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Madrid (UPM), 28040 Madrid, Spain

*Correspondence: Pierdomenico Perata (p.perata@santannapisa.it)

https://doi.org/10.1016/j.molp.2024.01.006

ABSTRACT

Oxygen is essential for plant growth and development. Hypoxia occurs in plants due to limited oxygen avail-

ability following adverse environmental conditions aswell in hypoxic niches in otherwise normoxic environ-

ments. However, the existence and functional integration of spatiotemporal oxygen dynamics with plant

development remains unknown. In animal systems dynamic fluctuations in oxygen availability are known

as cyclic hypoxia. In this study, we demonstrate that cyclic fluctuations in internal oxygen levels occur in

young emerging leaves of Arabidopsis plants. Cyclic hypoxia in plants is based on a mechanism requiring

the ETHYLENE RESPONSE FACTORS type VII (ERFVII) that are central components of the oxygen-sensing

machinery in plants. The ERFVII-dependent mechanism allows precise adjustment of leaf growth in

response to carbon status and oxygen availability within plant cells. This study thus establishes a functional

connection between internal spatiotemporal oxygen dynamics and developmental processes of plants.
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INTRODUCTION

As aerobic organisms, higher plants need oxygen to grow and

survive (Bailey-Serres and Voesenek, 2008). Oxygen is the final

acceptor in the electron transport chain and is essential for ATP

production in the mitochondria of eukaryotic cells (Millar et al.,

2011). Insufficient oxygen compromises many cellular functions

including mitochondrial respiration, ATP production, and energy

supply, eventually leading to death (Perata and Alpi, 1993;

Bailey-Serres and Voesenek, 2008). Plants frequently encounter

low oxygen conditions due to a sudden drop in oxygen

concentration in the environment, a high rate of cellular

respiration in proliferative tissues, or limited diffusion caused

by anatomical barriers (Loreti et al., 2016; Weits et al.,

2021). When plant cells experience a decline in oxygen

concentrations, they enter a hypoxic status, triggering adaptive

responses to cope with the energy crisis induced by low

oxygen (Loreti et al., 2005; Lasanthi-Kudahettige et al., 2007;

Bailey-Serres and Voesenek, 2008; Mustroph et al., 2009, 2010;
M
This is an open access article under the
Narsai et al., 2011; Van Dongen and Licausi, 2015). One of the

primary cellular adaptative mechanisms involves activating the

hypoxic metabolism, which allows limited energy production

and re-oxidation of reduced compounds produced during glycol-

ysis via the fermentative pathways (Loreti et al., 2016; Cho

et al., 2021).

In Arabidopsis, this switch from aerobic to hypoxic metabolism

is controlled by a class of transcription factors, known as

the ETHYLENE RESPONSE FACTORS that belong to group

VII (ERFVIIs) (Licausi et al., 2011b; Gibbs et al., 2011). In

the presence of oxygen, ERFVIIs are oxidized following

methionine removal by METHIONINE AMINO-PEPTIDASE

(MAPs) (Holdsworth et al., 2020) at the cysteine at the N-terminus

by the PLANT CYSTEINE OXIDASES (PCOs) (Bailey-Serres and
olecular Plant 17, 377–394, March 4 2024 ª 2024 The Author.
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Voesenek, 2008;VanDongenandLicausi, 2015).Oxidizedcysteine

is arginylated by ARGINYL TRANSFERASEs (ATEs) (White et al.,

2017), which target the ERFVIIs for proteasomal degradation

via the E3 ligase PROTEOLYSIS6 (PRT6) N-degron pathway

(Van Dongen and Licausi, 2015; Holdsworth et al., 2020; Loreti

and Perata, 2020). However, under hypoxic conditions,

ERFVII oxidation cannot occur due to the absence of molecular

oxygen, which hampers PCO activity (Taylor-Kearney and

Flashman, 2022). ERFVIIs do not undergo proteasomal degrada-

tion, instead they become stable and they translocate to the nu-

cleus to activate the expression of hypoxia-responsive genes

(HRGs), which include those involved in fermentation (Mustroph

et al., 2009). The activation of HRGs is crucial for the survival of

the plant under extreme environmental conditions, such as

flooding. Such conditions can lead to soil waterlogging, when

only the roots are completely under the water level, or

submergence where the entire plant is under water. Both

conditions negatively affect plant growth and development (Van

Dongen and Licausi, 2015; Loreti et al., 2016).

Given that starch is the main source of sugars for energy produc-

tion when photosynthesis is limited or absent, it is essential for

plant survival as well as for the induction of ALCOHOL DEHY-

DROGENASE (ADH) and other anaerobic genes under submer-

gence (Loreti et al., 2018). Moreover, the energy-sensing

TARGET OF RAPAMYCIN (TOR) pathway is deployed to ensure

that the hypoxic responses match the current energy status

of the plant cell (Kunkowska et al., 2023). Therefore, the

transcriptional activation of HRGs is integrated with sugar

availability to generate an appropriate adaptive response

according to the energetic status of the plant.

Plant responses to low oxygen have been extensively studied in

the context of abiotic stress events, when sudden lack of oxygen

may occur as a consequence of soil flooding, leading to an acute

hypoxic status in the plant (Bailey-Serres and Voesenek, 2008;

Loreti et al., 2016; Loreti and Perata, 2020). However, hypoxic

niches where oxygen levels are locally and constitutively

maintained low in plants have recently been discovered. This

kind of hypoxia is known as chronic hypoxia (Weits et al., 2021)

and has been found in the meristem regions, including shoot

and root apical meristems and lateral root primordia, where it

does not subject the cells to stress but is actually essential for

plant development (Gibbs et al., 2018; Shukla et al., 2019;

Weits et al., 2019; Labandera et al., 2021). In these hypoxic

niches, the PROTEOLYSIS6 (PRT6) N-degron substrates

LITTLE ZIPPER2 (ZPR2) and VERNALIZATION2 (VRN2) act as

regulators of plant development (Weits et al., 2019; Labandera

et al., 2021). Chronic hypoxia thus represents an essential

developmental signaling cue and differs from the acute

hypoxia, which is typically generated as a consequence of

unpredictable flooding and is perceived as stress by the plant

(Bailey-Serres and Voesenek, 2008; Loreti et al., 2016; Weits

et al., 2021).

Although acute and chronic hypoxia have distinct origins and

effects on plant growth and survival, both conditions define a

quasi-steady state of low oxygen levels over time. In the context

of cancer research, dynamic oxygen changes have been studied

extensively. Within a tumor, oxygen levels fluctuate due to

changes in red blood cell flux, vascular remodeling, and thermo-
378 Molecular Plant 17, 377–394, March 4 2024 ª 2024 The Author.
regulation (Michiels et al., 2016; Bader et al., 2020). These

fluctuations in oxygen levels, also known as transient or cyclic

hypoxia, have significant biological relevance for the tumor

growth (Bader et al., 2020).

The perception of oxygen fluctuations in human cells relies on the

oxygen-dependent degradation of the hypoxia inducible factor

1a (HIF-1a) transcription factor (Wang et al., 1995), through a

pathway that shares similarities with the PRT6 N-degron pathway

in plants (Holdsworth and Gibbs, 2020; Licausi et al., 2020).

During normoxia, HIF-1a is degraded via the ubiquitin–

proteasome pathway, whereas during hypoxia, it is stabilized

and protected from proteolysis, allowing its translocation into

the nucleus, where it forms a complex with HIF-1b and induces

the transcription of hypoxic genes. Similarly, in higher plants, in-

ternal oxygen dynamics could occur due to high cellular respira-

tion rate, reduction or inhibition of photosynthetic activity, limited

diffusion of oxygen due to stomatal movement but also due to

plant organ or tissue type. A meta-analysis of plant tissue O2

measurements from 112 different plant species recently high-

lighted how hypoxic conditions develop particularly in thick tis-

sues and some roots, while hyperoxic conditions are observed

in submerged, photosynthesizing tissues (Herzog et al., 2023).

