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Flowering plants (angiosperms) can grow at extreme altitudes, and have been

observed growing as high as 6,400 metres above sea level*?; however, the molecular
mechanisms that enable plant adaptation specifically to altitude are unknown. One
distinguishing feature of increasing altitude is areduction in the partial pressure of

oxygen (p0O,). Here we investigated the relationship between altitude and oxygen
sensing in relation to chlorophyll biosynthesis—which requires molecular oxygen®—
and hypoxia-related gene expression. We show that in etiolated seedlings of
angiosperm species, steady-state levels of the phototoxic chlorophyll precursor
protochlorophyllide are influenced by sensing of atmospheric oxygen concentration.
InArabidopsis thaliana, this is mediated by the PLANT CYSTEINE OXIDASE (PCO)
N-degron pathway substrates GROUP VIIETHYLENE RESPONSE FACTOR transcription
factors (ERFVIIs). ERFVIIs positively regulate expression of FLUORESCENT IN BLUE
LIGHT (FLU), which represses the first committed step of chlorophyll biosynthesis,
forming aninactivation complex with tetrapyrrole synthesis enzymes that are
negatively regulated by ERFVIIs, thereby suppressing protochlorophyllide. In natural
populations representing diverse angiosperm clades, we find oxygen-dependent
altitudinal clines for steady-state levels of protochlorophyllide, expression of
inactivation complex components and hypoxia-related genes. Finally, A. thaliana
accessions from contrasting altitudes display altitude-dependent ERFVIl activity and
accumulation. We thus identify a mechanism for genetic adaptation to absolute
altitude through alteration of the sensitivity of the oxygen-sensing system.

Around 25% of the Earth’s land surface, containing at least 30% of plant
species diversity*, is mountainous. Although the altitude at which an
individual plant grows may never change, itis critical thatindividuals
(and populations) are adapted to survive at that altitude, and thisisan
important component of plant ecology*. Altitude and latitude have
been considered collectively to impart a syndrome of developmental
and physiological characteristics linked mostly to climatic adaptation
(including dwarfism, resistance to ultra-violet light, low temperature
tolerance, flowering time and others*®). However, no consistent trait
has been associated with specific environmental components of alti-
tude, such as pO,, which might reveal mechanisms underlying direct
altitudinal adaptation. Here we investigate the idea that adaptation
to altitude involves direct sensing of oxygen concentration across
altitudinal ranges. Mammalian adaptation to very high altitude
involved mutation of components of the hypoxia-inducible factor
(HIF) oxygen-sensing system® ® (which is mechanistically different
to the plant oxygen-sensing pathway?®), indicating the importance of
matching metabolism with altitude. Oxygen sensingin plants through
Metl1-Cys2 ERFVIItranscription factorsis mediated by the PCO branch
of the PROTEOLYSIS 6 (PRT6) N-degron pathway'*". Following Metl
removal, the amino-terminal cysteine is oxidized by PCOs' using

molecular O,, arginylated by arginyl transferase® and recognized by
the E3 ligase PRT6 for ubiquitin-mediated destruction (Fig. 1a).

We reasoned that plant biochemical pathways that require oxygen
may be subject to evolutionary pressure inrelation to altitude. Tetrapyr-
role synthesis, which leads to chlorophyll, isdependent on ambient O,
atseveral points (Extended Data Fig. 1a). Following germination, during
etiolated growth in the dark, the chlorophyll biosynthesis intermedi-
ate protochlorophyllide (Pchlide) accumulates because angiosperms
possess only a light-activated chloroplast enzyme for Pchlide reduc-
tion™ (light-dependent NADPH-protochlorophyllide oxidoreductase
(L-POR, hereafter POR)). We set out to determine whether differences
in pO, with altitude could influence the flux through the tetrapyrrole
pathway through oxygen sensing and be a target for evolutionary
adaptation. We first investigated whether the ambient O, concentra-
tionregulates steady-state Pchlide levelsin plant species representing
diverse angiosperm clades, A. thaliana (rosid), Solanum lycopersicum
(asterid), Papaver somniferum (basal dicot) and Brachypodium distach-
yon (monocot) (Fig.1b). This showed that decreasing ambient O, levels
from 27% (hyperoxia) to 5% (hypoxia) decrease Pchlide levels in etio-
lated seedlings. To show that this is not just the result of hypoxia-related
flux restrained by O,-requiring enzymes of the pathway we also analysed
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Fig.1|Atmospheric oxygensensing regulates tetrapyrrole synthesis via
FLU. a, Schematic representation of the PCO branch of the PRT6 N-degron
pathway?®. MetAP, methionine amino-peptidase; ATE, arginyl transferase;
**Cys, oxidized cysteine. The position of oxygen and possible positions of nitric
oxide (NO) in the pathway are shown. Oxygenis used by PCOs to oxidize
amino-terminal Cys of ERFVIIs. b, Steady-state Pchlide, measured by
fluorescence at 636 nm, in etiolated seedlings of different species grown at
differentambient O, concentrations.c,d, Steady-state Pchlide in Col-O and
erfVllat different ambient O, concentrations (c) with expression of individual
stabilized Cys2Ala mutant ERFVIIs controlled by their native promoters (d)'®
(p).e, Amount of FLURNA transcriptin Col-0 and erfVIIgrown at different

