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Two genetic screens, one for mutations resulting in photomor- 
phogenic development in darkness and the other for mutants with 
fusca phenotype, have thus far identified six pleiotropic Arabidopsis 
COf/DET/FUS genes. Here, we characterized representative mu- 
tants that define four additional pleiotropic photomorphogenic loci 
and a null mutant allele of the previously defined DETl locus. 
Dark-grown seedlings homozygous for these recessive mutations 
exhibit short hypocotyls and expanded cotyledons and are lethal 
before reaching reproductive development. Dark-grown mutant 
seedlings also display characteristic photomorphogenic cellular dif- 
ferentiation and elevated expression of light-inducible genes. In 
addition, analyses of plastids from dark-grown mutants reveal par- 
tia1 chloroplast differentiation and absence of etioplast develop- 
ment. Root vascular bundle cells of light-grown mutant seedlings 
develop chloroplasts, suggesting that these FUS gene products are 
important for suppression of chloroplast differentiation in light- 
grown roots. Double-mutant analyses indicate that these pleiotro- 
pic cop/det/fus mutations are epistatic to mutations in phyto- 
chromes, a blue-light photoreceptor, and a downstream regulatory 
component, HY5. Therefore, there is a complement of at least 10 
essential and pleiotropic Arabidopsis genes that are necessary for 
repression of photomorphogenic development. 

Seedlings of higher plants, such as the dicotyledonous 
Arabidopsis tkalinna, are genetically equipped to follow two 
distinct developmental pathways: skotomorphogenesis in 
the dark and photomorphogenesis in the light (McNellis 
and Deng, 1995). Dark-grown seedlings have long hypoco- 
tyls, apical hooks, undeveloped (small and unopened) cot- 
yledons that contain etioplasts, and a low leve1 of expres- 
sion of light-inducible nuclear and chloroplast genes. In 
contrast, light-grown seedlings have short hypocotyls, no 
apical hook, opened and enlarged cotyledons with thyla- 
koid stacked chloroplasts, and high levels of expression of 
light-inducible genes. At least three classes of photorecep- 

' This work is supported by a grant from the National Science 
Foundation (MCB-9303029). X.-W.D. is a National Science Foun- 
dation Presidential Faculty Fellow and S.F.K. is a recipient of 
National Institutes of Health and Department of Education pre- 
doctoral traineeships. 

* Corresponding author; e-mail xdeng9yalevm.ycc.yale.edu; fax 
1-203-432-3854. 

tors, phytochromes, blue-light receptors, and UV-light re- 
ceptors, are involved in sensing red/far-red-, blue-, and 
UV-light signals from the environment to modulate plant 
development. Recent identification and characterization of 
specific mutations in three individual photoreceptors, phy- 
tochrome A, phytochrome B, and a blue-light receptor, 
have suggested that the three photoreceptors have distinct 
functional roles in sensing high-irradiance far-red-, red-, 
and blue-light color spectra to control plant development 
(Bowler and Chua, 1994; Quail, 1994). 

To understand the mechanism(s) governing light-regu- 
lated plant development after light perception, it is impor- 
tant to identify and isolate genes that play key roles in such 
processes. One approach has been to isolate mutants that 
show a light-grown phenotype when grown in complete 
darkness (Chory, 1993; Deng, 1994). Arabidopsis mutations 
in 11 loci, 3 DET (for _ _  de-etiolated) loci and 8 COP (for 
constitutive photomorphogenic) loci, have been reported. 
Mutations in-DET2, DET3, COP2, COP3, and COP4 loci 
lead to partia1 light-grown seedling morphology when 
seedlings are grown in the dark. Thus, these genes likely 
control a subset of photomorphogenic responses and there- 
fore may function in the branched pathways downstream 
of the primary development switch. Since mutations in 
D E Z ,  COPZ, COP8, COP9, COPZO, and COPZZ result in the 
most pleiotropic phenotypes, these loci may encode regu- 
lators involved in the primary developmental switch be- 
fore pathways branch out in controlling individual re- 
sponses during seedling development. In addition, the 
recessive nature of the mutations indicates that their genes' 
products normally function to repress photomorphogen- 
esis in the absence of light, whereas the light perceived by 
the photoreceptors leads to abrogation of their repressive 
activities. The fact that overexpression of COPl leads to 
suppression of photomorphogenic seedling development 
under defined light conditions confirmed that at least 
COPl can act as a light-inactivable repressor of photomor- 
phogenesis (McNellis et al., 1994b). 

