomass and leaf area at every
recorded time point during the full duration of the waterlogging experiment. Since ethylene typically
accumulates in flooded plant tissues [8], we explored whether differences in ethylene-mediated hypoxia
responses could contribute to this contrasting waterlogging tolerance among potato cultivars. For this,
we selected the tolerant Festien and sensitive Seresta for further transcriptional analysis.
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& g‘ 0 5<% —- Russet Burbank
f E —= Kennebec
6 = —=— Avarna
- Ambition

0 3 6 12 0

9 6 9 12
Waterlogging duration (days)
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Figure 1. Potato cultivars show variation in waterlogging tolerance. Relative shoot dry weight (a),
relative leaf area (b) of 6 elite potato (S. tuberosum) cultivars during 12 days of waterlogging. Values
are relative to non-waterlogged plants who were set at 100% per time-point (a,b). Asterisks indicate
significant differences between the Festien (purple) and Seresta (pink) cultivars per time-point and
these were the cultivars selected for further analysis (indicated by arrows, ** p < 0.01, Generalized
linear model, Tukey’s honestly significant difference (HSD), n = 10 plants).

2.2. Ethylene Differentially Mediates the Transcriptional Hypoxia Response in Potato Roots

In Arabidopsis, augmentation of the transcriptional hypoxia response by ethylene depends on
increased levels of ERFVIIs and PGB1 prior to hypoxia. Here, we selected several potato orthologues
of Arabidopsis genes associated with this ethylene-controlled hypoxia tolerance as markers for the
integration of ethylene signaling with the transcriptional hypoxia response. Theseincluded: ETHYLENE
RESPONSE 2 (ETR2) [47], to test whether ethylene indeed led to ethylene-dependent signaling; PGB1 as
a marker gene for enhanced NO-scavenging capacity [48]; RAP2.12 to test whether ethylene induces
potato ERFVIIs at the transcriptional level and PYRUVATE DECARBOXYLASE 1 (PDC1), encoding
the rate limiting protein for hypoxia-induced fermentation [49], as a representative marker gene for
the transcriptional hypoxia response. Since ETR2 and PGB1 are also among the ERFVII-controlled
hypoxia-responsive genes in Arabidopsis [13], they could additionally be interpreted as markers for
the hypoxia response and function as an indication for enhanced ERFVII levels, prior to hypoxia.

To unravel how ethylene modulates hypoxia responses in potato, plants were pre-treated with air
or ethylene followed by 4 h of hypoxia. Ethylene enhanced the transcript abundance of ETR2 and
RAP2.12 orthologues in shoot and root tissues of both potato cultivars (Figure 2), showing that the
ethylene treatment quickly leads to ethylene-dependent signaling. Interestingly, PGB1 transcripts were
enhanced in response to ethylene in both tissues of the more tolerant cultivar Festien, but were not
enriched in the roots of the sensitive cultivar Seresta (Figure 2). Moreover, ethylene pre-treatment
also enhanced the hypoxia response of ETR2, PGB1 and PDC1 transcripts in both the shoots and

63



Plants 2020, 9, 1022

roots of the tolerant cultivar Festien. However, while ethylene pre-treatment did enhance the hypoxia
response of PGB1 and PDC1 in the shoots of sensitive cultivar Seresta (Figure 2a), ethylene had no
beneficial effect on the hypoxia-responsiveness of ETR2, PGB1 and PDC1 transcripts in the root tissues
(Figure 2b). Together, these data suggest that the capacity to enhance root hypoxia response genes
through ethylene signaling corresponds to higher waterlogging tolerance in these two potato cultivars,
and could depend on PGBI induction to modulate enhanced metabolic hypoxia acclimation.
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Figure 2. Ethylene differentially modulates hypoxia-responsive transcripts in the roots of elite potato
cultivars. Relative mRNA transcript abundance of four marker genes for ethylene-mediated hypoxia
tolerance in shoot (a) and root tissues (b) of the potato cultivars Festien (waterlogging tolerant) and
Seresta (waterlogging sensitive) after 4 h of pre-treatment with air (light green) or ~5 uL Lt ethylene
(pink), followed by (4 h) hypoxia (green and purple). Marker genes are orthologues of the Arabidopsis
genes: ethylene signaling gene ETR2, NO-scavenging phytoglobin PGB1, ERFVII transcription factor
RAP2.12 and hypoxia adaptive gene PDCI. Values are relative to air treated samples of Festien. Different
letters indicate significant differences (p < 0.05, 2-way ANOVA, Tukey’s HSD, n = 3 containing 2 shoot
meristems (a) or ~10 root tips (b)).

2.3. Ethylene Differentially Modulates Hypoxia Survival in Solanum Seedlings

While an ethylene-enhanced transcriptional hypoxia response coincides with increased
waterlogging tolerance in the previously described potato cultivars, it is unclear whether it also
corresponds to ethylene-mediated hypoxia tolerance in Solanum species. Previous work has shown that
early ethylene signaling is essential to improve the hypoxia tolerance of Arabidopsis and bittersweet
roots, but not tomato roots [10]. Here, we tested the root hypoxia tolerance of additional Solanum species
and the shoot hypoxia tolerance of both bittersweet and tomato. Ethylene pre-treatment strongly
enhanced root tip survival in both bittersweet and eggplant (Solanum melongena) seedlings, but had
no effect on tomato (Moneymaker) and Solanum pennellii root tip survival (Figure 3a,b). Furthermore,
the ethylene pre-treatment improved the survival and biomass retention (fresh weight) of bittersweet
shoot tissues during hypoxia (Figure 3c—e). Similar to root tips, ethylene had no effect on hypoxia
tolerance of tomato shoots (Figure 3f,g). Collectively, these results indicate that the ethylene-mediated
hypoxia tolerance is conserved in both the shoots and roots of the flood tolerant plant bittersweet,
but not in the tomato cultivar Moneymaker.
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Figure 3. Ethylene differentially mediates hypoxia tolerance in Solanum species. Root tip survival
of S. dulcamara, S. lycopersicum (Moneymaker), S. melongena and S. pennellii seedlings after 4 h of
pre-treatment with air (green) or ~5 uL. L™! ethylene (purple) followed by 4 h (a) or 2 and 2.5 h
(b) (only S. pennellii) of hypoxia and 2 days of recovery. Asterisks indicate significant differences
between air and ethylene (error bars are SEM, * p < 0.05, Student’s ¢ test, n = 4-10 rows containing
8-10 seedlings). Shoot survival (c,f), phenotypes (d) (only S. dulcamara) and fresh weight (FW) (e,g) of
S. dulcamara (c-e) and S. lycopersicum (f,g) plants after 4 h of air (green) or ~5 uL L™! ethylene (purple)
pre-treatment followed by hypoxia and 7 days recovery. Values are relative to control (normoxia) plants.
Scale bar = 3 cm. Asterisks indicate significant differences between air and ethylene (error bars are

S. dulcamara

S. lycopersicum

SEM, ** p < 0.01, Student’s t test, n = 10-13 plants).

2.4. Ethylene Differentially Mediates the Transcriptional Hypoxia Response between Bittersweet and Tomato

Next, we assessed whether the contrasting tolerance between tomato and bittersweet corresponds
to how these species use an early ethylene signal to control its subsequent transcriptional hypoxia
response. Similar to the analysis in potato, we quantified transcript levels of the representative marker
genes studied earlier (Figure 2), but now also included the orthologues of ethylene response marker
ACC OXIDASE 1 (ACO1), NO-scavenging genes PGB2 and PGB3 [50], the ERFVII RAP2.3 and the
hypoxia markers SIMILAR TO RCD ONE 5 (SRO5) and ALCOHOL DEHYDROGENESE1 (ADH1) to

give a better understanding of the transcriptional response in both tomato and bittersweet.

In bittersweet, ethylene typically led to ethylene signalling and subsequent up-regulation of PGB1,
PGB3, RAP2.3 and RAP2.12 transcripts in both root and shoot tissues (Figure 4). Moreover, the results
revealed that ethylene strongly augmented the transcriptional hypoxia response. In bittersweet shoots,
seven out of the eight hypoxia-responsive genes were enhanced by ethylene upon hypoxia. In the
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roots, all 10 genes tested were hypoxia responsive and an ethylene pre-treatment enhanced eight of
these 10 transcripts (Figure 4). In tomato root and shoot tissues, ethylene also switched on ethylene
signalling and the subsequent up-regulation of PGB1, RAP2.3 and RAP2.12 transcripts (Figure 5).
However, ethylene rarely further increased mRNA levels of hypoxia-responsive genes. In tomato shoot
tissues, ethylene only enhanced one (ACO1) out of the eight hypoxia-responsive genes during hypoxia.
Out of the seven hypoxia-responsive genes in tomato roots, ethylene promoted transcript levels of
ACO1, PGB1 and PDCI upon hypoxia. Collectively, these results reveal that ethylene enhances hypoxia
responses and tolerance in bittersweet, but not in tomato.
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Figure 4. Ethylene augments hypoxia-responsive transcripts in bittersweet. Relative mRNA transcript
abundance of 10 marker genes for ethylene-mediated hypoxia tolerance in bittersweet (S. dulcamara)
shoot (a) and root tissues (b) after 4 h of pre-treatment with air (light green) or ~5 uL L™! ethylene
(pink), followed by (4 h) hypoxia (green and purple). Marker genes are orthologues of the Arabidopsis
genes: ethylene signaling genes ACO1 and ETR2, NO-scavenging phytoglobins PGB1, PGB2 and PGB3,
ERFVII transcription factors RAP2.3 and RAP2.12 and hypoxia adaptive genes SRO5, PDC1 and ADHI.
Values are relative to air treated samples. Different letters indicate significant differences (p < 0.05,
1-way ANOVA, Tukey’s HSD, n = three or six biological replicates containing 2-4 shoot meristems (a)
or ~10 root tips (b)).
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Figure 5. Ethylene rarely enhances hypoxia-responsive transcripts in tomato. Relative mRNA transcript
abundance of 10 marker genes for ethylene-mediated hypoxia tolerance in tomato (S. lycopersicum
cv MoneyMaker) shoot (a) and root tissues (b) after 4 h of pre-treatment with air (light green) or
~5 pL L1 ethylene (pink), followed by (4 h) hypoxia (green and purple). Marker genes are orthologues
of the Arabidopsis genes: ethylene signaling genes ACO1 and ETR2, NO-scavenging phytoglobins
PGB1, PGB2 and PGB3, ERFVII transcription factors RAP2.3 and RAP2.12 and hypoxia adaptive genes
SROS5, PDC1 and ADHI. Values are relative to air treated samples. Different letters indicate significant
differences (p < 0.05, 1-way ANOVA, Tukey’s HSD, n = three or six biological replicates containing

2—4 shoot meristems (a) or ~10 root tips (b)).

3. Discussion

In this study, we made a first step in translating the mechanism of ethylene-mediated hypoxia
tolerance as established in Arabidopsis [10], to vegetable crops. We show that ethylene can enhance
hypoxia tolerance in bittersweet and eggplant, but not in tomato and S. pennelli. Moreover, our results
reveal that ethylene generally leads to up-regulation of ethylene signaling, PGB1 and ERFVII transcripts
in potato, bittersweet and tomato, but that the more downstream hypoxia-responsive genes are not
consistently enhanced by early ethylene signaling when O, levels decline (overview in Figure 6).
In addition, the capacity to augment the transcriptional hypoxia response through ethylene signaling
correlated with higher waterlogging or ethylene-enhanced hypoxia tolerance in the tested Solanum

species (Figure 6).
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Figure 6. Overview of ethylene-mediated hypoxia responses in Solanum species. (a) Schematic showing
the proposed mechanism of ethylene-mediated hypoxia tolerance, as discovered in Arabidopsis [10].
Arrows pointing downward indicate key processes that were verified in Arabidopsis at the mRNA
and protein level, or tested in the Solanum species at mRNA level in both roots and shoots. (b) Table
showing whether marker genes or hypoxia tolerance (as assessed by regrowth capacity following
stress removal) were enhanced by an early ethylene treatment (green check mark = yes, red cross = no,
question mark = not tested). The n/n in the hypoxia response column indicates the amount of hypoxia
genes that are ethylene-enhanced and hypoxia-responsive upon hypoxia compared to the total amount
of hypoxia-responsive genes tested. This table is based on the experimental data shown in Figures 1-5
and [10,27].

Moneymaker

While ethylene enhanced transcript levels of PGB1 and RAP2.12 orthologues, it is unclear
whether this also led to increased corresponding protein levels and biological function. However,
our results suggest that ethylene may indeed stimulate ERFVII protein levels in bittersweet and the
more waterlogging tolerant potato cultivar Festien, based on the ethylene-enhanced upregulation
of typical ERFVII-target hypoxia gene transcripts during subsequent hypoxia treatments (Figures 2
and 4). One explanation could be that, similar to Arabidopsis, ethylene impairs NO-dependent
ERFVII proteolysis in these tolerant Solanum species through the up-regulation of NO scavenging
PGBs, causing enhanced ERFVII stability [10]. Consistently, the lack of PGB1 up-regulation in the
roots of potato cultivar Seresta may explain why ethylene failed to enhance hypoxia-responsive genes
in these tissues (Figure 2). Additionally, ethylene may also directly promote protein synthesis of
one or more Solanum ERFVIIs that escape PRT6 N-degron mediated proteolysis through structural
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differences, as shown for the ethylene-mediated rice ERFVII SUB1A-1 [51]. Further research is required
to determine if ethylene indeed leads to higher Solanum ERFVII levels under normoxia, and whether
this is mediated through enhanced PGB1-dependent NO scavenging.

Interestingly, while an ethylene pre-treatment increased upstream marker genes PGB1, RAP2.3
and RAP2.12 transcripts in tomato, it did not enhance mRNA levels of most hypoxia-responsive
gene orthologues upon hypoxia (Figures 5 and 6). These results suggest that ethylene-mediated
ERFVII levels could in some cases be uncoupled from enhanced target-gene expression upon hypoxia.
Strikingly, ethylene did augment three hypoxia-responsive gene transcripts in tomato root tissues,
hinting that not all hypoxia-responsive genes are uncoupled from ethylene-enhanced ERFVII regulation
in the same fashion. One explanation could be that ethylene only enhances a subset of ERFVII proteins,
and that specific ERFVIIs mediate different target genes. Alternatively, it is possible that ethylene does
not lead to sufficiently enriched PGB1 protein levels, that PGB1 does not effectively scavenge NO,
or that the proteolysis of some ERFVIIs is not NO-dependent in tomato plants and in the roots of the
potato cultivar Seresta.

It is currently unclear which hypoxia-responsive genes actually contribute to enhanced hypoxia
tolerance. For instance, several studies suggest transcriptional SUS1 or ADH1 induction may not be
required for anaerobic fermentation, maintenance of glycolysis and subsequent hypoxia tolerance in
potato tubers and Arabidopsis, respectively [40,52]. Previous research showed that protein levels of
ADHI1 in tomato roots increased only 1.7-fold after 24 h of waterlogging, whereas PDC1 levels were
even down-regulated [53]. It is likely that the functional implications of specific up-regulated hypoxia
genes for hypoxia tolerance are dependent on the plant tissue and determined by the conditions and
severity of the stress [6]. In the future, other (ERFVII-dependent) hypoxia-responsive genes should
be tested to uncover their role in ethylene-mediated hypoxia acclimation. Especially oxidative stress
amelioration is thought to be a major determinant of flooding and hypoxia tolerance [11,27,29,54],
and it would therefore be interesting to assess the effect of ethylene on ROS removal during hypoxia
and re-oxygenation in Solanum species in the future.

Collectively, we show that ethylene-mediated hypoxia responses are conserved in S. dulcamara
and correspond to enhanced tolerance similar to Arabidopsis and R. palustris [9,10]. In potato cultivars,
the induction of this mechanism was also conserved in shoots and roots of the waterlogging-tolerant
cultivar Festien. Conversely, early ethylene signaling was uncoupled from PGB1 induction and an
enhanced hypoxia response in the roots of waterlogging-intolerant cultivar Seresta, suggesting that
waterlogging tolerance in potato could be dependent on ethylene-mediated hypoxia responses in the
roots. Similarly, ethylene signaling did not augment most of the transcriptional hypoxia response and
hypoxia survival in tomato. While it is unclear whether the (re-)introduction of ethylene-mediated
hypoxia genes would enhance flooding tolerance of tomato and more waterlogging sensitive potato
cultivars, future work could aim to introduce ethylene-regulated promoter elements into key genes
involved in ethylene-mediated hypoxia tolerance (Figure 6). However, it remains to be established why
tomato plants and roots of the potato cultivar Seresta do not integrate ethylene signaling to enhance its
transcriptional hypoxia response. We conclude that studying genes indicative of ethylene-mediated
hypoxia acclimation is a useful approach to explore the universality of this mechanism across species and
helps to identify key signaling cascades that confer flooding and hypoxia tolerance in vegetable crops.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Plant material: potato (S. tuberosum L.) tubers of the elite cultivars Russet Burbank, Kennebec,
Festien, Seresta, Avarna and Ambition were obtained from Jan De Haas of HZPC Research B.V,
Metslawier, The Netherlands and Mariélle Muskens of Agrico Research B.V., Bant, The Netherlands.
Seeds of bittersweet (S. dulcamara) and S. pennellii were obtained from Dr. Eric Visser and Dr. Ivo Rieu,
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respectively, Radboud University, Nijmegen, The Netherlands. Tomato (S. lycopersicum L.) of the variety
Moneymaker and eggplant (S. melongena) seeds were obtained from a local garden center (Intratuin).

Growth conditions potted plants: potato tubers were kept in the dark at room temperature for
1 month, until the eye buds started to sprout. Tubers were placed individually in 11 cm X 11 cm sized
square pots filled with a sand soil mixture (1:2), were covered by ~5 cm of soil mixture and stratified
at 4 °C in the dark for 3 days. Seedlings of tomato and bittersweet were germinated on agar plates
as described below and subsequently transplanted in small round pots (diameter = 5 cm) filled with
a sand soil mixture (1:2). Pots were then transferred to a growth chamber for germination/growth
under short day conditions (9:00-17:00, temperature (T) = 20 °C, photosynthetic photon flux density
(PPED) = ~130 umol m~2 571, relative humidity (RH) = 70%). Potato plants were used for waterlogging
and ethylene/hypoxia gassing experiments 3 weeks after potting. Tomato and bittersweet plants were
2 weeks old for the shoot survival experiments described below. Per species, homogeneous groups
of plants were selected and randomized over treatment groups before phenotypic and molecular
analysis. Tomato and bittersweet used for hypoxia survival experiments were transferred back to the
same growth room conditions after treatments to recover for 7 days before scoring shoot survival and
fresh weight.

Growth conditions seedlings: tomato, bittersweet, eggplant and S. pennellii seeds were vapor
sterilized through incubation with a beaker containing a mixture of 50 mL bleach (5%) and 3 mL of
37% fuming HCl in a gas tight desiccator jar for 4 h. Seeds were then individually transplanted in 2 rows
of 10 seeds on sterile square petri dishes containing 25 mL autoclaved and solidified 1/4 MS, 1% plant
agar without sucrose supplement. Petri dishes were sealed with gas-permeable tape (Leukopor,
Duchefa) and kept at 4 °C in the dark for 3 days. Seedlings were when grown vertically on the agar
plates under short day conditions (9:00-17:00, T = 20 °C, PPFD = ~130 pmol m~2 s™!, RH = 70%) for
7 days, before performing root tip survival experiments and shoot and root harvests for RT-qPCR.

4.2. Tolerance Assays, Treatments and Sample Harvests

Waterlogging tolerance of potato cultivars: plants were waterlogged by submerging the pots in
large tubs under long day conditions (7:00-23:00, T = 20 °C, PPFD = ~150 pmol m~2 s7!) in water
that was left stagnant 1 day prior to the experiment. During the experiments, the water surface
was maintained 1 cm above the soil. Control plants were placed in similar tubs without water.
Of each cultivar, 10 pots were taken out of control and waterlogging treatments after 3, 6, 9 and
12 days. Shoot biomass (dry weight) and total leaf area were measured at the start of the treatment
(t = 0) and at each subsequent harvest time-point. Root tip hypoxia survival performance assays
of tomato, bittersweet, eggplant and S. pennellii 7-day old seedlings grown vertically on agar plates
were performed as in [10]. Shoot meristem survival was performed on 2-week-old plants grown in
pots, as described for Arabidopsis rosettes in [10]. Samples for mRNA analysis of potato, tomato
and bittersweet were harvested after 4 h of air and ethylene (~5 uL L™!) treatments and after 4 h
of subsequent hypoxia (<0.00% O;) treatment, similar to [10]. For shoot tissues, 1-4 primary shoot
meristems were harvested including the first young leaf. For root tissues, multiple segments (5-10) of
~1 cm long root tips were harvested per sample.

4.3. RNA Extraction, cDNA Synthesis and RT-gPCR

RNA extraction, cDNA synthesis, RT-qPCR were performed as described in [10]. Gene orthologue
sequences were obtained by BLASTing the protein coding sequences of Arabidopsis genes against the
bittersweet transcriptome [45], tomato genome (version SL3.0 and Annotation ITAG3.10) and potato
genome [55] using the tblastx tool on [56]. For potato, the orthologue of ACTIN11 was used as a
reference gene. For tomato and bittersweet, the orthologues of TUBULING6 and TIP41 were used as
reference genes and the mean CT was used to calculate transcript fold changes. Gene annotations and
primers used in this study are listed in Table S1.
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4.4. Statistics

The data were plotted and the figures were designed using Graphpad Prism software (San Diego,
CA, USA). The statistical tests were performed using either Graphpad Prism (San Diego, CA, USA)
or R software and the “LSmeans and “multmultcompView” packages. Potato tolerance data were
analyzed through a generalized linear modeling (GLM) approach. A negative binomial error structure
was used for the GLM. The other data were analyzed with either a Students t-test, 1-way or 2-way
ANOVA. If necessary, data was log transformed to meet ANOVA prerequisites. Tukey’s honestly
significant difference (HSD) tests were used to correct for multiple comparisons.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/8/1022/s1,
Table S1: RT-qPCR primers used in this study.
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Abstract: Both ion fluxes and changes of cytosolic pH take an active part in the signal transduction
of different environmental stimuli. Here we studied the anoxia-induced alteration of cytosolic K*
concentration, [K*]Cyt, and cytosolic pH, pHcyt, in rice and wheat, plants with different tolerances to
hypoxia. The [K*]eyt and pHeyt were measured by fluorescence microscopy in single leaf mesophyll
protoplasts loaded with the fluorescent potassium-binding dye PBFI-AM and the pH-sensitive probe
BCECF-AM, respectively. Anoxic treatment caused an efflux of K* from protoplasts of both plants
after a lag-period of 300450 s. The [K* ]yt decrease was blocked by tetraethylammonium (1 mM,
30 min pre-treatment) suggesting the involvement of plasma membrane voltage-gated K* channels.
The protoplasts of rice (a hypoxia-tolerant plant) reacted upon anoxia with a higher amplitude of
the [K*]cyt drop. There was a simultaneous anoxia-dependent cytosolic acidification of protoplasts
of both plants. The decrease of pHcyt was slower in wheat (a hypoxia-sensitive plant) while in rice
protoplasts it was rapid and partially reversible. Ion fluxes between the roots of intact seedlings and
nutrient solutions were monitored by ion-selective electrodes and revealed significant anoxia-induced
acidification and potassium leakage that were inhibited by tetraethylammonium. The K* efflux from
rice was more distinct and reversible upon reoxygenation when compared with wheat seedlings.

Keywords: anoxic signaling; potassium; pH; acidification; fluorescence microscopy; Triticum aestivum;
Oryza sativa

1. Introduction

A wide range of signal perception and transduction systems in plant cells is responsible for
distinguishing and triggering a correct adaptive response [1,2]. Signal transduction pathways that
are specific for different stressors include several steps that are shown to be rather universal. One of
them is a cytosolic Ca?* elevation at internal and external signals application [3-5]. Plant cells
carefully maintain a low Ca?* concentration in the cytosol and a significant gradient between the
cell wall and a number of organelles. This balance is actively regulated by a variety of membrane
transport systems (recently reviewed in [6]). Another well-documented primary signaling event is the
accumulation of reactive oxygen species (ROS) [7-10]. The appearance of ROS caused by different
stressors triggers a wide spectrum of reactions and is quickly eliminated by the antioxidant machinery.
Both the second messengers (Ca’* and ROS) are closely linked to each other and are involved in
the transduction of different environmental stressors and internal signals such as phytohormones,
regulatory proteins, RNAs and metabolites [6,7,11]. One important mechanism is the Ca?*-induced
activation of NADPH-oxidase activity via its integration in sterol-rich lipid rafts [12]. On the other
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hand, ROS activates Ca2* channels in the plasma membrane [3] and Ca?*-ATPases, which interfere
with Ca?* homeostasis [13]. Initially, weak signals of both Ca?* and ROS were hypothesized to be
amplified through the so-called ROS-Ca?* hub [6]. The change of Ca?* and ROS to an inactive state is
also a necessity and supposed to be highly regulated. The cytosol Ca?* elevation triggered by a variety
of internal and external signals coincides with cytosolic acidification (reviewed in [14,15]). It was
questionable for some time if protons had a signaling role, probably because of its involvement in
metabolism. It is well known that Ca®* elevation in the cytosol affects the pH level. The duration and
intensity of Ca?* increases might vary and thus determine the specificity of response to diverse signals
(stressors, hormones, light, etc.). Different systems of H" transport through the plasma membrane
and tonoplast are involved. Proton pumps are supposed to be regulated on transcriptional and
posttranslational levels, which make the H* signature highly specific.

Electrolyte leakage is another process accompanying transient Ca*, ROS and proton increases
under stress conditions. A number of experimental data reveals that electrolyte leakage is mainly
defined as K* efflux from plant cells [16,17].

Potassium is essential for plant cells/organisms in many aspects. It is a well-known macro-nutrient.
Deficiency of K* results in growth arrest especially in seedlings and young organs. This ion is important
for plant metabolism due to its facility to activate more than 70 enzymes [17,18]. Besides that, K*
serves as a charge-balancing ion, which plays an important role in the transport through the plasma
membrane under the limitation of ATP and the depolarization of the membrane potential. The K*
gradient maintains turgor and serves as a source of energy to stimulate sucrose loading into the
phloem [19,20]. Accumulated evidence indicates that the efflux depends on the type and the intensity
of the stressor as well as on affected plant species and tissue. The cytosolic K* concentration in plant
cells is about 70-200 mM [21]. Several transporters have been shown to be involved in K* accumulation:
the High Affinity K* transporter (HAK)-K* uniporter and the Arabidopsis K* Transport system 1
(AKT1)-K*/H* symporter [18,22]. These processes require energy and depend on the external K*
concentration and the K* vacuolar pool. The priority role in stress-induced K* leakage is given to
another system: Gated Outward Rectifying K* efflux (GORK) channels [23]. By activation, it decreases
the cytosolic potassium concentration to 10-30 mM [21]. The activity of these channels is sensitive to
membrane potential depolarization through a clustering mechanism [24]. A number of experimental
data combined with a bioinformatics approach suggest a possible ligand regulation of K* flux through
GORK channels [25]. Cyclic nucleotides (CNs), gamma-aminobutyric acid (GABA), G proteins, protein
phosphatases, inositol, ROS and ATP are on a list of potential GORK regulating ligands. The presented
data even stronger introduced both K* and GORK in signaling cascades triggered by stress factors and
led to the conclusion that potassium fulfills the role of a second messenger [17,25]. A signaling role of
potassium is well documented for salt stress [18].

Oxygen deficiency is another stress factor that affects K* efflux and causes severe damage to plant
organisms [26-30]. Surprisingly, plants known as strict aerobic organisms might be affected not only
by an external lack of oxygen. Different tissues or even groups of cells experience hypoxia conditions
during normal plant development [31]. Thus, it becomes even more important to discover the steps
of early hypoxia signal transduction. The mechanism of oxygen sensing in plants and animals are
strictly diverse. However, low oxygen regulates the function of various K* channels in mammals.
Recently, plant cell ion channels have been identified as potential candidates for low oxygen sensing in
flooded roots [32]. However, additional studies are required to estimate a possible modulation of K*
transport through an ERF-VII-mediated response to a lack of oxygen. Nevertheless, hypoxic/anoxic
environment causes K* efflux from plant cells and GORK channels are supposed to play a crucial
role in this process [25]. Under hypoxic stress, cytosolic K* participates in the regulation of several
physiological processes possibly including the formation of aerenchyma [33].

Oxygen deprivation triggers Ca”* signaling. The alteration in [Ca?* ]y is a fast and intensive
reaction for limitation in oxygen supply and energy deficiency [34-37]. Ca?* elevation in cytosol
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coincides with acidification [15]. A probable reason is the hypoxia-induced inhibition of the plasma
membrane H*-ATPase and tonoplast H*-ATPase activities due to the lack of ATP.

Signaling via K* efflux is transient and therefore the timing of this event should be evaluated.
It was found that plant species and even plant organs differ in their tolerance to hypoxia. Some data
revealed that the intensity of K* efflux corresponded to plant sensitivity to oxygen deprivation and
depended on metabolic activity [30]. It would be of interest to integrate [K*]cyt into the schedule of
other intracellular signaling events such as Ca?* elevation and acidification under a lack of oxygen.
Earlier we provided a comparison of calcium signaling during anoxia in two well-known agricultural
plants such as rice and wheat, which differ in tolerance to oxygen limitation [35]. Rice cells were
shown to be more reactive to oxygen depletion and depended on both external and internal Ca?*
stores. This study focuses on a possible alteration of intracellular potassium concentration, [K*]Cyt,
and cytosolic pH, pHeyt, during anoxic signal transduction in the protoplasts from wheat and rice.

The mentioned ions have not only a signaling role but also are very important in the regulation of
metabolic processes including those at stress conditions. We therefore also estimated the cell-level
events ata whole plant level. We investigated the ion changes after reoxygenation as well. It is of special
interest how proton and Ca?* accumulation inside cells and active potassium efflux would reflect
processes during long-time stress applications and regulate the ion exchange with an external medium.

2. Results

2.1. Influence of Oxygen Deprivation on [K* o+ in Wheat and Rice Leaf Protoplasts

We studied the potassium and proton concentration changes in wheat and rice leaf mesophyll
protoplasts under normoxia and anoxia. Wheat was used as it is sensitive to oxygen deficiency and
rice as it is resistant to hypoxia. The results of normoxic and anoxic treatment effects on cytosolic
potassium concentration, [K*]Cyt, are presented in Figure 1. It shows representative traces of [K*]Cyt
alteration in a single leaf protoplast. The resting level of cytosolic potassium was around 120 + 5 mM
in wheat leaf protoplasts and 125 + 5 mM in rice mesophyll protoplasts. The resting level of [K*]eyt at
normoxic conditions had a little decrement within 30 min of measurements of about 7-10 mM in wheat
protoplasts and 4-5 mM in rice. Oxygen deprivation led to a more significant drop in K* concentration
in both plants. An anoxia-induced decrease in [K*]cyt was 1.5 fold in wheat protoplasts (Figure 1a) and
twofold in rice protoplasts (Figure 1b). The K* efflux did not start immediately after the imposition of
oxygen lack in protoplasts of both experimental plants but after a lag-period. It lasted about 300400 s
in wheat protoplasts and 350-450 s in rice. The duration of the lag-periods for single traces presented
in Figure 1 were as follows: 330-350 s in Figure 1a (wheat) and 410-430 s in Figure 1b (rice).

To elucidate the involvement of plasma membrane voltage-gated K* channels in the [K*]cy
decrease, the protoplasts were treated with 1 mM tetraethylammonium (TEA). TEA significantly
inhibited efflux from the protoplasts of both plants (Figure 2). Inhibition was 20% in wheat protoplasts
and 45% in rice ones.

Thus, anoxia led to leakage of K* from the protoplasts of both plants after the lag-period of
300-450 s. The K* efflux was blocked by tetraethylammonium and was higher in rice protoplasts.
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Figure 1. Changes of the free cytosolic K* concentration, [K*]cyt, in wheat (a) and rice (b) leaf
protoplasts upon imposition of anoxia. Typical single traces in the presence of 10 mM K*, 1 mM Ca?*
and pH 7.0 in the external medium.

wheat rice

B anoxia
-10 4 Oanoxia + TEA

Alteration of [K’]q,,, mM
[}
S

Figure 2. Anoxia-induced alterations of [K*]eyt in wheat and rice leaf protoplasts with and without
tetraethylammonium (TEA, 1 mM, 30 min pre-incubation). Columns represent mean values + SD.
Values with different letters are significantly different at p < 0.05, according to the Least Significant
Difference LSD test.

2.2. Influence of Oxygen Deprivation on pHcys in Wheat and Rice Leaf Protoplasts

The representative traces in Figure 3 show anoxia-induced alterations of cytosolic pH in leaf
protoplasts of experimental plants. The initial level of pHcyt was somewhat higher in wheat protoplasts
(7.3 + 0.05) than in rice (7.2 + 0.05). The difference was insignificant. Similar to the measurements
of [K+]Cyt, the resting level of pHeyt at normoxic conditions had a little decrement within 30 min of
measurements. It was about 0.2 pH units in wheat protoplasts and 0.1 pH units in rice. Anoxic treatment
led to a decrease of pH,y starting after a 200-300 s delay in wheat protoplasts. The pH changed from
7.3 t0 6.1-6.2 within 900-1000 s and was kept at a low level until the end of the measurement (Figure 3a).
A rapid pHeyt drop in rice protoplasts from 7.2 to 6.2-6.3 occurred during the first 400-500 s of oxygen
deprivation (Figure 3b). Followed by several domed oscillations, pHcyt then recovered partially and
stabilized at 6.4-6.5 after 1200 s from the beginning of the anoxic treatment. The anoxia-induced pHeyt
drop in wheat protoplasts was almost twice as high as in rice (-1.23 and —0.75 units, correspondingly)
(Figure 4).
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Figure 3. Changes of the free cytosolic H concentration, pHcyt, in wheat (a) and rice (b) leaf protoplasts
upon imposition of anoxia. Typical single traces.
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Figure 4. Anoxia-induced alterations of pHcyt in wheat and rice leaf protoplasts. Columns represent
mean values + SD. Values with different letters are significantly different at p < 0.05, according to the
LSD test.

Thus, anoxia caused the acidification of cytoplasm in the protoplasts of both plants but it was
more significant and started after the lag-period of 200-300 s in wheat while in rice protoplasts the
anoxia-induced decrease of pHcyt was rapid and partially reversible.

2.3. Influence of Long-Term Anoxia on Potassium Uptake by Intact Wheat and Rice Seedlings

To detect the total fluxes (influx/efflux) of potassium in/from roots of the studied plants upon
anoxia treatment we carried out experiments with intact seedlings. When the roots of the seedlings
of both tested plants were placed in an aerated Knop solution (normoxic control), the decrease in
K* concentration in the solution, measured by an ion-selective electrode, continued for up to 48 h,
reflecting a net uptake of potassium by the roots (Figure 5). The absorption of K* was somewhat
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higher in wheat in the first 6 h of normoxia. At the end of measurements (48 h), net K* uptake was
about the same in both species (18.7 and 20.7 umol per seedling for wheat and rice, correspondingly).
Anoxic treatment arrested the K* influx during 6 h in wheat seedlings and during 3 h in rice. Moreover,
after 6 h of oxygen deficiency, K* started to leak from the seedling roots of both plants. Efflux was
significantly different from normoxic control and it was significantly higher in rice at 24 and 48 h of
anoxia (p < 0.05, according to the LSD test).
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Figure 5. Effects of anoxia and tetraethylammonium (TEA, 0.1 mM) on the net uptake of K* by roots
of intact wheat (a) and rice (b) seedlings. Negative values reflect potassium efflux. Arrows indicate
the beginning of reoxygenation treatment (24 h). Mean values + SD. Values with different letters are
significantly different at p < 0.05, according to the LSD test.

The use of tetraethylammonium (0.1 mM), a blocker of plasma membrane voltage-gated potassium
channels, significantly deteriorated both the acquisition and loss of potassium by seedlings under
normoxia and anoxia, correspondingly (Figure 5). TEA inhibition of a net uptake of K* was about
50% in both plants at normoxic conditions. Anoxia-induced K* leakage was completely blocked
in rice seedlings while in wheat plants TEA failed to totally inhibit K* efflux after 24 h of anoxia.
The TEA-treated anoxic variant showed significantly lesser leakage than the untreated one (Figure 5a).
Reestablishment of aeration of the incubation solution after 24 h of anoxic treatment blocked the K*
leakage of both plants (Figure 5). Moreover, it even led to a significant reabsorption of K* in rice
(Figure 5b).

Thus, anoxia-induced potassium leakage from the roots of intact seedlings was significantly
inhibited by TEA. The K* efflux was higher and reversible in rice when compared with wheat seedlings.

2.4. Influence of Long-Term Anoxia on the pH of the Incubation Medium of Intact Wheat and Rice Seedlings

Incubation solutions from potassium experiments were also monitored for pH changes (Figure 6).
Both plants acidified the incubation medium at normoxic conditions. Wheat seedling roots excreted
protons somewhat faster than rice. The anoxic treatment accelerated the acidification of the nutrient
solution in both cases (differences were significant at p < 0.05, according to the post-hoc LSD test) but
in the medium where rice seedlings were growing, acidification was much more rapid (from 6.2 to
4.9 during 6 h of anoxia and from 6.2 to 4.4 during 48 h, Figure 6b).

Thus, anoxia resulted in the acidification of the incubation solution of hydroponically growing
plants. Moreover, the acidification of the nutrient solution where rice seedlings were growing was
faster and more intensive.
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Figure 6. Effects of anoxia on the pH of the incubation medium of wheat (a) and rice (b) seedlings.
Mean values + SD. Values with different letters are significantly different at p < 0.05, according to the
LSD test.

3. Discussion

3.1. Potassium Changes

The obtained results showed a considerable anoxia-induced decrease of cytosolic potassium
concentration, [K*]cys, in the leaf mesophyll protoplasts of both studied plant species but at different
lag-periods and the decrease by efflux was more intensive in hypoxia-tolerant rice seedlings than
in hypoxia-sensitive wheat (Figure 1). Moreover, the anoxia-induced K* efflux at a cellular level
corroborated well with net K* fluxes between the roots of intact seedlings and the external nutrient
solution (Figure 5). As the efflux from both species was inhibited by tetraethylammonium, it is likely
that K* mainly was transported by K*-selective voltage-gated channels. The drop in [K*]eyt often
originates from K* leakage into the apoplast, although the sequestration of K* ions into the vacuole is
also possible during hypoxia [38]. New findings suggest that the potassium efflux might be operated
by the activation of GORK channels [25]. The activation depends on depolarization-dependent GORK
clustering in the plasma membrane [24]. At normal (unstressed) conditions the activity of GORK is
rather limited. It has been suggested for potential dependent channels (including GORK) to form
clusters and small-scale rafts that activate channel activity. This process has been shown to be highly
regulated by external K* concentration [24].

Reaeration after 24 h of anoxia caused quite different reactions in the two species (Figure 5).
It stopped the leakage and resulted in a slight K* reabsorption in the wheat seedlings (about 1.5 umol
per seedling a day) while K* uptake was totally recovered in rice seedlings (18.3 umol per seedling a
day and 15 umol per seedling a day for the first day of normoxia). This is probably one reason for the
anoxia tolerance of rice.

Similar K* leakage during oxygen shortage was reported earlier from the roots of intact wheat
seedlings [26], barley [30,39], cucumber [40], roots of rooted cuttings of grape [29] and excised rice
coleoptiles [27,28]. The intensity of K* efflux depends on the severity of the oxygen deficiency (hypoxia
or anoxia), tissue specificity and age. For example, 1 h of hypoxia caused a twofold decrease of [K+]Cyf
in the cells of the elongation zone in the root epidermis of wild type Arabidopsis but no changes were
observed in the mature zone. However, there was a significant increase of [K* ]yt in the epidermis
of both the elongation and the mature zone under long-term hypoxia (24-72 h) [38]. In barley root,
cell hypoxia led to less significant K* fluxes than anoxia [30]. Moreover, cells of the elongation zone
of a hypoxia-tolerant cultivar lost more potassium upon short-term anoxic treatment than cells of a
sensitive one while it was vice versa in the mature zone of the root. There were no differences in the
long-term responses of K* effluxes to anoxia between hypoxia-tolerant and hypoxia-sensitive barley
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cultivars [30]. On the other hand, hypoxic treatment of the roots of a cultivar of the grape species Vitis
rupestris sensitive to oxygen shortage resulted in more significant K* leakage when compared with a
tolerant V. riparia [29]. Furthermore, as in rice, there was a total recovery of K* influx into the roots of
V. riparia upon the reestablishment of aeration after 20 h of hypoxic treatment while the roots were
incapable of K* reabsorption after long-term hypoxia in V. rupestris.

Thus, K* efflux is a common reaction developed at cellular/tissue/whole plant levels under
hypoxic/anoxic treatment but further investigations are required to reveal the strict specificity between
the tolerance to oxygen deprivation and the degree of potassium leakage.

3.2. Acidification Caused by Anoxia

The acidification of cytosol is another common reaction in oxygen-deprived cells [14,41].
The imposition of oxygen deficiency is accompanied by a severe decrease in pHyt in pea, maize [42-44],
sycamore (Acer pseudoplatanus) [45], wheat and rice [46,47]. Our data revealed an anoxia-induced
cytosolic acidification in the protoplasts of both plants (Figure 3) but it was more significant in sensitive
wheat leaf protoplasts (Figure 4) and the decrease in pH started after the lag-period of 200-300 s
(Figure 3a). The rice protoplasts responded to anoxia by a fast decrease of pHcyt, which was partially
recovered after 500-1200 s of treatment (Figure 3b). Similar dynamics were obtained at a whole plant
level; rice seedlings acidified the anoxic solution faster (by 6 h of treatment) than wheat ones (by 12 h).
After 12 h the differences between wheat and rice were insignificant (Figure 6). Analogous patterns of
PHeyt decrease in wheat and rice root tip cells were reported earlier [46,47].

The acidification of cytosol upon oxygen limitation is due to several reasons. The major reason
is low ATP concentration reducing the activity of the plasma membrane proton pumps [43,45,48].
ATP level in the cell is exhausted within 1-2 min after the switch to anaerobic metabolism [49]. Another
important H* source is the hydrolysis of ATP and other NTPs [45]. Possible sources of protons are
the leakage from the vacuole [50], passive influx from outside [47] and accumulation of organic acid
intermediates and products of anaerobic metabolism, predominantly lactate [44,47]. Different patterns
of anoxia-induced cytosol acidification may result from different mechanisms in wheat and rice tissues.
A partial pHeyt recovery shown in rice protoplasts (Figure 3b) and in root tips [46,47] may have come
from the stimulation of ethanol fermentation rather than a lactic one [51]; disposal of lactic acid and
the alteration of metabolic pathways can lead to end products other than ethanol or lactate [46,51].
Glycolytic production of ATP provides activity of the plasma membrane [47] and tonoplast proton
pumps. A biochemical pH-stat consisting of a shuttle of carboxylating/decarboxylating enzymes is
also involved in pH regulation [47,50].

3.3. Calcium Involvement in Anoxic Signaling

Both cytosolic [K*]Cyt decrease and acidification are induced under anoxic treatment. The reactions
manifested specificity and appeared due to complicated active and passive ion transport at the plasma
membrane. Earlier obtained data highlighted Ca2+cyt elevation as another fast oxygen-deficiency
triggered reaction at a cellular level [32,34,36,37]. This reaction was detected in different plant species
with a wide spectrum of methods [35,52,53]. Using plant cell protoplasts and sensitive fluorescent
dyes we revealed clear differences in the timing and amplitude of Ca®* increase for tolerant rice
and sensitive wheat. Cells of sensitive wheat were characterized by a lower amplitude and a longer
lag-phase of [Ca?*]cyt increase compared with rice. Leaf and root protoplasts responded in a similar
way to anoxia [35].

3.4. A Suggested Model

The obtained results allow us to suggest a general ion signature schedule triggered by anoxia.
The events in tolerant rice protoplasts definitely started with cytosol acidification. This reaction was
limited to 0.6-0.8 pH units and had very complicated dynamics, probably reflecting the existence
of several involved mechanisms. This effect might be linked primarily with the inhibition of
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H*-ATPase due to ATP limitation [43,45,48]. The more rapid reaction in rice seedlings might be
linked to fast depolarization of the membrane potential. Within 30-40 s, Ca®* efflux started through
potential-dependent plasma membrane channels and further on it accompanied Ca?* release from the
intracellular stores [35], predominantly from the mitochondrion due to the dampening of the electron
transport chain upon oxygen deprivation [32,34]. The drop in [K*]cyt was the last from the tested
reactions. It showed about a 10 min lag-period.

Taken together the schedule of primary events of anoxic signal transduction in rice protoplasts
could be described as follows. Anoxia-induced inhibition of H"-ATPase fast depolarizes the plasma
membrane and thus activates Ca®" channels. Cytosol acidification and [Ca*]cyt increases regulate the
membrane potential and trigger the complicated mechanism of GORK activation and then provide
intensive K* efflux.

In sensitive wheat leaf protoplasts, the reaction was somewhat different. Anoxia application also
inhibited H*-ATPases but this process had a more prolonged character (lag-period was 200-300 s).
On the other hand, the amplitude of the acidification was more pronounced. Changes in the membrane
potential also activated the plasma membrane Ca’* channels but its role in cytosol elevation was
smaller in comparison with intracellular stores. A lag-period was needed and the reaction was less
intensive [35]. Such a delay in [Ca2+]cyt shifts explained the lower amplitude of K* efflux in wheat.

The order of primary anoxia-induced reactions still requires additional experimental confirmation.
It also desires the insertion of one more significant event such as the elevation of the ROS. In animal cells
hypoxia-induced fluxes of Ca?* and K* are performed by oxygen-, ROS- and CO-dependent inward
calcium and outward potassium channels [32]. Plants do not possess such channels. All putative analogs
in Arabidopsis belong to either the plasma membrane inward K* channels (Shaker type inward rectifier
K* channel (AtAKT2) and tandem-pore K* channel (AtKCO4/AtTPK4)) or the Arabidopsis Two-Pore
Channel 1 (AtTPC1) in the vacuolar membrane [32]. Nonetheless, anoxia-induced accumulation of free
cytosolic Ca?* and PHcyt decreases might directly or indirectly affect potassium transport via AKT2
and AtKCO4 [32] and possibly result in a prolonged lag-period of K* efflux, as revealed in this study.

Potassium efflux was significantly more intensive in rice than in wheat but was reversible
after reoxygenation. This fact may be one of the reasons for its tolerance to oxygen deprivation.
Taking together, we may conclude that the processes started in anoxia treated cells at a cellular level
and then continued to the adaptation of whole plants. Moreover, our results suggest that the dynamic
of ion exchange was specific for plants differing in sensitivity to oxygen deprivation.

4. Materials and Methods

4.1. Plant Material and Growing Conditions

Caryopses of wheat (Triticum aestivum L. cv. Kadett, Svalof Weibull AB, Hammenhog, Sweden)
and japonica rice (Oryza sativa L., cv. Liman, Rice Research Institute, Krasnodar, Russia) were
surface-sterilized for 10 min with 5% NaClO solution, washed several times in distilled water and
soaked for 1 h in hot water at 50-60 °C for rice and at 45-50 °C for wheat. The seedlings were grown in
beakers on double layers of miracloth (LIC, Stockholm, Sweden) using a continuously aerated Knop
nutrient solution [54] (0.2 strength) at an irradiance of 118 W m~2 at the top of the shoots and at a 14/12
h light/dark photoperiod, 70% relative humidity and temperatures 22 °C and 28 °C for wheat and rice,
respectively, as previously described [35].

4.2. Protoplast Isolation and Dye Loading

The isolation of mesophyll protoplasts was carried out by an enzymatic method as described
earlier [35]. In brief, the leaves (0.5 g) of 6-7-day-old wheat seedlings were sliced into 0.5-1 mm pieces
and treated for 2 h with 1% (w/v) cellulase from Tricoderma resei (EC 3.2.1.4, lyophilized, 10.0 units
mg’1 solid, Sigma, St. Louis, MO, USA) and 0.3% (w/v) macerase, Maceroenzyme R-10 from Rhizopus
sp.(EC 3.2.1.4, lyophilized, 0.6 units mg™" solid, Serva, Heidelberg, Germany) solution as described
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by Edwards et al. [55] with modifications [56,57]. For the isolation of rice mesophyll protoplasts, the
concentration of both enzymes was twice higher and the digestion time was 3 h [35]. The protoplasts
were purified on a sorbitol gradient [58] and loaded in darkness with potassium- or pH-sensitive
fluorescent probes in the form of acetoxy methyl-esters (AM). For measurements of cytosolic potassium
concentration, [K*]eyt, the acetoxy methyl of potassium-binding benzofuran isophthalate (PBFI-AM)
was loaded for 3 h at room temperature (20-23 °C) [56,58]. For the monitoring of cytosolic pH, pHeyt,
the tetra (acetoxy methyl) ester of bis-carboxyethylcarboxyfluorescein (BCECF-AM) was loaded for 1 h
at 4 °C [57]. Both ion-sensitive fluorescent dyes were purchased from Molecular Probes® (Eugene, OR,
USA). Before measurements, protoplasts were kept in darkness at room temperature for 30 min.

4.3. Fluorescence Measurements and In Situ Calibration

The fluorescence intensity ratio was measured with an epifluorescence microscope Axiovert 10
(Zeiss, Oberkochen, Germany) supplied with an electromagnetic filter exchanger (Zeiss), xenon lamp
(XBO 75), photometer (Zeiss 01), microprocessor (MSP 201) and a personal computer. Excitation
wavelength ratios for the PBFI dye were 340/380 nm and for the BCECF dye 485/436 nm. Emission
wavelengths were 500-530 nm for the PBFI and 510-550 nm for the BCECF. All measurements were
performed on single protoplasts with a Planneofluar x40/0.75 objective (Zeiss) for phase contrast.
The ratio measurements were performed only with protoplasts of a similar size and properly loaded
into the cytosol. Adjustments for signals and noise were made automatically.

For the standard determination of [K*]Cyt, measurements of PBFI-fluorescence were undertaken
with protoplasts in separate suspension solutions with concentrations of 0, 10, 20, 50, 80, 100 and 150 mM
KCl. NaCl was added to the solutions to give a final concentration of 150 mM [Na* + K*] to obtain
iso-osmotic conditions [58]. The standard measurements were performed 5-10 min after the addition
of 10 uM gramicidin (Sigma, St. Louis, MO, USA) to equilibrate the intracellular and extracellular
potassium concentrations. Nigericin (Sigma) was simultaneously added at a final concentration of
5 uM to avoid the pH effect [59].

For pHeyt in situ calibration, the BCECF-AM fluorescence ratio (485/436 nm) corresponding to
different pH values was measured on protoplasts in separate standard solutions with pH values
ranging from 5.0 to 8.0 with a 0.5 step. The measurements were undertaken 5-10 min after the addition
of 5 uM nigericin to equilibrate the intracellular and extracellular pH values [56].

4.4. In Situ Anoxic Treatment

The fluorescence measurements were undertaken in a POC-chamber (Bachhofer Lab Equipment,
Fisher Scientific, NJ, USA). Micro slides were covered with poly-L-lysine (MW 150,000-300,000, Sigma)
at room temperature. Fifty uL of protoplast suspension was placed onto a micro slide and the
POC-chamber was mounted above it [35]. The incubation buffer contained 0.5 M sorbitol, 0.05%
polyvinylpyrrolidone, 0.2% bovine serum albumin, 5 mM Hepes (Serva), 1 mM CaCl, and 10 mM KCl at
pH 7.0. It was degassed for 20-30 min under reduced pressure (=70 kPa) and then saturated for at least
30 min with gaseous nitrogen to an oxygen level less than 25-30 nmol mL™'. For the anoxic treatment,
protoplasts were submerged by 2 mL of an oxygen-depleted buffer inside the POC-chamber that was
immediately closed. For the normoxic treatment, the protoplasts were submersed by the same amount
of aerated incubation buffer containing 270-300 nmol mL™! of oxygen. The oxygen concentration in the
incubation buffer was detected with an Oxygraph (Hansatech Instruments, Norfolk, UK). To elucidate
the effects of tetraethylammonium (TEA, Sigma), which is known to block voltage-dependent K*
channels, we pre-treated protoplasts with 1 mM TEACI for 30 min prior to the imposition of anoxia.
Measurements were carried out for 30 min (1800 s) and were repeated at least 10 times for each
treatment. Figures 1 and 3 demonstrate the representative traces of the specific experiments with single
protoplasts from independent cultivations.

The viability of protoplasts was tested using Trypan Blue assay [60]. A sample of the protoplast
suspension (50 uL) was mixed with the same volume of 0.4% Trypan Blue (Sigma) solution and was
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observed under a microscope after 3 min. The percentage of non-stained (alive) protoplasts was
calculated from at least seven optical fields on each of four separate slides. The viability of wheat
leaf protoplasts was 91.7 + 3.5% under normoxic conditions and 90.4 + 3.7% after 30 min of anoxia.
The viability of rice protoplasts was 90.5 + 5.2% and 89.8 + 5.1% at normoxia and anoxia, respectively.

4.5. Measurement of Potassium Uptake by Roots of Intact Seedlings and pH of Incubation Medium

The absorption of K* and the alterations of pH in the incubation medium were tested with
7-day-old seedlings grown as discussed above (4.1.). Prior to the experiments, the caryopses were
cut off from the seedlings. Each set of twenty seedlings was placed in glasses containing 20 mL of
Knop nutrient solution (0.2 strength). The incubation medium contained 0.636 mM total potassium
and had a pH value of 6.2. Glasses were placed into the chamber through which gaseous nitrogen
was flushed for 45 min for the creation of anaerobic conditions. The chambers were then hermetically
closed and put in the dark in order to prevent the formation of oxygen in the light. Half of the anoxic
variants were transferred from anaerobic chambers into normoxic conditions after 24 h of oxygen
deprivation and left for 24 h of reaeration. Anaerobic conditions were checked by an Anaerotest®
indicator (Merck, Darmstadt, Germany). Control variants were kept in the dark at a normal oxygen
level. The concentration of K* was measured with a membrane K*-selective electrode EM-101 K
(Analit, St. Petersburg, Russia) in the incubation solution after 3, 6, 24 and 48 h of treatment. An EVL-1
M non-polarisable silver chloride electrode was used as a reference electrode. During measurements,
the reference electrode was connected to the incubation medium via a U-shaped glass tube 1 mm
in diameter and filled with 2% agar in 0.1 M KCl. The electrodes were calibrated with solutions of
different concentrations of KCI. The precision of the electrodes was checked by the measurement of
the K* level with a flame photometer Flapho-4 (Carl Zeiss, Jena, Germany). For the elucidation of the
possible role of voltage-dependent K* channels in total K*-fluxes during oxygen depletion, a part of
the intact seedlings was treated with 0.1 mM TEA. The blocker was present in the incubation medium
throughout the experiment. The shift in K* concentration was calculated in umol per seedling. The pH
of the incubation solution was measured using a Seven Easy 520 pH Meter (Mettler Toledo, Columbus,
OH, USA) after 6, 12, 24 and 48 h of treatment.

4.6. Statistics

Data in Figures 2 and 4-6 are presented as mean + SD for 4-10 experiments. Analysis of variance
was done with a GraphPad Prism 5 for Windows. Values with different letters were significantly
different at p < 0.05 according to the Least Significant Difference (LSD) test. Experiments with
protoplasts were carried out in at least four independent cultivations. Fluorescence measurements
were made on single protoplasts with at least 10 replicates for each treatment. Experiments with intact
seedlings were performed five times.
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Abstract: In higher plants under low oxygen or hypoxic conditions, the phytohormone ethylene and
hydrogen peroxide (H,O,) are involved in complex regulatory mechanisms in hypoxia signaling
pathways. The respiratory burst oxidase homolog D (RbohD), an NADPH oxidase, is involved in the
primary stages of hypoxia signaling, modulating the expression of downstream hypoxia-inducible
genes under hypoxic stress. In this study, our data revealed that under normoxic conditions,
seed germination was delayed in the rbohD/ein2-5 double mutant, whereas postgermination stage
root growth was promoted. Under submergence, the rbohD/ein2-5 double mutant line had an
inhibited root growth phenotype. Furthermore, chlorophyll content and leaf survival were reduced
in the rbohD/ein2-5 double mutant compared with wild-type plants under submerged conditions.
In quantitative RT-PCR analysis, the induction of Ethylene-responsive factor 73/hypoxia responsive 1
(AtERF73/HRE1) and alcohol dehydrogenase 1 (AtADH1) transcripts was lower in the rbohD/ein2-5 double
mutant during hypoxic stress than in wild-type plants and in rbohD and ein2-5 mutant lines. Taken
together, our results indicate that an interplay of ethylene and RbohD is involved in regulating seed
germination and post-germination stages under normoxic conditions. Moreover, ethylene and RbohD
are involved in modulating seedling root growth, leaf chlorophyll content, and hypoxia-inducible
gene expression under hypoxic conditions.

Keywords: ethylene; Ein2; germination; RbohD; submergence; hypoxia

1. Introduction

Climate change—induced flooding is a major global natural disaster. Flooding and heavy rain can
cause soil compaction, reducing soil oxygen concentration and resulting in hypoxic stress—induced
plant damage. The plant hormone ethylene participates in regulating stress-inducible genes to
help plants to adapt to various environmental stresses, especially in hypoxia signaling caused by
flooding [1-3].