steady-state Pchlide levels for the A. thaliana flu mutant. FLU directly
inhibits the first committed enzyme of tetrapyrrole synthesis, gluta-
myl tRNA reductase (GluTR)—the major form of which is encoded by
HEMAI—thereby inhibiting synthesis of 5-aminolevulinic acid (ALA),
the precursor of all tetrapyrroles®, which results in prevention of
accumulation of free Pchlide (Extended Data Fig. 1a). The proposed
mechanism for FLU activity involves POR, Pchlide, GIuTR and CHL27
(acomponentofthe tetrapyrrole synthesis enzyme Mg-protoporphyrin
monomethylester cyclase®); in the dark, free Pchlide (which cannot
be converted to chlorophyllide without light) binds POR as part of a
complex with CHL27 and FLU. This inactivation complex enables FLU
to interact with and inhibit GIuTR activity, reducing ALA synthesis
and therefore Pchlide levels'®”. Under mild hypoxia, compared with
normoxiaand hyperoxia, steady-state Pchlide levels were unrestrained
intheflumutant, indicating that the observed oxygen-associated Pch-
lidelevelsin different species are regulated by oxygen sensing (Fig. 1b,
Extended Data Fig. 1b-d). In A. thaliana accession Col-O (originally
collected less than 100 m above sea level (a.s.l.)) grown at 48 ma.s.l.
(pO, =21.2 kPa), this decrease was largely abolished in the absence of
allSERFVIItranscription factors (using the pentuple related to apetala
(rap) and hypoxia responsive erf (hre) mutant™® rap2.12 rap2.2 rap2.3
hrel hre2 (hereafter referred to as erfVIl)) (Fig.1c), demonstrating that
oxygen sensing via ERFVIIs is required for this response. A Cys-to-Ala
mutation (Cys2Ala) (which removes the Cys N-degron) in all ERFVIIs
significantly reduced Pchlide levels in etiolated seedlings, similar to
prté seedlings (in which all ERFVIIs are stable) (Fig. 1d). Mutation of
either PRT6 or ERFVIIgenesled to opposite stable changed steady-state
Pchlidelevels (lower in prt6, higher in erfVIis); mutation of RAP2.3 had
thelargesteffect, indicating that all ERFVIIs contribute to this function
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ambient O, concentrations. f, Regulation of FLU orthologue mRNA in
P.somniferum (PSOM) and S. [ycopersicum (Solyc) grown at various ambient O,
concentrations. g, Schematic of the A. thaliana FLU gene, showing potential
ERFVIIbinding sites (left) and chromatinimmunoprecipitation (ChIP) analysis
of RAP2.3-HA and HRE2-HA occupancy of FLU gene regions (range indicated
by colons); including known positive and negative regulatory sequences®*?
using anti-HA antibody. All experiments were carried out using etiolated
seedlings after 5 days growth at pO,21.2kPa (48 ma.s.l.) unless otherwise
stated. Dataare mean ts.d.; one-way ANOVA. Significantly different groups are
indicated by lettersind.n=3biologicallyindependent experiments. AU,
arbitrary units; R?, coefficient of determination.

andthat RAP2.3may have apredominantrole (Extended DataFig.2a,b).
A prt6 flu double mutant showed high levels of Pchlide equivalent to
thosein the flu mutant, indicating that stabilized ERFVIIs act upstream
of FLU (Extended Data Fig. 2c). Because hypoxia suppressed Pchlide
levels, we analysed the role of ERFVIIsin regulating expression of genes
encoding components of the inactivating complex—including FLU,
HEMA1,CHL27 and POR (whichisencoded by three genes, two of which
(PORA and PORB) are expressed in etiolated seedlings'®)—and CHLM,
whichencodes a chlorophyll synthesis enzyme previously shownto be
regulated by oxygen sensing'®. Accumulation of FLU transcripts was
positively regulated by ERFVIIs via PRT6, whereas CHL27, PORA, PORB
and CHLMwere negatively regulated, and HEMAI was not regulated, by
this pathway (Extended Data Fig.2d). Theamount of FLURNA increased
strongly with increasing hypoxia, a response that was abolished in
the erfVlimutant, whereas expression of tetrapyrrole synthesis genes
showed the opposite trend (Fig. 1e, Extended Data Fig. 2e). Reflecting
the transcript data, FLU protein levels were enhanced by hypoxia via
ERFVIIs, whereas POR protein accumulation was repressed by hypoxia
through ERFVIIs (Extended Data Fig. 2f). Oxygen-controlled repression
of FLU-orthologous RNA accumulation was conservedin S. [ycopersicum
and P. somniferum (Fig. 1f).