In addition, the main factors driving plant tissue O2 dynamics

are submergence, light, and tissue type (Herzog et al., 2023).

Interestingly, although internal oxygen dynamics have been

measured using different methods in plants, the existence of

cyclic hypoxia and its functional link with developmental

processes has not been reported in plants so far.

Here, we provide evidence for the existence of cyclic hypoxia in

plants, characterized by a temporary decrease in oxygen levels

in young emerging leaves at night. This nocturnal hypoxia triggers

the hypoxic response via the ERFVII-dependent pathway,

thereby creating a metabolic switch from oxic to hypoxic

pathway to generate competition between aerobic and hypoxic

metabolism. This then enables the plant to sustain leaf growth ac-

cording to carbon sources and oxygen availability.
RESULTS

Diurnal patterns of HRGs reveal cyclic hypoxia in plants

We hypothesized that, if daily oxygen dynamics occur within the

plant, HRGs would exhibit diurnal patterns of gene expression.

We analyzed diurnal genome-wide expression data from the

Diurnal repository (Mockler et al., 2007). We found that 42 out

of 49 core HRGs (Mustroph et al., 2009) displayed robust

diurnal patterns of gene expression under light/dark cycles

(supplemental Figure 1 and supplemental Table 1). A total of 27

genes (�65%) belonging to clusters 1, 6, 7, and 8 were

activated overnight, while 15 genes (�35%) from clusters 2, 3,

4, and 5 showed a peak in the daytime (supplemental Figure 1).

Thus, cyclic hypoxia might occur in plants and be responsible

of diurnal patterns of HRGs.

To investigate the diurnal regulation of HRGs, we conducted a

time-course experiment using Arabidopsis seedlings grown

under long day (LD) conditions. First, we analyzed the gene

expression of CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1)

gene. CCA1 showed its typical circadian pattern (supplemental
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Figure 2), as previously observed (Mizoguchi et al., 2002).

We then examined the gene expression of key HRGs

including ADH, PCO1, PHYTOGLOBIN1 (PGB1), LOB DOMAIN-

CONTAINING PROTEIN 41 (LBD41), WOUND-INDUCED

POLYPEPTIDE 4 (WIP4), HYPOXIA UNKNOWN PROTEIN 7

(HUP7), HYPOXIA RESPONSE ATTENUATOR 1 (HRA1), and

PCO2. These genes exhibited nighttime induction, withmaximum

activation at ZT20 (Figure 1A).

Furthermore, to assess the contribution of transcription to the

diurnal patterns of HRGs (hereafter ‘‘cyclic HRGs’’ [cHRGs]), we

analyzed the activity of two transcriptional reporters: pPGB1:LUC

and pPCO1:LUC. These reporters consist of the full promoters of

PGB1 (Licausi et al., 2011a) and PCO1 (Weits et al., 2014),

respectively, and they guide the expression of firefly luciferase.

In vivo monitoring of these reporters revealed that both

promoters were induced during the night (Figure 1B and 1C and

supplemental Figure 3A and 3B). Interestingly, the transcriptional

activation was sharper starting from day 2 and reached the

maximum on days 3 and 4 (Figure 1B and 1C and supplemental

Figure 3A and 3B), suggesting a potential involvement of plant

development on their transcriptional activation. Collectively,

these results support the existence of cyclic hypoxia in plants.
Cyclic hypoxia is an ERFVII-dependent response

Many of the diurnal rhythms in plants are controlled by a central

oscillator known as the circadian clock (Webb, 2003). We thus

investigated whether cyclic hypoxia could be controlled by the

circadian clock or might result from a drop in internal oxygen

during the night. Under continuous light (CL) or darkness

conditions, the clock continues to oscillate with its endogenous

period (Harmer et al., 2000; Dalchau et al., 2011). Hyperoxia

treatment of cancer cells has been shown to inhibit endogenous

hypoxia response (Kim et al., 2020). To unravel the regulation of

cyclic hypoxia, gene expression of cHRGs was evaluated under

CL and nocturnal hyperoxia conditions, collecting samples in the

morning (ZT4) and at night (ZT20; Figure 2A), when cHRGs

exhibited the minimum and maximum of expression, respectively

(Figure 1A). The data showed that CL totally abolished the

activation of cHRGs (Figure 2B), indicating that the oscillatory

behavior of cHRGs is not controlled by the clock. Similarly,

nocturnal hyperoxia treatment significantly reduced the

activation of cHRGs, suggesting that cyclic hypoxia can be

generated because of a drop in endogenous oxygen levels

during the night (Figure 2B).

According to the RT–qPCR results, the switch from LD to CL

abolished PGB1 and PCO1 promoter activation in the subjective

night (Figure 2C and 2D). As observed for the mRNA levels,

nocturnal hyperoxia significantly dampened pPGB1:LUC and

pPCO1:LUC activity compared with normoxic night (Figure 2E

and 2F), pointing out that cyclic hypoxia is controlled at the

transcriptional level.

Since low oxygen levels stabilize ERFVII proteins, which in turn

trigger the transcriptional activation of HRGs, we analyzed

whether ERFVII protein steady-state level was influenced at a

different time of the day using a previously characterized

35S:RAP2.33xHA Arabidopsis line (Gibbs et al., 2014).

RAP2.33xHA level was higher during the nighttime compared
M

with the daytime (Figure 3A). The stabilization of RAP2.33xHA

in the night was antagonized after 4 h of hyperoxia in the

night (Figure 3B). Gene expression of cHRGs was analyzed

in the pentuple erfVII mutant (which lacks the five members

of ERFVII family; Abbas et al., 2015) and Col-0 in a

24-h time-course experiment to evaluate the contribution of

ERFVIIs to cyclic hypoxia. Gene expression of ADH, HUP7,

and PCO2 was much lower or totally abolished in the erfVII

mutant (Figure 3), whereas the other cHRGs were still slightly

expressed during the night, suggesting that, besides

ERFVIIs, other factors might participate in the regulation of

cHRGs. We also tested whether ERFVIIs could control the

circadian clock gene expression. The clock gene CCA1

showed a similar circadian pattern in erfVII and Col-0; howev-

er, it was significantly downregulated and upregulated at ZT8

and ZT20, respectively, in erfVII mutant compared with Col-0

(supplemental Figure 4).

Analysis of cHRGs in prt6 and ate1ate2 double mutant, in which

PRT6N-degron pathway substrates including ERFVIIs are consti-

tutively stable (Licausi et al., 2011b; Gibbs et al., 2011), showed

that cHRGs were induced at ZT20 compared with ZT4

(supplemental Figure 5A and 5B). This result indicates that,

even in the presence of constitutive stable PRT6 N-degron

pathway substrates, the night induced higher cHRGs expression

in prt6 and ate1ate2 double mutant.

The PCO branch of the PRT6 N-degron pathway requires not

only oxygen but also nitric oxide (NO) for destabilization of

ERFVIIs (Gibbs et al., 2014). In plants, NO is mainly produced

via nitrate reductase, whose activity is well known to be

diurnal, very reduced at night, and showing a maximum of

activity in the morning (Pilgrim et al., 1993). Endogenous NO

is mainly localized in guard cells in young emerging leaves

both at ZT4 and ZT20 (supplemental Figure 6A), in line with

the NO-mediated ERFVII degradation in controlling stomatal

aperture reported previously (Gibbs et al., 2014). The

expression of some cHRGs in the NO-deficient triple mutant

(nia1nia2noa1-2) and NO overproducer mutant (cue1-6) was

altered at ZT20 coherently with a role of NO in de-stabilizing

the ERFVIIs (supplemental Figure 6B). However, the

expression of several cHRGs at ZT20 was repressed in both

nia1nia2noa1-2 and cue1-6. Since both mutants showed

smaller plant size and less tissue density, possibly leading to

less severe hypoxia and thus influencing cHRGs diurnal pat-

terns, we assessed cyclic hypoxia responses after altering NO

endogenous levels in wild-type seedlings either by applying

the NO donor SNAP (S-nitroso-N-acetyl-DL-penicillamine) at

night or the NO scavenger cPTIO (carboxy-PTIO potassium

salt) at the beginning of the day. SNAP was able to significantly

downregulate pPGB1:LUC activity but not pPCO1:LUC

(supplemental Figure 6C), whereas cPTIO at the beginning of

the day led to increased pPCO1:LUC activity after 4 h without

affecting pPGB1:LUC (supplemental Figure 6D).