Ethylene controls diverse physiological pathways involved in plant growth and developmental
processes including the regulation of seed germination and leaf senescence and the promotion of
pollen tube growth and fruit ripening [4-6]. Ethylene also contributes to plant responses to different
biotic and abiotic stresses such as insect or microbial infections, drought, and salt conditions [7-9].
Several studies have shown that the ER-located membrane protein ETHYLENE INSENSITIVE 2 (EIN2)
acts as a key signal transducer that positively signals downstream to members of the ETHYLENE
INSENSITIVE 3 (EIN3) family of transcription factors located in the nucleus. EIN3 further binds to the
promoters of ethylene-response genes, activating their expression in an ethylene-dependent manner to
activate downstream ethylene responses [10,11].
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Under oxygen deficient conditions, ethylene plays a major role in the regulation of abscisic
acid (ABA) and gibberellic acid (GA) to influence cell elongation [12]. In addition to cell elongation,
ethylene-induced programmed cell death through reactive oxygen species (ROS) production leads
to the formation of aerenchyma and emergence of adventitious roots in maize and rice [13-15].
Hydrogen peroxide (H,O,) acts as a secondary messenger downstream of the ethylene signal to
promote aerenchyma formation under oxygen-deficient conditions [16]. H,O; is a type of ROS. ROS
include HyO,, superoxide anion radicals (O, 7), hydroxyl radicals (OH), and singlet oxygen 1 0Oy),
all of which are byproducts of aerobic metabolism [17]. NADPH oxidases, also named respiratory burst
oxidase homologs (RBOHs), catalyze superoxide radical generation in plant apoplasts. Subsequently,
superoxide radicals are converted into HyO, by the activity of cell wall-localized antioxidant enzymes
termed superoxide dismutases (SODs). H,O, regulates the induction of ethylene-responsive factor
73 (ERF73) and alcohol dehydrogenase 1 (ADH1) expression under oxygen deprivation [18,19]. In
Arabidopsis thaliana, RBOHs are members of a multigene family composed of 10 RBOH genes (AtRBOH
A-]) that participate in ROS production in response to environmental stresses [20].

Plant RBOHs display different expression patterns during developmental processes and in response
to various abiotic stresses and biotic interactions, either pathogenic or symbiotic [21]. AtRBOHC was
revealed to be activated in Ca,*-dependent signaling triggered by the mechanical stimulation of root
hairs [22]. Mild salt stress reportedly increases AtRbohD transcript levels, and AtRbohD and AtRbohF
are involved in the ABA signaling network in guard cells [23,24]. AtRbohD mediates rapid systemic
signaling in response to wounding, heat, cold, high-intensity light, and salinity stresses [25].

Our previous studies revealed that the accumulation of H,O, was reduced in ein2-5 and
rbohD-knockout (rbohD-ko) mutants during hypoxic stress. The induction of hypoxia-inducible
genes was also reduced in rbohD-ko mutants under hypoxic stress. AtRbohD plays a major role in the
early stages of the stress response to oxygen deprivation [19,26]. Although AtRbohD is involved in
hypoxia signaling, little is known about the relationship between ethylene and RbohD in submergence
stress. In this study, to clarify the functional relationship between ethylene and H,O, in the hypoxia
signaling pathway, we analyzed rbohD/ein2-5 double mutant and wild-type plants under hypoxic stress.
Our results demonstrate that the interplay between ethylene and H,O; is involved in modulating seed
germination, seedling root growth, leaf chlorophyll content, and hypoxia-inducible gene expression
under hypoxic conditions.

2. Results

2.1. The rbohd/ein2-5 Double Mutant Exhibited Ethylene Insensitive, Delayed Seed Germination and Increased
Postgermination Root Growth

The induction of H,O, and levels of AtERF73/HRE1 and ADH1 are reduced in rbohD and ein2-5
single mutants under hypoxic stress [19,26]. To further investigate the interplay of ethylene and H,O,
signaling during hypoxia, we obtained rbohD/ein2-5 double mutant lines by crossing single rbohD and
ein2-5 homozygous mutants. After seeds were grown on 1/2 strength Murashige and Skoog (MS)
medium with or without 1-aminocyclopropane-1-carboxylic acid (ACC) treatment for 4 d in dark
conditions, the etiolated seedlings of the rbohD/ein2-5 double mutant line did not exhibit the triple
response (Figure 1a). Increased RbohD transcript levels were not induced in the rbohD/ein2-5 double
mutant line after hypoxic treatment (Figure 1b).

The rbohDjein2-5 double mutant seeds germinated more slowly than wild-type, rbohD, and ein2-5
single mutants under normaxic conditions; 90%, 85%, and 91% of wild-type, rbohD, and ein2-5 single
mutant seeds germinated after 2 d, whereas only 56% of rbohD/ein2-5 double mutant seeds germinated.
Germination was largely completed after 3 d incubation (Figure 2a,b). The mean germination time of
seeds from wild-type, rbohD and ein2-5 single mutants, and that from the rbohD/ein2-5 double mutant,
was 1.98, 2.10, 2.03, and 2.35 d, respectively (Figure 2c).
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Figure 1. Phenotypes of wild-type Col-0 and rbohD/ein2-5 double mutants in Arabidopsis. (a) The
wild-type (Col-0) and double mutant (rbohD/ein2-5) seeds were grown on 1/2 MS medium with 5 uM
ACC or without ACC for 4 d under dark conditions. Bar = 0.5 cm. (b) Quantitative RT-PCR analyses
of transcript levels of RbohD in Arabidopsis Col-0 and rbohD/ein2-5 double mutants in response to
hypoxic stress for 0, 0.5, 1, and 2 h. Total RNAs were isolated from roots of 14-day-old seedlings after
hypoxia treatment at indicated times and levels of RbohD mRNA were determined. Relative transcript
amounts were calculated and normalized to Actin mRNA levels. Values represent means + SD from
five biologically independent experiments.
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Figure 2. Germination assay of wild-type, rbohD, ein2-5 and rbohD/ein2-5 mutants. (a) Germination of
wild-type, rbohD and ein2-5 single mutants, and double mutant rbohD/ein2-5 seeds. Seeds were sown
in 1/2 MS medium and grown for 3 d at 4 °C in dark conditions; photographs were taken after 2 d.
(b,c) Germination rates and mean germination times of wild-type, rbohD and ein2-5 single mutants,
and double mutant rbohD/ein2-5 seeds. Seeds were scored for 1, 2, 3, and 4 d after sowing from at
least 100 seeds of each genotype with three replicates each. Error bars represent SD. * p < 0.05, versus
wild-type (Student’s ¢ test).
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To determine whether ethylene and H,O, signaling affected postgermination seedling
development, the rbohD/ein2-5 double mutant seedlings were grown for 4, 6, 8, 10, and 12 d. The root
lengths of the rbohD/ein2-5 double mutant lines were significantly longer than those of the wild-type
seedlings (Figure 3a). When grown for 4, 6, 8, 10, and 12 d, wild-type seedlings developed roots
with average lengths of 0.42, 1.00, 1.57, 2.09, and 2.32 cm, respectively, whereas the average root
length of rbohD/ein2-5 double mutants was 0.36, 1.45, 2.52, 2.95, and 3.09 cm, respectively (Figure 3b).
These results indicate that in the rbohD/ein2-5 double mutant, seed germination was delayed and the
postgermination root growth rate increased.
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Figure 3. Comparison of root growth in wild-type and rbohD/ein2-5 double mutant seedlings. (a) Phenotypes
of seedlings grown on 1/2 MS medium for 4, 6, 8, 10, and 12 d. Bar = 2 cm. (b) Average root length of
seedlings grown on 1/2 MS. Error bars represent SD of 100 seedlings of each genotype, obtained from three
biologically independent experiments. * p < 0.05, versus wild-type (Student’s ¢ test).

2.2. The rbohDjein2-5 Double Mutant Line Exhibited no Inhibition of Root Growth Following Submergence

Ethylene plays a role in inhibiting root length during plant developmental processes. Hydrogen
peroxide also functions in inhibiting root length [27,28]. To determine whether ethylene signaling
and H,O, affect root growth in response to submergence, 7-day-old wild-type and rbohD/ein2-5
double mutant seedlings were treated with normoxic or submerged conditions for 7 d. Root lengths
were significantly reduced in wild-type plants compared with the rbohD/ein2-5 double mutant lines
(Figure 4a). The average root lengths of wild-type and the rbohD/ein2-5 double mutant under the
normaxic condition were 1.94 and 2.83 cm, respectively, whereas the average root lengths of wild-type
and the rbohD/ein2-5 double mutant under submergence were 1.34 and 3.19 cm, respectively (Figure 4b).
The root lengths of the rbohD/ein2-5 double mutant increased by 113% under submerged conditions
compared with under the normaxic condition, whereas those of wild-type plants decreased by 69%.
These results indicate that root growth was not inhibited in submerged rbohD/ein2-5 double mutant lines.

2.3. Reduced Chlorophyll Content and Survival of rbohD/ein2-5 Double Mutant Plants under
Submerged Conditions

To further assess the role of ethylene and H,O, signaling under submerged conditions, chlorophyll
content was determined during submergence. The 7-day-old wild-type and rbohD/ein2-5 double mutant
seedlings were submerged for 12 d. The rbohDj/ein2-5 double mutant exhibited more severe leaf etiolation
than the wild-type plants did under submergence (Figure 5a). Contents of chlorophyll a and total
chlorophyll were significantly decreased in the rbohD/ein2-5 double mutant line after submergence
treatment (Figure 5b). This effect was also observed in 7-day-old seedlings submerged for 12 d then
left to recover for 5 d. The degree of leaf damage following submergence of the etiolated seedlings was
analyzed and classified according to an index scale ranging from 1 to 4, where index scores of 1 and 2
represent 100% and over 50% green leaf area, respectively, and scores 3 and 4 represent less than 50%
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and 0% green leaf area, respectively. These data indicate that more than 95% of the rbohD/ein2-5 double
mutant seedlings exhibited a phenotype with leaf damage (Figure 6a,b), suggesting that ethylene and
H,0, signaling positively regulate aboveground leaf survival under submergence stress.
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Figure 4. Comparison of root growth in wild-type and rbohD/ein2-5 double mutant seedlings after
submergence. (a) Phenotypes of seedlings grown on 1/2 MS medium for 14 d and then treated with
submerged conditions for an additional 7 d. Bar = 1 cm. (b) Average root length of seedlings grown
under normaxic condition and submerged conditions. Error bars represent SD for at least 100 seedlings
of each genotype, obtained from three biologically independent experiments. * p < 0.05, versus
wild-type plants (Student’s ¢ test).
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Figure 5. Chlorophyll content of wild-type plants and rbohD/ein2-5 double mutants after submergence
stress. (a) Phenotype of 7-day-old wild-type plants (Col-0) and double mutant rbohD/ein2-5 leaves after
treatment under normoxic conditions and submerged conditions for 12 d. Bar = 1 cm. (b) Contents of
chlorophyll a, b, and total chlorophyll of 7-day-old seedlings after treatment under normoxic conditions
and submerged conditions for 12 d. Values represent means =+ SD from three biologically independent
experiments. * p < 0.05, versus wild-type (Student’s ¢ test).
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Figure 6. Sensitivity of the rbohD/ein2-5 double mutant to submerged conditions. (a) Phenotypes of
7-day-old wild-type plants and rbohD/ein2-5 double mutant seedlings after 12 d of submergence and
5 d of subsequent recovery. Bar = 1 cm. The photograph provides the results for three independent
seedlings. (b) Quantification of the phenotype. Levels of damage were defined using an index based
on the percentage of chlorotic leaves. Index 1 = 100% green leaves, Index 2 = over 50% green leaves,
Index 3 = less than 50% green leaves, and Index 4 = 0% green leaves. The same results were obtained
from three independent experiments (1 > 25).

2.4. Effects of the rbohDfein2-5 Double Mutant Line on Hypoxia-Inducible Genes under Hypoxic Stress

To determine how ethylene and H,O, signaling affects hypoxia responses, we examined the
expression of AtERF73/HRE1 and ADH1 in wild-type, rbohD and ein2-5 single mutants, and the
rbohD/ein2-5 double mutant using qRT-PCR. The results indicate that under hypoxic conditions,
the induction of AtERF73/HRE1 and ADHI mRNA was significantly reduced in rbohD and ein2-5 single
mutants and in the rbohD/ein2-5 double mutant lines compared with wild-type plants (Figure 7a,b).
The rbohD/ein2-5 double mutant had the most pronounced reduction in hypoxia-induced transcription.
Taken together, these results suggest that ethylene and H,O, signaling synergistically regulated
hypoxia-inducible gene responses.
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Figure 7. Transcript levels of hypoxia-inducible genes encoding AtERF73/HRE1 and ADHI1 in
rbohDfein2-5 lines after hypoxia treatment. Total RN As were isolated from roots of 14-day-old Col-0,
rbohD, ein2-5, and rbohD/ein2-5 seedlings after 3 h of hypoxia treatment. Quantitative RT-PCR analyses
of transcript levels of AtERF73/HRE1 (a) and ADH1 (b) genes. Values are means + SD from three
biologically independent experiments (1 = 3). Values with different letters are significantly different at
p <0.05, according to a post-hoc LSD test.
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3. Discussion

Plants are sessile organisms that have evolved integrated complex regulation systems to respond
to stress. Oxygen deprivation is a common abiotic stress often associated with flooding. It affects
plant growth, development, and survival. The role of ethylene in oxygen sensing and signaling is
complex [29]. Recent studies have demonstrated that when submergence is established, gas diffusion
of ethylene is restricted, and it is trapped in the plant, triggering its signaling pathway at early
submergence. When submergence is prolonged, ethylene synthesis is reduced due to hypoxia; group
VII ethylene response factor (ERFVII) activity is activated by hypoxia signaling [30-32]. In our previous
reports, we demonstrated that the NADPH oxidase RbohD plays a major role in the early stages of
hypoxic stress responses. Ethylene signaling modulates H,O, signaling by regulating the expression
of Rboh genes [19,26]. RbohD triggers cell death following fungal infection, and crosstalk between the
salicylic acid and ethylene signaling pathways inhibits death in neighboring cells [33]. Furthermore,
the double null mutant atrbohD/F is more sensitive to oxygen deficiency than wild-type plants and
single mutants atrbohD and atrbohF are [34]. Little is known about the ethylene-mediated regulation of
RbohD in the hypoxia signaling pathway.

The present study revealed that rbohD/ein2-5 double mutants had delayed seed germination but
increased root growth compared with wild-type plants (Figures 2 and 3). During seed germination,
endogenous ethylene promotes seed germination by decreasing sensitivity to endogenous ABA [35].
H,0,, acting as a signaling molecule, mediates seed dormancy breaking and germination through the
upregulation of ABA catabolism and GA biosynthesis [36]. Our data demonstrate that the mean seed
germination time was significantly reduced in wild-type plants and the rbohD and ein2-5 single mutants
compared with the rbohDfein2-5 double mutant (Figure 2c), indicating that the interplay between
ethylene signaling and H,O, signaling modulates seed germination. Previously, we determined that
under normoxic conditions, postgermination seedling root lengths of wild-type plants and rbohD single
mutants do not differ [26]. Notably, the current study revealed that the rbohD/ein2-5 double mutant
had faster root growth 6-12 d after germination under both normoxic (Figure 3b) and submerged
(Figure 4) conditions. Ethylene has been demonstrated to inhibit root cell elongation by upregulating
auxin biosynthesis in Arabidopsis seedlings; accumulated H,O, also inhibits root cell elongation and
root growth [37-39]. Under submerged conditions, root length is reduced by oxygen deficiency [40].
However, the rbohD/ein2-5 double mutant did not display inhibited root growth under submergence;
instead, it had longer roots than wild-type plants did. These results suggest that crosstalk between
ethylene signaling and H,O, signaling, in addition to delaying seed germination, affects the root
growth rate of postgermination seedlings under both normoxic and hypoxic conditions.

Chlorophyll absorbs the wavelengths associated with violet-blue and orange-red light within
the visible light spectrum that are used in photosynthesis during plant growth and development.
When plants are exposed to abiotic and biotic stresses such as drought, extreme temperature, cold, or
heavy metals, chlorophyll concentration is decreased and protein degradation is increased [41-43].
Many studies have reported that ethylene is involved in the regulation of chlorophyll degradation
during development or under stress conditions. When plants are submerged, chloroplasts disintegrate
and photosynthetic capacity is lost [44—-46]. In the present study, chlorophyll a and total chlorophyll
concentration decreased significantly in rbohD/ein2-5 double mutants after submergence treatment
(Figure 5). Furthermore, the seedlings of the rbohD/ein2-5 double mutant line had more leaf damage
compared with wild-type plants after submergence stress (Figure 6). Some APETALA2/ethylene
response factors function in an ethylene-controlled signal transduction pathway to regulate tolerance
to hypoxia stress [47,48]. The secondary messenger, H,O, production, has also been implicated in
regulating tolerance to oxygen deprivation [18,49]. Our results indicate that under hypoxic stress, the
induction of transcript levels of the hypoxia-inducible genes encoding ethylene-responsive factor 73
(ERF73) and alcohol dehydrogenase 1 (ADH1) was increased less in the rbohD/ein2-5 double mutant
line than in the rbohD and ein2-5 single mutants (Figure 7). Notably, increased transcript levels of
AtERF73/HRE1 and ADH1 were induced in all the lines under hypoxic conditions. This suggests
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that there are signaling elements other than ethylene and RbohD that also modulate the expression
of hypoxia-responsive genes, such as AfERF73/HRE1 and ADHI. Our previous results reveal that
the accumulation of H,O, was reduced in rbohD-ko and ein2-5 during hypoxic stress [19,26]. In this
study, both RbohD and EIN2 had a synergistic effect on seed germination and root growth at the
postgermination stage under normoxic conditions and influenced submergence tolerance under oxygen
deprivation conditions. Taken together, the results reported here indicate the presence of a synergistic

interaction between ethylene and H,O, signaling in plant development under normoxic conditions
and in response to oxygen deprivation (Figure 8).
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Figure 8. Schematic of the effects of RbohD-derived H,O, and ethylene signaling under normoxic
and hypoxic conditions. Both RbohD and EIN2 had a synergistic effect on seed germination and root
growth at the postgermination stage under normoxic conditions (black line). Hypoxia triggers complex

signaling pathways to increase the production of HyO, leading to chlorophyll and leaves damages
influencing submergence tolerance in Arabidopsis (blue line).

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Wild-type Arabidopsis thaliana (ecotype Col-0) was used in this study. The single ein2-5 and rbohD
(At5¢47910) T-DNA insertion mutants (salk_005253C) were obtained from Dr. L.-C. Wang and the
Arabidopsis Biological Resource Center (Ohio State University, Columbus, OH, USA), respectively,
with the homozygous T-DNA insertion sites confirmed by RT-PCR before use. Double homozygous
mutant lines, rbohD/ein2-5, were obtained by crossing the two single mutants and then screening the F2

and F3 generation as previously described [26]. Seeds were surface sterilized in 70% ethanol for 2 min
and then in a 1% bleach solution for 15 min before being washed with sterilized water three times and
incubated at 4 °C in the dark for 3 d. Seeds were sown on plates with 0.7% (w/v) agar in 1/2-strength

Murashige and Skoog (MS) medium containing 0.5% sucrose at pH 5.7. The plates were transferred to

96



Plants 2020, 9, 471

a growth chamber at 22 °C with a long photoperiod regimen of 16 h of light (236 pmoLm~2s~!)/ and
8 h of darkness.

For the seed germination assay, data were collected from 100 seeds of each genotype over three
independent experiments. Germination was considered to have occurred when the radicles were
1 mm long. Germination percentage was recorded every 24 h for 4 d. The number of germinated seeds
was expressed as a percentage of the total number of seeds plated for the indicated times. The mean
germination time was calculated to assess the time spent to germinate or emerge [50].

4.2. Seedling Hypoxia, Submergence, and ACC Treatments

For the hypoxia treatment, 14-day-old seedlings were placed on damp filter paper for a 10 min
pretreatment and then onto a floating platform with their roots immersed in 1/2 MS solution. The
solution was constantly supplied with 3% O,/97% N gas in the dark to replace the oxygen in the
solution. The seedling roots were collected for analysis. Other 14-day-old seedlings were placed in the
dark without immersion in 1/2 MS solution as controls. For the submergence treatment, seeds were
grown on 1/2-strength MS medium in a tissue cultivation box (L:W:H, 12 cm X 9 cm X 7 cm) for 7 d
and then treated with or without 250 mL of sterile deionized water for 12 d. The water was drained
out for the the subsequent 5-day recovery period. The root lengths of the seedlings (under normoxic
conditions or submerged conditions) were measured. Data were collected from at least 100 seedlings of
each genotype in three independent experiments. Photographs were taken at the end of the treatment
period. For the ACC treatment, seeds were grown on 1/2-strength MS medium with or without 5 uM
ACC in the dark for 4 d. The phenotypes were observed, and photographs were taken at the end of the
treatment period.

4.3. Plant Chlorophyll Content and Leaf Damage Index Measurements

For chlorophyll content assays, the content was determined according to Wintermans and
De Mots (1965) after extraction in ethanol [51]. The 7-day-old seedlings were treated under normoxic
conditions or submerged conditions for 12 d. Aboveground tissue (50 mg) was collected and ground in
2 mL of sodium phosphate buffer (50 mM pH 6.8), 40 uL of which was added to 960 mL of 99% ethanol
and incubated for 30 min at room temperature in the dark with gentle shaking. After centrifugation at
4 °C for 15 min at 1000x g, the absorbance values of the supernatant were measured at 665 and 649 nm
with a spectrophotometer (Metertec SP8001) to determine to concentrations of chlorophyll a, b, and
total chlorophyll. Data were collected from three independent experiments. For leaf damage index
measurement, the 7-day-old seedlings were treated under submerged conditions for 12 d followed by
5 d of recovery. The levels of damage were defined as follows: Index 1 = 100% green leaves, Index
2 = over 50% green leaves, Index 3 = less than 50% green leaves, and Index 4 = 0% green leaves.
Data were collected from three independent experiments. Each experiment involved the use of at
least 25 seedlings. Photographs were taken at the end of experiment. For the hypoxia treatment,
14-day-old seedlings were placed on a floating platform with their roots immersed in 1/2 MS solution
supplemented with 0.5% (w/v) Suc at pH 5.7. The solution was constantly supplied with 3% (v/v) O,
and 97% (v/v) Ny in the dark for 3 h. The root samples were collected and frozen for analysis.

4.4. RNA Extraction and Quantitative RT-PCR (gRT-PCR) Analyses

The 14-day-old seedlings were hypoxia-treated for 3 h. Then, root samples were collected in
liquid nitrogen and stored at —80 °C until use. Total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA, USA) and then subjected to DNase treatment using the TURBO DNA-free kit (Ambion,
Austin, TX, USA). RNA concentrations were determined, and samples were then reverse-transcribed
into cDNAs by using Moloney murine leukemia virus reverse transcriptase (Invitrogen). qRT-PCR was
conducted as previously described [52] and performed using a Rotor-Gene 3000 instrument (Corbett
Research, Sydney, Australia) with Power SYBR Green PCR master mix (GeneMark, Taipei, Taiwan) in
accordance with the manufacturers’ recommendations. The Actin gene was used as an internal control
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for normalization. Relative expression levels were analyzed with Rotor-Gene 6 software (Corbett).
Experiments were repeated five times independently with duplicate samples. The sequences of primers
used for qRT-PCR are presented in Table 1.

Table 1. Primers used for quantitative RT-PCR experiments.

Gene Name Primer Sequence
rAtERF73/HRE1-forward 5’-atcatgggcgatgcgaataa-3’
rAtERF73/HRE1-reverse 5’-gcgagaaatattcggtetggtt-3
rADHI1-forward 5’'-catgaacaaggagctggagettg-3’
rADH]I-reverse 5’-ctcteccttcagcatgtaatcaaagg-3’
rRbohD-forward 5'-ccgagcagacggaggagat-3”
rRbohD-reverse 5’-tggaccgtcgataaggacctt-3’

5. Conclusions

In our previous studies, the data indicated that an increase in the transcript levels of RbohD was
induced at a relatively early stage during hypoxic stress; for other hypoxia-inducible RBOHs, such
as RbohA, B, F, G, and I, transcript expressions were also affected by oxygen deprivation but not at
a relatively early stage [24]. The involvement of other signaling elements in the complex signaling
network associated with oxygen deprivation requires further evaluation.
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Abstract: Oryza sativa is a major food crop in Asia. In recent years, typhoons and sudden downpours
have caused field flooding, which has resulted in serious harm to the production of rice. In this
study, our data revealed that the plant heights of the five Japonica varieties increased during
submergence. The elongation rates of TN14, KH139, and TK9 increased significantly during
submergence. Chlorophyll contents of the five varieties significantly decreased after submergence
and increased after recovery. Moreover, the chlorophyll content of KH139 was significantly higher
than those of the other four varieties after recovery. The plant survival rates of the five varieties
were higher than 50% after four-day submergence. After eight-day submergence, the survival rate of
KH139 remained at 90%, which was the highest among the different varieties. The KH139 presented
lower accumulation of hydrogen peroxide and the catalase activity than those of the other four
varieties under submergence. The sucrose synthase 1 and alcohol dehydrogenase 1 were induced in
KH139 under submergence. The results presented that different varieties of japonica rice have different
flood tolerances, especially KH139 under submergence was superior to that of the other four varieties.
These results can provide crucial information for future research on japonica rice under flooding stress.

Keywords: Oryza sativa; Submergence; Activity of antioxidant enzymes; Chlorophyll content

1. Background

Global climate change has led to extreme climate in recent years. Global warming has caused
sea-level rise, affected crop cultivation, and led to decreased crop production. The frequency of
flooding disasters worldwide caused by biological stresses, such as high temperature, low temperature,
droughts, and salt-damaged soils caused by extreme climates, has increased by approximately 65%
in the past 25 years [1]. Oryza sativa is a major food crop worldwide and it is widely cultivated in
Asia. Flooding disasters have considerably affected agricultural production in Asia, particularly in
several Southeast Asian countries, such as the Philippines, Myanmar, and Indonesia, and have led
to a considerable decrease in crop yield. Thus, flooding disasters have become an issue that must be
urgently confronted [2].

In a normal growth environment, higher plants perform aerobic respiration and transport the
products of photosynthesis from the source to the sink through the glycolysis pathway, so that the
related reactions of carbon metabolism can occur [3]. Sucrose can be decomposed into glucose
and fructose in two ways. Sucrose can be catalyzed into fructose and glucose through sucrose
invertase, or it can be catalyzed into fructose and uracil-diphosphate glucose through sucrose synthase
(SUS). When hypoxia is caused by flooding stress, a plant limits the pathway of sucrose invertase,
reduces energy consumption, and increases SUS activity for preserving the source of reactants that are
essential for glycolysis [4]. Research has indicated that during flooding treatment, the expression of
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the SUS genes of rice increases with the flooding period. Moreover, ethylene induces submergencel
(SUB1), which regulates the expression of SUS genes [5]. The expression of SUS genes increases
when corn is subjected to hypoxia treatment. Corn under hypoxic stress is speculated to induce
sucrose for accelerated decomposition in order to maintain the glycolysis reaction and reduce the
ATP consumption [6]. In addition, research have shown that plants lacking genes that required
for fermentation, such as alcohol dehydrogenase (ADH) and pyruvate decarboxylase (PDC), or mutants
defective in sucrose metabolism, such as SUS, revealed lower tolerance in hypoxia condition [7].
When crops are fully submerged, the gas exchange between plants and air significantly decreases.
Gases, such as O, (molecular oxygen), CO, (carbon dioxide), and ethylene, spread very slowly in water,
preventing effective exchange and causing hypoxia in the plant’s root, stem and leaves, which causes
hypoxic stress [8]. Because the aerobic respiration of the rice plant is restricted under flooding
stress, the plant performs anaerobic respiration and enters the fermentation route, which leads to the
accumulation of toxic substances, such as ethanol and lactic acid, in the cells. The accumulation of
ethanol damages the cell membrane and the membrane structure of the organelle. Lactic acid acidifies
the cytoplasm, affects enzyme action in crucial metabolic pathways, and influences crop viability in a
hypoxic environment [9].

Reactive oxygen species (ROS) also play a major role when the plants are under hypoxic stress.
ROS are produced through induction and cause oxidative stress inside the plant cell [10,11]. Some ROS
include the superoxide anion (O, ), HO,, and the hydroxyl radical (OH). The presence of excessive free
radicals damages the DNA or RNA in the cells or causes protein or lipid peroxidation. Under hypoxic
stress, the content of HyO, as well as the gene expressions of ascorbate peroxidase (APX) and superoxide
dismutase (SOD) in grape sprouts increase significantly, which indicates that the activated oxygen group
can participate in the regulation of antioxidant enzyme transcription [12]. Studies have indicated that
the HyO, in ROS can act as a signaling molecule to participate in the regulation of the reaction, growth,
and development of plants under environmental stress [13].

Under flooding stress, FR13A lowland rice and deepwater rice exhibit two adaptation strategies.
The quiescence strategy is one strategy. The accumulation of ethylene in the plant cells of FR13A
lowland rice increases under flooding stress. The accumulation of ethylene induced the expression
of the ethylene transcription factor submergence 1A (SUB1A) for downstream signal regulation.
SUBIA influence gibberellin signal transduction and the metabolic pathway of carbohydrate are
affected, which leads to a two-week stillness of FR13A lowland rice under flooding stress. The rice
growth becomes normal again after the water levels recede [14]. The other strategy is the escape strategy.
The accumulation of ethylene inside the plant cells of deepwater rice under flooding stress causes the
ethylene transcription factors Snorkell (SK1) and Snorkel2 (SK2) to directly or indirectly regulate the
synthetic pathway and signal transduction process of gibberellin. Thus, the above-ground parts of rice
are elongated and further protrude from the water to perform gas exchange [15]. Ethylene accumulation
is also found within the plant of the rice varieties without SK1, SK2, and SUBIA under flooding
stress. This accumulation regulates gibberellin signal transduction and the metabolic pathway of
carbohydrate, such that the above-ground parts may protrude from the water to perform gas exchange.
However, because most of its energy is consumed, the plant often cannot protrude from the water in
time. Thus, it displays the physiognomic traits of withering, yellowing, and even death. These traits
indicate the occurrence of low-oxygen-escape syndrome (LOES) [4].

Numerous studies have examined the physiological and molecular reaction mechanisms of
flood-resistant rice with SUBI locus in a fully submerged environment. However, the physiological
and molecular performance of the commonly cultivated varieties of japonica rice under flooding stress
has rarely been investigated. Therefore, five varieties of good-quality japonica rice that are cultivated in
Taiwan were subjected to submergence experiments and plant survival rate tests. Moreover, their total
chlorophyll contents and antioxidant enzyme activities were determined. The physiological and
molecular reactions of the seedlings of the japonica rice varieties were investigated under submergence
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conditions. Thus, crucial information was obtained on the properties of the aforementioned rice
varieties under flooding stress.

2. Results

2.1. Plant Heights, Dry and Fresh Weights of the Five Varieties of Japonica Rice Under Diverse
Submergence Periods

Under flooding stress, varieties of rice that are not flood-resistant exhibit LOES. Their petioles,
stems, and leaves elongate as the flooding treatment period increase [4]. Thus, five varieties of
good-quality japonica rice commonly grown in Taiwan were subjected to different tests to understand
the physiological traits of japonica rice varieties under diverse flooding periods. The five varieties
used in this study were Tainan 11 (TN11), Tainan 14 (TN14), Kaohsiung 139 (KH139), Taiken 9 (TK9),
and Tainung 71 (TNG71). The 9-day-old seedlings were subjected to full-submergence treatments for 0,
two, four, six, and eight days and compared with the control group without treatment. The changes in the
heights of the plants as well as the dry and fresh weights of their above-ground parts were measured
after the aforementioned periods. Following two-day submergence treatment, TNG71 exhibited
complete lodging and TN11, TN14, KH139, and TK9 exhibited half-lodging. On the eighth day of the
submergence treatment, the five rice varieties exhibited the physiognomic traits of significant withering
and yellowing, slender leaves, and lodging (Figure 1). The results indicated that the plant heights of the
five varieties increased as the flooding treatment period increased (Figure 1b,c). The plant elongation
rates of TN14, KH139, and TK9 increased significantly (by 82.09%, 76.18%, and 109.51%, respectively)
on the sixth day of the submergence treatment (Figure 1d).

To explore the effects of submergence stress on the dry matter losses of the five japonica rice varieties,
nine-day-old seedlings of TN11, TN14, KH139, TK9, and TNG71 were subjected to full-submergence
treatments for 0, two, four, six, and eight days. After the treatment, the fresh weight, dry weight,
and ratio of dry weight to fresh weight of the above-ground part were determined for the plants
of the five rice varieties (Table 1). The results indicated that the fresh weight of the above-ground
part of TN14 following two-day full-submergence treatment was 36% higher than that of the control
group. This increase in the fresh weight was significantly higher than those of the other four
varieties. No significant differences were observed in the fresh weights following four- and six-day
full-submergence treatments. Following 8-day full-submergence treatment, the fresh weight of TNG71
increased by 57.5%, which was significantly higher than the fresh weight increased for the other four
varieties (3.7%, 7.9%, 23.7%, and 12.8%) (Figure 2a). Following eight-day full-submergence treatment,
the dry weight of KH139 was 22.6% lower than that of the control group. However, the dry weight
of KH139 was higher than those of the other four varieties (65.6%, 48.7%, 41.4%, and 68.9% lower
than that of the control group) (Figure 2b). Following eight-day full-submergence treatment, the dry
mass change of TNG71 was 47% lower than that of the control group. The dry mass change of TNG71
was significantly lower than those of the other four varieties (whose decreases in percentage of dry
mass change were 29.6%, 27.4%, 17.7%, and 21.1%) (Figure 2c). Thus, the dry matter loss of TNG71
following eight-day full-submergence treatment was higher than those of the other four varieties.
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Figure 1. Characterization of the japonica rice varieties seedlings grown during submergence stress.
(a) Photographs of nine-day-old rice seedlings after full-submergence treatment for 0, two, four, six,
and eight days; (b) plant heights of the nine-day-old seedlings following normal growth for 0, two,
four, six, and eight days; (c) plant heights of the nine-day-old seedlings subjected to full-submergence
treatment for 0, two, four, six, and eight days; and, (d) elongation rates of the above-ground parts of
the nine-day-old seedlings subjected to full-submergence treatment for two, four, six, and eight days.
CK (control check) was the control group; SUB (submergence) was the full-submergence treatment
group; and scale bar = 5 cm. Statistical Analysis System (SAS) 9.4 was used to conduct Duncan’s
analysis. The different alphabets in (a,b) indicate the significant differencesin the number of treatment
days and performance among the five rice varieties (p < 0.05). The different alphabets in (c) indicate the
significant difference between the performance of the rice varieties (p < 0.05). Each treatment involved
at least 30 plants, and independent experiments were repeated more than three times.
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Figure 2. Comparison of fresh, dry weight, and ratio of dry weight to fresh weight in japonica rice
varieties for different submergence periods. (a) The fresh weights, (b) dry weights and (c) ratio of
dry weight to fresh weight of nine-day-old seedlings subjected to full-submergence treatment for two,
four, six, and eight days compared with those of the control group. SAS 9.4 was used to conduct
Duncan’s analysis. The different alphabets inidacte significant difference in the performance of different
varieties for the same number of treatment days (p < 0.05). Each treatment involved at least 30 plants,
and independent experiments were repeated more than three times.
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2.2. Changes in the Chlorophyll Contents and Survival Rates in the Five Varieties of Japonica Rice Under
Submergence Stress

The chlorophyll a, chlorophyll b, and total chlorophyll contents of the above-ground parts of
TN11, TN14, KH139, TK9, and TNG71 were measured following eight-day full-submergence treatment
to explore the changes in the chlorophyll contents of the five japonica rice varieties under submergence
stress. The experimental results indicated that the chlorophyll a, b, and total chlorophyll contents of
the five rice varieties significantly decreased under flooding stress and increased following seven-day
recovery after the flood. TK9 exhibited the highest rates of decline in the chlorophyll a, b, and total
chlorophyll contents under submergence stress (78%, 76%, and 77%, respectively). TN14 exhibited the
lowest rates of decline in the chlorophyll a, b, and total chlorophyll contents under flooding stress
(70%, 68%, and 70%, respectively). KH139 exhibited the highest rates of increase in the chlorophyll a
and total chlorophyll contents (126% and 121%, respectively) after recovery. TNG71 displayed the
highest rate of increase in the chlorophyll b content (121%) after recovery. It is worth noting that TN14
also exhibited the lowest rates of increase in the chlorophyll a, b, and total chlorophyll contents (75%,
66%, and 73%, respectively) after recovery (Figure 3).

(a)

WG

Chlorophyll b
concentration (mg g FW)
Total chlorophyll
concentration (mg g FW)

Treatment Treatment Treatment

Figure 3. The chlorophyll contents of five japonica rice varieties for different submergence periods.
The measured chlorophyll a, chlorophyll b, and total chlorophyll contents of the above-ground parts
of nine-day-old seedlings subjected to full-submergence treatment for 8 days followed by 7-day
recovery. (a) Determination of the chlorophyll a content. (b) Determination of the chlorophyll b
content. (¢) Determination of the total chlorophyll content. CK (control check) was the control group,
SUB (submergence) was the full-submergence treatment group, and REC (recovery) was the recovery
group. SAS 9.4 was used to conduct Duncan’s analysis. The different alphabets indicatea significant
difference in the performances of the various rice varieties for the same number of treatment days
(p < 0.05). Independent experiments were repeated more than three times.

Studies indicate that submergence-tolerant lowland rice varieties contain SUB1A-1 genes conferring
flooding stress tolerance [5]. The plant survival rates of the rice varieties were examined under flooding
stress due to the absence of SUBIA genes in the five varieties of japonica rice considered in this study.
The results indicated that the plant survival rates of TN11, TN14, KH139, TK9, and TNG71 following
four-day full-submergence treatment were 94.3%, 87.6%, 98.1%, 81.9%, and 61.0%, respectively.
The plant survival rates of the aforementioned varieties following full-submergence treatment for
eight-day were 12.4%, 66.7%, 91.4%, 64.8%, and 8.6%, respectively (Figure 4a,b). The results indicate
that the plant survival rates of the five varieties following a four-day flood were higher than 50%.
Following an eight-day flood, KH139 had the highest plant survival rate, which remained at 90%.
The plant survival rates of TN11 and TNG71 were less than 15%.
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Figure 4. Characterization and survival rates of the five japonica rice varieties after recovery following
different submergence periods. (a) Photographs of 9-day-old seedlings subjected to full-submergence
treatment for four and eight days followed by seven-day recovery (bar = 5 cm); (b) Photographs of
enlarged images of KH139 and TNG71 (bar = 1 cm); and (c) survival rates of 9-day-old seedlings
subjected to full-submergence treatment for four and eight days followed by seven-day recovery.
SUB (submergence) was the full-submergence treatment group. SAS 9.4 was used to conduct Duncan’s
analysis. The different alphabets indicate significant differences in the performance of the different rice
varieties (p < 0.05). Each treatment involved at least 35 plants, and independent experiments were
repeated more than three times.

2.3. HyO, Accumulation and Antioxidant Enzyme Activities of the Five Varieties of Japonica Rice Under
Submergence Stress

To understand the H;O, accumulation in the five varieties under submergence stress,
nine-day-old seedlings of TN11, TN14, KH139, TK9, and TNG71 were subjected to eight-day
full-submergence treatment, followed by 3, 3’-diaminobenzidine (DAB) staining on the second leaf
of each plant. The experiment results indicated that in the control group, the second leaves of TN11, TN14,
KH139, TK9, and TNG71 did not appear reddish brown. After full-submergence treatment, all of the
second leaves of the aforementioned five varieties appeared reddish brown. A large quantity of H,O,
accumulated in the leaf tips of TN11 and leaf margins of TN14. Such accumulation was also found in the
leaf margins and bodies of TK9 and TNG71. The H,O, accumulation of KH139 was significantly lower
than that of the other four rice varieties (Figure 5a).

Analysis of the antioxidant enzyme activity revealed that the catalase (CAT) activities of the five
rice varieties under full-submergence stress decreased to a greater extent than those of the control group,
with the CAT activity of KH139 exhibiting the largest decrease. Analysis of the total peroxidase (POD)
activity revealed that the POD activities of KH139 and TNG71 in the control group were significantly higher
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than those of TN11, TN14, and TK9. The POD activities of the five rice varieties under full-submergence
stress exhibited a considerably larger increase than those of the control group (Figure 5b).

R

CK

TN11 TNI14 KHI139 TK9 TNG71 TN11 TNI14 KHI139 TK9 TNG71

(b)
B suB

Catalase activity
(Units g!)

TNI11 TN14 KH139 TKY TNGT71

Total peroxidase activity
(Units g')

TNII TNI4 KHI139 TK9Y TNGTI

Variety

Figure 5. HyO, accumulation and activities of antioxidative enzymes of the japonica rice varieties
under submergence stress. (a) The upper panel of pictures showed the leaves before DAB staining.
The down panel of pictures showed the DAB (3,3’-diaminobenzidine) staining of H,O, in nine-day-old
seedlings subjected to eight-day full-submergence treatment (bar = 1 cm). (b) Determination of the
antioxidant enzyme activities of 9-day-old seedlings subjected to eight-day submergence treatment.
CK (control check) was the control group, SUB (submergence) was the full-submergence treatment
group, SAS 9.4 was used to conduct Duncan’s analysis, The different alphabets indicate significant
differencesin the performance of the five rice varieties (p < 0.05). Independent experiments were
repeated more than three times.

2.4. Anaerobic-respiration-related Gene Expressions in the Five Varieties of Japonica Rice Seedlings Under
Submergence Stress

Nine-day-old seedlings of TN11, TN14, KH139, TK9, and TNG71 were subjected to
full-submergence treatment for two days in order to examine the anaerobic-respiration-related gene
expressions of the five varieties of japonica rice under submergence stress. The seedlings were then
tested for the gene expressions of sucrose synthase 1 (SUSI) and alcohol dehydrogenase 1 (ADHI).
The results indicated that, in the control group, the SUS1 expressions of TN14 and KH139 were higher
than those of TN11, TK9, and TNG71. The SUS1 expression of KH139 that underwent submergence
treatment increased to a considerably greater extent than those of the control group (Figure 6a). In the
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control group, the ADHI expression of TN14 was higher than those of TN11, KH139, TK9, and TNG71.
The ADH1 expressions of TN14 and KH139 that underwent submergence treatment decreased to a
considerably greater extent than those of the control group (Figure 6b). The results indicated that the
expressions of SUST and ADH1 were induced in the KH139 plant under submergence stress.
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Figure 6. Transcript levels of hypoxia-related genes for the japonica rice varieties seedlings under
submergence stress. 9-day-old seedlings were subjected to full-submergence treatment for two days,
and their above-ground parts were then subjected to qRT-PCR analysis. (a) Expressions of SUST of
glycolysis-related genes and (b) ADH1 of alcoholic fermentation-related genes. CK (control check)
was the control group, and SUB (submergence) was the full-submergence treatment group. SAS 9.4
was used to conduct Duncan’s analysis. The different alphabets indicate significant differencesin the
performance of the five rice varieties (p < 0.05). Independent experiments were repeated four times.

3. Discussion

Rice is the main food crop in Asia. Typhoons and sudden downpours are the major causes of
agriculture-related disasters in Taiwan. The aforementioned natural disasters cause field flooding,
severe harm to rice cultivation, and considerable losses in rice production. Under flooding stress,
the oxygen that is essential for crops cannot be effectively exchanged in water, which causes hypoxic
stress. The ability of crops to perform photosynthesis is impeded in a hypoxic environment, which causes
problems such as leaf yellowing, impeded root system growth, and decreased mitochondrion
metabolism. The cultivation of direct-seeded rice has become common in Asia in recent years.
When compared with transplanted cultivation, direct seeding can considerably reduce field water
consumption and labor as well as increase productivity. Direct-seeded rice can be divided into
dry-, wet-, and water-seeded rice [16]. Water-seeded rice has the best emergence effect among the
aforementioned three rice types; however, the cultivation of water-seeded rice involves difficulties
that are related to the emergence of its seedlings in flooded fields or the survival of its seedlings
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after emergence, especially when the seeds fall into deep soil layers. Thus, the rate of successful
cultivation of direct-seeded rice can be increased by selecting seedlings of rice varieties with high flood
tolerance [17].

Research on varieties of rice that are not flood-resistant indicates that flooding stress causes
an increase in the ethylene concentration of the plant tissue due to hypoxia and it enhances the
gene expression of SUBIC. Moreover, it induces GA downstream gene expression, which causes
the elongation of the petioles, stems, and leaves of rice, as well as LOES [4]. Our experimental
results indicated that the plant heights of TN11, TN14, KH139, TK9, and TNG71 increased with
the submergence treatment period (Figure 1). The plant elongation rates of TN14, KH139, and TK9
significantly increased on the sixth day of the flooding treatment (Figure 1). Thus, the above-ground
parts of the five rice varieties were elongated under flooding stress, which indicated that the five
rice varieties experienced LOES under submergence stress. Under flooding stress, chloroplasts can
cause damage and reduce the photosynthesis efficiency in plants [18]. In addition, the accumulation
of ethylene in rice varieties that are not flood-resistant causes the elongation of their above-ground
parts, which results in the consumption of carbohydrate in the plant, photo damage to the plant,
and degradation of the chlorophyll content in the leaves during flooding stress [19,20]. Stresses lead to
the accumulation of excessive activated oxygen groups, such as H,O, and O, 7, in the leaves of plants,
which causes issues, such as oxidative stress and lipid peroxidation in the plants [21,22]. Our results
revealed that the chlorophyll a, chlorophyll b, and total chlorophyll contents of the five varieties
of japonica rice decreased significantly following eight-day full-submergence treatment. However,
the values of the aforementioned parameters increased significantly following seven-day recovery
after the full-submergence treatment. The chlorophyll content of KH139 was significantly higher than
those of the other four varieties (Figure 3), which indicated that the cells of KH139 were less harmed
by flooding stress than those of the other four varieties were and that KH139 returned to normal
growth faster than the other four varieties did. Moreover, the results of DAB staining indicated that a
low amount of H,O, accumulated in KH139 under submergence stress (Figure 5a). Biotic or abiotic
stresses cause the accumulation of activated oxygen groups inside the plant cells. To preserve the
oxidation equilibrium inside their cells, plants induce the antioxidant enzyme system to remove the
activated oxygen groups for preventing these groups from damaging their cells and for enhancing their
stress tolerance [23-25]. Analysis of the antioxidant enzyme activity revealed that the CAT activity of
KH139 was significantly lower than those of the other four varieties, probably due to its low HyO,
accumulation under submergence stress. Under submergence stress, no significant difference was
noted in the total POD activities of KH139 and the other four rice varieties (Figure 5b). The genes
SUS1 and ADH1 were induced in the plants of KH139 under submergence stress, and KH139 had
higher plant survival rates following eight-day submergence treatment (Figures 4 and 6). These results
indicated that the survival rate of KH139 might increase under flooding stress due to the enhancement
of its hypoxia-related gene expression.

The seedlings of the five varieties exhibited the physiognomic traits of withering, yellowing,
slender leaves, and lodging under flooding stress. However, four days after the flooding treatment,
the plant survival rates of the five rice varieties were higher than 50%. Excluding TNG71, the plant
survival rates of the other four rice varieties were 80% or higher, which indicated that, although japonica
rice varieties do not contain SUB1A, their plant survival rates remain high if the flooding period is
short. Moreover, following eight-day submergence treatment, the plant survival rates of three varieties,
namely TN14, KH139, and TK9, were 60% or higher (Figure 4). Previous scholars have demonstrated
that the SUBIA gene is a crucial response gene for rice plants to become flood-resistant through
ethylene signaling. The Indica rice cultivars, such as FR13A, which contains SUB1A revealed extremely
submergence tolerant; 100% of 10-day-old seedlings survived 7 days of complete submergence [26].
In addition to SUB1A, this study indicated that other crucial reaction mechanisms regulate plant flood
tolerance in rice varieties that do not comprise this gene.
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4. Conclusions

The changes in the plant heights of five japonica rice varieties after full-submergence treatment
indicated that the chlorophyll content of the plants decreased significantly and the plants experienced
LOES under flooding stress. However, the accumulation of HyO; in the leaves of the five varieties
and their peroxidase activities were different. Moreover, molecular-level analysis indicated that
the expressions of SUST and ADH1, which were induced by hypoxia signaling, were different,
which suggested that different varieties of japonica rice have different flood tolerances. In this study,
we recommend KH139 as a good potential breeding material for flood tolerance when compared with
the other four japonica varieties of rice seedlings. These results can provide crucial information for
future research on japonica rice under flooding stress and on direct-seeded rice.

5. Materials and Methods

5.1. Plant Materials and Growth Conditions

Five good-quality japonica rice varieties that are commonly planted in Taiwan, namely Tainan
11 (TN11), Kaohsiung 139 (KH139), Taiken 9 (TK9), Tainung 71 (TNG71), and Tainan 14 (TN14) were
selected for experiments. These rice plants were irrigated lowland rice. Their seeds were cleaned
and disinfected with 3% sodium hypochlorite for 30 min, followed by cleaning with sterile deionized
water three times for completely removing the sodium hypochlorite residue and introducing sterile
deionized water. The seeds were then placed in a growth box at 28 °C with lighting cycles of 16 h of
light and eight hours of darkness (the brightness was 36 umol m~2s71). The seeds that germinated
after 2-day wet cultivation were placed on iron grids in 500-mL beakers wrapped with aluminum foil
and then cultivated with the Kimura B solution [27]. A total of 35 to 40 seedlings were cultivated in
each beaker. The hydroponic growing medium was renewed every two days until the seedlings were
nine days old. Subsequently, experiments and treatments were performed. Flooding treatment was
conducted by placing nine-day-old seedlings in a water tank (40-cm long, 40-cm wide, and 60-cm high)
with a water level of 55 cm (with this water level, plants do not protrude from the water following
eight-day flooding treatment) for 0, two, four, six, and eight days. In the growth box, the temperature
was 28 °C, the lighting alternated between 16 h of light and eight hours of darkness, and the brightness
was 236 umol m~2s~!. The physiognomic traits of the plants were investigated, and the plant materials
were subjected to further analyses.

5.2. Seedlings Plant High, Fresh Weight, Dry Weight Chlorophyll Content and Survival Rate Determination

The nine-day-old seedlings were subjected to full-submergence treatments for 0, two, four, six,
and eight days. The above-ground heights of their plants were measured after the aforementioned
full-submergence treatment durations. For plant height measurement, the above-ground height of
the plant was defined as the distance between the base of a straightened seedling and the tip of its
longest leaf. In each independent experiment, the mean heights of at least 30 plants were measured.
The experiments were repeated at least three times. The plant elongation rates were calculated using
the technique of Zhu et al. [28]. The plant elongation rate denotes the difference in the length of the
plant’s above-ground part before and after treatment. The equation for calculating the plant elongation
rate is as follows (Equation (1)):

Plant elongation rate (%) = [(PH, — PH;)/PH;] X 100% 1)

where PH; and PH) indicate the above-ground heights before and after treatment, respectively.

The dry weight was the measured weight of the above-ground part of each plant following
full-submergence treatment for 0, two, four, six, and eight days. Tissues (Whose weight was equal to the
fresh weight) were dried in an oven at 60 °C for two days. The weight of each plant, which represented
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the dry weight, was then measured. In each independent experiment, the mean dry weights of at least
30 plants were measured. The experiments were repeated more than three times.

To measure the chlorophyll content, nine-day-old seedlings were subjected to full-submergence
treatment for eight days and a recovery period of seven days. The above-ground parts (30 mg) of the
rice seedlings were ground with liquid nitrogen. A total of 2 mL of sodium phosphate buffer (50 mM,
pH 6.8) was added to the ground seedlings. A total of 960 uL of 99% ethanol was blended into 40 pL
of the extract. The mixture was evenly blended in a 1.5-mL microcentrifuge tube (Eppendorf tube)
and placed at 4 °C in darkness for 30 min, followed by 1000x g centrifugation at 4 °C for 15 min.
The absorbance of the supernatant at OD.665 and 649 was determined with a spectrophotometer
(Metertec SP8001). The blank was 99% ethanol. More than three independent trials were conducted.
The equations for calculating the chlorophyll content are as follows (Equations (2)-(4)):

Chlorophyll a = (13.7 X Aggs) — (5.76 X Agag) [ugChL (40 uL)™ (2)
Chlorophyll b = (25.8 X Agag) — (7.6 X Ages) [ugChL (40 uL)™1 3)
Total chlorophyll = (6.1 X Aggs) + (20.04 X Aggg) [ngChL (40 uL)™ 4)

5.3. Histochemical Staining and Antioxidative Enzyme Activity Assay

The accumulation of H,O; in cells was visualized by 3, 3’-diaminobenzidine staining as previously
described [29]. The experiments were repeated three times. Protein quantitation of the samples
were performed after their extraction by using the Bradford protein assay in order to determine the
antioxidant enzyme activity [30]. The above-ground parts of rice were ground into powder with liquid
nitrogen and analyzed according to the method modify from Kar and Mishra to determine the CAT
activity [31]. A total of 4 mL of 50 mM sodium phosphate buffer (pH 6.8) was added in the pre-chilled
mortar for performing homogeneous grinding. The mixture was then subjected to centrifugation at
12,000 g and 4 °C for 20 min. The obtained supernatant was the enzyme extract. Protein quantitation
was performed on the enzyme extract by using the Bradford assay. Enzyme extract with a volume
corresponding to 1 mg of protein and 100 mM of sodium phosphate buffer (pH 7.0) (the total volume of
the extract and buffer was 2.9 mL) were evenly blended with 100 uL of 1 M HyO,. A spectrophotometer
(Metertec SP8001) was used at a wavelength of 240 nm to continuously detect the change in absorbance
during a five-minute period. The detection interval was 10 s, and 99% ethanol was used as the blank.
The unit of enzyme activity was umol of H,O, consumed per minute. The above-ground parts of
rice were ground into powder with liquid nitrogen in a pre-chilled mortar and analyzed according to
the method of MacAdam et al. to determine the total POD activity [32]. Lin and Kao [33] proposed
that water-soluble and ionic-bonded peroxidase can be extracted by adding potassium chloride (KCl)
in buffer solution. They defined the sum of the aforementioned two peroxidase types as the total
activity. In the experiment, 4 mL of 50 mM potassium phosphate buffer (pH 5.8), which included
0.8 M KCl, was added in a pre-chilled mortar for obtaining homogeneous powder. The mixture was
then subjected to centrifugation at 12,000x g and 4 °C for 20 min. The obtained supernatant was
the enzyme extract. Protein quantitation was performed on the extract by using the Bradford assay.
Enzyme extract with a volume corresponding to 1 mg of protein and 50 mM of potassium phosphate
buffer (pH 5.8) were homogeneously blended with 1 mL of 21.6 mM guaiacol and 0.9 mL of 39 mM
H,0;. A spectrophotometer (MetertecSP8001) was used at a wavelength of 470 nm to continuously
detect the changes in the absorbance during a 30-s period. The detection interval was 10 s and 99%
ethanol was used as the blank. The unit of enzyme activity was umol of tetra guaiacol produced
per minute.

5.4. Quantitative RT-PCR Analyses

The rice samples were placed in a mortar and ground into powder using liquid nitrogen. A total
of 2 mL of TRIZOL reagent (Roche Applied Science, Penzberg, Upper Bavaria, Germany) was added to
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the mortar for extracting the total RNA. The total RNA extracted was then treated using TURBO DNase
(Ambion, Austin, TX, USA). A Nano Drop Lite ultra-micro spectrophotometer (Thermo Scientific,
Waltham, MA, USA) was used in order to measure the optical density of 2 uL of RNA and examine its
concentration and quality. An MMLYV First-Strand Synthesis Kit (Gene Direx, Grand Island, NY, USA)
was used to synthesize the first strand of cDNA [reverse transcription (RT)]. qRT-PCR was performed,
as previously described [34] using a Bio-Rad CFX instrument (CFX Connect™, Bio-Rad, Hercules,
CA, USA) with Power SYBR Green PCR Master Mix (Gene-Mark, Taipei, Taiwan), according to the
manufacturer’s recommendations. The ubiquitin gene was used as an internal control for normalization.
The relative expression levels were analyzed using Bio-Rad CEX Manager (version 3.1). The experiments
were repeated three times independently with duplicate samples. Table 2 presents the primer sequences
for qRT-PCR.

Table 2. Primers used for quantitative RT-PCR experiments.

