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Mutations in the Gene for the Red/Far-Red Light Receptor
Phytochrome B Alter Cell Elongation and Physiological
Responses throughout Arabidopsis Development
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Phytochromes are a family of plant photoreceptors that mediate physiological and developmental responses to changes
in red and far-red light conditions. In Arabidopsis, there are genes for at least five phytochrome proteins. These pho-
toreceptors control such responses as germination, stem elongation, flowering, gene expression, and chloroplast and
leaf development. However, it is not known which red light responses are controlled by which phytochrome species,
or whether the different phytochromes have overlapping functions. We report here that previously described hy3 mutants
have mutations in the gene coding for phytochrome B (PhyB). These are the first mutations shown to lie in a plant pho-
toreceptor gene. A number of tissues are abnormally elongated in the hy3(phyB) mutants, including hypocotyls, stems,
petioles, and root hairs. In addition, the mutants flower earlier than the wild type, and they accumulate less chlorophyil.
PhyB thus controls Arabidopsis development at numerous stages and in multiple tissues.

INTRODUCTION

Plant development is distinguished by its plasticity, which arises
from a close coupling of developmental responses to environ-
mental stimuli. As the source of energy for photosynthesis, light
is particularly important to plants, and plants modulate their
physiology and their development according to prevailing light
conditions. Examples of light-mediated responses include seed
germination, stem elongation, phototropism of leaves and
stems, development of leaves and chloroplasts, stomatal open-
ing, and flowering. Incident red, blue, far-red, and UV light all
elicit subsets of these responses (Cosgrove, 1986; Chory, 1991;
Thompson and White, 1991).

The mechanisms of light signal transduction in plants are
poorly understood. Responses to red and far-red light are
controlled by a family of photoreceptor proteins called phyto-
chromes (reviewed by Colbert, 1988; Furuya, 1989; Quail,
1991). Phytochromes are 120-kD solubie proteins that have a
covalently linked linear tetrapyrrole chromophore, and exist
in two photointerconvertible forms, Pr and Pfr. Pr, the red
light-absorbing form, is converted to Pfr, the far-red light-ab-
sorbing form, upon absorption of red light. Pfr is thought to
be the active form of phytochrome, and can be converted back
to Pr by far-red light. Consequently, red light-induced re-
sponses mediated by phytochromes are typically reversible
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by far-red light. Most plants examined contain multiple
phytochrome isoforms. In Arabidopsis, five phytochrome genes
have been identified (Sharrock and Quail, 1989). Three of these,
PHYA, PHYB, and PHYC, have been characterized in some
detail. The sequences of PhyA, PhyB, and PhyC diverge sig-
nificantly, having ~50% identity to each other at the amino
acid level (Sharrock and Quail, 1989). The most abundant
phytochrome in etiolated (dark-grown) seedlings is PhyA
(Furuya, 1989; Somers et al., 1991). Whereas PhyA protein
levels decrease in the light, PhyB and PhyC are present at
equal levels in light- and dark-grown plants (Somers et al., 1991).

Based on their red/far-red reversibility, certain light responses
have been hypothesized to be mediated by a phytochrome.
These responses include red light-induced seed germination,
inhibition of the rate of hypocoty! and stem elongation, induc-
tion of chloroplast and leaf development, and induction of
expression of genes required for photosynthesis (Cosgrove,
1986; Mullet, 1988; Chory, 1991; Thompson and White, 1991).
However, it is not known which of these responses is controlled
by which phytochrome species, or to what extent the different
phytochrome molecules have overlapping functions. Itis also
not known when, or in which tissues, the different phyto-
chromes are active.

A number of researchers have taken a genetic approach to
dissecting light responses. Mutants affected in red light inhi-
bition of hypocotyl elongation have been isolated in several
plants (reviewed in Chory, 1991; Kendrick and Nagatani, 1991;
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Reed et al., 1992). In Arabidopsis, these mutants are called
hy (for long hypocotyl) (Koornneef et al., 1980; Chory et al.,
1989). Mutations in hy1, hy2, hy3, hy5, and hy6 affect inhibition
of hypocotyl elongation by red light. hy1, hy2, and hy6 mutants
also appear pale, as if affected in the greening response to
red light. The hy7, hy2, and hy6 mutants have PhyA apoprotein
that is largely spectrally inactive, suggesting that they are defi-
cient in phytochrome chromophore availability (Chory et al.,
1989; Parks et al., 1989; Parks and Quail, 1991). These find-
ings establish a correlation between deficiencies in red
light-induced responses and a deficiency in active phyto-
chrome photoreceptors.

hy3 mutations affect a number of responses that are medi-
ated by red and far-red light. hy3 mutants are deficient in
elongation responses to supplementary far-red light (Nagatani
et al., 1991a; Whitelam and Smith, 1991). Instead, they appear
elongated without supplementary far-red light, as if showing
a constitutive far-red elongation response. hy3 mutant plants
have also been found to flower earlier than wild-type plants
(Goto et al., 1991; Whitelam and Smith, 1991; Chory, 1992),
and to have a decreased germination response to red light
(Spruit et al., 1980; Cone and Kendrick, 1985). In these
respects, they are similar to the hy7, hy2, and hy6 mutants;
however, hy3 mutants differ from the hy7, hy2, and hy6 mu-
tants in that they are less pale and have spectrally active PhyA
(Chory et al., 1989; Parks et al., 1989).

That hy3 mutations affect various red/far-red light responses
suggests that they alter a phytochrome signaling pathway. In
fact, immunological studies have shown that hy3 mutants have
a decreased level of PhyB relative to the wild type (Nagatani
etal., 1991a; Somers et al., 1991). Like the hy3 mutants, a cu-
cumber mutant called /h (for long hypocotyl) is defective in
end-of-day far-red elongation, and this mutant also lacks a pro-
tein recognized by an anti-PhyB antibody (Lépez-Juez et al.,
1990, 1992). It therefore seems likely that PhyB mediates the
responses that are deficient in these mutants.

However, it has not been determined whether the hy3 muta-
tions fall in the PHYB gene, whether they affect PhyB synthesis
or stability, or whether they affect a downstream component
of PhyB-mediated signal transduction. In this work, we dem-
onstrate that the HY3 locus encodes phytochrome B. In
addition, we describe morphological and physiological pheno-
types of hy3 mutants. These phenotypes occur in a number
of different tissues and throughout the life cycle of the plant,
indicating that PhyB plays multiple roles in Arabidopsis
development.

