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Oxygen and its limitation are emerging as a crucial factor in plant fitness,
growth and development. Recent studies revealed the mechanisms by which
oxygen is perceived by plant cells. This sensory system partly relies on an
oxygen-mediated branch of the N-end rule pathway for protein degradation
acting on a specific clade of ethylene responsive transcription factors (ERF-VII).
A complementary regulative step is provided by aerobic sequestration of an
ERF-VII protein at the plasma membrane and its timely release when hypoxia
occurs. Complete absence of oxygen triggers the transient accumulation
of reactive hydrogen peroxide and induces an additional set of reactive
oxygen species-related genes involved in both signaling and attenuation of
oxidative stress. Moreover, temporary hypoxic environments that are built
up as consequence of dense cell packing have been demonstrated to trigger
cell-fate determination in maize anthers. Similarly, limited oxygen delivery
in bulky fruit or tuber tissues growing in aerobic conditions were shown to
stimulate anaerobic-like responses. These advances in low-oxygen signaling
and its effect on cell development highlight the importance of taking hypoxia
into account in agronomical practices as well as in breeding programs.

doi:10.1111/ppl. 12011

Introduction (Bailey-Serres and Voesenek 2008). Because anaerobic
metabolism is not as efficient as the aerobic one, devel-
opmental and growth programs need to be adjusted to
cope with the reduction in ATP availability. A core of
about 50 genes that respond ubiquitously to oxygen defi-
ciency has been identified by microarray analyses in sev-
eral plant species (Mustroph et al. 2010). This includes
genes involved in fermentative and alanine metabolism,
scavenging and detoxification of reactive oxygen and

Despite being able to produce oxygen from photosyn-
thesis, plants also require this gas as final acceptor of
electrons in the respiratory chain to produce energy.
Oxygen can become limiting as a result of reduced dif-
fusion because of constraints imposed by growth and
development or when its concentration in the surround-
ing environment decreases below the consumption rate

(Bailey-Serres et al. 2012). Being sessile organisms,
plants cannot escape sudden water logging or deep
flooding, conditions that strongly limit oxygen diffu-
sion and thus its availability for the submerged tissues.
Therefore, plants need to rapidly activate a metabolic
reset to avoid complete blockage of energy production

nitrogen species as well as a big number of proteins of
unknown function (Roberts et al. 1989, Igamberdiev and
Hill 2004, Mustroph et al. 2010, Rocha et al. 2010).
Until 2011, the major achievements in the research
field of plant anaerobiosis dealt with species-specific
mechanism able to provide tolerance or escape

Abbreviations — ACBP, acyl-CoA-binding protein; ACO, ACC oxidase; ACS, ACC synthase; ADH, alcohol dehydrogenase;
ATE, arginyl transferase; ERF, ethylene response factor; GFP, green fluorescent protein; HB1, non-symbiotic hemoglobin 1;
HRE, hypoxia responsive ERF; HSF, heat shock factor; HSP, heat shock protein; MAC1, multiple archesporial cells 1; MAP,
mitogen-activated kinase; MC, methionine-cysteine; NERP, N-end rule pathway; NO, nitric oxide; RAP2, related to APETALAZ2;
RBO, NADPH/respiratory burst oxidase protein; ROP, rho of plant; ROP2, RHO-like small G protein of plant; PDC, pyruvate
decarboxilase; ROS, reactive oxygen species; SUB1, submergence1; TF, transcription factor.
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properties in rice (Xu et al. 2006, Hattori et al. 2009,
Lee et al. 2009), rather than concerning cross-species
conserved mechanisms of hypoxia perception and sig-
nal transduction. Pioneering discoveries in this second
direction arose from a combination of transcriptomic
approaches carried out in Arabidopsis thaliana, rice
(Oryza sativa) and poplar (Populus trichocarpa) (Mus-
troph et al. 2010). As result, a series of reports were
produced that dealt with the identification and character-
ization of transcription factors (TFs) that able to enhance
the expression of subsets of anaerobic genes, although
not strictly required for their induction upon hypoxia
(for a review see Licausi 2011). Among them, ethylene
response factors (ERFs) caught the attention of several
research groups (Licausi et al. 2010, Pefia-Castro et al.
2011). In fact, genes encoding group-VII ERFs recurred
as upregulated in the anaerobic transcriptome of several
plant species (Nakano et al. 2006, Mustroph et al. 2010).
This interest was further enhanced by the identification of
ERF proteins as key players in the different adaptation to
flash flooding and long-lasting submergence in different
rice varieties (Xu et al. 2006, Hattori et al. 2009).