Gene Name Primer Sequence
OsUbiquitin—forward 5’-aaccagctgaggcccaaga-3’
OsUbiquitin—reverse 5’-acgattgatttaaccagtccatga-3’
OsSUS1—forward 5’-catctcaggctgagactctga-3’
OsSUS1—reverse 5’-caaattcaatcgaccttactt-3”
OsADH1—forward 5’-gcaaatttctggctttgtcaatcagta-3
OsADH1—reverse 5’-cgccaaaagatcactgattcttaacaa-3’

5.5. Statistical Analysis

In this experiment, Statistical Analysis System (SAS) software version 9.4 was used for statistical
analysis. We used analysis of variance (ANOVA) for pre-comparison, and then used Duncan’s Multiple
Range Test for multiple comparisons. The different alphabets indicate significant differences in the
performance of the five rice varieties (p < 0.05). All of the tests were conducted in more than three
independent tests.
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Abstract: A barrier to radial oxygen loss (ROL), which reduces the loss of oxygen transported via
the aerenchyma to the root tips, enables the roots of wetland plants to grow into anoxic/hypoxic
waterlogged soil. However, little is known about its genetic regulation. Quantitative trait loci (QTLs)
mapping can help to understand the factors that regulate barrier formation. Rice (Oryza sativa)
inducibly forms an ROL barrier under stagnant conditions, while a few wetland plants constitutively
form one under aerated conditions. Here, we evaluated the formation of a constitutive ROL barrier
in a total of four accessions from two wild rice species. Three of the accessions were wetland
accessions of O. glumaepatula, and the fourth was a non-wetland species of O. rufipogon. These species
have an AA type genome, which allows them to be crossed with cultivated rice. The three
O. glumaepatula accessions (W2165, W2149, and W1183) formed an ROL barrier under aerated
conditions. The O. rufipogon accession (W1962) did not form a constitutive ROL barrier, but it formed
an inducible ROL barrier under stagnant conditions. The three O. glumaepatula accessions should be
useful for QTL mapping to understand how a constitutive ROL barrier forms. The constitutive barrier
of W2165 was closely associated with suberization and resistance to penetration by an apoplastic
tracer (periodic acid) at the exodermis but did not include lignin at the sclerenchyma.

Keywords: apoplastic barrier; barrier to radial oxygen loss (ROL); lignin; Oryza glumaepatula;
O. rufipogon; rice (O. sativa); suberin; wild rice

1. Introduction

Under waterlogged conditions, plants can suffer from hypoxia or anoxia because the ability
of oxygen to diffuse through the water to the soil is extremely low [1]. Other problems associated
with waterlogging are the accumulation of phytotoxic compounds in the soil and a decline in the
availability of some nutrients [2]. The roots of wetland plants contain a large volume of aerenchyma,
which provides a low-resistance pathway for the diffusion of oxygen from the shoot to the root [3-5].
Some wetland species also form a barrier to radial oxygen loss (ROL) [2,6-8]. The ROL barrier forms at
the basal part of roots and reduces the loss of oxygen transported via the aerenchyma to the root tips.
In roots with an ROL barrier, oxygen in the root tips and short lateral roots can be maintained at a
higher level to allow root elongation into hypoxic/anoxic soil [5,6]. An ROL barrier in roots is a key
feature contributing to long-distance oxygen transport and waterlogging tolerance in wetland species.

Lignin and suberin act as an apoplastic diffusion barrier in the root. Lignin is a complex of
polyphenolic polymers [9], which are the main components of Casparian strips [10]. Suberin is a
hydrophobic macromolecule built from long-chain fatty acids, glycerol, and aromatic polymers [11],
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and is the main component of suberin lamellae [12]. An ROL barrier is thought to be formed by
deposits of suberin in the hypodermis/exodermis but not by deposits of lignin [6,13]. Suberin deposits
in the apoplast (the outer cellular space) prevent movement of ions and mycorrhizal fungi through the
apoplast and thus act as an apoplastic barrier [14-16]. At the basal part, the ROL barrier, in addition
to restricting oxygen loss, also could reduce the entry of soil phytotoxins (e.g., Fe?") into roots in
waterlogged soils [6,17]. Another possible benefit of the ROL barrier is that it would allow oxygen to
reach the root tip. Because the root tip does not have an ROL barrier, the ROL at the root tip could
detoxify toxic reduced substances in the waterlogged soil [2].

Some wetland plants, including cultivated rice (Oryza sativa), form an inducible ROL barrier
under waterlogged soil or stagnant conditions, while they remain leaky to oxygen under well-drained
or aerated conditions [2,4,18]. Some soil phytotoxins produced by anaerobic bacteria in waterlogged
soils (e.g., Fe?*, NHy, sulfide, and/or carboxylic acids) seem to act as environmental triggers to induce
ROL barrier formation [5,19-21], although the signaling pathway to induce the ROL barrier is not
known [6]. On the other hand, a few wetland plants (e.g., wild Echinochloa species) form a constitutive
ROL barrier, i.e., even in the absence of waterlogging [13,22,23].

The molecular mechanisms that control whether a plant forms an ROL barrier inducibly or
constitutively are not understood. One approach to this problem is to map the quantitative trait loci
(QTLs) that control constitutive ROL barrier formation. To do this in rice, it is necessary to have a
rice accession that constitutively forms an ROL barrier. However, none of 14 rice cultivars examined
for a constitutive ROL barrier were found to have one [24-26]. So far, 24 wild rice species have
been identified in tropical regions [27]. Seven of them, including O. glumaepatula and O. rufipogon,
have an AA-genome [27], the same as the genome of cultivated rice (O. sativa), which would allow
cross-breeding. We thus examined three accessions of O. glumaepatula and one accession of O. rufipogon
to see if they constitutively form an ROL barrier and aerenchyma. In one of the accessions that formed
a constitutive ROL barrier, we evaluated its chemical composition and ability to act as an apoplastic
barrier to better characterize its properties.

2. Results

2.1. Discovery of Wild Rice Accessions That Constitutively Form a Radial Oxygen Loss (ROL) Barrier

To determine whether the four wild rice accessions formed an ROL barrier under aerated
conditions, oxygen leakage was measured along adventitious roots (about 120 mm long) in three
wetland accessions of O. glumaepatula (W2165, W2149, and W1183) and one non-wetland accession
of O. rufipogon (W1962) (Figure 1). Under aerated conditions, all three O. glumaepatula accessions
(W2165, W2149 and W1183) had an oxygen loss of about 30 ng cm™2 min~! in the apical 5 mm and
much less oxygen loss (<20 ng cm~2 min~!) in the basal region (Figure 1a—c, open circles), which are the
characteristics of an ROL barrier. In the accessions of O. rufipogon (W1962) under aerated conditions,
the oxygen flux from the basal part remained high (=50 ng cm~2 min~! at 100 mm from the apex)
(Figure 1d, open circles), indicating that they did not form a constitutive ROL barrier.

2.2. Assessment of Inducible ROL Barrier Formation

When W2165, W2149, and W1183 of O. glumaepatula were grown under stagnant conditions,
the barrier became stronger from the basal part to the middle part of the roots (Figure la—c, closed circles).
The rates of ROL at the basal parts were close to zero, and oxygen leakage at 40 mm from the root
apex was even lower (40 mm: under 20 ng cm™2 min~!). When W1962 of O. rufipogon was grown
under stagnant conditions, the oxygen flux at the basal regions (40-100 mm from the root apex)
was low (1-12 ng cm™2 min~!) (Figure 1d, closed circles), indicating it had a tight ROL barrier.
When cv. Nipponbare was grown under stagnant conditions, the oxygen flux at the basal to middle
regions (20-100 mm from the root apex) was low (1-19 ng cm™2 min~1) (Figure 1le, closed circles),
indicating it had a tight barrier to ROL. In W2165 under aerated conditions, the rates of ROL at the
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basal part were comparable to those of cv. Nipponbare roots under stagnant conditions, although the
region with a strong barrier in W2165 was smaller than the region with an inducible ROL barrier in cv.
Nipponbare under stagnant conditions.

O. glumaepatula (W2165) O. glumaepatula (W2149) O. glumaepatula (W1183)
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Figure 1. Rates of radial oxygen loss (ROL) along adventitious roots in accessions of O. glumaepatula,
O. rufipogon, and rice (cv. Nipponbare) under aerated or stagnant conditions. W2165 (a), W2149 (b),
and W1183 (c) of O. glumaepatula came from wetlands. W1962 (d) of O. rufipogon came from habitats
other than wetlands. For a control that forms an inducible ROL barrier, cv. Nipponbare (e) was used.
ROL along adventitious roots (115-120 mm length) was measured by Pt cylindrical electrode.
Plants were grown in aerated nutrient solution for eight days and then transferred to deoxygenated
stagnant 0.1% agar solution or continued aerated solution for 13-15 days. Mean =+ standard error (SE).
n=3or4

2.3. Assessment of Aerenchyma Formation

Under aerated conditions, all wild rice accessions of O. glumaepatula and O. rufipogon had
well-developed aerenchyma [21 to 48% of the cortex cross-section at the basal part (100 mm from the
root apex) (Table 1)]. These values were as high as the percentage in cv. Nipponbare, which indicates
that these accessions form aerenchyma constitutively. All wild rice accessions formed aerenchyma
constitutively. However, stagnant conditions induced additional increases in aerenchyma of almost
50% in three of the four wild accessions (W2149, W1183, and W1962) (Table 1). All wild rice accessions
formed aerenchyma constitutively and induced aerenchyma by stagnant treatment, but not superior to
cultivated rice cv. Nipponbare.

2.4. Suberin and Lignin Accumulation in W2165

The basal parts (100 mm from the root apex) of the adventitious roots of O. glumaepatula (N2165)
were surrounded by a well-suberized exodermis, as shown by yellowish-green fluorescence of Fluorol
Yellow 088 (Figure 2a). The yellow-green fluorescence at the exodermis was patchy in the middle
part of the roots (40 mm from the root apex) (Figure 2b), but it was not observed at all in the root
tip (5 mm from the root apex) (Figure 2c). In W2165 under stagnant conditions, both the basal and
middle parts of the roots were surrounded by well-suberized exodermis (Figure 2d-e). The exodermal
fluorescence intensity at 100 mm from the root apex of W2165 under aerated conditions (third box
from the left in Figure 2m) was as high as the intensities in the middle and basal parts of W2165
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and cv. Nipponbare (where oxygen leakage was reduced) under stagnant conditions (Figure 2m).
The exodermal fluorescence intensity at 100 mm from the root apex was significantly higher in W2165
under aerated conditions than in cv. Nipponbare under aerated conditions (p < 0.05, t-test; Figure 2m).

Table 1. Aerenchyma formation (% aerenchyma/cortex) in accessions of O. glumaepatula, O. rufipogon,
and rice (cv. Nipponbare) under aerated or stagnant conditions.

Aerenchyma Formation

Species Accession (% aerenchyma/cotex)
Aerated Stagnant t-Test
O. glumaepatula W2165 48+3°¢ 46 £54 ns.
W2149 32+£5b 5244 *
W1183 2112 49£64 *
O. rufipogon W1962 38 +2bc 52424 *
O. sativa Nipponbare 48+2°¢ 64+ 44 *

Aerenchyma formation (% aerenchyma/cortex) at 100 mm from apex of 115-120 mm-length roots. Asterisks denote
significant differences between means of aerated and stagnant conditions (two-sample t-test, *: p < 0.05).
n.s.: not significant. Different lower-case and upper-case letters denote significant differences among accessions
under aerated and stagnant conditions, respectively (p < 0.05, one-way analysis of variance (ANOVA) and Tukey’s
honest significant difference (HSD) for multiple comparisons). Plants were grown in aerated nutrient solution for
eight days and then transferred to deoxygenated stagnant 0.1% agar solution or continued aerated solution for
13-15 days. Mean + SE. n = 3 or 4.
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Figure 2. Suberization in the outer part of roots in accession W2165 of O. glumaepatula and rice
(cv. Nipponbare) under aerated or stagnant conditions. Suberin lamellae were observed in the basal
parts (95-105 mm from the root apex; (a,d,g,j), middle parts (35-45 mm from the root apex; (b,e h k)
and root tips (2.5-7.5 mm from the root apex; (c,f,i,1) of adventitious roots of 115-120 mm length. Suberin
lamellae are indicated as yellow-green fluorescence with Fluorol Yellow 088 (yellow arrowhead, mean of
intensity value >20.0 um~2). Blue fluorescence indicates autofluorescence. Plants were grown in aerated
nutrient solution for eight days and then transferred to deoxygenated stagnant 0.1% agar solution or
continued aerated solution for 13-15 days. CP, cortical parenchyma; epi, epidermis; exo, exodermis;
scl, sclerenchyma. Scale bars: 100 pm. (m) Fluorescence intensity of Fluorol Yellow 088 at the exodermis
under aerated (white box) or stagnant (grey box) conditions. Black dots indicate each raw value.
n=2-5.
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In W2165 under both aerated or stagnant conditions, Basic Fuchsin staining showed that lignin
was more developed in the basal regions than in the more apical regions (Figure 3a—f,m) and that it
was located mainly in the sclerenchyma (Figure 3a,b,d,e) and partially in the exodermis (Figure 3d).
At the basal part of roots (100 mm from the root apex), the intensities of Basic Fuchsin fluorescence at
the sclerenchyma under stagnant conditions were relatively higher than those under aerated conditions
(Figure 3m). In cv. Nipponbare, as in W2165, lignin was well developed at the basal part of roots
under stagnant conditions (Figure 3jk). The fluorescence intensity at 100 mm from the root apex
in cv. Nipponbare (9th box from the left in Figure 3m) was nearly equal in that of W2165 (third box
from the left in Figure 3m). The roots of cv. Nipponbare were still leaky to oxygen at 100 mm from
the root apex (Figure 1e), but the roots of W2165 were less leaky (Figure 1a). Lignification of the
basal part of roots in W2165 under aerated conditions was not associated with ROL barrier formation
(Figures la and 3a).
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Figure 3. Lignification in the outer part of roots in accession W2165 of O. glumaepatula and rice (cv.
Nipponbare) under aerated or stagnant conditions. Lignin deposits were observed in the basal parts
(95-105 mm from the root apex; (a,d,g,j), middle parts (35-45 mm from the root apex; (b,eh k) and
root tips (2.5-7.5 mm from the root apex; (c¢,f,i,1) of adventitious roots of 115-120 mm length. Lignin is
indicated as red fluorescence with Basic Fuchsin (red arrowhead, mean of intensity value > 110.0 pum=2).
Plants were grown in aerated nutrient solution for eight days and then transferred to deoxygenated
stagnant 0.1% agar solution or continued aerated solution for 13-15 days. CP, cortical parenchyma; epi,
epidermis; exo, exodermis; scl, sclerenchyma. Scale bars: 100 um. (m) Fluorescence intensity of Basic
Fuchsin at the sclerenchyma under aerated (white box) or stagnant (grey box) conditions. Black dots
indicate each raw value. n = 2—4.

2.5. Apoplastic Barrier Assay in W2165

The ability of the ROL barrier to act as an apoplastic barrier was tested with an apoplastic tracer
(periodic acid). At the basal parts of roots in W2165 under aerated and stagnant conditions, the purple
color of periodic acid was detected only in the epidermal cells (Figure 4a,d,e). The penetration of the
tracer was blocked at the outside of the exodermis. In cv. Nipponbare, penetration of the tracer was
also blocked at the outside of the exodermis under stagnant conditions (Figure 4j k), but not under
aerated conditions (Figure 4g). Thus, the constitutive ROL barrier in W2165 also acts as an apoplastic
barrier at the exodermis.
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O. glumaepatula (W2165) Rice (cv. Nipponbare)
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Figure 4. Permeability of the outer part of roots to an apoplastic tracer (periodic acid) in accession W2165
of O. glumaepatula and rice (cv. Nipponbare) under aerated or stagnant conditions. The permeability
of the exodermis was evaluated at the basal parts (95-105 mm from the root apex; (a,d,gj;),
middle parts (35-45 mm from the root apex; (b,ehk) and root tips (2.5-7.5 mm from the root
apex; (¢ f,i1) of adventitious roots of 115-120 mm length. Purple color indicates that periodic acid
penetrated into root tissues. The length of yellow arrows indicates the extent of penetration. Plants were
grown in aerated nutrient solution for eight days and then transferred to deoxygenated stagnant 0.1%
agar solution or continued aerated solution for 13-15 days. CP, cortical parenchyma; epi, epidermis;
exo, exodermis; scl, sclerenchyma. Scale bars: 100 pm.

3. Discussion

Until this study, a constitutively formed ROL barrier had not been reported in any rice or wild rice
accessions. Here, by screening four accessions of two wild rice species from wetland and non-wetland
habitats, we found three accessions of O. glumaepatula (W2165, W2149, and W1183) that form a
constitutive ROL barrier (Figure 1la—c). Because they have an AA-genome, the three accessions are
good candidates for crossing with cultivated rice to identify the QTLs that regulate constitutive ROL
barrier formation. Similar hybridization approaches have been used to transfer wild QTLs associated
with an inducible ROL barrier formation to wheat [28,29] and maize [30], as well as to understand
the genetic regulation of ROL barrier formation [30]. Hordeum marinum, a waterlogging-tolerant
wild relative of wheat, inducibly forms an ROL barrier under stagnant conditions [31]. To obtain
wheat varieties with inducible ROL barriers in the roots, wheat was hybridized with H. marinum,
producing amphiploids [28] and disomic chromosome addition lines [29]. Under stagnant conditions,
two of the amphiploids had tight ROL barriers [28], while no ROL barrier was detected in any of
six disomic chromosome addition lines tested [29]. The wild maize Zea nicaraguensis inducibly forms
an ROL barrier under stagnant conditions, but maize does not [30]. Analyses of Z. nicaraguensis
introgression lines in the genetic background of maize identified a major locus in a segment of the
short arm of chromosome 3 of Z. nicaraguensis as this segment conferred inducible ROL barrier
formation in maize [32]. So far, little is known about the genetic regulation of constitutive ROL barrier
formation. Introgression lines of another accession of O. glumaepatula (IRGC105668) in the genetic
background of O. sativa (cv. Taichung 65) have also been developed to investigate other QTLs [33].
Thus, mapping ROL-related QTLs in O. glumaepatula may help to understand how constitutive ROL
barrier formation is regulated.

Aerenchyma formation, as well as an ROL barrier formation, are key features contributing to
long-distance oxygen transport and waterlogging tolerance [2,5]. Like cultivated rice, all four of the
wild accessions formed aerenchyma constitutively (Table 1). Constitutive aerenchyma formation has
also been observed in other wild grasses [34-37]. Z. nicaraguensis accessions with a higher degree
of constitutive aerenchyma formation had better waterlogging tolerance than maize and the other
Z. nicaraguensis accessions with a lower degree of constitutive aerenchyma formation [38]. Additionally,
accessions of O. glumaepatula formed a constitutive ROL barrier (Figure la—c). Even in cultivated
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rice, forming an ROL barrier takes 24-48 h after the start of stagnant treatment [25,39]. Additionally,
shorter adventitious roots (65-90 mm length roots at the commencement of treatment) need 72-120 h
to complete ROL barrier formation [25]. Constitutive ROL barrier is likely to have an advantage for
rapid adaptation to waterlogging or flash-flooding. Having a constitutive ROL barrier is likely to be an
advantage for plants living in areas prone to flash-flooding, such as accessions of O. glumaepatula that
grow in the floodplain of the Amazon river [40]. Thus, constitutive aerenchyma and constitutive ROL
barrier of O. glumaepatula accessions would clearly be an advantage.

Like cv. Nipponbare (O. sativa vg. japonica), accession W1962 of O. rufipogon formed an inducible
ROL barrier (Figure 1d). Cultivated rice (O. sativa vg. japonica) was domesticated from a specific
O. rufipogon population in southern China thousands of years ago [41]. This raises the possibility that
the inducible ROL barrier in cultivated rice is inherited from its ancestor (i.e., O. rufipogon). But, there are
many morphological and physiological differences between O. sativa and O. rufipogon [27]. Additionally,
we checked only one O. rufipogon accession (W1962) (Figure 1d) that came from a non-wetland habitat.
O. rufipogon grows in deep permanent water [42]. There are over 600 accessions of O. rufipogon in
the Oryzabase database. Thus, accessions that grow in flooding sites might be more likely to form
a constitutive ROL barrier. Further investigations of ROL barrier formation in more accessions of
O. rufipogon and other wild rice species are needed to reveal how wild species of Oryza acquired traits
of waterlogging tolerance during the course of their evolution.

Suberin is considered a major component of ROL barriers [6]. A transcriptome analysis using
laser-microdissected tissues of the outer part of roots in rice showed that many genes involved in
suberin biosynthesis (but not in lignin biosynthesis) were up-regulated during ROL barrier formation
in rice [43]. Moreover, a metabolomic analysis in rice clearly showed that rice roots that form an
ROL barrier accumulate malic acid and very long-chain fatty acids, which are substrates for suberin
biosynthesis [44]. In the present study, the constitutive ROL barrier of W2165 was closely associated
with suberization (Figure 2) but not associated with lignification (Figure 3). This is in agreement with
observations that suberized exodermis was associated with constitutive ROL barrier formation in wild
Echinochloa accessions [13] and a tropical forage grass (Urochloa humidicola [45]).

Moreover, suberin lamellae inhibited the infiltration of an apoplastic tracer (periodic acid)
(Figure 4), suggesting that the ROL barrier can prevent the entry of phytotoxic compounds from the
soil. Similar findings were reported for the constitutive ROL barrier in a wild Echinochloa species [13]
and inducible ROL barrier in rice [46] and Z. nicaraguensis [32]. The constitutive ROL barrier of W2165
would have the advantage of detoxifying and preventing the infiltration of toxic ion. The present
results open the door to further QTL studies to identify the genes involved in constitutive ROL barrier
formation and thus the development of more flood-tolerant varieties of rice.

4. Materials and Methods

4.1. Plant Materials

The Oryza glumaepatula accessions (W2165, W2149, and W1183) and O. rufipogon accession (W1962)
used in this study were kindly provided by the National Institute of Genetics, Japan. For a control that
forms an inducible ROL barrier, we used rice (O. sativa L. cv. Nipponbare).

4.2. Growth Conditions

To break dormancy, O. glumaepatula and O. rufipogon seeds were incubated at 35 °C for five days
and rice cv. Nipponbare seeds were incubated at 50 °C for three days. Seeds were sterilized for 30 min in
0.6% (w/v) sodium hypochlorite, washed thoroughly with deionized water, and for imbibition, placed in
Petri dishes (8.5 cm diameter) containing about 6 mL of deionized water (about 1 mm water-depth)
at 28 °C under darkness. The plants were grown in a controlled-environment chamber under constant
light to avoid effects of circadian rhythm on gene expression (24 h light, 28 °C, relative humidity
over 50%, photosynthetic photon flux density at 248.8 umol m~2 s71). One day after imbibition,
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seeds were placed on a stainless mesh with attached floats floating on an aerated quarter-strength
nutrient solution [24,25] and exposed to light. For the next phase, a soft sponge was floated on a
container (380 mm X 260 mm x 160 mm high) containing aerated full-strength nutrient solution.
Vertical slits were cut into the edges of the sponge. Six days after imbibition, each plant was inserted
into the slit so that the roots were submerged, and the shoot protruded through the sponge into the light.
To evaluate constitutive ROL barrier formation under aerated conditions, eight days after imbibition,
plants were transplanted into aerated nutrient solution in 5-L pots (120 mm X 180 mm X 250 mm high,
three plants per pot) for an additional 13-15 days. In each pot, a rectangular 2 cm-thick piece of foam
was placed on the solution, and aluminum foil was placed on the top of the foam to keep the solution
dark. Vertical cuts were made on three sides of the foam to accommodate the stems. Then three plants
were transferred to each pot, sliding the stems into the cuts. In this way, the roots were kept dark.
The nutrient solution was renewed every seven days.

To evaluate inducible ROL barrier formation under stagnant conditions, eight days after imbibition,
plants were transplanted into stagnant deoxygenated nutrient solution in 5 L pots for 13-15 days.
The stagnant solution was prepared by adding 0.1% (w/v) agar (not enough to cause solidification) to
the nutrient solution and boiling the solution to dissolve the agar. The low agar concentration produced
a viscous liquid rather than a gel. By preventing convective movements, the solution mimics the
changes in gas composition found in waterlogged soils (i.e., decreased oxygen, increased ethylene) [47].
The solution was poured into the pots and deoxygenated by bubbling N, gas gently through two air
stones at a flow rate of about 2.2 L min~! for 15 min per pot. The dissolved oxygen (DO) level was
confirmed to be less than 1.0 mg L by DO meter (SG6-ELK, Mettler Toledo, Greifensee, Switzerland).

4.3. ROL Barrier Formation

Radial oxygen loss from adventitious roots was measured with Pt cylindrical root-sleeving O,
electrodes [48,49]. The roots were relatively young (115 to 120 mm long) and had few or no lateral
roots. The plants were placed in clear plastic boxes (55 mm x 55 mm x 300 mm high) fitted with
rubber lids. The boxes were filled with an O,-free medium containing 0.1% (w/v) agar, 0.5 mM CaSOy,
and 5 mM KCL. The plant was inserted through the hole, fixing the shoot base to the rubber lid. Thus,
the shoot was in the air, and the root was in the medium. An adventitious root was inserted through
the cylindrical root-sleeving O, electrode (internal diameter, 2.25 mm; height, 5.0 mm). Root diameters
at the point of oxygen measurement were measured with a micrometer caliper. Following Fick’s law,
the rate of ROL was calculated with the following equation [48]:

49741
ROL = ————,
A

where ROL is radial oxygen loss (O, ng cm~2 root surface min™1), I is the diffusion current (nA)
with the root in the electrode minus the diffusion current (1tA) without the root (current of background),
and A is the surface area of the root within the electrode (cm?). The oxygen electrode was 5 mm long,
and it was placed at 5, 10 or 20 mm intervals along the root. So, for example, when the electrode was
centered at 10 mm, it measured oxygen loss from 7.5 to 12.5 mm. The experiment was conducted in a
lighted room kept at a constant 23 °C.

4.4. Aerenchyma Formation

The roots used for aerenchyma measurements were the same ones that were previously used for
ROL measurements with the O, electrode. Root segments at the basal parts (95-105 mm from
the root apex) were prepared from the adventitious roots. Root cross-sections were prepared
by hand sectioning with a razor blade. Root cross-sections were photographed using a
microscope (Axio Imager.A2, Carl Zeiss, Oberkochen, Germany) under white light with a CCD
(charge-coupled device) camera (AxioCam MRc CCD, Carl Zeiss). Areas of cortex and aerenchyma in
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the cross-section were measured using Fiji (version 2.0.0-rc-69/1.52p), and the percentage of the cortex
occupied by aerenchyma was calculated from the cross-sectional areas.

4.5. Histochemical Staining

The adventitious roots (115-120 mm length) in which ROL was measured with the O, electrode
were cut at the root-shoot junction. Their basal parts (95-105 mm from the root apex), middle parts
(35-45 mm from the root apex), and root tips (2.5-7.5 mm from the root apex) were each embedded in 5%
(w/v) agar, respectively. Root cross-sections of 100 um thickness were made using a vibrating microtome
(Leica VT1200S, Leica Biosystems, Wetzlar, Germany). The cross-sections were made transparent by
incubating them in lactic acid saturated with chloral hydrate at 70 °C for 60 min [50]. To detect suberin
lamellae, we used 0.01% (w/v) Fluorol Yellow 088 in polyethylene glycol 400 as described previously [51].
Suberin lamellae were visualized as a yellowish-green fluorescence excited by ultraviolet (UV) light.
For quantification, all cross-sections were photographed with a fluorescence microscope with the
following settings [Exposure time: 0.8438 sec; an 02 UV filter set (Excitation G 365 nm, Beamsplitter
FT 395, Emission LP 420), an Axio Imager.A2 and an AxioCam MRc CCD camera (all Carl Zeiss)].
Lignin was stained with Basic Fuchsin [52], which causes it to fluoresce red. Before lignin staining,
cross-sections were made transparent by incubating them overnight in ClearSee solution at room
temperature [53]. Cross-sections were incubated overnight in 0.2% (w/v) Basic Fuchsin (Sigma-Aldrich)
dissolved in ClearSee solution at room temperature as described previously [54]. Before the observation,
the cross-sections were gently washed at least five times with ClearSee solution. Lignin was imaged on
a confocal microscope (LSM510 META, Carl Zeiss; Excitation: 543 nm, Detection: 565-651 nm).

4.6. Quantification of Fluorescence Intensity

All images were obtained with the same section thickness, same exposure time, and the same
laser power for excitation. In the images obtained by the fluorescence and confocal microscopes
(both Carl Zeiss), the fluorescence intensities at each pixel were recorded as 12 bit and 16 bit values,
respectively (Supplemental Figures Sla and S2a, respectively). Fluorescence intensities were quantified
using Fiji.

To quantify Fluorol Yellow 088 fluorescence (Supplemental Figure S1a), impulse noise was removed
from each image with a median filter (Fiji command: Median, radius: 0.5 pixels). Then, the 12 bit
color root images were split into red, green, and blue images by Fiji (Fiji command: Split Channels)
(Supplemental Figure S1b). To quantify yellow fluorescence, the sum of the red and green intensities
at each pixel was subtracted from the blue intensity (Fiji command: Image Calculator). The images
were then converted to 8 bit values (0-255) (Fiji command: 8 bit) (Supplemental Figure Slc).
The background intensities (i.e., area of the solvent without root cross-section as a red rectangle
in Supplemental Figure S1c) in the images were measured (Fiji Command: Measure), and the mean
value was 14.733 + 1.869 (mean + standard deviation). Background noise was removed by subtracting
the mean intensity of blank images (Fiji command: Subtract, value: 14.733) (Supplemental Figure S1d).

To quantify Basic Fuchsin fluorescence (Supplemental Figure S2a), impulse noise was removed from
each image with a median filter (Fiji command: Median, radius: 0.5 pixels). Then, intensities of the 16 bit
monochrome images were converted to 8 bit values (Fiji command: 8 bit) (Supplemental Figure S2b).
The background intensities (i.e., area of the solvent without root cross-section as a red rectangle in
Supplemental Figure S2b) in the images were measured (Fiji Command: Measure), and the mean value
was 10.934 + 2.822 (mean + standard deviation). Background noise was removed by subtracting the
mean intensity of blank images (Fiji command: Subtract, value: 10.934).

Fluorescence intensities were calculated for regions of interest (ROIs) that consisted of 20 selected
cells. Fluorescence intensity (um~2) was calculated as F/Ago;, where F is the dimensionless sum of
fluorescence intensities at each pixel in the ROI, and Aoy is the area of the ROI (um?). For Fluorol
Yellow 088, the ROI was in the exodermis (Supplemental Figure S1d) and for Basic Fuchsin, the ROI
was in the sclerenchyma (Supplemental Figure S2c).
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4.7. Permeability Test

Adventitious roots (115-120 mm length) were cut at the root—shoot junction. The permeabilities
of the exodermal layers at the basal parts (95-105 mm from the root apex), middle parts (35-45 mm
from the root apex), and root tips (2.5-7.5 mm from the root apex) were assessed with an apoplastic
tracer, periodic acid, as described previously [13]. Periodic acid that penetrated the root tissue was
visualized as a purple color under white light with the above microscope and camera.

4.8. Statistical Analysis

Means of aerenchyma formation (% aerenchyma/cortex) were compared with one-way analysis of
variance (ANOVA) and Tukey’s honest significant difference (HSD) for multiple comparisons at the
5% probability level or with a two-sample t-test at the 5% probability level. Means of fluorescence
intensities of Fluorol Yellow 088 or Basic Fuchsin between accession W2165 of O. glumaepatula and
cv. Nipponbare was compared with a two-sample t-test at the 5% probability level. The data were
analyzed with R version 3.5.1 [55].

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/7/880/s1,
Figure S1: Procedure for quantifying Fluorol Yellow 088 fluorescence intensity; Figure S2: Procedure for quantifying
Basic Fuchsin fluorescence intensity.
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Abstract: Internal oxygen diffusion from shoot to root tips is enhanced by the formation of aerenchyma
(gas space) in waterlogged soils. Lysigenous aerenchyma is created by programmed cell death and
subsequent lysis of the root cortical cells. Rice (Oryza sativa) forms aerenchyma constitutively
under aerobic conditions and increases its formation under oxygen-deficient conditions. Recently,
we have demonstrated that constitutive aerenchyma formation is regulated by auxin signaling
mediated by Auxin/indole-3-acetic acid protein (AUX/IAA; IAA). While ethylene is involved in
inducible aerenchyma formation, the relationship of auxin and ethylene during aerenchyma formation
remains unclear. Here, we examined the effects of oxygen deficiency and ethylene on aerenchyma
formation in the roots of a rice mutant (iza13) in which auxin signaling is suppressed by a mutation
in the degradation domain of IAA13 protein. The results showed that AUX/IAA-mediated auxin
signaling contributes to ethylene-dependent inducible aerenchyma formation in rice roots. An auxin
transport inhibitor abolished aerenchyma formation under oxygen-deficient conditions and reduced
the expression of genes encoding ethylene biosynthesis enzymes, further supporting the idea that
auxin is involved in ethylene-dependent inducible aerenchyma formation. Based on these studies, we
propose a mechanism that underlies the relationship between auxin and ethylene during inducible
aerenchyma formation in rice roots.

Keywords: aerenchyma; auxin; ethylene; rice (Oryza sativa); root; waterlogging

1. Introduction

Internal oxygen movement from shoot to roots through aerenchyma is essential for plants to
adapt to waterlogged soils [1]. Lysigenous aerenchyma in roots is created by programmed cell death
(PCD) and subsequent lysis of the cortical cells [2,3]. In roots of upland plants, such as maize (Zea
mays ssp. mays) and wheat (Triticum aestivum), lysigenous aerenchyma is not generally formed under
aerobic conditions, but its formation is induced under oxygen-deficient conditions [4-7]. In roots
of the wetland plant rice (Oryza sativa), lysigenous aerenchyma is formed constitutively even under
aerobic conditions (constitutive aerenchyma formation), and its formation is further increased under
oxygen-deficient conditions (inducible aerenchyma formation) [4].
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Ethylene is involved in inducible aerenchyma formation in rice roots [4-7]. Under waterlogging, lower
diffusion rates of gases to the rhizosphere enhance the ethylene accumulation in roots [8,9]. Ethylene
is biosynthesized by the conversion of S-adenosylmethionine to 1-amino-cyclopropane-1-carboxylic
acid (ACC) by ACC synthase (ACS) and that of ACC to ethylene by ACC oxidase (ACO) [10]. During
inducible aerenchyma formation in rice roots, the expression levels of ACS1 and ACO5 are increased,
and they contribute to increased ethylene content in the roots [11]. Moreover, ethylene-induced
production of reactive oxygen species (ROS) by respiratory burst oxidase homolog H (RBOHH) is
involved in inducible aerenchyma formation in rice roots [12]. Ethylene and ROS signaling is also
involved in lysigenous aerenchyma formation in rice shoots [13].

Auxin signaling is mediated by a family of transcription factors called auxin response
factors (ARFs) [14]. ARF-dependent transcriptional regulation is repressed by the binding of
auxin/indole-3-acetic acid proteins (AUX/IAAs; IAAs) to ARFs [15]. The rice genome has 25 ARF
genes and 31 IAA genes [16,17]. IAA proteins have a conserved amino acid sequence motif (AUX/IAA
domain II), which is required for auxin-dependent proteolysis of the IAA proteins [18]. The auxin
signaling is suppressed in roots of the gain of function (dominant-negative) iaa13 mutant having
a single amino acid substitution in the AUX/IAA domain II of IAA13 protein [19]. Although until
recently it remained unclear what triggers constitutive aerenchyma formation in rice roots [6], we
demonstrated that constitutive aerenchyma formation in rice roots is regulated by the auxin signaling
through the functional analysis of the iza13 mutant [20].

Exogenous treatment with ethylene stimulates aerenchyma formation in rice roots even under
aerobic conditions [21,22]. While inhibitors of ethylene perception or ethylene action reduce aerenchyma
formation in rice roots under oxygen-deficient conditions [12,21], they cannot abolish aerenchyma
formation under either oxygen-deficient or aerobic conditions [12,21,23]. On the other hand, an auxin
transport inhibitor completely blocks constitutive aerenchyma formation in rice roots under aerobic
conditions [20], implying that auxin signaling is required for the ethylene-dependent aerenchyma
formation. However, the relationship between auxin and ethylene during inducible aerenchyma
formation remains unclear.

The objective of this study was to test the possibility that auxin is involved in ethylene-dependent
aerenchyma formation. To this end, we used the i7a13 mutant in which the dominant negative IAA13
suppressed auxin signaling in the roots [19]. We examined the effect of enhancing ethylene signaling
on aerenchyma formation in roots of igal13 and its wild type (WT; cv. Taichung 65; T65). We also
examined the effects of an auxin transport inhibitor on ethylene-dependent aerenchyma formation
and the expression levels of genes encoding ethylene biosynthesis enzymes in the roots of the WT.
Finally, we examined the effects of an ethylene precursor on aerenchyma formation in the presence of
the auxin transport inhibitor. Our results strongly suggest that auxin is involved in the regulation of
ethylene-dependent inducible aerenchyma formation in rice roots.

2. Results

2.1. Effect of Oxygen Deficiency on Aerenchyma Formation

During inducible aerenchyma formation under oxygen-deficient conditions, ethylene accumulation
increases in rice roots [11,12]. To test the effect of oxygen deficiency on aerenchyma formation in
iaal3, 20-d-old aerobically grown WT and ina13 seedlings were transferred to aerated or stagnant
(deoxygenated) conditions, which mimic the changes in gas composition in waterlogged soils [24], for
48 h. After 48 h, root elongation of the WT was 12.9% less under stagnant conditions than under aerated
conditions, while root elongation of iaa13 was 18.2% less under stagnant conditions (Supplemental
Figure Sla). Subsequently, transverse sections along the adventitious roots were prepared (Figure 1a),
and the percentage of each cross-section occupied by aerenchyma was determined (Figure 1b,c).
Aerenchyma formation in the WT roots was significantly higher at 10, 20, 30, and 40 mm under stagnant
conditions than under aerated conditions (Figure 1a,b), whereas aerenchyma formation in the iaa13
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roots was significantly higher at all positions under stagnant conditions (Figure 1a,c). Aerenchyma
formation in the WT at 20, 30, 40, and 50 mm was significantly higher than that in iza13 both under
aerated and stagnant conditions (Supplemental Figure S2a,b), suggesting that difference in aerenchyma
formation between the WT and iaa13 under stagnant conditions is largely affected by the reduced
constitutive aerenchyma formation in the iaa13 roots.
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Figure 1. Aerenchyma formation under aerated or stagnant conditions. (a) Cross-sections at 30 mm
from the tips of adventitious roots of the wild-type (WT) and iaa13 mutant. Aerenchyma is indicated
by magenta arrowheads. Bars = 100 um. (b,c) Percentages of aerenchyma in root cross-sectional area
at 10, 20, 30, 40, and 50 mm. Twenty-day-old aerobically grown WT (b) and iaa13 (c) seedlings were
further grown under aerated or stagnant conditions for 48 h. (b,c) Significant differences between the
conditions at p < 0.01 are denoted by ** (two-sample t-test). Boxplots show the median (horizontal
lines), 25th to 75th percentiles (edges of the boxes), minimum to maximum (edges of the whiskers), and
mean values (dots in the boxes) (1 = 6).

2.2. Effect of an Ethylene Precursor on Aerenchyma Formation

Exogenously supplied ethylene stimulates aerenchyma formation in rice roots even under aerobic
conditions [21,22], and the treatment with an ethylene precursor ACC also induces its formation [11,23].
To further investigate the effect of ethylene on aerenchyma formation in the iaal13 roots, 20-d-old
aerobically grown WT and iaal3 seedlings were transferred to aerated conditions with or without 10
uM ACC. After 48 h, root elongation of the WT was 15.1% less under aerated conditions with ACC
than without ACC, while root elongation of ina13 was 18.7% less under aerated conditions with ACC
(Supplemental Figure S1b). The suppression of root elongation in both the WT and ina13 by ACC
treatment (Supplemental Figure S1b) was similar to the suppression of root elongation in both the WT
and iaal3 by stagnant conditions (Supplemental Figure S1a). This suggests that ethylene accumulation,
which is stimulated by ACC or oxygen deficiency, has similar effects on root elongation in the WT and
iaal3. As is the case with stagnant conditions, aerenchyma formation in the WT roots was significantly
higher at 10, 20, 30, and 40 mm from the root tips under aerated conditions with ACC than without
ACC (Figure 2a,b), whereas aerenchyma formation in the iaa13 roots was significantly higher at all
positions under aerated conditions with ACC (Figure 2a,c). Aerenchyma formation in the WT at 20, 30,
40 and 50 mm was significantly higher than that in 7113 under aerated conditions without ACC, and
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aerenchyma formation in the WT at 20, 30, and 40 mm was significantly higher than that in iza13 under
aerated conditions with ACC (Supplemental Figure S2¢,d).
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Figure 2. Aerenchyma formation under aerated conditions with or without 1-aminocyclopropane-
1-carboxylic acid (ACC) treatment. (a) Cross-sections at 30 mm from the tips of adventitious roots
of the wild type (WT) and iaal3 mutant. Aerenchyma is indicated by magenta arrowheads. Bars =
100 pum. (b,c) Percentages of aerenchyma in root cross-sectional area at 10, 20, 30, 40, and 50 mm.
Twenty-day-old aerobically grown WT (b) and iaa13 (c) seedlings were further grown under aerated
conditions with or without 10 uM ACC for 48 h. (b,c) Significant differences between the conditions
atp < 0.05 and p < 0.01 are denoted by * and **, respectively (two-sample t-test). Boxplots show the
median (horizontal lines), 25th to 75th percentiles (edges of the boxes), minimum to maximum (edges
of the whiskers) and mean values (dots in the boxes) (n = 6).

2.3. Differences in Response to Oxygen Deficiency and ACC between the Wild Type and iaal3

Both oxygen deficiency (Figure 1c) and ACC (Figure 2c) increased aerenchyma formation in iaa13
roots, suggesting that ethylene-dependent inducible aerenchyma formation is not reduced in iaa13.
Interestingly, longitudinal patterns of the differences in aerenchyma formation between aerated and
stagnant conditions (Figure 3a), and between aerated conditions with and without ACC (Figure 3b),
were similar to each other. At 10 to 20 mm from the root tips, the differences were larger in the WT
roots than in iaa13 (Figure 3a,b). The differences were comparable at 30 mm and then became smaller in
the WT than those in ina13 at 40 to 50 mm (Figure 3a,b). These results suggest that ethylene-dependent
aerenchyma formation in iaa13 is reduced at the apical part of the roots.
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Figure 3. Differences in aerenchyma formation between under aerated and stagnant conditions and
between aerated conditions with and without 1-aminocyclopropane-1-carboxylic acid (ACC) treatment.
(a,b) Differences in the percentages of aerenchyma (D Aerenchyma (%)) in root cross-sectional area at
10, 20, 30, 40, and 50 mm from the tips of adventitious roots of the wild type (WT) and iaa13 mutant.
The differences in the percentages of aerenchyma were calculated by the data obtained in Figures la
and 2b, respectively. (a,b) Significant differences between the genotypes at p < 0.05 and p < 0.01 are
denoted by * and **, respectively (two-sample t-test). Boxplots show the median (horizontal lines),
25th to 75th percentiles (edges of the boxes), minimum to maximum (edges of the whiskers) and mean
values (dots in the boxes) (n = 6).

2.4. Effect of an Auxin Transport Inhibitor on Aerenchyma Formation

To confirm the effect of auxin on the ethylene-dependent aerenchyma formation, we examined the
effect of the auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) on aerenchyma formation.
Twenty-day-old aerobically grown WT seedlings were transferred to aerated or stagnant conditions with
or without 0.5 uM NPA. After 48 h, root elongation of the WT was 19.0% less under aerated conditions
with NPA than without NPA, while root elongation of it was 17.4% less under stagnant conditions
with NPA (Supplemental Figure S1c). Root elongation in 48 h NPA treatment was 31.3 + 3.4 mm under
aerated conditions and 26.8 + 4.7 mm under stagnant conditions (Supplemental Figure S1c). These
results indicate that root cortical cells at 10 to 30 mm under aerated conditions and at 10 to 20 mm under
stagnant conditions are generated in the presence of NPA. Under aerated conditions, NPA completely
blocked aerenchyma formation at 10 to 30 mm from the root tips (Figure 4a,b). Interestingly, NPA also
completely blocked aerenchyma formation at 10 to 20 mm under stagnant conditions (Figure 4a,c).
These results strongly suggest that auxin is also involved in ethylene-dependent aerenchyma formation
in rice roots.

2.5. Effect of NPA on the Expression of Ethylene Biosynthesis Genes

To test the effect of the auxin transport inhibitor on the ethylene biosynthesis in rice roots, the
transcript levels of ethylene biosynthesis genes were analyzed by quantitative reverse transcription
(qRT)-PCR analysis. Previously, we showed that, among six ACS and seven ACO genes in the rice
genome, ACSI and ACO5 had the highest transcript levels during inducible aerenchyma formation in
rice roots [23]. The transcript levels of ACS1 and ACOS5 were significantly increased under stagnant
conditions and peaked at 15-25 mm from the root tips (Figure 5a,b), where aerenchyma formation
is highly induced (at 20 mm; Figure 4c). NPA significantly reduced the transcript level of ACS1 at
5-15 mm and 25-35 mm (Figure 5a), and it also reduced that of ACOb at 15-25 mm (Figure 5b). By
contrast, under aerated conditions, the transcript levels of ACS1 and ACO5 with NPA treatment were
comparable to those without NPA treatment (Figure 5a,b). These results suggest that auxin contributes
to the transcriptional induction of the ACS1 and ACOS5 genes under stagnant conditions.
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Figure 4. Aerenchyma formation under aerated or stagnant conditions with or without
N-1-naphthylphthalamic acid (NPA) treatment. (a) Cross-sections at 30 mm from the tips of adventitious
roots of the wild type (WT). Aerenchyma is indicated by magenta arrowheads. Bars = 100 um. (b,c)
Percentages of aerenchyma in root cross-sectional area at 10, 20, 30, 40, and 50 mm. Twenty-day-old
aerobically grown WT seedlings were further grown under aerated (b) or stagnant (c) conditions with
or without 0.5 uM NPA for 48 h. (b,c) Significant differences between the conditions at p < 0.01 are
denoted by ** (two-sample t-test). Boxplots show the median (horizontal lines), 25th to 75th percentiles
(edges of the boxes), minimum to maximum (edges of the whiskers) and mean values (dots in the
boxes) (n = 6).
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Figure 5. Expression of ethylene biosynthesis genes in adventitious roots under aerated or stagnant
conditions with or without N-1-naphthylphthalamic acid (NPA) treatment. Twenty-day-old aerobically
grown wild type (WT) seedlings were further grown under aerated or stagnant conditions with or
without 0.5 tM NPA for 48 h. Relative transcription levels of ACS1 (a) and ACO5 (b) at 5-15, 15-25,
and 25-35 mm from the tips of adventitious roots. The gene encoding transcription initiation factor
1IE (TFIIE) was used as a control. Different lowercase letters denote significant differences among the
conditions (p < 0.05, one-way ANOVA followed by Tukey’s test for multiple comparisons). Values are
means + SD (n = 3).
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2.6. Effect of ACC on Aerenchyma Formation in the Presence of NPA

The reduction of ACS1 and ACO5 genes in the WT roots by the NPA treatment suggested that auxin
stimulates ethylene biosynthesis through the transcriptional regulation of ethylene biosynthesis genes.
To test this hypothesis, the WT roots were treated with the ethylene precursor ACC in the presence of
NPA. Twenty-day-old aerobically grown WT seedlings were transferred to aerated conditions with or
without 0.5 uM NPA and/or 10 uM ACC. After 48 h, root elongation of NPA treated seedlings (31.3
+ 3.4 mm) was 25.4% less than that of untreated seedlings (42.0 + 7.0 mm), while root elongation of
NPA- and ACC-treated seedlings (14.8 + 4.1 mm) was 64.9% less than that of untreated seedlings
(Supplemental Figure S1d). NPA almost completely blocked aerenchyma formation at 10 to 30 mm
from the root tips (Figure 6a,b), whereas ACC restored its formation at 30, 40, and 50 mm (Figure 6a,b).
These results indicate that the prevention of ethylene-dependent aerenchyma formation by NPA is at
least partly canceled by adding the ethylene precursor ACC.
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Figure 6. Aerenchyma formation under aerated conditions with or without N-1-naphthylphthalamic
acid (NPA) or 1-aminocyclopropane-1-carboxylic acid (ACC) treatments. (a) Cross-sections at 30 mm
from the tips of adventitious roots of the wild type (WT). Aerenchyma is indicated by magenta
arrowheads. Bars = 100 um. (b) Percentages of aerenchyma in root cross-sectional area at 10, 20, 30,
40, and 50 mm. Twenty-day-old aerobically grown WT seedlings were further grown under aerated
conditions without NPA and ACC, with 0.5 uM NPA and without ACC or with 0.5 uM NPA and 10 uM
ACC for 48 h. Different lowercase letters denote significant differences among the conditions (p < 0.05,
one-way ANOVA followed by Tukey’s test for multiple comparisons). Boxplots show the median
(horizontal lines), 25th to 75th percentiles (edges of the boxes), minimum to maximum (edges of the
whiskers), and mean values (dots in the boxes) (n = 4-6).

3. Discussion

The present results demonstrate that auxin is required for inducible aerenchyma formation in rice
roots. Aerenchyma formation in the WT and iaa13 roots was induced by the growth under stagnant
conditions (Figure 1b,c), and under aerated conditions with an ethylene precursor ACC treatment
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(Figure 2b,c). These results suggest that oxygen deficiency and ethylene can stimulate inducible
aerenchyma formation in iaa13. On the other hand, the mutated IAA13 (inal3) gene is expressed
predominantly at the apical part of the iaa13 roots, and the dominant negative effect of the mutated
IAA13 protein on aerenchyma formation is restricted to the apical part of the roots [20]. Moreover, the
curly root phenotype in the rice pin2 mutant, which is caused by the asymmetric auxin distribution at
the apical part of the roots, is rescued in roots of the pin2 inal3 double mutant [25]. These observations
suggest that the mutated IAA13 protein affects ethylene-dependent aerenchyma formation at the apical
part of the roots. Indeed, the difference in the levels of aerenchyma formation at 20 mm from the
root tips between aerated and stagnant conditions, and between aerated conditions with and without
ACC, was significantly lower in iaa13 than that in the WT (Figure 3a,b). These results suggest that
the AUX/IAA-mediated auxin signaling is involved in ethylene-dependent inducible aerenchyma
formation under oxygen-deficient conditions.

During constitutive aerenchyma formation in rice roots, the auxin transport inhibitor NPA
completely blocks the death of the cortical cells [20]. NPA also abolished aerenchyma formation at 10 to
20 mm from the root tips under stagnant conditions (Figure 4c). As the elongation of the WT roots with
NPA was ~25 mm under stagnant conditions (Supplemental Figure Slc), aerenchyma formation in the
cortex was completely blocked by NPA even under stagnant conditions. These results are interesting
because they showed that auxin is required not only for constitutive aerenchyma formation but also
for inducible aerenchyma formation in rice roots. In Arabidopsis roots, exogenous ACC treatment was
found to reduce lateral root formation by enhancing auxin level at the apical part of the roots, whereas
a knockout mutant of the ethylene-signaling gene ETHYLENE INSENSITIVE2 (EIN2) is defective in
these responses [26]. Similar observations were reported in the apical hook formation [27] and the
control of root gravitropism [28], all of which are directly regulated by the auxin signaling [29-31]. If
this is also the case for aerenchyma formation, it is reasonable that inhibition of auxin transport from
the shoots to root tips by NPA abolished aerenchyma formation under oxygen-deficient conditions
(Figure 4c).

On the other hand, another possibility is that auxin affects ethylene biosynthesis during inducible
aerenchyma formation in rice roots, as the NPA treatment reduced the expression levels of ACS1
and ACOS5 (which have highest expression levels among the ACS and ACO homologs in rice roots
during inducible aerenchyma formation [23]) under stagnant conditions (Figure 5a,b). In Arabidopsis,
some ACS and ACO genes are transcriptionally activated by auxin [32-34]. In roots of maize,
exogenous natural auxin treatment increases aerenchyma formation, possibly by stimulating ethylene
biosynthesis [35]. In maize roots, auxin-dependent constitutive aerenchyma formation does not
generally occur under aerobic conditions [36-38], which suggests that exogenous auxin stimulates the
ethylene-dependent pathway [35]. These results further support the idea that auxin is involved in
ethylene-dependent aerenchyma formation through the control of ethylene biosynthesis. Indeed, the
exogenous treatment of ACC partly restored aerenchyma formation in the WT roots in the presence
of NPA (Figure 6b). Although the expression level of ACO5 was decreased by the NPA treatment
(Figure 5b), the exogenously supplied ACC could still enhance the ethylene production by the remaining
activity of ACOs, thereby stimulating ethylene-dependent inducible aerenchyma formation in the WT
roots (Figure 6b). Similar observations were previously obtained for a rice mutant, which has lower
expression levels of ACSI and ACO5 in the roots [11,23]. So far, we cannot rule out the possibility that
the reduced root elongation rate by NPA and ACC affects the amounts of aerenchyma formation, as
the root elongation of the WT is severely reduced by the NPA and ACC treatments (Supplemental
Figure S1d). Further studies using the auxin and ethylene biosynthesis and/or signaling mutants
are needed to understand the molecular mechanisms underlying the relationship between auxin
and ethylene during inducible aerenchyma formation and how this relationship contributes to the
fine-tuning of lysigenous aerenchyma formation in rice roots under oxygen-deficient conditions.
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4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Seeds of the rice iaa13 mutant [19] and its background wild type (cv. Taichung 65; T65) were
sterilized in 0.5% (v/v) sodium hypochlorite for 30 min and rinsed with deionized water. The seeds
were germinated on petri dishes filled up with deionized water and put in a growth chamber at 28 °C
under dark conditions. After 2 days, seeds were placed on a mesh floating on top of an aerated
quarter strength nutrient solution at 28 °C under 24 h light conditions (photosynthetically active
radiation, 200-250 umol m~2 s7!) for 4 d. The composition of the nutrient solution is described by
Colmer et al. [22]. Seedlings (6-d-old) were then transferred to 5-L pots (8-12 plants per pot, 250 mm
height x 120 mm length X 180 mm width) containing aerated full-strength nutrient solution. After
7 days, 13-day-old rice plants were transferred newly prepared full-strength nutrient solution and
further grown for 7 days. Twenty-day-old seedlings were transferred to 5-L pots containing an aerated
full-strength nutrient solution or stagnant solution. Stagnant solution, which mimics waterlogged
soils [24], contained 0.1% (w/v) dissolved agar and was deoxygenated (dissolved O,, <0.5 mg L)
prior to use by flushing with N; gas.

4.2. Chemical Treatments

For each treatment, 20-day-old rice seedlings were transferred to 2-L pots (4 plants per
pot, 250 mm height x 80 mm length x 120 mm width) containing nutrient solution. For the
1-aminocyclopropane-1-carboxylic acid (ACC) and N-1-naphthylphthalamic acid (NPA) treatments,
20-d-old aerobically grown rice seedlings were further grown in aerated or stagnant nutrient
solutions with or without 10 uM ACC and/or with or without 0.5 uM NPA for 48 h. The stock
solutions of ACC and NPA (both Sigma-Aldrich) were prepared to 100 mM in sterilized water and
dimethylformamide, respectively.

4.3. Anatomical Observations

Root cross-sections were prepared from 4-mm-long segments of adventitious roots. For analysis
of aerenchyma formation, root segments were cut at the indicated distances (+2 mm) from the
tips of adventitious roots. Cross-sections were prepared by hand sectioning with a razor blade.
The root cross-sections were photographed using an optical microscope (BX60; OLYMPUS) with
a charge-coupled device (CCD) camera (DP70; OLYMPUS). The percentages of each cross-section
occupied by aerenchyma were determined with Image] software (Ver. 1.43u, US National Institutes
of Health).

4.4. qRT-PCR Analysis

Root segments at the indicated distances from the tips of adventitious roots were ground in
liquid nitrogen. Total RNA was extracted from the frozen fixed tissues using a RNeasy Plant Mini
Kit (QIAGEN) according to the instructions of the manufacturer. Transcript levels were measured
using a StepOnePlus Real-Time PCR System (Applied Biosystems) and One Step SYBR PrimeScript
RT-PCR Kit II (Takara Bio) as described by Yamauchi et al. [12]. Transcript levels were normalized to
the transcript level of transcription initiation factor IIE (TFIIE). Primer sequences used for the qRT-PCR
are shown in Supplemental Table S1.

4.5. Statistical Analyses

Statistical differences between means were calculated using two-sample t-tests. For multiple
comparisons, data were analyzed by one-way ANOVA and post hoc Tukey’s test using SPSS Statistics
Version 25 (IBM Software).
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Figure S1: Root elongation under aerated or stagnant conditions with or without the inhibitor treatments;
Figure S2: Aerenchyma formation under aerated or stagnant conditions or aerated conditions with or without
1-aminocyclopropane-1-carboxylic acid (ACC) treatment; Table S1: List of primers used for qRT-PCR analysis.
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Abstract: Enhancing crop tolerance to waterlogging is critical for improving food and biofuel
security. In waterlogged soils, roots are exposed to a low oxygen environment. The group VII
ethylene response factors (ERFVIIs) were recently identified as key regulators of plant low oxygen
response. Oxygen-dependent N-end rule pathways can regulate the stability of ERFVIIs. This study
aims to characterize the function of the Jatropha curcas ERFVIIs and the impact of N-terminal
modification that stabilized the protein toward low oxygen response. This study revealed that all
three JcERFVII proteins are substrates of the N-end rule pathway. Overexpression of JcERFVII2
conferred tolerance to low oxygen stress in Arabidopsis. In contrast, the constitutive overexpression
of stabilized JcERFVII2 reduced low oxygen tolerance. RNA-seq was performed to elucidate the
functional roles of JcERFVII2 and the impact of its N-terminal modification. Overexpression of both
wildtype and stabilized JcERFVII2 constitutively upregulated the plant core hypoxia-responsive genes.
Besides, overexpression of the stabilized JcERFVII2 further upregulated various genes controlling
fermentative metabolic processes, oxidative stress, and pathogen responses under aerobic conditions.
In summary, JcERFVII2 is an N-end rule regulated waterlogging-responsive transcription factor that
modulates the expression of multiple stress-responsive genes; therefore, it is a potential candidate for
molecular breeding of multiple stress-tolerant crops.

