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Plant blue-light receptors

Chentao Lin

Plants have several blue-light receptors, which regulate different aspects of growth and
development. Recent studies have identified three such receptors: cryptochrome 1, crypto-
chrome 2 and phototropin. Cryptochromes 1 and 2 are photolyase-like receptors that regulate
hypocotyl growth and flowering time; phototropin mediates phototropism in response to blue
light. In addition, phytochrome A has also been found to mediate various blue-light
responses. Although the signal-transduction mechanisms of blue-light receptors remain
largely unclear, phototropin is probably a protein kinase that regulates cytoplasmic calcium
concentrations, whereas the cryptochromes might regulate anion-channel activity and
changes in gene expression.

ment. Plant blue-light responses include inhibition dflentified via the isolation and characterization of a T-DNA-

hypocotyl elongation, stimulation of cotyledon expansiortagged hy4 allelé. DNA sequence analysis of thelY4
regulation of flowering time, phototropic curvature, stomatdbcus revealed a 681-residue open-reading-frame, for which the
opening, entrainment of the circadian clock and regulation of geNeerminal region (~500 amino acids) exhibited over 30% amino
expression. During the past decade, molecular genetic studie&l sequence identity to the microbial DNA-repairing enzyme
using Arabidopsisas a model system have identified three blu@®NA photolyas& DNA photolyases are flavoenzymes that cata-
light receptors: cryptochrome 1, cryptochrome 2 and phototropigze a blue—UV-A-light-dependent DNA-repair reaction through
which regulate primarily hypocotyl inhibition, flowering time andan electron-transfer mechanism
phototropism, respectively. This article focuses on some recenRemarkably, photolyase had been previously suggested, before
advances in our understanding of the function of these molecules isolation of theCRY1gene, to be a possible evolutionary pre-
in plant development. For comprehensive descriptions of thesesor of the plant blue-light receptdt The genetic evidence and

B lue light affects many aspects of plant growth and develogrown in blue light The HY4 gene (later rename@RY?) was

photoreceptors also see Refs 1,2. the sequence similarity between CRY1 and photolyase suggested
that cryl was likely to be the blue-light receptor that mediates the
Discovery of the cryptochromes light inhibition of hypocotyl elongation iArabidopsié. Analysis

Plant blue-light receptors have long been recognized from thefrcryl protein purified from insect cells Bt coli expressing the
action spectra to have roles in mediating various developmeniaabidopsis CRYIcDNA showed that cryl associated non-
responses and they have been hypothesized to contain bloevalently with a stoichiometric amount of flavin adenine dinu-
UV-A-light-absorbing chromophores such as flavin, pterin andeotide (FAD), which primarily absorbs blue and UV-A light
carotenoid¥ However, unlike phytochrome, a blue-light-receptoin addition to FAD, a pterin (5,10-methenyltetrahydrofolate) was
protein has never been successfully purified from a plant. This waend to bind to the recombinant CRY1 N-terminal photolyase-
certainly not because of a lack of effort; rather, a lack of specifiomology domain expressedgncoli, suggesting that, like photo-
biochemical assays and the relatively low abundance of these fiyase, cryl might contain pterin as a second chromophdiee
teins made the biochemical approach ineffective. A laboratoryyl protein showed no photolyase activiityvitro or in E. coli
nickname, cryptochrome, was coined for the blue-UV-A lightells™*2 which is consistent with it being a photosensory receptor
receptors, which reminds us of the pervasive blue-light responsather than a DNA-repairing enzyme.
found in cryptogamic plants (i.e. non-flowering plants such as
ferns, mosses and algae) and the once-cryptic nature of this typergptochromes and blue-light regulation of hypocotyl growth
pigment. The major photoreceptor mediating blue-light inhibition of

