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Supplementary Figure 1. PCH1 and PCHL interact with phyB. a MS identification
of PCH1 as a phyB interacting protein. phyB-NLS-GFP was immunoprecipitated from
seedlings grown in the dark and exposed to red light (7 pmol m™ s™) for 10 min; control
seedlings were kept in darkness. Proteins co-immunoprecipitating with phyB were analysed
by MS/MS. Peptide counts are shown in the table. Individual peptides mapping to PCH1 are
shown below (in different colours and underlined). b Co-immunoprecipitation of phyB-GFP
and c-Myc-mCherry-PCH1 from stable transgenic Arabidopsis. Four day-old dark-grown
seedlings co-expressing c-Myc-mCherry-PCH1 and phyB-GFP were either treated with red
light (R, 7 pmol m? s™) for 10 min or kept in darkness (D). Total native protein extracts were
prepared and immunoprecipitation performed using o-GFP antibody. a-c-Myc and a-GFP
antibodies were used to detect c-Myc-mCherry-PCH1 and phyB-GFP, respectively. ¢ Co-
immunoprecipitation of phyB and PCH1/PCHL from mammalian cells. PhyB was expressed
as a nuclear-localisation-signal (NLS)-GFP fusion in HEK293T cells with either c-Myc-
mCherry-tagged PCH1 or PCHL. Immunoprecipitations were performed using total native
protein extracts and a-GFP labelled beads. a-GFP and a-c-Myc antibodies were used to detect
phyB, PCH1, and PCHL in both input and elution. PhyB in HEK293T cell extracts was not
photoactive under the conditions used, preventing analysis of the effects of light on the
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interaction. Levels of PCH1 and PCHL in HEK293T cells are too low to reliably detect by
immunoblotting. b, ¢ The molecular size marker (kDa) is shown on the left. d Expression of
PCH1 and PCHL in HEK293T cells can be detected by fluorescence microscopy. GFP and
mCherry specific filter sets were used to visualise expression of phyB-NLS-GFP and
c-Myc-mCherry-PCH1/-PCHL in HEK293T cells used for Co-IP assays in c. Scale bar =
100 pm.

2/29



Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_thaliana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64
Populus_trichocarpa_B9HOTO
Vitis_vinifera_F610L3
Phaseolus_vulgaris_V7AG55
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_ITHQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_thaliana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64
Populus_trichocarpa_B9HOTO
Vitis_vinifera_F610L3
Phaseolus_vulgaris_V7AG55
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_I1HQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_thaliana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64
Populus_trichocarpa_B9HOTO
Vitis_vinifera_F610L3
Phaseolus_vuIgarls_V7AGSS
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_I1HQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_thaliana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64
Populus_trichocarpa_B9HOTO
Vitis_vinifera_F610L3
Phaseolus_vulgaris_V7AG55
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_ITHQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_ thallana PCHL_065680
Glyclne_max_AOAOROH154
Glycine_max_K7LP91
Ricinus_communis_B9RH64
Populus_trichocarpa_B9HOTO
Vitis_vinifera_F610L3
Phaseolus_vulgaris_V7AG55
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_I1HQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_thaliana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64
Populus_trichocarpa_B9HOTO
Vitis_vinifera_F610L3
Phaseolus_vulgaris_V7AG55
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_I1HQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_thaliana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64

Populu tnchocarpa B9HOTO

Phaseolus_vuIgans_V7AGSS
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_ITHQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabldopsls_thal|ana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64
Populus_trichocarpa_B9HOTO
Vitis_vinifera_F610L3
Phaseolus_vulgaris_V7AG55
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_I1HQH6
Oryza_sativa_japonica_Q6L4G0
Oryza_sativa_indica_A2WTW7

Arabidopsis_thaliana_PCH1_Q84V03-2
Arabidopsis_thaliana_PCHL_065680
Glycine_max_AOAOROH1S4
Glycine_max_K7LP91
Ricinus_communis_B9RH64

Populu tnchocarpa BIHOTO

Phaseolus_vuIgarls_V7AGSS
Solanum_tuberosum_M0Z)95
Brachypodium_distachyon_I1HQH6
Oryza_sativa_japonica_Q6L4G0
Oryza sativa indica A2WTW7

20 30 40 30 60 70
1--- - - MS HVMVLGKGNKGISKNSSVNPY IAWLGRWTQSGS E VK FHDGERNCBKQL | RPE
1--- - -MSEHFMGLSK- - - - -NKNAKE IHLPE!

VKEEKE - -DNGAEQRDLLGGLDS

-MKSTEPACNRLR I DC 54
1 MKAERVSSRRKS | S LS | MMPDBVARQA FHDGDRVEAQA - MHRN@S AWMA -¥KSATPACKNLGVDSEVRKEKE - - DSGAEQHDLLGGLDSS 92
1--- RIVQSDHDKDNVPDKS - MKP F| H RP | DDAQNQLS LPSESGKNTQRCKRQNS LGERE FETGNS 75
1--- RVLQS YQDRDD | PVKS - TKQC| HY CRKANEAPQQLGHDPPEVFNGN - - KYH§L LSGPEME TGSS| 73
1--- RVVQTYNDTDGPTGQS - I RS Y| v CKAAPKVHNSLFDHCENREDDRDAMQHP LPSTLE | ASDVS| 75
1--- TAAES CHDGERVGDQA - MNRNR AWMTIN KSASLACNRLGVDCELKEDKE - - DSGAEQHGLLGG I DS§| 75
1--- -MSBHVKQS YSDCDGRTGKS - THS VASVWMAHW INSMAE TQNHAS TALGNKENDQ- - DSKPLQS | VKME TMS§ 73
1--- MSDBASRRFGEK- DFEIMLSKSDVRE s vRKHMMARM DGNSAEPLNSKSCRPFEE | DDVGYSKDCGNLP F ELMKARVAERLMVG 87
e T GEPS - - KHS( SSAEPQVGRSNDSPEDAKYD | CEDNSGPSNFE IMKSRLFERLMVG 66
1--- -MPESSTNRFCKKVDLEVLPSRSDVGESSYHKH.LWMAINAR I SPEPQNGQSICSP LKE I DDVGYSKDCGALPFELMKARVAERLMVG 88

190

60 -------- -- -- -- HGVEV LPEPMEKVSQKRE 77
55 MHAGAVGEAARATSVTF TNEADDEKS S- - FPTEKFSRKLDGGLSEQREQHDREGGKS E TEPCSGDEDDN | SENRTGTSGAGLESMSAHASPK 152
93 MRAGAVGEAARATSVTFSNEADDEKSKKAGCBPKP - - FRTFKFSRKLDGRLS LQREQHDGEGGKSE TEPCSG - - DGNVSLNRAGTSGVGLSLASAHAPPK 188
76 KFVKEFREMHN - - - - VIMNECSTTGLRKLRHETSSKGQQFPMFKSSHNRDG | VPMKNGE SSSPQEGLVSSQMDPSSRCDVS - LGQ I DKCLLPMHESAPSK 170
74 KFVTGLGEVNKGKR | NVMNDN L TMSPRRLRNEMFEGQSS FAMFKPSQDRESVLYLENVVSSGNREGVLKSR IGTNSE YDVS - HGRNEDHLPS | PAQALPE 172
76 KCAKGFREVAEARTVNTMKEGLPMSMRASKNERLD - HLTFP | FNPRQNRES | LARKN - DPTTTHKQVLRSQVDYKSGYDATNLAAKKSHFPLVLAWAPPE 173
76 VHAGPVGEAVRATSVS FNSEADNEKAKRKACCBSKS - - FRTLKFTGKLDRKLPLQREQQDGEDGKSEAEPCSG- - DGNVSLNRDGASGAGLSS IPALVP LN 171
74 KSVKRLRESET- - - -QTFEVINETSSRTIAKETLG - NWS LPMHNPCENVKTPFQDPLDCGKTHP YD IGRGTVASRPF | DNP - SHLASHLVPYRDPGHY I T 167