Keywords: abiotic stress; RNA-seq; transcription factor; waterlogging

1. Introduction

Waterlogging can damage most crops, creating one of the most significant problems in agriculture
worldwide. During the heavy rainy season in the plain area, soil can quickly become waterlogged
due to poor drainage, creating a low oxygen environment in the root area underground. Low oxygen
stress leads to the induction of a particular set of genes involved in carbohydrate utilization,
energy metabolism, and fermentation to sustain ATP production [1]. Over the long term, low oxygen
stress means morphological adaptation is required to keep the level of oxygen under control [2].
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Since global climate change could increase the number of flooding events, improved crop varieties
with waterlogging tolerance are essential [3,4].

The ethylene response factor (ERF) family is one of the largest plant-specific transcription
factor families characterized by a single DNA-binding domain, APETALA2 (AP2), with expanded
functions in hormonal response, development, and tolerance to biotic and abiotic stresses [5-7].
Group VII ERF (ERFVII) transcription factors is a subgroup of ERFs that has been recognized as a
critical factor controlling the expression of numerous genes involved in an adaptive response to low
oxygen stress in model plants [8-11]. A characteristic feature of all Arabidopsis ERFVIIs (RAP2.2,
RAP2.3, RAP2.12, HRE1, and HRE2) is a conserved N-terminal motif (N-degron; [5,12]), which enables
them to be degraded by oxygen and nitric oxide (NO)-dependent N-end rule pathways [13-15].
Overexpression of the Arabidopsis ERFVIIs enhances flooding or low oxygen stress tolerance in
transgenic Arabidopsis plants [13,14,16-21]. Interestingly, overexpression of the stabilized (N-terminal
mutation) HREI and HRE2 in Arabidopsis further improved low oxygen tolerance compared to
Arabidopsis lines overexpressing the wildtype HRET and HRE2? [14]. However, enhanced stability
of RAP2.12 resulted in reduced biomass under aerobic conditions and did not increase tolerance
to low oxygen stress in transgenic Arabidopsis plants [13,22]. Transcription of genes encoding for
fermentative and starch degradation enzymes were constitutively activated in transgenic Arabidopsis
overexpressing stable RAP2.12, which negatively affected growth and development under the aerobic
condition and reduced tolerance to low oxygen stress [22]. In rice, previous studies identified
ERFVIIs, Snorkels, and SublA, as a key player orchestrating the escape and quiescence response
needed to survive flash-flood and prolonged submergence, respectively [23,24]. Although Sub1A
contained an N-degron, it was not a substrate of the N-end rule pathway [11,14]. It has recently
been shown that SublA transcriptionally activates the other ERFVIIs, ERF66, and ERF67, resulting
in transcriptional accumulation of anaerobic survival genes and improved submergence tolerance in
rice [11]. Remarkably, constitutive expression of the stabilized wheat ERFVII, TaERFVII.1, enhanced
tolerance to waterlogging in transgenic wheat without negative impacts on development and grain
yield under aerobic conditions [25]. Thus, identification, selection, and modification of the ERFVII
genes could be a valuable approach to improve crop waterlogging tolerance.

Jatropha curcas is a drought-tolerant oilseed crop for biodiesel production. It can be grown on
marginal land without competing with other food crops [26]. However, waterlogging caused a
significant reduction of growth and biomass yield, suggesting that Jatropha is extremely sensitive
to waterlogging [27,28]. Undoubtedly, genetic improvement of waterlogging tolerant Jatropha is
needed to increase Jatropha oil production. Previously, we transcriptionally profiled gene expression
in Jatropha and found that waterlogging promoted anaerobic respiration, but inhibited carbohydrate
synthesis, cell wall biogenesis, and plant growth [29]. Based on our previous study, ERFVIIs had been
proposed as candidate genes for genetic engineering of waterlogging tolerant Jatropha [29].

In this study, we cloned and evaluated the tissue-specific expression and waterlogging responsive
pattern of Jatropha ERFVIIs (JcERFVIIs). Next, we followed up by examining the N-end rule regulated
protein stability of JcEERFVIIs and overexpressing the JcERFVII2 genes in Arabidopsis to evaluate the
flooding and low oxygen tolerant phenotype. Finally, the molecular function of JcERFVII2 was further
investigated by transcriptome profiling of transgenic Arabidopsis lines.

2. Results

2.1. Cloning and Bioinformatics Analysis of JcERFVII Genes

Previously, we identified three JcERFVIIs, namely JcERVII1 (Jcr4500420.40), JcERFVII2
(Jer4500982.160), and JcERFVII3 (Jcr4501651.60), from the Jatropha genome [29]. All three JcERFVIIs
possess a conserved N-degron signal [NH,-MCGGAII(A/S)D] [29]. The full-length open reading frames
(ORFs) of JcERFVIIs were cloned. Sequence analysis reveals that JEERFVII1, JcERFVII2, and JcERFVII3
are composed of 1158, 762, and 945 nucleotides, respectively (Supplementary Materials Data S1).
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Deduced amino acid sequences of JcERFVII1, [cERFVII2, and JcERFVII3 provided encoded proteins
with 385, 253, and 314 amino acids with predicted molecular weights of 43, 29, and 36 kD, respectively.
The amino acid sequences of the [cERFVIIs were aligned with amino acid sequences from all five
members of the Arabidopsis ERFVIIs, including RAP2.2, RAP2.3, RAP2.12, HRE1, and HRE2, and the
phylogenetic relationship was evaluated. The results revealed that JcERFVIII clustered with RAP2.2
and RAP2.12, JcERFVII2 clustered with RAP2.3, and JcERFVII3 clustered with HRE2 (Figure 1A).
Based on the previously reported Arabidopsis ERFVII protein domain data [5], MEME assisted domain
analysis also showed the similarity among each phylogenetic cluster (Figure 1B).
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Figure 1. Phylogenetic and domain architecture analysis of Jatropha ERFVIIs. (A) The phylogenetic tree
based on the amino acid sequence of Arabidopsis and Jatropha ERFVIIs. The numbers are bootstrap
values after 1000 replicates. Scale bar represents genetic distance. (B) Diagram representing domain
architecture of Jatropha ERFVIIs following previously published motifs [5].

2.2. Tissue-Specific and Waterlogging Expression Patterns of JcERFVIIs

We examined the expression pattern of the three JcERFVIIs in the tissue of Jatropha seedlings
using qRT-PCR (Figure 2). Under aerobic conditions, the expression of all three JcERFVIIs can be
found in roots, leaves, apical buds, and petioles of Jatropha seedlings. [cERFVIII exhibited the highest
expression in apical buds and the lowest expression in leaves, while JcERFVII2 and JcERVII3 exhibited
the highest expression in roots and the lowest expression in leaves. We also compared the expression
levels of the three [cERFVIIs using the transcriptome data from roots, leaves, stems, and shoot apexes
collected in a publically available J. curcas database (JCDB) [30]. We found that among the three
JcERFVIIs, JcERFVII1, and JcERFVII3 displayed the highest and the lowest expression, respectively
(Supplementary Materials Figure S1). Moreover, the expression levels of JcERFVII2 in Jatropha tissues
were more uniform than those of the others (Supplementary Materials Figure S1).

To explore whether the JcERFVIIs are related to waterlogging response, we examined the expression
patterns of JcERFVIIs in Jatropha seedlings subjected to 24 h soil waterlogging. In the waterlogged
root, the expression of JcERFVII2 and JcERFVII3 was significantly increased, while the expression of
JcERFVII1 remained unaffected (Figure 2). Besides, waterlogging resulted in a significant reduction of
JcERFVII1, JcERFVII2, and JcERFVII3 expression in apical buds (Figure 2).
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Figure 2. Quantitative analysis of J[cERFVII expression. Relative expression values of JcERFVIIs 1-3
from roots, leaves, apical buds, and petioles of Jatropha seedlings under control and 1 d waterlogging.
Relative expression was normalized to the abundance of UBQ10. Data represent mean =+ SE (1 = 3).
Asterisks indicate p < 0.05 (t-test).

2.3. Stability of JcERFVIIs In Vitro

Since all three JcERFVII proteins possess a conserved N-degron, we hypothesized that they
are targets of the N-end rule pathway. We used a previously established in vitro assay by which
proteins are expressed in a rabbit reticulocyte system containing essential components for the N-end
rule pathway [14]. Western blot analysis of in vitro translated JcERFVII proteins tagged with a
haemagglutinin (3xHA) epitope demonstrated a single band with the migration pattern corresponding
to their predicted molecular weight (Figure 3). Our results demonstrated that mutation of cysteine
to alanine at amino acid residue position 2 (MA) in all three JcERFVIIs increased protein stability
after 60 and 120 min incubation periods (Figure 3). We also showed that supplementation of MG132,
a proteasome inhibitor, increased the accumulation of wildtype (MC) JcERFVII proteins in vitro
(Figure 3). These data strongly suggest that JcERFVIIs are substrates of the N-end rule pathway.
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Figure 3. Jatropha ERFVIIs are substrates for the N-end rule pathway in vitro. Western blot analysis
of in vitro stability of HA-tagged wildtype (MC) and stable mutation (MA) of JcERFVIIs 1-3 in the
absence or presence of proteasome inhibitor (MG132). 60 and 120 indicate incubation time in minutes.
Coomassie staining of a similar SDS-PAGE used for western blotting was used as a loading control.

2.4. Overexpression of the JcERFVII2 Enhanced Low Oxygen Tolerance in Arabidopsis

Based on previous studies, among the five members of the Arabidopsis ERFVIIs, the role
of RAP2.3 in low oxygen responses has been less explored. Therefore, we aim to characterize
JcERFVII2 function towards low oxygen response. To investigate the function of JcERFVII2 in
providing tolerance to low oxygen stress and whether modulation of its stability could affect the stress
tolerance, we generated transgenic Arabidopsis lines overexpressing MA- or MC-JcERFVII2 driven
by the CaMV35S promoter. Ten and 5 transgenic lines overexpressing MA- and MC-JcERFVII2 were
generated and 4 independent homozygous lines, 355:MA-JcERFVII2-1 (MA-Linel), 355:MA-JcERFVII2-7
(MA-Line?7), 355:MC-JcERFVII2-3 (MC-Line3), and 355:MC-JcERFVII2-5 (MC-Line5), were selected for
functional analysis. Semi-quantitative RT-PCR analysis confirmed the expression of [cERFVII-2 in the
transgenic lines (Supplementary Materials Figure S2A).

For submergence stress, the four transgenic lines and the wildtype A. thaliana Col-0 were
grown until reaching the 10 leaf-stage and subjected to submergence stress for 3 d (Figure 4A).
While overexpression of MC-JcERFVII2 did not show any effect on the phenotype of the transgenic
lines (MC-Line3 and MC-Line5) (Figure 4A,B), it considerably improved submergence tolerance with
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respect to the wildtype, as demonstrated by the increases of dry weight after submergence (Figure 4C).
On the other hand, transgenic lines overexpressing MA-JcERFVII2 (MA-Linel and MA-Line7) showed
reduced plant growth when grown under aerobic conditions (Figure 4A,B) and decreased submergence
tolerance when compared with the wildtype (Figure 4A,C).
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Figure 4. Overexpression of wildtype JcERFVII2 confer low-oxygen tolerance. (A) Phenotype of
wildtype Arabidopsis (Col-0) Arabidopsis transgenic lines overexpressing wildtype (MC) and stable
(MA) JcERFVII2 subjected to 3 d submergence stress. (B) Dry weight of 3-week-old rosette leaves before
submergence (1 = 10). (C) Dry weight of rosette leaves after 3 d submergence (1 = 10). (D) Phenotypes
of the Arabidopsis transgenic seedlings overexpressing MA- and MC-JcERFVII2 after 3 d hypoxia and
3 d recovery. (E) Percentage of seedling survival for wildtype Arabidopsis (Col-0) and the Arabidopsis
lines overexpressing MA and MC-JcERFVII2. Data are means of triplicate experiments. Each experiment
contains 6-10 plants/genotype. Error bars represent SD. Asterisks indicate p < 0.05 (t-test).
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For low oxygen survival assay, after 3 d of 2% oxygen and 3 d of recovery under aerobic condition,
MC-Line3 and MC-Line5 showed significantly higher survival rate (63% and 60%, respectively) than that
of the wildtype (38%) (Figure 4D,E). However, MA-Linel and MA-Line7 displayed a significantly lower
survival rate (24% and 13%, respectively) (Figure 4D,E). Together, these results clearly demonstrated
that the constitutive overexpression of MC-JcERFVII2 could enhance growth and survival under low
oxygen in transgenic Arabidopsis, while that of MA-JcERFVII2 resulted in growth reduction under
aerobic conditions and poorly performed under low-oxygen stress.

2.5. Transcriptome Profiling of Transgenic Arabidopsis Overexpressing JcCERFVII2

To analysis the impact of the N-terminal modification on the molecular function of the JcERFVII2
gene, we profiled the transcriptome of transgenic Arabidopsis overexpressing MA- and MC-JcERFVII2
(MA-Linel and MC-Line3, respectively) using Col-0 as a control genotype. Two biological replicates of
total RNAs from 7 d.o. seedlings grown in aerobic conditions were isolated and subjected to RNA-seq.
RNA-seq reads were mapped to the A. thaliana TAIR10 genome. The number of reads aligned back to
each gene was obtained for differential gene expression analysis. Transcriptome analysis identified 344
and 282 differentially expressed genes (DEGs) with significant changes in gene expression as evaluated
by false discovery rate (FDR) < 0.05 from MA- or MC-JcERFVII2 overexpressing lines, respectively
(Figure 5A; Supplementary Materials Table S1). Of 282 DEGs from the MC-Line3, 29 DEGs (10%)
were upregulated, and 253 DEGs (90%) were downregulated (Supplementary Materials Table S1),
while, of 344 DEGs in the MA-Linel, 122 DEGs (35%) were upregulated, and 222 DEGs (65%) were
downregulated (Supplementary Materials Table S1). Venn’s diagram analysis revealed that 112 DEGs
were commonly found in both MA- and MC-JcERFVII2 transgenic lines, while 232 DEGs and 170 DEGs
were exclusively found in MA- and MC-JcERFVII2 transgenic lines, respectively (Figure 5A). It should be
noted that the endogenous ERFVIIs were not differentially expressed in transgenic lines overexpressing
both MA-and MC-JcERFVII2 (Supplementary Materials Table S1). To confirm that, we obtained the CPM
(count per million) expression values from our RNA-seq data. Mostly, the expression of the endogenous
ERFVII genes in transgenic lines is similar to the Col-0 (Supplementary Materials Figure S2B).

Gene ontology (GO) analysis was performed to obtain the overview of [cERFVII2 regulated genes
using an FDR cutoff of <1.00 x 10™* (Figure 5B). The results demonstrated that JcERFVII2 regulated
genes function in cellular metabolic processes and several aspects of stress responses, as observed in
the enriched GO terms derived from both MA- and MC-JcERFVII2 DEGs (Figure 5B). GO terms related
to response to stress, stimulus, chemical, and oxygen-containing compounds were enriched in the 112,
170, and 232 DEGs previously described (Figure 5B). Interestingly, 8 out of 49 core hypoxia-responsive
genes (Af2916060: hemoglobin 1 (Hb1), At3g02550: LOB domain-containing protein 41 (LBD41)), At1g43800;
Acyl carrier protein (ACP) desaturase 6 (AAD6), At5¢15120: Plant cysteine oxidase 1 (PCO1), At5¢39890:
PCO2, At4¢33070: Pyruvate decarboxylase 1 (PDC1), At2¢g17850, and At5g66985), which are universally
induced under low oxygen [31] can be found in the DEGs of MA and MC-JcERFVII2 overexpressing
lines (Supplementary Materials Table S1).

Since we observed more DEGs being upregulated in the MA-JcERFVII2 overexpressing line than
that of the MC-JcERFVII2, we carefully examined the expression of the 122 upregulated DEGs from the
MA-JcERFVII2 transgenic line (Figure 5C). Of the 122 upregulated MA-JcERFVII2 DEGs, 22 of these
were also upregulated in the MC- JcERFVII2 overexpressing line (Supplementary Materials Table S1).
The rest of them (100 genes) were not differentially expressed in the MC-JcERFVII2 overexpressing line
(Figure 5C; Supplementary Materials Table S1). A possible explanation for these results is that the
increase in JcERFVII2 protein abundance could elevate the expression of these 100 genes. GO analysis
of the upregulated DEGs from the MA-JcERFVII2 transgenic line revealed their roles in response to
multiple stresses, including hypoxia (FDR: 2.60 X 10~7), oxidative stress (FDR: 6.60 x 1077), and other
organisms (1.10 X 1076) (Figure 5D; Supplementary Materials Table S2).
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Figure 5. Overexpression of [cERFVII2 upregulates multiple stress-responsive genes in Arabidopsis.
(A) Venn diagram of differentially expressed genes (DEGs) from the Arabidopsis lines overexpressing
MA-and MC-JcERFVII2. (B) Enrichment of GO terms from DEGs of the Arabidopsis lines overexpressing
MA- and MC-JcERFVII2. Bar chart represents —log10 adjusted p-values of enrichments GO terms.
(C) Heat map represents the expression pattern of the upregulated DEGs derived from the Arabidopsis
lines overexpressing MA- and MC-JcERFVII2. (D) Selected enrichment GO terms of the upregulated
DEGs found in (C). Black bar represents —log10 adjusted p-values of enrichments GO terms. Data used
to generate this figure can be found in Supplementary Materials Tables S1 and S2.
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Based on GO enrichment results, DEGs in some specific classes demonstrated co-expression
patterns (Figure 6). Several Plant defensin (PDF) genes were upregulated in both MA- and MC-JcERFVII2
lines (Figure 6A, Supplementary Materials Table S1). Glutathione transferase and peroxidase genes
were upregulated mainly in the MA-JcERFVII2 line (Figure 6A, Supplementary Materials Table S1).
In contrast, specific genes that function in ABA and JA responses were downregulated in both MA- and
MC-JcERFVII2 transgenic lines (Figure 6B; Supplementary Materials Table S1). These results altogether
indicate that post-translational modification of JcERFVII2 protein under aerobic conditions can affect

its regulative function.
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Figure 6. Gene expression pattern of DEGs related to (A) ROS scavenging and pathogen responses
and (B) ABA and JA responses. Blue and yellow colors indicate upregulation and down regulation,
respectively. Data used to generate this figure can be found in Supplementary Materials Table S1.
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2.6. Validation of [cEERFVII2 Target Genes

For verification of the RNA-seq results, quantitative reverse-transcription polymerase chain
reaction (RT-PCR) was used to quantify 6 representative transcripts. The selected mRNAs included
three core hypoxia genes (HB1, PDC1, and PCO2), two plant defense responsive genes (PDF1.2 and
PDF1.3), and Alternative oxidase 1D (AOX1D). The analysis confirmed that levels of these mRNAs are
more induced in the MA-JcERFVII2 overexpressing line than those of the MC-JcERFVII2 and Col-0
grown in aerobic conditions (Figure 7). Furthermore, low oxygen-induced the accumulation of these
mRNAs in all genotypes; however, the mRNA accumulation in some of these genes is slightly higher
in the MA or MC-JcERFVII2 overexpressing lines (Supplementary Materials Table S2).
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Figure 7. Quantitative real-time PCR validation of transcriptome data for selected genes.
Relative expression was normalized to the abundance of UBQ10. Data represent mean =+ SE (1 = 3).

3. Discussion

This study focuses on elucidating the roles of JcERFVIIs towards waterlogging and low oxygen
response. Phylogenetic and domain architecture analyses reveal that [EERFVII1 and JcERFVII2 are
orthologs of constitutively expressed Arabidopsis ERFVII genes, RAP2.2 and RAP2.12 and RAP2.3,
respectively (Figure 1). The last member of this JcERFVII family, [cERFVII3, is an ortholog of low-oxygen
induced Arabidopsis HRE2 (Figure 1). This study reveals that the expression of JcERFVIII is highly
constitutive and remains unaffected following waterlogging, while JcERFVII2 and JcERFVII3 are
upregulated by waterlogging (Figure 2 and Supplementary Materials Figure S1). Analysis of RAP2.3
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in flooding tolerant Brassica species, Rorippa sylvestris and Rorippa amphibia, demonstrated that under
flooding, no induction of RAP2.3 was observed [12]. Altogether, these data indicate that JcERFVII2 from
waterlogging sensitive Jatropha and RAP2.3 from Brassica plants might undergo divergent evolution in
gene expression.

In the dicot model Arabidopsis, all five ERFVIIs possess conserved motif function as N-degron
that promotes the degradation of ERFVIIs via oxygen- and nitric oxide (NO) dependent N-end
rule pathway of targeted proteolysis [8,10,13,14]. Overexpression of all five Arabidopsis ERFVIIs
drastically improves low oxygen tolerance by promoting the expression of the genes involved in low
oxygen adaptation [13,14,16,20]. Intriguingly, overexpression of stable version of HRE1 and HRE2
further improved low oxygen tolerance in Arabidopsis [14], while overexpression of stable version of
RAP2.12 resulted in a reduction of plant growth in air and also decreasing submergence tolerance in
Arabidopsis [13,22]. In this study, we demonstrated that the JcERFVIIs 1-3 are targeted at the N-end
rule pathway in vitro (Figure 3), leading to a question of whether modulation of the JcERFVII2 stability
can further improve low oxygen tolerance. Transgenic Arabidopsis lines overexpressing MC-JcERFVII2
are highly tolerant of both flooding and low oxygen stress, suggesting that JcERFVII2 could function
as a low-oxygen determinant (Figure 4). In contrast, transgenic Arabidopsis lines overexpressing
MA-JcERFVII2 are highly sensitive to low oxygen stresses (Figure 4). Moreover, overexpression of
MA-JcERFVII2 yields a decrease in rosette size and dry-weight when grown in air (Figure 4A,B),
demonstrating that modulation of the JcERFVII2 stability interferes with growth and development.

In this study, transcriptome profiling reveals that modification of JcERFVII2 stability affects
transcript accumulation of multiple genes controlling cellular metabolism and stress responses
(Figure 5B). Previously, Bui et al. [32] demonstrated transcriptional activity of constitutively expressed
RAP2.2, RAP2.3 or, RAP2.12 on a set of hypoxia-responsive promoters. Papdi et al. [20] showed that
all three RAP2 genes, when overexpressed, can transactivate ADH (alcohol dehydrogenase) promoter.
In addition, Gasch et al. [33] demonstrated that overexpression of all three RAP2 genes induced
expression of ADH in transgenic Arabidopsis. Similarly, our study found that overexpression of
MA- and MC-JcERFVII2 upregulated the expression of 8 out of 49 core hypoxia-responsive genes
(Supplementary Materials Table S1). Previous studies demonstrated that ectopic expression of ERFVIIs
in transgenic plants increased tolerance to multiple abiotic stresses [8]. Some evidence suggested
that RAP2.3 functions in pathogen response and ROS detoxification. Ogawa et al. [34] showed that
tobacco BRIGHT YELLOW-2 cells overexpressing Arabidopsis RAP2.3 were more tolerant of HyO,
and heat stress. Moreover, the expression of PDF1.2 and GST6 was enhanced in the transgenic
Arabidopsis lines overexpressing RAP2.3 [34]. Furthermore, overexpression of the RAP2.3 ortholog,
CaPF1 (Capsicum annuum pathogen and freezing tolerance-related protein 1), in Virginia pine upregulated
several antioxidant enzymes including ascorbate peroxidase, glutathione reductase and superoxide
dismutase [35]. In this study, we found that overexpression of both MA- and MC-JcERFVII2 induced
the expression of several PDF genes (PDFs 1.2, 1.2b, 1.2C, and 1.3; Figure 6A; Supplementary Materials
Table S1). We also observed the upregulation of several GST and peroxidase genes in the transgenic line
overexpressing MA-JcERFVII2 (Figure 6A; Supplementary Materials Table S1). Altogether, these results
demonstrate that JcERFVII2 may involve in pathogen response and reducing ROS accumulation in
plant cells.

Our study demonstrated that overexpression of MA-JcERFVII2 interferes with growth and
development (Figure 4). Paul et al. [22] compared transgenic Arabidopsis lines overexpressing
wildtype and stabilized forms of RAP2.12 under aerobic conditions and found that the stabilized
RAP2.12 affected central metabolic processes by increasing activities of fermentative enzymes and
accumulation of fermentative products including ethanol, lactate, alanine and y-amino butyrate
(GABA), therefore resulted in decreased ATP and starch levels. In this study, GO enrichment analysis
revealed that the alpha-amino acid metabolic process was enriched in the upregulated DEGs from
MA-ERFVII2 (Figure 5D). This GO category includes genes encoding for several enzymes responsible for
glutamate and GABA synthesis (AT2G02010: glutamate decarboxylase 4 (GAD4), AT5G37600: glutamine
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synthase (GSR1); AT5G38200: Class I glutamine amidotransferase-like superfamily protein, and AT4G35630:
phosphoserine aminotransferase; Supplementary Materials Table S1), implying the possibility that the
transgenic Arabidopsis lines overexpressing MA-JcERFVII2 could face carbohydrate starvation that
leads to reduced growth and development.

In Arabidopsis, transcriptional activation of RAP2.12 can be counterbalanced by a trihelix
transcriptional factor, namely HYPOXIA RESPONSE ATTENUATOR1 (HRA1) [36]. Giuntoli et al. [36]
demonstrated that the interaction between RAP2.12 and HRA1 could enable an adaptive response to
low oxygen, required for stress survival. Interestingly, transgenic wheat constitutively expressed the
stabilized TaERFVII.1 showed no growth defect phenotype, which resulted from the upregulation of
TaSAB18.1, an ortholog of HRA1, under aerobic condition [25]. In this study, we did not observe the
upregulation of HRA1 from the transgenic Arabidopsis overexpressing both MA- and MC-JcERFVII2
grown under aerobic conditions (Supplementary Materials Table S1).

Leon et al. [37] recently showed that enhanced RAP2.3 expression reduced NO-triggered
transcriptome adjustment, and thus it functions as a brake for NO-triggered responses that included
the activation of JA and ABA signaling in Arabidopsis. In addition, Vincente et al. [38] found
that RAP2.3 enhanced abiotic stress responses by interacting with BRM, a chromatin-remodeling
ATPase, that repressed ABA responses. Gibb et al. [39] demonstrated that RAP2.3 regulated the
expression of ABSICISIC ACID INSENSITIVE5 (ABI5), a major negative regulator of germination in
seed endosperm. Interestingly, our study found that the NO-scavenger gene, HB1, was upregulated
(Supplementary Materials Table S1).  Additionally, genes involved in JA and ABA-activated
signaling and responses were mostly down-regulated in transgenic Arabidopsis overexpressing
MA and MC-JcERFVII2 (Figure 6B), suggesting [cERFVII2 could modulate NO accumulation and
hormonal response.

In summary, our study demonstrated that JcERFVII2 is an N-end rule regulated waterlogging-
responsive transcription factor that functions by modulating gene expression of cellular metabolic
and multiple stress-responsive genes, including low-oxygen, oxidative, and pathogen response.
Constitutive upregulation of fermentative and stress-responsive genes could compromise growth
and development in the transgenic Arabidopsis overexpressing the stabilized JcERFVII2. This study
highlights several possibilities for future investigation, including genetic manipulation of the JcERFVII2
gene in Jatropha to determine whether it can improve waterlogging tolerance and elucidation of the
JcERFVII2 roles in controlling physiological responses to multiple abiotic stresses in Jatropha and other
crop plants.

4. Materials and Methods

4.1. Multiple Sequence Alignment and Motif Identification

Full-length amino acid coding regions of ERFVIIs were downloaded from the Jatropha genome
database (https://www.kazusa.orjp/jatropha/) and the Arabidopsis information resource (http://www.
arabidopsis.org/). Multiple sequence alignment was performed using CLUSTALW, and then a
phylogenetic tree was built by the neighbor-joining method (Poisson correction, pairwise deletion of
gaps) using the MEGA10 software [40]. Domain analysis was performed using MEME [41] following
the models published for Arabidopsis [5].

4.2. Genetic Materials

J. curcas (cv. “Chai Nat”—a local Thai variety) and A. thaliana genotypes including the Col-0
accession and 355:MC-JcERFVII2 and 355:MA-JcERFVII2 (ectopic expression) transgenic lines were
used in this study. The genome of Col-0 has already been sequenced.

4.3. Plant Growth and Stress Condition

J. curcas seedlings were grown and waterlogged, as described in Juntawong et al. [29].
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For growth in soil, A. thaliana plants were grown in soil containing 50% (v/v) peat, 25% (v/v) perlite,
and 25% (v/v) coconut fiber with regular irrigation in a growth room at 120 umol photon m2 s71 16 h
light/8 h dark, at 23 °C. Submergence stress was performed using 10 leaf-stage plants grown in 5-cm?
pots by placing them in a plastic container completely filled with water for 3 d.

For growth in sterile culture, A. thaliana seeds were surface sterilized, stratified at 4 °C for 48 h and
plated on 0.5x solid Murashige and Skoog (MS) medium (0.215% (w/v) MS salts containing 1% (w/v)
agar, pH 5.7) in 20-mm? dishes. Growth was in a vertical orientation in a growth room. Hypoxia stress
was performed under dim light at the end of the 16-h light cycle in a sealed argon chamber. For hypoxia
stress, 98% argon and 2% oxygen mixture was passed through water and into the chamber while
ambient air was pushed out by positive pressure. Control was placed in an open chamber side by side.

4.4. Quantitative Reverse Transcription PCR

Total RNA samples were extracted using TRIzol reagents (Thermo Fisher Scientific, Waltham,
MA, USA), subjected to DNase treatment, and RNA cleanup using an RNA-mini kit (Qiagen, Hilden,
Germany). Three replicates of total RNA samples were used. One microgram of total RNAs was
used to construct cDNA using MMuLyv reverse transcriptase (Biotechrabbit, Berlin, Germany) in a
final volume of 20 pL. The cDNA was diluted five times. Quantitative-realtime PCR (qPCR) reaction
was performed according to Butsayawarapat et al. [42] using QPCR Green Master Mix (Biotechrabbit,
Berlin, Germany) on a MasterCycler RealPlex4 (Eppendorf, Hamburg, Germany). For each sample,
the PCR reaction was performed in triplicate. Each reaction contained 1 uL of diluted cDNA, 0.5 uM
of each primer and 10 uL of QPCR Green Master Mix in a final volume of 20 uL. The PCR cycle was
95 °C for 2min, followed by 45 cycles of 95 °C for 15s and 60 °C for 30 s. Amplification specificity
was validated by melt-curve analysis at the end of each PCR experiment. Relative gene expression
was calculated using the 2-8ACT method. Primers used to study Jatropha’s gene expression were
previously reported by Juntawong et al. [29]. The genes and primers used in Arabidopsis are shown in
Supplementary Materials Table S3.

4.5. Analysis of Protein Stability

To construct the plasmids used for in vitro protein stability assay, cDNAs were amplified from
J. curcas total cDNA using gene-specific primers (Supplementary Materials Table S3). The PCR
products were ligated into a modified version of the pTNT (Invitrogen, Carlsbad, CA, USA) expression
vector (pTNT-3xHA) [14]. N-terminal mutations were incorporated by modifying the forward primer
sequences accordingly (Supplementary Materials Table S3).

Forin vitro protein expression, TNT T7 Coupled Reticulocyte Lysate System (Promega, Madison, W1,
USA) and 2 pg plasmid template was used according to manufacturer’s guidelines. Where appropriate,
100 mM MG132 (Sigma, St. Louis, MO, USA) was added. Reactions were incubated at 30 °C.
Samples were taken at indicated time points before mixing with protein loading dye to terminate the
reaction. Equal amounts of each reaction were subjected to anti-HA immunoblot analysis. All blots
were checked for equal loading by Coomassie Brilliant Blue staining.

For immunoblotting, proteins resolved by SDS-PAGE were transferred to PVDF using a
MiniTrans-Blot electrophoretic transfer cell (Bio-Rad, Hercules, CA, USA). Membranes were probed
with HA-probe (Y-11) HRP (Santa Cruz, CA, USA) at a titer of 1:1000. Immunoblots were detected
using TMB (Tetramethyl Benzidine; Thermo Fisher Scientific, Waltham, MA, USA) solution (Invitrogen,
Carlsbad, CA, USA).

4.6. Generation of Transgenic Lines

To construct Ti binary plasmids for plant transformation, JcERFVII2 open reading frame
was amplified by RT-PCR from RNA extracted from roots of ]. curcas using gene-specific
primers (Supplementary Materials Table S3). The PCR product was inserted into the pCXSN
binary plasmid [43], transformed into E. coli DH5«, and selected with 50 pg mL~! kanamycin.
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N-terminal mutations were incorporated by changing the forward primer sequences accordingly
(Supplementary Materials Table S3). The pCXSN, a plant overexpression vector, provides a CaMV 355
promoter and nopaline synthase terminator sequence in a Ti binary plasmid with a hygromycin-resistant
gene. After sequence confirmation, the plasmid was electroporated into Agrobacterium tumefaciens
GV3101 and colonies selected with 50 ug mL~! kanamycin. Col-0 transformation was performed
according to Clough and Bent [44]). T1 seeds were collected, seedlings resistant to 35 pg mL ™!
hygromycin were propagated, and homozygous single insertion events were established.

4.7. RNA-Seq, Differential Gene Expression Analysis, and Gene Ontology Enrichment

Total RNA samples were extracted using TRIzol reagents (Thermo Fisher Scientific, Waltham,
MA, USA), subjected to DNase treatment, and RNA cleanup using an RNA-mini kit (Qiagen, Hilden,
Germany). Two replicates of total RNA samples were used for transcriptome analysis according
to the ENCODE recommended RNA-seq standards (https://genome.ucsc.edu/ENCODE/protocols/
dataStandards/ENCODE_RNAseq_Standards_V1.0.pdf). The integrity of the RNA samples (RIN)
was evaluated on an RNA 6000 Nano LapChiprun on Agilent2100 Bioanalyzer (Agilent Technologies,
Waldbronn, Germany). Samples with a RIN > 7 were used in RNA-seq library preparation.

For each sample, 3 ug of total RNAs were used to generate a sequencing library using an Illumina®
TruSeq™ RNA Sample Preparation Kit v2 (Illumina, San Diego, CA, USA). Paired-end, 100 bp
RNA-seq was performed on a NovaSeq6000 platform. FASTQ files were generated with the base caller
provided by the instrument. Quality control filtering and 3" end trimming were analyzed using the
FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) and Trimmomatic software [45],
respectively. The raw read files were deposited in the NCBI GEO database under the accession
numbers GSE154601.

Differential gene expression analysis was performed according to Juntawong et al. [29]. The FASTQ
files were aligned to the reference transcriptome using TopHat2 software (v2.0.13) [46]. A binary format
of sequence alignment files (BAM) was generated and used to create read count tables by the HTseq
python library (citation). Differentially-expressed genes were calculated using the edgeR program [47]
with an FDR cutoff of <0.05.

Gene ontology (GO) enrichment was analyzed using AgriGO V2.0 [48]. For visualization, REVIGO
was applied to summarize and removing redundant GO terms [49].

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/9/1068/s1,
Data S1: Nucleotide and amino acid sequences of JcERFVIIs, Figure S1: Gene expression level of JcERFVIIs 1, 2,
and 3 retrieved from the JCDB database, Figure S2: Expression analysis of JcERFVII-2 and five members of the
Arabidopsis ERFVIIs in transgenic lines. (A) semi quantitative RT-PCR analysis of JcERFVII-2 in the transgenic
Arabidopsis plants overexpressing MA- or MC-JcERFVII-2. Actin was used as a control. (B) Means of Count Per
Million (CPM) gene expression values of the Arabidopsis ERFVII genes obtained from RNA-seq experiment,
Table S1: Differentially expressed genes, Table S2: Gene ontology enrichment results. Table S3: Primers used in
this study.
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Abstract: Root oxygen deficiency that is induced by flooding (waterlogging) is a common
situation in many agricultural areas, causing considerable loss in yield and productivity.
Physiological and metabolic acclimation to hypoxia has mostly been studied on roots or whole
seedlings under full submergence. The metabolic difference between shoots and roots during
waterlogging, and how roots and shoots communicate in such a situation is much less known.
In particular, the metabolic acclimation in shoots and how this, in turn, impacts on roots
metabolism is not well documented. Here, we monitored changes in the metabolome of roots and
shoots of barrel clover (Medicago truncatula), growth, and gas-exchange, and analyzed phloem sap
exudate composition. Roots exhibited a typical response to hypoxia, such as y-aminobutyrate
and alanine accumulation, as well as a strong decline in raffinose, sucrose, hexoses, and pentoses.
Leaves exhibited a strong increase in starch, sugars, sugar derivatives, and phenolics (tyrosine,
tryptophan, phenylalanine, benzoate, ferulate), suggesting an inhibition of sugar export and
their alternative utilization by aromatic compounds production via pentose phosphates and
phosphoenolpyruvate. Accordingly, there was an enrichment in sugars and a decline in organic acids
in phloem sap exudates under waterlogging. Mass-balance calculations further suggest an increased
imbalance between loading by shoots and unloading by roots under waterlogging. Taken as a whole,
our results are consistent with the inhibition of sugar import by waterlogged roots, leading to an
increase in phloem sugar pool, which, in turn, exert negative feedback on sugar metabolism and
utilization in shoots.

Keywords: waterlogging; hypoxia; metabolomics; phloem

1. Introduction

Flooding is currently one of the most severe factors that reduces crop productivity [1,2].
It is believed that at least 10% of arable fields can be affected by flooding (FAOSTAT, www.fao.org).
As such, it concerns many cultivated species, including major crops, like wheat, and alternative
agricultural practices have to be found to overcome this problem (reviewed in Manik et al., 2019 [3]).
Flooding leads to occasional or prolonged root submergence (waterlogging). O, deprivation is the
most important biochemical factor during waterlogging [4]: in fact, when air spaces that are normally
present in soil are filled with water, root environment becomes hypoxic due to O, consumption by
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respiring roots (and microorganisms). The well-known effects of hypoxia relate to energy limitation
(i.e. reduction in respiratory ATP production due to O, shortage) and cytoplasm acidification due to a
decline in plasma membrane H*-ATPase activity as well as organic acid generation by metabolism [5].
Although prolonged hypoxia strongly impacts on growth and survival [6], occasional hypoxia
can be accommodated via the expression of so-called “core hypoxia-responsive genes” (reviewed
in Hsu & Shih, 2013, [7]). Such a genetic response leads to a re-orchestration of root primary metabolism,
including (i) the induction of ethanolic fermentation (e.g. induction of alcohol dehydrogenase and
pyruvate decarboxylase, and in soybean, an increase in enolase and phosphoglycerate kinase [8]),
(if) an increase in sucrose synthase to metabolize sugars, and (iii) the accumulation of metabolites from
alternative pathways e.g. y-aminobutyrate (GABA) and alanine [9]. Alanine accumulation is a hypoxic
biomarker metabolite (reviewed in Planchet et al., 2017, [10]) and, accordingly, a gene encoding alanine
aminotransferase has been found amongst core hypoxia-response genes [11].

Up to now, most of the studies regarding hypoxia utilize roots or whole seedlings keptin darkness in
a Np atmosphere or under submergence [12-17]. Although valuable in understanding root metabolism
during waterlogging, these studies provide limited information to delineate metabolic responses at the
whole-plant level and potential metabolic differences in other organs. In effect, roots and shoots do
not exhibit the same response to hypoxia [18-23]. Recently, Mustroph et al., 2014 [24] addressed this
question via a meta-analysis of published data that were obtained in Arabidopsis (Arabidopsis thaliana).
They found that roots respond more strongly and typically produce GABA, alanine, and lactate,
while shoots seem to have less hypoxic symptoms (but accumulate alanine), probably due to O,
generation by photosynthesis.

In adult plants (rather than seedlings) and in other species, organ-specific metabolic effects of
waterlogging are much less known. An accumulation of starch in leaves of waterlogged plants is
generally observed (reviewed in Irfan et al., 2010 [25]). Recently, detailed metabolomics analyses have
been carried outin sunflower (Helianthus annuus) and oil palm (Elaeis guineensis) [26,27]. In both species,
waterlogging leads to an increase in alanine, GABA, and polyols (glycerol, inositol, ononitol),
changes in organic acids (citrate, aconitate, maleate), and a decrease in many amino acids,
showing the limitation of catabolism (respiration) and the inhibition of the tricarboxylic acid
pathway, which, in turn, impacts on amino acid homeostasis. In leaves, waterlogging leads to
a strong increase in sugars (hexoses and polyols derived therefrom) and a decline in several
amino acids (sometimes including alanine), suggesting an inhibition of sugar export and
N assimilation [26]. In addition, there is a decline in nitrate content in leaves, much less pronounced
in roots, suggesting an inhibition of xylem nitrate transport and in fact, computations based on
5N natural abundance have shown a strong effect of waterlogging on nitrate circulation [28].
Additionally, in cotton, waterlogging causes a decline in the expression of nitrite reductase and
an increase in nitrite concentration in leaves [29]. In nodulated soybean (Glycine max),
waterlogging inhibits the transport of ureides and glutamine to the shoot via the xylem [30,31].
Taken as a whole, waterlogging has important consequences on leaf metabolism, including
N assimilation, and part of this effect is likely caused by a perturbation of metabolite exchange via
phloem (and xylem) sap. In effect, in castor bean (Ricinus communis, a species that allows facile phloem
sap sampling) under waterlogging, phloem sap flow, and conducting area have been found to decrease
while phloem sap sugar concentration slightly increases [32]. Also, in French bean (Phaseolus vulgaris)
cultivated hydroponically, 14C translocation to roots after the isotopic labelling of leaves
with C-sucrose is approximately 50% lower when roots are under anoxic conditions [33].
Similarly, when a non-metabolizable radioactive glucose analogue (*C-1-deoxyglucose) is fed to
shoots of maize seedlings, the translocation of radioactivity does not reach root tips when the root is
kept under anoxic conditions [34].

Nevertheless, in our present knowledge of systemic effects of waterlogging, uncertainty remains
as to (i) how leaf and root metabolome are coordinated, (i) whether both phloem sap composition
and transport rate are affected, and, if so, (iif) whether phloem loading or unloading (or both) is

164



Plants 2020, 9, 1373

primarily affected. Here, we used non-nodulated barrel clover (Medicago truncatula) plants and carried
out a systematic metabolic analysis using GC-MS profiling in roots, leaves, and also phloem sap
exudates at different time points after the onset of waterlogging. We also carried out gas-exchange
measurements and elemental content (C, N) determination. We used barrel clover as a model
species because of its importance as a cultivated forage crop in the Mediterranean region
and Australia, where waterlogging stress periodically occurs due to seasonal heavy rain events.
Additionally, we focused on non-nodulated plants, since the establishment of N,-fixing symbiosis
considerably modifies nitrogen metabolism (in favor of ureides, amides, etc.) and the impact of
waterlogging on Rhizobium would have had to be taken into account. Additionally, this will facilitate
the comparison with plants devoid of N-fixation in the discussion. We found metabolic changes that
are consistent with an inhibition of sugar import (unloading) by waterlogged roots, leading to an
increase in the phloem sugar pool, which, in turn, exerts a feedback on sugar export and metabolism
in leaves.

2. Results

2.1. Photosynthesis and C:N Composition

Leaf photosynthesis (net CO, assimilation) was measured under standard conditions
(380 pumol mol™ CO,, 21% O,). As expected, there was a significant negative effect of
waterlogging on photosynthesis (Figure 1a), due to lower stomatal conductance (Figure 1b).
Interestingly, this effect was not more pronounced after 21 d (as compared to 7 d) suggesting that leaf
photosynthesis partly acclimated to waterlogging conditions. By contrast, CO, evolution in darkness
was minimally affected after 7 d and was significantly lower under waterlogging after 21 d (Figure 1c).
The overall result of lower carbon assimilation was a lower dry weight (DW) in roots after 7 d and in
both roots and shoots after 21 d (Figure Sla,b). Interestingly, the relative water content was higher by
1-2% under waterlogging (Figure Slc,d), which partly compensated for the effect of waterlogging on
DW in fresh matter production.

There was no significant change in the carbon elemental content (%C), whereas nitrogen elemental
content decreased in shoots and increased (at 21 d) in roots under waterlogging (Figure 2a-d).
As a result, after 21 d, the C:N ratio increased a lot in shoots (nearly two-fold increase) and decreased
slightly (by about 25%) in roots (Figure 2e,f). Accordingly, there was a four- to 10-fold increase in starch
content and 2-fold increase in protein content (expressed in mg g~! DW) in shoots under waterlogging
(Figure 3a—c), while, in roots, both starch and proteins increased 2-fold (Figure 3b—d).

2.2. Metabolomics Pattern in Leaves and Roots

Because both C assimilation and N content were affected by waterlogging, we carried
out an in-depth analysis with metabolic profiling to identify metabolites of primary C and N
metabolism influenced by waterlogging. Metabolomics analyses were carried out on leaves and
roots that were collected over four weeks, using GC-MS. This allowed for us to identify and
quantify 123 analytes. The effect of waterlogging was analyzed using both univariate (two-way
ANOVA) and multivariate (O2PLS) analyses, where two factors were considered (time and
waterlogging). In leaves, 33 analytes were found to be significantly affected (p < 0.01) by waterlogging,
and formed two clusters (labelled 1 and 2 in Figure 4). The first cluster comprised nitrogenous
compounds (urea, spermidine, and (3-alanine) as well as threitol, which were less abundant
under waterlogging. The second cluster was made of metabolites that were more abundant
under waterlogging, mostly sugars (fructose, galactose, glucose, mannose, xylose), organic acids
(such as succinate, glutarate), aromatics (tyrosine, phenylalanine, tryptophan, ferulate), and some
amino acids (glycine, alanine, glutamine, lysine). The multivariate analysis yielded a predictive
(RZ = 0.88) and robust (Q? = 0.66) model that was highly significant (Pcy.anova = 2.4107%) and
separated control and waterlogged conditions easily (Figure 4b). When univariate and multivariate
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analyses are combined into a volcano plot, the best biomarkers of waterlogging appeared to be
tyrosine, threonolactone and galactonate (increased), and urea (decreased) (Figure 4c). Interestingly,
amongst the ratios of organic acids, the succinate-to-fumarate ratio was significantly higher under
waterlogging (Figure 4d), which suggested a specific downregulation of succinate oxidation to fumarate
in the Krebs cycle and/or fumarate generation by polyamine synthesis. Additionally, there was a
significant increase in photorespiratory intermediates (sum of serine, glycine, glycolate, and glycerate)
under waterlogging, which suggested a higher photorespiration rate. This would agree with the
lower stomatal conductance that was found by gas exchange (Figure 1b). Three metabolites had a
significant interaction (time x waterlogging) effect (Figure 4e): arginine and glutamine (which were
significantly higher only at the beginning of waterlogging), and threonolactone (which increased under
waterlogging, while it remained constant under control conditions).
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Figure 1. Leaf gas-exchange parameters: net photosynthetic CO, assimilation. (a), stomatal conductance
(b) and dark respiration (c) 7 and 21 days after the beginning of waterlogging. The zero-time point was
just before the onset of waterlogging. Non-waterlogged (control) plants are shown with open bars,
waterlogged plants with black bars. Gas exchange was carried out under 380 pmol mol~! CO, and
21% O, at 400 pmol m~2 s~ PPFD. Data are means + SE (1 = 4). Letters stand for significantly different
statistical classes (one-way ANOVA, p < 0.05 with post-hoc Tukey test). In (c), the asterisk stands for
significance (p < 0.05, Welch test) for pair-wise comparison waterlogging vs. control.
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Figure 2. Carbon and nitrogen elemental content. C concentration in shoots (a) and roots
(b) N concentration in shoots (c) and roots (d) and C:N ratio in shoots (e) and roots (f) Same legend as
in Figure 1. Data are means + SE (1 = 3).
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Figure 3. Starch and soluble protein concentrations. Starch content (in mol hexose equivalents g~!
DW) in shoots (a) and roots (b) and soluble proteins concentration (in mg g~! DW) in shoots (c) and

roots (d) 7 and 21 days after the beginning of waterlogging. Same legend as in Figure 1. Data are means
+SE (n =3).

In roots, metabolites that were significantly more abundant under waterlogging were mostly
nitrogenous compounds, including alanine and GABA, as well as glutamine, putrescine, spermidine,
and arginine (Figure 5a). Only three metabolites were found to be less abundant under waterlogging:
xylose, raffinose, and vanillate. The multivariate analysis yielded a predictive (R> = 0.88) and robust
(Q? = 0.69) model that was highly significant (Pcy.anova = 5.6-1078) and separated control and
waterlogged conditions easily (Figure 5b). When univariate and multivariate analyses were combined
into a volcano plot, the best biomarkers of waterlogging appeared to be alanine, GABA and f3-alanine
(increased) and raffinose (decreased) (Figure 5¢). Interestingly, the aminoadipate-to-lysine ratio was
significantly lower under waterlogging (Figure 4d), which suggested a specific downregulation of
lysine catabolism. By contrast, the putrescine-to-ornithine ratio was significantly higher, showing a
higher commitment to polyamine synthesis (Figure 5d).
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2.3. Phloem Sap Composition and Movement

Because photosynthesis was altered while leaf sugar content increased, we explore the possibility
that sugar transport via phloem sap was altered by waterlogging. Shoot phloem sap exudates were
collected in EDTA solution in darkness. We collected phloem sap from whole shoots, since it was not
possible to collect enough sap from individual leaves. In addition, collecting phloem sap exudated by
whole shoots is useful for performing mass-balance at the plant scale and phloem transfer calculations.
The metabolic composition was determined using both HPLC (sugars) and GC-MS (other metabolites).
It is important to keep in mind that the exudation technique allows for quantifying the amount of
metabolites of interest in the sample and, thus, to convert to a rate in nanomoles shoot ! h~1. However,
this cannot be converted into a concentration in phloem sap since the determination of the exudated
(very small) volume is not straightforward. Also, the collection of the xylem sap failed under our
conditions, including using a pressurized system (Scholander chamber).

Figure 6 shows the composition of phloem sap exudates. Unsurprisingly, sugars prevailed
in phloem sap exudates. There was a general increase in sugar exudation under waterlogging
(Figure 6a), although it was rather variable (sucrose was more abundant after 21 d under waterlogging,
with a p-value of 0.07). There was little change in the amino acid composition (Figure 6b) of exudates,
with the notable exception of glycine, proline, and alanine, which were more abundant under
waterlogging after 21 d. Amongst organic acids, fumarate, isocitrate, and malate were less abundant
under waterlogging after 21 d.

The rate of phloem translocation was estimated while using mass-balance. Assuming that carbon
transferred from shoots to roots was only made of sucrose, phloem loading and unloading rates
were calculated, accounting for sucrose consumption for growth, starch synthesis, and respiration
(Figure S2). Calculated average phloem loading rate was lower under waterlogging, in agreement
with the lower assimilation rate and lower growth (Figure 7a). The difference between the loading
by shoots and unloading by roots was always very small, in the order of 0.6 to 2% of loading;
however, there was a clear increase in this difference under waterlogging (Figure 7b,c), showing that
waterlogging inhibited phloem unloading by roots.

169



Plants 2020, 9, 1373

() J[STIAISE Uk YIIM PI[[aqe] ST juedyrudis st 3urd3oIajem pue [0IU0d U29MIq DUSIJIP A} UDTM ISpUn SUOHIPU0))

*(duojoejouoary ‘ururein|d ‘oururde) 10559 uondeIAUI dwn X JurdSorrarem JuedyTudis e aaey Je) saoqeIdA (3) (YITopM ‘1070 > d) yuedyTulIs ST [01)U0d pue

Bur33or1a1em UIMIaq DUSIAJTP A} “Yi0q 10, “(IYSLI) SajT[oqeIau [€30] UT ()eIdA[S + 91e[0d4[S + SUA[S + aurras) sajerpauriajur Arojeridsarojoyd jo (9,) a8ejuadiad
pUe (3j9]) 9JLIBWNJ-0}-9JLUIINS OLJLI DI[OqLIoU SATIR[Y (P) "BIIN UI 9SLAIDIP B puk dUISOIA) UL 9seardul Ue are Sur330[1ajem Iopun saimnjedy SURRUIWILIDSIP 359q
0M) YL “(S000°0) PIOYSIIL} TUOLIdJUOY A} S}uasaIdar aur payjop-ysep [eIUOZLIOY Y[, *(SIXe-X) SO Y} ut Surpeoy ayy pue (sixe-A) anjea-d 9y Yim (JO13U0d ‘sa
Surd3oriaem) sayrjoqeiowr SuneunuLSIp 31s9q Surmoys jo1d ouedjop () “uoneurwLsIp ajdures pood £194 ay) Sunensuowap §1JzO Aq SISA[eue djeLreAnNW A} JO
jo1d 2100G (q) *(erxodAy repun Surseardur sajrjoqejawr :pax ur pauwrerj ¢ dnoid ‘erxodAy repun Gurseardop sayrjoqelaw anjq ur paurery | dnoxd) pamqunu pue paurerj
are sdnoi8 urewr omj 97, *(UOTJR[DIIOD UOSIEdJ) O] UO SULISISN[D [edIPIRId B YIM (VAONYVY Aem-om] 100 > d) sajrjoqesour yueoyrudis Surmoys dews jeaf] (e)

‘(A[oanoadsar ‘sapeys anpq pue £a13) (erxod A1) Surd3orrarem 1o (erXOULIOU) [0I3U0D IopUN dre Jue[d Sures 3y} JO S}00I UdLM S9AERI] JO urdjjed sorwojoqeldy f aamSry

o . E
T 80 90 vo <0 0 e ve 90 80 z - z
o X ?
. - o
suiBesedse H
o o o s
& aeoe D supsds . . .
S z H
Z8 suee-ejeq @@ . 2 .
01994} 50308 ©; _— *
o e g * ot * st (3)
%OOE_;, 218|004 8 v o] -
T Se0TAR
Tas00n8 ) 5 seiniey eain 4 I mmoﬁax j
asouuews O 15508 10y sutass ™ “m
00 9 sutueTe | n
_zszm_zuﬁn_mmo . 230 T024TH S |
Juuew
sjeozuaq o Byl N | -
sjeuoaip) supkg e sutsoxds -
® ToaTuuen
P SuToATH
sresemng P o feid 4 I 1 . -I H n
fo) o s3eTnasy w [
— uvydoadAry
sutueTeTAusyd
(o] Z suTsAT
T BuoneOUOAy il ssouuew (]
o = z ssoonth
BUISOIAT = T @soonTh
ok = () et
v T esozonaz
2s030TeB
To132476 o
Toas0AThTAS 0300 TRETP
n Z suo3oeToUCaIYR
o s o s o @3ruos Iy |
i oo s3vavanth

) P " 23vozusq
R o To1304T6TAS 0300 Teh
z o / s3vuToONS _u_
s \ z 5
P 2 sutweanT!
/ & e -

.
.
)
.
23
—
=

"
N $ . endurpaienny B} pum
i, ruﬂ g Py ] urprasade 'mn
57 s | «® o ®
3 1 3 od | {
N " I ot | ol o] vl

1 .