InA. thaliana, the C-terminally haemagglutinin (HA)-tagged ERFVIIs
HRE2and RAP2.3 associated with the FLUgene inaregion containingan
evolutionarily-conserved ERFVII binding site?®, adjacent to theinitiating
ATG (similar binding was previously observed for HRE2 at the FLUlocus
during the response of light-grown seedlings to hypoxia®’). HRE2-HA
and RAP2.3-HA also showed differential binding to two genes (PCO1
and CRUI) previously shown to beregulated by ERFVIIs. HRE2 similarly
associated with ATG-proximal regions of CHL27 and CHLM genes, and
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also with gene regions of PORA and PORB but not with HEMAI (Fig. 1g,
Extended DataFig.3). These datademonstrate that O, regulation of Pch-
lide synthesis occurs via oxygen sensing of the PCO N-degron pathway
through ERFVII-regulated control of expression of components of the
GluTR inactivation complex, in particular the negative regulator FLU.
Because pO, decreases with altitude (Fig. 2a), and could thus affect
steady-state Pchlide levels, we investigated the relationship between
Pchlide levels and altitude. We analysed Pchlide in accessions of
A.thaliana (collected from Eurasia and Africa), Solanum habrochaites
(collected from South America), Solanum cheesmaniae (collected from
the Galapagos Islands) and B. distachyon (collected from Turkey) from
natural populations growing at different altitudes from sea level to
more than 3,000 m a.s.l. with different latitudinal ranges (Fig. 2a, b,
Extended Data Fig. 4a, b, Supplementary Table 1a). When analysed
at48 ma.s.l. (p0, 21.2 kPa), all species showed a positive correlation
between altitude of accession collection and Pchlide steady state level.
Furthermore, theamountof Pchlidein A. thaliana and S. habrochaites
was dependent onthe ambient O, concentration, and hypoxiaresulted
ingreater reduction of Pchlide levelsin accessions from higher altitudes
(Fig.2b, ¢).InA. thaliana, the steady-state Pchlide level was not related
to submergence tolerance (Extended Data Fig. 4c, Supplementary
Table1c).Asaresult ofincreased Pchlide (which produces singlet oxy-
gen® under light), following transfer to light, dark-grown seedlings of
accessions collected at higher altitude accumulated substantially more
reactive oxygen species (ROS) at 48 m a.s.l. than those collected at a
lower altitude; this effect was dependent on the ambient O, level and
functional PRT6 (Extended DataFig.5). These results show that thereis
arelationship between Pchlide accumulation and the altitude of acces-
sioncollection, suggesting adaptation of oxygen sensing and/or down-
stream signalling through the PCO N-degron pathway that fine-tunes

000 3,000 4,000

Accession altitude (m a.s.|)

steady-state Pchlide level to local atmospheric O, levels, potentially
avoiding damaging light-associated singlet-oxygen ROS production.
Consistent with such arelationship, we found that accumulation of FLU
transcriptinA. thalianagrownat48 ma.s.l. (pO,=21.2kPa) was strongly
influenced by the altitude at which the accession was collected (thatis,
there wasless FLUtranscript in high-altitude accessions) and by ambient
0, level (Fig.2d). There was a similar relationship between altitude of
collectionand FLU expression for S. habrochaites (FLU expression was
lower in high-altitude accessions) (Fig. 2e). Conversely, the amounts
of PORA, PORB and CHLM (but not CHL27 or HEMAI) transcripts were
higher in accessions from higher elevations, and lower at 15% oxygen
compared withthose grownin 21% oxygen (Extended Data Fig. 6a). POR
protein accumulated to higher levels in the high-altitude A. thaliana
accession Sha (originally collected in Tajikistan at 3,400 ma.s.l, pO, =
13.9kPa) thanin the low-altitude Col-0, and by introgressing the prt6-1
transfer-DNA insertion mutation from Col-0 through eight back-crosses
into Sha (prt6°"), we showed that thisincrease was controlled through
the oxygen-sensing pathway; conversely FLU protein accumulation
wasincreased in prt6°™ compared with Sha (Extended Data Fig. 6b). In
contrasttothe observedrelationship between the steady-state Pchlide
level and elevationin wild species, an altitudinal cline of cultivated Che-
nopodium quinoa (quinoa, recently domesticated in the high Andes®)
did not show altitude-dependent Pchlide accumulation (Fig. 2f).
Reduced pO, is just one altitude-dependent parameter: others
include atmospheric pressure. We therefore assessed steady-state
Pchlide levels and FLU expression in etiolated seedlings at two sites
located atextreme altitudes (site SB:52.829809° N -1.249732°E, 48 m
a.s.l., pO,=21.2 kPa; and site ESPE: —0.312917° N -78.445157°E, 2,479
ma.s.l., pO,=15.7 kPa) (Extended Data Fig. 7). The Pchlide level was
much lower in the high-altitude accession Sha when it was grown at