We also analyzed the diurnal gene expression of N-degron

pathway enzymes as they might contribute to the observed

changes in cHRGs through the regulation of ERFVII stability.

We found that MAP2A, PCO3, PCO5, ATE1, and ATE2 showed

increased gene expression at the end of the nighttime

(supplemental Figure 7).
olecular Plant 17, 377–394, March 4 2024 ª 2024 The Author. 379
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Figure 1. Hypoxia-responsive gene expression is activated at night.
(A) Gene expression analysis of hypoxia-responsive genes (ADH, PCO1, PGB1, LBD41, WIP4, HUP7, HRA1, and PCO2) in a time-course experiment

using 6-day-old Arabidopsis Col-0 seedlings. Samples were collected every 4 h for 2 days. The mRNA levels of genes were measured by RT–qPCR, and

the data on the y-axis are expressed relative to ZT4 (ZT4 = 1). The x-axis represents zeitgeber time (ZT0, the time when the lights are switched on). The

data represent the mean ± standard error (SE) of three biological replicates. Overall levels of gene expression in the daytime (D) and nighttime

(N) estimated by calculation of area under the curve. Student’s t-test was performed, and asterisks indicate statistically significant differences of gene

expression levels between day and night (*P < 0.05, **P < 0.01, ***P < 0.001).

(B and C) Luciferase activity of pPGB1:LUC and pPCO1:LUC seedlings (5 days old) detected by luminescence assay during 4 days under LD conditions.

The y-axis represents relative luminescence units (RLU), while the x-axis represents time expressed in ZT. The data represent the mean ± SE

(pPGB1:LUC, n = 31; pPCO1:LUC, n =16). Overall levels of transcription in the daytime (D) and nighttime (N) estimated by calculation of area under the

curve. Student’s t-test was performed, and asterisks indicate statistically significant differences of gene expression levels between day and night (***P <

0.001).

380 Molecular Plant 17, 377–394, March 4 2024 ª 2024 The Author.
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An interplay between cellular respiration and
photosynthesis generates cyclic hypoxia in young
emerging leaves

Diurnal patterns of cHRGs require the function of ERFVIIs

(Figure 3). However, it is unclear whether cyclic hypoxia occurs

in the whole plant or in a specific organ/tissue. To investigate

the spatial occurrence of cyclic hypoxia, we analyzed the gene

expression of cHRGs in the shoot and in the root compared

with the whole seedling (supplemental Figure 8A). We observed

a similar induction of cHRGs in the night in both the shoot and

the whole seedling, while gene expression levels were

significantly lower in the roots (supplemental Figure 8B), thus

indicating that cyclic hypoxia mostly occurs in the aerial part of

the plant.

We examined the b-glucuronidase (GUS) reporters pADH:GUS,

pPCO1:GUS, and pPGB1:GUS during the night and at different

developmental stages of the seedling: at 6, 8, and 10 days after

germination (DAG). These analyses revealed predominant GUS

staining in the shoot apical meristem (SAM) and in the young

leaves of the shoot, which was consistent across the reporter

lines analyzed (Figure 4A and supplemental Figure 9). Since the

SAM is known to experience chronic hypoxia (Weits et al.,

2019), it is unlikely that cyclic hypoxia occurs in the SAM. To

better understand the spatio-temporal regulation of cyclic hypox-

ia, we analyzed cHRG expression of at 6, 8, and 10 DAG in the

shoot in the morning (ZT4) and at night (ZT20).

If cyclic hypoxia is associated with leaf growth and development,

wewould expect different levels of cHRGs activation in relation to

the different leaf developmental stages. We found that ADH,

PGB1, LBD41, WIP4, HRA1 showed a significant increase at

night at DAG 8 and 10 compared with DAG 6 (Figure 4B and

supplemental Figure 10). PCO1 and HUP7 also showed an

increase at DAG 8 with respect to DAG 6, but this was

not significantly different (supplemental Figure 10). Next, we

monitored pPGB1:LUC and pPCO1:LUC activities using the

NightSHADE instrument, allowing in vivo luciferase imaging for

2 days. We found that pPGB1:LUC and pPCO1:LUC were

mainly expressed and induced in the young emerging leaves at

night (supplemental Videos 1 and 2 and supplemental

Figure 11). Overall, these results indicated that cyclic hypoxia

occurred in young emerging leaves.

We therefore measured endogenous oxygen levels in young

leaves at different times of the day and developmental stages

(8 and 10 DAG) using a micro-Clark-type O2 electrode. Our mea-
Figure 2. Cyclic hypoxia is an oxygen-dependent response.
(A) The experimental setup showing different conditions and time points of sa

(B)Gene expression analysis of hypoxia-responsive genes (ADH,PCO1,PGB1

(LD), and at ZT20 under continuous light (CL) or LD + nocturnal hyperoxia trea

qPCR, and the data on the y-axis are expressed relative to ZT4 (ZT4 = 1). Sta

post-hoc Wilcoxon test, and groups of significant difference (P < 0.05) are ind

(C and D) Luciferase activity of pPGB1:LUC and pPCO1:LUC seedlings (8 d

additional 24 h under CL. The data represent the mean ± SE (n = 16).

(E and F) Luciferase activity in pPGB1:LUC and pPCO1:LUC seedlings (8 da

beginning of the night (ZT16). Statistical significance was calculated using th

significant differences between the different conditions (***P < 0.001). The dat

n = 46; pPCO1:LUC_21%, n = 43; pPCO1:LUC_50%, n = 44).
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surements revealed that the average of O2 tension was approxi-

mately around 15% in the morning in young leaves at 8 DAG

(Figure 4C), while it dropped down to around 10% at night

(Figure 4C). However, older leaves at 10 DAG did not

experience the same oxygen drop at night, with an average of

15.5% and 13.5% at ZT4 and ZT20, respectively (Figure 4C).

Actively growing leaves undergo simultaneous cell proliferation

and expansion, and these two processes require a substantial

amount of energy, which is provided by sustained cellular respi-

ration (Gonzalez et al., 2012). We hypothesized that the

mitochondrial activity in young leaves could lead to a temporary

decrease in oxygen levels at night where the supply of O2 only

relies on gas diffusion, as there is no oxygen production

through photosynthesis.

In fact, treatment with the cellular respiration inhibitor antimycin A

(AA) at the beginning of the night led to a strong upregulation of

pPGB1:LUC activity, whereas pPCO1:LUC was downregulated

(Figure 4D). Similarly, AA treatment significantly reduced the

activation of ADH, PCO1, WIP4, HUP7, HRA1, and PCO2

genes at ZT20, whereas LBD41 showed no differences

compared with the control treatment (supplemental Figure 12A

and 12B). Similar to pPGB1:LUC activity, PGB1 gene

expression was strongly activated in AA-treated plants

(supplemental Figure 12B), likely as a result of the oxidative

stress induced by this inhibitor (Giuntoli et al., 2017). Indeed,

AA treatment induces the production of reactive oxygen

species and arrest of cell proliferation due to impaired electron

transport chain function in the mitochondria (Liu et al., 2023),

which is supported by the activation and downregulation of

oxidative stress and cell cycle markers, respectively

(supplemental Figure 12C).