88 VSHGGAS SGS TRQLSSNMWGVAHDVS
67 | SQERASLEHGQKLNSNMKVVVKDAR;
89 VSHGGVSAGN TRQFS TNMRGVARDVC

210 220

EVQCKNTD-QFDRPFESSMVQKNVNLYAAKTVVSGRFSVHKPSDLSVDSHKLLSSDSLSSE! FPMFAINRK 186
HAVQNQ 1D -QGDGP | QKSVMQKDV - - LYAKAVVSKSLS IQKLSELSVDCQKLAGSDDLSSEWNHFPMLAINRK 163
EVQCKNVD - QMGSSIFESSVMQKNVNEYAAKTVVSERYSVHK I SD I LVDSRKLEGTENLSSEWNHEPMEEINRK 187

230

290

245 I SLVHERKIN- - - -

i 7 7
78 TTHTTTTKPS FHEDVGS S SRAMVNRMPWMYPQGENE .- - .- --113
153 | LAKECQVLS@EVLP - TALLMKSPWDVEQKNLAVSTS LWNBFVKSDSD I VPNRCDKI IPQFTHEPFE[IICQSSYNLASRGR- - - - --FTSTK 241
189 |EALAKECQVLSQEVLP - TALVMKSPWDVEQKNLAVSTSPWNDFAKSASDI VPNGRDKI MPQFTHEPFEICQSSYHLASRGQ- - - - --FTSTK 277
171 REFQTLETHFEH I TSNLNQQVKSNKLLEDHKFFISESLKDEFLGSTSGIVPSKFNS! P1EPFFPRQDFIN - -- -- - -- 244
173 VE | QERKSQFQAEDLNLVPEQRVKSNSFLEWSSRVVSAHVQDDFVRSTPD I VP YEFEVGRAP | QPFFSRLDH IN - - - 246
174 EGHSSRECHFQPEGMAQNPEHBQPQVHNF I EKNS LAVSKS LHDEF | GSSSN I VPNRFNN VLPFMSNQERVNPSNFISASKEHFKDVNLTQVEREHYN 273
172 1QFVVKECQVLSQEVLP - TALLMKSPWDVEQKNLTVSTS LWDBFVKSASDAVPNGRSKI MPQFETHEPFEICQSSYNLASRGR- - - - STK 260
168 KESEKTQKAF I SRSFLAAKEEVPRLGMLEHEHGRS

187 | I LNPRR-SALATSSDKIFVPQNTLKAN ISTSNVMAFSSKEYQFQTHQVSDENMTHC| GV | LSHLDDDVGLNSDRAVRKLKG- - --

164 | I LNPKRKSAKSTGPNDVFVPKQTLKLNMTTANLMAFSSQEYE LHSHRTTDE TMDHCRHAGG | VSRLEDHAGVMLNPAEQKLKG- - --

188 | I LNPRR-SALVESSEK | FVPQKSVKINMS TSNVMS FSSKE¥QLHTHQVTDENR - QC| RGMLSHLDNYEGLNSDHAGKKLKG- - --

340

242 YHTFSSLLIS KKMSSLLDPQKSSFPRWMQGGTAHLPHNSMASSDDR- YF1RG-QHHE | EKYVANPNITCQTESLESAKPQNLYGLSSVAAQMPCS - - [IH 337
278 YHTFSSLL I SEKKMSSLLDPQKSSFSRWMQGG | AHLPHDSMAGSDDRLYF | RG- QHHE | EKYVANPNI TCQTESSKSAKPQNLYGLSSLVAQVPCS- - IR 374

-QPN - -NNATLLEDDPSTSNNRLRNFLGE - QUQKMPNHSD | KLEDRQVRLPD - - - - ARLYHGSYELP T I PP - - SVQ 321

-EPG
YESYSAFFEVC
YHTFSISLLIS

247 TSLVHEKKMN - - - - - -KNAGLLFRDPSTSNNQPRDFFGK-SFHMMPNRSDFELLPRQISTRGDSQLGKLYNGSYALPTLP - - - SVH 326
274 KKMQDHLKPGNSKFSLFRQNDKDLLLHDASTSNNELALFLEE - RWQKMQNPDG I ESFPSRSSPL I VGELEKLNHRS YSQQKMPCSASAH 372
261 KKMSSLLDPQRS FFSRWMEGGS TRLPHDSVAGSGDRLYF I GGSKQHE | EKYVSNPNITCQTESSESPKLQKLCGPNSMVEQMPCS - - IH 358
209 - - - - - - - - oo QNDSFLLDAPSTSRKLLPKFGGE - EFQKNPGYSFVRLLKNEPSLSHETESKELQKLPHP - - - - - - - - - 68
274 S | EE§/CSCSKI ETNSACSLLADELRSSH---»SKGSPFWSGKDKFMFEASRKENEIVEDFFLQQKLG.SGGCQKEQDFE VAFHEPALGRE YQMKSVNAS 368
252 LPAT CSCSK DSNSSDS - LLDEQHTSRY | ADSDQEP TCRSREKRLKSSENNDTNCK | GS CSQNQKSRAPGHHKHKGSAGVMFRTSVPGKE FEAAE INCS 350

274 S 1EEPCSCSKBDTDSSCS - LADEHHARHY | PNSKKSPHRSCKNSSVYSASKMENQEVEGS LLEHKSEVYGACKKKQHLEGVAFHESALHREHEIIKSVKIET 372
420

430 440 460 470 480 490

114 - ISSNRLDFPIQIKTTQNLLELIRPVRI.A.VDSVNLPKE.SHQLL KIFGGYLDLFPNQDHSHNIGGVRL SLESSKDI -- - - 202
e -HLL: KMLT- - - -LFPNLDS- - - - - - - -- .- 75
338 VGCMKIYTGID E5SRGRPK|I|S@FHHHFLMS KN TBVNFSB - SQS F! PPTNG HALKGLKL ALGSSMK -- 427
375 MK 1 YTSIDSVEESSRGHP K I SQTTHHFLMS KK TBVN FSBRGQF F PPTSG-HALKGLKLEDLGSP IKS- - - - - 465
322 VE MKMCTTIGSLEEYT! CPPKESQTTHHFL I TKKTDVNLFDGGQTF PDLAF - NVRQGVKL@SLDSSTDS - - - -- 412
327 DGE[MR | RTTIDSMEE FSRGPPMYTQTTHS FF | KKK TBVN LPDGAQMF! PDFGF - HVKQGVKLLPLDSSTGSEGKES TGN 425
373 BVEM TR | CTAVD LGGCPPKFCQTTHHVV I TKKNBDNLPKGGP | F PGFGS - HGRHGVKL@P IEGS I DS - - - - - 463
359 DVGSMK | YTSIDSVEESSRGHP K SQTTHH | LMSKNTTI PPTSD-HALGALKLEGIGSS IKS- - - - - 449
269 DVEMMR TSN TMDSVVGMAGYRP CVSQTTHSML | TKGADAGL F NNVIGN.R IQNCFTGS - - - 59
369 SISKGIDVD INGHAGTFADLEQGEQQHPS TQNGDSPANLTESSKLPDMW | EK | MLTLPCKBHVTCSKDP 468
351 WKIN--- - QRHLNTQRIVSAANVTGSC- | PDPAAD I EAVTQ- - PSSIISGDS TKR| MLT | PSKAQNMNPEDS 427

373 Al TNEGDMDTNGH.VDFGN L LQSDQ.YLNK-EDSAVN LTESCKTPDA I BSAMI L|
510 520 540 550

DESLLAQEKR|
560

METQP TKENVKCS I DR 472
590

INNKL I DNKR;
570

NI
K|

KLPA
INQQT]

580
203
76
NVQDFKYP - TCLK
INVQDFKYP - TCLK|
NIENIHTSAVNLK|
NIKNANTSAVNEES
DVGEVRISAINSK|
NVHDFKYP - TCLK|
NI EDRKPSEFVLK]

NLPGDVP LQTNKCSKDS
NPPGDVP FQTNKCSKDS
HLSGGVSS | PNKD I NGAI
HLSGVASLQSDKD I NEG
HLSGATSSPLNKDVLRS

AT |
AT ISAREKT I AKSVNTTI P!