RESULTS

hy3 Mutations Fall in the PHYB Gene

Arabidopsis hy3 mutants were isolated by screening for mu-
tants having a long hypocotyl when grown in white light
(Koornneef et al., 1980). Mutants Bo64, 4-117, 8-36, 548, 1053,

Ler BoB4

4-117 8-36 548 1053

Ma084

464-19

Figure 1. Ten-Day-Old Seedlings of Wild Type and Various hy3 Mutants.

Shown are a wild-type Landsberg erecta (Ler) seedling at the left and
seven hy3 mutants. Scale bar = 2 cm.

and M4084 are shown in Figure 1, and were isolated previ-
ously after ethylmethane sulfonate (EMS) mutagenesis of
ecotype Landsberg erecta seeds (Koornneef et al., 1980). Mu-
tant EMS142 was obtained by EMS mutagenesis of ecotype
Columbia seeds. In addition, we obtained one T-DNA inser-
tion mutant, 464-19, in ecotype WS from K. Feldman (University
of Arizona, Tucson) (Figure 1). The resistance to kanamycin
conferred by this insertion segregated as a single locus in prog-
eny of crosses with HY3" plants, and all long hypocotyl Fz
progeny were resistant to kanamycin (M. Koornneef, personal
communication; data not shown). Genetic complementation
analyses established that these mutations were in the HY3 lo-
cus (data not shown).

Previous work has shown that a hy3 mutation and the PHYB
gene both map to chromosome 2 (Koornneef et al., 1980; R.
Sharrock, personal communication). We tested whether a hy3
mutation mapped to the PHYE locus by measuring the link-
age between a hy3 mutation and a restriction fragment length
polymorphism detected by the cloned PHYB gene (see below).
We crossed hy3 strain Bo64 (in the Landsberg erecta ecotype)
with wild-type plants of the Columbia ecotype, and analyzed
the F, progeny of this cross having long hypocotyls for pres-
ence of the Landsberg or Columbia PHYB polymorphism. Of
103 such hy3/hy3 progeny examined, all showed only the
Landsberg-specific restriction fragment. Thus, none of the 206
chromatids tested showed a recombination event between the
hy3 mutation and the PHYB polymorphism. This result estab-
lishes that this hy3 mutation is very closely linked to the PHYB
gene.

The published cDNA sequence of Arabidopsis PHYB is from
the Columbia ecotype (Sharrock and Quail, 1989), whereas
most of our hy3 mutants are in the Landsberg ecotype. To ana-
lyze our mutants molecularly, we cloned the wild-type
Landsberg PHYB gene and sequenced it, as shown in Figure
2 and described in Methods. The sequence of the Landsberg
gene is virtually identical to the Columbia cDNA sequence,
differing only at one position in the coding sequence, at nucleo-
tide 3177 (Figure 2), and at one position in the 5’ untranslated
sequence, at nucleotide 2257 (Figure 2). The latter polymor-
phism creates a Xhol restriction site in the Landsberg gene,
which we used for the linkage analysis above. Neither of these
polymorphisms affected the amino acid sequence of PhyB.
We found three introns in the coding sequence (Figure 2) at
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HY3 Encodes Phytochrome B 149