The N-end rule pathway and ERF-VII
are components of the oxygen
signaling pathway

The existence of a direct mechanism of oxygen percep-
tion and hypoxic signal transduction in plants has been
highly debated. Because an ortholog of the animal oxy-
gen sensor PHD1-HIF or the fungal SRN1 was not present
in plants, mechanisms of indirect oxygen perception
were proposed (Licausi and Perata 2009, Mustroph et al.
2010). According to these hypotheses, the alteration of
metabolic parameters associated with oxygen deficiency
would have triggered the molecular response to anaer-
obiosis. However in 2011, two groups independently
reported the identification of an oxygen sensing mech-
anism able to trigger the molecular response to hypoxia
and tuned itself by the oxygen availability within a cell
(Gibbs et al. 2011, Licausi et al. 2011b). Both groups
identified the conserved N-terminal motif (MCGGAI/L)
of group VII ERFs as an ideal substrate for the N-end rule
pathway (NERP) for protein degradation, a ubiquitous
mechanism in eukaryotes and prokaryotes that dictates
the stability of polypeptides depending on the exposed
amino-terminal residue (Fig. 1) (Gibbs etal. 2011, Licausi
et al. 2011b). The cysteine residue in second position,
followed by neutral and non-encumbering glycine pro-
vides the perfect environment for methionine removal
by aminopeptidases (Liao et al. 2004). This leaves a
N-terminal cysteine residue exposed to oxidizing agents
such as oxygen and nitric oxide (NO) that lead to the

formation of cysteine sulfinic or sulfonic acid (Kwon et al.
2002). Oxidized cysteine subsequently acts as substrate
for arginine-tRNA protein transferases (ATEs) for the addi-
tion of an arginyl residue (Arg) at the N-terminus via
peptide bond. In turn, Arg signals a class of ubiquitin lig-
ases (PRTs) to polyubiquitinate surrounding Lys residues
thereby promoting the degradation of the polypeptide
by the 26S proteasome (Bailey-Serres et al. 2012). The
observation that NO synthesis is increased under oxygen
limitations disfavors its involvement in mediating aero-
bic degradation of ERF-VII proteins, although it still plays
a role as modulator of the anaerobic response (Stohr and
Stremlau 2006). Oxygen is therefore more likely to be
the direct trigger of ERF-VII proteolysis. Interestingly,
non-symbiotic hemoglobin 1 (HB1), a NO-scavenging
enzyme, is a direct target of RAP2.12 (Dordas et al. 2003,
Licausi et al. 2011b). It is tempting to speculate that this
protein may reduce NO levels under anoxia to antago-
nize the oxidation of the terminal Cys in ERF-VII TFs.
Gibbs et al. (2011) indeed identified the hypoxia
inducible ERFs HRET and HRE2 as substrates for the
N-end rule in vitro, but not mutant versions of them
where the penultimate Cys was substituted with alanine.
One year earlier, we attempted a first physiological
characterization of HRET and HRE2 by overexpressing
both in Arabidopsis (Licausi et al. 2010). However, as
these transgenic plants expressed the wild-type version
of these genes, the NERP prevented accumulation of the
respective protein, thus minimizing their impact on the
Arabidopsis transcriptome. Nevertheless, we observed
that under hypoxic conditions the induction of most
of the anaerobic genes was enhanced as compared to
wild-type plants (Licausi et al. 2010). A very similar
observation was reported by Hinz et al. (2010), where
the ERF-VII RAP2.2 was overexpressed instead. Inter-
estingly, effective accumulation of ERF-VII protein in
planta was reported by Papdi et al. (2008) where the
ERF RAP2.12 was placed under control of an estradiol
inducible promoter. In this case, significant upregulation
of the ADH gene was detected, suggesting that a sudden
and massive increase in the synthesis of RAP2.12 was
able to surpass its degradation rate via the NERP. This
was also observed when we tried to express an HA-
tagged version of RAP2.12 in A. thaliana; in this case
a whole transcriptome analyses revealed that the whole
set of the core response to hypoxia was upregulated in
these transgenic plants already in normoxic conditions
(Licausi et al. 2011b). This series of experimental results
highlighted the importance of ERF-VII in the induction
of the anaerobic response but has left unanswered the
question about its real triggers. It seems unlikely that
HRE1T and HRE2 can be the first actors in the signaling
cascade during hypoxia. First of all, they are induced by
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Fig. 1. Schematic representation of oxygen signaling in plants. RAP2.12 is bound to the membrane localized acyl-CoA binding protein 1 and 2
(ACBP1 and ACBP2). Potentially, other ERF-VII proteins (dark gray) interact with membrane and cytosol located ACBPs. N-terminal methionine is
removed from ERF-VII proteins by methionine aminopeptidase (MAP) leaving a cysteine residue exposed. Under aerobic conditions (blue arrows),
ERF-VII proteins are degraded following the NERP. In detail, the N-terminal cysteine is oxidized in the presence of oxygen or nitric oxide (oxCys),
thereby providing a substrate for the addition of arginine via arginine-tRNA protein (ATE1 and ATE2). N-terminal arginine promotes polyubiquitination
(indicated by U) and subsequent degradation via the 26S proteasome. Upon hypoxia (red arrows), reduction of oxygen levels prevent the degradation
of ERF-VII, which then move into the nucleus where they activate the response to anaerobiosis. Upon reoxygenation, ERF-VII proteins are rapidly