- . : o z T HOLvY T HOlvd
o8 : . A
= e i1 0e 00 0 M\m m m
s ortssing swsangeesas © (P) {a) e ¢ §(®)

170



Plants 2020, 9, 1373

“(YPPM “T0°0 > d) 3uredyTuSrs T SUOHTPUOD 01U pue SUTdZo[Iajem Usa M)A IUBIAHIP ) “30q 104 “(IYSLr) sunyjruro-oy-sumnsannd pue (3397) sursA[-o3-ajedipeounue

:SOTJRT DI[ORIAWT ATIR[AY] (P) "dSOULTRI UT 9SBaIddP b pue (YgVD) djeidingourure-A ur asearour ue are Surd3o[rajem apun samjeaj SUneuruuLosIp 1s9q 0m3 Y],
*(S000°0) PIOYSAI} TUOLIdFUOY 3} S}UsaIdar sul] pajjop-ysep [ejUOZLIOY A, *(SIXe-X) G IO d43 Ul Surpeo] ayy pue (sixe-A) anfea-d a3 yym (Surd3o[rajem *sa [013U00)

sajI[oqeIoW SURRUTWLSIP 3599 Surmoys jo[d oued[oA (9) uoneurursIp afdures pood LA ayy Sunensuowap §1J¢0 Aq SIsATeue ajerreAnnu ay) jo 301d 2100 (q)

*(Bur83orayem 1opun Sursearour sarjoqeiow :pai ur paweyy g dnoid ‘Surd8orejem repun Surseaidap sajrjoqejou onq ur pauwrery T dnoid) parequunu pue pawej

are sdnoid urewr om) Y[, *(UOTJR[ALI0D UOSIEd ]) 3J3] UO SULIDISN[D [EIIYDIRIDNY B YIIM (VAONY AeM-0M] /PIOYSAIY) TUOLIdJUOG "3°T ‘60000 > d) Seyrjoqelaw jueoyrudis
Surmoys dew jesp] (e) *(Ajpanoadsar ‘sapeys anjq pue 4a13) suonrpuod (erxodAl) Surd8oriajem 0 (LIXOWLIOU) [01U0D IdPUN 3001 Jo Urayred sonuojoqeldy *g aimSry

€T TT 60 20 S0 €0 TO T £ SO L0 60 TT T esouTyzvl
a3eTTTURA

" SR
(o= % reorie w

ones aneiay

a . s3vucs s
asoucese

1 SRouley (@esewnoo 23012047

as0ins O savutacoTu

e Cosopered O 33%T004TH

yeydordas ssoqi O T To3TeIUR

Q-ﬂmfm@n
e TIRENS op

-pe0zu:

2
Sesooy
S, 5
uphis - EE%EE
uguwskmm«w\ .
6109 g asoomi
mw@:ﬂm " @ ouwen \

sreydsoyd-g osokp & PUHOM

auee-eiaq Q. MU0

O suuee
vavo -/

ovaty
e

(enjea-d)8of-

nme>x
aabinD

asoues O

i &
T i P2 e g osoons-- O, _Emwdzn,.ﬁsum_uw_n -
“Qeereuny s 2 @soonig
Rus|ouy aeuen O
Q Ydioong

50

o1

e

s3v0zusqhxoaphye aed
asouuru

To1324TH

23vozusq
2preanTHAx0IPAUS T~ T
23vuToons

23vavumy

s3e3aedse
s3vaeanThAx0IPAY-T
sutaas
s3vueanThoakd

vave

sutueTe-v3sq
sutohth

£ sutweanth

2 sutweanth

T sutweanth

n

< sutheavdse

sututhare

s3vouvoap

T saeydsoyd
sutissTA3e00 -0
savydsoyd-3 ssoonTh
sutuoTYRSU
sutaasoumoy
sutpruzads

T s3vuoTew
savydsoyd-¢ Toza24Th
s3vweanTh
s3eavanThox0-T
sutueTe

sutossaand
suTyaTUIC

2 savuoTew
Savustout
s3vaeanTh

a

ones aneiay

0z
sz

o0¢

+(p)

62916120

S
2
-

(e)

171



Plants 2020, 9, 1373

(F = 1) S F uedy ‘(TM) SurSSorrorem pue ([130) [01U0D USIMIDq
(YSIPM-1uspnig) 2ouedoyTuSIs [ednSe)s 10§ PUels (# /) SIOqUIAG "Pajda3ap J0U ‘pu {(2S0Ade)S “9s00seqIaa ‘@sounjer) s1edns A[Turej-asouyjer ‘G y :SUOLRIARIqqY
“(say[oqeIRW 13Y30) SIN-DD IO (s1eSns) Anpwmonpuod-DJTH Aq pasdsne sem ssjouw ur uoneipuenb 9n[osqy ;Y _100US [OWU Ul 9jel UOHepnxd
ur passardxa are symsay *(9) sproe druedio pue (q) spoe ourwe ‘(e) siedns ssaudIep ur (uonnjos yI(d ur) ayepnxa des waopyd jooys jo uonisodwo)) 9 amSig

o\ a3
AN ° > \eJ 2)
A A PN o 92 08 0 @\ (O @ @t o

m ,. o

N e N\
m.\v,w 22 25 %

0 A

A A A . A A M A ) M i O . ) o
| Sl pu =T
0 [ i a1 = I
p * # Foz
L oz #
Loy
= 3 r 0S
3 | W 2
z B
Loy
8 8
N Fog
= =,
L o9 [ ook F 0oL
L ozu m F oor
¥ t 008
08 ovh
0L0>d# .,__\M” M - spioe olueblo (2) SpIoe oujwe (q) siebns (e)
S00>d « P2 =
wop L 3

{01y —

4, J00ys jowu

172



Plants 2020, 9, 1373

a b c
o0 {2 () NG
. 1.4
f.-c 160 c © < 187 *
= e b
§ 140 4 5 124 b é 1.6 4 *
[ a a
Q [0}
1%} 1.4 1
g 120+ 3 10 l 3
Q
2w 2 g2y e
o) 1 S 0.8 X
1S I < 104
= 3 @ a
o 807 > c 2
= 8 06+ . S 0.8
fad C ©
60 o Qo
8 d g E 06
S * g 04+ =
o 40+ = O 04
E 5 g
8 204 S 021 & 02
& ﬁ *
0 : 0.0 ‘ 0.0 - e
AN A PUANREA 11 eA
\<°\ o @1 O 0 \v‘?» «;\ © \09 ©
F @ o o cp“@\og‘é o g o @\o@ og@
we N we we® we we®

Figure 7. Calculated sucrose phloem loading rate and imbalance using mass-balance between shoots
and roots: (a) average loading rate during for the two time windows considered (0 to 7 d, and 7 to 21 d)
in umol sucrose shoot™ day™'; (b) imbalance (difference between loading by shoots and unloading
by roots) in pumol sucrose plant™! day™!; (c) imbalance expressed in percentage of loaded sucrose.
Letters stand for significantly different classes in one-way ANOVA and asterisks stand for statistical
significance (Welch test) between control and waterlogging. NS, non-significant. See Supplementary
Material for calculation details.

3. Discussion

3.1. Differential Effect of Waterlogging on Leaf and Root Metabolome

It is generally accepted that there are metabolic effects of waterlogging in leaves, despite the
fact that waterlogging (as opposed to full submergence) does not lead to hypoxic conditions in
leaves. A common symptom of waterlogging is leaf starch accumulation [25], suggesting a change in
sugar export and/or in partitioning between sucrose and starch synthesis during photosynthesis.
Here, we also found a strong increase in leaf starch content, which represented up to 1.8% of
shoot DW (~1000 umol hexose equivalents g‘1 DW) (Figure 2). This effect is not caused by
an increase in photosynthesis, since waterlogging rather induces a decline in CO, assimilation
(Figure 1). Hexoses (including galactose) and polyols (glycerol, mannitol) also both increased under
waterlogging (Figure 4) and a similar effect has been found in other species [26,27]. The accumulation
of hexoses under waterlogging is likely the result of the higher activity of sucrose synthase [9,10],
which can regenerate UDP-glucose and, thus, in turn, feed galactose synthesis and metabolism
(galactose, galactonate, threonate, and galactosylglycerol are significantly increased by waterlogging).
Additionally, three metabolites of the polyamine pathway (urea, 3-alanine, and spermidine) were less
abundant, which suggested a downregulation of the entire pathway, which leads to a lower consumption
and, in turn, a transient increase in arginine (Figure 4). This strong effect on polyamine metabolism
has also been found in sunflower, including under K-deficient conditions, which normally induce
putrescine accumulation [26]. The general increase in aromatics implies an increase in the consumption
of their precursors, phosphoenolpyruvate (PEP) and erythrose 4-phosphate, likely at the expense of
both organic acid synthesis by PEP carboxylase and synthesis of erythrose derivatives, such as threitol
(effectively decreased). The rationale of all of these metabolic changes probably relates to the stimulation
of alternative pathways to consume hexoses via glycolysis, galactose metabolism, and the oxidative
pentose phosphate pathway.

173



Plants 2020, 9, 1373

There was a clear opposite effect of waterlogging on root metabolism, with less sugars
(and one aromatic compound, vanillate), and an increase in hypoxic biomarkers (alanine, GABA)
reflecting the recycling of pyruvate and 2-oxoglutarate when catabolism is inhibited by the lack
of oxygen. In fact, waterlogging is accompanied by an inhibition of the Krebs cycle for two
reasons: first, a limitation of NADH reoxidation due to low O, concentration; second, hypoxia leads
to an increase in nitric oxide (NO) production, which is a potent inhibitor of aconitase [35].
In effect, NO inhibits the second step (i.e., conversion of aconitate to isocitrate) of aconitase
catalysis [36-38]. Additionally, there was an increase in many nitrogenous compounds, including
(3-alanine, putrescine, arginine, and the non-proteinogenic amino acid ornithine (Figure 5). This suggests
that there was an increase in polyamines biosynthesis, which was perhaps associated with the
urea cycle (urea was not significantly increased in roots under our conditions). Polyamines play
a role in tolerance against abiotic stress, including hypoxia [39-41]. In addition, it has been
proposed that the involvement of amino acid metabolism and polyamines under waterlogging
could reflect an aspartate cycle [26], whereby arginine synthesis would represent a source of
fumarate (citrulline + aspartate —— arginine + fumarate), consumes reducing equivalents, and might
be degraded to NO. Aspartate may then be reformed via malate and oxaloacetate (last steps of the
Krebs cycle) or via the action of PEP carboxylase.

Interestingly, despite the general depletion in sugars and the high requirement to sustain
substrate-level ATP synthesis (anaerobic glycolysis), waterlogged roots contained more starch (Figure 3),
which suggested an inhibition of starch breakdown. This phenomenon is probably the result of the
limitation in ATP generation and the utilization of glucose 6-phosphate for catabolism at the expense
of phosphotransfer to glucose 1-phosphate and then starch non-reducing ends.

3.2. Phloem Composition and Translocation under Waterlogging

The opposite situation that is associated with sugar content in leaves and roots suggests
that the inhibition of sugar translocation via the phloem is a major driver of metabolic changes.
Our analysis of exudate composition shows that sugar—in particular sucrose—was more abundant
under waterlogging. This effect could have come from a higher sugar concentration in sap and/or a
higher sap flow. It is rather unlikely that sap flow was larger, since waterlogging is generally associated
with lower stem capacitance (hydraulic conductance) and low stomatal conductance (Figure 1),
which, in principle, inhibits both xylem and phloem sap flow. In waterlogged castor bean plants,
phloem sap flow (bleeding rate) has been found to be lower while sugar concentration was slightly
higher [32]. In Eucalyptus, waterlogging leads to a decrease in sucrose, but a strong increase in raffinose
in phloem sap [42]. Thus, it appears more likely that the sucrose concentration in phloem sap was
higher under waterlogging, and this was caused by an inhibition of translocation. Our mass-balance
calculation further supports this hypothesis, with a higher relative imbalance (loading rate minus
unloading rate) under waterlogging (Figure 7). This also agrees with the known depressing effect of
hypoxia or anoxia on sugar import by sink organs, while source leaves and stems show little change in
export and transfer rate, respectively (see Introduction and the review in Geiger & Sovonick, 1975, [43]).

In principle, the effect of waterlogging on phloem unloading by roots must also alter metabolites
other than sugars. Here, we found that phloem exudates contained amino acids (with glutamate being
the most represented) and organic acids (mostly citrate and malate). The general increase in amino acids
under waterlogging (significant for alanine, proline, and glycine) not only reflects the lower consumption
by roots, but also likely, the higher production by leaves (Figure 4). The cause for the lower content
in organic acids is presently unclear, since malate and citrate in particular are not significantly
less abundant in leaf tissue (Figure 4). Waterlogging has consequences on inorganic anions and
cations, with a well-known inhibition of nitrate absorption and translocation to shoots via the
xylem. Because nitrate is a major counter-anion that is associated with potassium, it is possible
that, under our conditions, waterlogging caused a decrease in cation (K*, Ca®*, Na*) content in
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phloem sap, and this was compensated for by lower organic acid content. In waterlogged Eucalyptus,
there is a decrease in both Na* and Ca?* in phloem sap [42].

3.3. Conclusions and Perspectives

Taken as a whole, our results show that roots and leaves have distinct metabolic responses,
not only driven by the effect of oxygen shortage (in roots), but also by the side effect of root hypoxia on
sap homeostasis. In particular, our metabolomics data suggest that the decline in unloading efficiency
in roots alters sugar translocation, and this exerts a feedback on leaf metabolism so as to redirect sugars
to other metabolic pathways. Of course, our present data are limited by the present technology and
further work would be needed to provide a full characterization of phloem and xylem composition
and flow rate. This would be useful to better appreciate the impact of waterlogging on metabolite
circulation. For example, the enhancement of polyamine metabolism in roots and its repression in
shoots could be associated with a change in polyamine circulation in both xylem and phloem saps.
The exchange of metabolites between roots and other compartments is important, because it could
reflect a strategy to export redox power when oxygen limitation that is caused by waterlogging impedes
NADH reoxidation in roots. Solving metabolite circulation would require not only metabolomics
analyses, but also multiple isotopic tracing, as well as proteomics analyses to identify key enzymes
that are up-regulated by waterlogging in an organ-specific manner. This will be addressed in a
subsequent study.

4. Materials and Methods

4.1. Plant Material and Growing Conditions

Barrel clover Medicago truncatula (line Al7) were grown in pots on neutral substrate and
watered each other day with % Murashige and Skoog (MS) nutrient solution. The plants were
randomly distributed in the growth chamber. Growth conditions were: constant temperature
22 + 0.2 °C, relative humidity of 70 + 2 %, long days (16:8 hours light/dark). Three weeks after
germination, young plants were subdivided into a set of control plants and one set of plants subjected
to waterlogging. Waterlogging was done by filling pots with the nutrient solution. The nutrient
solution was replaced every 72 h (with degassed solution). The establishment of hypoxia was checked
by measuring dissolved O, content in the pots while using an electrochemical oxygen meter (GMH
3630, Greisinger, Regenstauf, Germany). The control plants were watered with the 1/2 MS nutrient
solution. Plants were harvested at the onset of waterlogging treatment (time 0) and after seven and
21 days.

4.2. Biomass and C and N Elemental Content

At each sampling time, six control and waterlogged plants were harvested. The roots and shoots
were collected separately, weighted, frozen in liquid nitrogen, and then stored at —80 °C before further
experiments. The plant material was then freeze-dried and grounded in order to obtain a homogeneous
fine powder. A sub-sample of 4 mg was used to determine the total nitrogen and carbon content using
an elemental analyzer (Thermoquest FlashEA1112®, Thermo Fisher Scientific, Waltham, MA, USA).

4.3. Gas Exchange Measurements

The measurement of net photosynthetic assimilation, stomatal conductance, and respiration rates
was carried out on four intact plants while using a gas exchange open system Li-Cor 6400 xf with the
2 cm? fluorescence chamber (Li-Cor, Austin, TX, USA). Net photosynthesis and stomatal conductance
were measured under typical conditions (380 pumol mol~! CO,, 21% O,, 22 °C, 400 pmol-m~2s~1
PAR, 10% blue). Dark respiration was measured under the same gaseous conditions after 30 min.
dark acclimation.
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4.4. Determination of Starch and Soluble Protein Concentrations

Soluble proteins were extracted from 50 mg frozen plant tissue. Samples were ground to a fine
powder, extracted with 2 mL of 100 mM sodium phosphate buffer (pH 7.4) at 4 °C, vortexed three times
for 30 s, and then centrifuged at 10,000 g for 20 min. at 4 °C, and the supernatant was collected.
Soluble proteins were analyzed in the supernatant with a commercially available kit (Coomassie Protein
assay reagent; Bio-Rad, Les Ulis, France) while using bovine serum albumin as a standard. Starch was
extracted from 15 mg frozen-dried (lyophilized) plant tissue ground to a fine powder. The samples
were depigmented with 1 mL of 80% ethanol and then centrifuged at 10,000 g for 20 min. at4 °C.
Starch was extracted from the pellet by adding 0.2 U of a-amyloglucosidase (Sigma Chemical Co.,
St. Louis, MO, USA) and 40 U of x-amylase (Sigma Chemical Co., St. Louis, USA) in 20 mM sodium
acetate buffer (pH 5.1). Starch was quantified in glucose equivalents determined spectrophotometrically
(hexokinase-glucose 6-phosphate dehydrogenase assay).

4.5. Phloem Sap Exudation

Shoot phloem exudates were collected over a period of 2 h. The shoots were sectioned at the
collar, recut in a Petri dish filled with exudation buffer (5 mM EDTA, pH 6.0), and then immersed
in 500 pL of the same buffer. To avoid transpiration, the shoots were placed in dark under very
high hygrometry (100% RH). Three biological replicates were used for each point and each nutrition
treatment. The exudates were stored at —80 °C until metabolic analysis.

4.6. Metabolomics Analyses

Gas chromatography coupled to mass spectrometry (GC-MS) analyses were carried out as in
Cui et al., 2019 [26,27]. We used 80% methanol extracts that were derivatized with methoxamine and
N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) in pyridine. Ribitol was used as an internal
standard. Two batches of samples were used for metabolomics, which corresponded to two sets of
plant cultivation. The use of two batches for metabolomics was decided to ensure that statistical
analysis of metabolomics data (with many variables) account for intra-group variability and a decrease
the likelihood of false discoveries upon multiple univariate analysis.

4.7. Statistics

Physiological variables (photosynthesis, respiration, etc.; Figures 1-3) were examined using
univariate analysis (one-way or two-way ANOVA, followed by Tukey post-hoc test, and pair-wise
comparison with Welch tests, as specified in figure legends). The number of replicates
(3 to 5) is indicated in figure legends.

Metabolomics data were analyzed using both univariate and multivariate statistics. Supervised
multivariate analysis was performed with orthogonal projection on latent structure (O2PLS) with
Simca 13 (Umetrics, Umea, Sweden), using waterlogging and developmental time as predicted Y
variables, and metabolites (UV-scaled) as predicting X variables. We first verified the absence of
statistical outliers with principal component analysis (PCA, also done using Simca 13, with UV-scaled
metabolite contents as variables), where no data point was outside the 99% confidence Hotelling
region. The performance of the multivariate model was assessed while using the determination
coefficient R? and the predictive power was quantified by the cross-validated determination coefficient,
Q2. The significance of the statistical O2PLS model was tested using a x? comparison with a random
model (average + random error), and the associated p-value (Pcy.anova) is reported. The best marker
metabolites were visualized with volcano plots, where the logarithm of the p-value that was obtained
in univariate analysis (two-way ANOVA) was plotted against the rescaled loading (pcorr) obtained in
O2PLS. In such a representation, the best biomarkers have both maximal —log(P) and pcorr values.
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4.8. Mass-Balance Calculation of Phloem Loading and Imbalance

Carbon exchange between shoots and roots via the phloem is simplified using a three-compartment
model (Figure S2a), where only sucrose is considered. By mass-balance, assimilated carbon is partitioned
to net starch synthesis (positive when starch is synthesized; negative when it is degraded), respiration,
growth, and export (loading). Similarly, root imported carbon (unloading) is partitioned to respiration,
growth, and net starch synthesis. Growth was calculated using the biomass increment (Figure S1) and
expressed in sucrose equivalents using %C (Figure 2). Respiration was estimated using the respiration
rate that was measured in leaves (Figure 1), converted to a dry mass basis, and rescaled to the total
biomass of the organ considered. Starch content was measured directly (Figure 2). When rates are
expressed in umol sucrose shoot™! d~, the mass-balance applied to the shoot sucrose total pool (S) is
so that:

dS;

o = A R-Gimes=C (1)

Because the total sucrose pool equals the average concentration (ws, umoles per g DW) times
biomass (B, in g DW), we have S; = Bsws. Assuming that variations in ws are small as compared to
biomass increase (i.e. The order of magnitude of sucrose concentration does not change dramatically),
we have:

dss dBs

W ~ a’sE = ws&Gs ()

where ¢ is the conversion factor of growth (Gs) from dry mass to pmoles sucrose (0.00036 g DW pmol !
sucrose). Combining (1) and (2) gives:

C:A_RS_GS‘(l‘i’éws)_Us 3)

Similarly, for roots, we obtain:
D = Rr+Gr‘(1+éwr)+0-r (4)

where w; is sucrose concentration in roots.

The phloem imbalance (denoted as i) is then given by the difference between loading and
unloading, i = C — D. By definition, this imbalance represents the incremental change in total phloem
sucrose pool (Sp, in pmol phloem sucrose plant™!) with time, which is:

ds,

= =i=C-D ®)

When this difference is positive, Sp increases. This is the general case, since the plant
size increases and so must be total phloem volume. Nevertheless, because S, = Vj,wp
(where V), is total phloem volume and w, phloem sucrose concentration) and V), is not readily accessible,
Sp cannot be converted into a concentration. Computations indicate that Sy, is within 1 and 10 umol
plant™!. For example, if we assume that V, is about 2.5% of total plant volume, it means an average
concentration @, of 40 mM (14 mg mL™!) in phloem sap, which is a realistic value. In Figure 7,
the imbalance was also expressed in percentage (denoted as p) of sucrose loading, as follows:

P=c ©®)
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Abstract: Submergence is a severe form of stress for most plants. Lotus japonicus is a model legume
with potential use in assisting breeding programs of closely related forage Lotus species. Twelve
L. japonicus genotypes (10 recombinant inbred lines (RILs) and 2 parental accessions) with different
constitutive shoot to root dry mass ratios (S:R) were subjected to 7 days of submergence in clear
water and allowed to recover for two weeks post-submergence; a set of non-submerged plants
served as controls. Relative growth rate (RGR) was used to indicate the recovery ability of the
plants. Leaf relative water content (RWC), stomatal conductance (gs), greenness of basal and apical
leaves, and chlorophyll fluorescence (Fv/Fm, as a measure of photoinhibition) were monitored during
recovery, and relationships among these variables and RGR were explored across genotypes. The main
results showed (i) variation in recovery ability (RGR) from short-term complete submergence among
genotypes, (ii) a trade-off between growth during vs. after the stress indicated by a negative correlation
between RGR during submergence and RGR post-submergence, (iii) an inverse relationship between
RGR during recovery and S:R upon de-submergence, (iv) positive relationships between RGR at
early recovery and RWC and g5, which were negatively related to S:R, suggesting this parameter as
a good estimator of plant water balance post-submergence, (v) chlorophyll retention allowed fast
recovery as revealed by the positive relationship between greenness of basal and apical leaves and
RGR during the first recovery week, and (vi) full repair of the submergence-damaged photosynthetic
apparatus occurred more slowly (second recovery week) than full recovery of plant water relations.
The inclusion of these traits contributing to submergence recovery in L. japonicus should be considered
to speed up the breeding process of the closely related forage Lotus spp. used in current agriculture.

Keywords: post-submergence recovery; legumes; plant water relations; shoot to root ratio;
Lotus japonicus; leaf greenness; leaf desiccation; stomatal conductance

1. Introduction

As a result of the effects of climate change, an increase in the frequency and intensity of flooding
events is expected to occur in the coming years [1]. A higher intensity of flooding can easily lead
to plant submergence. Complete submergence denotes a condition where floodwaters increase to
a level where plant shoots remain fully underwater; it is one of the most stressful scenarios that
plants confront in prone-to-flood environments [2]. This situation drastically decreases the direct
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exchange of gases between the plant and the atmosphere, resulting in reduced O, and CO; levels [3].
Moreover, complete submergence often reduces the irradiance for photosynthesis depending on
the water depth and turbidity. Two plant strategies have been recognized in plant submergence
responses: (i) the “escape strategy” and (ii) the ”quiescent’ strategy” [4-6]. The first one involves shoot
elongation to restore leaf contact with the atmosphere and offers plants a better chance to survive
under shallow long-term submergence (>1 week). The ”"quiescent” strategy is based on maintaining
steady energy conservation without shoot elongation and it is usually adopted to cope with deep
short-term submergence (<1 week), given that shoot emergence represents a high energy cost that
could compromise subsequent plant recovery [3,7]. Thus, in scenarios of short, deep submergence with
low CO, and/or low light, plants rarely grow, but instead aim just to survive until the water recedes
and later resume growth. Additionally, intraspecific variability between the escape and quiescent
strategies has been found in rice [4]. The resumption of vigorous growth after experiencing complete
submergence indicates the recovery ability of the species/genotype/accession [8]. Plant responses
during submergence have been extensively studied and documented [4,9-12], while plant responses
after water recession (i.e. recovery phase) have seldom been reported (but see [13,14] for Arabidopsis
thaliana). This study aims at identifying eco-physiological traits facilitating plant recovery after
complete submergence.

Forage legumes are important components of pastures and natural grasslands. The Lotus genus
includes more than 180 species distributed worldwide [15,16], and it is used to improve pastures
in stressful environments, where traditional forage legumes, such as lucerne or red clover, fail to
grow or survive [17]. Lotus corniculatus, L. pedunculatus, and L. tenuis have been domesticated and
improved through breeding for possessing some degree of tolerance to soil waterlogging, with L. tenuis
being the most tolerant to root oxygen deficiency [6,18,19]. A few years ago, L. japonicus, which is
taxonomically closely related to these forage species [20], arose as a model for legumes because it is a
small plant with short generation time, easy cultivation, and it is amenable to transformation. So, a set
of genetic resources was developed, including ecotypes, mutant lines, and recombinant inbred lines
(RILs) [21,22]. Previous studies showed that adult plants of this species could tolerate three weeks of
waterlogging [23] and up to 12 days of submergence at the seedling stage [6]. So, the characterization
of L. japonicus responses to submergence and its post-submergence recovery can help support plans
intended for the improvement of submergence tolerance of the closely related forage Lotus species.

Relevant traits for the recovery of plants from water submergence have scarcely been identified.
It is perceived that plant water status is critical to facilitate fast recovery, particularly considering that a
diminished and/or damaged root system due to submergence cannot necessarily cope with the water
uptake needed to meet shoot transpiration when re-exposed to atmospheric air upon de-submergence
([24] for the grass Chloris gayana). In rice cv. IR42, the intolerance to complete submergence is caused
by desiccation of leaves (i.e., decreased hydraulic conductivity in the leaf sheath) after de-submergence,
which occurs rapidly, provoking wilting and death of the plants [25]. In this regard, shoot to root dry
mass ratio upon de-submergence might be roughly related to water balance (i.e., transpiration by the
shoot/water uptake by roots) and might influence plant recovery. Carbon assimilation after submergence
can also positively impact plant recovery. Pioneer works [26,27] showed that the ability to resume
growth after 20 days of submergence in the forb Alternanthera philoxeroides and the grass Hemarthria
altissima resulted from rapid leaf growth and recovery of functionality of the photosynthetic apparatus.
In two contrasting accessions for submergence tolerance of Arabidopsis thaliana (Bay-0-sensitive vs.
Lp2-tolerant), it was shown that quick stomatal aperture, higher chlorophyll retention, and leaf water
turgor maintenance were key factors for the tolerant accession to sustain a fast recovery following the
removal of the stress [13], these traits also provide a detailed recovery-signaling network for enhanced
flooding tolerance in Arabidopsis. In this study, we selected 10 RILs of L. japonicus (plus both parents)
with differential constitutive shoot to root dry mass ratios (S:R) from [23] with the objective to assess leaf
water status, stomatal conductance, dark-adapted chlorophyll fluorescence of photosystem II (Fv/Fm),
and greenness of basal and apical leaves (as a surrogate to infer N status) and explore how these
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variables correlate with plant growth resumption (i.e., plant RGR: relative growth rate). We investigated
these plant responses and relationships during the first and the second week after de-submergence
to unveil traits that aid in early and late recovery. We hypothesized that there is variation among
genotypes (i.e., RILs) of Lotus japonicus in their ability to recover from complete submergence associated
with differences in the S:R ratio, plant water status, and leaf greenness. We expected that genotypes
with low S:R present quick recovery of leaf water status, stomatal conductance, and high retention of
leaf chlorophyll during the early recovery and, therefore, show high plant RGR post-submergence.

2. Results

2.1. Plant Growth during Submergence

All genotypes (parents MG-20, Gifu, and 10 RILs) showed positive relative growth rates (RGR)
during the first week of the experiment when under control conditions (Figure 1a). In contrast,
9 out of 12 genotypes (including the parent MG20) showed negative RGR during the one-week
submergence, indicating the inability to accumulate biomass underwater and loss of tissues due to
the stress (Figure 1a); Gifu and RILs 6 and 47 presented slight but positive values for RGR. In all
cases/genotypes, plants were not able to emerge from the water, so the registered growth responses
corresponded to plants that remained underwater for the whole week. Plant dry mass values from
which RGR’s were calculated are available in Table S1.

(a) o020
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o @ 005
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Figure 1. (a) Plantrelative growth rate (RGR, g g-1 d-1) of 12 genotypes of Lotus japonicus (10 recombinant
inbred lines and their parents Gifu and MG20) subjected to control and submergence in clear water for
one week. (b) Shoot to root dry mass ratio (S:R) after the first week of the experiment both at control
and de-submergence. The least significative difference (LSD) for the genotype X treatment interaction
is shown in (a) (LSD RGR = 0.065) and (b) (LSD S:R = 3.7). Values are means * standard errors of
6-8 replicates.
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Shoot to root dry mass ratio (S:R) of the selected RILs and their parents under control conditions
ranged from 2.7 to 13.5 (with a median of 5; Figure 1b), which was wide enough to explore the
relationship of this variable with plant recovery from submergence as one of our main objectives.
Importantly, differences in S:R ratio among genotypes were constitutive and not related to plant size,
as there was no significant relationships between plant dry mass and S:R (> = 0.34; p = 0.23). Four out
of 12 genotypes, RILs 6, 47, 80, and Gifu, increased the S:R in response to complete submergence, while
the other three genotypes, RILs 18, 30 and 189, decreased the S:R (Figure 1b). Interestingly, three out of
the four genotypes that increased the S:R also showed positive RGR during submergence (RILs 6 and
47, and Gifu).

2.2. Plant Recovery from Submergence

To assess plant recovery, we used plant relative growth rate after de-submergence as an indicator
of the ability of the different genotypes to resume growth. RGR values for the first week of recovery
were used to infer capacity for an ‘early recovery” and RGR values of the second week to infer ‘late
recovery’ responses. In this context, we analyzed how the ability to grow after submergence during
these periods (i.e., RGR) correlated across genotypes with several parameters of interest such as (i) RGR
during the submergence week per se, (ii) shoot to root dry mass ratio at de-submergence, (iii) leaf
relative water content, (iv) stomatal conductance, (v) chlorophyll fluorescence of dark-adapted leaves
(Fv/Fm), and (vi) greenness in basal, apical, and new leaves that appeared during the early and late
weeks of recovery.

RGR during the first week after submergence (i.e., early recovery) was inversely related to RGR
during submergence across genotypes (Figure 2a). During the second week (i.e., late recovery),
there was a trend (p = 0.07) towards maintenance of a negative relationship between the RGR during
submergence and the RGR in the recovery (Figure 2b). So, in general, the genotypes that showed
positive RGR during submergence were the poorest performers in terms of RGR during recovery phases
(e.g., RILs 6 and 47, and Gifu). In the case of plants growing under control conditions, RGR during the
first or second week of recovery (i.e., 2nd and 3rd weeks of the experiment, respectively) were not
related to the RGR of these genotypes during the first week of the experiment (p > 0.29 in both cases;
Figure 2¢,d).
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Figure 2. Plant relative growth rate (RGR) during ‘early’ and ‘late’ recovery vs. RGR during the first
experimental week for one-week submergence (a,b) and control (c,d) treatments of 12 genotypes of
Lotus japonicus (10 recombinant inbred lines and their parents Gifu and MG20). The first week after
de-submergence was used to explore the relationship between these variables in an ‘early recovery’
phase (a,c) and the second week in a ‘late recovery’ phase (b,d). Values are means + standard errors of
6-8 replicates.

Shoot to root dry mass ratio (S:R) of submerged plants as an estimator for the potential of
transpiration/water uptake under drained conditions showed a negative relationship with RGR during
the first week of recovery across genotypes for plants coming from a week of submergence. This means
that genotypes with low SiR (e.g., RILs 18, 30, 189) consistently displayed higher RGR during the early
recovery (Figure 3a). Even though this negative relation between RGR and S:R persisted during the
late recovery (2nd week after submergence), the fitting was weaker than during the early recovery
(compare adjustment parameters in Figure 3a vs. Figure 3b). The genotype MG20 was not included
in the regressions mentioned above as its S:R was extremely high and was therefore considered an
outlier (i.e., S:SRmc20 > S:Raverage + 3 standard error). Under control conditions, there was no relation
between RGR and S:R ratio either for the 2nd or the 3rd weeks of the experiment (p > 0.8 in both cases;
Figure 3c,d).
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Figure 3. Plant relative growth rate (RGR) during ‘early” and ‘late” recovery vs. shoot to root dry
mass ratio at the end of the first experimental week for one week of submergence (a,b) and control
(c,d) treatments of 12 genotypes of Lotus japonicus (10 recombinant inbred lines and their parents
Gifu and MG20). The first week after de-submergence was used to explore the relationship between
these variables in an ‘early recovery’ phase (a,c) and the second week in a ‘late recovery’ phase (b,d).
The MG20 genotype was considered an outlier and was not included in the regression parameters
shown in (a) and (b); however, if included, parameters were 2 =0.34, Fq,10 =5.33, and p = 0.043 and
12 =0.63, Fy 19 = 17.50, and p = 0.0019, respectively. Values are means + standard errors of 6-8 replicates.

2.3. Leaf Physiological Variables Related to Plant Recovery

Leaf relative water content (leaf RWC), which reflects the balance between water supply to leaf
tissue and transpiration rate, showed a positive relationship with RGR of plants upon de-submergence
across genotypes during the first week of recovery (Figure 4). This positive relationship, where a higher
RWC of the top-most fully expanded leaves corresponded to higher RGR, was true when correlating
RGR of the first recovery week with leaf RWC at 2 and 7 days after de-submergence (Figure 4a,b). After
ten days of de-submergence most genotypes fully recovered the values of leaf water status, except for
RILs 6 and 47 and Gifu (Figure 4c). At the end of the second week of recovery (day 14), all genotypes
showed high leaf RWC (Figure 4d), which resulted in similar values to those shown by control plants

Shoot/root of control plants

Shoot/root of control plants

throughout the experiment (leaf RWC ranged from 89.2% to 92.1%; see Table S2).
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Figure 4. Plant relative growth rate (RGR) during ‘early’ and ‘late’ recovery vs. relative water content
(RWC, %) on the top-most fully expanded leaves at days 2, 7, 10, and 14 after de-submergence for
plants of 12 genotypes of Lotus japonicus (10 recombinant inbred lines and their parents Gifu and MG20).
The first week after de-submergence was used to explore the relationship between these variables in an
‘early recovery’ phase (a,b) and the second week in a ‘late recovery’ phase (c,d). Values are means +
standard errors (n = 6-8 for RGR and n = 5 for leaf RWC). The leaf RWC values corresponding to the
control treatment ranged between 89.2% and 92.4% (all data for each genotype and measurement dates
are available in Table S2).

Stomatal conductance (gs) estimates the rate of gas exchange (uptake of CO, favoring
photosynthesis) and transpiration (loss of water) through the leaf stomata as determined by the
degree of stomatal aperture, which is in turn related to the leaf water status. For this reason, a similar
response pattern of gs and leaf RWC was not unexpected (Figure 5). In this regard, we found a positive
relationship between the RGR of plants upon de-submergence across genotypes and g on the top-most
fully expanded leaves during the first week of recovery (Figure 5). This relationship, where higher g
values paralleled higher RGRs, was significant when correlating RGR of the first recovery-week with
gs values at 2 and 7 days after de-submergence (Figure 4a,b). Nevertheless, it should be noticed that
after reaching one week after de-submergence (day 7), values of g5 were increasing and were close to
full recovery (compared to controls; see Table S3), with the exception of genotypes RILs 6 and 47 and
Gifu, which remained with the lowest values for this parameter (Figure 5b). At 10 and 14 days after
de-submergence (second recovery week), all genotypes presented similar values for gs as those of the
controls for all genotypes (Figure 4c,d). Measured values in control plants of these genotypes through
the experiment ranged between 187 and 208 mmoles m~2 s~! (Table S3).
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Figure 5. Plant relative growth rate (RGR) during ‘early’ and ‘late’ recovery vs. stomatal conductance
(gs, mmol m~2s71) on the top-most fully expanded leaves at days 2, 7, 10, and 14 after de-submergence
for plants of 12 genotypes of Lotus japonicus (10 recombinant inbred lines and their parents Gifu and
MG20). The first week after de-submergence was used to explore the relationship between these
variables in an ‘early recovery’ phase (a,b) and the second week in a ‘late recovery’ phase (c,d). Values
are means =+ standard errors (n = 6-8 for RGR and n = 5 for gs). The stomatal conductance values
corresponding to the control treatment ranged between 187.2 and 208.8 mmol m~2 s~ (all data for each

Stomatal conductance-g ¢ (mmol m=2gh

Stomatal conductance-g ¢ (mmol m 5'1)

genotype and measurement dates are available in Table S3).

A decrease in chlorophyll fluorescence of dark-adapted leaves (Fv/Fm) below 0.8 is considered
as an indicator of photoinhibition, particularly related to damage to Photosystem II. Interestingly,
plants of all genotypes showed low (and similar) values for Fv/Fm (from 0.55 to 0.59) on the top-most
fully expanded leaves when measured two days after de-submergence, and no relation with plant
RGR during the first recovery week was found across genotypes (Figure 6a). After one week of
recovery, Fv/Fm was positively correlated to RGR across genotypes with the poorest performers, namely
RILs 6 and 47 and Gifu, still presenting low values indicative of photodamage. During the second
recovery week, the possible measurement was made at 11 days after de-submergence, and values for
all genotypes showed full recovery for this parameter without differences with their corresponding
controls (Table S4). In the case of control plants, the registered values through the experiment ranged

between 0.803 and 0.816, considering all genotypes (Table S4).
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Figure 6. Plant relative growth rate (RGR) during ‘early’ and ‘late’ recovery vs. chlorophyll fluorescence
on the top-most fully expanded dark-adapted leaves (Fv/Fm) at days 2, 7, and 11 after de-submergence
for plants of 12 genotypes of Lotus japonicus (10 recombinant inbred lines and their parents Gifu and
MG20). The first week after de-submergence was used to explore the relationship between these
variables in an ‘early recovery’ phase (a,b) and the second week in a ‘late recovery’ phase (c). Values are
means =+ standard errors (n = 6-8 for RGR and n = 5 for Fv/Fm). The Fv/Fm values corresponding to
the control treatment ranged between 0.803 and 0.816 (all data for each genotype and measurement
dates are available in Table S4).

Leaf greenness monitoring throughout the experiment after de-submergence in basal and apical
positions allows for the estimation of the nitrogen status of leaves, which is in general related to
the potential for photosynthesis and, in the case of basal leaves, it allows us to infer senescence and
nitrogen remobilization. We found that one week of submergence determined lower greenness values
in both basal and apical leaves when compared to controls (see values in Figure 7a,b vs. Table S5).
In turn, RGR during the first recovery week was positively related to greenness of both basal and
apical leaves across genotypes, both at 2 and 7 days after de-submergence. This means that genotypes
that retained more chlorophyll (RILS 18, 30, and 189) showed steadily higher growth (Figure 7a,b).
During the second week of recovery, there was no clear relationship between plant RGR and leaf
greenness. However, it was noticeable that poor performer genotypes, RILs 6 and 47 and Gifu, showed
consistently lower greenness for both basal and apical leaves, without achieving the same full recovery
that was reached by the other genotypes (Figure 7c,d).
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Figure 7. Plant relative growth rate (RGR) during ‘early’ and ‘late’ recovery vs. greenness (SPAD units)
of basal and apical fully expanded leaves at days 2, 7, 10, and 14 after de-submergence for plants of 12
genotypes of Lotus japonicus (10 recombinant inbred lines and their parents Gifu and MG20). The first
week after de-submergence was used to explore the relationship between these variables in an ‘early
recovery’ phase (a,b) and the second week in a ‘late recovery’ phase (c,d). Values are means + standard
errors (n = 6-8 for RGR and n = 5 for greenness). The leaf greenness values corresponding to the control
treatment ranged between 33.6 and 37.6 SPAD units for basal leaves and 33.6 and 37.6 SPAD units for
apical young fully expanded leaves (all data for each genotype and measurement dates are available in
Table S5).

2.4. Correlations among Traits Aiding Plant Recovery following Submergence

We explored potential correlations among morphophysiological traits associated with RGR of
submerged plants as indicative of their recovery ability (Table 1). S:R was negatively correlated to leaf
relative water content (—=0.78 < r > —0.69) and stomatal conductance (r = —0.62) during the first week of
recovery, meaning that genotypes with high S:R showed poor leaf water status and less open stomata.
Moreover, leaf relative water content was positively associated to stomatal conductance (0.73 > r <
0.94), Fv/Fm (0.80 > r < 0.85), and greenness of both basal (0.60 > r < 0.86) and apical leaves (0.68 > r <
0.92). Stomatal conductance correlated in a positive way with Fv/Fm (0.93 > r < 0.95) and leaf greenness
(0.79 > r < 0.95). Fv/Fm was positively related to greenness (0.86 > r < 0.95) at all leaf positions (basal
and apical). The greenness of basal leaves was positively correlated with that of apical leaves (0.75 > r
< 0.91), meaning that that retention of more chlorophyll upon de-submergence occurred both in young
and adult leaves.
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3. Discussion

This research makes five major contributions to the current knowledge of plant recovery from
complete submergence by proving the following: First, the existence of variation in the ability to
recover from complete submergence in genotypes of Lotus japonicus selected for having different shoot
to root dry mass ratio [23]. Second, an evident trade-off between growing during the submergence
period and the ability to recover indicated by the negative correlation of the RGRs for each period
(submergence vs. recovery) across genotypes. Third, the relationship between RGR and shoot to root
ratio (S:R) upon de-submergence, where genotypes with low S:R show better plant performance during
early days of recovery. Fourth, recovery of plant water relations assessed by leaf relative water content
and stomatal conductance appears essential for early recovery and is correlated negatively with S:R,
therefore, S:R can be considered as a rough estimator of the water balance between transpiration (shoot)
and water uptake (root) in this model legume. Fifth, the importance of leaf chlorophyll retention
in supporting a fast recovery from submergence and suggesting the positive correlation between
RGR and greenness of basal and apical plant leaves. Additionally, we reported full repair of the
photosynthetic apparatus (i.e., all Fv/Fm with values > 0.8) a few days into the second recovery week.
In the following paragraphs, we discuss these eco-physiological traits that aid plants in recovery from
complete submergence in L. japonicus.

Genotypes showing higher RGRs during submergence later presented lower RGRs during the
recovery, and the opposite occurred with the genotypes showing low RGRs when underwater (or
even negative values due to tissue loss), as these presented the highest RGRs in the post-submergence
phase. This trade-off between growing during submergence versus a sit-and-wait response until water
recedes is likely a part of the growth strategies to cope with complete submergence already known as
“escape” and” quiescence”, respectively [3,4]. However, this is one of the first reports demonstrating
this trade-off across genotypes for a legume species such as L. japonicus, as most studies are available
for rice ([28,29], but see [30] for pea genotypes). In this regard, it is possible to speculate that genotypes
growing during submergence aim at emerging their leaves above the water using carbon reserves
(i.e., starch). In contrast, the ones that do not grow when underwater (see [31] for L. tenuis cv. Pampa
INTA), use their carbon and nutrient reserves more conservatively (i.e., sustaining basal metabolism)
until the stress ends and then resume their growth more vigorously, fueled by stored reserves. Further
experiments are needed to quantify the level of reserves in L. japonicus materials and its relationships
with the eco-physiological variables correlating with plant recovery from complete submergence as
identified in this work (SR, leaf relative water content, stomatal conductance, leaf greenness, Fv/Fm as
an indicator of photoinhibition) to corroborate this idea.

An adequate plant water status is critical to resume growth after stress either by lack or excess of
water (drought or flooding). So, the balance between transpiration and water uptake is essential to
sustain high relative water content in tissues and, therefore, enable fast growth [32,33]. In this regard,
the shoot to root ratio can have an important role as a trait by impacting plant water balance. Itis alleged
that shoot growth and increased shoot to root ratio (S:R) during submergence can induce a better balance
between gas transport capacity (oxygen source) and root oxygen consumption (oxygen sink) when
plants are able to succeed in the process of emerging leaves above water (“escape strategy”; [34,35]).
However, an increased S:R can also constrain plant recovery after de-submergence if water loss by
transpiration cannot be replenished by root water uptake, regardless of whether leaf emergence was
achieved, as seen in the forage grass Chloris gayana subjected to 1 week of full submergence [24]. In our
experiment, S:R ratio upon de-submergence was negatively related to the RGR during the recovery
phase across L. japonicus genotypes. Moreover, we found a negative correlation between S:R and leaf
relative water content (RWC) that gives support to the idea that the S:R might have impacted on
growth resumption due to an impaired water status of plants. Therefore, any environmental condition
experienced by plants in their natural environment that can affect their S:R prior to submergence,
such as N, P, or K availability [36,37], can impact the subsequent recovery from complete submergence.
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Carbon assimilation and growth after de-submergence are influenced by the degree of stomata
aperture enabling diffusion of carbon dioxide towards chloroplasts, the N status of leaves, and the
functional degree of the photosynthetic apparatus (if damaged) [13,26,38]. In this study, we registered
differences among genotypes in stomatal conductance (gs), where genotypes with high S:R and low
leaf RWC showed lower values of gs until showing recovery for this parameter during the second
week after de-submergence. The gs was positively related to plant RGRs across genotypes, particularly
during the early recovery. Subsequently, all genotypes achieved full recovery during the second week
after submergence ceased. On this note, most works dealing with water excess have reported stomatal
conductance during/after waterlogging ([19,23,39,40], among others) but rarely after submergence,
so opportunities for comparison are minimal (but see [38]). To illustrate, 6-week-old plants of the
flood-sensitive grass Bromus catharticus were unable to recover the g in the same way as controls
even after 15 days of recovery from 5 days of complete submergence. In contrast, the flood-tolerant
Phalaris aquatica did not show, for this parameter, any difference with the controls at any time after
de-submergence [38]. In general, L. japonicus showed an intermediate behavior compared to the grasses
mentioned above, as g5 was reduced by complete submergence during the first week, but it was fully
recovered in all genotypes during the second week.

Chlorophyll retention during submergence was positively linked to RGR upon de-submergence
both in basal and apical leaves as indicated by the registered leaf greenness dynamics. In this respect,
the more tolerant genotypes of L. japonicus (RILs 18, 30, and 189) presented lower amounts of (or high
sensitivity to) reactive oxygen species (ROS) upon re-aeration (i.e., less oxidative stress), low ethylene
formation, and diminished leaf dehydration during recovery compared to the more susceptible ones
(RILs 6, 47 and Gifu), similar to what was reported in contrasting accessions of Arabidopsis thaliana
for submergence tolerance (accessions Lp2-6 vs. Bay-0; [13]). Interestingly, all L. japonicus genotypes
showed similarly low values for Fv/Fm in young fully expanded leaves, indicating damage to the
Photosystem II (PSII) two days after de-submergence. It is known that the re-aeration of leaves
(i.e., normoxia) after 7 days in a submergence-induced hypoxic environment can trigger the sudden
formation of ROS [41], which ultimately provokes damage to PSII. One week after the stress was
released, the genotypes showed a differential ability to recover the Fv/Fm values, and those showing
lower values for greenness, gs, and leaf RWC (RILs 6, 47 and Gifu) were also the poorest performers.
Such differential ability to repair a damaged PSII among genotypes could be related to a differential
capacity to mitigate effects of ROS (enzymatically and nonenzymatically), or because genotypes
generate different amounts of ROS, or a combination of both. Importantly, all genotypes showed full
recovery of Fv/Fm (all values> 0.8) at eleven days after submergence, denoting that damage provoked
by submergence was not irreversible and that differences among genotypes are related to the time
required for recovery. In contrast to our results for L. japonicus, the wetland species Alternantera
philoxeroides and Hermarthria altissima are able to recover functionality of the photosynthetic apparatus
after de-submergence in just two days as a result of a rapid acclimation to changing oxygen and/or light
conditions [26]. It would be interesting to explore further the ability for photosynthetic acclimation that
we found in L. japonicus and its variability among genotypes as it is an important trait for adaptation to
habitats in which the water level often fluctuates.

On top of the eco-physiological traits contributing to plant recovery from submergence reported
here, we are now conducting experiments with new genetic resources for L. japonicus to specifically
address the role of carbon reserves in recovery ability (e.g., mutants of synthesis or degradation of
starch; [42]) as well as a quantitative approach of the ROS signaling, scavenging, and homeostasis to
provide a comprehensive network of the factors that mediate post-submergence recovery for this model
legume. We think that a better understanding of traits and mechanisms contributing to submergence
recovery in L. japonicus will undoubtedly help to speed up breeding processes of closely related forage
Lotus spp. used in current agriculture.
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4. Materials and Methods

4.1. Species Description

Lotus japonicus L. is a small prostrate perennial legume that flowers profusely, being self-fertile.
Although it grows slowly during the first weeks after germination, the adult plant has a bushy growth
with many branches up to 30 cm in length, which offers abundant material for biochemical and
physiological studies [15]. It has a relatively short generation time of three to four months when
grown under glasshouse conditions. L. japonicus is taxonomically closely related to L. corniculatus
(birdsfoot trefoil), L. uliginosus (big trefoil), and L. tenuis (narrow leaf birdsfoot trefoil), which are used
in agriculture as pasture legumes [43]. Importantly, this close relationship among forage Lotus species
and the model legume L. japonicus suggests that identification of tolerance traits to abiotic stresses in
the model species, such as submergence in this contribution, will be useful to assist and speed up
breeding programs and improvement of plant genotypes that are better adapted to environmentally
constrained environments prone to flooding.

4.2. Plant Material and Growing Conditions

A total of 12 genotypes of L. japonicus were used in this study: Gifu B-129 (Gifu) and Miyakojima
MG-20 (Miyakojima) and 10 RILs that were derived from a cross between these two parent lines and
self-pollination to the Fg generation [44]. The RILs were selected from [23] based on having different
shoot to root dry mass ratios as we aimed at investigating the role of this trait (related to the potential
transpiration/water uptake ratio) on plant growth when recovering from one week of submergence.
The seeds were obtained from the National BioResource Project, Miyazaki University (Miyazaki, Japan).

Seeds of each genotype were scarified by rubbing with a fine sand-paper, surface-sterilized with
0.05% (w/v) sodium hypochlorite, rinsed thoroughly in deionized water, and dark-germinated in an
incubator (20 °C) in polystyrene boxes containing absorbent water-saturated white paper. After three
days, germinated seeds were transplanted to 2 L plastic pots (2 or 3 seedlings per pot) filled with sand
and soil with 3.3% of organic carbon (1:1 v/v). After seeding, pots were transferred to a glasshouse at
the Faculty of Agronomy at the University of Buenos Aires and during the first week, the seedlings
were thinned to one per pot. In order to avoid nutrient limitation for plant growth, 1.2 g of fertilizer
(Nitrofull EmergerR, Argentina: 12% N, 5% P, 15% K, 2% Mg, 8% S, 3% Ca, 0.02% Zn, 0.2% Fe, 0.02%
Mn, and 0.015% Bo; % are by weight) was added to every pot. Plants were watered daily before
treatment imposition.

4.3. Experimental Design

After a growth period of 45 days, pots were randomized into two groups and subjected to two
treatments for one week: (i) control: pots were watered daily and allowed to drain freely, (ii) complete
submergence: plants were submerged in clear water at a depth of 45 cm, which corresponded to a
water column of ca. 15-20 cm above the top of the plants (water column of 1.5-1.8 times the plant
height). Submergence water contained 0.50 mM CaSQOy, 0.25 mM MgSO;, and 1 mM KHCO; (at
pH ca. 7.5) as in [45]. Dissolved oxygen in the submergence water at midday ranged from 3.9 to
4.6 mg L1 (vs. 7.8 mg L7! in air), measured with a DO-5510 dissolved oxygen meter (LT Lutron
Electronic Enterprise, Taipei). The photosynthetic photon flux density (PPFD) reaching control plants
was 1100 + 180 umol m~2 s~!, while for submerged plants, it was 490 + 80 umol m~2 s (LI-192
Underwater Quantum Sensor; Li-Cor Inc., Lincoln, NE, USA). The latter is a light environment that
allows for underwater photosynthesis in Cz species [46]. During the first week of the experiment,
all plants (both assigned to control and submergence treatments) were placed in plastic containers
(0.8 m x 0.5m x 0.5 m) to facilitate the submergence imposition. After the first experimental week,
plants were taken out of the containers and rotated weekly within the glasshouse during a two-week
recovery period. The number of replicates per genotype and treatment combination varied from 6 to 8
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according to the number of available plants. Average glasshouse relative humidity was 62% + 12%,
and the average air temperature was 24/16 °C (day/night).

4.4. Dry Mass and Relative Growth Rate

Plants of all genotypes were harvested at the beginning of the experiment (day 0), at day 7 (end
of the submergence), at day 14 (end of the first recovery week, to infer ‘early recovery ability” from
submergence), and at day 21 (end of the second recovery week, to infer ‘late recovery ability’). The dry
mass of plants was obtained after drying at 80 °C for 72 h (i.e. until constant weight). In the second
harvest (immediately after submergence; day 7), shoots were separated from roots to calculate the
shoot to root dry mass ratio of the different genotypes upon de-submergence.

Relative growth rate of plants (RGR) after submergence was used as an indicator of recovery
ability of the genotypes. In this study, the identity of each genotype per se was not particularly
relevant as to have sufficient genetic variability for some traits, such as shoot to root dry mass ratio, to
potentially influence plant water balance upon de-submergence and return to oxygenated well-drained
conditions. The RGR was calculated following the equation by [47]:

RGR (gg7" d™1) = [In(Wy) — In(W1)]/ (ta — t1) 1)

where W, and W are the plant dry weights from the corresponding treatment at times 2 and 1,
respectively, with the value of Wy being the treatment average, and t, — t; is the number of days
between sampling times (i.e., 7 d).

4.5. Leaf Physiological Responses: Relative Water Content, Stomatal Conductance, Chlorophyll Fluorescence,
and Greenness

Leaf physiological measurements were made at days 2 and 7 during the first recovery week (days
9 and 14 since the beginning of the experiment), and at days 10 and 14 following de-submergence
during the second recovery week (days 17 and 21 of the experiment). These measurements aimed
at monitoring the recovery of leaf water status, stomatal functioning, and the impact of one week
of full submergence on leaf greenness as indicators of nitrogen status of basal and apical leaves due
to damage to the photosynthetic apparatus through measurements of chlorophyll fluorescence of
dark-adapted young leaves (i.e., Fv/Fm). For the last parameter, measurements were performed at days
2 and 7 during the first recovery week and at day 11 during the second recovery week. The number of
replicates taken for the physiological measurements was five per genotype and treatment combination.

Relative water content of leaves (RWC) was measured according to the methodology proposed
by [48]. First, young, fully expanded leaves located at a top position of plants were taken and
immediately weighed to obtain their fresh weight. Second, samples were incubated for 12 h in tightly
closed tubes containing deionized water to get their turgid weight. Third, the leaves were oven-dried at
70 °C for 48 h to obtain their dry weight (the weights of leaves were latter added to the corresponding
plants). Finally, the RWC of leaves was obtained as: [(fresh weight — dry weight) / (turgid weight — dry
weight)] x 100.

Stomatal conductance of young, fully expanded leaves at top positions was measured near midday
by using a leaf porometer (model SC-1; Decagon Devices, Pullman, WA, USA) to evaluate water loss
by transpiration and facilitation of CO, diffusion into leaves for photosynthesis. Leaf greenness was
measured in young (apical) and old (basal), fully expanded leaves by using a portable chlorophyll
meter (SPAD-502; Konica Minolta Sensing, Osaka, Japan). This parameter infers that leaf yellowing
is indicative of chlorophyll degradation, nitrogen remobilization, and anticipated leaf senescence as
consequences of the impact of submergence stress. Chlorophyll fluorescence (Fv/Fm) was measured
on top-most, fully expanded leaves after a dark-adaptation period of 20 min by using leaf clips and
the OS-30p portable fluorometer (Opti-Sciences Inc., USA). This parameter indicates the proportion
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of functional Photosystem II (PSII) reaction centers so that it can be used to quantify the degree of
photoinhibition by damage to the PSII [49].

4.6. Statistical Analyses

RGR and shoot to root dry mass ratio responses during submergence were evaluated by two-way
ANOVAs, with “submergence” and ”genotype” as main factors. When significant interactions were
detected, the least significant difference (LSD) and Fisher’s protected tests were used to determine the
effect of treatments among genotypes. During the recovery phase, regression analyses were performed
to explore relationships between plant RGR and shoot to root dry mass ratio, leaf relative water content,
stomatal conductance, chlorophyll fluorescence of dark-adapted leaves (Fv/Fm), and greenness of
basal (adult) and apical (young) leaves. These relationships were examined separately for the first
and the second recovery weeks to identify traits associated with ‘early” and ‘late’ recovery responses.
Additionally, relations between physiological variables that were significantly related to RGR during
recovery were explored through Pearson correlations. Normality and the homogeneity of variances
were verified before each analysis. All results are presented as means + standard errors. Statistical
analyses were done using Infostat software [50], and graphs were made with GraphPad Prism 5 for
Windows (GraphPad Software, San Diego, CA, USA).