Carbon starvation inhibitsmitochondrial activity by limiting respira-

tion substrate availability (Contento et al., 2004). Thus, to prevent

photosynthesis and the build-up of transitory starch required for

nighttime respiration, we blocked the photosynthetic activity in

the daytime with the DCMU (3-(3,4-dichlorophenyl)-1,1-dimethy-

lurea) inhibitor (supplemental Figure 13A). This treatment resulted

in an earlier carbon starvation condition, as evidenced by the

strong upregulation of DARK INDUCIBLE 6 (DIN6) gene, a carbon

starvation marker, in the DCMU-treated plants at ZT20

(supplemental Figure 13B). At the same time, cHRG gene

expression was significantly lower in plants that were treated with

DCMU during the day compared with the control plants

(supplemental Figure 13C). Besides the reduction of cellular

respiration rate, limited availability of carbon resources leads to
mple collection.

, LBD41,WIP4,HUP7,HRA1, andPCO2) at ZT4 and ZT20 under long days

tment (LD + 50% [O2]). The mRNA levels of genes were measured by RT–

tistical significance was calculated using Kruskal–Wallis test followed by

icated with different letters (n = 6 biological replicates).

ays old) detected by luminescence assay for 2 days under LD and for an

ys old) in air or hyperoxia in the night. Hyperoxia treatment started at the

e Kruskal–Wallis test at each time point. Asterisks represent statistically

a represent the mean ± SE (pPGB1:LUC_21%, n = 42; pPGB1:LUC_50%,



Figure 3. Cyclic hypoxia is an ERFVII-
dependent response.
(A) Western blot analysis of RAP2.33xHA abun-

dance at ZT8 and ZT20 under LD.

(B) Western blot analysis showing relative abun-

dance of RAP2.33xHA at ZT8 and ZT20 under nor-

moxia and at ZT20 under hyperoxia. Hyperoxia

treatment started at the beginning of the night

(ZT16).

(C) Gene expression analysis of hypoxia-

responsive genes ADH, PCO1, PGB1, LBD41,

WIP4, HUP7, HRA1, and PCO2 in a time-course

experiment using 7-day-old Arabidopsis Col-

0 and erfVII mutant seedlings. Samples were

collected every 4 h. The mRNA levels of genes

were measured by RT–qPCR, and the data on the

y-axis are expressed relative to Col-0 at ZT4

(ZT4 = 1). The x-axis shows zeitgeber time (ZT0,

time when the lights are switched on). Data

represent the mean ± SE of six biological repli-

cates. Student’s t-test was performed, and as-

terisks indicate statistically significant differences

betweenCol-0 and erfVIImutant at each time point

(*P < 0.05, **P < 0.01, ***P < 0.001).
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energyshortage thuspotentially involving theenergysensor TOR in

cyclic hypoxia responses. Interestingly, inhibition of TOR by AZD-

8055 treatment led todownregulationofpPGB1:LUC andpPCO1:-

LUC activities in the night (supplemental Figure 14).

Treatment with DCMU at the beginning of the day impaired cyclic

hypoxia responses antagonizing the downregulation of
Molecular Plant 17, 377
pPGB1:LUC and pPCO1:LUC typically

observed in the daytime (Figure 4E).

Moreover, pPGB1:LUC and pPCO1:LUC

were upregulated by DCMU treatment

under CL (supplemental Figure 15A).

RAP2.33xHA was stabilized after 4 h of

DCMU treatment under CL (supplemental

Figure 15B) and DCMU treatment failed to

induce cHRGs in erfVII mutant at the same

level of wild-type under CL (supplemental

Figure 15C).

Together, these findings suggest that the

concerted action of photosynthesis and

cellular respiration are responsible for the in-

ternal oxygen dynamics occurring under

day/night cycles in actively growing young

leaves.

Disruption of cyclic hypoxia impairs
cellular respiration and starch
breakdown altering shoot growth

To assess the impact of cyclic hypoxia on

plant growth, we manipulated oxygen levels

during the night by subjecting plants to hy-

peroxia or hypoxia treatments (Figure 5A).

Hyperoxia treatment significantly reduced

the activation of cHRGs, while hypoxia

treatment strongly induced anaerobic gene
expression (Figure 5B and 5C and supplemental Figure 16).

To evaluate the effect of disrupting cyclic hypoxia on shoot growth,

these treatments were repeated for five consecutive nights

(Figure 5D), and two key parameters of shoot growth, leaf

number and area of young emerging leaves, were measured at

the end of the treatment period (Figure 5E). Prolonged exposure
–394, March 4 2024 ª 2024 The Author. 383



Figure 4. Concerted action of cellular respiration and photosynthesis generates cyclic hypoxia responses in young emerging leaves.
(A) Transgenic lines expressing theGUSgene under the control of theADH,PCO1, andPGB1 promoters (pADH:GUS, pPCO1:GUS, andpPGB1:GUS). GUS

staining was performed after harvesting seedlings at the end of the night at 6, 8, and 10 days after germination (DAG). Scale bar corresponds to 1 mm.

(legend continued on next page)
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to hyperoxia during the night led to a significantly higher leaf

initiation rate and increased leaf area (Figure 5F and 5G),

whereas hypoxia treatment resulted in reduced leaf number and

area compared with the control (Figure 5H and 5I).

These findings indicate that eliminating cyclic hypoxia by providing

external hyperoxia enhances shoot growth, while hypoxia strongly

inhibits it. A higher external oxygen concentration would allow for a

higher cellular respiration rate in young leaves during the night,

leading to enhanced mobilization of starch and ATP production,

thereby promoting leaf growth at night. Indeed, prolonged expo-

sure to nocturnal hyperoxia failed to increase leaf number and

area compared with the normoxia in the starchless pgm mutant

(supplemental Figure 17). In line with these findings, gene

expression analysis of DIN6 showed higher induction in hyperoxia

compared with normoxia at the end of the night, while hypoxia

treatment inhibited its activation (supplemental Figure 18A).

Moreover, DIN6 gene expression was dramatically increased

during the night and remained high during the early part of the

daytime in the erfVII mutant compared with Col-0, as observed in

the 24-h time-course experiment (supplemental Figure 18B).

Consistentwith gene expression data, staining of starch confirmed

that it is primarily degraded in young emerging leaves during a nor-

moxic night, while nocturnal hypoxia and hyperoxia slows down

and accelerates starch breakdown, respectively (supplemental

Figure 19A and 19B). In the erfVII mutant, starch is degraded in

young leaves and cotyledons at a much faster rate compared

with the control, as evidenced by almost complete absence of

Lugol staining during the night (supplemental Figure 19A and 19B).

To evaluate themetabolic activity depending on the time of the day

in a tissue-specific manner, we performed fluorescence lifetime

imaging (FLIM) to quantify NAD(P)H lifetime in cytoplasmic regions

of epidermal cells as a proxy of cellular respiration rate in young

emerging leaves (Figure 6). According to a well-established

interpretation (Ferri et al., 2020; Azzarello et al., 2022), a change

in NAD(P)H fluorescence lifetime reflects variations in cellular

metabolism, either toward oxidative metabolism (i.e., with an

increase in average lifetime) or toward glycolytic metabolism

(i.e., with a decrease in average lifetime). Pixel-based analysis

(Figure 6A) reveals that average NAD(P)H lifetime was

significantly higher at ZT4 than at ZT20 in normoxia (Figure 6B).

Conversely, the lowest NAD(P)H lifetime value was detected

under hypoxia in the night, whereas hyperoxia increased NAD(P)

H lifetime at ZT20, with a similar level observed at ZT4
(B) Gene expression analysis of ADH and PGB1 in the shoot of the seedling at

RT–qPCR, and the data on the y-axis are expressed relative to ZT4 at 6 DAG (

test followed by post-hoc Wilcoxon test was carried out, and groups with sign

replicates is shown in the figure). Boxplots center line, median. The box extend

out of the whiskers, outliers.

(C)Oxygen tension was measured using an oxygen microsensor probe at ZT4

10 DAG in Arabidopsis Col-0 seedlings. Data were analyzed with the Kruskal–W

differences (P < 0.05) are indicated with different letters. Boxplots center line,

interquartile range. Points out of the whiskers, outliers.