degraded via the NERP.

hypoxia themselves and expressed at a negligible level
under non-stress conditions. Moreover, HRET is mostly
induced in non-photosynthetic tissues, while HRE2
appears to be ubiquitously upregulated. Anyway, a dou-
ble knock-out mutant for both genes was perfectly able
to induce the anaerobic response to levels comparable
to those of wild-type plants, ruling these two genes out as
main actors in triggering the anaerobic response. Instead,
their importance in Arabidopsis seems to be associated
to the maintenance of the anaerobic response, as the
respective double mutant was not able to transcribe the
anaerobic genes after few hours from the onset of anoxia,
while wild-type plants could (Licausi et al. 2010).
Instead, transgenic plants in which the expression of
both RAP2.2 and RAP2.12 was reduced via an artificial
microRNA showed a lower induction of the anaero-
bic genes (Licausi et al. 2011b). Interestingly, also the
expression of HRET and HRE2 resulted hampered in
these silenced plants, suggesting that the two inducible
ERFs are induced by the RAP genes (Licausi etal. 2011b).
It certainly would be interesting to observe the ability of
a true double knock-out for both RAP2.2 and RAP2.12
to activate the anaerobic response. A fifth member of the
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ERF-VII group exists in the Arabidopsis genome: RAP2.3.
The corresponding gene is transcribed at very high levels
and thus was one of the first ERF to be described (Biittner
and Singh 1997). It has been demonstrated to be required
to alleviate oxidative stress in plants and so far no report
linked it to the anaerobic response, albeit its N-terminal
sequence makes it also a potential NERP substrate.

The rapid induction of anaerobic genes in Arabidopsis
already after 30 min hypoxia suggested that a signal
should be ready to be released in the nucleus (Licausi
et al. 2011¢). Indeed, low amounts of RAP2.12 were
observed in the plasma membrane of aerobic cells
by using a RAP2.12:Green Fluorescent Protein (GFP)
reporter fusion (Licausi et al. 2011b).The GFP signal
was then accumulating in the nucleus when the oxygen
concentration was decreased artificially. RAP2.12 does
not contain any transmembrane domain that would
justify its localization at the plasma membrane site.
However, Li et al. (2008) demonstrated that ERF-VII
protein can interact with membrane-associated acyl-
CoA-binding protein (ACBPs). In fact, the interaction
between RAP2.12 and ACBP1 and 2 was confirmed
by yeast two-hybrid and bimolecular fluorescence



complementation (Licausi et al. 2011b). It remains to
be defined whether this interaction is disrupted upon
low oxygen or the ACBP—RAP2.12 complex moves as
a whole into the nucleus. The observation by Li et al.
(2008) that a GFP-tagged version of ACBP2 accumulated
at the periphery of the nucleus disfavors this hypothesis.
It is also not yet clarified whether RAP2.12 requires
ACBP1 and ACBP2 to be associated with the membrane,
or their interaction occurs after the localization of
RAP2.12 at the plasma membrane, maybe through
association with other membrane bound proteins.