Nature | Vol 606 | 16 June 2022 | 567



Article

the high-altitude site ESPE compared with the low-altitude site SB,
whereasinthe erfVlImutant Pchlide level remained similar at both sites
(Extended DataFig. 8a). Steady state levels of Pchlide in an A. thaliana
altitudinal cline were reduced at ESPE, compared to SBat p0,21.2kPa,
and were similar to accumulation at SB in 15% ambient O, (Fig. 2g).
The amount of FLU transcript was also increased in plants grown
under ambient O, concentration at ESPE compared with SB, particu-
larly in high-altitude accessions, and was similar to the amount of FLU
transcript in plants grown at SB under 15% O, (Fig. 2d, h), whereas the
amounts of PORA, PORB and CHLM transcripts were lower in the plants
grown under atmospheric O, concentration at ESPE compared with SB
(Extended Data Fig. 8b). These data demonstrate that O, is the major
component sensed by altitudinal clines when controlling steady-state
Pchlide levels. They also indicate that high-altitude populations have
adapted to lower ambient O, through increased O, sensitivity, and
that this has occurred in phylogenetically distant angiosperm species.
Reduced accumulation of FLU transcripts in high-altitude accessions
at p0O,21.2 kPafurther suggests that they exhibit lower ERFVIl activity
compared with low-altitude accessions. In summary, the sensitivity to
0, determines downstream Pchlide level, whichis tailored to the local
ambient pO, viaregulation of FLU expression mediated by ERFVIIs.
Since the analyses carried out at different altitudes showed that
the sensitivity to atmospheric O,—as indicated by accumulation of
Pchlide and its regulatory component FLU—increases with altitude,
we examined the expression of classical hypoxia-associated genes.
The expression of ADHI, PDC1, PGBI and SUS4 transcripts (members of
the core 49 conserved hypoxia-induced genes* that are regulated by
ERFVIIs through the PCO N-degron pathway?) was highly dependent
onboththealtitude of accession collection and ambient oxygenlevelin
bothA. thalianaandS. habrochaites (Fig.3a, Extended DataFigs. 8c, d).
This indicates that altitude adaptation is not restricted to Pchlide
accumulation and is a central conserved feature of oxygen sensing
inangiosperms. Furthermore, it suggests that—similar to FLUregula-
tion—at high oxygen levels, ERFVIIs are more active in low-altitude
accessions than in high-altitude accessions. We next tested whether
ERFVIIs are active in etiolated seedlings of the low-altitude accession
Col-0at p0,21.2kPa. Pchlide level in Col-O was intermediate between
those in prt6 and erfVIlmutants (Fig.1d), indicating ERFVII repressive
activity. Increasing PCO2 activity in Col-O led to increased levels of
Pchlide, suggesting that active ERFVIIs can be destabilized, but this
over-accumulationwas inhibited by removal of PRTé6 activity (Fig. 3b).
To understand the genetic mechanisms involved in altitude adapta-
tion through oxygen sensing, we investigated the influence of com-
ponents of the ERFVII-PCO N-degron pathway in the high-altitude
A.thalianaaccession Sha. We transformed wild-type and Cys2Ala stable
versions of the Col-0 ERFVIIs RAP2.3 and HRE2 (expression driven by
their own promoters) into Sha. In prt6™, RAP2.3(Cys2Ala)-expressing
Sha and HRE2(Cys2Ala)-expressing Sha (but not in Sha expressing
wild-type Col-0 RAP2.3), FLU, PORA and PORB expression were mark-
edly affected, resulting in reduced Pchlide (Fig. 3¢, d). In addition,
expression of hypoxia-related genes was enhanced in prt6° and
RAP2.3(Cys2Ala)-expressing Sha (Extended Data Fig. 9a, b). This indi-
cates that constitutively stabilized ERFVIIs reduce Pchlide as effectively
in Sha as in Col-0. Therefore, components downstream of stabilized
ERFVIIs, including FLUfunction, are unaltered in Sha (as otherwise alter-
ing upstream components would not affect the high Pchlide levelin Sha).
Expression of components of the PCO branch of the PRT6 N-degron
pathway were not significantly different between Col-0 and Sha, and
the sequences of Col-0 and Sha FLU genes were identical (Extended
DataFig.9c¢,d). Etiolated seedlings from Sha x erfVilreciprocal crosses
showed low Pchlide steady-state levels, indicating that ERFVIl activity
(in repressing Pchlide levels) in Sha has the potential to be as strong
as thatin Col-0 (Extended Data Fig. 10). This result also suggests the
presence of dominant repressor(s) of oxygen sensing in the low-altitude
accession Col-0. We further analysed ERFVII activity in Col-0 and Sha
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Fig.3|Genetic mechanismslinking oxygen sensingto altitude adaptation.
a, Effect of ambient O,on RNA accumulation of hypoxia-associated ADHI in

S. habrochaitesand A. thaliana accessions. b, Pchlide levelsin prt6-5,355:PC0O2,
prt6-5355:PC0O2and Col-0.c,d, Pchlide level and FLU, PORA and PORB
transcript expressionin prt6-1 mutants and transgenic plants expressing
wild-type or Cys2Alamutant Col-O RAP2.3 or HRE2 (driven by their own
promoters) inShaand Col-0 genetic backgrounds. e, ChIP analysis of HRE2-HA
occupancy at FLU-49:+84 and hypoxia-related genesin Col-0 and Shaseedlings
grownwithp0,21.2kPaor15%ambient oxygen. f, Western blot analysis of
HRE2-HAinShaand Col-O accessions grownat pO,21.2 kPa. The experiment
wasrepeated independently three times with similar results. BZ, bortezomib.
g, Amodel for angiosperm adaptation to altitude through oxygen sensing.
Wedgesindicate decreasing pO, withincreasing altitude. Blocked arrows
indicate repression. Arrow-crossed box isinternational standard symbol fora
rheostat. Theinactivation complex modelis adapted fromref. ', Allexperiments
were carried out using etiolated seedlings after 5daysgrowthat48 ma.s.l. Data
aremean ts.d.;one-way ANOVA. Significantly different groups areindicated by
lettersinc, d.n=3biologicallyindependent experiments.

by measuring HRE2-HA occupancy on FLU and hypoxia-related genes
(which havebeen shown tobind HRE2 (ref.?)). AtapO, of 21.2 kPa, HRE2-
HA occupancy of these genes was high in the prt6 mutant in both Sha
and Col-0backgrounds (inwhich HRE2 is stabilized), whereas in the wild
type, HRE2-HA displayed lower occupancy of these genes in Sha than



in Col-0 (Fig. 3e). Occupancy increased in Sha and Col-O when grown
in15% ambient O,. Thus, at high ambient oxygen ERFVII occupancy is
higher in the low-altitude genetic background, but HRE2 activity in
bothlow-and high-altitude genetic backgrounds responds to hypoxia.
Finally, Western blot analysis showed that at pO, 21.2 kPa, HRE2-HA
abundance was higherin Col-0 thaninSha, but treatment with the pro-
teasome inhibitor bortizomib resulted in equivalent markedly higher
HRE2-HA abundance in both accessions (Fig. 3f).