In independent screens for mutants with purple cotyle- 
dons (high levels of anthocyanin) in young seedlings or 
mature seeds, more than 200 mutations representing 12 
FUS loci have been identified (Miiller, 1963; Miséra et al., 
1994). It is interesting that severe mutations in the pleio- 
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tropic DETI, COP1, COP8, COP9, COPIO, and COPl l  genes 
also lead to a similar accumulation of high levels of antho- 
cyanin in the cotyledons of both mature seeds and young 
seedlings (Wei et al., 199413). Complementation tests indi- 
cated that DETl ,  COPl ,  COP8, COP9, COPlO, and COPlZ 
are identical with FUS loci FUS2, FUS1, FUS8, FUS7, FUS9, 
and FUSG, respectively (Castle and Meinke, 1994; Miséra et 
al., 1994). Importantly, the f u s  mutant screens identified 
four new loci, FUS4, FUS5, FUS11, and FUS12, in which 
mutations also lead to dark-grown seedlings that exhibit 
morphology similar to their light-grown siblings (Miséra et 
al., 1994). These observations suggest that the four new 
FUS loci may represent additional Arabidopsis pleiotropic 
COP/DET/FUS genes that have not been defined by previ- 
ous photomorphogenic mutant screens. 

In this study, we analyzed in detail representative mu- 
tant alleles in the four new photomorphogenic loci, FUS4, 
FUS5, FUS11, FUS12. Furthermore, previous studies have 
indicated that the weak defl-1 and the pleiotropic cop 
mutations may have contrasting effects on phytochrome 
control of seed germination and changes in gene expres- 
sion pattern during dark adaptation, implying that they 
may define distinct classes of pleiotropic mutations. To 
further address this question, we also included a nu11 allele 
of FUSZ/DETl for comparison in this work. Our results 
suggested that severe mutations in a11 10 pleiotropic COP/ 
DET/FUS loci result in identical or very similar pheno- 
types. Therefore, Arabidopsis has a complement of 10 es- 
sentia1 and pleiotropic genes that are necessary for 
repression of photomorphogenic development. 

MATERIALS AND METHODS 

Plant Materials and Growth Conditions 

Wild type and a11 cop/ftls mutants are in the Landsberg 
erecta (Ler) ecotype, except for fus4,  which is in the Dijon 
background. For convenience and consistency, a11 photo- 
morphogenic FUS loci have also been given a COP desig- 
nation in our laboratory (Table I). Although two alleles 
were generally examined, only one allele from each locus 
was analyzed in great detail and presented. Those alleles 
are fiís12-U228/cop12-1, fusll-U203/cop13-1, f u s 4 4 1 4 /  
copl4-1, fiís5-S234/cop15-1, and fusZ-U2/detl-8 (Miséra et 
al., 1994; Pepper et al., 1994). Because a11 of the mutants are 
recessive lethal, seeds of heterozygous plants for each mu- 
tation were used as seed stocks in a11 experiments. The 
growth conditions have been previously described (Wei 
and Deng, 1992) except seeds were cold treated at 4°C for 
7 d (except in germination experiments) before being trans- 
ferred to growth chambers. 

Light Microscopy and EM 

The light microscopy and scanning EM were performed 
as described previously (Hou et al., 1993). Transmission 
EM was performed as previously described (Wei et al., 
1994b). 

Table 1. Summary of pleiotropic FUS/COP/DET loc i  and the total 
number o f  alleles identified for each 

FUS loci designations are according to Miséra et al. (1994). The 
corresponding COPl, COP8, COP9, COPIO, COPT 1, and DETl 
genes are shown based on complementation tests with ltnown FUS 
genes. For the sake of consistency, we tentatively suggest here the 
pseudonym designations of COP12, COP13, COP14, and COP15 for 
the four new FUS loci. The total number of identified alleles corre- 
sponding to the cop/det/fus mutants are shown in the third column. 