1021 TATAAGATAATCGTTTTTGTCTTCATACATGGTAACATGGATGTTTATATATGTAATAGT 4021 GA’N;GGCAACGAATGCA GTTCGTCCTTTC. Gccmmmcmmnmcc
1081 GTTARRARGAAAMAGTGGTCGGTTATACTTARCTTATTATGATAGAGCTTTGARAACARA b QR H PR S S F QAFLEV K
1141 CAACACGAGATGGAGAAATTAGTCATTCAACAAAAGAAAAGGACGAACGCAGTGACTTAA
1201 CATGAAACTGTGAGCGGCCCAAAATCATTTATGTAATGGACCCTTAACTTTTCATGCACA R A e e A i A R Sl
1261 CGATTTTTCTCATTTATATGTTTTTCTGCTCTCTTTTTTTCCTCTTTATCATTACTTTAA
1321 TTTATTTTATGTTCTTTTTTCGAAGCACCATAATTGTATGCTTTCACCAAATAATCCAAR 4141 Acacmmmmmmmcccacmmcmmcm;mammw
1381 TTTAGAATCATTAATATGTCAAAAAAGAATTGCATATATTCAATAAAACGTAATGCTAAG R D 8 F KESEAAM K vV D GV
1441 TAGTACAATGCATGTATTATACAAAATGTAATGATATAGATCCAACGTATATATCAAAGT
1501  GGACCAAAATATATCTTATGTATTAGACGAGTITACTATGCAAAATTTATGATTCTATIC 4201 CAGCCATGTAGOSATATGACGIGOERACAGIGATTEATIAGTTAG R
1561 CGCATGGAGCGTGCTAATACTACTTCGAACCCCTTTGAGACCAATATGTGATTCTATATT
1621 CTATCTAGTACAAATTATGAGAAGTATATACGTACGATGAGAGTATAAAACATTTCAATA 4261 GAGA’PGG‘I‘I’AGGC'I‘CAT'I‘GAGACTGCMCTG'I‘TCCTATATPCGCN’ICGATGCCGGAGGC
1681 TTTGTATAGAGAGGACACCACTIGGTTGACTTGACCCACGATARGATATTGAAGABACCA E MV RLI A ¥ vV D A G G
1741 AACTTGTATAGTACGAATTCGAAATCGTAATTGATGATGCGATTCGACAAGTCCAGGGGC
1801 TCCCTCCACGCGCANTGGGCCCAGCAACCACGTGTGGCCACTAGAGAGAATAAACCATT 4321 TGCATCAATSGATGGAACOCTARGATTSCAGAGT TGACAGGTCTCTCASTTCAACAASCT
1861 AGCCCACGIGATCTTGGGCCCAATCAATCTCTCCCTCACATTAAACGACAAAACAAAAGC
1921 TCTTCTGGGTTAAATTGATAAATATCAAAACTTTAAAGGTAATTTGCTAAAATCGCCACA 4381 AmnmmmmAmmnﬂmMmccmchMMﬂAc
1981 CAAARAAAAGTCGCAGAAAATATATGAGGAAA( GAAGACGAC. M G K 5 L V SOD Y ENEATV
2041 AACTCTGATTTTTTTTTGTTATCTCTCTCTATCTGAGAGGCACACATTTTGCTTCGTCTT
2101 CTTCAATTTATTTTATTGRTTTCTCCACTTATCTCCGATCICANTTCTCCCCATTTTCTT 4441 CTTCTTICTCGTSCTTTGAGAGgLatatteagttcticagotatgtgtatetgeggtyt
2161 CTTCCTCAAGTTCAAAATTCTTGAGAATTTAGCTCTACCAGAATTCGTCTCCGATAACTA
* 4501 atacaccaatthcgggtatttgatLat!:ttgttgcatttggcaatgcagGGGACGAGGA
2221 GIGGATGATGATTCACCCTAAATCCTTCCTTGTCTCGAGGTAATTCTGAGAAATTTCTCA EE
2281 Mmmmcmmcmcccmmcccscwmmcmmcmcm 4561 wc&mmmcrr ecmamcmmcccccncmcncccmccmm-r
M Vg GVEGG S8 G G G R VvV EV K L K P L o
2341  GGCCGTGGCGGAGAAGAAGAACCGTCGTCAAGTCACACTCCTAATARCCGARGAGGAGGA 21 TGTGGTTG TGCTTGTTCS, GGACTACTTGAACAACATTCTCGGCGTTTGTTT
GRGGOGTETETETPTSTSSHTTPNNT RTERTGG 461VVVNNACSQGCQAC§LQAC?VGVCF
2401 GAACAAGCTCAATCGTCGGGAACGRAATCTCTCAGACCAAGAAGCAACACTSARTCARTG 4681 TGTTGGACAAGACGTTACTAGTCAGAAAATCGTAATGGATAAGTTCATCAACATACAAGG
E Q A Q T K § R P R VGQDVTSQKTIVMDEKTFTINTII G
2461 AGCMCMWMC“GI‘AC Accgre GACGCMGACW CACGCCGTTTTCGAACAATCC 4741 AGA'I'rAcMGGcmm'rAc ATAGCCCAAACCCTCTAATCCCGCCAATTTTTGCTGCTGA
Q Q R L HAVFEZQS D K A1 VHSPNTPTLTI®PZPTITFAAD
2521 GGCGMWAGGGNTCA“‘CGACTACWACMTCACTCMMCGACGACGFACGM 4801 CGAGAACACGTGCTGCCTOGARTGGARCATOECGATOARAAGE TTACGAGTIGETCTCG
G E 8 G K 8 D Q 8 L K T T Y G E fol W NMAME L W S R
2581 TCTGTACCTGAGCAACAGATCACAGCTTATCTCTCTCGANTCCAGCGAGGTGGTTACATT 4861 CAGTGAAGTGATTGGGAAAATGATTGTCGGGGAAGTGTTTGGGAGCTGTTGCATGCTARA
S VPEQQITAYZLSRTIOQRGGYTI S EVIGIKMTIVGEVTFGS ST CCMTLEK
2641 CAGCCTTTCGGATGTATGATCGCCGTCGATGAATCCAGTTTCCGGATCATCGGTTACAGT 4921 GGGTCCTGATGCTTTAACCAAGTTCATGATTGTATTGCATAATGCGATTGGTGGCCAAGA
Q P F ¢ C M I AVDE s F R I 1 &Y S G PDALT KT FEMIVILHNABATILGTEGOQ D
2701 GMMCGCCAGAGMAWTAGGGAWATGCC'NMWW ACTCTTGAGARACCT 4981 ’I‘ACGGATAAG‘I"ICCCT'I'TCCCATTC'I'I'IGACCGCAATGGGMGPI'PG’I'PCAGGC'NTA’I'P
E N A R M L I M P Q s P TLEKFP T K F F PF FDRNGTE KT FUV QA L
2761 GAGATTCTAGCTATGGGAACTGATGTGAGATCTTTGTTCACTTCTTCGAGCTCGATTCTA
S T S T S G e R e A S S A 5041 GACTGCAMCMGCGGGWAGCENGAGGGAQAGGWAT?(G;GGGCP;TCECWA
2821 cI'CGAGcGmmccrmcrcGAGAGAwAccmﬂmmcccmmx‘ch'rcc 5101 AATCCCGAGCC(.‘PGAGCTGC AGC, MGCWAGCAGNCMCGGAGGCAGGACAC Acm'nc