Here we demonstrate that altitude adaptation involves genetic
modifications of the sensitivity to atmospheric O, through oxygen
sensing, mediated by ERFVIl accumulation and activity. We show that
this adaptation, through ERFVII regulation, influences two distinct
features: hypoxia-related gene expression and steady-state levels of
Pchlide (mainly via oxygen-regulated expression of FLU and POR).
Prevention of free Pchlide accumulation is a result of the regulated
rate of ALA synthesis, mediated by the POR-Pchlide-CHL27 complex
that triggers FLU inactivation of GluTR?*. Coupling of POR expression
to the ambient oxygen concentration may enable matching of POR
protein to Pchlide levels, allowing POR to bind to free Pchlide. It may
be ecologically important to match tetrapyrrole flux (which requires
molecular O,) to the ambient O, concentration to provide the most
effective Pchlide level once seedlings arrive at the soil surface and
chlorophyll synthesis commences in the light. Altitude adaptation
involves fine-tuning the activity of the oxygen-sensing system, which
acts like a rheostat measuring altitude (Fig. 3g), perhaps through
negative regulation of the PCO N-degron pathway. Oxygen sensing is
transduced by ERFVIIs to influence outputs including expression of
hypoxia-related genes, steady-state Pchlide levels (through regulation
of ALA synthesis by inactivation complex components) and potentially
other biochemical pathways that require molecular oxygen. Altitude
adaptationenables decoding of the ambient oxygen level (determined
by the local p0O,) to provide equivalent outputs at different altitudes,
resulting in, for example, equivalent Pchlide levels in a low-altitude
(high p0O,)-adapted accession grown at low altitude to those inina
high-altitude (low pO,)-adapted accession grown at high altitude.

Although this study only investigated etiolated seedlings,
other stages of development (including analogous stages such as
subsurface rhizome-derived etiolated shoots) may also be subject to
asimilar adaptive mechanism, as the steady-state Pchlide level is an
important regulator of chlorophyll synthesis and FLU has been shown to
influence the chlorophyllsupply in light conditions?. Notably, regula-
tion of tetrapyrrole synthesis by oxygen sensing also occursin cyano-
bacteria, which share acommon ancestor with chloroplasts®. Previous
studies have shown that oxygen sensing is an important feature of
skotomorphogenesis®. Here we demonstrate that oxygensensing dur-
ingthisimportant developmental stage is associated with genetic adap-
tationtoaltitude. We show thatlocal ambient absolute O, concentration
regulates expression of hypoxia-related genes and steady-state levels
of Pchlide—abiochemicalintermediate of chlorophyll biosynthesis—in
altitudinal clines of diverse species through the oxygen-sensing system.
This provides ageneral mechanism for adaptation to absolute elevation
that is likely to be conserved throughout angiosperms. In addition,
as this mechanism appears to not have been selected in breeding of
quinoa, it may represent an untapped trait for crop improvement at
unadapted altitude®. It also represents a component that deserves
investigationinrelationto plant ecological adaptation. Therelevance
ofthis mechanism will be ofincreasingimportance as global warming
leads to displacement of wild and crop plants to higher altitudes?.
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Methods

No statistical methods were used to predetermine sample size. Experi-
ments were not randomized. The investigators were not blinded to
allocation during experiments and outcome assessment.

Plant materials

InformationonA. thaliana, S. habrochaites, S. cheesmaniae, B. distach-
yon P.somniferum and C. quinoa accessions (Supplementary Table 1):
A.thaliana accessions were obtained from NASC, UK. The A. thaliana
prt6-1,-5, erfVil and individual mutant ERFVI/lines (all in Col-O acces-
sionbackground) were described previously'®*'. The flu-1 (Col-0 back-
ground) mutant® was obtained from M. Terry. The 355:PCO2-FLAG"
transgenic (Col-0 background) was obtained fromF. Licausi. Solanum
accessions were obtained from TGRC, UC Davis, USA. C. quinoa culti-
vated accessions and B. distachyon accessions were obtained from
the US National Plant Germplasm Collection Germplasm Resources
Information Network (GRIN), Beltsville, US Department of Agricul-
ture, Agricultural Research Service (http://www.ars-grin.gov/), and
the B. distachyon accession Bd21was provided by L. Mur. P. somniferum
(‘Lauren’s grape’) seeds were obtained from Mr. Fothergill’s seeds,
UK, and tomato Solanum lycopersicum (Marmande) were obtained
from Sutton Seeds, UK. The Col-0 accession prt6-1 T-DNA insertion
was introgressed through eight back-crosses into the Sha accession
following BASTA resistance conferred by the transgene. The 355:HRE2-
3xHA transgene'® from Col-0 was introgressed into Sha through five
back-crosses following BASTA resistance conferred by the transgene,
genotypingacross all five chromosomes was used to confirm absence
of detectable Col-0 genomic DNA away from both transgenes.

Growth conditions for etiolated seedlings

As previously described®®, surface-sterilized seeds were plated on
0.5xMSmedia (including 1% w/v sucrose) and chilled for 4 days at 4 °C
beforebeing exposed to constant white lightat20 °Cfor 8 htoactivate
germination. Subsequently, unless indicated otherwise, plates were
incubated in darkness at 20 °C for 5 days. For experiments using dif-
ferent oxygenlevels, open plates were placed inamethacrylate cham-
ber (1,120 x 180 x 270 mm) (Epica) and flushed until equilibrium with
water-saturated premixed gas combinations (BOC) and left for 5 days
inthe dark. Oxygenlevelsin the chamber were measured at the begin-
ning and end of the experiment using an oxygen meter attached to the
outlet pipe (KANE 250 Compact Flue Gas Analyzer-Kane International).