Hormonal regulation of ERF-VII TFs

Because low-oxygen stress is often occurring as conse-
quence of flooding or submergence, a condition in which
gases diffuse 10000-fold slower (Armstrong, 1979),
researchers focused their attention to the involvement
of ethylene in the low-oxygen signaling (Bailey-Serres
et al. 2012). Not only ethylene accumulates within plant
tissues and in their surroundings underwater, but ethy-
lene production is boosted by hypoxia as a result of the
upregulation of the biosynthetic enzymes ACC synthase
(ACS) and ACC oxidase (ACO) (van der Straeten et al.
2001, Rieu et al. 2005) For these reasons, ethylene plays
a primary role in dictating the type of strategy that a
plant would adopt to escape the flooding condition as it
happens in wild-rice varieties. On the other hand, under
anoxic conditions the activity of ACO is hampered,
thereby reducing its impact in artificial conditions where
the composition of the gaseous atmosphere is altered.
Most of the ERF-VII genes (RAP2.2, RAP2.3 and HRET)
are ethylene inducible although the integration of this
responsiveness to the other regulatory mechanisms acti-
vated by oxygen depletion is not deciphered yet. Mutants
for ethylene signaling are impaired in their ability to
endure prolonged flooding or hypoxic stress (Peng et al.
2001), although it remains to be clarified whether this
is dependent on the effect of this growth regulator of
ERF-VII genes or it is rather mediated via alternative
pathways.

Other growth regulators do not seem to play a major
regulatory role on the expression of ERF-VII genes in
Arabidopsis, with the exception of HRET being repressed
by abscisic acid and cytokinins (Goda et al. 2008,
Pandey et al. 2010). The discovery of the link between
germination and hypoxia through the NERP poses new
interest into the effect of abscisic acid and gibberellins in
the hypoxic signaling (Gibbs et al. 2011). This is further
supported by the adaptive hyponastic response observed
in several plant species that was also demonstrated to be
orchestrated by ethylene, gibberellins and abscisic acid
(Bailey-Serres and Voesenek 2008).

Non-NERP ERF-VII proteins

The control exerted by the NERP on ERF-VII depends
on the cysteine residue present in their conserved
N-terminal consensus MCGGAAI (Licausi et al. 2011b).
However, Cys is only one of the amino acids conserved
in the sequence, suggesting that also the other five pos-
sess regulatory or structural properties. The most obvious
explanation is that the composition and arrangement of
this domain enables an optimal sensitivity of the Cys2
for redox changes. Under this perspective, the extremely
short side-chain of the two Gly residues immediately
after Cys2 might grant its exposure to the cell environ-
ment. Alternatively, this domain might provide a docking
site for additional factors able to promote or reverse Cys
oxidation or to anchor the TF at the plasma membrane.

Moreover, the role of this Cys-dependent branch
of the NERP is unlikely to be limited to the ERF-VII
factors. In plants, Methionine-Cysteine (MC) proteins
represent the 0.1% of the total annotated proteome
(Licausi et al. 2011b) suggesting an evolutive pressure
against its occurrence. Gibbs et al. (2011) demonstrated
that other MC proteins can be substrates for the NERP
degradation but the presence of the Cys2 is not sufficient
as determinant. Systematic mutagenesis of the conserved
ERF-VII motif and of NERP-independent Cys2-containing
N-termini will be required to evaluate the whole
spectrum of requirements for oxygen-dependent protein
instability.

