
Supplemental Figure 1: COP1 and HFR1 are involved in the 26S proteasome mediated degradation PIF1 

and PIF5 in the dark.  

(A) Immunoblot shows PIF1 level in 5-day-old wild type Col-0 dark-grown seedlings treated with 20 mM 

cycloheximide (CHX) or proteasome inhibitor (40 μM Bortezomib) for the indicated hours before protein 

extraction in the dark. CK is a control without any treatment in the dark. Total protein was separated on an 8% 

SDS-PAGE gel, blotted onto PVDF membrane and probed with anti-PIF1 or anti-RPT5 antibodies. (B) 

Immunoblot shows the PIF1 level in 4-day-old wild type Col-0 or cop1-4 dark-grown seedlings with and without 

proteasome inhibitor (40 μM Bortezomib) pretreatment for the indicated time before protein extraction in the dark. 

Total protein was separated on an 8% SDS-PAGE gel, blotted onto PVDF membrane and probed with anti-PIF1 or 

anti-RPT5 antibodies. (C) Immunoblot  shows the PIF5 level in 4-day-old wild type Col-0 or cop1-4 dark-grown 

seedlings with and without proteasome inhibitor (40 μM Bortezomib) pretreatment for the 3 hours before protein 

extraction in the dark. Total protein was separated on an 8% SDS-PAGE gel, blotted onto PVDF membrane and 

probed with anti-PIF5 or anti-RPT5 antibodies. (D) Immunoblot shows the PIF5 level in 4-day-old wild type 

Col-0, cop1-4, hfr1, and cop1-4hfr1 dark-grown seedlings. Immunoblot was performed as described (C). (E) RT-

qPCR data showing the relative expression of PIF1 in wild-type and hfr1-201 mutant. RNA was extracted from 4-

day-old dark grown wild-type Col-0 and hfr1-201 seedlings and reverse transcribed into cDNA. (F) PIF1 is more 

abundant in cop1-5 compared to wild type. (Left) Immunoblot blot shows the PIF1 level in wild type Col-0 and 

cop1-5. Total protein was extracted from 4-day-old seedlings grown on the MS media in darkness. (Right) 

Quantification of PIF1 protein level using RPT5 as a control. * indicates statistically significant differences 

between means of protein levels (p<0.05). The error bars indicate standard deviation (n=3). 

0

0.2

0.4

0.6

0.8

1

1.2

Col-0

R
el

at
iv

e 
P
IF
1 

ex
p

re
ss

io
n

hfr1

A

B

4h  2h4h  

Col-0
CHX  +Bortz

2hCK 

cop1-4

3h 6h  —
Col-0

+Bortz

PIF1

RPT5

PIF1

RPT5

C

PIF5

RPT5

Col-0 Col-0 cop1-4cop1-4

- Bortezomib + Bortezomib 

D

PIF5

RPT5

Col-0 cop1-4hfr1cop1-4 hfr1

E F

0

0.5

1

1.5

2

R
el

at
iv

e 
p

ro
te

in
 le

ve
l

Col-0 cop1-5

*
PIF1

RPT5

Col-0 cop1-5

Development 144: doi:10.1242/dev.146936: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Development 144: doi:10.1242/dev.146936: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



D

E

F

DK

FRc

Col-0 #22-2#18-5

GFP-HFR1*/hfr1

GFP-HFR1
/hfr1

hfr1

0

2

4

6

8

10

12

14

H
yp

o
co

ty
l L

en
g

th
 (

m
m

) A A
A A A

GFP-HFR1*/hfr1

#22-2#18-5GFP-HFR1
/hfr1

hfr1Col-0

0

2

4

6

8

H
yp

o
co

ty
l L

en
g

th
 (

m
m

)

A A A

B

C

Col-0 GFP-HFR1
/hfr1

#22-2#18-5

GFP-HFR1*/hfr1

hfr1

Supplemental Figure 3:  HFR1* is stable in the dark and is non-functional in vivo.  
(A) Immunoblot shows the GFP-HFR1 and GFP-HFR1* protein levels. Two batches of Arabidopsis 
seedlings expressing GFP-HFR1 or GFP-HFR1* were grown in the dark for 4 days and then one 
batch of seedlings was transferred to white light (WL) condition for 6 hours before total protein was 
extracted. Total protein was separated on 8% SDS-PAGE gel, blotted onto PVDF membrane and 
probed with anti-GFP or anti-Actin antibodies. (B) Quantification of GFP-HFR1 and GFP-HFR1* 
protein levels using Actin as a control. The letters “A” to “B” indicate statistically significant 
differences between means of relative protein levels of the indicated genotypes, (p<0.05). The error 
bars indicate standard deviation (n=3). C) Quantification of GFP-HFR1 and GFP-HFR1* mRNA 
levels using PP2A as a control in lines used in (A). Four-day-old dark-grown seedlings were used 
for RNA isolation. Error bars show standard deviation. ** p<0.01 (Student two-tailed t-test). D) 
Photographs of seedlings of various genotypes as indicated grown in the dark for 5 days or grown 
in the dark for 21 hours and then transferred to continuous FR light (0.45 μmol/m2/s) for 4 days. 
White bar=5mm. (E and F) Bar graphs showing the hypocotyl lengths for the seedlings grown in 
the dark (E) or far-red light (F). Error bars indicate standard deviation. The letters “A” to “E” 
indicate statistically significant differences between means for hypocotyl lengths (p<0.05), (n>30, 
three biological replicates). 
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Supplemental Figure 4: GFP-HFR1* does not rescue phenotype in the cop1-4 

background. 