Unlike phytochromes, plants have various blue-light receptagpocoty! elongation is cry1
that appear to be derived from more than one evolutionary linedgenature, seeds are often buried under soil and germinate in the
and they could not be covered by the same nomenclature. @aek. Young seedlings of dicot plants germinated in the dark
class of these pigments, the photolyase-like blue-light receptatsyelop rapidly elongating hypocotyls to push unopened coty-
was named cryptochrome, simply because genes encoding liilons above the soil surface. Upon exposure to light, hypocotyl
group of blue-light receptors were the first to belongation is inhibited and the cotyledons start to expand and to
isolated. Thus, a new name, phototropin, was invented for tiiecome photosynthetically competent. These developmental
blue-light receptor that mediates the phototropic respgonsehanges are collectively referred to as de-etiol&tfén The
Nomenclature for th&rabidopsiscryptochromes is adapted fromphotoreceptor-dependent hypocotyl inhibition response is the
that for the phytochrom&sfor example, the wild-type gene, best-studied aspect of de-etiolation because it is easy to quantify.
mutant gene, holoprotein and apoprotein of cryptochromes 1 and@ation and characterization Afabidopsismutations impaired
are designate@RYlandCRY2Z2 crylandcry?2, cryl and cry2, and in this response have shown that phytochrome A (phyA) and phyto-
CRY1 and CRY2, respectivély chrome B (phyB) function in far-red and red light, respectiiely

Cryptochrome was first identified ifrabidopsis thaliana When tested with the hypocotyl-inhibition responsmbidopsis
In 1980, severarabidopsiphotomorphogenic mutants were iso-hy4d—crylmutants are insensitive to blue light, especially high-
lated, one of whichhy4, had impaired blue-light-dependent inhi-intensity blue light®, by contrast, transgenigrabidopsisplants
bition of hypocotyl elongation, resulting in a long hypocotyl whenverexpressin@RY lhave enhanced blue-light sensitivity
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lated in blue ligt?® the CRY2 protein concentration decreased
cryl De-etiolation rapidly in etiolated seedlings exposed to blue light. However, no
(cry2, phyA) ’ change in th&€RY2mRNA could be detected. Two lines of evi-
dence suggested that blue light triggered the degradation of the
cry2 protein. First, th€RY2coding sequence contained all the
information for blue-light-dependent regulation of cry2 protein

cryl o level: the cry2 protein derived from a transgene containing no
(phyA) — Circadian clock native untranslated sequence of @RY2gene was regulated by
/ blue light in a similar way to the endogenous cry2 prétSec-
E,””e ond, blue-light-dependent downregulation of cry2 was not
light \ affected by the translation inhibitor cyclohexinfitle
cry2 . Furthermore, a GUS-CRY?2 fusion protein expressed in trans-
(cryl) Floral initiation genic plants also showed a blue-light-induced degradéatiater-

estingly, a fusion protein between GUS and the C-terminal domain
(residues 480-612) of CRY2 showed no light-induced degra-
datiorf®, whereas a fusion between a smaller fragment of the C ter-
nphl ——————— Phototropism minal of CRY2 (residues 505-611) and the N-terminal domain of
CRY1 was found to be degraded in blue f§thThe structure of
CRY?2 responsible for its blue-light-induced degradation needs
Fig. 1. Functions of various\rabidopsisblue-light receptors in |  further investigation. The blue-light-induced cry2 degradation
plant develc_)pment. Receptors in brackets have a minor or ungon-cannot be mediated by cryl because it is not affecteddnyla
firmed role in the process. mutatiorf’. It is conceivable that the absorption of blue light by
cry2 changes its conformation and triggers its own degradation.