L ERATFV ARE T L LNPVWTIH T P S P E o 0 ) )
2881  AAGAATACTGGTAAACCGTTTTACGCCATTCTTCATAGGATTCATGTTGGTCTTGTTATT 5161 TTTCACGAAGGCAAAAGAGTTGGCTTATATTTGTCAGGTGATAAAGAATCCTTTGAGCSS
K NT G K PF Y A I LHRTITDVGV VI F T K A KETLAUYTICOWV I K s
2941 gAT'{"TAgAGCCAGCTAGMCTGMGM‘CCNCGEWTAWWGGPGCTCHEMTCG 5221 TATGCGTT"CGcmchAmmGAGGCCACAGACﬂ‘GMCGAGGACCAGMGCAGTr
S L L E D E D Q [¢)
3001 CAGAAACTCGCGGTTCGTGCGATTTCTCAGTTACAGGECTCTTCCTGGTGGAGATATTAAG 5281 ACTTGAAACAAGTGTTTCTTGCGAGAAACAGATCTCAAGGATCGTCGGGGACATGGATCT
Q KL AVRAISQLOQALTPGGTDTIK L ET SV S CZEZKZGQTITZSZ RTIVGGDMTPDIL
3061 CTTTTGTGTGACACTGTCGTGGAAAGTGTGAGGGACTTGACTGGTTATGATCGTGTTATG tee.
LL e P TVV ESVRDILTGGY DRIV M 5341 T‘(éMgGC?TP(éMGACGthgagtatagttagaa atctagaagctagtrttgettac
.
3121 GI'J'I‘ATAAGI‘PI‘CATGAAGA’I‘GAGCATGGAGMGTTGTAGCT‘GAGAGPAAACGAGATGAT 5401 ttcacaaaatgtgaccaaatcccaaattttgtttttttcat tgatcag’l';vl\'ll;l'mmc'l‘
VY K F H E D
3181 ’I'I‘AGAGCCTTATAWACNCATTAT'CCTCCPACI‘GATAT]‘CCPCMGCGTC A)\GG’I'IC 5461 AAAGAGGGAAGAGTTTTTCCTTGGAAGTGTCATAAACGCGATTGTAAGTCAAGCGATGTT
L E P o R K R EEPFF LGSV INATIV S QAMTF
3241 TrcmAAGcAGAACCGm'mCGAATGATAGTAGM'MCMNCC ACAccmmq'rcm 5521 CTTATTAAGGGACAGAGGTCTTCAGCTGATCCGTGACATTCCCGAAGAGATCAAATCAAT
L F K QN R 1 A L L LRDRGTULGQTL R DI P EE 1 K 8 1
3301 GTCCAGGACG)\TAGGCI‘AAC’I‘CAG'ICTA’I‘(‘:'I‘GCT'I‘GG‘I‘I‘GG’I'ICFACPC’I'PAGGGCPCCT 5581 AGAGG'I'I‘I'I'PGGAGACCAGATAAGGA'I'I‘CMCAGC'ICCI‘GGCNAGTH‘CPGCNAGMT
o D L Q C L VG S TULRA Q I Q QL L AEBTFTILTL
3361 CATGG'I'I‘G’ICAC'ICTCAGI‘ATA’ICGC’I‘AACANGGA’IC’I‘AT’ICCG’I‘CI‘I‘PAGCAANGCG 5641 AATCCGGTATGCACCATCTCAAGAGTGGGTGGAGATCCATTTAAGCCAACTTTCAAAGCA
H G C ) T R Y A P S QEWVETLHRTL § L 8 K Q
3421 GTTATAATCAATGGAAATGAAGATGATGGGAGCAATGTAGC TAGTGGAAGAAGCTCGATG 5701 AATGGCTGATGGATTCGCCGCCATCCGCACAGAATTCAGgtacatttcattgttcecget
VIINGNETDTDTGT SNV VHASTGT RTSSM M ADGTFAATILIRTEF R’
3481 AGGCTTTGGGGTTTGGTTG mcccmcacncm-mmccmcxmccmwcccw 5761 gccgcccccacacacccataaccaaaauacgcaatccggc:cttctggccccctattcc
R L WG L VV C H T S S R CI PF P L 5821 gtacataaagaaaatgaatttggtttggttaattacgaatttgatttaggegtttaaaga
5881 atttgaggttttaaccaattcactatttgttttggttattgtttagttggaacctagatt
3541 AGGTATGCTTGTGAGTTTTTGATGCAGGC TTTCGGTTTACAGTTAAACATGGAATTGCAG 5941 agtttgatttttgtattcggtttagtcgacttgggaacttttagacacatcecataggect
R Y A C E F L M QAT F G L QLNMETL Q 6001 agaattagcagtcaaggaatgtaatgttttcaaattgatgaaaaccagctcaaaagtgta
6061 aaacttgggtttcatgtgttggtgtctttgctatgtctttattcgttgtttgcagM'l‘GG
3601 TTAGCTTTGCAAATGTCAGAGAAACGCGTTTTGAGAACGCAGACACTGTTATGTGATATG
L'ALQMSETZKT RVLILRTQTILTLTCTDM
6121 CGTGTCCAGGTGAAGGTCTGCCTCCAGAGCTAGTCCGAGACATGTTCCATAGCAGCAGGT
3661 CTTCTGCGTGACTCGCCTGCTGGAATTGTTACACAGAGTCCCAGTATCATGGACTTAGTG C P G E G P PELVURDMTFHSSRUW
LLRDSZPAGTIVTG QSZPS§TIMDTLUV .
6181 GGACAAGCCCTGAAGGTTTAGGTCTAAGCGTATGTCGAAAGATTTTAAAGCTAATGAACG
3721 AAATGTGACGGTGCAGCATTTCTTTACCACGGGAAGTATTACCCGTTGGGTGTTGCTCCT T s P EG G L SV CREKTITULIKTLMNG
K ¢ Db GAAFTULYHGT KT YV YTPTLGVATP
6241 GTGAGGTTCAATACATCCGAGAATCAGAACGGTCCTATTTCCTCATCATTCTGGAACTCC
3781 AGmAAGmgAGATmAcATGchcmeGcGAATCATGCGGM-I\:AACC EV QY IRES SEHRSYTFTLTITILITLETLTP
E VVEWLTLANEHA ADTG ST
6301 CTGTACC’I‘CGAAAGCGACCATI‘GTCAAC’I'GCPAGTGGAAGI‘GGTGACATGANCNATGA
3841 GGATTAAGCACTGATAGTTTAGGCGATGCGGGGTATCCCGGTGCAGCTGCGTTAGGGGAT PRKRUPLSTASGS GDMMILMM
G L S8 TD SLGUDA AGTYPGA AR MAATLTGD
6361 TGCCATATTAGTCACACTTCAGTTGGTATGAGAGTTTGTATCATTGTATGAGTGTTTGTG
3901 cc'IGI‘GI'GCGGI'ATGGCAGT'ICCATATATCACMAAAGAGACI'I'FC’I'N'I'I'I‘GG’I‘I‘I‘CGA P Y *
A R D F L F W F R
6421 TGTCTAACGACGTCGGAGGAGGATAGAAAGTTTTTTTTTTGTTTCCGGTGAGATTAGTAG
3961 6481 AGAAGAGGGAGATTATTTGCGTTCAGCTC 6509