Corresponding Total No. of References" Fus COP/DET Cene ldentified Alleles 

FUS 1 COPl 53 1, 3 
FUS2 DETl 36 2, 3 
FUS3 Noneb 22 3 
FUS4' COP14 26 3, This study 
FUS5' COP15 16 3, This study 
FUS6 COPl 1 13 3 ,  4, 5 
FUS7 COP9 13 3, 4, 5, 6 
FUSB COP8 20 3, 4, 5 
FUS9 COPl o 8 3, 4, 5 
FUSlO Noneb 7 3 
FUSl1' COP13 5 3, This study 
FUS 12' COP12 3 3, This study 

a The references are: 1, McNellis et al., 1994a; 2, Pepper et al., 
1994; 3, Miséra et al., 1994; 4, Wei et al., 1994b; 5, Castle and 
Meinke, 1994; 6, Wei and Deng, 1992. I, Loci do not display a 
constitutive photomorphogenic phenotype in darkness, although 
they were identified in the same fusca mutant screens. New 
FUS loci that are described in this study. 

Analysis of Root Chl Fluorescence 

Wild-type and mutant seedlings were grown in the light 
for 7 d. Live seedlings with their roots intact were trans- 
ferred to a glass slide, gently covered with a coverslip 
without damaging the roots, and examined directly under 
a Leitz Diaplan fluorescent microscope (Leica, Heerbrugg, 
Switzerland) with a fluorescein filter. Chl (and therefore 
chloroplasts) emits a red fluorescence that can be easily 
observed through the filter used. 

RNA and Protein Gel Blot Analyses 

Mutant seedlings used for northern blot analysis were 
grown in complete darkness or in white light for 8 d at 
22°C. For dark adaptation, 8-d-old light-grown seedlings 
were transferred to complete darkness .for an additional 2 
d. The dark-grown and dark-adapted seedlings were har- 
vested under a green safelight. Total RNA extraction, elec- 
trophoresis and blotting, and hybridization were per- 
formed as described previously (Deng et al., 1991). 

The protein extraction and immunoblot analysis using 
affinity-purified polyclonal antibodies against COPl were 
performed as previously described (McNellis et al., 1994a; 
Wei et al., 1994a). 

Double-Mutant Construction 

The pkyA mutant allele used for construction of double 
mutants for analysis was pkyA-1 (Whitelam et al., 1993). 
The ky (for long - hypocotyl) mutant alleles used for the 
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double-mutant construction were pkyB (ky3-Bo64), hy4 
(2.23NO), and ky5 (Ci88) (Koornneef et al., 1980). A11 of 
these mutants are in the Landsberg erectn background. 
Crosses between pky .or ky mutants with fus4, fils5, fiisll, 
and fusZ2 mutants were performed as previously described 
(Wei et al., 1994b). 

Seed Germination 

After seeds were plated on growth-medium plates and 
cold treated for 2 d at 4°C in complete darkness, the plates 
containing wild-type or mutant seeds were then given 
different light treatments: either no light treatment (com- 
plete darkness), a 10-s pulse of saturated far-red light, or a 
5-s pulse of saturated red light. After the treatments, plates 
were incubated at 22°C in complete darkness for 9 d and 
the number of germinated seedlings was recorded. The 
plates were then transferred to light for another 9 d, and 
the number of seedlings germinated was recorded again. 
The total germinated seedlings, including those after the 
dark period and subsequent light period, constitute the 
total germination-competent seeds. The germination rate is 
the ratio of the germinated seedlings after the dark period 
to the total germination-competent seeds. Because of a low 
germination rate of the mutant seeds and high variation 
among seed batches, this is the only reproducible proce- 
dure for estimating germination rate. 