AIDSVREGNRGRLPN | ELP:
IAGMPS|VRQE | KGRQMNTE LP|

VATVAPAR - EFRGRLPNSDLP)
IGVPGDVSLQTNKCSKDS T

KVAT ISSREKTLAKSMNTAILP
\VEQEKNQLCGTSSS | AKKVNKMDQTSPRRLALEGSRKEAGHKQFK - L
THH - ASKSTAGFASMPIQKDRGCSD K

RLVS
NIGSHLFGANNK SSTETEIL GDSQHAK|
FYSEAHH - ASKSTAGFASASMOKDLGYPF.AK

690

640 650 670 680 6
RDCKR- - VRLEPE VEA SP) - - BEFKEMMKMKEABLGEKENNNLFLETLKS 351
LLRECKR- - IWEDSE TNSR NAADNRGNETKNMMV FEEGPSGKKVN -HFFHSIF - - 178
EHARSS LCTLGS - AHGTGS TK|IGETSS - - HEKVNN I XGK I MKD 603
LCTL NGTESTKIG KVNN I LGK|I LKD 641
FAHGTK LKMA KVNKLESKILNH 593
------ KFSKLENKMLRH 610

]
LAFG!

- SIVSCSKRLK 1GDG -

IAREKT I AKSVNTTI P

262 PLVPDRENSVDGH:
85 P | VADRENSIDGE
512 QELLAEESPVVDR
550 QELLTEESPVVDR

ARMBLDLMQFQLSRMRN

Ql IDSKDPHHLP/CSKRSKAGDGS
SEMNLBLVLFQISRLKNP I PNALN:

DT IVPCSKKPKVGDG- - -

-s

740 770
BSZGINNL PR-NQEPVV- QBIND LRQGGD| CKKK_TDQPTGQEASF.PE. IAAMALM 428
QNKNLNMG VNSN | AAMAMM 252
504 KS-BLTEAKKTV] SRKRHELGE LH | AAMAMM 699
642 LTAAKKTV| SQKRHE I GE LH IAAMALM 737
594 IAVPVRK | Q) SKAKPEGGVVC PQN LAAMALM 691
AEIY TDPARKSQ SPKKKPGAVVVS LPE AAMALM 706
DSISS I DSLKKSQ PKKKPDAVVVC I AAMALM 742
KC-MLTEAKKTV| SQKRHELGE LR QK I AAMALM 720
LASSSKRHGKE LMVHNNTANLTMNSSPASMSV | KKDLEAL TSHS! APKRPQPVVVCEPQ! LGAMALM 630
RTSMIKHVKEDQLMHE TSMEQENQDLSS | SAKS LNDW I GRWCQGGTPS FHGTSSLGKQSRKS - - - - TSPP | AAMAMM 725
575 AS MAPRCDGSNDDDD | VDRDHKEEQGLDEGVE | QGGREASPVPAKSDDRWIGRWCQGGVPV YHEDDHDQRKEVTKPDLAAGDSGGL, | KAMAMM 674
644 CHVFGQVFDCDSBS TGMINHVKN - KL | CKGLEDQQSQEGSPMSAKS LNRWIGRWCRGGHP V FHGTSNILERQEAKS - - - - GMPSBDL IAAMAMM 738
810 820
429 GRALSGUNPNGLR| L ARDIR - 455
253 RKALSG I NPTGCR| LFVWNAEDLS - 279
700 GRAMNS LNPSEL TKKGP V | VWNMKGF - - 725
738 GRAMNNLNPSEL | PV | VWNMKGF - - 763
692 GKAI FHPCKFR MGSF | NKGLK- 718
707 GKAMNGF CP 730
743 GKAMTS FHP FR LVVWDAKGFLR 770
721 GKAMNS LNSSE L 743
631 GRAMNGFQP CEFH PLV TKNF- 656
726 GRVMNK LRP CE LQKRGP TEGL- - 751
675 GRAMS KVRP CQE E FMVWKA - - - - - 697
739 GRVMNK LRP CELQKRGPSVVWRTEGL - - 764

Supplementary Figure 2. Sequence alignment for PCH1/PCHL related proteins.
Arabidopsis PCH1 and PCHL were used for a BLAST search at www.uniprot.org.
PCH1/PCHL related sequences from different species were aligned to Arabidopsis PCH1 and
PCHL using CLUSTALW '* with default settings. Sequences are named by the species name
and their UniProt identifier. The upper two sequences are Arabidopsis PCH1 and PCHL.
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Supplementary Figure 3. PCH1 and PCHL promote photomorphogenesis under
continuous monochromatic red light. a—c The red light hypersensitivity of PCH1lox
seedlings strongly depends on phyB. Wild type (Col-0), phyA-211, phyB-9, phyA-211 phyB-9,
as well as seedlings over-expressing HA-YFP-PCH1 (PCHlox) in wild type, phyA-211,
phyB-9, or phyA-211 phyB-9 backgrounds were grown for 4 days in red light of different
fluence rates. Data for Col-0 and PCH1ox in a—c are identical. d, e PCHLox seedlings are
hypersensitive to red light. Wild type (Col-0), phyA-211, phyB-9, phyA-211 phyB-9, and
seedlings over-expressing HA-YFP-PCHL (PCHLox) in wild type or mutant backgrounds
were grown in red light of different fluence rates. Col-0 PCH1ox seedlings were included for
comparison. f The pch1 mutant is hyposensitive to red light. Wild type (Col-0), phyB-9, pch1,
pchl, and pchl pchl seedlings were grown for 4 days in red light of different fluence rates.
Data for Col-0, phyB-9, and pchl in f and i are identical. g Over-expression of PCH1 and
PCHL only slightly affects hypocotyl growth in far-red light. Wild type (Col-0), phyA-211,
PCH1lox, and PCHLox seedlings were grown for 4 days in far-red light of different fluence
rates. Data for Col-0 and phyA-211 in g and h are identical. h The pchl mutant normally
responds to far-red light. Wild type (Col-0), phyA-211, pchl, pchl, and pchl pchl seedlings
were grown for 4 days in far-red light of different fluence rates. i Complementation of the
pchl mutant. Wild type (Col-0), phyB-9, pchl, and pchl expressing HA-YFP-PCH1 under the
control of the PCH1 promoter (#1 and #2, two independent transgenic lines) were grown for
4 days in red light of different fluence rates. a—i Data show mean hypoctoyl length relative to
dark-grown seedlings. At least 20 seedlings were measured per line and treatment. Error bars
are not indicated for clarity; +s.e.m. is less than 0.04 for all lines/treatments.
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Supplementary Figure 4. PCHlox and PCHLox seedlings respond to red light
pulses in a phyB-dependent manner. a, b Quantification of Fig. 2a and 2b. Seedlings over-
expressing HA-YFP-PCH1 (PCHlox) (a) or HA-YFP-PCHL (PCHLox) (b) in different
genetic backgrounds (Col-0, phyA-211, phyB-9, phyA-211 phyB-9) were grown for 4 days in
darkness on filter paper soaked with water. The seedlings were either treated with a single red
light pulse (Rp, 5 min, 50 pmol m™ s™) per day, or a Rp followed by a long-wavelength FR
pulse (FRp, 776 nm, 5 min, 50 pmol m™? s™) (Rp - FRp). Control seedlings were not exposed
to light. Mean hypocotyl length relative to dark-grown seedlings (+s.e.m.; n > 20) is shown.
c—f The response to red light pulses is similar in seedlings grown on water and on 0.5x MS
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medium. Seedlings over-expressing HA-YFP-PCH1 (PCHlox) (c, d) or HA-YFP-PCHL
(PCHLox) (e, f) in different genetic backgrounds were grown on filter paper soaked with
water (c, e) or 0.5x MS medium (d, f) under the conditions described in a and b. Mean
hypocotyl length of seedlings (+s.e.m.; n > 20) is shown.
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Supplementary Figure 5. PCH1 and PCHL do not alter phyB protein levels. a—c
Three day-old etiolated wild type (Col-0), pchl, pchl, pchl pchl, PCH1lox (p35S:HA-YFP-
PCH1), PCHLox (p35S:HA-YFP-PCHL), and phyB-9 seedlings were exposed to red light (R,
3 pmol m™ s™) for 24 h or kept in darkness (D). Total protein was extracted and analysed by
immunoblotting. a-phyB and a-actin antibodies were used to detect endogenous phyB, and
actin as loading control. The molecular size marker (kDa) is shown on the left. a—c show three
independent experiments with independent protein extracts. Bands have been quantified in
each experiment; numbers indicate relative signal strength compared to Col-O (shown in
bold). In b and ¢ the Col-0 protein extract was loaded twice to assess the reliability of