Attention should also be paid to those ERF-VII
members that do not contain the conserved MCGGAI/L
motif. For instance, within the Sub1 clade of rice ERF
genes only Sub1b possess a complete ERF-VII consensus
(Bailey-Serres et al. 2012). The N-terminus of Sub1C is
composed of three Arg residues that make impossible the
removal of methionine by the mitogen-activated kinase
thereby causing stabilization of this TF (Gibbs et al.
2011). SubTA represents an interesting case as it is not
destabilized in vitro (Gibbs et al. 2011). Its increased sta-
bility was first ascribed to the presence of a Glu residue
(instead of Ala) in the fifth position. However, restoring
the MCGGAI consensus did not induce destabilization,
suggesting that this TF is NERP-independent (Gibbs et al.
2011). This would also explain why overexpression of
Sub1A in Arabidopsis caused developmental alterations
(Pefa-Castro et al. 2001) while the NERP-degraded
HRET and HRE2 did not modify it (Licausi et al. 2010).
Similarly, Snorkel1 (SK1) and SK2, the regulators of stem
elongation in deepwater rice varieties, diverge in the
fifth and sixth position, although their NERP-dependent
stability has not been assessed yet (Hattori et al. 2009,
Bailey-Serres et al. 2012).
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Itis also interesting that the ERF-VII HRET in Arabidop-
sis and SIERF2 in tomato have been shown to produce
alternative splicing isoforms that are devoid of the
MCGGAI motif (Pirrello et al. 2006). As HRET is actually
induced under anaerobic conditions, it is possible that
an oxygen-insensitive isoform is preferentially produced,
although this would remain stable after reoxygenation.

NERP-independent signaling of oxygen
deficiency is associated with reactive
oxygen species

Despite the core-response genes that are induced already
when oxygen concentrations reach 8% O in air, a vast
amount of genes are specifically activated by anoxic
conditions (van Dongen et al. 2009, Pucciariello et al.
2012). This cluster includes genes encoding for heat
shock proteins (HSPs) and proteins generally associated
with oxidative stress (ASCORBATE PEROXIDASE 2,
ZAT10, ZAT12 and REVEILLE 1) (Pucciariello et al.
2012). Indeed, complete absence of oxygen but not
hypoxia induces a transient accumulation of HyO»
in Arabidopsis seedlings that is associated with the
induction of the Heat Shock Factor HSFA2 and its
targets (Banti etal. 2010). The accumulation of hydrogen
peroxide has been proposed to be caused by the activity
of NADPH oxidases, integral plasma membrane proteins
that reduce apoplastic O, to O,~, which in turn can
be rapidly converted into H,O, (Pucciariello et al.
2012). It is possible that reactive oxygen species (ROS)
production is further stimulated by the accumulation of
reactive nitrogen species such as NO, whose synthesis
is stimulated by anoxic conditions (Stéhr and Stremlau
2006, Licausi and Perata 2009). ROS have also shown
to modulate the induction of fermentative metabolism
(Fig. 2). Baxter-Burrell et al. (2002) described a rheostat-
like mechanism in which expression and activity of
alcohol dehydrogenase (ADH) depends on a hypoxia-
responsive RHO-like small G protein of plant (ROP2).
ROP2 appeared to be modulated by a ROP-GTPase
that in turn is regulated by H,O,. The roles of RBOH
activity and induction of oxidative stress-related proteins
for plant survival in anoxic conditions were validated
experimentally (Banti et al. 2010, Pucciariello et al.
2012). It remains to be clarified whether this set of ROS-
responsive proteins is required during the exposure to
anoxia or subsequently when normoxic condition are
restored and therefore an oxidative burst occurs (Fig. 2).