Trends in Plant Science

The cry2 protein also takes part in the de-etiolation process
TransgenicArabidopsisoverexpressingCRY2showed exagger-
ated blue-light-inhibition of hypocotyl elongation, especially in
low-fluence rate blue light Based on this observation, it was
hypothesized that cry2 might also be involved in the de-etiolation
response. A genetic screen was designed to screen for mutants
impaired in blue-light-inhibition of hypocotyl elongation
under low-intensity blue light, resulting in the isolation of two
cry2 deletion-mutant allelé$2 In comparison with wild-type
plants, thesery2 mutant seedlings had long hypocotyls and small
or unopened cotyledons when grown in low fluence rate blue light.
These results confirmed that cry2 also plays a role in the blue-light
regulation of hypocotyl growth (Fig. 1). In high-fluence-rate blue
light, the long-hypocotyl phenotype of tleey2 mutant was less
apparent. The dependence of thg2 mutant phenotype on light
Fig. 2. Thecryl cry2double mutant is defective in UV-A-depen{  intensity was interpreted as a consequence of blue-light-dependent
dent inhibition of hypocotyl elongation. The wild-type [Columbia ~ changes of the cellular cry2 protein concentrdtion
(Col)] and the mutanfrabidopsisseedlings were grown in con-
tinuous UV-A light for four days before the photograph was taken. Cryptochromes respond to both bilue light and UV-A light
One interesting aspect of blue-light receptors is that they function
not only in blue light but also, to varying degrees, in long-wave-
These results established cryl as the major blue-light recepeargth UV light (UV-A, ~320-390 nm). Therefore, cryptochrome
regulating de-etiolation (Fig. 1). It also appears to mediateas historically defined as a photoreceptor with a two-peak action
hypocotyl inhibition in other plants. For example, overexpressiggectrum, one in the blue-light region and the other in the UV-A
Arabidopsis CRY1n tobacco resulted in exaggerated hypocotyegior. Arabidopsiscryl is clearly the primary photoreceptor
inhibition in blue—UV-A light, suggesting that the signal-transduanediating both blue-light- and UV-A-dependent expression of the
tion mechanism for cryl is conserved in different pfdnts chalcone-synthase gene, becausetpemutant was impaired in
Recently, two cryptochrome genes have been isolated from this respong&®in both blue and UV-A light-=
tomatd®, and tomato CRY1 has 78% amino acid sequence identityBy contrast, analysis of variousyl mutant alleles showed
to ArabidopsisCRY1 (Ref. 18). Transgenic tomato plants express¢hat thecryl mutation had a relatively minor or no effect on the
ing antisense tomatGRY 1had long hypocotyls when grown in UV-A-dependent hypocotyl-inhibition respofs¥(Fig. 2). Simi-
blue light®. This observation indicates that, likeabidopsiscryl, larly, a cry2 mutant did not show a dramatic long-hypocotyl
the tomato cryl also mediates blue-light inhibition of hypocotylhenotype when grown in UV-A light (Fig. 2). However, trans-

crylcry2  cryi

elongation. genic tobacco and\rabidopsisplants overexpressing théra-
bidopsis CRY3ene had a hypocotyl-inhibition response that was
Expression of cry2 is negatively regulated by blue light significantly more sensitive to both blue and UV-A light, suggest-

The secondirabidopsiscryptochrome geneCRY2 was isolated ing that cryl could respond to UV-A ligfit’.

by screening a cDNA library usingRY1cDNA as the hybrid- ~ Why did overexpression, but not mutation, of @RY1gene
ization prob&® In contrast withCRY1 which is expressed significantly affect the hypocotyl-elongation response in UV-A
more-or-less constitutively®, CRY2expression was downregu-light? One possible interpretation is that cryl and cry2 function
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redundantly in mediating hypocotyl inhibition in UV-A light. eral lines of evidence seem to suggest that photoreceptor-regulated
Indeed, theryl cry2double mutant has a hypocotyl that is muclkthanges of gene expression might play a role. First, the slow
longer than that of the wild type when grown in UV-A lightresponse of hypocotyl inhibition does not take place until at least
(Fig. 2). It remains to be seen whether there are additioral hour after blue-light treatmér which allows enough time for
photoreceptors mediating hypocotyl inhibition in UV-A light.  changes in gene expression to take effect. Second, many of the
photoreceptors, includingrabidopsisgphyA, phyB, cryl and cry?2,
Phytochrome and blue-light responses are nuclear proteifé*"*? which suggests that these photorecep-
Phytochrome is known to absorb blue light and it has long betns might regulate gene expression via a short signaling path.
suspected that it might function as a blue-light recéptan Ara-  Furthermore, genes encoding transcription regulators, including
bidopsis phyAull mutant was found to develop a long hypocotyCOP1, DET1, HY5 CCAJ LHY, SPAland PIF3, have been
in relatively low fluence rates of blue light, suggesting a possitdéhown to play roles in the light inhibition of hypocotyl
role for phyA in mediating blue-light inhibition of hypocotyl elon-elongatioi*“*¢ For example, mutation of théY5gene causes an
gatiort®. It was later proposed that phytochromes might participaséongated hypocotyl in red—far-red and blue fighAtransgenic
in the transduction of the cry1 sigffaMore-detailed genetic and plants overexpressingOP1or CCAlalso had long hypocotyls
physiological analysis ophyA phyB cryl and multiple-photo- when grown in lig#*% It is not clear how many other nuclear
receptor mutants has recently shown that the cryl-dependermtteins participate in blue-light-inhibition of hypocotyl elon-
hypocotyl inhibition could be independent of phytochrome arghtion, nor is it clear how a transcription regulator might be
that at least phyA could indeed act as a blue-light rec&pforhe involved in light-dependent growth inhibition.
function of phyA in blue light is not limited to hypocotyl inhibi-
tion. For example, phyA has been found to mediate blue-ligi@tryptochromes and the circadian clock
dependent cotyledon opening and expansion, as well as blue-lighimal cryptochromes