quantification.
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Supplementary Figure 6. Genotyping of pchl and pchl T-DNA insertion lines. a
T-DNA insertion in pchl and pchl. Genomic DNA was isolated from wild type (Col-0), pchl
(SALK_024229), pchl (SALK_206946), and pchl pchl seedlings. Primers specifically
detecting wild type PCH1 or PCHL or the T-DNA insertion in the respective genes were used
for genotyping by PCR. The ethidium bromide stained agarose gel is shown. b PCH1 and
PCHL transcript levels are strongly reduced in pchl pchl. Wild type (Col-0), pchl, pchl, and
pchl pchl seedlings were grown for 4 days in the dark on filter paper soaked with water. 24 h
prior to harvesting they were transferred to far-red light (740 nm, 25 pmol m™ s™) to induce
expression of PCH1 and PCHL. Total RNA was extracted and qRT-PCR was performed using
probes specific for either PCHI or PCHL. ACT1 was used as internal control and expression
of PCH1 and PCHL is shown relative to expression of ACTI. Data are means of three
technical replicates; error bars indicate *s.d. ¢ Gene models for PCH1 (At2g16365) and
PCHL (At4g34550). At2g16365.1 and At2g16365.4 encode a predicted F-box domain,
indicated in grey, which is not present in the isoform At2g16365.2 used in this and a previous
study *. At4g34550 does not encode a predicted F-box domain. The sites for the T-DNA
insertions in pchl and pchl are indicated. Regions targeted for gRT-PCR analysis are indicated
by a red line.
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Supplementary Figure 7. PCH1 and PCHL maintain high levels of active phyB

during the dark phase. a PCHL stabilises phyB photobodies. Four day-old etiolated

seedlings expressing phyB-mCer in phyB-9 or HA-YFP-PCHL (PCHLox) backgrounds were
exposed to red light (R, 50 pmol m™ s™) for 8 h or further incubated for 14 h in darkness (D)
following the light treatment. Subnuclear localisation of HA-YFP-PCHL and phyB-mCer was
analysed by fluorescence microscopy. Scale bar = 5 pm. Data for phyB-mCer single
transgenic seedlings are duplicated from Fig. 2e. b PhyB photobodies induced by a red light
pulse are stable in the dark in PCH1ox seedlings. Four day-old etiolated seedlings expressing
phyB-mCer in phyB-9, HA-YFP-PCH1 (PCHlox), or HA-YFP-PCHL (PCHLox)
backgrounds were exposed to red light (R, 50 pmol m™ s™) for 5 min, and further incubated
for 14 h in darkness (D). Subnuclear localisation of HA-YFP-PCH1 and -PCHL and phyB-
mCer was analysed by fluorescence microscopy. Scale bar = 5 pm. ¢ Far-red light induced
dissociation of phyB photobodies is normal in PCHlox seedlings. Four day-old etiolated
seedlings expressing phyB-mCer in phyB-9 or HA-YFP-PCH1 (PCH1ox) backgrounds were
exposed to red light (R, 20 pmol m™ s™) for 12 h, or further incubated for 1 h in darkness (D)
following the light treatment with or without a reverting long-wavelength far-red light pulse
(FRp, 776 nm, 5 min, 50 pmol m™ s™). Subnuclear localisation of HA-YFP-PCH1 and phyB-
mCer was analysed by fluorescence microscopy. Scale bar =5 pm.
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Supplementary Figure 8. Western blot quantification of phyB-GFP and
endogenous phyB in lines used for in vivo measurement of Pfr. Four day-old etiolated
seedlings expressing phyB-GFP in PCH1 PCHL wild type (phyA phyB phyB-GFP) or pchi
pchl mutant background (phyA pchl pchl phyB-GFP) were exposed to red light (R, 3 pmol m
2 s") for 24 h or kept in darkness (D). Total protein was extracted and analysed by
immunoblotting. a-phyB and a-actin antibodies were used to detect endogenous phyB, and
actin as loading control. Replicate 1 and 2 are experiments with independent protein extracts.
Bands have been quantified for each replicate; numbers indicate relative signal strength
compared to dark-grown phyA phyB phyB-GFP of the respective replicate (shown in bold).
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Supplementary Figure 9. Upregulation of PCH1 and PCHL expression by
monochromatic lights. a—h Four day-old dark-grown wild type seedlings were either kept in
darkness (D) or exposed to red (R, 7.5 pmol m? s™), blue (B, 5.5 pmol m? s™), or far-red light
(FR, 6.7 pmol m™? s™) for the time indicated. Total RNA was extracted and qRT-PCR was
performed using probes specific for either PCHI or PCHL. ACT1 was used as internal control
and expression of PCH1 and PCHL is shown relative to expression of ACT1. Three biological
replicates are shown for PCH1 (a—c) and PCHL (e-g). Data of each biological replicate are
means (£s.d.) of three technical replicates. d, h Bars show means (+s.d.) of the biological
replicates.
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Supplementary Figure 10. Spatio-temporal analysis of PCH1 and PCHL promoter
activity. a Three day-old etiolated Col-0 pPCH1:GUS or Col-0 pPCHL:GUS seedlings were
exposed to red (R, 25 pmol m™ s™), far-red (FR, 25 pmol m™ s™), blue (B, 25 pmol m™ s™), or
white light (W, 100 pmol m? s*) for 24 h or kept in the dark and then stained for GUS
activity. Apical hook and cotyledons in dark-grown seedlings were closed when the seedlings
were harvested and opened due to the staining/destaining procedure. b Col-0, Col-0
pPCH1:GUS, and Col-0 pPCHL:GUS plants were grown for 14 days under either long day
(16 h W, 100 pmol m™ s%/8 h D) or short day conditions (8 h W, 100 pmol m™ s /16 h D),
and then stained for GUS activity. a, b Black scale bars = 5 mm; grey scale bars = 1 mm.
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Supplementary Figure 11. Regulation of PCH1 and PCHL expression by red and
far-red light requires phyA. a—h Four day-old dark-grown wild type (Col-0), phyA-211,
phyB-9, and phyA-211 phyB-9 seedlings were either kept in darkness (D) or exposed to red (R,
7.5 pmol m™ s™) or far-red light (FR, 6.7 pmol m™ s™) for 1 h. Total RNA was extracted and
qRT-PCR was performed using probes specific for either PCH1 or PCHL. ACT1 was used as
internal control and expression of PCH1 and PCHL is shown relative to expression of ACT1.
Three biological replicates are shown for PCHI (a—c) and PCHL (e-g). Data of each
biological replicate are means (+s.d.) of three technical replicates. d, h Bars show means
(£s.d.) of the biological replicates. d and h are also shown in Fig. 4c and 4d.
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Supplementary Figure 12. PhyA regulates expression of PCH1 and PCHL in
response to blue light. a—h Four day-old dark-grown wild type (Col-0), phyA-211, cry1-304,
and cry2-1 seedlings were either kept in darkness (D) or exposed to blue light (B, 5.5 pmol m~
?s™) for 1 h. Total RNA was extracted and qRT-PCR was performed using probes specific for
either PCH1 or PCHL. ACT1 was used as internal control and expression of PCH1 and PCHL
is shown relative to expression of ACT1. Three biological replicates are shown for PCHI (a—
¢) and PCHL (e-g). Data of each biological replicate are means (+s.d.) of three technical
replicates. d, h Bars show means (+s.d.) of the biological replicates.
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Supplementary Figure 13. PCH1 and PCHL are required for phyB responsiveness
amplification by FR and B. a, b Dark-grown wild type (Col-0), pch1, pchl, pch1 pchl, phyA-
211, and phyB-9 seedlings were pre-treated with either FR (25 pmol m™ s™) (a) or B (25 pmol
m™ s™) (b) and given a R pulse (5 min, 50 pmol m? s™), either followed by a FR pulse (5 min,
50 pmol m™ s™) or not; the light pulses were repeated after one day. See Fig. 4e and 4f for
quantification of hypocotyl growth. A schematic drawing illustrating the light treatments is
shown on the right.
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SUPPLEMENTARY NOTE 1