Generation of transgenic plants

Individual C2A and WT ERFVIItransgenes, including 2 kbp of sequence
upstream of the initiating ATG and introns in accession Col-0 were
described previously’. These were transformed into A. thaliana
accession Sha as previously described®.

Biochemical analyses

Measurements of Pchlide and ROS. Pchlide was assayed from coty-
ledons isolated from etiolated seedling as described**. Cotyledons
(or whole coleoptiles of B. distachyon) of etiolated seedlings were
homogenized in1mlice-cold 80% (v/v) acetone overnight at 4 °C. Ex-
tractions were vortexed and centrifuged, 800 pl was aliquoted into a
freshtube and 200 pl was used to measure therelative fluorescence at
room temperature (excitation: 440 nm; emission: 550-750 nm) using
eitheraVarioskan Flash (Thermo Fisher Scientific) for measurements
at SB, or BioTek Cytation 5 Multi-Mode Reader (for measurements at
ESPE). To account for differencesin cotyledon size between accessions,
images of 20 representative cotyledons for each accession in each
experiment were taken using a LeicaMZ75 and the area was measured
using Fiji (https://imagej.net/). Reported Pchlide values represent the
florescence (either from 550 to 700 nmor at 636 mn (arbitrary units))
per cotyledoninalmm?area.

ROSweredetectedin5daysold etiolated seedlings1day after transfer
tolight,10 uM 2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA)
wasincubated with seedlings for 30 minand thenwashedin10 mM MES,
0.1mM CaCl,, pH 6, for 1 h at 22 °C. Dye excitation was at 480 nm and
emitted light was detected at 535-550 nmwithaLeicaDM5000 B.ROS
and chlorophyll quantification was carried out using Fiji.

ChIP, gene expression and protein analyses. ChIP was performed as
described®. Chromatin was extracted from-3.5 g of etiolated seedlings.
Ten microgrammes of anti-HA (Sigma, H3663-200UL) was used forim-
munoprecipitation. EUKARYOTIC TRANSLATION INITIATION FACTOR
4A1 (EIF4A1,AT3G13920) and ACTIN2 (ACT2, AT3G18780) were used as
negative targets. CRUCIFERINA (CRU1, AT5G44120) and PLANT CYSTEINE
OXIDASE 1 (PCO1, AT5G15120) served as a known positive targets for
RAP2.3 and HRE2 (refs. 2°?%). Chromatin was purified using QIAquick
PCR Purification Kit (Qiagen). Quantitative PCR values of the immu-
noprecipitation product were normalized against the no-antibody
samples. Data presented shows the average of threeindependent bio-
logical repeats. Oligonucleotide primers for ChIP are listed in Supple-
mentary Table 2. For quantitative real time (QrtPCR), RNA was extracted
frometiolated seedlings using a RNeasy mini kit (Qiagen) and DNase |
on-columndigestion (Sigma). First strand cDNA was synthesized using
aqScript cDNA Synthesis Kit (Quantabio) from 0.8 pg RNA. rtPCR was
performed using PerfeCTa SYBR Green FastMix (Quantabio) and the
BioRad CFX96 qPCR system. Relative values were normalized over
housekeeping genes inthe appropriate species. Data presented shows
the average of three independent biological repeats. Oligonucleotide
primers used for rtPCR are shown in Supplementary Table 2.

Westernblots were carried out as previously described*. The mouse
anti-HA antibody (Sigma-Aldrich) was used at a concentration of 1:1,000
dilution, anti-POR (AgriseraAS05 067-10) was used at 1:4,000 dilution,
and anti-FLU (obtained from B. Grimm) was used at 1:2,000 and the
secondary antibody, goat anti-mouse IgG1 horseradish peroxidase
conjugate (Thermo Fisher Scientific) was used at 1:20,000 dilution.
Proteins were extracted from 5-day-old etiolated seedlings under green
light as previously described”. Bortizomib treatment was carried outin
6-well tissue culture plates (Fisher Scientific); a total reaction volume
of 3 mlof 50 pM Bortezomib (Santa Cruz Biotechnology) was added to
eachwell. Negative controls contained an equivalent volume of DMSO
(Sigma-Aldrich) (DMSO was used to reconstitute the Bortezomib pow-
der). Five-day-old etiolated seedlings were transferred to each well by
laying the seedlings ontop of the solutionineach well gently ensuring
that the roots of each seedlings were immersed in the reaction solu-
tion. The plate was covered with aluminium foil and placed on aflatbed
shaker (60 rpm) for 2 h, after which material was dried with paper towel
to remove excess water and frozen in liquid nitrogen immediately.

Phylogenetic analyses

Genomic DNA and CDS sequences for FLU, CHLM and hypoxia-related
gene orthologues were obtained from KEGG: Kyoto Encyclopedia of
Genes and Genomes (https://www.kegg.jp/kegg/). FLU, CHLM genomic
sequences were searched manually for potential ERFVII binding sites
and HRPE-like sequences®.