(A and C) Photographs of seedlings of various genotypes as indicated grown in the dark for 

5 days (A) or grown in the dark for 21 hours and then transferred to continuous FR light 

(0.45 μmol/m2/s) for 4 days (C). White bar=5mm. (B and D) Bar graphs showing the 

hypocotyl lengths for the seedlings shown in A and C. Error bars indicate standard 

deviation. The letters “A” to “E” indicate statistically significant differences between 

means for hypocotyl lengths (p<0.05), (n>30, three biological replicates). 
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Supplemental Figure 5: Expression of PIF1 and HFR1 in seeds and seedlings.  

PIF1 is expressed more in the seeds compared to seedlings (A), while HFR1 is highly expressed 

at the seedling stage compared to seed stage (B). RT-qPCR data showing the relative expression 

of PIF1 and  HFR1 in wild-type (Col-0) and cop1-4 seedlings compared to seeds. RNA was 

extracted from 4-day-old dark grown wild-type Col-0, cop1-4 seedlings and imbibed seeds. 

PP2A (At1g13320) was used as a control for normalization of the expression data. Inset in (B) 

shows HFR1 expression in Col-0 and cop1-4 seeds. 
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Supplemental Figure 6: GFP and native HFR1 mRNA levels in various backgrounds.  

(A) Bar graph showing the GFP mRNA levels in the different genotypes as indicated. GFP 

mRNA level was determined using RT-qPCR assays using primers designed from the GFP 

region. Total RNA was isolated from 4-day-old dark-grown seedlings for RT-qPCR assays (n= 3 

independent biological repeats). PP2A was used as an internal control. GFP-HFR1 was set as 1 

and the relative gene expression levels were calculated. Error bars indicate standard deviation. (B) 

Bar graph shows the native HFR1 mRNA level in the wild type (Col-0) and pifq based on RNA-

seq data as described {Zhang, 2013 #419}. Error bars indicate standard deviation. *, indicates 

significant difference (p<0.05). 
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Supplemental Figure 7: hfr1 partially suppresses the synergistic promotion of photomorphogenesis 

in the cop1-6pif1 background in the dark and far-red light.  

(A-B) (Top) Photographs of cotyledon angles of dark and FRc light grown seedlings, including wild 

type, pif1, cop1-6, cop1-6pif1, cop1-6pif1hfr1, cop1-6hfr1, hfr1pif1 and hfr1. Seedlings were grown 

either in the dark for 5 days (A) or grown in the dark for 21 hours then transferred to continuous FRc 

(0.06 μmol/m2/s) for 4 days (B). (Bottom) Bar graph showing cotyledon angles of various genotypes as 

indicated. (C-D) (Top) Photographs of cotyledon areas of dark and FRc light grown seedlings. (Bottom) 

Bar graph showing cotyledon areas of various genotypes as indicated above. Error bars indicate standard 

deviation. The letters “A” to “E” indicate statistically significant differences between means for 

hypocotyl lengths, cotyledon angle and cotyledon area of the indicated genotypes, (p<0.05), (n>30, three 

biological replicates). 
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Table S1 

Supplemental Table 1: Primer sequences used in experiments described in the text. 

Gene Forward Reverse

For qRT-PCR 

GFP AAGCTGACCCTGAAGTTCATCTGC CTTGTAGTTGCCGTCGTCCTTGAA
PP2A TATCGGATGACGATTCTTCGTGCAG GCTTGGTCGACTATCGGAATGAGAG
RGA CATTCCCGGAAACGCGATTTATCAG TCACCGTCGTTCCTATGACTCCAC
GAI AGCGTCATGAAACGTTGAGTCAGTG TGCCAACCCAACATGAGACAGC
PIL2 CACCACCATGGATGATACTCTTC TTCTTGCAAAGGGCCAAAGATCC
FHL TCTGAGCATCAAGCCTCTCTTG TCATCGCTGGTTTTTGTGTTCT

HFR1 ATTGGCCATTACCACCGTTTAC TGAGGAGAAGAAGCTGGTGATG

PIF1 TGAATCCCGTAGCGAGGAAACAA TTCCACATCCCATTGACATCATCTG 

For HFR1*GFP site directed mutagenesis 
HFR1-
pENTRY 
Cloning 

CACCATGTCGAATAATCAAGCTTTCATGG TAGTCTTCTCATCGCATGGGAAGAAAA
ATCC 

HFR1-
Mutagenesis 

CAAGACGGACAAGGTTTCGGATGAGGACA
AGACCATAGAG 

CTCTATGGTCTTGTCCTCATCCGAAACC
TTGTCCGTCTTG 

For Yeast two hybrid assay 

HFR1 CGAGAATTCATGTCGAATAATCAAGCTTTC CCTGTCGACTCATAGTCTTCTCATCGCA
TG 

HFR1* CTGGAATTCATGTCGAATAATCAAGCTTTC CTGGTCGACTCATAGTCTTCTCATCGCA
TG 

PIF1-C328 CTGGAATTCAGAGGGGATTTTAATAACGG CTGGTCGACTTAACCTGTTGTGTGGTTT
CC 
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