Vectors and cloning

For yeast two-hybrid experiments, pGBK-MCS * was used as the GAL4-DNA binding
domain vector, in conjunction with the modified C-terminal GAL4 activation domain vector
pCGADT7ah °, and pPCGADT7ah-PHYB *. PCH1 (cDNA, At2g16365.2) was amplified using
primers DS178/DS179, cut with Bcll/Spel and cloned into the BamHI/Spel sites of pGBK-
MCS to create pGBK-PCH1 (pBE76). PCHL (cDNA, At4g34550) was amplified using
primers BE0O61/BE062, cut with BamHI and cloned into the BamHI site of pGBK-MCS to

create pGBK-PCHL (pBE32)

For expression of phyB and PCH1/PCHL in mammalian cells, the expression vector
pcDNA3.1 (Thermo Fisher Scientific) was used. The PHYB CDS was amplified using primers
oNK1/0PS239, and monomeric GFP (mGFP) © using 0PS119/0PS238, both fragments were
then cloned into Acc651/BamHI cut pcDNA3.1 by Gibson assembly 7 to create pcDNA-
PHYB-NLS-GFP (pPS136). The GFP control plasmid, pcDNA-GFP (pPS104), was generated
by insertion of an mGFP PCR fragment (primers oPS132/0PS133) into Xbal/Nhel cut
pcDNA3.1 by Gibson assembly 7. To generate an mCherry fusion construct, c-Myc-tagged
mCherry was amplified from pCHF150myc ° using DS465/DS466, and inserted into
Sacl/Xbal cut pcDNA3.1 by Gibson assembly ’. This vector was subsequently cut with Sacl,
and the annealed oligonucleotides DS475/DS476 ligated in to create pcDNA-mCherry,
possessing both an N-terminal dual FLAG-c-Myc tag, and a C-terminal multiple cloning site
(pcDNA-FLAG-c-Myc-mCherry-MCS). PCH1 was amplified using DS178/BE069, cut with
Bcll/Spel, and cloned into BamHI/Xbal cut pcDNA-mCherry to create pcDNA-mCherry-
PCH1 (pBE114). Likewise, PCHL was amplified using BEO60/BE061, cut with BamHI/Xbal,
and cloned into BamHI/Xbal cut pcDNA-mCherry creating pcDNA-mCherry-PCHL

(pBE115).
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To generate over-expression vectors for Arabidopsis transformation, pPPO70v1HA °,
and pCHF150myc ® were used. These vectors encode CaMV 35S promoter driven N-terminal
HA-YFP and c-Myc-mCherry cassettes respectively. PCHI CDS was amplified and cut as
above for pGBK-PCH1, and ligated into BamHI/Xbal cut pPPO70vlHA to generate
pPPO70HA-PCH1 (pDS366), and pCHF150myc to create pCHF150myc-PCH1 (pBES0). For
PCHL, the HA-YFP fusion was first amplified using ah094/ah767, cut with Bglll/Spel, and
ligated into the BamHI/Xbal sites of pCHFS5 ° to generate pCHF70HA, which has an alternate
herbicide resistance marker for Basta. PCHL CDS was then amplified and cut as above for
pGBK-PCHL, and cloned into the BamHI/Xbal sites of pCHF70HA to create pCHF70HA-

PCHL (pBE52c), and into pCHF150myc to generate pCHF150myc-PCHL (pBE060).

For expression of PCH1 from its native promoter, a promoterless vector pPPOv3
(pDS75) was first generated. pCHF5v1 * was cut with HindIIl/Xmal, treated with Klenow
fragment, and re-ligated to remove additional sequence between the terminator and Basta
resistance marker. Oligos DS342/DS341/DS331/DS343 were used to amplify and remove an
Nhel site present within the replication origin by overlap-extension PCR, cut and ligated into
flanking Ndel sites. Subsequently the CaMV 35S promoter was replaced with annealed
oligonucleotides DS356/DS357 ligated into the Ncol/Sall sites, generating a new multiple
cloning site. Finally DS332/DS340/DS333/DS330 were used to amplify the Butafenacil
resistance marker from pPPO70v1HA * removing a Ncol site, by overlap extension PCR, cut
with Sall/Xhol, and cloned into the new Sall/Xhol sites to generate pPPOv3. The upstream
region of the PCH1 promoter (1455 nt upstream of ATG start codon) was amplified using
primers BEOO6/BE007, cut with Ncol/Xmal, and cloned into the Ncol/Xmal sites of pPPOV3.
Subsequently, the HA-YFP region was cut from pPPO70v1HA with Xmal/BamHI, and ligated
into the Xmal/BamH]I sites. Finally Bcll/Spel cut PCH1 from above was cloned into the

BamH]/Spel sites to generate pPCH1-HA-YFP-PCH1 (pBE48).
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For expression of mCerulean (mCer)-tagged phyB from its native promoter we first
generated a T-DNA vector containing a p35S:BamHI-Xbal-mCer:terRbcS cassette. To this
end, we amplified the CDS of mCer from pCHF80 ° using the primers ah042/ah043, cut the
PCR product with BamHI/Nhel and ligated it into the BamHI/Xbal sites of pCHF5 °, resulting
in pCHF43. Then we cut pWwCO35 " with Pvull/Pstl and ligated the fragment containing the
CDS of modified PPO into pCHF43 cut with Sbfl/PmlI to obtain pPPO43. pCHF43 contains a
selection marker conferring resistance to Basta, while pPPO43 contains modified PPO that
confers resistance to Butafenacil/Inspire °. To generate pPPO43-PHYB we cut phyB from
pCHF40-PHYB * using Xbal and ligated it into pPPO43 cut with Xbal. Finally, we amplified
a fragment containing the PHYB promoter (1825 nt upstream of the ATG start codon) and part
of the PHYB CDS from Arabidopsis thaliana (Ler-0 ecotype) genomic DNA using the
primers ah944/ah945, cut the fragment with Pmel/BamHI and ligated it into pPPO43-PHYB

digested with Pmel/BamH], resulting in pPPO43B-PHYB (pPHYB:PHYB-mCer:terRbcS).