RESULTS 

Mutations in Ten Arabidopsis Loci Result in Constitutive 
Photomorphogenic Seedling Development in Darkness 

From extensive screens of Arabidopsis fiis mutants, a 
total of 12 loci were identified and mutations in 10 of the 12 
loci led to dark-grown seedlings with morphology resem- 
bling that of their light-grown siblings (Miséra et al., 1994). 
The mutant alleles identified for the 12 loci through the fus 
and cop/det screens are summarized in Table I. The fact that 
three or more alleles were identified for each independent 
locus indicated that the screen for mutations with both 
photomorphogenic and fus phenotypes may be near satu- 
ration. The 10 photomorphogenic FUS loci represent 6 
previously identified pleiotropic COP/DET loci and 4 novel 
loci FUS4, FUS5, FUSZZ, and FUS12 (Miséra et al., 1994). 
Therefore, representative alleles from the 4 novel loci were 
chosen for further characterization. In addition, a likely 
nu11 allele of the DETZ/FUS2 locus was included in this 
study. This allele, ftis2-U2/detZ-8, has a premature stop 
codon mutation at amino acid 15 and likely causes com- 
plete loss of function of FUS2/DETZ (Pepper et al., 1994). 
Previous studies with a weak mutation suggested that 
DETl may be distinct from the five reported pleiotropic 
COP loci in two specific processes: changes of light-induc- 
ible gene expression during dark adaptation and phyto- 
chrome control of seed germination (Chory et al., 1989). 
The inclusion of the fus2-U2/detZ-8 in this work should 
clarify whether those distinctions are gene specific or allele 
specific. 

Analyses of the gross seedling morphology of repre- 
sentativeftis4, fus5, fusl Z,fusl2, andfus2 mutants clearly 

show that dark-grown mutant seedlings had a morphol- 
ogy similar to their light-grown siblings. Figure 1 shows 
that 8-d-old dark-grown mutant seedlings had expanded 
and open cotyledons and short hypocotyls, a phenotype 
typical of wild-type light-grown seedlings. In both seed 
and seedling stages of development, these mutants ac- 
cumulated high levels of anthocyanin pigments in the 
cotyledons, which gave them a characteristic purple 
color. The only exception was fus4 mutants, in which 
levels of anthocyanin were normal at the seed stage and 
the cotyledons became purple only after germination. A11 
of the new photomorphogenic fus mutants identified 
were lethal after the seedling stage, similar to the severe 
pleiotropic copldet mutants. 

Because of their near identical morphogenic characteris- 
tics to pleiotropic cop mutants and also because other fus 
mutants do not display a cop-like phenotype in the dark 
(namelyfus3 and filsZ0, Miséra et al., 1994), we tentatively 
gave fus4, fus5, fusll, and fus12 mutants pseudonym des- 
ignations of copl4, copl5, copl3, and copl2, respectively, in 
our laboratory (Table I). However, we will refer to the 
mutations as fiis mutants throughout this study. Overall 
seedling morphology indicates that the mutant seedlings 
grow slower than the wild type. Eight-day-old mutant 
seedlings were at a developmental stage similar to that of 
4-d-old wild-type seedlings; thus these two developmental 
stages were chosen for detailed cellular and molecular 
characterization. 

Dark-Grown Seedlings Homozygous for the New fus 
Mutations Exhibit Photomorphogenic Cell Differentiation 
in Darkness 

To further characterize the phenotypes of the new mu- 
tants, the cellular differentiation of cotyledon and hypo- 
cotyl cells of dark-grown mutant seedlings was examined. 
Figure 2 shows the results of scanning electron microscopic 
examination of cell morphology of whole seedlings, coty- 
ledons, and hypocotyls from light-grown wild-type, f11sZ2- 
U228, fitsll-U203, fus4-414, fus5-5’234, and fus2-U2 mutant 
seedlings. The epidermal cells from wild-type cotyledons 
frequently displayed open stomatal cells (as indicated by 
the arrow in Fig. 2B). However, the epidermal cells from 
the mutant cotyledons were irregular in shape as compared 
to their wild-type counterparts. In addition, hypocotyl cells 
of both mutant and wild-type seedlings were relatively 
short. In fact, in a11 fus mutants, hypocotyls of light-grown 
seedlings appeared shorter than the wild-type counterparts 
(in Fig. 2, compare F and C). 