regulation of the circadian clo¥ Since the discovery of plant cryptochromes, this type of photo-
lyase-like pigment has also been found in animals. For example,

Cellular mechanisms underlying blue-light inhibition of human and mouse each have two cryptochromes (hCRY1 and

hypocotyl elongation hCRY2, and mCryl and mCry2y® and Drosophila has one

Blue-light-induced hypocotyl inhibition has two kinetic phases: eryptochrome (dCRY{. Animal cryptochromes are also flavopro-
rapid phase and a slow phase. The rapid response octeirss with no photolyase activifyIn contrast with the plant crypto-
transiently within a few minutes or even seconds of a blue-ligtthromes, which are more closely related to the microbial type-l
pulse, and the slow response occurs hours later and lasts nplodtolyase, the animal cryptochromes resemble the 6-4 photo-
longer3* Interestingly, it has recently been shown that these tw@se, and there seems to be little sequence relatedness between
kinetic responses are mediated by distinct photoreceptorstlie C-terminal domains of cryptochromes in different organ-
Arabidopsis*. isms4" It has been hypothesized that plant and animal crypto-
The rapid growth inhibition induced by blue light is precedechromes arose independently during evolition
by a transient plasma-membrane depolarization in hypocotyl celldnterestingly, the expression of the mammal &rdsophila
of various plant species, includifgrabidopsi€**> This mem- cryptochrome genes shows a circadian rhytfitnan activity
brane depolarization might result from the opening of ion chatat has not been reported for the plant cryptochromes. The
nels, because blue light has also been shown to trigger a rdpidsophila cryptochrome mutantry?, when coupled to a mu-
(within 1 min) activation of anion-channel openihgHowever, tation impaired in the rhodopsin signal-transduction pathway,
the relationships between blue-light-induced membrane depolasponded poorly to phase-shifting light putseBransgenic flies
ization, anion-channel activation and rapid growth inhibitiooverexpressing dCRY had clock-regulated genes whose ex-
remain unclear at present. Although titgl mutant was signifi- pression was more sensitive to lfhivioreover, dCRY showed
cantly impaired in blue-light-induced membrane depolarization light-dependent interaction with a clock protein (TIM) and sup-
showed no defect in the rapid growth inhibition and it is not clepressed the PER-TIM functions, which are key clock components
whether the rapid anion-channel activation is affeéétédwill be  in Drosophil@® These observations indicate that dCRY is one of
interesting to see whether the rapid growth-inhibition responseth® photoreceptors that regulates the circadian clock in
mediated by the redundant actions of cryl and cry2 or by ottiznosophilg®>2
photoreceptors such as phyA. It is also puzzling that, although thét is not clear whether mammalian cryptochromes are also photo-
anion-channel inhibitor 5-nitro-2-(3-phenylpropylamino)-benzoiceceptors. Knockout mice lacking mCryl or mCry2 showed a
acid (NPPB) could suppress anion-channel activity as well as 8terter or longer period length, respectiv&ly It was also
blue-light-induced membrane depolarizatfpit appeared to have reported that light-inducednPerl expression was impaired in
no effect on the rapid growth inhibition in response to blue*fightmCry1l mCry2double-mutant mice, although the photic induction
The slow phase of blue-light-dependent growth inhibition isf mPer2expression was not affect@dThese results are consist-
primarily mediated by cryl (Ref. 34). Moreover, it has been shovent with the suggestion that mammalian cryptochromes might also
that NPPB had a similar effect¢oy1 mutation in suppressing the be photoreceptors regulating the circadian ¢fockhe knockout
slow responsé Therefore, for at least the slow response, crymice lacking both mCryl and mCry2 completely lost free-
might somehow activate anion channels, resulting in elevatedhning-behavior rhythmicity, suggesting that the mammalian
water potential in the cell and slowing down the cell’'s expansionryptochromes are themselves an essential part of the clock appa-
ratus®. However, this complete loss of free-running rhythmicity
Are changes in gene expression involved in blue-light inhibition of ~ made it difficult, if not impossible, to study further the poss-
hypocotyl elongation? ible role of mouse cryptochromes in the light regulation of the cir-
In addition to the role of anion channels, blue-light-dependetadian clock.
changes in gene expression might also be involved in the slowt has been shown that the expression of hCRY1 and hCRY2
phase of hypocotyl inhibition. Although the regulation of gen@ a cell-culture system affected gene expression in a light-
expression has not been directly shown to affect this response, sedependent manner, and the human cryptochromes showed
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light-independent interaction with other clock proteins includindargely controlled by blue-light receptors, although phytochromes
CLOCK, BMAL1, PER1, PER2 and TIM (Ref. 56). Moreover, italso contribute, to various degrees, to the overall reshpohise