Statistics

For experimental analysis of Pchlide and quantitative reverse transcrip-
tion PCR, three independent replicates with different biological material
arereported for each experiment. For ChIP, three independent repli-
cates with different biological material were used per experiment. Each
experiment was repeated at least twice. For analysis of ROS via staining
and microscopy 8-15 seedlings were analysed and images taken for
representative samples, experiment was repeated at least three times.
Inall cases measurements were taken fromdistinct samples. Differences
inROS content were tested by general linear model (GLM) with two fac-
tors (genotype and oxygen) with fixed effects. GLM tests were carried



out with SPSSv.27. Allgraphs were produced using Graphpad software
(Version 8), also used to calculate standard deviation of the mean for
allsamples tested. Relationships between dependent and independent
variables were assessed by linear regression analysis using standard
parameters for coefficiency of determination (R?) in Graphpad.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Full versions of all blots are provided in Supplementary Fig 1. Unique
identifiers for genes from all species analysed are listed in the text.
Where appropriate, seeds of accessions and transgenic lines are avail-
able from the corresponding author. Source data are provided with
this paper.
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Extended DataFig.1| Tetrapyrrole synthesis and Pchlide steady state
levelsinetiolated seedlings. a, Schematic of tetrapyrrole synthesis showing
points of oxygen requirement?. Blue, enzymes, black metabolites. Blocked
arrowsindicaterepression. ALA, 5-aminolevulinic acid; Mg-Proto, Mg-
protoporphyrin; GIUTR, glutamyl-tRNA reductase; CHLM, MAGNESIUM-
PROTOPORPHYRINIXMETHYLTRANSFERASE; HY1, HEME OXYGENASEL; POR,
Lightrequiring PCHLIDE OXIDOREDUCTASE; FLU, FLOURESCENT IN BLUE
LIGHT. Constituents of the GluTR inactivation complex are shown, diagram
after'®. b, Linearity of the measurement of Pchlide peak fluorescence at 636 nm,

measured as arbitrary units (a.u.) per cotyledon per mm?(to account for
differing cotyledon sizes between accessions of the same species), using the
Pchlide over-accumulating Col-0O mutantflu. c, Pchlide levelsin Col-0 (wild
type) and flu.d, Levels of Pchide in A. thaliana during 7 days of etiolated growth
of Col-0 (wild-type) and flu. Experiments carried out using etiolated seedlings
after 5daysgrowthatp0,21.2kPa (48 ma.s.l) unless otherwise stated. Means
areplotted, error barsreport SD. For each n =3 biologicallyindependent
experiments.
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Extended DataFig.2|Theinfluence ofthe PRT6 N-degron pathway and
ERFVIIsonPchlidelevels. a, Pchide steady state levels in A. thaliana during 7
daysof etiolated growth of Col-0 (wild-type) and N-degron pathway mutant
prt6-1and erfVil combinations. b, Pchlide levelsat p0O,21.2kPa (48 ma.s.l) in
A.thalianaN-degron pathway mutant prt6-1and erfVIlcombinations and
individual ERFVIImutants. ¢, Pchlidelevelsin prt6, fluand prt6 flu. d, Analysis of
RNA expression of FLU and genes of tetrapyrrole synthesis in Col-0 (wild type)
anderfVIland prt6 mutants. e, Transcript levelsin Col-0 and erfVI/ at different
ambient oxygen levels. f, Accumulation of proteins for POR and FLU in Col-O

(wild type) and PRT6 N-degron pathway mutants at p0,21.2kPa (48 ma.s.l), and
in Col-0 and erfVilat differentambient oxygen levels, repeated independently
three times with similar results. Allexperiments carried out using etiolated
seedlings after 5 daysgrowth at p0,21.2kPa (48 ma.s.l) unless otherwise
stated. Meansare plotted, error bars report SD. Significant differences
denoted with letters for one-way ANOVA (p < 0.05). Coefficient of
determination (R?) is given. For each n =3 biologically independent
experiments.
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Medicago truncatula
Chenopodium quinoa 1
Solanum lycopersicum 1
2

Daucus carota

Nelumbo nucifera
Papaver somniferum
Oryza sativa japonica
Brachypodium distachyon
Amborella trichopoda

ATGGCGTCCATGATAATCCATTGCTCTTGCTTTCTTACTCCTCCAAGCTTATTCACCAAA
ATGAGAGCAATGGCGGTTGTTGTACGCTGTTCCTGTTTCCACTCTCGTCTTCACTCTTCA
ATGGCGATGATTTTTCACTGTTCTTCTCTTCTCTCCCCTGTAAGGCAGTCTGGTAATTCT
ATGGCAATAATGATGAAGCAAGGGCTTCTTTGGAGTCCTTGCCCTCATTCTATCTCACCC
ATGCAATCGGCAAAAGCAAAAGGGAAAACGCAAAATCTTATCCTCAGACCACATAGAAAA
ATGGCGGTTGTCGTCCGTTGTTCCGCCACTATTCGCCGCCCCAATTCCGGCAGTCATTCC
ATGGCGGTCTTTGTCTTCCATTGCGACTGCATGTCTTTCCGGCCATATCGGCCGTCTCCG
ATGGCGCTCCACTGTACATTTTCGCGCCCAARATCTTCAACAATTCTCATGCAATCTCAA
ATGGAGCTCCTCCTGCGTCCCTCCCCTCCGCCGCCGTGGGCGATTCCACGGCGGAGCTCT
ATGCCGCTTCTCCTGCGCCTCCGACCTCCGGCGGCGGCGCCGTCGCCGCCGTACCGGCGA
ATGGGATTAATAGTGTGTGTGAAACCCACACACCCTCCTCTAAATTCGAAATGGAAGTTT
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Extended DataFig. 3| ChIP analysis of HRE2 interaction with tetrapyrrole
synthesis-related genes. a, Conservation of ERFVIIbinding site (also known as
EBP, GCbox) and related HRPE (Hypoxia-Responsive Promoter Element®)-like
elementin thefirst coding exon of A. thaliana FLU and orthologues from
selected angiosperms (initiating ATG highlighted). b, Schematic of the CHLM
gene (repressed by ERFVIIs) showing ERFVII-binding sites and ChIP analysis of
RAP2.3-3xHA and HRE2-3xHA occupancy of CHLM gene regions (including
known positive and negative sequences?). ¢,d Conservation of ERFVII binding