(D) Luciferase activity of pPGB1:LUC and pPCO1:LUC seedlings (9 days old) d

AA treatments were applied at ZT16 (indicated by the black arrow) under

pPGB1:LUC_AA, n = 33; pPCO1:LUC_MOCK, n = 32; pPCO1:LUC_AA, n = 3

(E) Luciferase activity of pPGB1:LUC and pPCO1:LUC seedlings (9 days old

DCMU treatments were applied at ZT24 (indicated by the black arrow) und

pPGB1:LUC_DCMU, n = 35; pPCO1:LUC_MOCK, n= 38; pPCO1:LUC_DCMU

M

(Figure 6B), indicating an oxygen-dependent decrease of oxidative

phosphorylation (OXPHOS) in favor of glycolysis in the dark, which

was attenuated by hyperoxia. Moreover, NAD(P)H lifetime was

significantly higher in the erfVII mutant compared with Col-0 at

ZT20 under normoxia (Figure 6B). Thus, ERFVIIs are required to

promote the shift from OXPHOS to glycolysis in the dark. Phasor

analysis (a technique to find the steady-state response when the

system input is a sinusoid; Figure 6C) allows defining a metabolic

trajectory that connects pixels with lifetime closer to the free form

of NAD(P)H, with the enzyme-bound forms having longer lifetimes.

The distributions of free NAD(P)H (Figure 6D) along the metabolic

trajectory confirm the trend described above for all the conditions

tested, as can be observed qualitatively in the metabolic maps

(Figure 6E), in which cytoplasmic pixels are colored according to

their different mixtures of free and bound NAD(P)H.

Collectively, our data suggest that cellular respiration and subse-

quent starch breakdown during the night are influenced by oxy-

gen availability, and that this process is mediated by the action

of ERFVIIs. Therefore, cyclic hypoxia plays a crucial role in regu-

lating shoot growth during the night by determining the rate of

starch degradation through the action of ERFVIIs.
ERFVII-dependent adaptation to cyclic hypoxia is
required for shoot growth

During plant development, young emerging leaves experience a

daily drop in oxygen level in the night, which triggers an ERFVII-

dependent metabolic shift in young emerging leaves. Thus, we

tested whether the absence of this metabolic switch occurring in

young leaves in the night was detrimental for shoot growth and

development. For this purpose, we compared shoot growth in

Col-0 and erfVIImutant usingaphenotyping systemdescribedpre-

viously (Ventura et al., 2020). In the early phases of shoot

development, erfVII mutant plants showed significantly lower

plant leaf area (PLA) and leaf number with respect to the wild-

type under LD (Figure 7A and 7B). This result suggests that the

lack of ERFVII-dependent adaptation to cyclic hypoxia in young

leaves impairs shoot growth and development under LD. However,

under CL, induction of DIN6 as well as the cHRGs ADH and PCO1

occurring under LD was abolished in both Col-0 and erfVIImutant

(supplemental Figure 20), thus releasing the plant from the

dependence of achieving cyclic hypoxia adaptation in young

leaves. Moreover, gene expression of cell proliferation and

expansion markers was significantly lower at the end of the night

(ZT24) in erfVII mutant with respect to Col-0 under LD, but it was
6, 8, and 10 DAG under LD. The mRNA levels of genes were measured by

ZT4 at 6 DAG = 1). To calculate statistical significance, the Kruskal–Wallis

ificant differences (P < 0.05) are indicated with different letters (number of

s from the 25th to 75th percentiles; whiskers, 1.5 interquartile range. Points

and ZT20 in the first two young leaves at 8 DAG and on the same leaves at

allis test followed by post-hoc Wilcoxon test, and groups with significant

median. The box extends from the 25th to 75th percentiles; whiskers, 1.5

etected by luminescence assay from ZT16 to ZT28 after MOCK (EtOH) or

LD. The data represent the mean ± SE (pPGB1:LUC_MOCK, n = 32;

8).

) detected by luminescence assay from ZT16 to ZT28. MOCK (DMSO) or

er LD. The data represent the mean ± SE (pPGB1:LUC_MOCK, n = 35;

, n = 36).
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Figure 5. Disrupting cyclic hypoxia alters shoot growth.
(A) The experimental setup showing different conditions and time points of sample collection.

(B and C)Gene expression analysis ofADH and PCO1 at ZT4, 16, 20, and 24 in 8-day-old ArabidopsisCol-0 shoots under LD, where the night was kept at

normoxia, hypoxia, or hyperoxia. Dotted lines separate different time points. ThemRNA levels of genes were measured by RT–qPCR, and the data on the

(legend continued on next page)
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unchanged at ZT24 under CL at least for CYCB1;1, CYCD3;1, and

EXP1 genes (supplemental Figure 21).

Therefore, we evaluated shoot growth of Col-0 and erfVII mutant

under CL conditions. At similar developmental stages, there were

no significant differences in PLA and leaf number between Col-

0 and the erfVII mutant under CL (Figure 7C and 7D). The

recovery of erfVII shoot growth under CL indicates that the

ERFVII-dependent adaptation to cyclic hypoxia, which is crucial

under light/dark cycles, is no longer necessary when cyclic hyp-

oxia is eliminated. Similarly, the adh mutant, where ADH enzyme

is missing, showed significantly lower PLA and leaf number Col-

0 under LD but not under CL (supplemental Figure 22). Thus,

ERFVII-dependent cyclic hypoxia responses play a crucial role

in controlling shoot growth under day/night cycles.

DISCUSSION

When plants experience hypoxia, which can be caused by a spe-

cific environmental or physiological condition, their metabolism

undergoes a readjustment through a drastic modulation of gene

expression (Mustroph et al., 2010). This transcriptional

reprogramming is orchestrated by ERFVII transcription factors,

which are PCO N-degron pathway substrates (Licausi et al.,

2011b; Gibbs et al., 2011). ERFVII stability and action is mediated

by oxygen and NO (Gibbs et al., 2014;Weits et al., 2014; Hartman

et al., 2019; Zubrycka et al., 2023). By sensing atmospheric

oxygen concentrations, ERFVIIs are also part of a genetic mech-

anism required for adaptation to altitude in angiosperms (Abbas

et al., 2022). Furthermore, the discovery of chronic hypoxic

niches in the meristem regions of the plant, in which the novel

substrates ZPR2 and VRN2 of the PRT6 N-degron pathway

participate, has expanded the implication of the oxygen-sensing

mechanism to several plant developmental processes (Shukla

et al., 2019; Weits et al., 2019; Labandera et al., 2021).

While these studies have shed light on the events upstream of

oxygen-dependent gene regulation, little is known about spatio-

temporal dynamics of oxygen concentration in the plant and about

how oxygen sensing allows the fine-tuning of diurnally generated

internal oxygen gradients with plant growth and metabolism. In

contrast, the study of temporal oxygen dynamics in the context

of cancer research has recently received considerable attention,

leading to the definition of cyclic hypoxia (Bader et al., 2020).

The temporal fluctuations of oxygen levels in tumor tissuesaremoni-

toredbyananalogousoxygen-sensingpathwaydescribed forplants

(Holdsworth and Gibbs, 2020; Licausi et al., 2020). Given this
y-axis are expressed relative to ZT4 (ZT4 = 1). To calculate statistical significa

carried out, and groups with significant differences (P < 0.05) are indicated w

extends from the 25th to 75th percentiles; whiskers represent 1.5 interquartile

(D) The experimental setup showing the treatment performed for 5 consecuti

(E) Representative pictures of 10-day-old Arabidopsis Col-0 seedlings after

hypoxia, or hyperoxia during the night.

(F and G) Quantification of leaf initiation rate and true leaf area in Arabidopsis

compared with the normoxic condition (n = 41).