TCTCACACTGCGARAGAAATCAAATGGGGAGGCGCTAAGCATCATCCGGAGGATARAGAT
S HT A K E I K W G G A KHHUPETDTIKD
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Figure 2. Sequence of the phyB Gene from Ecotype Landsberg erecta.

Introns are in lowercase letters, G-box consensus sequences are underlined, and polymorphisms compared to the published cDNA sequence
from ecotype Columbia are marked with asterisks. One kilobase of sequence at the 5’ end has been omitted to conserve space. This sequence
has been submitted to GenBank as accession number 1L09262.
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hy3-4-117
his283 > tyr

hy3-EMS142
p397 —> UGA

hy3-Bo64
gind48 — UAG
hy3- 464-19

hy3-8-36
D552 —3 UGA
|

1.

e cys357 = chromophore attachment site

P
Figure 3. Mutations in the phyB Gene.

We sequenced 6509 bp of the wild-type gene. The published cDNA
sequence begins at nucleotide 2207 (Figure 2), and coding sequences
are drawn as blocks. The chromophore attachment site is at cysteine-
357. Mutation hy3-4-117 is a C-toT mutation at nucleotide position 3145
that changes a histidine codon to a tyrosine codon at amino acid resi-
due 283. Mutation hy3-EMS742 is a G-to-A mutation at hucleotide 3489
that changes a tryptophan codon to a stop codon at amino acid posi-
tion 397. Mutation hy3-Bo64 is a C-to-T mutation at nucleotide position
3640 that changes a glutamine codon to a stop codon at amino acid
residue 448. Mutation hy3-8-36 is a G-to-A mutation at nucleotide 3954
that changes a tryptophan codon to a stop codon at amino acid position
552. Mutation hy3-464-19 is a T-DNA insertion in a 0.15-kb EcoRlI-Dral
fragment encompassing nucleotides 5732 to 5877.

amino acid positions corresponding exactly to the introns in
genomic PHYA genes previously sequenced from oat, maize,
rice, and pea (Hershey et al., 1987; Sato, 1988; Christensen
and Quail, 1989; Kay et al., 1989), and to the introns in a PHYB
gene from potato (Heyer and Gatz, 1992). It is interesting that
PHYA and PHYB genes each have the same conserved
exon/intron structure.

We also sequenced ~2 kb of DNA upstream of the previ-
ously reported PHYB sequence. We found that the published
cDNA sequence starts immediately after a natural EcoRl site
in our genomic sequence. Because the library from which the
cDNA clone was obtained was constructed by adding EcoRI
linkers to the cDNA molecules and then digesting these with
EcoRl before ligating to a vector (Crawford et al., 1988; Sharrock
and Quail, 1989), it seems likely that the actual transcriptional
start site lies upstream of the previously reported cDNA se-
quence. In the presumptive promoter sequence, we found two
G-box sequences (CACGTG) (Williams et al., 1992) at nucleo-
tide positions 1830 to 1835 and 1865 to 1870 (Figure 2). Two
other sequences, at nucleotide positions 1699 to 1704 and 1808
to 1813, had a single change from this palindromic consensus
motif (Figure 2). We sequenced just 158 bp of the 3’ noncod-
ing region, because our clone extended no further (Methods).
The polyadenylation site of the published cDNA sequence is
239 nucleotides downstream of the stop codon (Sharrock and
Quail, 1989).

By DNA sequencing, we found point mutations in the PHYB
gene from four EMS-generated hy3 mutants, diagrammed in
Figure 3. Three alleles, hy3-Bo64, hy3-8-36, and hy3-EMS142,

have stop codons in the coding sequence (Figure 3). A fourth
allele, hy3-4-117, has a missense mutation that causes a
histidine-to-tyrosine change at amino acid residue 283 (Fig-
ure 3). Gel blot hybridization analysis of genomic DNA from
the T-DNA-generated allele hy3-464-19 indicated that it con-
tains a T-DNA insertion in the PHYB gene (Figure 3). These
results establish unequivocally that the HY3 locus encodes
phytochrome B. Henceforth, we refer to the mutations as phyB.

Phenotypes of phyB Mutants

We found that some phyB mutants had longer hypocotyls than
others, as shown in Figure 1 and Table 1. Mutants Bo64, 8-36,
M4084, EMS142, and 464-19 had the longest hypocotyls,
whereas mutants 4-117, 548, and 1053 had hypocoty! lengths
intermediate between those of the wild type and the mutants
having the longest hypocotyls (Table 1).

This long hypocotyl phenotype was caused by increased
cell elongation. Hypocotyl epidermal peels from 13-day-old
seedlings of the wild type and two phyB mutants are shown
in Figure 4. The epidermal cells from the hypocoty! of nuli mu-
tant 8-36 (Figure 4C) are ~2.5 times as long as the same cells
from the wild-type plant (Figure 4A; data not shown). Epider-
mal cells from the hypocotyl of partial loss-of-function mutant
4-117 are intermediate in length (Figure 4B), ~1.75 times the
mean length of cells of the wild type (data not shown). Cell
division in the hypocotyl was unaffected by the mutations, as
the wild-type and mutant plants all had approximately the same
number of cells along the length of the hypocotyl (data not
shown).

Many other tissues in phyB mutant plants also appeared
elongated. As shown in Figure 5, phyB mutant plants had more
elongated petioles and smaller leaf areas than did wild-type
plants (Nagatani et al., 1991a). In addition, we found that phyB
plants were taller than wild-type plants, as shown in Figure

Table 1. Hypocotyl Lengths and Chlorophyll Contents of phyB
Mutant Seedlings?

Hypocotyl ug Chlorophyll/
Strain Length (mm) Seedling
Wild type (Ler) 27 £ 05 3.9
hy1 84 + 12 1.1
phyB-464-19 81 +13 1.4
phyB-8-36 83 + 05 2.2
phyB-Bo64 8.1+ 06 2.0
phyB-M4084 8.0 x 1.1 2.7
phyB-548 6.2 £ 0.7 2.0
phyB-1053 55 + 0.6 2.0
phyB-4-117 51 %05 2.6

2 Hypocotyls and chlorophyli contents were measured 12 days after
sowing. Hypocotyl lengths are based on measurements of 20 plants,
and chlorophyll levels are based on measurements of four plants.
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Figure 4. Hypocotyl Epidermal Peels of Wild-Type and phy8 Mutant
Plants.

(A) Wild-type Landsberg erecta.
(B) phyB mutant 4-117.
(C) phyB mutant 8-36.
Scale bar = 200 um.

6. Measurements of 6-week-old plants, summarized in Table
2, revealed that phyB plants had longer main stems than wild-
type plants, fewer secondary stems, fewer stem termini (as
aresult of the decreased number of stems), and fewer siliques
(fruits) on the main stem. These phenotypes indicate that the
phyB mutants have greater apical dominance than the wild
type.