For purification of phyB complexes used for MS/MS analyses, we used plants
expressing phyB-NLS-GFP. To obtain the T-DNA vector for transformation of Arabidopsis
plants, we PCR amplified full-length PHYB with primers containing 5’-Kpnl/3’-Smal sites
and cloned it into pEZS-NL (http://deepgreen.stanford.edu). Then p35S:PHYB-GFP cassette
was digested from pEZS-NL and cloned into pART27 ". SV40 NLS sequence was then
cloned into pART27 p35S:PHYB-GFP using the Smal restriction site, resulting in pART27

p35S:PHYB-NLS-GFP.

To assess the spatio-temporal activity of the PCH1 and PCHL promoters in planta,
pPCH1:GUS and pPCHL:GUS plant vectors were generated. First, we amplified the GUS
CDS using primers ah1159/ah1160, cut the PCR fragment with BamHI/Xbal and ligated it
into the BamH]I/Spel sites of pPPOv3. Second, we amplified promoter fragments of PCH]1

(1455 nt upstream of the start ATG codon) and PCHL (1268 nt upstream of the start ATG
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codon) using the primers BEOO6/BE007 and BE112/BE113, respectively, cut the PCR
fragments with Ncol/Xmal and inserted them into the the Ncol/Xmal sites of pPPO3vl
containing the GUS CDS. Finally, the promoter-GUS fragments (pPCH1-GUS and pPCHL-
GUS) were cut from these vectors using Ncol/Sall and ligated into the Ncol/Sall sites of

pCHF5 ? resulting in the two plasmid pBE26new and pBE75.

All plasmid constructs used in the study were verified by DNA sequencing.

Primer list

ah042: 5’-CGCGGATCCCGCTCTAGAATGGTGAGCAAGGGCGAGG-3’

ah043: 5’-CGGGGTACCGCTAGCTTAACTAGTCTTGTACAGCTCGTCCATG-3’
ah094: 5’-GGACTAGTTATCTAGAGCCCTAGGATCCGCCTTGTACAGCTCGTCCATG-3’
ah767: 5’-GAAGATCTAAAAATGGCCTACCCATACGACGTACCAGATTACG-3’
ah944: 5’-TGATAGTTTAAACATTAGTATGGGAGGGCTTAG-3’

ah945: 5’-CAATAGAAAGCGCAGGATCT-3’

ah1159: 5’-CGCGGATCCATGTTACGTCCTGTAGAAACCC-3’

ah1160: 5’-GCTCTAGATTAAAGATCTGCTTGTTTGCCTCCCTGCTG-3’
BEQOO6: 5’-ACGTCCCATGGTATAAACTTTATTGTATAGGTTAG-3’

BEOO7: 5’-ACGTCCCCGGGTTGTACGTACCTACAGATCTTC-3’

BEO60: 5’-GGATCCGATGTCTGAACATTTTATGGG-3’

BEO61: 5’-CGGATCCTCTAGATCAACTTAAATCCTCAGCATTC-3’

BEO062: 5’-GGATCCGGATGTCTGAACATTTTATGGG-3’

BE069: 5’-ACGTCACTAGTCTACCTCAAATCCCTTGCATTCC-3’

BE078: 5’-AAAATGCCAAGGAGATTCACC-3’

BE079: 5’-CAGGATGGTCTCTGCTCACTC -3’

BE112: 5’-CCATGGAATTATAAACCAAACAGC-3’

BE113: 5’-CCCGGGTTGTACCTAAAAGATAT -3’

DS178: 5’-ACGTCTGATCAAGGAATGTCTGAACATGTTATGGTTTTG-3’
DS179: 5’-ACGTCACTAGTGCCCCTCAAATCCCTTGCATTCCAAA-3’
DS245: 5’-AAAGAATGTGATCCTAGTTTATC-3’

DS246: 5’-ATACCTTAGTTGATGACGAAGAA-3’

DS330: 5’-TCTCTGCGATTTGCATGGAGTTATC-3’

DS331: 5’-CCAATCAGCTGGCTCGATCTC-3’

DS332: 5’-ACGTCGTCGACCTGCAGAGCTTTC-3’

DS333: 5’-ACGTCCTCGAGTACCCACTGGATTTTGGTTTTAG-3’

DS340: 5’-GATAACTCCATGCAAATCGCAGAGA-3’
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DS341:
DS342:
DS343:
DS356:
DS357:
DS465:
DS466:
DS475:
DS476:

LBb1.3:
oNK1:

oPS119:

oPS132:

oPS133:

oPS238:
oPS239:

5’-GAGATCGAGCCAGCTGATTGG-3’
5’-ACGTCCATATGGTGCACTCTCAGTACA-3’
5’-ACGTCCATATGGGCCACCGCCGA-3’
5’-CATGGTACCCGGGGCGGATCCAAAAACTAGTTAAG-3’
5’-TCGACTTAACTAGTTTTTGGATCCGCCCCGGGTAC-3’
5’-TACGGTGGGAGGTCTATATAAGCAGAGCTCGCCGCCACCATGGCCGAGGAGCA
GAAG-3’
5’-GCTGATCAGCGGGTTTAAACGGGCCCTTCATCTAGACCCGGGATCCGCCTTGT
ACAGCTC-3’
5’-CGTTTAGTGAACCGTCAGATCCGCCACCATGGTAGACTACAAAGACGATGACG
ACAAGCT-3’
5’-TGTCGTCATCGTCTTTGTAGTCTACCATGGTGGCGGATCTGACGGTTCACTAA
ACGAGCT-3’

5’-ATTTTGCCGATTTCGGAAC-3’
5’-CCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCATGGTTTCCGGAGTCGG
GGGTAG-3’
5’-CAGAATTCCACCACACTGGACTAGTGGATCTTACTTGTACAGCTCGTCCATGC
CGAG-3’
5’-CGACTCACTATAGGGAGACCCAAGCTGGATGTACCCATACGACGTACCAGATT
ACGCTGCTAGCTACCCATACGACGTACCAGATTACGCTGCTAGCATGGTGAGCAA
GGGCGAGGAGC-3’
5’-CTGATCAGCGGGTTTAAACGGGCCCTCTAGCTAGTTATCTAGAGCCCTAGGAT
CCGCGCTGCCTCCGCTGCCACCCTTGTACAGCTCGTCCATGCCGAG-3’
5’-CCAAAAAAGAAGAGAAAGGTAGAAGACCCCGGAACTAGTGGTGGCAGCGGA-3’
5’-GGGGTCTTCTACCTTTCTCTTCTTTTTTGGATATGGCATCATCAGCATCATGT
CACCAC-3’