Figure 3 shows representative scanning electron mi- 
crographs of whole seedlings, cotyledons, and hypocot- 
yls from 4-d-old dark-grown wild-type and 8-d-old 
dark-grown mutant seedlings. Etiolated wild-type seed- 
lings had small and more regularly shaped epidermal 
cells and immature stomatal structures without any de- 
tectable opening, although indentations were frequently 
observed between the guard cells (Fig. 3B). The overall 
seedling morphology of the dark-grown mutants indi- 
cated that the cotyledons were expanded and the epider- 
mal cells were enlarged in comparison to etiolated wild- 
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Figure 1. Morphology of 4-d-old wild-type and 8-d-old mutant seedlings. A, Dark-grown wild-type (Landsberg erecfd)
seedling. B, Light-grown wild-type seedling. C, Dark-grown tus2-U2 seedling. D, Light-grown tus-U2 seedling. E, Dark-
grown fus12-U228 seedling. F, Light-grown fus12-U228 seedling. G, Dark-grown fus11-U203 seedling. H, Light-grown
fus11-U203 seedling. I, Dark-grown fus4-414 seedling. ), Light-grown fus4-414 seedling. K, Dark-grown fus5-S234
seedling. L, Light-grown tus5-S234 seedling. All seedlings were photographed under the same magnification except for the
dark-grown wild-type seedling, which was photographed at 63% of the magnification of the others. Bars represent 1 mm in
A and B.

type seedlings. Occasionally, stomatal cells were opened
in dark-grown mutant cotyledons (indicated by an arrow
in Fig. 3H). In addition, unlike the organized arrange-
ment of wild-type stomatal cells, stomatal cells in some
mutants were clustered in groups of two or more (indi-
cated by arrowheads in Fig. 3H). This clustering of sto-
matal cells and the enlargement of epidermal cells re-
sulted in the rough cotyledon surface seen in mutant
seedlings. Dark-grown mutant hypocotyl cells also dis-
played very little cell elongation when compared to
dark-grown wild-type hypocotyl cells and were similar
to their light-grown siblings. Furthermore, in some mu-
tants, stomatal precursor cells appeared to be present in
the hypocotyl (indicated by an arrow in Fig. 3R). This
cellular differentiation pattern has been observed only in
light-grown, but not dark-grown, wild-type hypocotyls.

The New fus Mutations Alter Plastid Development in
Cotyledons of Dark-Grown Seedlings

In higher plants, photosynthetically competent tissues
develop chloroplasts from proplastids in the presence of
light. However, in darkness, plastids develop into etio-
plasts that can be transformed into chloroplasts upon ex-
posure to light (Wei et al., 1994b). To investigate whether
dark-grown fusl2, fusl 1, fit$4,fus5, and fus2 mutants exhibit
defects in plastid differentiation, transmission EM was
used to examine plastids in cotyledons of these cop/det/fits
mutants. Figure 4 shows representative plastids from cot-
yledons of wild-type and mutant seedlings. Wild-type eti-
olated seedlings had typical etioplasts that contained a
large paracrystalline assembly of tubules, termed the pro-
lamellar body (Fig. 4A), whereas wild-type light-grown
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Figure 2. Scanning electron micrographs of
whole seedling and epidermal cell surfaces of
light-grown wild-type and mutant seedlings. A
to C, Wild type; D to F, fus2-U2; G to I, fusl2-
U228; J to L, fusl 1-U203; M to O, fus4-414; P
to R, fus5-S234. Left panels show whole seed-
ling morphology; middle panels show cotyledon
epidermal cell surface; right panels show hypo-
cotyl cell surface morphology. The arrow in B
shows open stomatal cells. Wild-type light-
grown seedlings were grown for 4 d, and light-
grown mutant seedlings were grown for 8 d. The
bar is 100 /urn in A, D, G, J, M, and P and 10 ju.m
in B, C, E, F, H, I, K, L, N, O, Q, and R.
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Figure 3. Scanning electron micrographs of
whole seedling and epidermal cell surfaces of
dark-grown wild-type and mutant seedlings. A
to C, Wild type; D to F, fus2-U2; G to I, fust2-
U228; J to L, fus! 1-U203; M to O, fus4-414; P
to R, fus5-S234. Left panels show whole seed-
ling morphology; middle panels show cotyledon
epidermal cell surface; right panels show hypo-
cotyl cell surface morphology. The arrow in H
shows open stomatal cells. The arrowheads in H
indicate clustering of stomatal cells. The arrow
in R shows precursors of developing stomatal
cells in the hypocotyl. Wild-type dark-grown
seedlings were grown for 4 d, and light-grown
mutant seedlings were grown for 8 d. The bar is
100 ^m in A, D, C, ), M, and P and 10 /xm in B,
C, E, F, H, I, K, L, N, O, Q, and R.
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Figure 4. Transmission electron microscopic
examination of plastid development in 6-d-old
wild-type and 8-d-old mutant seedlings. A, Etio-
plast from dark-grown wild-type seedling. B,
Chloroplast from light-grown wild-type seed-
ling. Also shown are plastids from dark-grown
(C) fus2-U2, (D) fus12-U228, (E) fus! 1-U203, (F)
fus4-414, and (G) fus5-S234 seedlings. The
scale bars represent 1 ju,m.