siteinthe first coding exons of CHLM and CHL27 respectively. e, ChIP analysis
of HRE2-3xHA occupancy of gene regions of CHL27,PORA, PORB and HEMAL.
f, Schematics of genes showing positions of ERFVIIand ERFVII-like binding
sites. White boxes untranslated and black boxes translated regions. All
experiments carried out using etiolated seedlings after 5 days growthat pO,
21.2kPa (48 ma.s.l). Meansare plotted, error barsreport SD. Foreachn=3
biologically independent experiments.
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21.2kPainS. cheesmaniae and B. distachyon accessions collected at different original datain Supplementary Table 1c. Coefficient of determination (R?) is
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given.Meansare plotted, error barsreport SD. For each n =3 biologically
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two factors (Genotype and Oxygen) with fixed effects, both factors as well as
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Extended DataFig. 6 | Expression of RNA and protein for FLU, CHLM,
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oxygen.b, Accumulation of proteins for PORand FLU in Col-0 (wild type) and
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Extended DataFig. 8| Influence ofambient O,on expression of
hypoxia-induced RNAs inA. thaliana andS. habrochaites accessions.

a, Pchlidein A. thaliana high-altitude accession Sha, and erfVII (pentuple
mutant obtained from the low altitude accession Col-0), measured at48 ma.s.l.
(SB, p0,21.2kPa) and 2479 ma.s.l. (ESPE, p0,15.7 kPa).b, PORA/B, CHLM gene
expressioninA. thaliana accessions collected at different altitudes measured
at48ma.s.l.(p0,21.2kPa,SB) orat 2479 ma.s.l. (p0,15.7 kPa, ESPE).

¢, Hypoxia-related gene expressionin A. thaliana accessions Col-0 (low

altitude) and Sha (high altitude), at 48 ma.s.l. in different ambient levels of
oxygen.d, Expression of S. habrochaites hypoxia-related genes at 15% and 21%
ambientoxygeninaccessions fromdifferent altitudes measured at48 ma.s.l.
Carried out using etiolated seedlings after 5 days growth (48 ma.s.l). Means are
plotted, error barsreport SD, coefficient of determination (R?) is given. For
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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[ ] Adescription of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data collection  KEGG: Kyoto Encyclopedia of Genes and Genomes (https://www.kegg.jp/kegg/), release 101

Data analysis Prism Graphpad (v8), Microsoft Excel for Mac (v16), http://batchgeo.com/, BARheatmapper: http://bar.utoronto.ca/ntools/cgi-bin/
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We used three independent biological samples size following standard practice in the field. For seedling survival analyses three populations
were analyzed that consisted of either 20 or 15 seeds each.

Data exclusions  S. habrochaites accessions LAO407 and LA1721 were excluded from analysis of Pchlide levels at 15% oxygen because of a lack of seed material

Replication Data were collected from at least three independent replications for each experiment, and replication was successful and showed comparable
trends. Almost all experiments were also replicated at least twice (for a small number not enough seeds were available) with similar
observations. For Extended Data Figure 8a Sha (SB) was carried out once, but this measurement is repeated many times throughout the
manuscript with similar results.

Randomization  For phenotyping and expression analyses of different genetic materials (accessions of different species, mutants and transgenic lines),
samples were assayed and processed randomly, within each environment. For experiments analysing etiolated seedlings the positions of agar
plates containing seedlings within dark growth chambers was randomised. For ROS analyses, samples from different genotypes were also
assayed randomly in each oxygen level, with no a priori group allocation. Covariates were not considered because, for each experiment, all
samples were processed using the same protocol and growth chamber, with randomization of pots or plates.

Blinding Investigators were not blinded because this was not deemed necessary for our study. Samples were collected according to the genotype and
environment of plants, but genotypes at each environment were processed randomly (see section on randomization).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXNXNXNXNX[] s
OO0O000OX

Dual use research of concern

Antibodies

Antibodies used For ChIP: Anti-HA (Sigma, H3663-200UL; 1:2500 dilution). For Western blots: Anti-HA (Sigma, H3663-200UL; 1:1000 dilution), Anti-
POR (Agrisera ASO5 067-10,1:4000 dilution; Anti-FLU (generated by Prof. Grimm, Humboldt-Universitat zu Berlin, 1:2000 dilution);
secondary antibody, Goat anti-Mouse IgG1, HRP from Thermo Fisher Scientific, PA1 74421, 1:20000 dilution).

Validation Validation of the antibodies has been reported by the producers and in many refereed publications. According to the manufacturer
(Agrisera) anti-POR has confirmed reactivity against POR from Arabidopsis thaliana, and has been used in previous studies, eg: Ha, J.-
H., Lee, H.-J., Jung, J.-H. & Park, C.-M. Thermo-Induced Maintenance of Photo-oxidoreductases Underlies Plant Autotrophic
Development. Developmental Cell 41, 170-179.e174, doi:https://doi.org/10.1016/j.devcel.2017.03.005 (2017).
Anti-FLU antibody has been used in previous studies and has confirmed reactivity against FLU from Arabidopsis thaliana, eg: Hou, Z.
W., Pang, X. Q., Hedtke, B. & Grimm, B. In vivo functional analysis of the structural domains of FLUORESCENT (FLU). Plant J. 107,
360-376, doi:10.1111/tpj.15293 (2021).
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