Primers and probes for gRT-PCR analyses

PCHI1 forward primer: 5’-AATCATCGGCAGAGACTAATACCTTAG-3’

PCH]1 reverse primer: 5’-GCCTTTTATTCCTTTTCCCTTAGTTG-3’

PCH1 probe: FAM-5’-TACATCTTTCCGGCTCCATTTCTTCGTCA-3’-ZEN/BFQ
PCHL forwad primer: 5’-GCGTATATGGTCGGACTCTGAAA-3’

PCHL reverse primer: 5’-TCTTCGAAAACCATCATGTTCTTG-3’

PCHL probe: FAM-5’-CACAAGTCAAACGTCTGAAGACAAACGCA-3’-ZEN/BFQ
ACT]1 forward primer: 5’-GGCTCCAAGCAGCATGAAG-3’

ACTI reverse primer: 5’-ACCCTCCAATCCAGACAGAGTATT-3’

ACT1 probe: JOE-5’-CAAAGTCGTTGCCCCTCCAGAGAGG-3’-BHQ1
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	supplementary Figures
	
	Supplementary Figure 1. PCH1 and PCHL interact with phyB. a MS identification of PCH1 as a phyB interacting protein. phyB-NLS-GFP was immunoprecipitated from seedlings grown in the dark and exposed to red light (7 µmol m-2 s-1) for 10 min; control seedlings were kept in darkness. Proteins co-immunoprecipitating with phyB were analysed by MS/MS. Peptide counts are shown in the table. Individual peptides mapping to PCH1 are shown below (in different colours and underlined). b Co-immunoprecipitation of phyB-GFP and c-Myc-mCherry-PCH1 from stable transgenic Arabidopsis. Four day-old dark-grown seedlings co-expressing c‑Myc-mCherry‑PCH1 and phyB-GFP were either treated with red light (R, 7 µmol m-2 s-1) for 10 min or kept in darkness (D). Total native protein extracts were prepared and immunoprecipitation performed using α‑GFP antibody. α‑c-Myc and α‑GFP antibodies were used to detect c-Myc-mCherry-PCH1 and phyB-GFP, respectively. c Co-immunoprecipitation of phyB and PCH1/PCHL from mammalian cells. PhyB was expressed as a nuclear-localisation-signal (NLS)-GFP fusion in HEK293T cells with either c‑Myc-mCherry-tagged PCH1 or PCHL. Immunoprecipitations were performed using total native protein extracts and α‑GFP labelled beads. α‑GFP and α‑c‑Myc antibodies were used to detect phyB, PCH1, and PCHL in both input and elution. PhyB in HEK293T cell extracts was not photoactive under the conditions used, preventing analysis of the effects of light on the interaction. Levels of PCH1 and PCHL in HEK293T cells are too low to reliably detect by immunoblotting. b, c The molecular size marker (kDa) is shown on the left. d Expression of PCH1 and PCHL in HEK293T cells can be detected by fluorescence microscopy. GFP and mCherry specific filter sets were used to visualise expression of phyB-NLS-GFP and c‑Myc‑mCherry-PCH1/‑PCHL in HEK293T cells used for Co-IP assays in c. Scale bar = 100 µm.
	
	Supplementary Figure 2. Sequence alignment for PCH1/PCHL related proteins. Arabidopsis PCH1 and PCHL were used for a BLAST search at www.uniprot.org. PCH1/PCHL related sequences from different species were aligned to Arabidopsis PCH1 and PCHL using CLUSTALW 1,2 with default settings. Sequences are named by the species name and their UniProt identifier. The upper two sequences are Arabidopsis PCH1 and PCHL.
	
	Supplementary Figure 3. PCH1 and PCHL promote photomorphogenesis under continuous monochromatic red light. a–c The red light hypersensitivity of PCH1ox seedlings strongly depends on phyB. Wild type (Col-0), phyA-211, phyB-9, phyA-211 phyB-9, as well as seedlings over-expressing HA-YFP-PCH1 (PCH1ox) in wild type, phyA‑211, phyB-9, or phyA‑211 phyB-9 backgrounds were grown for 4 days in red light of different fluence rates. Data for Col-0 and PCH1ox in a–c are identical. d, e PCHLox seedlings are hypersensitive to red light. Wild type (Col-0), phyA-211, phyB-9, phyA-211 phyB-9, and seedlings over-expressing HA-YFP-PCHL (PCHLox) in wild type or mutant backgrounds were grown in red light of different fluence rates. Col-0 PCH1ox seedlings were included for comparison. f The pch1 mutant is hyposensitive to red light. Wild type (Col-0), phyB-9, pch1, pchl, and pch1 pchl seedlings were grown for 4 days in red light of different fluence rates. Data for Col‑0, phyB-9, and pch1 in f and i are identical. g Over-expression of PCH1 and PCHL only slightly affects hypocotyl growth in far-red light. Wild type (Col-0), phyA-211, PCH1ox, and PCHLox seedlings were grown for 4 days in far-red light of different fluence rates. Data for Col-0 and phyA-211 in g and h are identical. h The pch1 mutant normally responds to far-red light. Wild type (Col-0), phyA-211, pch1, pchl, and pch1 pchl seedlings were grown for 4 days in far-red light of different fluence rates. i Complementation of the pch1 mutant. Wild type (Col-0), phyB-9, pch1, and pch1 expressing HA-YFP-PCH1 under the control of the PCH1 promoter (#1 and #2, two independent transgenic lines) were grown for 4 days in red light of different fluence rates. a–i Data show mean hypoctoyl length relative to dark-grown seedlings. At least 20 seedlings were measured per line and treatment. Error bars are not indicated for clarity; ±s.e.m. is less than 0.04 for all lines/treatments.
	
	Supplementary Figure 4. PCH1ox and PCHLox seedlings respond to red light pulses in a phyB-dependent manner. a, b Quantification of Fig. 2a and 2b. Seedlings over-expressing HA-YFP-PCH1 (PCH1ox) (a) or HA-YFP-PCHL (PCHLox) (b) in different genetic backgrounds (Col-0, phyA-211, phyB-9, phyA-211 phyB-9) were grown for 4 days in darkness on filter paper soaked with water. The seedlings were either treated with a single red light pulse (Rp, 5 min, 50 µmol m-2 s-1) per day, or a Rp followed by a long-wavelength FR pulse (FRp, 776 nm, 5 min, 50 µmol m-2 s-1) (Rp→FRp). Control seedlings were not exposed to light. Mean hypocotyl length relative to dark-grown seedlings (±s.e.m.; n ≥ 20) is shown. c–f The response to red light pulses is similar in seedlings grown on water and on 0.5× MS medium. Seedlings over-expressing HA-YFP-PCH1 (PCH1ox) (c, d) or HA-YFP-PCHL (PCHLox) (e, f) in different genetic backgrounds were grown on filter paper soaked with water (c, e) or 0.5× MS medium (d, f) under the conditions described in a and b. Mean hypocotyl length of seedlings (±s.e.m.; n ≥ 20) is shown.
	
	Supplementary Figure 5. PCH1 and PCHL do not alter phyB protein levels. a–c Three day-old etiolated wild type (Col-0), pch1, pchl, pch1 pchl, PCH1ox (p35S:HA-YFP-PCH1), PCHLox (p35S:HA-YFP-PCHL), and phyB-9 seedlings were exposed to red light (R, 3 µmol m-2 s-1) for 24 h or kept in darkness (D). Total protein was extracted and analysed by immunoblotting. α-phyB and α-actin antibodies were used to detect endogenous phyB, and actin as loading control. The molecular size marker (kDa) is shown on the left. a–c show three independent experiments with independent protein extracts. Bands have been quantified in each experiment; numbers indicate relative signal strength compared to Col-0 (shown in bold). In b and c the Col‑0 protein extract was loaded twice to assess the reliability of quantification.
	