Effects of the oxygen sensing pathway
on growth and development

The identification of a direct oxygen sensing mechanisms
in plants that regulates the response to anaerobiosis
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Fig. 2. ROS involvement in low oxygen signaling in Arabidopsis. Upon
hypoxia, the N-end rule pathway is inhibited so that the ERF-VII TFs can
induce the fermentative genes pyruvate decarboxilase (PDC) and ADH.
When complete anoxia is reached, transient hydrogen peroxide (H,0;)
accumulation is promoted via the mitochondrial electron transport chain
(METC) and the plasma membrane associated NADPH oxidases (RBOH).
ROS induce TFs involved in oxidative stress such as ZAT10, ZAT12
and HSFA2 that, in turn, upregulate HSPs and ascorbate peroxidase
2 (APX2). HSPs have been suggested to protect proteins and lipids
from oxidative damage while APX2 acts as ROS scavenger when plants
return to normoxic conditions (reoxygenation). Moreover, hydrogen
peroxide enhances fermentation via ROP2. Reduction of the post-anoxic
oxidative stress and enhancement of the fermentation capacity together
contribute to cell survival.

suggests that the same pathway might affect growth
and regulation when oxygen availability is insufficient
to cope with its consumption in specific tissues or cell
types. In animal systems, hypoxia directly promotes vas-
cular development and hypoxic regions in the embryo
are required to direct its spatial differentiation (Dun-
woodie 2009). Similarly in maize, hypoxic cores have
been demonstrated to be necessary for the establishment
of the male germ line (Kelliher and Walbot 2012). In
fact, hypoxic conditions (1.2-1.4% O;) in young anthers
provide a reductive environment for the activity of the
glutaredoxin male sterile converted anther 1 (MSCA1)
that triggers the germline fate in central cells (Kelliher and
Walbot 2012). Artificially increasing the oxygen concen-
tration or generating an oxidizing environment in devel-
oping anthers caused a reduction of archesporial cell
number (Kelliher and Walbot 2012). Newly established
germline cells secrete a diffusible peptide multiple arch-
esporial cells T (MAC1) that induce the surrounding cells
to differentiate into supportive tissue. This was the first
report to describe the control of environment on cell fate
in plants; however it is likely that oxygen concentrations
play other roles in developmental processes as oxygen
availability is decreased in bulks of densely packed cells.
For instance, reproductive structures including fruits,



tubers, rhizomes and seeds are likely to suffer from oxy-
gen deficiency (Licausi et al. 2011a). Climacteric fruits
stand the highest chances to develop anaerobic zones
when ethylene induces the typical respiration increase.
Indeed pear fruits are well known to be susceptible of
browning and core breakdown upon storage in hypoxic
conditions (Franck et al. 2007). Transcript analyses
throughout fruit development and ripening in several
plant species revealed that fermentative metabolism
is induced (Chervin et al. 1999, Lara et al. 2011).
In mango and melon, ripening and ethylene-induced
ADH enzymes play a major role in the determination
of fruit flavor and aroma (Manriquez et al. 2006, Singh
et al. 2010). As expected, also ERF-VII genes are highly
expressed in growing and ripening fruits (Lee etal. 2012).
Interestingly, cross-species transcriptional comparison
revealed that an ERF-VII factor is repressed during pep-
per berry ripening but not in tomato (Osorio et al. 2012).
It is tempting to speculate that this difference might be
due to a decrease in oxygen availability within the fleshy
tomato berry that is instead absent in the cave pepper
fruit. Also in potato tubers three hypoxia-responsive ERF
genes change their expression throughout development
(Licausi et al. 2011a). Moreover, artificial modification
of the oxygen availability in the soil surrounding the
tubers coherently altered their expression level (Licausi
et al. 2011a). By means of co-expression analyses we
suggested that, in these organs, ERF-VII proteins do not
only regulate the anaerobic metabolism but also sucrose
mobilization and starch synthesis (Licausi et al. 2011a).

Conclusions

Recent advances substantially contributed to broaden
knowledge and understanding of oxygen perception and
hypoxic and anoxic signaling in higher plants. From one
side, the NERP for protein degradation was identified as
amajor component, together with a dedicated set of ERF-
VII TFs, in triggering the molecular response that sustains
the metabolic reorganization under anaerobiosis. On the
other end, ROS are beginning to appear as a key mod-
ulator of the stress response and significant factor in the
determination of survival. Moreover, observations are
accumulating that point out at a role for reduced oxygen
conditions in the determination of cell fate and develop-
mental or growth programs. The increase of information
related to the response to hypoxia is not only essential
to assist the breeding of flooding-resistant crops, but
also for secondary traits that are associate with oxygen
deficiency in normoxic environmental atmosphere.
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