(H and I) Quantification of leaf initiation rate and true leaf area in Arabidopsi

compared with the normoxic condition (n = 38). Data were analyzed with the K

between the different conditions (**P < 0.01, ***P < 0.001). Violin plots depic

proportion of the data with a specific score. White dots and middle gray bars

M

similarity, it is tempting to speculate that, if temporal oxygen

fluctuations occur within the plant body, daily changes in the gene

expression of HRGs ought to be observed. In fact, our data

showed that expression of HRGs as well as transcriptional

activation of hypoxia-responsive reporters display diurnal patterns

and are activated at night (Figure 1), thus demonstrating the

existence of cyclic hypoxia in plants. Since CL eliminated the

nocturnal activation of cHRGs, we ruled out the direct regulation of

circadian clock on cyclic hypoxia (Figure 2), although an interplay

between the molecular clock and cyclic hypoxia might exist.

Nocturnal hyperoxia treatment dampened cHRG gene expression

(Figure 2), suggesting that cyclic hypoxia was the result of an

internal oxygen drop. RAP2.33xHA was stabilized in the night,

whereas nocturnal hyperoxia led to its destabilization at ZT20

although not with the same degree observed in the daytime.

Accordingly, RAP2.33xHA becomes stable in the dark at 21% of

ambient oxygen when compared with the control condition in the

light (Zubrycka et al., 2023). Consistent with diurnal-dependent

ERFVII stability, the gene expression of cHRGs in the pentuple

mutanterfVIIwassignificantly reducedor totallyabolished (Figure3).

However, somecHRGs still showedpartial activation in erfVII in the

nighttime (Figure 3), indicating that other factors could contribute

to cyclic hypoxia. Analysis of cHRGs in both prt6 and ate1ate2

mutants,wherePRT6N-degron substrates are constitutively stabi-

lized (Licausi et al., 2011b; Gibbs et al., 2011), showed that they

were activated in the night (supplemental Figure 5), suggesting

the existence of alternative pathways to the PRT6N-degron, which

could participate in the establishment of cyclic hypoxia responses.

In addition to ERFVII-responsive motifs, other transcription factor-

DNA binding sites have been found in the promoters of HRGs

(Gasch et al., 2016) and it has been recently reported that NO

APICAL MERISTEM/ARABIDOPSIS TRANSCRIPTION ACTIVA-

TION FACTOR/CUP-SHAPED COTYLEDON (NAC) transcription

factors, including ANAC013 and ANAC017, bind to the mitochon-

drial dysfunction motif (MDM) located in the promoters of multiple

HRGs, thus activating their gene expression during hypoxia (De

Clercq et al., 2013; Eysholdt-Derzsó et al., 2023). Among these

HRGs, ADH, PGB1, and LBD41, which showed an activation,

although limited, of gene expression in the night in erfVII mutant,

presented MDMs in their promoters. Thus, it can be speculated

that ANAC013 as well as ANAC017 contribute to the control of cy-

clic hypoxia responses in addition to ERFVIIs.

ERFVII stability isalsocontrolledbyNO(Gibbsetal., 2014;Hartman

et al., 2019). NO endogenous levels mainly depend on nitrate
nce, the Kruskal–Wallis test followed by the post-hoc Wilcoxon test was

ith different letters. Boxplots show the center line as the median; the box

range; points outside the whiskers are outliers (n = 5 biological replicates).

ve nights.

5 days of growing under normoxia in the daytime and under normoxia,

Col-0 seedlings after prolonged hyperoxic treatment in the night (n = 42)

s Col-0 seedlings after prolonged hypoxic treatment in the night (n = 41)

ruskal–Wallis test. Asterisks represent statistically significant differences

t the density of data, where the width of the colored area illustrates the

show the mean and standard deviation, respectively.
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Figure 6. Tissue-specific fluorescence NAD(P)H lifetime imaging reveals a metabolic shift from oxidative phosphorylation to
glycolysis at night in young emerging leaves.
(A)Workflow of NAD(P)H lifetime analysis. Acquired NAD(P)H lifetime maps were segmented to isolate cytoplasmic regions and extract the first moment

of the photon lifetime distribution measured in each pixel, i.e., the average lifetime value (in nanoseconds) observed in that pixel, colored according to the

color bar depicted in figure.

(B) Averages and standard deviations of lifetime values for each measured condition. Kruskal–Wallis test was used to determine the statistical signifi-

cance of the differences observed (n = 10). Groups with significant differences (P < 0.001) are indicated with different letters.

(C) Cumulative phasor plot of NAD(P)H lifetimes. Violet and red circles define the higher lifetime values in the phasor plot characteristic of enzyme-bound

NAD(P)H and the lower lifetime values characteristic of free NAD(P)H, respectively.

(D)Normalized frequencies of NAD(P)H free fraction (1 = 100%of NAD(P)H free fraction) extracted from phasor analysis for each acquisition, represented

as mean values and standard deviations for each condition.

(E)Metabolic map of the cytoplasmic regions of representative acquisitions of the five conditions tested. The applied color bar spans from the lower free/

bound NAD(P)H ratio region of the phasor in (C) (violet) to the highest free/bound ratio in red.

Molecular Plant Cyclic hypoxia in plants
reductase activity in plants, which is low at night and increases

during the first hours of the day (Pilgrim et al., 1993). Thus, lower

NO levels in the night in young emerging leaves could contribute

toERFVII stability andcyclichypoxia,whereas increasingNO levels

in themorningwould lead to ERFVII degradation dampening cyclic

hypoxia responses. By altering either genetically or chemically

endogenous NO levels (supplemental Figure 6), we provide

evidence that, although NO endogenous fluctuations could

contribute to cyclic hypoxia, oxygen levels appear to be largely

prevailing to define the oscillations in cHRGs expression.
388 Molecular Plant 17, 377–394, March 4 2024 ª 2024 The Author.
ERFVIIs also repress tetrapyrrole synthesis gene expression and

chlorophyll biosynthesis (Abbas et al., 2015, 2022). Remarkably,

among them, protochlorophyllide oxidoreductase (POR)A,

PORB, and PORC, which catalyze the photoreduction of

protochlorophyllide to chlorophyllide, show circadian and diurnal

regulation, and are activated in the daytime in mature leaves

(Matsumoto et al., 2004).Whether ERFVIIs control diurnal tetrapyr-

role synthesis gene expression in the context of cyclic hypoxia re-

mains to be determined. Oxygen sensing through diurnally

controlled ERFVII stability and action may fine-tune tetrapyrrole



Figure 7. ERFVII-dependent mechanism is required for daily cyclic hypoxia adaptation in young emerging leaves.
(A) Representative picture of Arabidopsis Col-0 and erfVIImutant plants at 10, 11, and 13 DAG grown under LD conditions. Scale bar corresponds to 2 cm.

(B)Quantification of plant leaf area (PLA) and leaf number at 10, 11, and 13 DAG under LD in Col-0 (n = 41) and erfVIImutant (n = 44) plants. Leaf area was

analyzed with one-way ANOVA, while leaf number was analyzed with Kruskal–Wallis test. Asterisks represent statistically significant differences between

Col-0 and erfVIImutant for each time point (ns, not significant; *P < 0.05, **P < 0.01). Violin plots depict the density of data, where the width of the colored

area illustrates the proportion of the data with a specific score. White dots and bars show the mean and standard deviation, respectively.

(C) Representative picture of Arabidopsis Col-0 and erfVIImutant plants at 7, 8, and 9 DAG grown under CL conditions. Scale bar corresponds to 2 cm.

(D)Quantification of PLA and leaf number at 7, 8, and 9 DAG under CL in Col-0 (n = 44) and erfVIImutant (n = 44) plants. Leaf area was analyzed with one-

way ANOVA test, while leaf number was analyzed with Kruskal–Wallis test. Asterisks represent statistically significant differences between Col-0 and

erfVII mutant for each time point (ns, not significant; *P < 0.05, **P < 0.01). Violin plots depict the density of data, where the width of the colored area

illustrates the proportion of the data with a specific score. White dots and bars show the mean and standard deviation, respectively.