5. Conclusions

We found variation in the recovery ability from short-term complete submergence in genotypes of
the model legume Lotus japonicus. The ability to recover assessed through plant RGR post-submergence
negatively correlated with plant RGR displayed during the submergence period, which indicates the
existence of a trade-off between growing during vs. after the stress. Several eco-physiological traits
and responses correlating to recovery ability across genotypes were identified, which were particularly
important in explaining the recovery of plants in the first week after de-submergence. Shoot to root
dry mass ratio (S:R) was inversely related to RGR during the recovery. Leaf relative water content
and stomatal conductance were positively related to RGR in the early recovery week, and negatively
related to S:R ratio, which is why the S:R ratio can be used as an estimator of the potential plant water
balance (transpiration in shoot vs. water uptake in root) in post-submergence. Leaf greenness of basal
and apical leaves was positively linked to RGR during early days after submergence, indicating that
chlorophyll retention is important for a fast recovery. The full repair of the submergence-damaged
photosynthetic apparatus occurred later than the recovery of plant water status, and it was completed
during the second recovery week. The inclusion of traits contributing to submergence recovery in
L. japonicus as identified in this work should be considered to speed up breeding processes of closely
related forage Lotus spp. used in current agriculture.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/4/538/s1,
Table S1: Plant dry mass (g per plant) of 12 genotypes of Lotus japonicus (10 recombinant inbred lines and their
parents Gifu and MG20) harvested throughout the experiment. Values are means + standard errors of 6-8 replicates.
Table S2: Leaf relative water content (RWC; %) on the top-most, fully expanded leaves of control plants of Lotus
japonicus recombinant inbred lines (RIL) and the parental MG20 and Gifu lines. Values are means =+ standard
errors of 5 replicates. For further details, see Materials and Methods Section. Table S3: Stomatal conductance,
gs (mmol m~2 s71), of the top-most, fully expanded leaves of control plants of Lotus japonicus recombinant inbred
lines (RIL) and the parental MG20 and Gifu lines. Values are means + standard errors of 5 replicates. For further
details, see Materials and Methods Section. Table S4: Dark-adapted chlorophyll fluorescence (Fv/Fm) on the
top-most fully expanded leaves of control plants of Lotus japonicus recombinant inbred lines (RIL) and the parental
MG20 and Gifu lines. Values are means + standard errors of 5 replicates. For further details, see Materials and
Methods Section. Table S5: Greenness (SPAD units) of basal and apical, young, fully expanded leaves of control
plants of Lotus japonicus recombinant inbred lines (RIL) and their parental MG20 and Gifu lines. Values are means
+ standard errors of 5 replicates. For further details, see Materials and Methods Section.
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Abstract: Plants are permanently facing challenges imposed by the environment which, in the context
of the current scenario of global climate change, implies a constant process of adaptation to survive
and even, in the case of crops, at least maintain yield. O, deficiency at the rhizosphere level, i.e., root
hypoxia, is one of the factors with the greatest impact at whole-plant level. At cellular level, this
O, deficiency provokes a disturbance in the energy metabolism which has notable consequences
on the yield of plant crops. In this sense, although several physiological studies describe processes
involved in plant adaptation to root hypoxia in woody fruit trees, with emphasis on the negative
impacts on photosynthetic rate, there are very few studies that include -omics strategies for specifically
understanding these processes in the roots of such species. Through a de novo assembly approach,
a comparative transcriptome study of waterlogged Prunus spp. genotypes contrasting in their
tolerance to root hypoxia was revisited in order to gain a deeper insight into the reconfiguration of
pivotal pathways involved in energy metabolism. This re-analysis describes the classically altered
pathways seen in the roots of woody fruit trees under hypoxia, but also routes that link them to
pathways involved with nitrogen assimilation and the maintenance of cytoplasmic pH and glycolytic
flow. In addition, the effects of root hypoxia on the transcription of genes related to the mitochondrial
oxidative phosphorylation system, responsible for providing adenosine triphosphate (ATP) to the cell,
are discussed in terms of their roles in the energy balance, reactive oxygen species (ROS) metabolism
and aerenchyma formation. This review compiles key findings that help to explain the trait of
tolerance to root hypoxia in woody fruit species, giving special attention to their strategies for
managing the energy crisis. Finally, research challenges addressing less-explored topics in recovery
and stress memory in woody fruit trees are pointed out.

Keywords: hypoxia; waterlogging; fruit trees; Prunus; aerenchyma; hypertrophied lenticels; anaerobic
fermentation; energy metabolism; root respiration

1. Introduction

Plants are aerobic organisms and sensitive to many external conditions that could alter internal
homeostasis. O, deficiency or deprivation trigger hypoxia or anoxia stress, respectively, depending
on the O, concentrations. Plants can face hypoxic conditions from different origins: developmental
hypoxia, in plant-microbe interactions, or environmental hypoxia (waterlogging/submergence) [1].
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Currently, the cultivation surface of fruit trees in Mediterranean and subtropical areas is
approximately 49 million hectares. Of this group, 22% corresponds to olive trees, 20% to citrus,
16% to stone fruit, 15% to vines and 13% to pome fruit [2]. Fruit trees of the Mediterranean climate,
such as walnut (Juglans regia L.), apple (Malus sylvestris L.) or sweet cherry (Prunus avium L.), show a
low tolerance to hypoxia compared to trees from wetland areas [3]. In addition, most of these fruit
trees do not have the capacity for acclimatization, or even for the recovery of their physiological and
growth parameters while flooded, unlike tree forest species of the wetland areas [4-6]. However,
several studies have described some hypoxia—tolerance gradient among fruit trees [4-7].

In the context of fruit production, rootstocks are selected for rooting and grafting capacity, abiotic
and biotic stress tolerance, and their ability to beneficially alter scion phenotypes, especially in yielding
terms. In perennial and some vegetable crops, grafting is used to join resilient root systems (rootstocks)
to shoots (scions) that produce the harvested product [8]. The hydraulic architecture of rootstocks
becomes of fundamental importance, since the sustained flow of water controls many plant processes,
such as growth, mineral nutrition, scion photosynthesis and transpiration [9]. Species of Prunus used as
rootstocks are classified as moderately sensitive to root hypoxia, although differences among genotypes
regarding their ability to tolerate this stress have been reported [7,10-14]

Mediterranean agriculture has coevolved with harsh environments and changing climate
conditions over millennia, generating an extremely rich heritage, but actual climatic change threatens
global agriculture especially given the prevalence of highly specialized, low diverse agroecosystems [15].
The impact of global warming plus a human population hovering around 7.7 billion strongly challenges
agricultural systems, and the need for a better understanding of how crops and fruit trees can survive
and yield under more extreme climatic events becomes of paramount importance, since an increase in
precipitation intensity and variability would increase the risks of flooding [16].

Nowadays, as a consequence of global climate change, there are areas of the planet most exposed
to intense rains where accumulated amount of water can lead to soil saturation, with a concomitant
displacement of O, in the rhizosphere. However, although less discussed, it is important to note that
there are a number of conditions, beyond excess rainfall, that can configure the establishment of O,
deficiency at the root level.

2. Edaphic Conditions that Promote O, Deficiency

The air capacity of the soil is determined by its texture and structure. Coarse-textured soils can have
an air capacity of around 25%, while in fine-textured soils the air capacity can reach 10% [17]. However,
when the structure is altered by physicochemical processes or mechanical forces, the macroscopic
pores tend to disappear, so a strongly compacted soil may contain less than 5% air by volume at its
characteristic field-capacity value of soil moisture [17].

Fine texture and compaction associated with bad irrigation practices are able to generate an excess
of water sufficient for establishing an O, deficit at rhizosphere level. Silt and clay particles reduce soil
aeration because they are tightly packed together, decreasing the air spaces between them and slowing
the drainage [18]. This condition creates an O, deficient environment for plants by maintaining high
moisture on the soil surface [19]. In fine-textured soils, transient soil waterlogging can be generated
only by poor irrigation management [20]. Soil compaction occurs primarily when pressure exerted
on the soil surface reduces the air spaces between soil particles, and it is associated with agricultural
practices, but it can also be the result of natural processes unrelated to the application of compressive
forces [19]. This results in a change in the proportion of pores with water and air (mainly loss of coarse
pores), and an increase in mechanical resistance to root development [19,21,22]. The soil compaction
may be superficial or even reach 100 mm or more [19], which could have an important impact on
the perennial fruit tree’s development. In almond, a field experiment was performed using a heavy
tractor to evaluate the continuous transit of agricultural machinery over the soil simulating multiple
applications. The authors concluded that the continuous heavy tractor traffic causes an evident soil
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compaction (2040 cm deep) with a drastic decrease in soil porosity reaching up to 11%, and it also
produced an increase in bulk density and cone index in subsoil layers [23].

Plants need an adequate supply of air and water in the soil pore space for their suitable development
and growth [24]. The rate of the transfer of gases in the air phase is generally much greater than in
the water phase; hence soil aeration depends largely on the volume fraction of air-filled pores [17].
Typically, the requirement for plant development is for at least 10% of the soil volume to comprise
gas-filled pores at field capacity (air capacity), and for at least 10% of the gas in these pores to be
O, [25]. Cook and Knight [24] determined that when the air-filled porosity of the soil drops below 12%,
the root respiration and the exchange of O, and CO, between the soil and the atmosphere is hampered.
Kawase [26] points out that when it drops below 10%, hypoxia is triggered, and under more drastic
conditions it becomes in anoxia.

Hypoxia/anoxia conditions restrict processes such as plant respiration, water and nutrient
absorption. Anaerobic conditions in the soil induce a series of physical, chemical and biological
processes, such as pH and redox potential, resulting in changes to the soil’s elemental profile [27].
O, deficiency further affects microbial communities and microbial processes in the soil [28]. Once free
O, is consumed, nitrate is used by soil microorganisms as an alternative electron acceptor to continue
their respiration. The following acceptors are MnO,, Fe(OH)3, 5042 and CO, [29]. This generates an
increase in the levels of reduced compounds, such as Mn2*, Fe?*, H,S, NH;* and organic compounds
(alkanes, acids, carbonyls, etc.) [30,31]. These solutes can accumulate up to phytotoxic levels and
contribute to plant injury [32].

3. Fruit Tree Responses to O, Deficiency

3.1. Physiological and Biochemical Response of Fruit Trees under O, Deficiency

Under hypoxia stress, it has been observed that the gas exchange parameters are dramatically
affected in several fruit trees, such as avocado (Persea americana Mill.) [33], kiwi fruits (Actinidia chinensis
Planch) [34], citrus trees [35-38], pecans (Carya illinoensis K. Koch) [39], walnut trees (Juglans regia L.) [40],
grapevine (Vitis vinifera L.) [41,42], pomegranate (Punica granatum L.) [43], apple (Malus x domestica
Borkh) [44] and several Prunus species [7,45-49]. In general, all these tree species were classified as
sensitive to root hypoxia. However, the concept of “relative tolerance” to hypoxia applied to the fruit
tree species must be viewed with caution as many factors, such climatic, experimental or edaphic
conditions, among others, could influence the responses observed [50]. However, some classifications
have been made: extremely tolerant—quince (Cydonia oblonga Mill.) and Pyrus betulaefolia; very
tolerant—pear (Pyrus spp.); moderately tolerant—apple (Malus X domestica Borkh), Citrus spp.,
and plums (Prunus domestica L. and Prunus cerasifera Ehrh); moderately sensitive—plum (Prunus
salicina Lind.); very sensitive—cherry (Prunus avium L); extremely sensitive, peach (Prunus persica
Batsch); and most sensitive—almond (Prunus dulcis [Mill.] DA Webb) and apricot (Prunus armeniaca
L.) [50]. In the particular case of Prunus species, a tolerance gradient to long-term hypoxia was
reported among seven genotypes used as rootstocks, identifying as tolerant to ‘Mariana 2624’ (Prunus
cerasifera X Prunus munsoniana W. Wight and Hedrick) a plum rootstock, and as the most sensitive
to ‘Mazzard F12/1” (P. avium) a cherry rootstock [7]. ‘Mariana 2624” plants survived through 14 days
of waterlogging treatment, showing similar stomatal conductance and CO, assimilation rate values
between waterlogged and control plants, unlike in the hypoxia-sensitive genotype, which showed
intense leaf and root damage and a drastic decrease in the gas exchange parameters of the leaves
during root hypoxia [7]. The ability to maintain a high photosynthetic rate, such as that observed in
hypoxia-tolerant species, would guarantee an adequate supply of carbohydrates from the leaves to
the roots. The carbohydrate supply is correlated with the production of highly energetic molecules
(ATP), and the level of carbohydrate reserves or the capacity to maintain their transport throughout
the plant appears to be a key feature in the tolerance to long-term flooding [48,51-54]. Consequently,
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maintaining glycolysis by a steady and sufficient supply with carbohydrates seems to be crucial for
survival under hypoxia [3].

One of the first responses to O, deprivation is a hydraulic adjustment, the purpose of which is to
sustain a constant water supply from roots to shoots, which is essential to maintaining gas exchange
parameters in hypoxia-tolerant species [3,55]. Root hydraulic conductance is also affected under
hypoxia stress, usually decreasing this parameter, but the response would depend on the species, age
and even the experimental set-up [56]. There is a huge body of literature about the importance of
root water transport in plants under different abiotic stresses (reviewed in [56-58]). In this context,
root hypoxia modifies the root water transport in different manners: (1) cellular acidosis and the
depletion of ATP affect the phosphorylation of aquaporins and the transport through these water
channels is inhibited [59]; (2) hypoxia can alter root structure by inducing suberization (generation of
a radial oxygen loss (ROL) barrier), but at the same time, this modification can affect the apoplastic
water transport [60]; and (3) massive damage of the root system [3,32]. After 15 days of long-term
waterlogging, the hypoxia-tolerant genotype “Mariana 2624” showed similar values of root hydraulic
conductance (Kr) between normoxic and waterlogged plants. Unlike these, the hypoxia-sensitive
genotype showed a strong decrease in Kr triggered by hypoxia (Pimentel, unpublished data).

Reactive oxygen species (ROS) are by-products of various metabolic pathways and are generated
enzymatically or nonenzymatically [61]. Nonenzymatic ROS production can occur in mitochondria
and chloroplast through electron transport chains (ETC) [61-63]. Enzymatic ROS production can
occur in peroxisomes, cell walls, plasma membrane and apoplast [64], and also through respiratory
burst oxidase homologs (RBOHs), a plasma-membrane-bound NADPH oxidase [62,65]. ROS induce
[Ca®*]eyt elevations by activation of the specialized Ca**-permeable ion channels in the plasma
membrane. In addition, NADPH oxidases (RBOHs) are directly activated by cytosolic Ca?*. Both ROS
and Ca" form a self-amplifying loop named “ROS-Ca?* hub” [66]. Elevation of [Ca®*]cy+ under
hypoxia triggers multiple metabolic events and it is associated with both early and late responses to
low oxygen conditions (deeply reviewed in [67]). ROS generated in response to abiotic stresses may be
involved in various responses, acting as signaling molecules or triggering ROS-induced cell death [65].
Under hypoxic stress conditions, ROS can be generated due to an impairment of photosynthesis and
aerobic respiration processes by inhibiting mETC [54,61,68]. In some cases, re-oxygenation of the
soil after prolonged flooding can cause severe oxidative damage to the roots of sensitive trees [36,69].
Indeed, re-oxygenation has been recognized as an abiotic stress that can injure plants post-submergence
(reviewed in [36,69])

In a re-analysis of the transcriptome published by Arismendi et al. [70] (commented on in
Section 4), it was possible to find three differentially expressed isoforms of the RBOH gene, RBOHA,
RBOHC and RBOHE. RBOHA and RBOHE genes showed a similar pattern between the two rootstocks,
being that both genes were upregulated in hypoxic conditions. On the other hand, the RBOHC gene was
downregulated in the hypoxia-tolerant genotype ‘Mariana 2624,” but induced in the sensitive one under
hypoxia stress (Table 1). Interestingly, the RBOHC gene has been reported as principally expressed
in roots, where it is related to root hair formation and primary root elongation and development in
Arabidopsis [65]. ROS have been described as toxic molecules generated by aerobic respiration that can
cause oxidative damage. However, ROS also play a key role in signaling to trigger several processes
such as cell proliferation and differentiation [71]. The hypoxia-sensitive genotype response suggests
an ROS signaling role in the early stages of O, deficiency. Thus, ‘Mazzard F12/1” could activate the
formation of new roots, possibly replacing the original root system progressively injured in hypoxia.
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Table 1. Transcript levels (of genes related to ROS production (RBOH) and ROS scavenging (SOD, CAT
and APX)) from transcriptomics data from Prunus rootstocks under hypoxia.

Logz FC
‘Mariana 2624’ ‘Mazzard F12/1’

Gene 6h 24h 72h 6h 24 h 72h

RBOHA Prupe.6G321500 4.751 4.196 3.828 3.940 3.656 3.112
RBOHC/RHD2  Prupe.1G211000-0.300 -1.902  -1.240 0.944 0.935 1.138
RBOHE Prupe.5G107400 0.398 0.309 0.618 0.224 0.429 0.770
Cu Zn SOD1 Prupe.2G269400-0.451 -1.268 -2900 0454 -0.695 —0.863
Cu Zn SOD2 Prupe.1G347200 0.911 2.752 2.557 -0.713 -1.446 -0.485
Cu Zn SOD3 Prupe.2G262400 1.022 3.112 2.748 0.930 3.460 2.933
Fe SOD1 Prupe.6G042300 0.512 1.369 0.869 1.058 1.402 0.840

CAT1 Prupe.5G011300 0.174 -0.134 -0.818 nd nd nd
CAT2 Prupe.5G011400 0.498 -0.115  -0.526 0.376 -0.739  -0.580
APX 1 Prupe.1G481000 0.681 0.724 0.792 0.685 0.873 0.525
APX 2 Prupe.1G493900-0.383 -0.638 -0.547 -0.017 -0.156 —-0.395
APX 3 Prupe.6G091600 0.719 -1.498 2527 0.555 -1.351  -2.630
APX 5 Prupe.6G242200 6.538 7.284 6.864 3.323 3.948 4.591
APX 6 Prupe.7G171200 0.718 0.106 —-0.252 1.158 0.502 0.740
APX S Prupe.8G164400-0.421 -2284 2494 0414 -1564 -2.650

FC: fold change; nd: no detected value.

As ROS accumulates after hypoxic events, the probability of the cell membrane being involved in a
lipoperoxidation process is increased. Malondialdehyde (MDA) and electrolyte leakage are widely used
as indicators of oxidative damage in plants. Differences in the accumulation of MDA have been reported
under hypoxia, which depend on the degree of tolerance of the genotypes evaluated. For instance,
in citrus species, the most tolerant genotype showed a delayed accumulation of MDA in leaves and
roots in comparison with the other genotypes under hypoxia conditions [72]. Hypoxia treatment
dramatically increased MDA content in the roots of two Malus species, but higher concentrations of
H,0O; and superoxide radicals (O,°") were detected in the hypoxia-sensitive species [73]. In Prunus
rootstocks under long-term hypoxia, ‘Mariana 2624’ plants, the hypoxia-tolerant genotype, showed no
significant changes in MDA concentration in roots and leaves in comparison with the control plants.
Opposingly, the sensitive rootstock ‘Mazzard F12/1” showed a higher MDA concentration in roots and
leaves after seven days of waterlogging, suggesting less capacity to remove ROS than the tolerant
genotype [7,47]. Along with a lower MDA content in the roots of the hypoxia-tolerant genotype,
alower electrolyte leakage rate was also observed. Both parameters evidenced lesser structural damage
in the roots, and are related to higher root membrane stability in ‘Mariana 2624" [74].

Plants have enzymatic and non-enzymatic antioxidant compounds that participate in ROS
detoxification, reducing the phytotoxic effects of radical species at the cellular level [75,76]. In citrus
trees, a higher tolerance to O, deficiency by flooding is associated with the ability to delay the
apparition of oxidative damage caused by a high activity of antioxidant enzymes such as superoxide
dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR) and catalase (CAT) [72].
In Citrumelo trees, the induction of SOD, APX and CAT enzyme activities allows them to maintain
a transient tolerance under hypoxia [36]. Similar results were observed in Malus [73] and Prunus
species under hypoxia [77]. However, different results were found by Amador et al. (2012), since
an increase in CAT activity in short-term waterlogging was found in the hypoxia-sensitive hybrid
‘Felinem’, but not in the hypoxia-tolerant rootstock ‘Myrobalan’. The authors mention that they cannot
conclude that antioxidant enzymes are directly involved in the tolerance of the hypoxia-tolerant
genotype. The re-analysis of Arismendi et al. [70] evidenced that, in general terms, there are no notable
differences in the expression of the SOD, CAT and APX genes between the hypoxia-sensitive and
hypoxia-tolerant genotypes, except in two cases. In the first one, the CuZnSOD2 gene showed an
upregulated expression pattern in the hypoxia-tolerant genotype, and a significant downregulation in
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the hypoxia-sensitive one. In the second case, the APX5 gene showed upregulation in both genotypes,
but with a significantly higher expression in the tolerant one (Table 1). These results could explain the
differences in MDA content and electrolyte leakage between the Prunus rootstocks, since the belated
rise in the MDA concentration and electrolyte leakage in the root hypoxia-sensitive genotype suggests a
lesser capacity to remove ROS, implying the occurrence of massive tissue damage which compromises
the survival of the plant, as reported by Pimentel et al. [7] and Toro et al. [74].

3.2. Morpho-Anatomical Changes in Fruit Trees under O, Deficiency

Roots are the first organ that directly sense and deal with O, deficiency in compacted waterlogged
or flooded soils. Therefore, morpho-anatomical modifications that allow the maintaining of better root
oxygenation in waterlogging conditions are one of the key mechanisms associated with hypoxia-tolerant
genotypes [78]. Adventitious roots, hypertrophied lenticels and aerenchyma all contribute to
oxygenating the root system under low O, conditions [79,80]. Adventitious roots are produced
in the replacement of damaged root systems, and are usually thicker and have more intercellular
gas-filled spaces than roots growing in well-aerated soil [79]. Hypertrophied lenticels and aerenchyma
favor O, diffusion to the root tips and rhizosphere, and in addition the hypertrophied lenticels allow
the outwards diffusion of potentially toxic compounds like ethanol, acetaldehyde, ethylene and
CO; [5,80,81]. In annual crops, both hypertrophied lenticels and the formation of aerenchyma generate
a snorkel effect that keeps the roots oxygenated under waterlogging conditions [82], and eliminate toxic
products generated from lactic and ethanol fermentation [79,80]. Another anatomical modification in
roots is the development of the radial oxygen loss (ROL) barrier observed in many wetland plants.
This barrier promotes longitudinal O, diffusion down roots, restricts the O, loss to the soil and could
reduce the entry of phytotoxins into the roots in waterlogged soils [83-87]. This root trait has been not
identified or studied in hypoxia-tolerant woody and perennial upland fruit trees yet.

The generation of morpho-anatomical modifications has been observed in different fruit tree species.
Hypoxia-tolerant apple rootstocks generated adventitious roots in response to intermittent waterlogging
events [88]. The development of hypertrophied lenticels as a response to root hypoxia has been reported
in Rosaceae species such as Pyrus spp. and Cydonia oblonga (Mill.) [79]. Pistelli et al. [52] reported
the formation of adventitious roots in Prunus cerasifera L. (‘Mr.S.2/5_rootstock’) under waterlogging
stress, but they did not report the development of aerenchyma. Pimentel et al. [7] reported that the
hypoxia-tolerant Prunus rootstock ‘Mariana 2624’ was able to develop adventitious roots, aerenchyma
in adventitious roots and hypertrophied lenticels 10 days after the onset of waterlogging treatment.
A large adventitious root system grew from the stem base and just beneath the water surface. In this
new root system, aerenchyma tissue was not observed near the root apex, but was widely developed
distant from it (at 30 and 55 mm from the root apex) and, at the same time, the development of
hypertrophied lenticels on the submerged portion of stems was observed (Figure 3). Hypertrophied
lenticels appear in wetland species and in several woody and herbaceous plant species subjected to
waterlogging [80,89,90]. In Prunus rootstocks, the hypertrophied lenticels were developed only in the
hypoxia-tolerant genotypes, and when the submerged stems of the rootstock ‘Mariana 2624” were
sealed with lanoline to prevent its development, a significant decrease in gas exchange parameters
was detected in comparison with the non-lanoline-treated plants [7]. Interestingly, Toro et al. [74]
showed that aerenchyma formation also takes place in the existing root system in ‘Mariana 2624’ at
30 mm from the root apex (Figure 3). In woody plants, all these morpho-anatomical modifications
are late responses. In the case of long-term hypoxia treatment, they appear after 6 or 10 days from
the beginning of the stress, and they are part of the strategies used to avoid the negative effects of the
energetic crisis triggered by an O, deficient environment.

206



Plants 2020, 9, 1108

4. Transcriptomic Reprogramming of Principal Pathways Involved in Energy Metabolism under
O; Deficiency

The effect of O, deficiency on the rhizosphere of woody plant species has been more widely
addressed from a physiological perspective than from a genomic point of view. Despite the massive
amount of data provided by next generation sequencing analyses (NGS), which would allow a more
integrative view of the plant’s response to root hypoxia stress, few transcriptomic studies have
been reported in woody species [91-93] and fruit trees such as avocado [94] Prunus sp. [49,53,70,95],
kiwi fruit [96] and grapevine [41,97].

Using RNA-seq time series data from our collaborative study on Prunus rootstocks previously
reported [70], a revisited analysis with a de novo assembly approach was carried out in order to gain a
deeper insight into the relevant pathways involved in energy metabolism under hypoxic conditions.
The de novo assembly evidenced a higher number of differentially expressed genes (DEGs) in the
hypoxia-sensitive Prunus rootstock ‘Mazzard F12/1” at each of the sampling times of the waterlogging
treatment, in comparison to the hypoxia-tolerant rootstock ‘Mariana 2624’ (6 h: 2638 vs. 2356; 24 h:
5819 vs. 5228 and 72 h: 10,255 vs. 6366). Specifically, those RNA-Seq analyses focused on the hypoxia
adaptation of root systems [41,53,70,94,95] have evidenced certain metabolic pathways and groups of
genes commonly affected by O, deficiency.

Maintaining a continuous glycolytic flux is a crucial factor in ensuring the energy pool necessary
for the processes involved in the survival of trees under hypoxia [3]. In woody species, it has been
reported that hypoxia-sensitive plants deplete their soluble sugars rapidly in flooded conditions,
but the tolerant ones keep a higher level of soluble sugars for longer periods [81,98,99]. In this
context, the regulation of gene expression involved in primary metabolism and energy homeostasis is
essential to avoiding the detrimental effects of energy depletion under hypoxic stress. In the sweet
cherry rootstock Cerasus sachalinensis (F. Schmidt), the waterlogging treatment upregulated most genes
associated with sucrose metabolism. Genes encoding SUCROSE SYNTHASE (SuSy) were upregulated,
however INVERTASE (INV) genes were downregulated [53]. In ‘Mariana 2624" and ‘Mazzard F12/1’
plants, four SuSy isoforms were upregulated under hypoxic conditions. Additionally, in ‘Mazzard
F12/1’ rootstocks, one INV isoform was upregulated after 72 h of waterlogging treatment, and four
were downregulated at the same time. On the other hand, ‘Mariana 2624’ rootstocks exhibited three
INV isoforms downregulated at 24 and 72 h (Figure 1). Both SuSy and INV can cleave sucrose to
release its constituent monosaccharides, although a lower energy cost of generating hexose phosphates
for glycolysis is required in the case of sucrose synthase. This latter is a typical feature of sucrose
metabolism during O, deficiency [100]. Thus, those plants that favor the activity of SuSy would be
opting for a more energy efficient way to provide substrates for glycolysis under hypoxic conditions.

Transcriptomic evidences in the roots of waterlogged forestry trees revealed enhanced glycolytic
flux and an activation of fermentative pathways in order to maintain the energy supply when
mitochondrial respiration is inhibited by O, deficiency [81,91]. Alongside the induction of genes related
to glycolysis, an absence of transcripts for genes associated to gluconeogenesis, such as GLUCOSE
6-PHOSPHATASE and FRUCTOSE 1,6-BISPHOSPHATASE, was reported in roots of flooded avocado
(Persea americana Mill.) [94]. In this sense, the downregulation of PHOSPHOGLUCOMUTASE genes
reported in flooded grapevine roots also supports the idea of a hampered flux to gluconeogenesis under
O, deficiency [41]. This pattern was also presented in Myrobalan ‘P.2175’, another hypoxia-tolerant
Prunus rootstock, but not in the hypoxia-sensitive ‘Felinem’ [95]. In the Prunus rootstock ‘Mariana
2624’, two PHOSPHOGLUCOMUTASE isoforms were downregulated at 24 and 72 h of waterlogging
treatment, but the gene induction of two isoforms detected in ‘Mazzard F12/1” plants after 72 h of O,
deficiency is worth noting (Figure 1). Furthermore, genes encoding for PHOSPHOENOLPYRUVATE
CARBOXYKINASES (PEPCK) repeated the behavior described for PHOSPHOGLUCOMUTASE in these
Prunus rootstocks contrasting in their tolerance to hypoxia (Figure 1). Regarding the above-mentioned,
the inhibition of gluconeogenesis appears to be strongly related to hypoxia-tolerant genotypes in
Prunus spp.
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HEXOSE-PHOSPHORYLATING HEXOKINASES (HXK) are the only plant enzymes able
to phosphorylate glucose, so they are considered a key factor in glycolysis activation [101].
The hypoxia-tolerant Prunus rootstock “Mariana 2624’ evidenced the induction of more HXK genes
than the hypoxia-sensitive ‘Mazzard F12/1’, and what is more, the HEXOKINASE 3 (Prupe.1G366000)
was strongly upregulated in the tolerant genotype, but consistently downregulated in the sensitive one
during the whole hypoxia treatment (Figure 1) [70].
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Figure 1. Transcriptomic reconfiguration of pathways involved in energy metabolism in response
to O, deficiency. Through a comparative analysis between two genotypes of Prunus rootstocks,
the hypoxia-tolerant ‘Mariana 2624’ (‘M26’) and the hypoxia-sensitive ‘Mazzard F12/1’ (‘F12’), the changes
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in the transcript levels of genes belonging to the routes typically related to energy metabolism
(starch/sucrose, glycolysis/gluconeogenesis and lactic/ethanolic fermentations) and that are expressed
in a contrasting way between the genotypes are described. Along with these routes, their connections
to TCA cycle, GABA shunt and the GS/GOGAT cycle are presented. The differential transcript levels of
the genes of the last two pathways show clear differences that point to the favoring of one or another
metabolic pathway in a genotype-dependent manner. In addition, the steps where the regeneration of
NAD", consumption of excess H* (regulation of cytoplasmic pH) and assimilation of NH,* take place
are shown. The data included in this re-analysis were obtained through a de novo approach via RNAseq
data retrieved from NCBI BioProjects PRINA215360 and PRJNA215068 [70], corresponding to P. cerasifera
x P.munsoniana ‘Mariana 2624” and P. avium ‘Mazzard F12/1’, respectively. Quality control of the libraries
was performed with FastQC and the AfterQC tool [102]. Consecutively, all libraries were merged into
one unique file to perform a de novo assembly with Trinity [103]. The resulting fasta file was depurated
to obtain unigenes using Transdecoder with the pFam database [104] and CD-HIT-EST [105,106].
This output was used as a reference to perform an alignment using Hisat2 [107]. Transcript assembly
was performed through StringTie [108]. DEGs were obtained using EdgeR from Bioconductor [109].
Genes with adjusted p-value < 0.05 and LogFC > 2 & < -2 were used for further analysis.
The annotation was performed using GO FEAT [110] and KEGG [111]. DEGs included in this figure are
indicated with their homolog loci from P. persica: SuSy—(1) Prupe.7G192300.4; (2) Prupe.8G264300.1;
(3) Prupe.1G131700.1; (4) Prupe.7G192300.1. Invertase—(1) Prupe.2G277900.1; (2) Prupe.2G277900.1;
(3) Prupe.6G122600.1; (4) Prupe.6G122600.2; (5) Prupe.1G111800.1. Hexokinase 3—(1) Prupe.1G366000.
SnRK1,1—(1) Prupe.3G262900.1. Phosphoglucomutase—(1) Prupe.2G286900.1; (2) Prupe.1G330700.1.
PEPCK (ATP)—(1) Prupe.6G211000.1; (2) Prupe.1G541200.7. PEPCK (GTP)—(1) Prupe.1G541200.4; (2)
Prupe.6G210900.1; (3) Prupe.6G211000.1; (4) Prupe.1G541200.7; (5) Prupe.4G166400.4. DHLTA—(1)
Prupe.1G309100.1; (2) Prupe.8G056000.1. Glutamate synthase—(1) Prupe.2G311700.2. Glutamine
syntethase—(1) Prupe.1G148700.1; (2) Prupe.3G166500.3; (3) Prupe.1G346600.1; (4) Prupe.5G236300.1;
(5) Prupe.3G166500.2. GDH—(1) Prupe.7G004100.1; (2) Prupe.2G269800.1. GAD—(1) Prupe.1G339900.1;
(2) Prupe.7G252300.1. For more detailed results of the transcriptional patterns of LDH, PDC and ADH
(Quantitative Reverse Transcription (qQRT)-PCR) and alanine levels (HPLC-DAD) inserted in this figure,
refer to [47,112].

As a product of the phosphorylation of glucose by HXK, glucose 6-phosphate (G6P) can
block sucrose-non-fermenting-related protein kinase-1 (SnRK1) activity [113]. SnRK1 is a kinase
recognized as a metabolic sensor that can decode energy deficiency signals and induce the extensive
metabolic reprogramming required for the adaptation to nutrient availability through inhibition
of expensive energy processes and growth arrest. Stress conditions, such as hypoxia, can affect
photosynthesis and photoassimilates biosynthesis along with respiration triggering a low energy
syndrome (Tomé et al., 2014). Transcriptomics data evidenced the induction of SnRKI genes
majorly associated with the hypoxia-sensitive Prunus rootstocks ‘Felinem’ [95] and ‘Mazzard F12/1
(Figure 1, this review). Remarkably, low levels of G6P induce the activity of SnRK1, which triggers
the signaling for upregulating several genes such as PEPCKs, commented on above. Regarding
the genes encoding glycolytic enzymes, these two genotypes exhibited similar transcriptional
activation between them, without significant differences in response to waterlogging. In grapevine,
an upregulation of DIPHOSPHATE-DEPENDENT PHOSPHOFRUCTOKINASES, instead of ATP
DEPENDENT 6-PHOSPHOFRUCTOKINASES 1, was found, responsible for converting D-fructose
6-phosphate to D-fructose 1,6-bisphosphate, which is another typical feature of the glycolysis in
hypoxia that favors energy saving through PPi-dependent rather than ATP-dependent processes [41].

In order to maintain ATP production by the glycolytic pathway, it is necessary to replenish the
NAD" pool that was reduced during this process. In this context, activation of the fermentative
pathways results in the classic and most widely reported response in the anaerobic metabolism. From
pyruvate, lactic and ethanolic fermentation generate lactate and ethanol, respectively, and in the
process NADH is oxidized, returning NAD* to keep glycolysis active [68]. However, both fermentative
pathways present eventual disadvantages, since lactate is toxic for the cells, and ethanol diffuses rapidly

209



Plants 2020, 9, 1108

out of the cells, implying a considerable loss of carbon under hypoxic conditions [114]. The gene
induction of LACTATE DEHYDROGENASE (LDH) in fruit trees under root hypoxia has been reported
in avocado [94], Prunus spp. [70,112] and C. sachalinensis [53], but not in grapevine [41] or the Prunus
genotypes analyzed by Rubio-Cabetas et al. [95]. In ‘Mariana 2624 and ‘Mazzard F12/1’, root hypoxia
triggered a rapid increase in the LDH1 (Prupe.5 G072700) mRNA levels with a peak in their transcripts
at six hours, but such increase was more dramatic and prolonged in the root hypoxia-sensitive genotype
(Figure 1) [112]. Consequently, a higher L-lactate content was evidenced in ‘Mazzard F12/1’ roots with
a maximum at 3 and 6 h of waterlogging. An increase in LDH activity in response to waterlogging
in three species of Prunus (P. mira, P. persica and P. amygdalus) indicated that P. amygdalus was the
genotype with a greater and more sustained increase in LDH activity. This fact was concomitant with
its increased accumulation of lactic acid in the cytoplasm, and its lower tolerance to root hypoxia [115].
Lactate accumulation and cytoplasmic acidosis are determinants of hypoxia-sensitive phenotypes in
maize [116]. In addition, in Limonium spp., plants capable of removing excesses of lactate from the
cytoplasm were more tolerant to hypoxia conditions [117]. In this sense, the increase of Prunus spp.
NIP1;1 mRNA, a putative lactic acid transporter, was not linked to a lower lactate content in the roots
of ‘Mazzard F12/1’. Bioinformatic approaches identified steric hindrances in PruavNIP1;1 given by the
residues Phe107 and Trp88 in the NPA region and ar/R filter, respectively, but such blockages were
absent in the NIP1;1 of ‘Mariana 2624’. The functional characterization of these aquaporins in the yeast
strain Ajen1 corroborated the lower efficiency of the lactic acid transport of PruavNIP1;1, which could
be related to a higher lactate accumulation and detrimental effects at cell level in ‘Mazzard F12/1’ roots
under hypoxia [112].

The drop in cytoplasmic pH, in part related to the dissociation of lactic acid, inhibits LDH
activity and stimulates that of pyruvate decarboxylase (PDC), the first step involved in ethanol
fermentation [118]. PDC and ALCOHOL DEHYDROGENASE (ADH) transcripts were found to be
expressed in each transcriptome analyzed. Both PDC and ADH transcripts were coordinately induced
in ‘Mariana 2624’ and ‘Mazzard F12/1" under O, deficiency, although the hypoxia-tolerant genotype
showed a decreasing trend after 6 h of waterlogging (Figure 1) [47]. This transcriptional finding
suggests that ‘Mariana 2624’ resorts to other adaptation mechanisms, distinct to the fermentation
pathways, after the first hours of flooding.

The pyruvate dehydrogenase complex catalyzes the oxidative decarboxylation of pyruvate with
the formation of acetyl-CoA, CO, and NADH(H™) [119], linking glycolysis to the Tricarboxylic acid
(TCA) cycle. Interestingly, transcripts of the subunit E2 (DIHYDROLIPOYL TRANS-ACETYLASE,
DHLTA), a component of this enzymatic complex, were downregulated in both ‘Mariana 2624 and
‘Mazzard F12/1’ roots under hypoxic conditions; however, this repression was earlier and much stronger
in the hypoxia-tolerant Prunus rootstock (Figure 1). This fact suggests a diminished metabolic flux in
the TCA cycle and an accumulation of pyruvate. However, another conclusion for pyruvate as a result
of O, deficiency, different from the fermentative pathways, is its conversion to alanine by means of the
enzyme ALANINE AMINOTRANSFERASE (AlaAT). The accumulation of this amino acid is typically
linked to hypoxia in plants [114,120,121]. AlaAT mRNAs induced during hypoxia were reported in the
roots of avocado [94], grapevine [41] and Myrobalan ‘P.2175" [95]. Although AlaAT transcripts were not
detected in the transcriptome of ‘Mariana 2624” or ‘Mazzard F12/1’, the accumulation of alanine was
evidenced in both genotypes during waterlogging, this being more intense in the hypoxia-sensitive
genotype (Figure 1) [47]. A hypoxia-induced alanine accumulation is also possible through the activity
of GABA-transaminase (GABA-T) that converts GABA into succinic semialdehyde (SSA), releasing
alanine (from pyruvate) to the mitochondrial lumen [122,123]. Here, the eventual SSA accumulation
will be toxic for the cell. The succinic-semialdehyde dehydrogenase (SSADH) converts SSA into
succinate, consuming an NAD* molecule [124] but this latter would limit the ability of the cell to
properly maintain the active glycolysis.

Another alternative means of draining pyruvate to alanine by AlaAT under hypoxic conditions
involves the glutamate metabolism. The reductive amination of 2-oxoglutarate by glutamine
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oxoglutarate amino transferase (GOGAT) regenerates glutamate (substrate of AlaAT to produce
alanine) and NAD™ (Diab and Limami, 2016). Interestingly, root hypoxia induced GOGAT in
‘Mariana 2624 rootstock, but not in the hypoxia-sensitive ‘Mazzard F12/1’, whose transcript levels
remained unchanged under waterlogging (Figure 1). It is possible that a higher GOGAT enzyme
activity is related to the higher metabolism of alanine in ‘Mariana 2624’, which would explain the
modest accumulation of this amino acid during waterlogging in this genotype, as opposed to the
notorious accumulation shown by the hypoxia-sensitive Prunus rootstock (Figure 1) [47]. In flooded
grapevine, GOGAT, GLUTAMINE SYNTHETASE (GS) and GLUTAMATE DEHYDROGENASE (GDH)
were overexpressed [41]. GS catalyzes the ATP-dependent assimilation of NH4* into glutamine
using glutamate as substrate. The GS/GOGAT cycle is the principal route of ammonium assimilation
in plants [125]. In tomato (Solanum lycopersicum L.), the activity of the ATP-consuming GS was
significantly enhanced in roots during prolonged root hypoxia [126]. Here, a striking contrast in the
GS transcriptional pattern was evidenced between ‘Mariana 2624” and “‘Mazzard F12/1” roots under
hypoxic conditions, as GS transcripts were strongly accumulated in the hypoxia-tolerant genotype after
24 h of waterlogging, but consistently downregulated as stress progressed in the hypoxia-sensitive one
(Figure 1). This evidence suggests that a more active GS/GOGAT cycle, capable of assimilating nitrogen
and regenerating NAD™ to support glycolytic flux under conditions of O, deficiency, shapes one of the
successful metabolic strategies involved in defining the hypoxia-tolerant phenotype seen in “‘Mariana
2624’. As in the flooded grapevine, GDH transcripts were overexpressed in the roots of waterlogged
‘Mazzard F12/1’, but clearly downregulated in the hypoxia-tolerant genotype (Figure 1). Another gene
involved in the GABA shunt, GLUTAMATE DECARBOXYLASE (GAD), showed an upregulation only
associated with the hypoxia-sensitive genotype (Figure 1). Thus, ‘Mazzard F12/1” appears to boost
the flux of the GABA shunt by acquiring glutamate from GDH-mediated 2-oxoglutarate amination
(instead of from its inhibited GS/GOGAT cycle). This amination generates NAD™, but the detoxification
of the SSA consequently generated in this pathway, through SSADH activity, consumes NAD?, so the
net gain of this cofactor is 0.

The transcriptomic antecedents compiled from different fruit trees under hypoxic conditions show
common alterations of genes involved in starch/sucrose metabolism and glycolysis, together with
the inhibition of gluconeogenesis in the case of hypoxia-tolerant genotypes. The activation of, firstly,
lactic fermentation (LDH), and then ethanolic fermentation (PDC and ADH), was also evident in all
fruit trees. Since ethanol can represent a carbon leak from the plant, a more energy-efficient destination
for pyruvate is its conversion to alanine. At this point, the regeneration of the glutamate involved
in alanine biosynthesis from the GS/GOGAT cycle instead of from the GDH activity in the context
of GABA shunt is postulated as one of the best metabolic strategies for explaining the survival and
growth capacity during O, deficiency in root hypoxia-tolerant genotypes, such as in the case of the
Prunus rootstock ‘Mariana 2624’

5. Root Respiration under O; Deficiency

The carbon cycle is a bio-geochemical cycling process of the continuous flowing of organic and
inorganic forms of carbon through the biosphere, geosphere and atmosphere, supporting life on
Earth [127]. In the biosphere, plants play a key role via autotrophic respiration, which represents an
important component of the carbon cycle and corresponds to respiratory processes in the leaf, shoot and
root [128]. Respiration involves the participation of different processes responsible for the oxidation
of glucose molecules for energy and carbon structures, either in the presence (aerobic) [129,130] or
absence (anaerobic) of O, [131]. Root respiration is a process sensitive to changes in soil conditions,
such as chemical composition [132], temperature [133], salinity [134] and water excess (hypoxia/anoxia
stress) [74], among others.

Root respiration is highly dependent on the availability of O, in the root zone, and a lack of
this element may lead plants into an imbalance in energy distribution within metabolic processes,
whereby the deficit of ATP could range between 3% and 37.5% with respect to well-aerated roots [135].
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When the O, in the rhizosphere decreases to a point where the formation of ATP by cytochrome
oxidase (COX, or complex IV) is hampered, the activation of less efficient metabolic pathways takes
place (e.g., fermentative pathways) and plants may enter a state of energy crisis [136]. The growth and
maintenance of tissues are two processes that require energy from root respiration, and must coexist
coordinately for the correct development of plants. However, energy crisis caused by hypoxia/anoxia
stress (O deficiency) induces an energy redistribution either to the maintenance or the growth of new
tissue [74,137]. Membrane stability, active ion transport and de novo synthesis of proteins are the most
expensive processes whereby the cell metabolism must adjust its energy budget [138]. It has been
reported that these processes are controlled by gene regulation at both the transcript and translation
level [139], and they strategically determine how plants cope with the energy reduction imposed
by hypoxia/anoxia. It is well known that low O, levels impair the respiratory metabolism of plant
tissues. The damage induced by O, depletion, especially on root respiration, could compromise the
development and growth of the entire plant, because root respiration drives the energetic support for
generating new biomass and/or cellular and structural maintenance [140-142].

As previously commented, there is limited information available about transcriptome analysis in
trees or woody species under low O, conditions, and even fewer works have been reported that relate
the differentiated expressions of genes from transcriptomes and the physiological responses of the
respiratory metabolism. The respiratory chain has a principal function of transferring electrons to the
terminal oxidases, where O, acts as the final electron acceptor, producing high-energy phosphate bonds
(ATP) [129,130]. The mitochondrial oxidative phosphorylation system consists of four multi-subunit
oxidoreductases involved in the electron transport chain (mETC) (complexes I-IV) and the ATP synthase
complex (complex V) [143,144]. In the revisited analysis of the transcriptomic study comparing Prumnus
rootstocks contrasting in their tolerance to hypoxia [70], DEGs encoding for proteins belonging to the
mETC, such as Respiratory Supercomplex Factor 2 (RCF2), subunits of complex III (Cytpc1(sups), CYtros
and Cyty req) and IV (COXsypsp2) and COXsyp6p2)), Cytochrome ¢ (Cytc) and Alternative Oxidase (AOX),
were detected (Figure 2). The synchrony of the activity of each protein in the mETC may be altered
depending on the O, availability in the rhizosphere [145], having as a direct consequence a partially
restricted or completely inhibited energy production [131]. As in herbaceous plants, in woody species
one of the most dangerous subproducts of the aerobic metabolism is the formation of ROS such as
H,0, and O, [62]; however, under an anaerobic condition, other harmful molecules are also formed.
Thus, the combination of ROS and nitric oxide (NO) may be extremely detrimental for the cell [70,146].

The processes involved in coping with low O, at the root level are quite expensive for the
plant’s energy budget [137,147], and therefore to scavenge harmful molecules, plants are required to
invest a significant amount of energy in synthesizing expensive enzymatic or nonenzymatic molecule
scavengers [148]. In the mETC, ROS are formed principally through electron leakage from the protein
complexes inserted into the mitochondrial membrane, such as complex I (NDH, NADH dehydrogenase)
and IIT (Cytyes, cytochrome bcl dehydrogenase) [149], and NO formation is more associated with
alternative oxidase (AOX), complex III and IV (COX, cytochrome c oxidase) [150-152]. The revisited
analysis of [70] revealed large differences in gene expression related to mETC, which are closely related
to proteins of complex III, IV and AOX (Figure 2). Regarding complex III, no alterations were found in
the expressions of the Cyty, ,,q and Cytp; genes in waterlogged “‘Mariana 2624’ plants, however the
gene inductions of these isoforms were evident in the root-hypoxia-sensitive genotype ‘Mazzard F12/1’
in response to O, deficiency (Figure 2). On the other hand, the root-hypoxia-tolerant ‘Mariana 2624
repressed the expression of two Cyty,3 isoforms, but ‘Mazzard F12/1” showed a different behavior
since the three Cyt,3 isoforms were induced in response to hypoxia in both early and late stages
(Figure 2). With respect to complex IV, ‘Mariana 2624" did not present DEGs over time, while in
contrast, ‘Mazzard F12/1” reduced the expression of COX(p512) at 72 h, but a strong induction of
COX(supsp2) was evident from 24 h of root hypoxia (Figure 2). Some of the protein complexes of the
mitochondrial membrane may contribute to the scavenging of these harmful molecules. In this sense,
NO is formed from nitrite by COX, however, this protein is inhibited by the raised NO, while that AOX

212



Plants 2020, 9, 1108

is an NO-resistant protein [153]. For instance, it has been found in A. thaliana that the overexpression
of AOX may prevent excesses of NO modulating the formation of ONOO™ from interacting with
O, [153]. Therefore, despite the low affinity of O, with AOX and the limiting proton translocation,
the activity of AOX allows the maintenance of the energy balance under hypoxic conditions [154].
Recently, Vishwakarma et al. [153] found an increase in the haemoglobin-nitric oxide (Hb/NO) cycle
under hypoxia, which might be mediated by the AOX protein and improves the redox and energy
status of the hypoxic cell [136]. This cycle consumes NADH-regenerating NAD*, which would
contribute to maintaining the glycotytic flux during O, deficiency [155]. In the roots of Prunus rootstock
under O, deficiency, the class 1 non-symbiotic haemoglobin-like (nsHb) gene showed a higher expression
in the hypoxia-tolerant genotype than in the sensitive one [156]. This was also found in roots of
hypoxia-tolerant oak genotypes under low O, [157]. In addition, the transcriptomic analysis revealed a
higher AOX gene expression in ‘Mariana2624” at 6 h of waterlogging, but no upregulation of this gene
was detected in the sensitive genotype (Figures 2 and 3). Thereby, the participation of class 1 nsHb and
AOX genes in hypoxia tolerance genotypes may suggest that the possibility of the participation of the
nsHb/NO cycle drives energetic support to the roots of woody plants in the early stages of hypoxia,
promoting the electron flow [158] and allowing the prevention of mETC overreduction [159].

mitochondrial ETC LogFC
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Figure 2. Transcriptomic reconfiguration of pathways involved in mitochondrial electron transport chain
in response to O; deficiency. The changes in the transcript levels of genes belonging to the mitochondrial
electron transport chain typically related to energy metabolism, and that are expressed in a contrasting
way between the genotypes, are described. Data obtained from de novo transcriptomic analysis of
‘Mariana 2624’ (‘M26) and ‘Mazzard F12/1’ (‘F12’). AOX, alternative oxidase; Cyt., Cytochrome c; RCF2,
Respiratory Supercomplex Factor 2; Cyty,3, Cytochrome bo3 ubiquinol oxidase; Cytpc1(supg), Cytochrome
bcl complex subunit 8; Cyty, .4, Cytochrome b reductase; COX(sp5p2), Cytochrome c oxidase subunit
5b2; COX(sup6p2), Cytochrome c oxidase subunit 5b2.

To generate an optimal response under hypoxia is necessary in order to activate the complete
genetic machinery, which could have an extra cost to the root metabolism [160]. Under hypoxia,
the control of protein synthesis may be a ‘double-edged sword’, since this is necessary for proper
cell function, but an increase in protein turnover may increase the respiratory costs of maintenance,
which might lead to compromised growth [138]. Under optimal conditions, the energy generated in
mitochondrial phosphorylation as ATP is used to synthesize new structures in growing plants (growth
respiration), and for all processes related to cellular maintenance, such as protein turnover, maintenance
of ion gradients and membrane potentials in the cell (maintenance respiration) [141,142,161]. However,
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environmental changes may alter the distribution of energy. Under waterlogging, the forced entry
into a state of energy crisis leads the roots to allocate resources to priority processes, thus modifying
the costs associated with root respiration [138]. In Carex plants, O, deficiency drives the activation
of strategies for reducing root growth in order to maximize the respiratory cost imposed on I upon
uptake [137]. However, the allocation of O, to components of root respiration depends on the species.
In the hypoxia-tolerant Prunus genotype, ‘Mariana M2624’, Toro et al. [74] found a greater ability of
the root growth to spend less energy in processes related to maintenance, such as protein turnover
and membrane integrity. These costs could reach up to 80% of the plant’s energy budget [162],
and therefore its regulation would be a key factor in tolerance to hypoxia. An EuKaryotic Orthologous
Groups (KOQG) classification in Cerasus sachalinensis roots under short-term waterlogging showed
that the largest groups of DEGs were included in the categories of post-translational modification,
protein turnover, and chaperones [53]. In addition, the authors found that a high number of transcripts
were associated with translation pathways, and also energy metabolism. The revisited transcriptomic
analysis showed a remarkable difference between transcripts related to mETC from ‘Mariana 2624" and
‘Mazzard F12/1’ rootstocks in response to hypoxia. Thus, low O, in roots increases dramatically the
gene expression of the sensitive genotype from 6 to 72 h of waterlogging, whereat one would usually
find upregulated genes from subunits of complex III (Cytyy3, Cytp red, and Cytpeq) and IV (COXsupsb2)),
and genes that have control over processes associated with supercomplex formation (RCF2) (Figures 2
and 3). According to Arru and Fornaciari [160], protein synthesis would depend on post-transcriptional
or post-translational regulation, there being extremely high energy-requiring step at the translational
level. A study performed on Prunus showed that hypoxia-tolerant rootstocks manifested reduced ATP
demands for protein turnover and the maintenance of membrane integrity, which was closely related
to the low respiratory costs of maintenance [74].

Into the mitochondrial inner membrane, the respiratory protein complexes associate to form
supramolecular assemblies known as supercomplexes [163,164]. The supercomplex formation seems
to be crucial for the proper functioning of mETC, and requires the assistance of specific genes to
efficiently assemble its constituent proteins [165]. In higher plants, the presence of the supercomplex
has been identified in several species such as Arabidopsis, bean, potato and barley [164]. However,
there is still a lack of information about the genes encoding for proteins involved in supercomplex
formation. The Respiratory Supercomplex Factor 2 (RCF2) gene is part of the conserved gene family
termed hypoxia-induced gene 1, which is highly expressed under hypoxia conditions and has been
described as necessary for supercomplex formation [166,167].

As for other genes from mETC, there are scarce reports about the RCF2 genes of woody species or
even of higher plants. Recently, Shin et al. [168] identified the RCF2 gene from Cucumis melo, but further
efforts are required to identify this gene in a larger number of woody species and evaluate its response
under O, deficiency. Further, in wheat roots, RCF2 helps to overcome an energy deficit by enhancing
ADP/ATP transfer and, ultimately, improving the supply of ATP [158]. An early expression of the
RCF2 gene in both hypoxia-tolerant and -sensitive Prunus rootstocks is evidenced (Figures 2 and 3).
However, only the hypoxia-tolerant genotype ‘Mariana 2624” showed expression of AOX, while the
hypoxia-sensitive genotype ‘Mazzard F12/1’ showed the expression of genes related to complex III,
and after 72 h also evidenced the expression of genes related to complex IV (Figure 2). According to
Eubel et al. [164], in the mETC, complex III is commonly found, forming a higher (I+III) and lower
(III+1V) abundance of the supercomplex, and on the other hand, AOX does not seem to form part of a
supercomplex, because complex I and III would limit AOX activity by reducing substrate ubiquinol.
It is has been reported that higher levels of complex I and supercomplex I+III could contribute directly
to the maintenance of mitochondrial function under hypoxia [152]. The transcriptomic data of mETC
genes from RNAseq could lead to the proposal that the presence of the AOX gene (and consequently
AOX protein) would not be limited by the presence of genes related to complex III, which could lead to
an over-formation of the supercomplex and reduce the AOX protein activity (Figure 2). In addition,
the fact that the “‘Mariana 2624’ rootstock did not express genes related to complex III or IV, although
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RCF2 genes were effectively expressed, would indicate an appropriate regulation of the supercomplex
in the mETC in the tolerant genotype. In the hypoxia-sensitive Prunus rootstock ‘Mazzard F12/1’,
a higher energy cost related to protein turnover was reported as being triggered by O, deficiency,
and root tissue injury triggered by waterlogging [74]. As consequence, the hypoxia-sensitive genotype
should require greater protein synthesis/breakdown, which is partially observed here in the high
differential expression of the complex proteins at different times of waterlogging (Figure 2). mETC have
several protein complexes with different roles that guarantee the maintenance of cellular energy both
under optimal and stress conditions. Cytochrome c (Cyt.) corresponds to a small and conserved
protein family that is responsible for generating the proton gradient across complexes III and IV,
driving ATP synthesis [169] and in addition potentially plays a key role in the development of an
adaptative mechanism for tolerating low O, [170]. It has been described that the Cyt. protein may be
released (with ROS production) from the mitochondrial membrane into the cytosol, to trigger the key
step in the early execution phase of programmed cell death (apoptosis) [171,172].