was reported recently that the light-induced expression of neitldédopsisphototropism-deficient mutantsggh1to nph4 have been
mPerl nor mPer2 was affected by thenCryl mCry2double isolated and characteriZ€d and theNPH1andNPH3genes have
mutatiori’, suggesting that another photoreceptor is involved recently been identifiéd® NPH1encodes a 120 kDa protein pre-

the light regulation omPergenes. viously shown to be associated with the plasma membrane and to
undergo blue-light-induced phosphorylafioriThere are at least

Arabidopsis cryl and phyA are involved in regulating three recognizable domains in the apoprotein NPH1: a serine—

the circadian clock threonine-kinase domain at the C terminal and two LOV (for light,

The circadian clock regulates the expression of many plant geresigen and voltage) domains at the N terminal. Consistent with
The clock-regulated expression Afabidopsisgenes encoding the proposition that the holoprotein nph1 is the photoreceptor that
chlorophyll-a/b-binding protein CAB2 and catalase<CAT2and was later referred to as phototropin, recombinant NPH1 was
CAT3 have been most extensively studfédl Analysis of the cir- shown to be a flavoprotein and to undergo blue-light-dependent
cadian rhythms of expression of a CAB2-luc (luciferase) fusi@utophosphorylatidh ArabidopsisNPH1 expressed and purified
gene showed that blue light and red light could accelerate the poen insect cells is a soluble protein that binds flavin mononu-
of the circadian clo® For exampleCAB2promoter activity had cleotidé€® (FMN); the LOV domains have recently been shown to
a 24-25 h period length in continuous blue light or red light, corbe the flavin-binding domains of nphl (Ref. 69).

pared with a period length of ~30-36 h in continuous dark, sug-Interestingly, a fern gené’fiy3 has been found to encode a
gesting that photoreceptors might shorten the period [€ndth protein with sequence similarity to the chromophore-binding
might be expected that the mutation of a photoreceptor wowldmain of phytochrome at its N terminal and to the entire NPH1 at
cause the circadian clock to run more slowly in the relevant wavts- C terminal’. The PHY3 protein expressed and purified from
length of light. Indeed, th€EAB2promoter activity was found to yeast, after reconstitution with phycocyanobilin, showed the typi-
oscillate with a longer period length phyA and cryl mutant cal phytochrome photochromic reaction as assayed by the red—far-
plants under appropriate fluence rates of blue Ygietailed red differential spectrufh The LOV domain of PHY3 expressed
analysis ofCAB2promoter activity in photoreceptor mutants inn E. colibound to FMN (Ref. 69). Therefore, PHY3 might be a
response to blue light indicated that cryl regulated the circad@umel photoreceptor that can mediate red—far-red-light and blue-
clock in a wide range of blue-light intensities. However, phyA ight responses.