For comparison, we measured the same parameters for adult
hy1 plants, probably deficient in multiple phytochromes (Chory
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et al., 1989; Parks et al., 1989; Parks and Quail, 1991) (Table
2). We found that they had even greater apical dominance than
phyB mutant plants, each hy7 plant having just a single stem.
However, this stem was shorter than wild-type (and phyB)
stems, and the number of siliques was lower. These pheno-
types could have arisen because the hy? mutant has a very
low chlorophyll content (see below), which may limit the growth
of this mutant.

Interestingly, we also found morphological differences be-
tween roots of wild-type and phyB plants. As illustrated in Figure
7, root hairs of 1-week-old seedlings of a phyB mutant were
longer than root hairs of the wild-type strain. Dark-grown seed-
lings had very few root hairs, but the root hairs present were
approximately the same length in the mutant and the wild type
(data not shown). This result suggests that perception of light
by PhyB normally inhibits root hair elongation. In contrast, the
roots of phyB mutant seedlings were shorter than the roots
of wild-type seedlings, as shown in Table 3. The mean root
length of phyB seedlings was approximately three-fourths that
of the mean root length of wild-type seedlings (Table 3). This
was true even in the dark (Table 3). This observation suggests
that the shorter roots of phyB mutants did not depend on ab-
sorption of light, and raises the possibility that PhyB may have
some activity in the absence of red light activation. Alterna-
tively, the light treatment given prior to dark incubation to induce
germination of seeds (see Methods) may have been sufficient
to affect subsequent root growth.

Figure 5. Three-Week-Old WildType and phyB Plants.

(A) Wild-type Landsberg erecta (Ler).

(B) phyB mutant Bo64.

(C) phyB mutant 4-117.

(D) phyB mutant 8-36.

The mutants have elongated petioles and flower early.
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Figure 6. Five-Week-Old Adult Plants of Wild Type and Three phyB
Mutants,

The wild-type Landsberg erecta (Ler) plant is at left, and phy8 mu-
tants Bo64, 4-117, and 8-36 are at right.

In addition to these morphological phenotypes, phyB mu-
tants exhibited physiological differences from wild-type plants.
In agreement with others (Goto et al., 1991; Whitelam and
Smith, 1991), we found that they flowered earlier than the wild
type, during both long and short days (data not shown). Consis-
tent with their accelerated flowering, phyB mutant plants had
fewer rosette leaves than wild-type plants (Table 2; Whitelam
and Smith, 1991; Chory, 1992). We also found that phyB seed-
lings had less chlorophyll per seedling than wild-type seedlings
(Table 1; Lifschitz et al., 1990). Furthermore, phyB leaf meso-
phyll cells have fewer chloroplasts per cell than wild-type
mesophyll cells (J. Chory, unpublished result), suggesting that
the reduced chlorophyll level may arise partly from a decreased
number of chloroplasts.

We observed a rough correlation between the chiorophyll
levels of the mutants and their hypocotyl lengths. Thus, the
presumed null mutants described above, Bo64, 8-36, EMS142,
and 464-19, which had the most extreme hypocotyl phenotypes,
all had low chlorophyll levels, whereas mutant 4-117, which we
hypothesized to carry a partial loss-of-function mutation, had
an intermediate chlorophyll level (Table 1 and data not shown).
In no case, however, was the chlorophyll content of a phyB
mutant as low as that of the hy7 mutant (Table 1).

Expression of the PHYB Gene

We analyzed PHYB mRNA in the mutants by RNA gel blot-
ting. As shown in Figure BA, PHYB mRNA could be detected
in all of the mutants. In the EMS-generated mutants, the mRNA
was the same size as the wild-type mRNA, ~4 kb. In the T-DNA
insertion mutant 464-19, however, the mRNA was substantially
larger, ~7 kb. Presumably, the greater length of the PHYB tran-
script in this strain is caused by T-DNA sequences fused to
the PHYB sequences. In addition, we observed that the level
of PHYB mRNA in the mutants was slightly lower than the wild-
type level, except in mutant 4-117, where we observed no obvi-
ous difference from the wild-type level (Figure 8A). All of the
mutants had levels of PHYA (phytochrome A) mRNA approxi-
mately equal to the wild-type level (Figure 8A), showing that
the phyB mutations do not affect expression of the PHYA gene.

We examined PhyB protein levels in these mutants using
a monoclonal antibody raised against the C terminus of the
presumptive PhyB protein from tobacco. It was found previ-
ously that this antibody recognizes Arabidopsis PhyB protein
selectively (Nagatani et al., 1991a). Protein gel blots using this
antibody failed to reveal PhyB protein in any of the phyB mu-
tants except for mutant 4-117, which had a level approximately
equal to the wild-type level (Figure 8B). Because the antibody
used was raised against the C-terminal portion of the protein,
it would not have detected a truncated fragment of PhyB, as
might exist in mutants Bo64 and 8-36 (nonsense mutations)
or 464-19 (T-DNA insertion allele).

DISCUSSION

We have shown here that Arabidopsis hy3 mutations fall in
the PHYB gene, encoding one of the five red/far-red light-

Table 2. Characteristics of 6-Week-Old Wild-Type, hy1, and phyB8 Plants®

Length of Number of Siliques Number of Number of
Strain Main Stem (main stem) Number of Stems Termini Rosette Leaves
Ler 227 x 22 233 +19 27+ 06 10.7 £+ 1.6 79 + 1.0
hy1-21.84N 199 + 1.6 143 £ 2.0 1.0+ 0 48 + 15 4.0 = 1.2
phyB-Bo64 278 + 23 16.7 = 2.2 1.3 £ 06 73 % 13 5316

& Numbers are means (+ standard deviation) of measurements of 10 (for hy7) or 15 (for Ler and phyB) plants.
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Figure 7. Root Hairs of WildType and phy8 Mutant Seedlings.

A root from a wild-type plant is at left, and a root from a phyB-8-36
plant is at right. Seedlings were grown for 1 week in white light.

sensing phytochrome proteins in this plant. The various pheno-
types of hy3(phyB) plants are thus the downstream
manifestations of alterations in a light signal transduction path-
way (or pathways) having PhyB as the initial receptor. These
are the only mutations shown to lie in a phytochrome gene,
and they allow us to assess directly the role of this phytochrome
in Arabidopsis development.