(legend continued on next page)
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synthesis gene expression with cyclic oxygen levels avoiding

accumulation of highly photoreactive chlorophyll intermediates

and preventing photodamage upon illumination in young leaves

(Tian et al., 2021).

Gene expression analyses, along with evaluation of hypoxia-

responsive GUS and LUC reporter lines revealed that cyclic hyp-

oxia primarily occurs in the young emerging leaves (Figure 4,

supplemental Figures 8–11, and supplemental Videos 1 and 2).

Furthermore, internal oxygen levels measurements using a

micro Clark-type O2 electrode at different stages of leaf develop-

ment and time of the day, showed that young emerging leaves

experience mild hypoxia (�10% [O2]) in the night (Figure 4C),

thus demonstrating that temporal oxygen dynamics occurred in

the young emerging leaves. These findings strongly support the

existence of cyclic hypoxia and highlight the importance of

light/dark cycles, especially for actively growing photosynthetic

tissues, in the generation of temporal oxygen dynamics.

Interestingly, RELATED TO APETALA 2.12 (RAP2.12), a member

of ERFVIIs, and ANAC013 started to translocate to the nucleus of

cells at 10% and 8% O2, respectively (Kosmacz et al., 2015;

Eysholdt-Derzsó et al., 2023). Moreover, moderate decrease of

[O2] (from 21% to 8%) was sufficient to activate the gene

expression of 12 mild-HRGs (Van Dongen et al., 2009). Among

these genes, ADH, PCO1, PGB1, WIP4, HRA1, and LBD41

were found to be upregulated at 8% O2. Consequently, in this

study all these HRGs together with HUP7 and PCO2 were

identified as cHRGs. The fact that only a portion of HRGs is

sensitive to mild hypoxia could be explained by either a

different intrinsic responsiveness of their promoters to ERFVIIs

and/or by the action of additional transcriptional activators that

trigger the induction of this set of mild hypoxia-sensitive genes.

Based on our experimental evidence, we propose that the inter-

nal drop of oxygen is caused by the high respiration rate required

to support energy production in the actively growing leaves.

Treatment with AA, which blocks the activity of the mitochondrial

complex III and inhibits oxygen consumption (Kalbá�cová et al.,

2003), significantly reduced the activation of pPCO1:LUC in the

night and gene expression of cHRGs at ZT20 (Figure 4 and

supplemental Figure 12). However, both pPGB1:LUC and

PGB1 gene expression were activated by AA, while LBD41

expression was unchanged (Figure 4 and supplemental

Figure 12). Both PGB1 and LBD41 contain at least one MDM. In

addition, AA triggers migration of ANAC013 to the nucleus in aer-

obic conditions (Eysholdt-Derzsó et al., 2023). Both reducing

ANAC013 gene expression, and impairment of its nuclear

translocation-reduced activation of LBD41 gene expression,

whereas mutations on MDM sites within the PGB1 promoter

reduced its ANAC013-dependent activation (Eysholdt-Derzsó

et al., 2023). Thus, the different regulation displayed by cHRGs
(E) A working model (created with BioRender.com) showing the role of cyclic

sugars and oxygen, which are the substrates of cellular respiration. This metab

young leaves. Oxygen availability also leads to the PCO-dependent oxidation

via the N-degron pathway during the daytime. However, at night, oxygen provis

cellular respiration. In these conditions, the high respiration rate leads to a tem

dependent hypoxia transcriptional responses. Consequently, ERFVIIs act b

respectively. This ERFVII-dependent metabolic balance enables themodulatio

in actively growing leaves. Arrows and lines indicate promoting and inhibiting
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after AA treatment could be the result of the cross-action of

different oxygen-related pathways and/or regulatory events

occurring with different temporal dynamics.

Besides the inhibition of oxygen consumption, NO production is

induced in tobacco leaves after AA treatment (Alber et al., 2017).

Thus, PGB1 activation by AA could contribute to the NO

scavenging and thus stabilizing ERFVIIs, which in turn would

activate HRGs. However, AA-induced NO production occurs in

concomitancewith reduction of oxygen consumption inmitochon-

dria, thus cHRGs activation could be uncoupled under this condi-

tion. Consistent with PGB1 activation, HYPOXIA-RESPONSIVE

ERF2 (HRE2), amemberof theERFVII group, is clearly stabilizedaf-

ter 5hofAA treatment (Barretoetal., 2022).However,we found that

AA treatment represses 6 out of 8 cHRGs within 4 h in the night,

being effective after 2 h on pPCO1:LUC activity (Figure 4). It

remains unknown whether ERFVIIs stabilization by AA translates

into the activation of HRGs. It is possible that upon mitochondrial

dysfunction, despite the stabilization of ERFVIIs, ATP depletion

caused by the drop of ATP synthase activity (Wagner et al., 2018)

is sensed by the TOR complex, which in turn modulates the

activity of ERFVIIs and hypoxia-dependent transcriptional re-

sponses according to energy availability (Kunkowska et al.,

2023). Indeed, either carbon starvation or TOR inhibition

significantly reduced activation of cHRGs and pPGB1:LUC and

pPCO1:LUC in the night, respectively (supplemental Figures 13

and 14). Therefore, carbon shortage could affect gene expression

of cHRGs by either reducing the rate of cellular respiration

leading to a reduction of O2 consumption and/or by

compromising the energy status of the cells and TOR activity,

which in turn regulates the magnitude of the induction of cHRGs

by modulating ERFVII activity.

Photosynthetic oxygen evolution is essential to downregulate

pPGB1:LUC and pPCO1:LUC in the morning and to prevent in-

duction of cHRGs, pPGB1:LUC and pPCO1:LUC, under CL

(Figure 4 and supplemental Figure 15). Importantly, this

activation is an ERFVII-dependent response (supplemental

Figure 15). Thus, resumption and maintenance of proper

photosynthetic activity is essential to both dampen and prevent

ERFVII-dependent cyclic hypoxia responses in young leaves dur-

ing the daytime. Interestingly, N-degron pathway enzymes,

particularly MAP2A and PCO5, are upregulated at the end of

the night (supplemental Figure 7), suggesting a diurnal

coordination between the first steps of ERFVII destabilization

and the increase of endogenous oxygen levels in the morning.

Prolonged nocturnal hyperoxia or hypoxia treatments promote or

inhibit leaf growth, respectively (Figure 5). Nocturnal hyperoxia

triggered higher gene expression of the carbon starvation marker

DIN6, while hypoxia led to a reduction in DIN6 expression

compared with normoxia at the end of the night (supplemental
hypoxia in young leaves. During daytime, photosynthetic activity provides

olic pathway ensures energy supplies to sustain growth in actively growing

of cysteine (Cox) at the N terminus of ERFVIIs, triggering their degradation

ion relies on the gas diffusion, while starch is the main source of sugars for

porary fall (red arrow) in endogenous oxygen levels that triggers ERFVII-

oth as repressors and activators of aerobic and hypoxic metabolism,

n of leaf growth according to the availability of carbon sources and oxygen

effects, respectively.
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Figure 18). Although DIN6 expression was previously found to be

activated by an extended submergence/hypoxia treatment, its

induction was antagonized by addition of exogenous sugars,

indicating that DIN6 activation by hypoxia was a consequence of

carbon starvation (Baena-González et al., 2007). Staining for

spatial starch distribution revealed a lower starch content after

nocturnal hyperoxia, whereas it was higher after hypoxia

compared with normoxia in the young emerging leaves

(supplemental Figure 19). Hyperoxia treatment during the night

was able to restore adequate internal oxygen levels, which, in

turn, sustains the respiration rate and leads to more rapid starch

breakdown and leaf growth. Nocturnal hyperoxia treatment on

the starchless mutant pgm failed to promote shoot growth

(supplemental Figure 17), indicating that the positive effect of

hyperoxia treatment on leaf growth requires starch as a

substrate fueling cellular respiration. Interestingly, the erfVII

mutant exhibited a strong induction of DIN6 and accelerated

consumption of starch at night (supplemental Figures 18 and 19).