also involved in blue-light regulation of the circadian clock but

its function seems to be limited to low-light intensitie$he func-  Signal transduction from phototropin

tions of phyA and cryl have also been implicated in the clocRtant nphl is tightly associated with the plasma memBtane

regulated expression of ti@AT3gené™. However, the photochemically active NPH1 protein expressed and
purified from heterologous systems was soltfpluggesting that
Flowering time is regulated by cry2 NPH1 might undergo lipid modification or need a protein part-

In addition to its function in de-etiolation, cry2 also plays a role imer(s) to bind to the plasma membrane. One of the partners of nphl
the regulation of flowering time. Thirabidopsis crydnutant (in  is NPH3. Likenph1, theArabidopsis nph3nutant also has defec-

a Columbia background) is allelic to the previously identified phottive blue-light-induced phototropisff’ Genetic studies indicate
period-hyposensitive late-flowering mutafiia (in a Landsberg that NPH3 is probably a downstream signaling partner of NPH1
erectabackground¥®2 A mutation in theCRY2gene has been (Ref. 64). TheNPH3gene encodes a protein with protein—protein-
found in all threefha allele€? Plants with a mutatedry2 gene interaction motif€. Plant NPH3 also associates with the plasma
flowered late in long day (LD) but not in short day (SD), and transiembrane and interacts with nphl. Because NPH3 contains no
genic plants overexpressit@RY2flowered slightly early in SD obvious membrane-spanning region, an additional anchor protein
but not in LD. Therefore, both the mutation and the overexpres- a lipid modification of either nphl or NPH3 might still be
sion of theCRY2gene caused reduced sensitivity to photoperiodseeded for the membrane attachment of the nph1-NPH3 complex.
Surprisingly, in contrast withryl, the mutation o€RY2does not ~ The nphl protein is a kinase that catalyzes a blue-light-depen-
seem to affect the circadian-clock-regulated expression of tient autophosphorylation. Although it is not clear what other sub-
CAB2 promoter in blue light with fluence rates higher than &trates might be phosphorylated by nphl, the plasma-membrane
wmole m?s! (Ref. 33). It is not known whether cry2 regulate€&* channel appears to be a good candidate. Using transgenic
the circadian clock in response to blue light with a fluence rate Afabidopsisand tobacco plants expressing aequorin as a calcium
less than lumole m?s™. However, an activity under such low-indicator, it was found that blue (but not red) light induced a tran-
intensity light might not account for the dramatic flowering-timsient increase of the cytoplasmic calcium concentration, which
phenotype found in thery2 mutants grown in relatively high light occurred within a few seconds of blue-light treatment and
conditions. The cry2 and cryl proteins could regulate certdasted for 1-2 min (Ref. 72). The blue-light-induced increase in
aspects of the clock function in a redundant manner; an analykis cytoplasmic calcium concentration was drastically reduced
of the cryl cry2 double mutant should clarify this possibility.in the nphl mutant, whereas this response was not affected in
Alternatively, the function of cry2 in photoperiodic floweringeither thecryl or cry2 monogenic mutants. These observations
might not be directly involved in the regulation of the circadiaimdicate that the regulation of cytoplasmic calcium concentration
clock; rather, cry2 might regulate the expression of flowering-timmight be part of the signaling mechanism of nphl (Ref. 72).

genes and the transduction of the cry2 signal might be regulated,

or gated, by the circadian cloéR® Other photoreceptors involved in the phototropism

It is known that phytochrome is involved in the responsiveness of
Phototropin and phototropism plants to blue light in phototropigt has also been reported that
Phototropin nph1 acryl cry2double mutant failed to show the first positive photo-

Phototropism is probably the first blue-light response discovergdpism and it was suggested that cryl and cry2 acted redundantly
in plantg. In many plants, includingrabidopsis phototropism is to mediate phototropisth However, detailed analysis of
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phototropism incryl cry2 and phyA phyBdouble mutants sug- 8 Ahmad, M. and Cashmore, A.R. (1993Y4gene ofA. thalianaencodes a
gested that these photoreceptors might not play direct roles irprotein with characteristics of a blue-light photorecepitature 366,
mediating phototropism, although both types of receptors could162-166
modulate the phototropic response under various condiffons 9 sancar, A. (1994) Structure and function of DNA photolyBéechemistry