Generally, the avoiding strategies of plant adaptation to O, deficiency involve the formation of
aerenchyma structures by apoptosis, in order to support the increase in O, diffusion and maintain
the aerobic energy supply in root cells [7,74,80]. Scarce information for woody species has been
reported regarding the relationship between Cyt. and hypoxia stress [170]; however, it is widely
known that waterlogged woody species are able to develop aerenchyma in the roots through
apoptosis [5,7,74,173]. The Cyt.-dependent aerenchyma formation relies on the redox state of the
cell environment, which will depend on the presence of H,O, and/or O, [174]. Under hypoxia,
there are relatively high concentrations of HyO, [175], which would lead the cellular environment
to an oxidized state, changing the Cyt, protein structure into its oxidized state, which is capable of
triggering apoptosis [174]. After 24 h of waterlogging treatment, a higher induction of the Cyt, gene
was detected in the hypoxia-tolerant genotype ‘Mariana 2624, while no or very low expression was
observed in ‘Mazzard F12/1” (Figures 2 and 3). On the other hand, waterlogged ‘Mariana 2624" plants
developed aerenchyma in roots, which would combine with the air-filled spaces in supplying the O,
needed for aerobic metabolic processes [7,74] (Figure 3). Therefore, we suggest that under low O,
stress, the overexpression of the Cyt. gene in an oxidized cell environment could increase the synthesis
of Cytf. proteins, generating a higher concentration of proteins in the cytoplasm, which would support
the induction of apoptosis and end with aerenchyma formation (Figure 3). Certainly, in the future,
more comprehensive studies with woody plants are required to help understand the steps between Cyt,
gene expression and the modulation of protein synthesis, especially under conditions of O, deficiency.
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Figure 3. Schematic overview of principal mETC-expressing genes and morpho-anatomical changes
in Prunus rootstocks under root hypoxia. The figure summarizes the effect of AOX and Cyt, on NO
and ROS generation. Regarding ROS, the early induction of AOX (6 h) and the late induction of
Cytc (24 and 72 h) would lead to a regulation of ROS accumulation in a temporally non-exclusive
way in the root-hypoxia-tolerant Prunus rootstock (‘Mariana M2624’). Thus, at the beginning of
stress by O, deficiency, this genotype would be preventing the accumulation of ROS in roots, but as
stress progresses, in the context of apoptosis, the elevation of ROS levels has been associated with
the activity of Cyt. [171,172]. The generation of aerenchyma mediated by apoptosis present in the
original root system, and the generation of adventitious roots with aerenchyma and hypertrophied
lenticels, are characteristic features of ‘Mariana M2624’. These traits are completely absent in the
root-hypoxia-sensitive Prunus rootstock (‘Mazzard F12/1"). The generation of air-filled spaces results in
an avoidance strategy in relation to O, deprivation, which is associated with the maintenance of an
adequate metabolism and energy supply at the whole plant level. The blue and red arrows represent
the over- and down-expression of genes related to mETC. AOX, alternative oxidase; Cyt., Cytochrome
¢; RCF2, Respiratory Supercomplex Factor 2; Cyty,3, Cytochrome bo3 ubiquinol oxidase; Cytpc1sups),
Cytochrome bcl complex subunit 8; Cytfy, .4, Cytochrome b reductase; COX(sp5p2), Cytochrome c
oxidase subunit 5b2; COXs;p6p2), Cytochrome ¢ oxidase subunit 5b2; [NO], nitric oxide; [ROS], reactive
oxygen species. Images of morpho-anatomical changes were obtained from [7,74]. This figure was
created using BioRender.
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6. Conclusions and Perspectives in Fruit Trees Research

The effects of oxygen deficiency and the adaptive responses of plants have been extensively
studied in herbaceous species, mainly with annual life cycles. However, woody fruit tree species,
of great economic importance in temperate and sub-tropical zones, have been poorly attended.
From a physiological point of view, characterizing the adjustment of photosynthesis to hypoxic
conditions is a useful approach to contribute to the definition of the tolerance of these species to such
environmental stress. Thus, species more tolerant to root hypoxia, capable of maintaining higher
levels of photosynthetic activity, may provide greater carbohydrate reserves for facing the energy
crisis triggered by anaerobiosis. On the other hand, transcriptomic studies have become useful for
getting a broader view of the metabolic adaptation of fruit trees to hypoxia. Furthermore, together with
evaluating the classically described metabolic pathways for plants under hypoxia, transcriptomic
analyses allow the investigation of routes or processes less explored in these perennial plant species,
such as the genetic determinants of energy sensing or the genes involved in the mETC.

In this review, we focused on analyzing the physiological and molecular aspects of the responses
of fruit trees under root hypoxia, with emphasis on a study model that involves two genotypes of
Prunus rootstocks with contrasting tolerances to O, deficiency. In light of the multiple and diverse
antecedents evaluated, it seems clear that the tolerant species of fruit trees manage to adapt and survive
waterlogging or flooding due to their ability to detect oxygen deficiency more quickly and change
their metabolism through a suitable transcriptomic reprogramming.

In this sense, keeping calm, and avoiding the activation of more routes than those that are
strictly necessary or less energy efficient in an anaerobic environment, would allow the plant
to invest its energy budget precisely, without exhausting it. This would be exemplified by the
measured amount of DEGs detected in the root-hypoxia-tolerant Prunus rootstock versus the massive
transcriptomic reconfiguration evidenced in the sensitive genotype ‘Mazzard F12/1’, implying a
higher energy expenditure for the latter. At the same time, the anatomical and biochemical factors
that operate in favor of maintenance processes, which are less energy demanding than those of
repair, contribute to the early adaptation to root hypoxia of the tolerant genotype. Subsequently,
late morpho-anatomical modifications end up defining a hypoxia-avoidance strategy that allows
long-term survival in tolerant genotypes.

Finally, further studies are needed into the effects that re-oxygenation exerts on the fruit trees
during the hypoxia recovery phase. In addition, a rising challenge in the study of the adaptive
response to root hypoxia of woody fruit trees would involve epigenetic approaches oriented towards
analyzing the phenomena of the memory of stress that can be transmitted between rootstocks and
scion, or between growing seasons, and how it affects the yielding behavior of the orchards.
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Abstract: Submergence and drought stresses are the main constraints to crop production worldwide.
MicroRNAs (miRNAs) are known to play a major role in plant response to various stresses. In this
study, we analyzed the expression of maize and teosinte miRNAs by high-throughput sequencing of
small RNA libraries in maize and its ancestor teosinte (Zea mays ssp. parviglumis), under submergence,
drought, and alternated stress. We found that the expression patterns of 67 miRNA sequences
representing 23 miRNA families in maize and other plants were regulated by submergence or drought.
miR159a, miR166b, miR167c, and miR169¢c were downregulated by submergence in both plants
but more severely in maize. miR156k and miR164e were upregulated by drought in teosinte but
downregulated in maize. Small RNA profiling of teosinte subject to alternate treatments with drought
and submergence revealed that submergence as the first stress attenuated the response to drought,
while drought being the first stress did not alter the response to submergence. The miRNAs identified
herein, and their potential targets, indicate that control of development, growth, and response to
oxidative stress could be crucial for adaptation and that there exists evolutionary divergence between
these two subspecies in miRNA response to abiotic stresses.

Keywords: hypoxia; submergence; drought; alternated stress; maize; teosinte; microRNAs

1. Introduction

As a consequence of global warming, hydrological fluctuation events such as excessive rainfall
and droughts are common and projected to continue in the future, affecting economic activities [1].
Alterations in water availability in the field, either caused by water surplus or deficit, produce water
stress in plants that negatively impacts the growth and productivity of crops worldwide [2].

Flooding affects the properties of soil and the composition of associated microbial communities [3]
and reduces the availability of nutrients and flux of oxygen to the plant. This leads to hypoxic
stress at the cellular level, especially when the column of water exceeds the length of the stem
(i.e., submergence) [4,5]. In response to flooding stress, plants express genes known as hypoxia core
genes (HCG) that promote anaerobic metabolism [6]. Additionally, some plants use the escape strategy
by redirecting growth to stem elongation to overpass the column of water and maintain the oxygen
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flux. Plants may also delay growth, flowering, and other processes that are energetically expensive,
as part of a strategy known as quiescence to save resources useful to reestablish normal growth when
the water level recedes [7]. On the contrary, when water availability is limited, as in the case of
drought, plants undergo a similar series of changes to adapt to the adverse conditions, which include
stomatal closure with limitations in CO, uptake and reduction in photosynthetic activity, increase in
root elongation rate, early or delayed flowering time, and other physiological and morphological
changes [8].

Cellular dehydration caused by drought, and hypoxia driven by submergence, trigger a cascade of
adaptive responses that are regulated at the molecular level in plants and are directed to maintain vital
functions and protect structures from damage. Since cellular protection is a priority during stress, it has
been shown that some responses to dehydration and excess water have common molecular effectors
acting as nodes in the crosstalk between responses to drought and submergence [9-11]. This may
have allowed wild plants to evolve tolerance mechanisms to cope with alternate drought and flooding
events, which commonly occur consecutively in some regions of the world [12,13].

Maize (Zea mays ssp. mays) is one of the main dietary cereals in the world [14]. In the United States,
the world’s main maize producer, extreme drought and excessive rainfall are the first and second major
causes of losses in maize production, respectively, with both affecting yields to a comparable extent [15].
According to archeological, botanical, and genetic evidence, maize was domesticated from its single
ancestor teosinte (Zea mays ssp. parviglumis) around 10,000 years ago [16,17]. It is estimated that maize
retained 83% of the nucleotide diversity from its ancestor [18]. During domestication and breeding,
maize has been subject to selection for traits that are beneficial to improve feeding quality and yield,
while other traits like tolerance to stress could have been lost. For this reason, teosinte is considered a
living reservoir of genes and mechanisms that could be of importance to improve tolerance to stress in
maize [19,20].

MicroRNAs (miRNAs) have been proposed as promising targets for developing plants with
improved tolerance to multiple abiotic stresses [21]. miRNAs are small RNA molecules with pivotal
roles in the response to environmental stresses in plants that usually act as negative regulators of
gene expression via silencing target genes, which are recognized by sequence complementarity and
subsequently targeted for degradation and/or translation inhibition [22]. With the development of
new platforms for the high-throughput sequencing of small RNAs, several miRNAs involved in the
response to drought or submergence have been described in plants such as Arabidopsis thaliana [23,24],
Brachypodium distachyon [25,26], Oryza sativa [27], Nelumbo nucifera, [28] and Zea mays [29,30].

According to miRBase, 325 mature miRNAs from 174 miRNA precursors have been identified
in maize [31], and some of them have been reported to be responsive to drought [32,33],
submergence, [34] or waterlogging [35]. For example, miR159, miR164, miR167, miR393, miR408,
and miR528 are upregulated by short-term waterlogging in roots of maize lines with high tolerance and
suggest the involvement of hormonal control in the response mediated by miRNAs [30]. Another study
of two maize lines, with contrasting tolerance to drought, observed the downregulation of miR164 and
upregulation of miR159, miR390, and miR398 in the tolerant line compared with the sensitive line [29].
However, it is not clear how miRNAs are regulated in teosinte under submergence or drought stress
and whether miRNA response to these stresses is conserved during maize domestication and breeding.

Therefore, this study aimed to identify microRNAs expressed in maize and teosinte under
submergence and drought stress in order to analyze the conserved and differential mechanisms of
response in these plants. For this, we used high-throughput small RNA sequencing to profile maize and
teosinte under submergence, drought, and consecutive drought and submergence stresses. We found
a group of miRNAs that were regulated by drought or submergence, including some miRNAs that
were differentially regulated in the two species. Analyses of small RNA data from teosinte subject
to alternate treatments of drought and submergence indicated that miRNA response to drought was
attenuated when submergence was the first stress treatment, but miRNA response to submergence did
not change when drought stress was applied first. The potential targets of these miRNAs indicate that
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control of development, growth, and response to oxidative stress could be crucial for understanding
the conservation and divergence of stress tolerance between maize and teosinte.

2. Results

2.1. Physiological Response of Maize and Teosinte to Submergence and Drought

With the objective to determine a time period of treatment for RNA collection, maize seedlings with
two vegetative leaves and 14 days after sowing (stage V2, 14 DAS) were exposed to submergence for 2,
4, and 6 days (Figure 1A). All treatments induced growth reduction in maize, but plants submerged
for 4 or 6 days developed necrotic spots on the leaves, and plants treated for 6 days were not able to
recover from the stress. Therefore, a 2 day submergence treatment was selected for subsequent assays.
Similarly, drought assays were performed on maize seedlings that were deprived of water until they
reached half their initial weight and were maintained under this level of water limitation for 2, 4, 6,
and 8 days (Figure 1B).

A

Control 2 4 6 Control 2 4 6 8
Submergence (d) Drought (d)

(@]
) O

g

RELATIVE WATER CONTENT (%)

SUBMERGENCE TOLERANCE COEFFICIENT (STC)

Teosinte Maize Teosinte Maize Teosinte Maize
Control Drought Recovery

Teosinte Maize

Figure 1. Effects of submergence and drought on maize and teosinte plants. (A) Plants exposed to
submergence for 2, 4, and 6 days, and (B) plants exposed to drought for 2, 4, 6, and 8 days. Response of
teosinte and maize plants to (C) submergence for 48 h, expressed as submergence tolerance coefficient
(STC), and (D) drought for 6 days and recovery 24 h after rehydration, expressed as relative water
content (RWC) in the leaves. Data are means, with error bars representing +SD of three biological
replicates, each replicate consisting of six plants. Different letters above the error bars indicate
statistically significant differences between samples (p < 0.05) in a Student’s ¢-test.

Drought caused a reduction in the growth of maize plants when compared with control plants,
but this reduction was stabilized, which may be explained by the fact that pots were maintained
at a constant, intermediate water deficit condition, and not exposed to progressive drought stress.
Based on these observations, maize and teosinte plants were exposed to submergence for 2 days and
drought for 8 days, and the submergence tolerance coefficient (STC) and relative water content (RWC)
were registered for the respective treatments. Submergence affected the growth of maize and teosinte
seedlings to a similar extent, since STC was not significantly different (Figure 1C). There were also no
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significant differences in RWC between maize and teosinte in control, drought, and 24 h of recovery after
the stress (Figure 1D). These results suggest that both plants are able to sense and respond to stress by
adjusting water status and growth to a similar extent at this stage. This is expected because both maize
CML496 and teosinte grow in conditions prevalent in the tropics, where drought, high temperature,
and extreme seasonal variations in monthly rainfall are commonly observed. Therefore, this constitutes
a solid system to investigate the intra-specific conservation and divergence in the response to stress
between maize and its direct ancestor that lead to adaptation in both plants.

2.2. Overall Analysis of Small RNA Sequencing Data

The alterations in growth, STC, and RWC observed in maize and teosinte seedlings in the
assays suggest that the times and stress intensities can help to study molecular responses in both
plants. Accordingly, maize and teosinte seedlings exposed to 2 days of submergence or 6 days of
constant drought were selected for profiling the microRNA populations involved in the corresponding
responses. In addition, teosinte seedlings exposed to alternated stress of drought-submergence and
submergence-drought were also selected.

High-throughput sequencing of small RNA libraries prepared from teosinte and maize under
submergence, drought, and alternated stress rendered from 16 to 46 million raw reads (Table 1),
with PHRED score above 30 (Figure S1). After removing low-quality reads and adapters, the libraries
were analyzed for size distribution of reads, revealing an enrichment of 24 nt SRNAs across the libraries
(Figure S2). Reads less than 18 or longer than 35 nt were removed, resulting in a number of clean reads
ranging from 14.8 to 41.9 million (Table 1).

Table 1. Summary of small RNA sequencing data from eight maize and teosinte libraries. Distribution
of small RNAs in the corresponding non-coding RNA category.

Maize Teosinte

Control ~ Submerg Drought Control Submerg Drought Drought-Submerg Submerg-Drought

Raw 16,139,354 26,621,448 31,642,210 20,672,413 28,656,756 29,063,588 17,997,037 46,522,229
Clean 14,897,058 24,568,439 29,744,161 18,955,892 26,296,921 26,960,313 15,760,258 41,915,673
Maize 14,870,947 24,488,359 29,696,341 18,927,434 26,217,672 26,912,777 15,727,757 41,761,974

99.82% 99.67% 99.84% 99.85% 99.70% 99.82% 99.79% 99.63%
mt 87,401 106,625 134,420 114,741 73,980 105,999 106,451 145,709
0.59% 0.43% 0.45% 0.61% 0.28% 0.39% 0.68% 0.35%
cp 182,414 452,301 459,718 475,121 444,434 835,675 973,949 1,289,213
1.22% 1.84% 1.55% 2.51% 1.69% 3.10% 6.18% 3.08%
mRNA 195,418 258,447 342,833 207,230 202,191 256,739 238,774 309,551
1.31% 1.05% 1.15% 1.09% 0.77% 0.95% 1.52% 0.74%
rRNA 288,257 601,629 778,148 687,038 591,868 588,819 1,056,243 1,240,514
1.94% 2.45% 2.62% 3.62% 2.25% 2.18% 6.71% 2.97%
tRNA 103,451 161,288 200,294 569,294 480,975 553,939 953,794 1,426,872
0.70% 0.66% 0.67% 3.00% 1.83% 2.05% 6.06% 3.41%
snRNA 516,999 838,151 1,071,157 576,299 868,349 890,657 421,404 1,220,748
3.47% 3.42% 3.60% 3.04% 3.31% 3.30% 2.67% 2.92%
snoRNA 105,518 168,088 228,389 141,006 174,443 190,297 111,528 256,675
0.70% 68.00% 0.77% 0.74% 0.66% 0.70% 0.70% 0.61%
IncRNA 258,027 416,896 519,449 362,527 530,505 528,963 231,375 719,402
1.73% 1.70% 1.74% 1.91% 2.02% 1.96% 1.47% 1.72%
repeats 2,219,656 3,623,199 4,820,455 5,064,798 5,305,481 5,343,314 4,734,879 9,267,896
14.92% 14.79% 16.23% 26.75% 20.23% 19.85% 30% 22.19%
Maize 397,473 248,193 774,680 180,091 98,923 310,478 47,836 350,678
miRNAs  2.67% 1.01% 2.60% 0.95% 0.38% 1.15% 0.30% 0.84%
Other 24,837 21,526 39,108 6498 5862 7393 6470 13,887
miRNAs 0.17% 0.09% 0.13% 0.03% 0.02% 0.03% 0.04% 0.03%

Submerg: Submergence; mt: mitochondria; cp: chloroplast; mRNA: messenger RNA; rRNA: ribosomal RNA; tRNA:
transfer RNA; snRNA: small nuclear RNA; snoRNA: small nucleolar RNA; IncRNA: long non-coding RNA.
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On average, 99.7% of the clean reads were mapped to the maize genome. From the reads mapped
to the maize genome, less than 3% represented plant miRNAs reported in the miRBase (Table 1).
Interestingly, libraries from teosinte showed the lowest percentage of miRNAs (approximately 0.74%
for teosinte and approximately 2.19% for maize), suggesting a potential underrepresentation effect
caused by the absence of teosinte miRNAs in the miRBase. However, the percentage of teosinte
reads that were mapped to the maize genome (approximately 99.75%) was the same as that for maize
(approximately 99.77%), indicating that differences are likely due to lower levels of miRNA expression
in teosinte. In addition, a reduced abundance of plant miRNAs under submergence stress was observed
in both maize and teosinte, and in teosinte treated with drought-submergence stress compared with
the corresponding controls (Table 1). After removing low frequency reads and normalization to tags
per million (TPM), 178 miRNA sequences in total (118 mapping to maize and 60 to miRNAs of other
plants) were expressed across the libraries (Table S1).

2.3. Global Changes in Expression of miRNA Sequences in Response to Stress

Further analysis revealed that 164 miRNA sequences (110 from maize and 54 annotated in other
plants) were differentially expressed in maize and/or teosinte in response to at least one of the treatments
(Table S1).

Regarding submergence stress, maize and teosinte showed common expression profiles of
10 upregulated and 72 downregulated miRNA sequences (Figure 2A). A total of 42 miRNA sequences
(14 upregulated and 28 downregulated) were regulated exclusively in maize, while 27 miRNA sequences
(4 upregulated and 23 downregulated) were exclusive of teosinte (Figure 2A). A similar trend in the
number of miRNAs responsive to stress, with lesser miRNAs being regulated in teosinte than in
maize, was observed for drought treatments (Figure 2B). The analysis revealed 70 miRNA sequences
(21 upregulated, 49 downregulated) regulated exclusively in maize, while 27 were differentially
expressed only in teosinte (17 upregulated, 10 downregulated).

The overlap between submergence and drought responses in maize and teosinte showed that in
maize, most of the miRNAs (68 sequences) were downregulated in both submergence and drought
(Figure 2C), whereas in teosinte, the number of sequences downregulated exclusively in submergence
was the highest (69 sequences; Figure 2D).

In addition, small RNA libraries from teosinte exposed to alternated water stress were
analyzed to assess the effects of consecutive treatments of drought and submergence on miRNA
expression. Figure 2E shows that 18 miRNA sequences (5 upregulated and 13 downregulated) were
differentially expressed in a similar pattern in response to submergence, drought, and alternated
drought-submergence treatments. The number of miRNA sequences (69) overlapping between
drought-submergence and submergence (representing 63% of total sequences in submergence) was
higher compared with only 22 miRNA sequences between drought-submergence and drought (39% of
total sequences in drought; Figure 2E), indicating that when submergence is the second stress, it has
the strongest effect on miRNA expression.

When submergence is followed by drought, 21 out of 56 miRNA sequences regulated under
drought overlapped between submergence-drought and drought treatments (37% of sequences in
drought), indicating that when submergence is the first stress, it affects the subsequent response to
drought in teosinte (Figure 2F).
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Figure 2. Venn diagrams showing differentially expressed miRNA reads that overlap in maize and
teosinte under (A) submergence and (B) drought treatments. Plant miRNAs overlapping in submergence
and drought treatments in (C) maize, and (D) teosinte. Plant miRNAs overlapping in teosinte under
single and alternated treatments of (E) drought followed by submergence, and (F) submergence followed
by drought. Numbers are based on fold change (FC) (logy) values (treatment/control). Upward arrows
represent upregulated miRNAs (FC > 1) and downward arrows represent downregulated miRNAs
(FC<-1).

2.4. Redundancy of miRNA Reads Annotated to miRBASE and Grouping of Representative Sequences

The data showed a high level of redundancy of reads in the libraries annotated to miRBASE,
mainly caused by positional variants of mature miRNAs and other sequences matching miRNA
precursors. Regrouping of mature miRNAs, positional variants derived from the same mature
sequence, and sequences that exactly match those from other plants but with a close similarity to
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known maize miRNAs (i.e., differing by one or two nucleotides in the 5" or 3’ ends), rendered 67
representative sequences belonging to 23 miRNA families (Table S2).

2.5. Search for Novel miRNAs

In order to identify new variants of known miRNAs in teosinte, a search was performed against
the miRBASE, allowing up to two mismatches in the mature or precursor sequences. This rendered
102 polymorphic variants that showed the same expression profiles as those of their corresponding exact
sequences (Table S3). However, these sequences failed to provide a perfect hit to the reference genome,
which did not allow the analysis of a putative precursor sequence. We also searched for potential novel
miRNAs in our datasets and generated several candidates, but after a detailed inspection, they did
not comply with the criteria for annotation of novel miRNAs in terms of secondary structure and/or
distribution of reads along the potential precursor [36].

2.6. Analysis of miRNAs Responsive to Submergence and Drought in Maize and Teosinte

In the group of 67 representative non-redundant miRNA sequences, 13 were identified as
responsive to at least one of the stress conditions, with fold change values ranging from —4.39 for the
most downregulated miRNA (miR166bd) to 2.17 for the most upregulated miRNA (miR319b) (Table 2).
Besides these miRNAs, others showing differential expression such as miR1511, miR2916, miR482,
and miR4995 (Table S2), were discarded from the analysis due to failure to hit the maize genome or
originating from ribosomal RNA or transposons.

Table 2. Representative plant miRNAs responsive to submergence and drought in maize and teosinte.

Fold Change (FC)

miRNA Name Maize Teosinte
Submergence Drought Submergence Drought
miR156k -2.94 -2.99 —-0.86 1.09
miR159ab -2.17 0.80 -1.46 1.06
miR164e —4.24 -1.49 -0.29 1.20
miRT66bd |80 s O =2 77 119
miR167cdeg —-2.99 —2.48 -1.62 —-0.33
miR169cr -3.13 -0.95 —-1.05 0.11
miR319b -0.75 0.80 —-0.66 2.17
miR396cd -1.04 -0.17 —-0.39 1.08
miR398ab —-0.38 -0.29 -1.09 0.05
miR398b -2.83 -0.94 —-0.69 0.29
miR408 -1.34 -0.51 -1.78 -1.76
miR408b -2.14 -0.89 -2.57 0.17
miR528ab -1.30 -1.65 -2.22 -0.57
Constitutive
miR166¢ 0.00 -0.01 -0.21 -0.19

! Fold change (treatment/control) values > 1 indicate upregulated miRNAs (orange), and values < -1 indicate
downregulated miRNAs (green).

Overall, the grouping of miRNAs presented a clear picture of the stress response. Changes in
miRNA expression were more marked in maize than in teosinte for most miRNAs downregulated
under submergence, suggesting that maize plants could be more sensitive or reactive to submergence
than teosinte in terms of miRNA responses. miRNAs that were specifically downregulated in maize
were miR159ab, miR164e, miR166bd, miR167cdeg, miR169cr, miR396cd, and miR398b (Table 2).

In maize, drought stress repressed the expression of five miRNAs (miR156k, miR164e, miR166bd,
miR167cdeg, and miR528a). In teosinte, only miR166bd and miR408 were downregulated, while five
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miRNAs were upregulated under drought (miR156k, miR159ab, miR164e, miR319b, and miR396cd)
(Table 2).

2.7. Analysis of miRNAs Responsive to Alternated Stress in Teosinte

When plants were exposed to drought-submergence conditions, the miRNA expression profile
resembled that of submergence, suggesting that at the end of the drought treatment, plants were not
compromised to respond to a submergence event (Table 3). The changes between drought-submergence
and submergence stress were limited only to the expression of miR408. This miRNA target gene
encodes plastocyanin (PLC) and laccase (LAC) involved in copper homeostasis and the formation
of lignin.

Table 3. Representative plant miRNAs responsive to single (submergence or drought) and alternated
treatments (drought followed by submergence and submergence followed by drought) in teosinte plants.

Fold Change (FC) !

miRNA Name
Submergence Drought Drought-Submergence Submergence-Drought
miR156k —0.86 1.09 —-0.54 117
miR159ab -1.46 1.06 -1.43 0.55
miR164e -0.29 1.20 0.06 1.09
miR166bd -2.77 -1.49 -1.95 -0.77
miR167cdeg -1.62 -0.33 -1.87 0.71
miR169cr -1.05 0.11 -1.60 0.11
miR319b —0.66 2.17 —-0.41 0.16
miR396cd -0.39 1.08 —-0.94 0.53
miR398ab -1.09 0.05 -1.56 —0.58
miR398b —-0.69 0.29 -1.92 —-0.57
miR408 -1.78 -1.76 -0.88 0.55
miR408b =25/ 0.17 —0.43 —0.87
miR528ab -2.22 -0.57 -3.16 —0.99
Constitutive
miR166¢ -0.21 -0.19 -0.27 -0.19

! Fold change (treatment/control) values > 1 indicate upregulated miRNAs (orange), and values < —1 indicate
downregulated miRNAs (green).

When plants were exposed to submergence-drought conditions, most miRNAs were regulated in
a way similar to that in plants under drought alone, but the response was attenuated. For example,
miR159ab, miR319b, and miR396cd were upregulated in drought as a single stress, but when drought
was preceded by submergence, regulation of these miRNAs was maintained within the same trend but
at low levels (Table 3). These results suggest that plants are plastic in response to environmental cues
and have the capacity to oscillate to adapt to different stresses.

2.8. Assessment and Validation of miRNA Expression by Quantitative RT-PCR

Quantitative RT-PCR assays were performed using a modified SL-RTPCR method for seven
miRNAs regulated by stress. Based on the fold change values of miRNAs expressed in the libraries,
miR166¢-5P was selected as a constitutive control for qRT-PCR assays, since it showed intermediate
abundance levels and stable regulation in single and alternated stress conditions (Tables 2 and 3).
SL-RTPCR assays showed changes in expression similar to those observed by analysis of sequencing data
for miR156k, miR159ab, miR167cdeg, miR396cd, miR398ab, miR408b, and miR528ab (Figure 3A-G).
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Figure 3. qRT-PCR validation of miRNAs response to submergence, drought, and alternated stress
by SL-RTPCR for (A) miR156, (B) miR159, (C) miR167, (D) miR396, (E) miR398, (F) miR408, and (G)
miR528. Relative fold change values were calculated as AACt for SL-RTPCR (blue bars) using miR166¢
as the constitutive control or as the treatment/control ratio from normalized reads for SRNA-SEQ
data (black bars). Results are mean with error bars representing +SD of three biological replicates,
each replicate consisting of a pool of six plants and three technical replicates. Different letters above the
error bars indicate statistically significant differences between samples (p < 0.05).

For example, based on sequencing data, miR167 had a fold-change value of 0.12 and 0.17 in maize
under submergence and drought, respectively. The values obtained by SL-RTPCR were 0.39 (+0.03) and
0.40 (+0.06), respectively, which confirms that miR167 is downregulated by these treatments and thus
the expression trends for upregulated or downregulated miRNAs were maintained in both methods.

Mitochondria and chloroplasts are the main compartments for energy production that are
affected by low water and oxygen availability and may be a source of signals to integrate the cellular
response [37,38]. A search was performed in the libraries with the objective of identifying small RNAs
potentially originating from maize mitochondria or plastids. For both mitochondria and plastids,
the highest number of reads mapped to the subunit 2 of NADH dehydrogenase (Table S4). The reads
were derived from a region spanning 53 bp of NADH dehydrogenase subunit 2 with an abundance of
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up to 820 TPM, comparable to miR408 abundance (Table S2). The second highest number of reads
mapped to the trnL-trnF intergenic spacer and tRNA-Phe (trnF) gene from the maize chloroplast.
Interestingly, these reads derived from a 32 bp region of the gene did not show a clear expression trend
in response to stress; however, a high accumulation of reads in teosinte compared with that in maize
was evident, with up to 2273 TPM, comparable to miR398 abundance (Tables S2 and S5). The causes
and implications of the existence of these small RNA signatures need to be investigated in the future.

3. Discussion

Drought and submergence represent complex conditions that can be dissected into several
components such as hypoxia, nutrient, light, osmotic, temperature, and oxidative stress [39].
Understanding how the different components act to integrate the response to stress at all levels
of regulation is fundamental to underpin the improvement of tolerance to drought and flooding stress
in crops.

miRNAs are a class of small RNAs that act as regulators of gene expression at the transcriptional
level. In this study, high-throughput sequencing and analysis of small RNA populations from maize
and teosinte under submergence and drought revealed that submergence caused a global reduction
in the representation of miRNA expression compared with control or drought conditions. This was
observed in roots of wild tomato treated with hypoxia, where only 1.45% of total reads were expressed
in hypoxia-treated roots against 2.45% expressed in control roots [40].

Further exploration of the expression of specific miRNA family members allowed the identification
of 13 miRNAs with differential expression profiles in response to submergence and drought. The analysis
of their expression patterns and functions of their predicted, or previously confirmed targets, allowed
the recognition of two main components of the responses to submergence and drought in maize:
transcriptional regulation and antioxidant activity.

3.1. Transcriptional Regulation

The growth and development processes are driven by hormonal signaling pathways that
are fundamental in the response to submergence and drought in plants [41], where transcription
factors and miRNAs participate. Several differentially expressed miRNAs identified in this work
are known to act over target genes encoding transcription factors such as miR156 (squamosa
promoter-binding protein like, SPL) [42—44], miR159 (giberellic acid-MYB transcription factor,
GAMYB [28,29]), miR164 (NAM-ATAF-CUC domain transcription factor NAC, MYB [45]), miR166
(basic leucine zipper transcription factor, HD-ZIP III [46,47]), miR167 (auxin-responsive factor,
AREF [30,35,48]), miR169 (nuclear transcription factor Y subunit alpha, NFYA [49-52]), miR319 (teosinte
branched1/cycloidea/proliferating cell nuclear antigen factor, TCP [53]), and miR396 (growth-regulating
factor, GRF [54,55]). Other target genes predicted in this study are listed in Table S6.

Most miRNAs in this category have been related to responses to abiotic stress. miR156 controls
developmental transitions and flowering through the activity of their targets (SPL) [42—-44] which is
upregulated in Arabidopsis roots under hypoxia and in lotus under submergence [23,28]. Other miRNAs
such as miR166 were upregulated in maize roots in response to waterlogging [34] and downregulated
in Arabidopsis roots in response to hypoxia [23]. miR164 participates in the development of lateral
roots [45] and the response to waterlogging in maize roots [30]. miR159 controls petiole elongation and
flowering [56] and is upregulated in maize roots exposed to waterlogging [29]. miR167 is upregulated
by waterlogging in maize roots [30,34], and downregulated in submerged lotus seedlings [28].

In this study, miRNAs in the category of transcriptional regulation overlapped between maize
and teosinte in response to submergence and between submergence and drought in maize (Figure 4),
indicating that the control of growth is of central importance for adaptation in maize and teosinte.
Interestingly, all these miRNAs were downregulated in the overlaps. Downregulation of this set of
miRNAs means that their targets may be released from post transcriptional control, which may activate
hormone-responsive genes to initiate elongation (miR159), cell elongation and differentiation (miR167),
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transition to flowering (miR156), and other responses. In addition, it is possible that changes observed
in miRNA expression at the transcriptional level are not only directed to increase growth, but also to
mediate feedback in hormonal pathways, or to prepare for reoxygenation or rehydration after stress.
Interestingly, the response to drought in teosinte was regulated by five miRNAs that were upregulated
(miR156, miR164, miR159, miR319, and miR396). The upregulation of these miRNAs suggests that
growth processes may be restricted in teosinte during drought stress (Figure 4).
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Figure 4. Hypothetical model of the regulation of miRNAs in the response to submergence and
drought in maize and teosinte. The importance of antioxidant enzymatic activity, copper homeostasis,
and control of growth and development as the main lines of response regulated by miRNAs in
both plants is highlighted. Interrupted lines represent overlap between plants and/or treatments.
Green, downregulated miRNAs; orange, upregulated miRNAs. GREF: growth-regulating factor;
GAMYB: gibberellic acid-MYB transcription factor; ARF: auxin-responsive factor; NFYA: nuclear
transcription factor Y subunit alpha; PLC: plastocyanin; LAC: laccase; SOD: superoxide dismutase;
SBP1: selenium-binding proteinl; bZIP: basic leucine zipper transcription factor; SPL: squamosa
promoter-binding protein like; NAC: NAM-ATAF-CUC domain transcription factor; TCP: teosinte
branched1/cycloidea/proliferating cell nuclear antigen factor; SBP1: selenium-binding protein 1.

3.2. Antioxidant Activity

Submergence and drought stress result in excessive production of reactive oxygen species (ROS)
and efficient mechanisms to cope with oxidative injury are determinants of tolerance [57]. miR398,
miR408, and miR528 are included in this category. miR398 target genes encode Cu/Zn superoxide
dismutases (CSD1 and CSD2) that act in the defense against toxic ROS in Arabidopsis [58]. In Phaseolus
vulgaris, miR398 is downregulated under drought and submergence [59] and is also downregulated
in response to submergence in Arabidopsis [60]. We predicted other miR398 targets including a
selenium-binding protein (SBP) (Table S6). An SBP was recently reported to be induced in Arabidopsis
in response to submergence [60] and confirmed as a miR398 target by degradome analysis in maize [61].
In this study, miR398 was downregulated in maize and teosinte under submergence, thereby implicating
a potential increase in antioxidant activity.
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Other members, such as miR408 and miR528, target genes encoding the cupredoxins PLC and
LAC [62-64], and other genes controlling circadian clock and flowering time [65,66]. PLC functions
as an electron transporter and LAC participates in the formation of lignin by oxidation. miR408 and
miR528 have been previously reported to respond to submergence in Lotus seedlings and maize
roots [28,30]. In this study, miR408 and miR528 were downregulated in maize and teosinte under
submergence, suggesting the maintenance of electron flux, oxidation homeostasis, and lignin synthesis
(Figure 4).

3.3. Comparison of miRNA Expression in Maize and Teosinte

Previous work demonstrated a high level of conservation of miRNA mature sequences between
maize and teosinte [67]. Thus, divergence in tolerance to stress is most likely the result of differences
in gene expression between these plants. Overall, in this work maize and teosinte showed similar
responses to submergence, with a clear trend toward downregulation of miRNAs involved in the
control of growth, development, antioxidant response, and copper homeostasis. However, the response
to submergence was more intense in maize than in teosinte for most of the miRNAs responsive to
stress, especially for those miRNAs controlling growth. This suggests that maize is more reactive to
submergence and responds by releasing the control on their target genes, which in turn may accelerate
growth to escape from stress. In teosinte, these responses were less dramatic, suggesting that a finer
tuning of expression could be a key for tolerance in this plant. A similar pattern was observed in
a study comparing miRNA expression in inbred maize lines with different levels of tolerance to
waterlogging, where the stress sensitive line reacted by downregulating most of the miRNAs and
induced target genes to accelerate growth. Instead, the tolerant line responded with a moderate level
of downregulation, or even upregulation of some miRNAs to repress growth under stress [30].

In the case of drought, maize responded in a similar way as that in submergence by downregulating
miRNAs to induce growth, while teosinte upregulated miRNAs to restrict growth and probably save
energy resources. Regarding defense against oxidative stress, oxidation homeostasis, and reinforcement
of cell structure, both plants maintained the downregulation of miRNAs, suggesting the possibility
that their target genes were actively protecting the plants from the oxidative damage caused by stress.

3.4. Effects of Alternated Stress on Teosinte

Alternated events of drought and submergence are common in some regions of the world where
plants experience the succession of these events throughout their life cycle. In this study, teosinte plants
treated with alternated stress revealed that drought as the first stress had no effect on the capacity
to respond to a subsequent event of submergence (Figure 5). In fact, plants treated with alternated
stress, and plants treated only with submergence had resembling replicates for most of the miRNAs.
This suggests that teosinte was able to rapidly reverse the effects of drought and redirect the response
towards submergence, even though drought had induced clear symptoms of stress in plants. The only
miRNA that did not respond to submergence as the second stress was miR408, but a functional overlap
with miR528 may have supplied the activity of LAC and PLC.
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Figure 5. Hypothetical model of the response to alternated stress in teosinte. The influence of
the first stress and the consequences in miRNA responsiveness to the second stress are indicated.
Green, downregulated miRNAs; orange, upregulated miRNAs.

In the opposite order, submergence followed by drought produced an attenuated response to
drought. The effects of submergence as the first stress had a long-term influence, considering that
between the end of submergence and the beginning of drought, there was a gap of 8 days. This effect also
suggests the plastic nature of plants to adapt to adverse factors and oscillate between different stresses.

Research has shown that recovery from submergence represents an additional stress by itself.
Upon de-submergence, plants suffer reoxygenation stress conducive to the accumulation of ROS,
reillumination stress, dehydration, and senescence [68]. During these processes, hormonal signals,
ROS, protective proteins, and other molecular effectors could be induced in plants over a period of
time that could be useful to survive any other event of stress such as drought, establishing an overlap
between submergence and drought tolerance, as described in rice harboring the SUB1A gene [9].

Several aspects in the involvement of miRNAs in the responses to stress still need to be addressed
for constructing a solid system that improves stress tolerance in plants. These include a detailed study
of expression dynamics between miRNA and target genes during exposure to combined or alternated
stress and during recovery in lines with contrasting tolerance, implications of other factors in the
response such as intensity and quality of light during stress, circadian cycle on miRNA expression,
plant age, the function of other SRNAs involved, and additional layers of regulation of gene expression.
The present study constitutes a base for information that could be useful in further efforts to broaden
the knowledge on the roles of miRNAs in stress response and explore miRNAs as tools for improving
tolerance to multiple stresses.

4. Materials and Methods

4.1. Plant Materials

Maize seeds (Zea mays ssp. mays) of tropical homozygous line CML496, and teosinte (Zea mays
ssp. parviglumis) were obtained from Centro de Investigacion y de Estudios Avanzados (CINVESTAV)
and Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias (INIFAP) seed collections,
respectively. The seeds were germinated directly in pots with Sunshine Mix 3 (N: 36 ppm from
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NO3/9 ppm from NHy; P: 7 ppm; K: 49 ppm; Ca: 45 ppm; Mg: 30 ppm; S: 39 ppm; B: 0.046 ppm;
Cu: 0.01 ppm; Fe: 0.478 ppm; Mn: 0.251 ppm; Mo: 0.035 ppm; Na: 10 ppm; Cl: 8 ppm; Al: 0.48 ppm)
(Sun Gro Horticulture Distribution Inc., Agawam, MA, USA), three seeds per pot. In the case of
teosinte, the seeds were mechanically scarified to remove the coat before sowing.

4.2. Growth Conditions and Treatments

Maize and teosinte plants were grown in a plant growth room at 23 °C and 16 h/8 h light/dark
cycle in order to lengthen the vegetative growth phase. The drought stress applied in this study was
set to maintain plants at a constant intermediate intensity of drought rather than a progressive drought
stress. For drought stress, pots with plants in vegetative stage V2, 12 days after sowing (12 DAS) were
water-deprived for 6 days by interrupting water supply until half of their initial weight (water deficit)
was reached. Then, water was added in small amounts on a daily basis to constantly maintain the
plants in a water deficit condition at half their weight for 6 days. Submergence stress was applied
on plants at 26 DAS, with pots in empty 32 cm deep submergence tanks that were filled with filtered
tap water to increase the water column by 6 cm every 2 h for 10 h, until the maximum capacity was
reached, and plants were fully submerged. The plants were maintained in this condition for 48 h after
the first addition of water. For all the treatments, growth conditions were maintained at 23 °C and
16 h/8 h light/dark cycle.

For drought followed by submergence (drought-submergence), teosinte plants (14 DAS) were
water-deprived for 6 days followed by 6 days under constant drought stress and then submerged for
48 h as previously described. For submergence followed by drought (submergence-drought), teosinte
plants (12 DAS) were submerged for 48 h and removed from the water tank followed by depriving
them of water until the plants reached half their initial weight (8 days). Then, small amounts of water
were added to maintain a constant water deficit condition for 6 days. The single and alternated stress
experiments with maize and teosinte were designed to end simultaneously at 28 DAS. At the end of
the experiments, the shoots were immediately collected, frozen in liquid nitrogen, and stored at —80 °C
for further processing. All the assays, including control and treatments, were performed with three
biological replicates, with each replicate containing six plants.

4.3. Assessment of Physiological and Morphological Effects of Stress in Maize and Teosinte

For drought stress, the relative water content (RWC) was measured in the second leaf of maize
plants under drought stress and control conditions, as previously described [69]. Briefly, square leaf
sections (2 X 2 cm) were excised from plants and weighed to obtain the fresh weight, then submerged
in deionized water for 24 h to obtain the turgid weight, and finally dried at 70 °C until constant dry
weight was achieved. Then, RWC was calculated as [(fresh weight-dry weight)/(turgid weight-dry
weight) x 100].

For submergence stress, the submergence tolerance coefficient (STC) was adapted from the
coefficient applied for waterlogging [70]. Briefly, the length of shoots and roots of plants exposed
to submergence or control conditions were noted at the end of experiments. The plants were then
dried at 70 °C until a constant dry weight was reached. The sums of length and dry weight of
plants exposed to the stress and control conditions were used to calculate the STC as [(sum of treated
plants)/(sum of control plants)]. RWC and STC measurements were performed in three biological
replicates, each consisting of six plants per treatment.

4.4. Total RNA Extraction and Construction of Small RNA Libraries

Total RNA was extracted from treated and control samples (three biological replicates,
each consisting of a pool of six plants) with TRIzol reagent (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Total RNA was quantified using a Nanodrop ND-1000
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and visualized by 1% agarose
gel electrophoresis under denaturing conditions. Total RNA from triplicates of the same treatment was
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pooled (4 ug from each biological replicate in a total of 12 ug per treatment). The small RNA fraction
(20-30 nt) was purified from total RNA in a denaturing 15% acrylamide gel. Next, a pre-adenylated
adapter (linkerl, Integrated DNA Technologies, San Diego, CA, USA) was ligated to the 3" end of
small RNAs with T4 RNA ligase II (New England Biolabs, Ipswich, MA, USA) in the absence of ATP.
Then, the RNA adapter Illumina RA5 was ligated to the 5" end of small RNAs with T4 RNA ligase
1 (Ambion, Austin, TX, USA). The ligated products were used as templates in a cDNA synthesis
reaction with the primer RT Bridge and the retrotranscriptase MMuLV (Thermo Fisher Scientific
Inc., Waltham, MA, USA), followed by a 15-cycle PCR reaction with Phusion High-Fidelity DNA
polymerase (New England Biolabs). The PCR products were purified, quantified, and sequenced in
the Illumina HiSEQ2500 at the Genomics Core of the University of California-Riverside (Riverside,
CA, USA). Adapters and primers are listed in Table S7.

4.5. Bioinformatics Analysis of Small RNA Libraries

Raw sequencing datasets from small RNA libraries were processed with the CLC Genomics
Workbench 12 (QIAGEN, Hilden, Germany) to remove adapters, low-quality reads, and reads shorter
than 18 nt and longer than 35 nt. Clean reads were mapped to the B73 RefGen_v5 maize genome [71]
and classified into the different non-coding RNA categories (rRNA, tRNA, snRNA, snoRNA, IncRNA,
and repeats). In addition, clean reads were mapped to the maize chloroplast and mitochondria
DNA (B73 RefGen_v4). The clean reads were searched against the plant miRNAs deposited in the
miRBASE (Release 22.1) [31], allowing (1) zero mismatches, or (2) up to two mismatches to detect
polymorphisms. miRNA sequence counts were normalized as TPM relative to the total clean read
counts in the corresponding library. Individual miRNA sequences were then analyzed for differential
expression. Fold change values were calculated as log, (normalized counts in treatment/normalized
counts in control) (Table S1). Only miRNA sequences with raw counts > 50 in at least one of the
libraries were considered for differential expression analysis, and fold change values >1 or <-1 were
considered as upregulated or downregulated, respectively.

miRNA sequences with a high level of similarity were then grouped. All sequences that differed
from the mature sequence by one or two nucleotides in the 5" or 3’ ends were considered positional
variants and were then grouped with the mature sequence to constitute a representative miRNA group.
The sum of reads and fold change values were recalculated for grouped miRNA sequences (Table S2).

Small RNA sequencing data were deposited into the NCBI/GEO database with accession
number GSE155050.

4.6. Assessment of miRNA Differential Expression by Quantitative RT-PCR (gRT-PCR)

A modified stem-loop method based on that previously described [72,73] was used to assess
miRNA expression. Briefly, total RNA from treated and control plants were treated with DNase
I (Thermo Fisher Scientific, Inc, Waltham, MA, USA.). Subsequently, 0.1 ug of treated RNA was
used in 10 uL-cDNA synthesis reactions using the TagMan miRNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA) and miRNA specific stem-loop primers. For quantitative PCR,
20 puL-PCR reactions were prepared using Maxima Probe qPCR Master Mix (Thermo Fisher Scientific
Inc, Waltham, MA, USA) with a miRNA-specific direct primer, PCR stem-loop reverse primer, and a
universal fluorescein amidite (FAM)-labeled probe, in a PikoReal real-time thermal cycler (Thermo
Fisher Scientific Inc.). Differential expression values were calculated using the AACt method [74]
with the use of miR166¢ as an internal control to normalize the relative abundance of each miRNA.
All primers and probes used are listed in Table S7.

4.7. Prediction of Target Genes

The psRNATarget analysis server (http://plantgrn.noble.org/psRNATarget/) was used for
identification of target genes of miRNAs responsive to submergence and drought [75]. DPMIND [76]
was used to search for miRNA targets in nine maize degradomes.
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Abstract: Exogenous glycine betaine (GB) or hydrogen peroxide (H,0O,) application has not been
explored to mitigate waterlogging stress in Andean fruit trees. The objective of this study was to
evaluate foliar GB or H,O, application on the physiological behavior of Cape gooseberry plants under
waterlogging. Two separate experiments were carried out. In the first trial, the treatment groups
were: (1) plants without waterlogging and with no foliar applications, (2) plants with waterlogging
and without foliar applications, and (3) waterlogged plants with 25, 50, or 100 mM of H,O, or GB,
respectively. The treatments in the second trial were: (1) plants without waterlogging and with no
foliar applications, (2) plants with waterlogging and without foliar applications, and (3) waterlogged
plants with 100 mM of H,O, or GB, respectively. In the first experiment, plants with waterlogging
and with exogenous GB or H,O, applications at a dose of 100 mM showed higher leaf water potential
(0.5 Mpa), dry weight (1.0 g), and stomatal conductance (95 mmol-m~2-s71) values. In the second
experiment, exogenously supplied GB or H,O, also increased the relative growth rate, and leaf
photosynthesis mitigating waterlogging stress. These results show that short-term GB or H,O, supply
can be a tool in managing waterlogging in Cape gooseberry.

Keywords: hypoxia; leaf gas exchange; waterlogging tolerance; organic compound; plant growth;
Physalis peruviana L.

1. Introduction

Cape gooseberry (Physalis peruviana L.) is a plant that belongs to the Solanaceae family and its
center of origin is located in the Andes, specifically in Peru, from where it expanded to various areas
of the tropics and subtropics [1-3]. In Colombia, the production of this crop was 16,445 t, occupying
1312 ha during 2018 [4].

Climate change and variability alter the normal rainfall cycle causing floods of agricultural land
and affecting crop production [5]. In Colombia, climate variability phenomena, such as the “La Nifa”
phenomenon, are characterized by an increase in rainfall that enhances the probability of floods [6,7].
In 2010, La Nifia phenomenon produced an increase in rainfall, exceeding historical averages and
causing a decrease in agricultural production from 7888 to 1515 t in Cundinamarca, one of the main
producer departments of the country [4,7,8].

It has been reported that there is a high susceptibility of cultivated plants to waterlogging stress,
affecting their growth, development, yield, and finally their survival [9,10]. One of the main effects
of waterlogging is on plant growth. In this regard, several authors have observed that moderate or
prolonged periods of O, deficit in the soil cause a low leaf area [11], a reduction in plant height [12],
and an alteration in stem diameter [13]. In Cape gooseberry, short periods of waterlogging stress (6
days) also cause a decrease in plant height, leaf area, and stem diameter [14,15].

A reduction of growth parameters due to waterlogging may be associated with an impairment
of the leaf gas exchange properties (stomatal conductance), chlorophyll content, and efficiency of
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photosystem II (PSII) [11,16-18]. Plants susceptible to waterlogging have been reported to show
stomatal closure 24 h after the exposure to stress [19]. On the other hand, the leaf chlorophyll content
can drop due to imbalances in the nutrient uptake or increased ethylene synthesis, causing impairment
or decrease in the efficiency of PSII [19-21]. A previous experiment has also shown low stomatal
conductance, leaf chlorophyll content, and F,/F;, ratio in Cape gooseberry plants under moderate
waterlogging periods (4 days) [15].

Waterlogging alters the plant water status due to stomatal closure [22]. The negative effects of
periods of oxygen deprivation on the leaf water potential have been reported in cacao [17], bean [16],
and tomato [23]. Likewise, the relative water content (RWC) has been widely used to describe the plant
water status and has been correlated with the level of soil moisture [24]. In this regard, the RWC is a
reliable variable to measure the susceptibility of plants to waterlogging [17,18]. These variables have
also been useful to evaluate the susceptibility or efficiency of management techniques to O, deficit
conditions in the soil in Andean fruit trees such as Lulo or Cape gooseberry [15,20,25].

Exogenous applications of compounds such as glycine betaine (GB) or hydrogen peroxide (H,0,)
can help tolerate or lessen negative effects on plants under abiotic stress conditions by activating
defense mechanisms or aiding plant growth, development, and productivity [26,27]. Some authors
have reported that physiological parameters such as leaf gas exchange properties (photosynthesis),
efficiency of PSII, water relations (water potential), growth, and antioxidant activity are favored by
these compounds under waterlogging stress in different cultivated species [13,28]. Glycine betaine
helps plants under abiotic stress conditions by acting as an osmolyte that protects cells [29], increases
cell water retention [30], reduces levels of reactive oxygen species (ROS) and helps in the protection of
the plasma membrane [31]. Regarding waterlogging stress, the exogenous application of this molecule
has been little studied; however, Rasheed et al. [28] reported that GB applications caused an increase in
plant biomass, leaf total chlorophyll, and K* concentration compared to fully waterlogged plants.

Hydrogen peroxide is a molecule that has also been studied to mitigate the effects of abiotic
stresses in crops such as potato [32], tomato [33], bean [34,35], rice [36], maize [37] and soybean [13].
Different studies have concluded that exogenous H,O, application helps leaf gas exchange properties
(stomatal conductance and photosynthesis) [13], dry matter accumulation [35], leaf relative water
content, and water potential [33,34], and plant height under different abiotic stresses [34,35]. Finally,
the use of H,O, has been little studied under waterlogging conditions. However, Andrade et al. [13]
reported that pretreatments with H,O, favored the increase in plant biomass, stomatal conductance,
and net photosynthetic rate in soybean.

Increases in the intensity and frequency of rainfall in Colombia are estimated for the coming
years [6,38]. For this reason, studies on the acclimatization response of Andean fruit trees to
waterlogging scenarios have recently gained importance [14,20,21]. However, research on agronomic
strategies to mitigate the negative impact of waterlogging with foliar GB and H,O; sprays on Andean
fruit trees has yet to be explored. Rasheed et al. [28] and Andrade et al. [13] mention the positive effect
of these molecules on tolerance to waterlogging stress. For this reason, the objective of this study was
to evaluate the exogenous application of different doses of GB or H,O, on the physiological behavior
of Cape gooseberry plants ecotype Colombia subjected to waterlogging, to determine the best molecule
and dose to use to mitigate this stress.

2. Results

2.1. First Experiment: Evaluation of Different Doses of Glycine Betaine (GB) or Hydrogen Peroxide (H,0O;)
under a Waterlogging Period

Table 1 summarizes the effect of foliar GB and H,O, sprays on the growth parameters of Cape
gooseberry plants. Control plants without waterlogging (CWoW) (not exposed to waterlogging)
generally showed the highest growth parameter values throughout the experiment compared to the
other treatments. In this sense, foliar GB or H,O, sprays mainly contributed to a greater stem length in
Cape gooseberry plants under waterlogging conditions at 4 Days After Waterlogging (DAW), with
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approximate stem length values of 21 cm, while plants with waterlogging and without any foliar
compound sprays (control with waterlogging, CWW) had a height of 16.70 cm. At 4 DAW, it was
also observed that the foliar applications of both compounds at their different doses favored the leaf
area, stem diameter, and shoot dry weight of waterlogged plants. At 13 DAW, the obtained results
of plant growth showed that foliar GB applications at a concentration of 100 mM caused an increase
mainly on stem diameter (0.53 cm), leaf area (222.56 cm?), and shoot dry weight (1.06 g) in waterlogged
plants compared to the CWW (0.42 cm, 116.14 cm?, and 0.39 g, respectively). Regarding foliar H,O,
applications, this compound directly affected the plant height (22.10 cm) of waterlogged plants, while
the CWW showed values of 16.56 cm. Table 2 shows how foliar GB or H,O, applications at their
different doses influenced physiological variables such as leaf temperature, stomatal conductance
(gs), efficiency of PSII (Fy/F;;), and water potential (lI/wf) in Cape gooseberry leaves at 4 and 13 DAW,
respectively. It is observed that waterlogging causes a higher leaf temperature (26.89 and 28.49 °C) and
lower g (157.10 and 42.76 mmol CO,-m~2:s71) in plants at both sampling points. Foliar GB or H,O,
applications, mainly at a dose of 100 mM, caused a reduction in leaf temperature (22.27 and 24.71 °C,
respectively) and an increase in gs (180.70 and 191.78 mmol CO,m2s71, respectively) at 4 DAW,
with similar values to the ones recorded for plants without waterlogging (18.85 °C and 194.42 mmol
CO,;'m~2:s71). Similar trends were also observed for the variables previously described at 13 DAW. On
the other hand, the F,/F;, ratio was also conditioned by the treatments at both points, with the lowest
ratio being obtained in the CWW treatment (around 0.6). Furthermore, foliar applications of these
compounds helped to increase this ratio (~0.77). Finally, the ;s was higher in the control without
waterlogging and in the GB treatment at a dose of 100 mM, compared to the other treatments in both
samples. The Waterlogging Tolerance Coefficient (WTC) was obtained only at 13 DAW (Figure 1A),
observing that the foliar GB application at 100 mM caused greater tolerance to waterlogging (0.52)
compared to the rest of the treatments. Then, the correlation between leaf area and WTC (2 = 0.96) also
confirmed that the foliar GB or H,O, sprays at a concentration of 100 mM were the best at conferring
tolerance to a waterlogging condition (Figure 1B).
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Figure 1. (A) Waterlogging Tolerance Coefficient (WTC) at 13 Days After Waterlogging (DAW) and
(B) correlation between the leaf area and the WTC of Cape gooseberry (Physalis peruviana L.) plants
ecotype Colombia subjected to a waterlogging period with treatments of control with waterlogging
(CWW), 25 mM of hydrogen peroxide (H,O,), 50 mM of hydrogen peroxide (H,O;), 100 mM of
hydrogen peroxide (H,O,), 25 mM of glycine betaine (GB), 50 mM of glycine betaine (GB) and 100 mM
of glycine betaine (GB). Evaluated 13 days after waterlogging (DAW). Data represent the average of ten
plants + standard error per treatment (n = 5). Bars followed by different letters indicate statistically
significant differences according to the Tukey test (p < 0.05).
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2.2. Experiment 2: Evaluation of the Most Efficient Doses of Glycine Betaine (GB) and Hydrogen Peroxide
(H;0,) in Plants Exposed to Two Waterlogging Periods

Growth parameters (stem diameter, shoot dry weight, and leaf area) showed differences (p < 0.05)
between treatments throughout experiment 2 (Table 3). Regarding stem diameter, it was observed
that foliar GB or H,O, applications began to cause an increase in this variable under stress conditions
from 4 DAW, maintaining this trend during the experiment. At the end of the trial (36 DAW), higher
stem diameter (0.49 cm) values were observed in plants without waterlogging and with no foliar
applications compared to waterlogged plants without any foliar application (0.31 cm). Exogenously
supplied GB or HyO, promoted an increase in stem diameter in waterlogged plants (0.39 cm for GB
and 0.35 for H,O5). On the other hand, the shoot dry weight was considerably higher in plants without
waterlogging (9.90 g) than in waterlogged plants with or without foliar applications (~1.6 g). Finally,
foliar GB or H,O; sprays caused an increase in leaf area (95.53 cm? for GB and 91.54 cm? for H,O5)
compared to only waterlogged plants (25.82 cm?). However, plants under waterlogging with foliar
applications did not reach the values obtained in plants without conditions of hypoxia in the soil or
foliar sprays (1236.10 cm?) at the end of the trial (36 DAW).

