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Figure S1, Related to Figure 2. Group VII ERFs function to control apical hook opening.
A,B,C. Comparison of apical hook opening of WT (Col-0), prt6 and prt6 in combination with increasing numbers of null 
mutated erfVII genes. The lowest order mutant combination that can open its hook is prt6rap2.12rap2.2rap2.3.
D. NO synthesis is required for hook opening. Mutants with reduced NO synthesis, nia1nia2, noa1-2, nia1nia2noa1-2 
all show maintenance of the apical hook in normoxia compared to WT (Col-0).
E. Application of NO gas (70ppm) removes the hook maintenance phenotype of nia1nia2, noa1-2 and nia1nia2noa1-2.  
F. WT (Col-0) seedling hooks remain closed during extended hypoxia but open rapidly on transfer to normoxia. erfVII 
hooks open rapidly even in hypoxia. 
G. Hypocotyl elongation is not affected by hypoxia in WT and erfVII, or normoxia in prt6.
H. A gradient of auxin activity is maintained at the apical hook under hypoxia. WT transgenic seedlings expressing the 
auxin reporter DR5::GUS were grown for six days in normoxia or transferred after three days to hypoxic conditions. 
GUS staining was carried out for only four hours because longer staining resulted in very dark blue hooks.

Error bars indicate standard deviation from the mean.



Figure S2, Related to Figure 3. Response of cotyledons to long term growth in the dark. 
A. Schematic of experimental design. 
B. Analysis of cotyledon phenotypes. Reactive Oxygen Species (ROS) accumulation in cotyledons is 
shown. Green fluorescence (H2DCFDA staining) indicates ROS. Chlorophyll auto fluorescence is shown in 
red, bright field images of seedlings are shown for comparison.
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Figure S3, Related to Figure 4. Expression of many tetrapyrrole biosynthesis genes is not 
affected by hypoxia, and light and hypoxia influence ERFVII subcellular location Quantitative 
(Q)rtPCR analysis of chlorophyll biosynthesis gene expression in etiolated seedlings of WT (Col-0) and 
N-end rule pathway mutants grown in normoxia or hypoxia. 
A. Experimental setup. Etiolated seedlings were grown for four days in the dark, the final 2 days being in 
either normoxia or hypoxia, then seedlings were left in the dark (this figure) or exposed to light (Figure 
4) for 6 hours. 
B. Schematic of the chlorophyll biosynthesis pathway in higher plants. C. QrtPCR of selected genes 
from 4 day old etiolated seedlings, the final 2 days being in either normoxia or hypoxia.
D. Hypoxia causes delayed in light-regulated removal of nuclear located YFP-RAP2.3 (35S:YFP-
RAP2.3)  
in (I) hypocotyls and (II) cotyledons. 
Error bars indicate standard deviation from the mean.



Supplemental Experimental Procedures: 
 

Plant material: 

 Unless otherwise stated Arabidopsis thaliana seeds were obtained from the 

Nottingham Arabidopsis Stock Centre (NASC) and were grown for propagation as 

previously described [S1]. All mutants are in the Col-0 (Wild Type) accession. Novel 

reported mutant combinations were identified by PCR (genotyping primers as 

previously described [S1]). White poppy (Papaver somniferum L.) and Nicotiana 

benthamiana Domin. seeds were obtained from Cristina Ferrándiz (IBMCP, Valencia, 

Spain). A pENTR vector containing the RAP2.3 ORF has been described [S2]. To 

prepare 35S:YFP-RAP2.3, the RAP2.3 entry clone was transferred by a LR reaction to 

the destination vector pEarleyGate104 [S3] using the Gateway technology 

(Invitrogen). Transgenic Arabidopsis containing promERFVII:MA-ERFVII constructs, 

using full-length genomic DNA sequence (2 kb upstream of the ATG, finishing at the 

STOP codon) as PCR template, were produced as previously described for 

promRAP2.3:MA-RAP2.3 [S1] using primers described in Table S1, and transformed 

into Agrobacterium (strain GV3101 pMP90) and Arabidopsis using standard 

protocols [S4]. 