However, nphl might not be the only photoreceptor that 33, 2-9
directly mediates phototropism in response to blue light. It has Lipson, E.D. and Horwitz, B.A. (1991) Photosensory reception and
recently been found that, although thphl mutant shows no  transduction. IrSensory Receptors and Signal Transduc{®pudich, J.L.
phototropism in response to a 12 h exposure to blue light with aand Satir, B.H., eds), pp. 1-64, WileyLiss
fluence rate of less thandmole m2 s%, it has almost normal 11 Lin, C. et al.(1995) Association of flavin adenine dinucleotide with the
phototropism when plants are exposed to 12 h of blue light with aArabidopsisblue light receptor CRY1Science269, 968-970
fluence rate of 10pmole n2s™* (Ref. 75). This observation sug- 12 Malhotra, K.et al.(1995) Putative blue-light photoreceptors from
gests that there are probably additional photoreceptor(s) that mediArabidopsis thalianandSinapis albawith a high degree of sequence
ate phototropism in response to high-intensity blue light. homology to DNA photolyase contain the two photolyase cofactors but lack

DNA repair activity.Biochemistry34, 6892-6899

Future prospects 13 Fankhauser, C. and Chory, J. (1997) Light control of plant development.
Plants, includingArabidopsis are likely to have blue-light recep-  Annu. Rev. Cell. Dev. Biol3, 203-229
tors other than cryl, cry2 and nphl. For example, blue-light von Amim, A. and Deng, X-W. (1996) Light control of seedling
induced stomatal opening Arabidopsisappears to be regulated  developmentAnnu. Rev. Plant Physiol. Plant Mol. Bidl7, 215-243
by an as yet unidentified photoreceptand, as described above,15 Quail, P.H.et al. (1995) Phytochromes: photosensory perception and signal
Arabidopsismight have another photoreceptor controlling photo- transductionScience268, 675-680
tropism. There is little doubt that thé&rabidopsisgenetics 16 Lin, C.et al.(1996)Arabidopsiscryptochrome 1 is a soluble protein
approach would play a vital role once again in the identification of mediating blue light-dependent regulation of plant growth and
these blue-light receptors. developmentPlant J.10, 893-902

We still know little about the signal-transduction mechanism af Lin, C. et al. (1995) Expression of afrabidopsiscryptochrome gene in
blue-light receptors, especially for the cryptochromes. If DNA transgenic tobacco results in hypersensitivity to blue, UV-A, and green
photolyase, the likely evolutionary ancestor of the cryptochromes, light. Proc. Natl. Acad. Sci. U. S. 82, 8423-8427
is any guide, we might expect that the signal transduction of crypte-Ninu, L. et al.(1999) Cryptochrome 1 controls tomato development in
chromes involves an electron-transfer reaction and/or an action omesponse to blue lighRlant J.18, 551-556
DNA. Although we have no direct biochemical evidence thatia Hoffman, P.Det al.(1996)PHH1, a novel gene fromrabidopsis thaliana
cryptochrome catalyzes an electron-transfer reaction, a recenthat encodes a protein similar to plant blue-light photoreceptors and
pharmacological study suggests that a redox reaction might benicrobial photolyasesviol. Gen. Gene253, 259-265
involved in blue-light-induced gene expressfoithere is also N0 20 Ahmad, M.et al. (1998) Chimeric proteins between cryl and cry2
evidence supporting the direct regulation of transcription by plant Arabidopsisblue light photoreceptors indicate overlapping functions and
cryptochromes. However, plant cryptochromes are nuclear pro-varying protein stabilityPlant Cell10, 197-208
teins that are known to regulate gene expression. It remains2aiGuo, H.et al.(1999) TheArabidopsisblue light receptor cryptochrome 2 is
intriguing possibility that, like their animal counterparts, plant a nuclear protein regulated by a blue light-dependent post-transcriptional

cryptochromes might be part of the transcription-regulation com- mechanismpPlant J.19, 279-287
plex and that they might mediate light regulation of developmeztt Guo, H.et al.(1998) Regulation of flowering time byrabidopsis

by direct interactions with DNA or DNA-binding proteins.
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