The very long hypocotyls and the molecular phenotypes of
mutants 8-36, EMS142, Bo64, and 464-19 suggest that these
strains have null or near null mutations. Mutant 4-117, on the
other hand, appears to carry a partial loss-of-function muta-
tion because it has an intermediate hypocotyl length. Since
mutant 4-117 contains the normal amount of PhyB protein, mu-
tation phyB-4-117 probably changes the functional properties
of the PhyB molecule. The molecular defect in this mutant,
a histidine-to-tyrosine missense mutation, is consistent with
this hypothesis. We do not know the biochemical function af-
fected by this mutation, but it is intriguing that it occurs in a
charged region that is highly conserved among different
phytochromes from both monocots and dicots (Hershey etal.,
1987; Sato, 1988; Christensen and Quail, 1989; Kay et al., 1989;
Sharrock and Quail, 1989; Dehesh et al., 1991; Heyer and Gatz,
1992; J. C. Lagarias, personal communication), as well as lower
plants (Hanelt et al., 1992; Maucher et al., 1992; Winands et
al., 1992). The His-283 residue is conserved in all sequenced
phytochromes, including PhyA and PhyC (Sharrock and
Quail, 1989).

The multiplicity of phenotypes of phyB8 mutants underscores
the importance of light quality in controlling plant development.
Shade-avoiding plants inhibit elongation of hypocotyl and other
tissues and promote leaf and chloroplast development in re-
sponse to red light. In high fluences of far-red light, they grow
tall, show increased apical dominance, flower early, and make
less chlorophyll (Brown and Klein, 1971; Smith, 1982; Corré,
1983; Martinez-Zapater and Somerville, 1990; Chory, 1991;

HY3 Encodes Phytochrome B 153

Thompson and White, 1991; Whitelam and Smith, 1991). Far-red
growth patterns are constitutive in the phyB mutants because
the relevant photoreceptor (PhyB) is missing. Since plant shade
is richer in far-red light than direct sunlight, the various pheno-
types of the phyB mutants may represent components of the
plant's response to excessive shade (Smith, 1982). Other en-
vironmental states affecting red/far-red light ratios, such as the
onset of twilight or the latitude at which an individual plant
grows, might have similar effects on plant development (Smith,
1982).

Our observation that root hairs are longer in the phyB mu-
tants than in the wild type is particularly intriguing, because
roots are normally hidden from light. This phenotype may in-
dicate that red light normally inhibits root hair growth. Other
researchers have noted phytochrome effects in roots: for ex-
ample, in regulating expression of the asparagine synthetase
gene (Tsai and Corruzzi, 1991), and in promotion of gravitropism
(Lake and Slack, 1961; Feldman, 1984; Kelly and Leopold,
1992), Phytochrome has been found to be expressed in root
caps of maize (Johnson et al., 1992). In preliminary experi-
ments, we failed to observe any effect of light on root
gravitropism in Arabidopsis, and we did not notice any defect
in gravitropism in the phyB mutants (J. W. Reed, unpublished
results).

Comparison of hy3(phyB) mutant phenotypes to hy1, hy2,
and hy6 mutant phenotypes shows that the relative contribu-
tion of PhyB to phytochrome-mediated responses depends on
the particular response. The hy1, hy2, and hy6 mutants are
deficient in phytochrome chromophore attachment or avail-
ability (Chory et al., 1989; Parks et al., 1989; Parks and Quail,
1991). Presumably, they are deficient in multiple phytochrome
species. These mutants have hypocotyls only slightly longer
than phyB mutant hypocotyls (Table 1; Koornneef et al., 1980;
Chory, 1992; J. W. Reed, unpublished results), flower slightly
earlier than phyB mutants (Table 2; Chory, 1992), have sub-
stantially less chlorophyll (Table 1; Koornneef et al., 1980;
Lifschitz et al., 1990; Chory, 1992), and have defects in red
light induction of gene expression not exhibited by phyB mu-
tants (Chory et al., 1989; Sun and Tobin, 1990). Thus, PhyB
appears to play a major role in inhibition of hypocotyl elonga-
tion by red light, significant roles in controlling flowering and
inducing chlorophyll accumulation, and no part in red light in-
duction of gene expression in dark-grown plants. Therefore,
phytochromes seem to have distinct but partially overlapping

Table 3. Lengths of Wild-Type and phyB Seedling Roots®

Root Length Root Length
Strain (light) (dark)
Ler 257 £ 7.1 mm 229 + 6.9 mm
phyB-8-36 17.9 = 6.2 mm 16.2 = 6.8 mm

@ Root lengths were measured 8 days after sowing on plates incu-
bated vertically. Ler, wild type Landsberg erecta.
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Figure 8. RNA and Protein Gel Blot Analysis of WildType and phyB
Mutant Plants.

(A) Blots of RNA from wild-type (Ler) and phyB8 mutant plants probed
with a PHYB-specific fragment, a PHYA-specific fragment, and a
ribosomal DNA (rDNA) fragment. The data are from two RNA gel blots,
one probed with the PHYB-specific fragment and the rDNA fragment,
and the second probed with the PHYA-specific fragment. When the
blot used for PHYA was reprobed with an rDNA fragment, the appar-
ent variation in PHYA transcript levels among strains was found to be
due to unequal amounts of RNA in different lanes (data not shown).
The same RNA preparations were used for both blots.

(B) Gel blot of proteins from wild-type (Ler) and phyB mutants probed
with the anti-PhyB monoclonal antibody.

functions. Differences in the biochemistry of signal transduc-
tion mediated by the various phytochromes might account for
the apparently distinct developmental roles of the different
phytochrome isoforms, or they might be expressed in differ-
ent tissues of the plant or at different times during development.

The finding that overexpression of PHYB in transgenic
Arabidopsis plants caused a short hypocotyl phenotype is con-
sistent with the conclusion that PhyB is the principal
phytochrome involved in controlling hypocotyl elongation
(Wagner et al., 1991). However, overexpression of PHYA genes
in tobacco, tomato, or Arabidopsis can also inhibit stem or

hypocotyl elongation (Boylan and Quail, 1989, 1991; Keller et
al., 1989; Nagatani et al., 1991b; Cherry et al., 1992). These
results suggest that PhyA can mediate inhibition of cell elon-
gation, at least when overproduced substantially. More careful
characterization of the light responses of such transgenic plants
has suggested that the responses seen reflect the unusually
high levels of PhyA present, and that these responses are
therefore aberrant (McCormac et al., 1992). In the PHYA over-
expression studies, PhyA appears to be able to play a role
normally performed by PhyB. Mutants defective specifically
in PhyA have not been described, but if PhyB really is the most
important phytochrome in mediating inhibition of hypocotyl
elongation, we would expect that phyA mutants would not have
elongated hypocotyls in white light screens. These experiments
underscore the importance of considering the phenotypes of
mutants lacking a particular phytochrome, as well as pheno-
types caused by overexpression of a gene for that phytochrome,
to reach conclusions regarding biological function.