 

Analysis of seedling growth: 

Seeds were plated on half-strength Murashige and Skoog (MS) medium (Duchefa) 

with 1% sucrose, 1% agar (pH 5.7), chilled for 2 to 4 days at 4°C, and exposed to 

white fluorescent light (90–100 µmol m−2 sec−1) for 8-12 hours at 22°C to initiate 

germination, after which plates were incubated in darkness, unless indicated in the 

text. Experiments analyzing the effect of different oxygen levels were conducted as 

follows; seedlings were placed 48 hours after germination in a transparent 



methacrylate container (volume = 22 l) connected to a nitrogen (N2) cylinder (Linde 

Industrial Gases, Spain) and an oxygen meter attached to the outlet pipe (KANE250 

Compact Flue Gas Analyzer-Kane International Ltd, UK). Nitrogen was flushed into 

the system until the desired oxygen level was reached, and oxygen levels were 

monitored at the beginning and end of the experiment. For NO treatments, 70 ppm 

(final concentration) pure NO (Linde Industrial Gases, Spain) was injected into the 

container. For analysis of Reactive Oxygen Species (ROS) seedlings were grown in 

the dark in normoxia or hypoxia and moved into continuous white light (95 µmol 

m−2 s−1) for an additional 4 d. Seedlings were incubated for 30 min at 4°C in 10 µM 

H2DCFDA (a ROS-sensitive dye) and then washed with 10 mM MES, 0.1 mM 

CaCl2, pH 6, for 60 min at 22°C. Dye excitation was at 480 nm; emitted light was 

detected at 535 to 550 nm with a Nikon Eclipse E600 [S5, 6].  

 

Time-course analysis of apical hook development 

Development of seedlings was recorded at 1-hour intervals for 7 days from transfer to 

dark at 22°C with an infrared light source (850 nm LED) by a spectrum-enhanced 

camera (Microsoft lifestudio). Angles between the hypocotyl axis and cotyledons 

were measured with ImageJ (NIH; http://rsb.info.nih.gov/ij) as previously reported 

[S7]. Fifteen seedlings with synchronized germination were processed. Experiments 

were repeated at least twice. 

 

Gene expression analysis 

RNA extraction, cDNA synthesis, and quantitative RT-PCR (RT-qPCR) have been 

previously described [S8]. Gene-specific signals were normalized over those of the 

EF1a (AT5G60390).  For primers used see table S1. In the case of DR5::GUS, β-



glucuronidase (GUS) staining was performed as described previously [S9].  Seedlings 

were collected and fixed with 90% cold  acetone, washed twice with a solution of 50 

mM NaPO4 (pH 7.2), 0.2 % (v/v) Triton X-100 (Sigma), 2 mM Potassium 

Ferrocyanide and Potassium Ferricyanide (Sigma), then 1 mM X-Gluc  (Sigma) was 

added and seedlings were stained overnight at 37°C then cleared with a series of 

ethanol washes and with chloral hydrate (Sigma) for 2 days. Images were taken using 

a Nikon Eclipse E600 scope. 

 

Confocal microscopy 

Fresh seedlings were mounted on slides with water. Images were taken using a Zeiss 

LSM 780 confocal microscope on an Axio Observer (Zeiss, http://www.zeiss.com) 

with a detection wavelength of 497-532 nm. 

 

Analysis of chlorophyll and protochlorophyllide 

Four-day-old dark-grown seedlings were exposed to white light for 6 h of and 

chlorophyll was extracted in darkness from 100 mg tissue with 1  ml of acetone (80%) 

at 4°C. The chlorophyll content was calculated using spectrophotometric absorbance 

(A) at wavelengths of 603, 645 and 663  nm and 80% acetone as a control, and shown 

as milligram of chlorophyll per gram of fresh tissue as follows: Chlorophyll a (mg  g-1) 

= 12.7  ×  A663  -  2.69  ×  A645; chlorophyll b (mg  g-1) = 22.9  ×  A645  -  4.86  ×  A663: and 

chlorophyll a+b (mg  g-1) = 8.02  ×  A663 + 20.20  ×  A645. Protochlorophyllide levels were 

measured as previously described [S10, 11]. Twenty dark-grown seedlings were 

homogenized in 0.8 ml of ice-cold 90% acetone and 0.1% ammonia, left on ice in 

darkness for 6 hours, centrifuged for 20 minutes at 4°C, and then relative fluorescence 



(excitation at 440 nm; emission between 600-700 nm) was measured at room 

temperature. 
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