This result was in line with the previously proposed function of

RAP2.12 and RAP2.2, both acting as a repressors of cellular

respiration in favor of the activation of fermentative pathways

(Paul et al., 2016; Tsai et al., 2023). Indeed, DIN6 was

downregulated in the presence of the constitutively stable

version of RAP2.12 during an extended night (Loreti et al., 2018),

likely as a consequence of the slower rate of cellular respiration

and starch breakdown. Therefore, temporal oxygen dynamics

dictate the rate of cellular respiration and starch breakdown to

fine-tune leaf growth based on oxygen availability. The rate of

nocturnal starch degradation is controlled by a sophisticated,

clock-related mechanism, allowing the plant to ensure that starch

reserves are depleted at dawn (Smith and Zeeman, 2020). Our

results indicate that cyclic hypoxia could contribute to this

process in a clock-independent manner.

Fluorescence lifetime imaging of NAD(P)H in epidermal cells of

young leaves confirmed that a metabolic shift exists from the day-

time to the nighttime, and it depends on the oxygen concentration.

In thedaytime,OXPHOS,besidesphotosynthesis, is themainmeta-

bolic pathway providing energy to the cells (Figure 6). However,

OXPHOS is reduced at night, and glycolysis predominates as a

consequence of internal oxygen drop (Figure 6). Importantly, this

metabolic shift is controlled by the ERFVIIs (Figure 6).

The stability of ERFVIIs would seem to create a competitive

mechanism between aerobic and anaerobic pathways in the

context of a mild hypoxia, setting the pace of carbon consump-

tion in the young emerging leaves during the night.

When this ERFVII-dependent competitive mechanism is absent,

leaf growth is negatively affected in theearly phasesof shoot devel-

opment (Figure 7A and 7B). Consistently, lack of ADH negatively

impacts shoot growth under day/night cycles (supplemental

Figure 22). However, under CL, both cyclic hypoxia and carbon

starvation are abolished and adaptation to cyclic hypoxia is no

longer required (supplemental Figure 20). This is demonstrated

by the absence of differences in shoot growth between wild-type

and erfVII aswell as adhmutant in the early stage of plant develop-

ment (Figure 7C and 7D and supplemental Figure 22).

In conclusion, our findings demonstrate that the presence of an

ERFVII-dependentmechanism is essential for the adaptation to cy-
M

clic hypoxia in young leaves, allowing for the precise adjustment of

leaf growth in response to the carbon status andoxygenavailability

within plant cells. During the daytime, photosynthesis provides ox-

ygen and sugars that sustain aerobic metabolism. At night, a mod-

erate decrease in internal oxygen levels occurs in young emerging

leaves, triggering theactivationofcyclicHRGsthrough theactionof

ERFVIIs (Figure 7E). This molecular event represents a switch from

aerobic to hypoxic metabolism, regulating the rate of starch

consumption and plant growth according to the availability of

internal oxygen. A functional connection thus exists between

internal temporal oxygen dynamics and the developmental

processes of plants.

METHODS

Plant materials and growth conditions

Arabidopsis thalianaColumbia-0 (Col-0) was used as thewild-type ecotype.

prt6 and ate1ate2 knockout mutants were described previously (Licausi

et al., 2011b). The pentuple erfVII mutant (Abbas et al., 2015) was kindly

provided by Dr. Michael Holdsworth (University of Nottingham).

35S:RAP2.33xHA line (Gibbs et al., 2014) was kindly provided by Dr. Sjon

Hartman (University of Freiburg). cue1-6 and nia1nia2noa1-2 mutants

(Streatfield et al., 1999; Lozano-Juste and León, 2010) were kindly

provided by Dr. Oscar Lorenzo (University of Salamanca). Reporter lines

pPGB1:LUC (Licausi et al., 2011a), pADH:GUS (Ventura et al., 2020), and

pPCO1:GUS (Weits et al., 2014) were described previously.

Plant growth conditions are described in detailed in the supplemental

experimental procedures.

Inhibitor and chemical treatments

AA (Sigma-Aldrich) andDCMU (Sigma-Aldrich)were applied at a concentra-

tion of 100 and 20 mM, respectively. For SNAP MedChemExpress) and

cPTIO (Sigma-Aldrich) treatments, final concentrations of 300 and 200 mM

were used, respectively. The mTOR inhibitor AZD-8055 (MedChem

Express) was applied at a concentration of 5 mM.

Construct preparation

To generate pPGB1:GUS and pPCO1:LUC reporter lines, the PGB1 and

PCO1 promoters (369 and 1131 bp upstream the transcriptional starting

site, respectively), available in pENTR/D-TOPO entry vectors (Life Tech-

nologies), were recombined into pKGWFS7 and pBGWL7 destination vec-

tors using the LR reaction mix II (Life Technologies) to obtain pPGB1:GUS

and pPCO1:LUC constructs, respectively.

Procedure for generation of transgenic plants is described in detail in the

supplemental experimental procedures.

Spatial detection of NO, GUS, and starch staining

Spatial distribution of endogenous NO was analyzed as described previ-

ously (Barreto et al., 2022). Histochemical GUS staining was carried out

according to Jefferson et al. (1987). Qualitative assessment of starch

distribution was performed by Lugol staining as described previously

(Loreti et al., 2018). Extended protocols are provided in the supplemental

experimental procedures.

Oxygen-modified atmosphere treatments and measurement

Hypoxic or hyperoxic treatments were performed using an enclosed anaer-

obicworkstation (O2Control InVitroGloveBox;CoyLaboratoryProducts)by

flushing an oxygen-modified atmospheres (1% [v/v] O2/N2) or (50% [v/v] O2)

for hypoxia or hyperoxia, respectively. Oxygen concentration in young

emerging leaves was measured using a FireStingO2 high-precision, PC-

controlled fiber-optic oxygenmeter (PyroScience) and a detailed procedure

is described in the supplemental experimental procedures.
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Total RNA extraction and real-time qPCR analysis

Total RNA was extracted from Arabidopsis seedlings using a phenol–

chloroform extraction protocol (Perata et al., 1997) and RNA assessment,

cDNA synthesis and real-time quantitative PCR were performed as

described in detail in Loreti et al. (2020). UBIQUITIN10 (At4G05320) was

used as the housekeeping gene for internal normalization and relative

expression level was calculated using the 2�DDCT method. A list of primers

used for qPCR analyses is included in supplemental Table 2.

Protein extraction, SDS–PAGE, and immunoblotting analysis

Total protein extractions were obtained from shoots of 8-day-old Arabi-

dopsis seedlings and western blots of ERVII stability were performed as

described in the supplemental experimental procedures.

Luciferase activity quantification

To continuously monitor the luciferase activity of pPGB1:LUC and

pPCO1:LUC reporter lines, themethod described previously was followed

(Ramos-Sánchez et al., 2017). In vivo luciferase activity imaging was

carried out using the NightSHADE evo LB 985N In Vivo Plant Imaging Sys-

tem (Berthold Technologies, Germany). Detailed information about plant

growth conditions and luminescence quantification are provided in the

supplemental experimental procedures.

NAD(P)H FLIM

FLIM was performed on an Olympus Fluoview 3000 confocal microscope

coupled with a lifetime imaging module from Picoquant. Intracellular

NAD(P)H (‘‘NAD(P)H’’ denotes both NADH and NADPH since the fluores-

cence properties of the nicotinamide ring of NADH and NADPH are iden-

tical; Blacker et al., 2014) was excited with a pulsed 375-nm laser set to 40

MHz of repetition rate (25 ns of decay-detection window), while the emis-

sion was collected on PMA hybrid detectors (Picoquant) in the 420–460-

nm range. Processing of fluorescence lifetime imaging is described in

the supplemental experimental procedures.
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