The biochemical targets of PhyB signal transduction are
not known. Different tissues exhibit different types of de-
ficiencies in the phyB mutants. Thus, leaf mesophyll cells
produce fewer chloroplasts and less chlorophyll in the mutant;
apical meristematic cells undergo the switch from vegetative
to inflorescence meristem growth prematurely; and hypocotyl,
stem, petiole, and root hair cells elongate more. Perhaps lev-
els of (or sensitivities to) some hormone or metabolite that
controls these processes are affected in the mutants. It has
been shown that an increase in cytosolic calcium levels pre-
cedes, and can induce, swelling of etiolated wheat protoplasts
(Shacklock et al., 1992), implicating calcium in phytochrome
signal transduction. Auxins, gibberellins, and brassinosteroids
are known to cause cell elongation (Cleland, 1987; Métraux,
1987; Reid, 1987; Mandava, 1988), and phyB mutations may
well affect synthesis or action of one of these plant hormones.
Other researchers have found that a protein corresponding
to a phytochrome is missing in a sorghum variant that over-
produces gibberellins (Beall et al., 1991; Childs et al., 1991,
1992). This variant, which carries the ma3” allele at the MA3
maturity locus, flowers early and has elongated leaf sheaths
and leaf blades (Pao and Morgan, 1986). These phenotypes
are reminiscent of those of the phy8 mutants described here.
Similarly, an oilseed rape mutant that overproduces gibberel-
lins is missing a phytochrome (Rood et al., 1990; Devlin et al.,
1992). Farther down the pathway, changes in cell wall proper-
ties probably account for the increased cell elongation in
hypocotyls, root hairs, and other tissues (Taiz, 1984; Casal et
al., 1990; Kigel and Cosgrove, 1991).

The identification of mutations in the PHYB gene will facili-
tate more detailed investigation of light signal transduction and
light-regulated development in Arabidopsis. By characterizing
additional point mutations, it will be possible to learn more
about the biochemical activity of this unique light-absorbing
protein. The mutants will also allow further biochemical and
physiological studies aimed at unraveling the downstream sig-
nal transduction pathways initiated by absorption of light by
phytochrome.
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METHODS

Plant Growth and Phenotypic Analysis

Seeds were surface sterilized and plated on Murashige-Skoog/sucrose/
phytagar plates (1 x Murashige-Skoog salts, 2% sucrose, 0.8% phyt-
agar [GIBCOY]), stored overnight at 4°C, and grown in light chambers
(16-hr day/8-hr night) kept at 22°C. Seedlings were transferred to soil
10 days to 2 weeks after sowing and grown in a greenhouse. For root
observations, the seeds were sown in a line across MS/sucrose/phytagar
plates, and the plates were placed vertically instead of horizBntally.
Dark-grown seedlings were first induced to germinate by treatment
with white light for 16 to 24 hr. Chlorophyll measurements were as de-
scribed by Chory (1992).

Cloning of phyB and Sequencing of Mutant Alleles

A clone containing phytochrome B (PHYB) gene sequences was de-
tected in a library of Arabidopsis thaliana ecotype Landsberg erecta
genomic DNA sequences (Voytas et al., 1990) cloned in A Fix
(Stratagene), using a probe obtained by polymerase chain reaction
(PCRY) amplification from genomic DNA. The primers used to amplify
the PCR probe were 5-GACTCATATGATGGCGGGGGAACAG-3' (con-
tains an introduced Ndel restriction site followed by nucleotides 4216
to 4230; Figure 2) and 5-GCTCAAAGGAT TCT TTATCACCTGACAAAT-3
(nucleotides 5218 to 5189; Figure 2), and were designed based on the
published cDNA sequence of PHYB from ecotype Columbia (Sharrock
and Quail, 1989). The PHYB clone obtained was found to lack the 3’
end of the gene, so we amplified a fragment of Landsberg DNA by
PCR using primers complementary to the 3’ end of the published
Columbia cDNA sequences. The primers used were 5-TCTGTTTCT-
TGCAAATCCCGAGC-3' (from nucleotide 5088 to nucleotide 5110 in
Figure 2) and 5-GCTCTAGAGCTGAACGCAAATAATCTCCC-3 (contain-
ing an Xbal site near the 5’ end, and nucleotides 6509 to 6487 of the
PHYB gene sequence; Figure 2). The clones were sequenced by stan-
dard methods. A portion of the gene, including the promoter, was
sequenced by Lark Sequencing Technologies, Inc. (Houston, TX). Mu-
tant phyB alleles were sequenced by amplifying segments of the gene
by PCR, reamplifying these fragments by asymmetric PCR, and se-
quencing these products directly as described by Beitel et al. (1990).
The mutation in strain 8-36 was localized before sequencing by dena-
turing gradient gel electrophoresis (Myers et al., 1987, 1989).

RNA and Protein Analyses

RNA was purified as described previously by Chory et al. (1989). For
RNA gel blot hybridizations, a purified 1.1-kb Xbal fragment contain-
ing nucleotides 5380 to 6509 (Figure 2; the latter Xbal site came from
the PCR primer used to clone the 3’ end of the gene, see above) was
used as a PHYB probe; a PCR product, made by amplifying Landsberg
genomic DNA with two primers designed from the published PHYA
cDNA sequence (Sharrock and Quail, 1989), was used as a PHYA probe.
The primers used for the PHYA amplification were 5-TGT TGACAATGG-
CCAGTCATGCAGT TCC-3' (positions 535 to 562) and 5-GTCATGCAA-
ACTATCAGTGCTCAAACCC-3 (positions 1694 to 1665). The ribosomal
DNA probe was described previously (Chory et al., 1989). Proteins
were extracted by the method of Chory et al. (1989). Protein gel blots
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were visualized using an alkaline phosphatase-conjugated goat
anti-mouse antibody kit from Bio-Rad.
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