The stomatal conductance (gs), leaf relative chlorophyll content (soil plant analysis development
(SPAD) readings), and efficiency of PSII (Fy/F;;) were significantly affected by the treatments (p <
0.05) (Table 4). Regarding gs, it is observed that the group of waterlogged plants with and without
foliar applications of the compounds always showed lower values (between 9.90 and 40.63 mmol
COz-m‘z-s‘l) throughout the experiment (at 6, 12, 18, and 36 DAW, respectively) compared to control
plants without waterlogging (CWoW) (between 118 and 216 mmol COym~2:s7! at the different
sampling points). However, it was observed that GB or HyO, sprays favored this variable in the group
of waterlogged plants, observing significant differences (p < 0.05) (31.78 and 40.63 mmol COy'm~2-s71,
respectively) compared to CWW (9.90 mmol CO, -m~2.s71) at the end of the experiment (36 DAW).

Similar results were also observed for SPAD readings, with the highest values for the CWoW.
It is important to note that the treatments with foliar GB or HyO, application began to show higher
values compared to the waterlogged control from 18 DAW to the end of the experiment (36 DAW).
Finally, the efficiency of PSII (F,/F;;) was also affected by the waterlogging conditions, with the greatest
negative effects registered at 36 DAW. At this point, the treatments with waterlogging and foliar GB
or HyO, application had a positive effect on the Fy/F;, ratio (0.42 for both treatments) compared to
CWW (0.28), whereas control plants and without waterlogging showed higher values (0.74) throughout
the experiment.

The Relative Water Content (RWC) showed significant differences between the treatments from 18
DAW (Figure 2A). The best water status throughout the experiment was observed in plants without
waterlogging with an RWC of 80%. Therefore, foliar GB or HyO; applications favored the RWC of
Cape gooseberry plants under waterlogging conditions throughout the experiment. Plants with foliar
GB applications showed a higher RWC than waterlogged plants treated with HyO, (43.97%) and
plants with only waterlogging (34.18%) at 18 DAW. Between 18 and 36 DAW, it was observed that
the waterlogging conditions continued to decrease the RWC mainly in the groups of waterlogged
plants treated with H,O, (36.37%) and CWW (34.18%). Significant differences (p < 0.05) were only
obtained on the Relative Growth Rate (RGR) (Figure 2B) at 36 DAW. The treatment with foliar GB
application at a concentration of 100 mM (0.022 cm) obtained a higher RGR compared to the other
plant groups (0.017 cm for control without waterlogging, 0.016 cm for 100 mM, and 0.002 cm for control
with waterlogging).
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Figure 2. (A) Relative Water Content (RWC) and (B) Relative Growth Rate (RGR) of Cape gooseberry
(Physalis peruviana L.) plants ecotype Colombia subjected to two waterlogging periods. Filled
circle: control treatment subjected to waterlogging, circle without filling: control treatment without
waterlogging, filled triangle: treatment with a concentration of 100 mM of H,O,, filled square: treatment
with a concentration of 100 mM of GB. Evaluated at 6, 12, 24, and 36 days after waterlogging (DAW).
Data represent the mean of five plants + standard error per treatment (n = 5). Points followed by
different letters indicate statistically significant differences according to the Tukey test (p < 0.05).

Photosynthesis (Figure 3A) and Canopy Temperature Index (CTI) (Figure 3B) were calculated
at 36 DAW. The highest photosynthesis value was obtained in CWoW plants (8.37 mmol-m~2-s71).
Waterlogging conditions were observed to cause a reduction in the photosynthesis rate of 79%
(1.75 mmol-m~2:s~1). However, photosynthesis under oxygen deficiency in the soil was stimulated
by foliar application of GB (4.99 mmol-m~2-s~!) and H,O, (2.65 mmol- m~2-s~!) (Figure 3A). Similar
trends were observed in the CTI where the treatment with foliar GB application (0.76) favored the
canopy temperature of Cape gooseberry plants with waterlogging, obtaining higher values than those
recorded in plants subjected to waterlogging (0.30) (Figure 3B).
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Figure 3. (A) Photosynthesis and (B) canopy temperature index (CTI) of Cape gooseberry (Physalis
peruviana L.) plants ecotype Colombia subjected to two waterlogging periods with treatments of control
without waterlogging (CWoW), control with waterlogging (CWW), 100 mM of hydrogen peroxide
(H,0,) and 100 mM of glycine betaine (GB). Evaluated at 36 Days After Waterlogging (DAW). Each
point represents the mean of the four values. Data represent the average of ten plants + standard error
per treatment (n = 5). Bars followed by different letters indicate statistically significant differences
according to the Tukey test (p < 0.05).
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3. Discussion

Waterlogging stress causes adverse effects on the physiological and biochemical parameters of
cultivated plants [39]. Rao and Li [19] point out that periods of oxygen deficit in the soil greater than
24 h cause a decrease in the leaf gas exchange properties (photosynthesis and stomatal conductance),
leaf chlorophyll content, plant growth, and water status. Likewise, stomatal closure and low plant
water status caused by waterlogging generate an increase in leaf temperature [40,41]. These responses,
induced by waterlogging conditions in the soil, may be associated with physiological dysfunctions, such
as impaired water and nutrient uptake caused by a reduction in root hydraulic conductance or root cell
death [42,43], restricted CO, entry due to stomatal closure [44,45], low Rubisco activation during CO,
assimilation [19], oxidative damage on photosystem II caused by reactive oxygen species (ROS) [44,46],
and increased chlorophyllase activity (chlorophyll degradation) and ethylene synthesis [19,47]. High
ethylene production in plants under conditions of anoxia or hypoxia is caused by fermentative enzymes
(fructose-1,6-bisphosphate aldolase (ALD), enolase (ENO), pyruvate decarboxylase (PDC), and alcohol
dehydrogenase 2 (ADH2)) as an adaptive response to oxygen deficit in the soil [48]. Based on the above,
the treatment with only waterlogged plants showed physiological affectations such as a reduction of
the leaf gas exchange properties, low plant growth, water status, and leaf chlorophyll content, and an
increase in leaf temperature in both experiments (Tables 1-4; Figures 2 and 3). Similar observations
have also been reported in Cape gooseberry plants under oxygen deficit conditions in the soil [14,15,25].

Foliar GB or H,O; applications (mainly at a dose of 100 mM of each compound) helped to mitigate
the negative effects caused by waterlogging conditions in the soil by favoring the evaluated variables
in both experiments (Tables 1-4; Figures 1-3). The results obtained in this study confirm similar
observations found in other cultivated species in which the exogenously supplied GB and H,O; helped
to alleviate the negative impact caused by waterlogging conditions on plant physiology. The beneficial
role of foliar applications of these compounds on the physiological and biochemical parameters
of plants under moderate (approximately 15 days) waterlogging periods has been documented for
soybean (exogenous H,O, supply also increased leaf gas exchange parameters and growth) [13] and
tomato (foliar GB application also enhanced growth and chlorophyll concentration) [28]. Glycine
betaine (GB) is a low molecular weight ammonium compound easily absorbed by roots or leaves. It
helps to alleviate abiotic stress conditions in plants since it can participate in different physiological
processes, such as osmoregulation, stabilization of the quaternary structure of proteins, enzymes (e.g.,
Rubisco) and membranes, protection of the photosynthetic apparatus, maintenance of the electron
flow in the thylakoid membranes and regulation of antioxidant enzymes activity [49,50]. On the other
hand, hydrogen peroxide (H,O,) has a signaling role in the mediation of physiological processes in the
plant during the process of acclimatization to different types of abiotic stress. Some of these processes
are antioxidant defense, stomatal behavior, regulation of the photosynthesis rate, and promotion of
biosynthesis of compatible osmolytes to maintain leaf water content [51-53].

Foliar GB and H,0O, applications favored growth variables (stem length and diameter, leaf area,
shoot dry weight, and relative growth rate) and physiological variables such as leaf temperature,
stomatal conductance (gs), maximum photochemical efficiency of PSII (Fy/F;;), leaf water potential (‘l/wf),
relative water content (RWC), chlorophyll content, and net photosynthesis (Pn) in Cape gooseberry
plants under waterlogging conditions (Tables 1-4; Figures 2 and 3). It was demonstrated that exogenous
applications of HyO, increase biomass in cucumber (Cucumis sativus L.) plants under water stress
conditions compared to plants without H,O, [52]. Stem diameter is another important trait to determine
the plant's adaptive response and evaluate the efficiency of a treatment to alleviate stress caused
by hypoxia conditions in the soil [20,21]. Soybean (Glycine max L.) seeds treated exogenously with
H,0; increased the stem diameter of seedlings exposed to a prolonged waterlogging period (32 days)
compared to seedlings under conditions of oxygen deficit in the soil and without the application of this
compound [13]. It has also been confirmed that exogenously supplied H,O, stimulates aerenchyma
formation in plants, such as rice [54].
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In this study, it was observed that foliar H,O, sprays increase stem diameter by promoting
lysigenous aerenchyma (internal gas space) formation for adaptation to waterlogging conditions [54].
Finally, the positive effect of foliar GB applications on growth parameters was also reported in
tomato (Solanum lycopersicum L.) plants favoring dry matter accumulation in the shoot and root under
waterlogging conditions [28].

An increase in leaf gas exchange parameters (Pn and gs), chlorophyll content, F,/F;; and plant
water relations (Vs and RWC) after exogenous application of H,O, and GB has also been reported
by several authors under abiotic stress conditions. For example, Andrade et al. [13] showed that
exogenous H,O, applications increased the shoot and root dry matter, root volume, stem diameter,
Pn, gs, transpiration, leaf chlorophyll content and activity of antioxidative enzymes in soybean plants
under waterlogging stress. On the other hand, Sorwong and Sakhonwasee [55] also observed a positive
effect on leaf gas exchange parameters (Pn and g;) and F,/F;, ratio in Mexican marigold (Tagetes erecta
L.) plants subjected to abiotic stress after foliar treatment with GB. Likewise, GB application caused a
significant increase in the content of photosynthetic pigments (chlorophyll and carotenoids) in tomato
plants exposed to conditions of oxygen deficiency in the soil [28].

In this study, H,O, was found to mitigate the negative effects of waterlogging by improving plant
growth. This response may be associated with the fact that H,O, can activate signaling pathways
to stimulate cell proliferation and also increase leaf area [56], cell differentiation [57], and plant
elongation [58]. Additionally, this compound enhanced the gas exchange parameters, efficiency
of PSII, and leaf chlorophyll content in plants under conditions of oxygen deficit in the soil. The
positive results of exogenous H,O, application could be related to the induction of plant tolerance
to different abiotic stress conditions by modulating processes involved in ROS detoxification, the
increase in glutathione (GSH) and ascorbate (AsA) contents, the biosynthesis of proline to protect the
photosynthetic machinery, and the regulation of stomatal conductance [13,59]. Finally, H,O, sprays
favored the accumulation of compatible solutes such as proline, maintaining the leaf RWC [51,52].

Applications of GB to Cape gooseberry plants under waterlogging conditions showed a
biostimulant effect on plant growth and the evaluated physiological parameters. It has been reported
that foliar GB sprays can quickly penetrate the leaf surface and be easily transported to other plant
organs, where it would contribute to improving tolerance to different types of abiotic stress [60]. This
compound may be involved in the inhibition of ROS accumulation, protection of photosynthetic
machinery, accumulation of compatible solutes to maintain turgidity in cells, activation of some
stress-related genes, and protection of the cell membrane and quaternary structure of proteins [61,62].
Likewise, GB regulates stomatal movements by prolonging their opening under a condition of abiotic
stress as a consequence of increased osmoprotective activity [63]. Finally, an increase in the activity of
antioxidant enzymes such as catalases (CAT) and peroxidases (POD) has been reported in response to
GB application by regulating the oxidative stress generated by waterlogging conditions in the soil [13].
Leaf temperature has been used as an indicator of stress in plants [64]. In the present study, exogenous
H,O; and GB applications favored leaf temperature regulation by improving the CTI (Figure 3 and
Table 2). As mentioned above, these molecules have an osmoprotective or stomatal regulation effect
that directly favors the plant water status, resulting in lower leaf temperature. Finally, it was observed
that WTC and CTI can be associated with physiological variables such as leaf gas exchange properties
or plant growth, which can be considered to evaluate the effectiveness of treatments to mitigate the
effects of waterlogging [65].

The most inexpensive way to deal with short-term waterlogging periods is improving plant
tolerance to low oxygen conditions in the soil [66]. In recent years, studies have focused on the
evaluation of the physiological and biochemical responses to different periods of waterlogging, finding
that Cape gooseberry plants are highly susceptible to short-term periods of this stress [14,15,67]. In
this regard, the analysis of easy-to-use, economic, and profitable techniques is necessary to mitigate
the effects of short or intermittent periods of waterlogging. It has been observed that the use of foliar
applications of organic compounds or elicitors is an important tool to help plants acquire tolerance to
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short periods of waterlogging [19,66]. The results of present study demonstrated that exogenously
supplied GB or H;O, may be an appropriate agronomic practice to counteract the negative effects of
non-prolonged waterlogging periods, since these treatments increased the tolerance of a susceptible
plant (expressed as WTI) such as Cape gooseberry. Exogenous application of elicitors (hormones) or
organic compounds (botanical extracts) have also favored plant tolerance to a short period of stress [25].
However, the novelty of this research was that foliar application of the evaluated compounds increased
Cape gooseberry tolerance to intermittent periods of waterlogging.

There is still a lack of knowledge to understand the advantages or disadvantages of several
techniques to manage Andean fruit crops under different waterlogging periods. The obtained results
indicate a series of advantages from the physiological and crop management points of view; it is
important to highlight that the exogenous application of organic compounds or elicitors is a technique
that can help plants to cope with the unfavorable condition of waterlogging relatively fast when
soil conditions are limiting. These observations are in agreement with other studies that report the
foliar application of organic or nitrogenous compounds, elicitors, or phytohormones as an efficient
technique to reduce the negative effects of short or moderate periods of waterlogging [19,20,25].
Another advantage of this study is that the analysis of responses such as growth, stem diameter,
plant water status, leaf gas exchange, and plant temperature has recently helped to understand the
acclimatization mechanisms of plants of the Solanaceae family, mainly Andean fruit trees, to conditions
of oxygen deprivation in the soil in tropical countries. The obtained information has provided support
for the evaluation and development of efficient crop management techniques [21,68,69]. However,
it has been reported that foliar applications of compounds such as growth regulators, nutrients, or
elicitors are not effective for prolonged periods of waterlogging. Thus, the combination of techniques
such as soil drainage and crop management practices (foliar applications) is still required [66].

4. Materials and Methods

4.1. Plant Material and General Growth Conditions of the Experiments

Two experiments were carried out separately between March and July 2019 under greenhouse
conditions at the Faculty of Agricultural Sciences of the Universidad Nacional de Colombia, (4°35'56”
and 74°04’51”), Bogota campus. The general growth conditions in the greenhouse in both experiments
were: average temperature of 25/15 °C, 60%-80% relative humidity, and a natural photoperiod of 12 h.
For both experiments, 2-month-old Cape gooseberry (Physalis peruviana L.) ecotype Colombia seedlings
were transplanted into 2 L capacity plastic pots with a mixture of peat and sand (3:1 v/v) as substrate.
The plants were watered every day from the transplant until the beginning of treatments with 50 mL of
a nutritive solution prepared with a complete liquid fertilizer (Nutriponic®, Walco SA, Colombia) at a
concentration of 5 mL-L~! H,O. The final concentration of the nutrient solution was as follows: 2.08 mM
Ca (NO3),-4H,0, 1.99 mM MgS04-7 H,0, 2.00 mM NHH,POy, 10.09 mM KNO3, 46.26 nM H3BOs3,
0.45 nM NapyMoOy4-2H,0, 0.32 nM CuSO4-5H,0, 9.19 nM MnCl,-4H,0, 0.76 nM ZnSO4-7H;,0, and
19.75 nM FeSO4-H,O. The volume of irrigated water was obtained using the technique described by
Hainaut et al. [70], in which daily evapotranspiration was estimated gravimetrically. The treatments in
each experiment were established from 45 days after transplanting (DAT) and these are detailed below:

4.1.1. Experiment 1—Evaluation of Different Glycine Betaine (GB) or Hydrogen Peroxide Doses (H,O5)
under a Waterlogging Period

At 45 DAT, when plants reached five fully expanded leaves, eight treatment groups were
established to estimate the effect of foliar GB and H,O, sprays under waterlogging conditions. The
treatment groups were as follows: (1) plants without waterlogging and with no GB or H,O; application
(absolute control), (2) waterlogged plants with no GB or H,O, application, (waterlogged control),
(3) waterlogged plants with foliar H,O, sprays at concentrations of 25, 50 or 100 mM (JGB SA, Cali,
Colombia), (4) waterlogged plants with foliar GB sprays at concentrations of 25, 50 or 100 mM
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(VivaGrow, Westminster, CO, USA). Waterlogging treatments consisted in placing the plants in plastic
containers with dimensions of 53 X 53 x 30 cm and a capacity of 120 L, filled until reaching a 5 cm
water level on the root neck. The plants were subjected to a 6-day waterlogging period (between
45 and 51 DAT) since previous studies showed that this period caused damage to Cape gooseberry
plants [14,15,67]. Foliar GB or H,O, applications were performed at 0, 6, and 10 DAW using an
application volume of 20 mL, wetting both the upper and lower surfaces of leaves using a 1.8 L manual
spray pump (Royal Condor Garden®, Soacha, Colombia). All foliar applications were carried out
between 07:00 and 09:00 h (with sunrise at 06:00 h). Each treatment group consisted of 10 plants (five
replicates per sampling point), for a total of 80 plants in this experiment, which were arranged in a
completely randomized design (CRD) in the greenhouse. Finally, the experiment lasted approximately
60 days.

4.1.2. Experiment 2—Evaluation of the Most Efficient Doses of Glycine Betaine (GB) and Hydrogen
Peroxide (HyO,) (Experiment 1) in Plants Exposed to Two Waterlogging Periods

Based on the first trial, the dose of the two chemical compounds (GB and H,O;) that showed the
best response to mitigate the waterlogging stress was selected (Figure 1). Four groups of treatments
were also established when plants reached five fully mature leaves at 45 DAT. The treatments are
described as follows: (1) plants without waterlogging and with no GB or H,O; sprays (absolute
control), (2) waterlogged plants with no GB or H,O, sprays (waterlogged control), (3) waterlogged
plants with foliar H,O, sprays at a concentration of 100 mM, and (4) waterlogged plants with foliar GB
sprays at a concentration of 100 mM. Waterlogging treatments were also carried out by placing the
plants in plastic containers with dimensions of 53 x 53 x 30 cm and a capacity of 120 L, which were
filled until reaching a water level of 5 cm above the root neck. In this experiment, plants were subjected
to two different waterlogging periods to quantify the effect of chemicals on mitigation under two
short time (6 days) stress conditions. The first stress period was established between 45 and 51 DAT,
while the second period was between 63 and 69 DAT. Between each waterlogging period, the plants
were removed from each plastic container to allow water to drain until reaching the field capacity
of the substrate. Subsequently, plants were watered during the recovery period (between 52 and 62
DAT) according to the evapotranspiration rate for 12 days. Foliar GB or H,O, applications were also
performed at 0, 3, 6, and 9 DAW between 07:00 and 09:00 h, wetting the upper and lower surfaces
of leaves using the manual spray pump. Each treatment group consisted of 20 plants (five replicates
per sampling point), for a total of 80 plants in this experiment, which were arranged in a completely
randomized design (CRD) in the greenhouse. Finally, the experiment lasted 85 days.

4.2. Stomatal Conductance, Relative Chlorophyll Content, and Efficiency of PSII (Fy/Fy;)

Stomatal conductance (gs) was estimated using a portable porometer (SC-1, Decagon Devices
Inc., Pullman, WA, USA) between 10:00 and 13:00 h on a fully expanded leaf in the middle portion of
the canopy. The relative chlorophyll content was then measured with a chlorophyll meter (AtLeaf,
FT Green LLC Wilmington, USA), also on the same leaves used for gs readings in both experiments.
Finally, the leaves used for gs and SPAD readings were dark-adapted with clips for 20 min to determine
the maximum efficiency of PSII (Fy/F;) by using a modulated fluorometer (MINI-PAM, Walz, Effeltrich,
Germany) with an actinic light pulse of up to 2600 pmol-m~2:s~! on their surface.

4.3. Plant Growth Parameters (Stem Diameter and Height, Leaf Area, Shoot Dry Weights and Relative
Growth Rate)

Plant height and root neck diameter were recorded weekly with a ruler and vernier caliper,
respectively. Then plants were harvested and separated into each of the shoot organs (leaves and
stems). The leaf area of each plant was estimated by taking a photograph of the leaves of the plant
canopy and, subsequently, the digital images were analyzed with a Java image-processing program
(Image J; National Institute of Mental Health, Bethesda, MD, USA). Finally, the harvested organs
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were dried for 72 h in an oven at 70 °C to determine their respective dry weight (DW). In general,
measurements of the above variables were performed at 4 and 13 DAW for experiment 1, and at 6, 18,
24, and 36 DAW for experiment 2, respectively.

On the other hand, RGR was determined for experiment 2. It was indirectly calculated using the
length of the stem regarding the different sampling days. RGR was calculated using the following
Equation (1):

LnSLT2-LnSLT1
RGR = DS2 - DS1 @

where SL T2 means stem length at time 2, SL T1 means stem length at time 1, DS2—DS1 means the
difference in the number of days between sample 2 and sample 1.

4.4. Leaf Temperature and Canopy Temperature Index (CTI)

In experiment 1, the same leaves used for gs, leaf relative chlorophyll content, and F,/F;, readings
were also selected to determine leaf temperature using an infrared thermometer (Cole Parmer
Instruments, Vernon Hills, IL 60061, USA). The readings were taken at 4 and 13 DAW.

In experiment 2, CTI was determined by means of a thermal camera (FLIR C2, FLIR Systems,
Wilsonville, OR, USA), using Equation (2) described by Jones [71]:

PT — Twl

CTl = 3wl 2)
where PT is the plant temperature, Twl is the temperature of the wet leaf, and Tdl is the temperature of
the dry leaf. PT is determined by taking a thermal photograph at a distance of 0.9 m from the entire
plant. Likewise, Tdl was estimated by collecting a leaf and Twl was obtained by wetting the leaf
with a mixture of water and an agricultural adjuvant (Agrotin, Bayer CropScience, Bogota, Colombia).
Both leaves were placed on a white Styrofoam surface at the base of the plant pot. Plant canopy
and reference leaves (Tdl and Twl) temperatures were analyzed using the software FLIR® Tools Plus
3.1.13080.1002 (FLIR® Systems, Wilsonville, OR, US). Thermal images were taken at noon at 36 DAW.

4.5. Water Relations (Leaf Water Potential and Relative Water Content (RWC))

After estimating the leaf temperature in experiment 1, the leaves were cut at the petiole with a
scalpel to immediately record the leaf water potential (W) with a Scholander pressure chamber (PMS
Instruments, Albany, OR, USA). The chamber was then sealed and gradually pressurized with nitrogen.
The water potential was recorded by observing the expulsion of the sap from the xylem system out of
the cut edge of the leaf petiole with an X15 magnifying glass. The ¥y was obtained at noon at 4 and
13 DAW. In experiment 2, a leaf was taken from the middle third of the plant to determine the (RWC).
Five 25 mm diameter discs were cut and their fresh weight (FW) was obtained. Subsequently, the
discs were placed in a Petri dish with water for 24 h at laboratory temperature to determine the turgid
weight (TW). Finally, the discs were dried for 72 h in an oven at 70 °C and their DW was determined.
The RWC was calculated at 6, 18, 24, and 36 DAW using the following Equation (3):

(FW - DW)

RWC = ———
(TW — DW)

x 100 (€)]

4.6. Waterlogging Tolerance Coefficient (WTC)

The WTC was indirectly calculated to determine the tolerance of treatments to waterlogging,
using the shoot dry weight of the waterlogged treatments in relation to the control treatment without
waterlogging [65]. The WTC was obtained at 13 DAW in experiment 1 using the following Equation (4):

DWwr
DWer

WTC = @)
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where DWyyt is the shoot dry weight of waterlogged treatments with or without foliar GB or H,O,
sprays, whereas DWcr is the shoot dry weight of the absolute control treatment (plants without
waterlogging and foliar sprays).

4.7. Photosynthesis

Photosynthesis was estimated using a portable photosynthesis meter (LICOR 6200, Lincoln, NE,
USA) on a leaf from the middle third of the plant in experiment 2. Measurements were taken on
completely sunny days between 11:00 and 13:00 h at 36 DAW. During photosynthesis measurements,
the conditions inside the chamber were as follows: photosynthetically active radiation (PAR) greater
than 800 umol m~2:s7!, leaf temperature of 27 + 5 °C, and leaf to air water vapor pressure difference of
1.8 + 0.5 kPa.

4.8. Experimental Design and Data Analysis

The data obtained from the first and second experiments were analyzed using a completely
randomized design (CRD) in which each treatment had five plants as replicates. All percentage values
were transformed using the arcsine transformation before analysis. Likewise, a correlation analysis
was performed between the WTC and the leaf area to determine the best dose of the products used in
experiment 1. When the analysis of variance (ANOVA) showed significant differences (p < 0.05), a
Tukey post hoc test was used for mean comparison. The data were analyzed with the Statistix v 9.0
software (Analytical Software, Tallahassee, FL, USA) and the graphs were developed in SigmaPlot 12.0
(Systat Software, San Jose, CA, USA).

5. Conclusions

In summary, the present study continued to show the susceptibility of Cape gooseberry plants to
waterlogging conditions, since this plant species shows a reduction in growth mainly associated with a
low photosynthetic rate and water status under conditions of oxygen deficiency in the soil. However,
foliar HyO, or GB applications at a concentration of 100 mM helped to lessen the waterlogging
conditions on Cape gooseberry plants and favored their physiological response. The foregoing allows
us to conclude that the use of HyO, or GB can be a viable tool in managing stress conditions due to
moderate waterlogging in Cape gooseberry crops when periods of heavy rainfall are expected.
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Abstract: The inhibition of acetolactate synthase (ALS; EC 2.2.1.6), an enzyme located in the biosynthetic
pathway of branched-chain amino acids, is the target site of the herbicide imazamox. One of the
physiological effects triggered after ALS inhibition is the induction of aerobic ethanol fermentation.
The objective of this study was to unravel if fermentation induction is related to the toxicity of the
herbicide or if it is a plant defense mechanism. Pea plants were exposed to two different times of
hypoxia before herbicide application in order to induce the ethanol fermentation pathway, and the
physiological response after herbicide application was evaluated at the level of carbohydrates and
amino acid profile. The effects of the herbicide on total soluble sugars and starch accumulation,
and changes in specific amino acids (branched-chain, amide, and acidic) were attenuated if plants
were subjected to hypoxia before herbicide application. These results suggest that fermentation is a
plant defense mechanism that decreases the herbicidal effect.

Keywords: acetolactate synthase; ethanol fermentation; imidazolinones; mode of action;
aerobic fermentation

1. Introduction

Imazamox (IMX) is an imidazolinone herbicide that inhibits acetolactate synthase (ALS),
also known as acetohydroxy acid synthase (EC 2.2.1.6), the enzyme that catalyzes the condensation of
either two molecules of pyruvate to form acetolactate or one molecule of pyruvate and one molecule
of 2-ketobutyrate to form 2-aceto-2-hydroxybutyrate in the biosynthetic pathway of branched-chain
amino acids (BCAAs): leucine, isoleucine, and valine [1].

ALS-inhibiting herbicides emerged in the 1980s and they have been demonstrated as potent, selective,
broad-spectrum herbicides. These chemicals are the largest site-of-action group on the market, with more
than 50 active ingredients belonging to five classes (imidazolinones, sulfonylureas, triazolopyrimidines,
pyrimidinyl(thio)benzoates, and sulfonylamino-carbonyl triazolinones). Altogether, ALS-inhibiting
herbicides accounted for approximately 15% of the total herbicide market in 2015 [2].

Although the biochemical mechanisms underlying the blocking of ALS activity through ALS
inhibitors has been studied [3], less is known regarding their modes of action, which are the physiological
processes underlying plant death resulting from inactivated ALS. To understand the physiological
effects involved in the lethal process after herbicide treatment is important as it can lead to their more
rational use, and because it can help in the development of new compounds with similar herbicidal
activities, but with different enzyme inhibition targets to avoid the evolution of weed resistance.

Previous findings showed that ALS inhibitors cause growth arrest followed by the slow death of
treated plants [4,5], along with changes in the free amino acid content [6,7] and impairment of carbon
metabolism, such as carbohydrate accumulation [8-10]. Another effect on the roots of plants treated
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with ALS inhibitors is the induction of aerobic fermentation and the alternative respiratory pathway;
both of which are low-ATP producing pathways [9,11-15]. All these metabolic impairments indicate
that the effect of these herbicides on primary plant metabolism has broader physiological consequences
than a lack of certain amino acids alone.

Fermentation is an essential pathway activated in plants exposed to hypoxia. Plant hypoxia often
originates because of variations in the environment, such as flooding or severe rainfall [16]. Under these
circumstances, plants have to adapt their metabolism in order to avoid energy shortage [17]. Induction
of the fermentative metabolism allows the plant to use glycolysis for ATP production by recycling
NAD?* [18]. In the ethanol fermentation pathway, pyruvate decarboxylase (PDC, EC 4.1.1.1) catalyzes
the conversion of pyruvate to acetaldehyde, which is then converted to ethanol by the action of the
enzyme alcohol dehydrogenase (ADH, EC 1.1.1.1), with the concomitant regeneration of NAD™ [18].
Besides its role during oxygen deprivation, ethanol fermentation is induced in response to a number of
stressful aerobic conditions, such as osmotic stress or low-temperature conditions [19-23]. It has been
suggested that fermentation improves cold stress tolerance [24] and that this pathway might act as an
overflow regulating carbohydrate metabolism [25].

Although fermentation in plants exposed to low-oxygen conditions has been studied in depth,
its role in plants exposed to other stresses when oxygen is not limited has yet to be fully explained;
therefore, the role of fermentation induction in the mode of action of ALS inhibitors remains to
be elucidated. Two, non-contradictory explanations can be considered. Firstly, the induction of
this pathway could be a plant defense mechanism that promotes better tolerance of the herbicide.
Secondly, it could contribute to the chemical’s toxicity, since ethanol and lactate, metabolites shown to
be toxic for the plants, are produced during fermentation [18].

The objective of this study was to unravel the importance of ethanol fermentation in plant
responses to ALS inhibitors, trying to outline if fermentation induction is related to the toxicity of
the herbicides or if it is a plant defense mechanism that alleviates the herbicidal effect. An original
experimental design was employed to achieve this aim. Pea plants were exposed to two different times
of hypoxia before herbicide application in order to induce the ethanol fermentation pathway prior to
ALS inhibition. Then, IMX was applied to the nutrient solution and the characteristic physiological
effects triggered by ALS inhibitors were evaluated (carbohydrates and amino acid profile).

2. Results

Pea plants were exposed to low-oxygen conditions before the herbicide was applied, thus when the
plants were treated with the herbicide, they presented an enhanced fermentative metabolism. Using this
approach, the effects of the herbicide could be compared between the plants that demonstrated an
induced fermentative metabolism before ALS inhibition, and those in which the fermentation pathway
was not activated when the herbicide was applied. Specifically, one group of plants was exposed to 48 h
of hypoxia (the Hypoxia-48h group), another group was exposed to 24 h of hypoxia (the Hypoxia-24h
group), and a third group was maintained in normal oxygen conditions (the No-Hypoxia group).
IMX was applied to half of the plants in each group, while the others were not treated with herbicides
and were used as the control for the corresponding group. The different treatments were named with a
combination of two codes: the first code refers to the hours of hypoxia (0, 24 h, or 48 h), and the second
one indicates if IMX was applied (IMX) or if they were controls (C) (see Table 1 for details): 0-C, 0-IMX,
24h-C, 24h-IMX, 48h-C, 48h-IMX.
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Table 1. Summary of the treatments.

Group Abbreviation  Treatment Description
0-C No treatment was applied.
No-Hypoxia
0-IMX Application of 5 mg L™! of imazamox at day 0.
24h-C The aeration was removed for 24 h before the day 0. Aeration was again

placed at day 0 until the end of the experiment. No herbicide was applied.

Hypoxia-24h The aeration was removed for 24 h before the day 0. The aeration was
24h-IMX again placed at day 0 until the end of the experiment. At day 0 imazamox

was applied at a final concentration of 5 mg L.

48h-C The aeration was removed for 48 h before the day 0. Aeration was again
placed at day 0 until the end of the experiment. No herbicide was applied.

Hypoxia-48h The aeration was removed for 48 h before the day 0. Aeration was again
48h-IMX placed at day 0 until the end of the experiment. The day 0 imazamox was
applied at a final concentration of 5 mg L.

2.1. Validation of the Experiment

To ascertain that the wanted low-oxygen conditions were obtained, the oxygen concentration in
the nutrient solution was monitored (Figure 1). When the aeration was removed (indicated with a black
arrow for the Hypoxia-48h group and grey arrow for the Hypoxia-24h group in Figure 1), the oxygen
concentration in the nutrient solution drastically decreased. At day 0, the oxygen concentration
present in the nutrient solution of the tanks from the Hypoxia-48h and Hypoxia-24h groups was about
30—40%. By contrast, in the tanks that were continuously aerated (the No-Hypoxia group), the oxygen
concentration remained at around 100%. These results indicate that the desired conditions to carry out
the experiment were obtained.

s 100 | ﬂ\ T} {—1
k=1 \
[ 80 F N \ ]
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3 \. \\ —{ Hypoxia 24h
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Figure 1. Relative oxygen concentration (%) in the nutrient solution before herbicide application.
Black and grey arrows above the graph indicate aeration removal 48 h and 24 h before herbicide
application, respectively.

The in vitro enzymatic activities of PDC and ADH (Figure 2A) were measured in the roots of
the plants from the six studied treatments (Table 1). The herbicide application increased the activity
of PDC in the roots of the plants of the No-Hypoxia group. At day 0, the PDC activity detected in
the roots of the plants that were exposed to hypoxia was much higher than the activity found in the
roots of the plants from the No-Hypoxia group. Once the plants were again aerated, the PDC activity
decreased to control values in the plants that were not treated with IMX, while it remained higher
in the IMX-treated plants with respect to their controls in the Hypoxia-24h and Hypoxia-48h groups.
Similar to the PDC activity, at the beginning of the experiment, the ADH activity was much higher in
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the groups that were exposed to hypoxia before herbicide application. Once the plants were again
aerated, the activity of ADH decreased to control values. In this case, the herbicidal effect in all groups

was not very pronounced.
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Figure 2. Pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) in the roots of pea plants.
Pea plants were not treated with hypoxia before herbicide application (the No-Hypoxia group) or were
treated with hypoxia for 24 h or 48 h before herbicide application (the Hypoxia-24h and Hypoxia-48h
groups). Half of the plants from each group were treated with imazamox (5 mg L™, black symbols).
The others were not treated with herbicide and were used as controls (white symbols). The different
treatments were named with a combination of two codes: the first code refers to the hours of hypoxia
(0,24 h, or 48 h), and the second one indicates if plants were treated with imazamox (IMX) or were
controls (C): 0-C, 0-IMX, 24h-C, 24h-IMX, 48h-C, 48h-IMX. (A) In vitro activities of PDC and ADH in the
roots of pea plants. Values represent the mean + SE (1 = 4 biological replicates). Significant variations
are marked with * for differences between control and imazamox-treated plants (t-Test, p < 0.05) on a
given day. See Supporting Information Table S1 for the two-way ANOVA results. (B) Native PAGE
for ADH activity in pea roots. Each lane contained 1.75 ug of protein. (C) Immunoblot detection of
PDC and ADH on days 0, 1, 3, and 7 after imazamox application. Each lane contained 30 g of protein.
In blots and gels, each vertical dividing line indicates lane or lanes removed from the original image.
See supporting Information Figures S1, S2 and S3 for full gel images.

The in gel enzymatic activity of ADH (Figure 2B) and the protein content of the enzymes PDC
and ADH (Figure 2C) were determined in the No-Hypoxia and Hypoxia-24h groups. The three ADH
isoenzymes described in peas were detected in the native PAGE for ADH activity (from top to bottom:
ADHI1-ADHI1, ADH1-ADH2, and ADH2-ADH?2) [26], and the pattern of band intensity (Figure S1)
was similar to the in vitro activity. In the No-Hypoxia group, IMX application increased the activity
of the ADH1-ADH2 and ADH2-ADH2 isoenzymes from day 3. The PDC and ADH protein content
(Figure 2C) showed a similar pattern as the in vitro activity, showing that the increase in activity is due,
at least in part, to an increase in the amount of fermentative enzymes.
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2.2. Growth Parameters

In order to study the effect of IMX on the growth of the different studied groups, the shoot and
root lengths were measured (Figure 3). Figure 3A shows the aspect of the plants 7 days after herbicide
application. The roots of the IMX-treated plants became brownish while the roots of the control plants
were white. The growth of the secondary roots was inhibited and the growth of the shoot and the

principal root was also arrested by the herbicides.

Shoot lenght (cm)
v & ® ® o

o

o

N
=)

w
=3

Root length (cm)
= 3

Figure 3. Effect of imazamox on the growth of pea plants. Pea plants were not treated with hypoxia
before herbicide application (the No-Hypoxia group) or were treated with hypoxia for 24 h or 48 h
before herbicide application (the Hypoxia-24h and Hypoxia-48h groups). Half of the plants from each
group were treated with imazamox (5 mg L1, black symbols) and the others were not treated with
herbicide and were used as controls (white symbols). The different treatments were named with a
combination of two codes: the first code refers to the hours of hypoxia (0, 24 h, or 48 h), and the second
one indicates if plants were treated with imazamox (IMX) or they were controls (C): 0-C, 0-IMX, 24h-C,
24h-IMX, 48h-C, 48h-IMX. (A) Aspect of the plants 7 days after herbicide application. (B) Shoot length
(C) Root length. Values represent the mean + SE (n = 4 biological replicates). Significant variations are
marked with * for differences between control and imazamox-treated plants (t-Test, p < 0.05) on a given
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day. See Supporting Information Table S1 for the two-way ANOVA results.
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The shoot of the control plants from the Hypoxia-24h and Hypoxia-48h groups grew less than the
plants from the No-Hypoxia group (Figure 3B), indicating that hypoxia had an effect on shoot growth.
The effect of IMX on the shoot growth of the treated plants was similar in the three groups, regardless
of whether they were previously exposed to hypoxia. Root growth was arrested in the No-Hypoxia
group as a consequence of herbicide application after 3 and 7 days of treatment (Figure 3C). The effect
of the herbicide in the Hypoxia-48h group was not so evident because the roots of the control plants
(48h-C) practically did not grow until the third day.

2.3. Carbohydrate Content

The sum of sucrose, fructose, glucose (Figure 4A), and starch (Figure 4B) contents were measured
in the roots of the pea plants. Total soluble sugars were accumulated in the herbicide-treated plants
from all the studied groups. While the effect of the herbicide on the non-hypoxic plants was significant
as early as day 1 of the IMX treatment, the significant effect on the 24h-IMX and 48h-IMX plants was
delayed until the third day of treatment.
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Figure 4. Total soluble sugars (A) and starch (B) content in the root of pea plants. Pea plants were
not treated with hypoxia before herbicide application (the No-Hypoxia group) or were treated with
hypoxia for 24 h or 48 h before herbicide application (the Hypoxia-24h and Hypoxia-48h groups).
Half of the plants from each group were treated with imazamox (5 mg L1, black symbols). In each
group, the others were not treated with herbicide and were used as the controls (white symbols) for
the imazamox-treated plants. Values represent the mean + SE (1 = 4 biological replicates). Significant
variations are marked with * for differences between control and imazamox-treated plants (t-Test,
p <0.05) on a given day. See Supporting Information Table S1 for the two-way ANOVA results.

Starch was also accumulated in the roots of the plants of the three studied groups as a consequence
of IMX application (Figure 4B). The plants exposed to hypoxia before herbicide application showed
lower starch accumulation at day 7 than the plants that were not exposed to hypoxia (Figure 4B).
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2.4. Free Amino Acid Profile

The effects on free amino acid profile were studied in the No-Hypoxia and Hypoxia-24h groups
(Figure 5) by monitoring five physiological parameters previously described to be affected by ALS
inhibitors: free amino acid content, BCAA, aromatic, acidic, and amide amino acid contents [6,10,14,27].
As ALS -inhibitors cause a general increase in the content of free amino acids that could mask the
specific changes in each absolute content [27,28], BCAA, aromatic, acidic and amide amino acids are
shown as their relative content in terms of percentage of total amino acid content (Figure 5).
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Figure 5. Free amino acid profile in the root of pea plants. Pea plants were not treated with hypoxia
before herbicide application (Group No-Hypoxia) or were treated with hypoxia for 24 h before herbicide
application (Group Hypoxia-24h). Half of the plants from each group were treated with imazamox
(5mg L1, black symbols). In each group, the other halves were not treated with herbicide and were
used as the controls (white symbols) for the imazamox-treated plants. Total free amino acids (A)
branched-chain (B) aromatic (C) acidic (D) and amide (E) amino acid contents. Values represent the
mean + SE (n = 4 biological replicates). Significant variations are marked with * for differences between
control and imazamox-treated plants (t-Test, p < 0.05) at a given day. See Supporting Information
Table S1 for the two-way ANOVA results.

As expected, IMX treatment provoked an increase in the free amino acid pool in both groups of
plants (Figure 5A). Nevertheless, the increase was significant earlier (day 1) when plants were not
subjected to the hypoxic treatment. The relative content of BCAA was lower in plants treated with the
herbicide in both groups, but this effect was abolished after 7 days of treatment if plants were subjected
to the hypoxic treatment (Figure 5B). Aromatic amino acid content (sum of phenylalanine, tyrosine,
and tryptophan) was not significantly affected by the herbicide or the hypoxic treatment (Figure 5C).
Acidic amino acid content (the sum of glutamic and aspartic acids) decreased after 3 days of IMX
treatment only when plants were not subjected to hypoxia before herbicide application (Figure 5D).
Contrary to expectations, a general increase in the amide amino acid content was not detected (the
sum of glutamine and asparagine) (Figure 5E).
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Alanine and y-aminobutyric acid (GABA) are two amino acids that usually accumulate under
low-oxygen conditions. Their content was evaluated in both the No-Hypoxia and Hypoxia-24h groups
(Figure 6). After 24 h of hypoxia, the content of GABA and alanine increased, thus, plants from the
Hypoxia-24h group presented high levels of alanine and GABA at the onset of the herbicide treatment.
Exposure to hypoxia did not change the effect of the herbicide, with the pattern of Alanine and GABA
contents being similar in both groups: alanine content was accumulated in herbicide-treated plants
over the entire time of study and GABA content was not modified by the herbicide.
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Figure 6. Alanine (A) and y-aminobutyric acid (GABA; B) contents in the root of pea plants. Pea plants
were not treated with hypoxia before herbicide application (Group No-Hypoxia) or were treated with
hypoxia for 24 h before herbicide application (Group Hypoxia-24h). Half of the plants from each group
were treated with imazamox (5 mg L1, black symbols). In each group, the other halves were not
treated with the herbicide and were used as the controls (white symbols) for the imazamox-treated
plants. Values represent the mean + SE (1 = 4 biological replicates). Significant variations are marked
with * for differences between control and imazamox-treated plants (t-Test, p < 0.05) at a given day.
See Supporting Information Table S1 for the two-way ANOVA results.

3. Discussion

The oxygen concentration in the nutrient solution measurements and the evaluation of the
enzymes involved in the ethanol fermentation validated the experimental design since the desired
conditions were obtained. The oxygen concentration in the nutrient solution of the plants exposed to
hypoxia before herbicide application drastically decreased: it was about 30-40% the day of herbicide
application (day 0) (Figure 1). In addition, alanine and GABA were accumulated in these plants
(Figure S1), which is a typical response found in plants exposed to hypoxia. On the other hand,
at day 0, the activities and protein contents of PDC and ADH of the plants from the Hypoxia-24h and
Hypoxia-48h groups were much higher than the activities in the non-hypoxic plants, confirming that
ethanol fermentation in the roots was already induced when the herbicide was applied.

The previously described effects on ethanol fermentation, triggered as a consequence of ALS
inhibition [11,13-15], were observed in the IMX-treated plants: increased in vitro activity of PDC
(Figure 2A), higher ADH activity detected by native gel (Figure 2B), and accumulation of both PDC
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and ADH proteins (Figure 2C). In addition, native gel showed that the anodic isozyme demonstrated
less induction than the other two bands after IMX treatment, as was described before for other ALS
inhibitors [13]. Different induction pattern was described for anaerobically stressed cotton, from which
the most anodic isozyme (ADH2-ADH?2) was induced more than the other two [29].

In concordance with the growth arrest previously described in several plant species (e.g., soybean,
pea, rice) as a consequence of ALS inhibition [4,12,30,31], the results obtained in this experiment
also evidenced that IMX provoked a decrease in both shoot and root elongation (Figure 3). Oxygen
availability also limits the growth of the tissues [18], and root growth of the plants subjected for 48 h to
hypoxia was restricted for 3 days after returning to aerobic conditions (Figure 3C). It was not possible
to detect a different effect of the herbicide on root growth depending if plants were exposed to hypoxia
or not, because IMX arrested the root growth completely in the three groups.

Carbohydrates were accumulated in the roots as a consequence of ALS inhibition (Figure 4)
as has been described before [8-11,14,32,33]. The accumulation in roots was due to a lack of use
of available sugars because growth was arrested (Figure 3). This carbohydrate accumulation has
not been previously related to a change in total respiration rates or cytochrome respiratory capacity,
but an increase in AOX capacity was observed in a previous experiment with the same plant material
but with other ALS inhibitors [9]. These results suggest that ALS inhibition induce the less-efficient
ATP-producing pathways of fermentation and alternative respiration, while growth is arrested and
carbohydrates are not consumed.

Although carbohydrate accumulation was detected after IMX treatment in hypoxic plants
(groups Hypoxia-24h and Hypoxia-48h), the total soluble accumulation was detected later than
in the non-hypoxic plants and the starch accumulation was lower than in the non-hypoxic plants
(Figure 4). Although it can be argued that hypoxia incurred a carbon deficit which delayed the
later carbohydrate accumulation due to herbicide, this was not true, as previous findings revealed
that carbohydrate shortage was not detected in the pea roots subjected to hypoxia to 1 or 3 days
(Figure 4 in [34]). So, the lower and later carbohydrate accumulation induced by the herbicide in
hypoxic plants compared to non-hypoxic suggests an alleviation of this physiological effect on carbon
metabolism if plants are subjected to hypoxia before herbicide application.

Moreover, regarding the nitrogen metabolism, an increase in the total free amino acid content and
several changes in individual amino acids were detected after IMX treatment (Figure 5). Free amino
acid accumulation has been previously observed in plants treated with different ALS inhibitors [6,7,35]
and it has been proposed to occur due to an increased protein turnover [36], which can be related to an
altered, proteolytic profile [7]. Contrary to previous studies [10,27], aromatic amino acid content was
not affected by the ALS-inhibitors.

BCAA relative content was decreased after IMX treatment during all the period of study while
in previous studies the decrease was transitory, abolished after 4 days [27,37,38] and followed by
an increase. The initial decrease of the BCAA and the following increase agree with the proteolysis
discussed above.

Acidic and amide amino acid contents showed a tendency to the pattern expected, increase of
amides and decrease of acidic amino acids [10,27], although the changes were not consistent during all
the time of study. In general, the proportion of the two acidic amino acids was lower in herbicide-treated
plants than in the control, and the proportion of their amides was higher in herbicide-treated plants
than in control plants (Figure 5). This behaviour shows that the plant develops a progress in nitrogen
storage from amino acids in the acidic form to the amide form. These coordinated variations are
difficult to explain, and it is not possible finally to establish if there are key enzymes under common
control, if such modulation involves parameters such as glutamine/glutamate [39] or if there is a
general control of C/N metabolism just by controlling the ‘glutamine plus asparagine/glutamate plus
aspartate” proportion.
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Interestingly, several of these effects described after the herbicide on the amino acid profile were
attenuated if ethanol fermentation was induced before herbicide application: BCAA decrease after
7 days was abolished and amide amino acid increase and acidic amino acid decrease were attenuated.

Alanine was accumulated at the onset of the herbicide treatments in plants subjected to hypoxia
(Figure 6A). The production of alanine from pyruvate through alanine amino-transferase is another
quite important pathway related to fermentation and lack of oxygen [40]. Alanine was accumulated in
herbicide treated plants both in hypoxic and non-hypoxic plants, as was detected in Arabidopsis plants
treated with foramsulfuron, [37] or pea roots treated with imazethapyr [34], other two ALS inhibitors
and which can be related to the previously detected induction of alanine amino-transferease [11,14].
The non-protein amino acid GABA (Figure 6B) was accumulated after 48 h of hypoxia. It is a metabolite
that is usually accumulated under stress situations, such as anoxia [41,42].

Plant death following ALS inhibition, has been associated with an impairment of carbon and
nitrogen metabolism, only detected after ALS inhibition and not detected after inhibition of other
enzymes of the BCAA pathway. Thus, the different herbicidal efficacy observed could be associated
with a different carbon/nitrogen metabolism imbalance [43]. The results of this study evidence that
hypoxia alleviates the impairment of carbon and nitrogen metabolism induced by ALS inhibitors,
suggesting that an induced fermentative metabolism alleviates the herbicidal effects on the physiology
of treated plants.

Several other approaches have tried to examine the significance of the induction of fermentation
in response to the ALS-inhibiting herbicides to evaluate if it is part of the plant defense against
herbicides or by contrast, it contributes to their chemical toxicity. Unfortunately, until now, divergent
results have been reported. On one hand, alleviation of the effects of ALS inhibitor herbicides on
different parameters (carbohydrate and amino acid accumulation) was observed in the adhl mutant
supporting that fermentation contributes to the herbicide action [14]. On the other hand, mutants with
reduced fermentative potential exhibited higher sensitivity to herbicide treatments [44] and plants
overexpressing the PDH bypass were less sensitive to ALS-inhibitors [45], supporting the hypothesis
that induction of PDC contributes to herbicide stress tolerance. The present study shows that
fermentation induction at the moment of herbicide application decreases the herbicide physiological
action and supports the second of the two hypothesis proposed about the role of fermentation in the
mode of action of ALS-inhibitors: the induction of ethanol fermentation in treated plants is part of the
plant defense mechanism after herbicide.

4. Materials and Methods

4.1. Plant Material and Treatment Application

Pisum sativum L. cv. snap sugar boys where surface sterilized and grown under controlled conditions [9].
To prevent roots from hypoxia, the nutrient solution was continuously aerated. When the plants
were 12-days-old, they were separated in three groups (Table 1). In order to obtain low-oxygen
conditions for the induction of fermentation, the aeration was removed in one of the groups for 48 h
(named Hypoxia-48h), and for 24 h in another group (named Hypoxia-24h). After the 48 h or 24 h
the tanks were again aerated, this day was considered as the day 0. The other group was maintained
continuously aerated (named No-Hypoxia). The nutrient solution was replaced the day 0 in all the
tanks and the herbicide was applied to half of the tanks from the group Hypoxia-48h (named 48h-IMX),
half of the plants from the group Hypoxia-24h (named 24h-IMX), and to half of the tanks from the
group No-Hypoxia (named 0-IMX). The herbicide was applied to the nutrient solution as commercial
formulation at a final concentration of 5 mg active ingredient L' (16.33 uM) of IMX (Pulsar®40, BASF
Espariola SA, Barcelona, Spain). The other half of the plants from the groups Hypoxia-48h, Hypoxia-24h
and No-Hypoxia were not treated with herbicide (named as 48h-C, 24h-C and 0-C, respectively) and
were used as the control for the comparison with the herbicide-treated plants of the corresponding
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group. The experiment was performed in duplicate. The applied herbicide doses provoked plant
death in 20 days.

For the analytical measurements, intact root samples were taken at day 0, before herbicide
application, and at days 1, 3 and 7 after IMX application, this time points were chosen in order to allow
us to evaluate physiological and biochemical plant responses induced by the herbicide, but not directly
resulting from cell death.

Plant material was immediately frozen in liquid nitrogen and stored at =80 °C for further analysis.
Later, frozen samples were ground under liquid nitrogen using a Retsch mixer mill (MM200, Retsch®,
Haan, Germany), the required amount of tissue for each analysis was separated and stored at —80 °C.
Some fresh material was dried for 48 h at 80 °C in order to obtain the fresh weight/dry weight ratio.

4.2. PDC and ADH Enzymatic Activities

Briefly, PDC and ADH activities were measured in a spectrophotometer monitoring NADH
consumption or formation at 340 nm, respectively, as described before [11].

In gel, ADH activity was measured in desalted extracts obtained from pea roots in aratio of 0.1 g FW/
2.5 mL extraction buffer. Native electrophoresis was run in a 12.5% polyacrylamide gel (Phast Gel®
Homogeneous 12.5% in 0.112 M Acetate, 0.112 M Tris (pH 6.4)) at 4 °C in a Phast SystemTM (Pharmacia,
LKB, Biotechnology AB, Uppsala, Sweden). Phast Gel® Buffer Strips Native (0.88 M L-Alanine, 0.25 M
Tris (pH 8.8)) were used for the electrophoresis. In each line, 1.95 ug of protein was loaded.

ADH specific staining was performed as described in a previous study [26] with minor
modifications. The gel was incubated in darkness for 15 min in a solution composed of 25 mM
Tris-Cl (pH 8), 0.8% (v/v) ethanol, 0.144 mM nitro blue tetrazolium, 0.65 mM phenazine methosulfate,
and 0.24 mM NAD+.

4.3. PDC and ADH Immunoblotting

PDC and ADH protein immunoblot assay was performed according to standard techniques,
as described in a previous study [46]. PDC and ADH antibodies were used at dilutions of 1:1000
and 1:500, respectively. Goat anti-rabbit IgG alkaline phosphatase (Sigma-Aldrich) was used as the
secondary antibody at a dilution of 1:20,000, and cross-reacting protein bands were visualized using
the Amplified Alkaline Phosphatase Goat Anti-Rabbit Immun-Blot® Assay Kit (Bio-Rad Inc., Hercules,
CA, USA), according to the manufacturer’s instructions. The intensity of the bands was quantified
using a GS-800 densitometer (Bio-Rad Inc., Hercules, CA, USA).

4.4. Metabolites Determination

4.4.1. Amino Acids

The extraction of amino acids from pea roots was performed in HCI. After protein precipitation,
amino acid concentrations were measured in the supernatant using capillary electrophoresis equipped
with a laser-induced fluorescence detector, as previously described [27].

4.4.2. Total Soluble Sugars and Starch

The glucose, fructose, and sucrose (total soluble sugars) concentrations were determined in
ethanol-soluble extracts, and the ethanol-insoluble residue was extracted for starch analysis. Starch
and soluble sugar concentrations were determined using high-performance capillary electrophoresis,
as previously described [8].

4.5. Statistical Analysis

All analyses were performed using four biological replicates from two independent experiments.
The mean was used as a measure of central tendency and the standard error (SE) as a measure
of dispersion.
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First, the data of the three different groups (No-Hypoxia, Hypoxia-24h, and Hypoxia-48h) were
compared independently. The herbicide-treated plants were compared with their respective controls
for each sampling day using the Student’s t-Test for the Significance of the Difference between the
Means of Two Independent Samples. Second, for all the studied parameters, a two-way analysis of
variance (ANOVA) was performed to examine the influence of the studied variables (hypoxia and
herbicide application) and their possible interaction. When the results were expressed in percentages,
the data were previously transformed according to the following formula: arcsiny/x/100. The statistical
analysis was conducted at a significance level of 5% (p < 0.05) and the statistical program used was
IBM SPSS Statistics (v.22).

5. Conclusions

In this study, an original approach was used to unravel the role of fermentation induction after
ALS-inhibiting herbicides, by evaluating the effect of applying hypoxia before the herbicide on the
typical physiological markers in herbicide-treated plants.

There are several physiological effects widely described after ALS inhibition, that have been also
detected in pea roots in this study: carbohydrate accumulation, decrease in BCAA and acidic amino
acids and increase in amide amino acids. The changes in these physiological markers was lower or
later if the plants were subjected to hypoxia before treatment application. This decrease of the herbicide
action with hypoxia supports the hypothesis that fermentation induction by ALS inhibitors is a plant
defense mechanism counteracting the physiological effect of the herbicide.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/8/981/s1,
Figure S1: Original blots and band intensity of the Native PAGE for alcohol dehydrogenase, Figure S2: Original
blots and band intensity of the immunoblot detection of pyruvate decarboxylase, Figure S3: Original blots and
band intensity of the immunoblot detection of alcohol dehydrogenase, Table S1: Results of the two-way analysis
of variance.
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