	Supplementary Figure 6. Genotyping of pch1 and pchl T-DNA insertion lines. a  T‑DNA insertion in pch1 and pchl. Genomic DNA was isolated from wild type (Col-0), pch1 (SALK_024229), pchl (SALK_206946), and pch1 pchl seedlings. Primers specifically detecting wild type PCH1 or PCHL or the T‑DNA insertion in the respective genes were used for genotyping by PCR. The ethidium bromide stained agarose gel is shown. b PCH1 and PCHL transcript levels are strongly reduced in pch1 pchl. Wild type (Col‑0), pch1, pchl, and pch1 pchl seedlings were grown for 4 days in the dark on filter paper soaked with water. 24 h prior to harvesting they were transferred to far-red light (740 nm, 25 µmol m-2 s-1) to induce expression of PCH1 and PCHL. Total RNA was extracted and qRT-PCR was performed using probes specific for either PCH1 or PCHL. ACT1 was used as internal control and expression of PCH1 and PCHL is shown relative to expression of ACT1. Data are means of three technical replicates; error bars indicate ±s.d. c Gene models for PCH1 (At2g16365) and PCHL (At4g34550). At2g16365.1 and At2g16365.4 encode a predicted F-box domain, indicated in grey, which is not present in the isoform At2g16365.2 used in this and a previous study 3. At4g34550 does not encode a predicted F-box domain. The sites for the T-DNA insertions in pch1 and pchl are indicated. Regions targeted for qRT-PCR analysis are indicated by a red line.
	
	Supplementary Figure 7. PCH1 and PCHL maintain high levels of active phyB during the dark phase. a PCHL stabilises phyB photobodies. Four day-old etiolated seedlings expressing phyB-mCer in phyB-9 or HA-YFP-PCHL (PCHLox) backgrounds were exposed to red light (R, 50 µmol m-2 s-1) for 8 h or further incubated for 14 h in darkness (D) following the light treatment. Subnuclear localisation of HA-YFP-PCHL and phyB-mCer was analysed by fluorescence microscopy. Scale bar = 5 µm. Data for phyB-mCer single transgenic seedlings are duplicated from Fig. 2e. b PhyB photobodies induced by a red light pulse are stable in the dark in PCH1ox seedlings. Four day-old etiolated seedlings expressing phyB-mCer in phyB-9, HA-YFP-PCH1 (PCH1ox), or HA-YFP-PCHL (PCHLox) backgrounds were exposed to red light (R, 50 µmol m-2 s-1) for 5 min, and further incubated for 14 h in darkness (D). Subnuclear localisation of HA-YFP-PCH1 and -PCHL and phyB-mCer was analysed by fluorescence microscopy. Scale bar = 5 µm. c Far-red light induced dissociation of phyB photobodies is normal in PCH1ox seedlings. Four day-old etiolated seedlings expressing phyB-mCer in phyB-9 or HA-YFP-PCH1 (PCH1ox) backgrounds were exposed to red light (R, 20 µmol m-2 s-1) for 12 h, or further incubated for 1 h in darkness (D) following the light treatment with or without a reverting long-wavelength far-red light pulse (FRp, 776 nm, 5 min, 50 µmol m-2 s-1). Subnuclear localisation of HA-YFP-PCH1 and phyB-mCer was analysed by fluorescence microscopy. Scale bar = 5 µm.
	
	Supplementary Figure 8. Western blot quantification of phyB-GFP and endogenous phyB in lines used for in vivo measurement of Pfr. Four day-old etiolated seedlings expressing phyB-GFP in PCH1 PCHL wild type (phyA phyB phyB-GFP) or pch1 pchl mutant background (phyA pch1 pchl phyB-GFP) were exposed to red light (R, 3 µmol m-2 s-1) for 24 h or kept in darkness (D). Total protein was extracted and analysed by immunoblotting. α-phyB and α-actin antibodies were used to detect endogenous phyB, and actin as loading control. Replicate 1 and 2 are experiments with independent protein extracts. Bands have been quantified for each replicate; numbers indicate relative signal strength compared to dark-grown phyA phyB phyB-GFP of the respective replicate (shown in bold).
	
	Supplementary Figure 9. Upregulation of PCH1 and PCHL expression by monochromatic lights. a–h Four day-old dark-grown wild type seedlings were either kept in darkness (D) or exposed to red (R, 7.5 µmol m-2 s-1), blue (B, 5.5 µmol m-2 s-1), or far-red light (FR, 6.7 µmol m-2 s-1) for the time indicated. Total RNA was extracted and qRT-PCR was performed using probes specific for either PCH1 or PCHL. ACT1 was used as internal control and expression of PCH1 and PCHL is shown relative to expression of ACT1. Three biological replicates are shown for PCH1 (a–c) and PCHL (e–g). Data of each biological replicate are means (±s.d.) of three technical replicates. d, h Bars show means (±s.d.) of the biological replicates.
	
	Supplementary Figure 10. Spatio-temporal analysis of PCH1 and PCHL promoter activity. a Three day-old etiolated Col-0 pPCH1:GUS or Col-0 pPCHL:GUS seedlings were exposed to red (R, 25 µmol m-2 s-1), far-red (FR, 25 µmol m-2 s-1), blue (B, 25 µmol m-2 s-1), or white light (W, 100 µmol m-2 s-1) for 24 h or kept in the dark and then stained for GUS activity. Apical hook and cotyledons in dark-grown seedlings were closed when the seedlings were harvested and opened due to the staining/destaining procedure. b Col-0, Col-0 pPCH1:GUS, and Col-0 pPCHL:GUS plants were grown for 14 days under either long day (16 h W, 100 µmol m-2 s-1/8 h D) or short day conditions (8 h W, 100 µmol m-2 s-1 /16 h D), and then stained for GUS activity. a, b Black scale bars = 5 mm; grey scale bars = 1 mm.
	
	Supplementary Figure 11. Regulation of PCH1 and PCHL expression by red and far-red light requires phyA. a–h Four day-old dark-grown wild type (Col-0), phyA-211, phyB-9, and phyA-211 phyB-9 seedlings were either kept in darkness (D) or exposed to red (R, 7.5 µmol m-2 s-1) or far-red light (FR, 6.7 µmol m-2 s-1) for 1 h. Total RNA was extracted and qRT-PCR was performed using probes specific for either PCH1 or PCHL. ACT1 was used as internal control and expression of PCH1 and PCHL is shown relative to expression of ACT1. Three biological replicates are shown for PCH1 (a–c) and PCHL (e–g). Data of each biological replicate are means (±s.d.) of three technical replicates. d, h Bars show means (±s.d.) of the biological replicates. d and h are also shown in Fig. 4c and 4d.
	
	Supplementary Figure 12. PhyA regulates expression of PCH1 and PCHL in response to blue light. a–h Four day-old dark-grown wild type (Col-0), phyA-211, cry1‑304, and cry2-1 seedlings were either kept in darkness (D) or exposed to blue light (B, 5.5 µmol m-2 s-1) for 1 h. Total RNA was extracted and qRT-PCR was performed using probes specific for either PCH1 or PCHL. ACT1 was used as internal control and expression of PCH1 and PCHL is shown relative to expression of ACT1. Three biological replicates are shown for PCH1 (a–c) and PCHL (e–g). Data of each biological replicate are means (±s.d.) of three technical replicates. d, h Bars show means (±s.d.) of the biological replicates.
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