seedlings contained mature chloroplasts with parallel and
highly stacked thylakoid membrane structures (Fig. 4B).
Examination of cotyledon plastids from all dark-grown
mutant seedlings indicated that they contained neither the
characteristic prolamellar bodies of etioplasts nor the
stacked thylakoid membrane structure of chloroplasts (Fig.
4, C-G). Instead, in these mutants, chloroplast differentia-
tion had been initiated but not completed, although the
pathway leading to etioplast development in the dark is
evidently impaired in these mutants. In the case offus2-U2,
the partially differentiated cotyledon plastids in dark-
grown mutant seedlings were very similar to those of the
less severe allele, detl-l (Chory et al., 1989).

The New fus Mutations Result in Chloroplast
Differentiation in the Roots of Light-Grown Seedlings

In wild-type Arabidopsis, roots of young light-grown
seedlings are nonphotosynthetic and develop amyloplasts
instead of chloroplasts. It has been demonstrated by the
presence of chloroplasts in the roots of light-grown mutant
seedlings that the previously defined six pleiotropic COP/
DET/FUS loci are required for the suppression of root
chloroplast differentiation (Chory and Peto, 1990; Deng
and Quail, 1992; Wei and Deng, 1992; Wei et al., 1994b). To
investigate whether the new mutations also affect root
plastid differentiation, we chose to analyze the presence of
Chl, which exists only within chloroplasts, in the light-
grown mutant roots. Figure 5 shows characteristic Chl
fluorescence in whole, mounted light-grown wild-type and
representative mutant roots under fluorescent light micros-
copy. In wild type, the roots did not display detectable Chl

fluorescence and appeared slightly green because of
autofluorescence (Fig. 5A). However, all mutants analyzed
displayed high levels of Chl fluorescence mostly in the
vascular region of the mutant roots. This was indicated by
the red granular dots, which represent individual chloro-
plasts (shown by arrows in Fig. 5, B-F). These results
suggest that FUSU, FUSll, FUS4, and FUSS are also es-
sential for repressing chloroplast differentiation in the
roots of light-grown seedlings.

Dark-Grown and Dark-Adapted Mutant Seedlings Express
High Levels of Light-lnducible Genes

The expression of many plant genes is tightly controlled
by light. Previous studies have shown that copl, cop8, cop9,
coplO, and copll mutants constitutively express light-reg-
ulated genes in dark-grown seedlings and dark-adapted
light-grown seedlings (Deng et al., 1991; Wei and Deng,
1992; Wei et al., 1994b), whereas detl-l mutants constitu-
tively express light-regulated genes in dark-grown seed-
lings but not in dark-adapted seedlings (Chory et al., 1989).
To test whether the new photomorphogenic mutants have
similar defects, we examined the expression of four repre-
sentative light-regulated genes (see legend to Fig. 6) in
wild-type and mutant seedlings in response to light treat-
ments. As shown in Figure 6, the wild type displayed high
expression of light-inducible genes in light-grown seed-
lings while exhibiting very low or undetectable levels in
both dark-grown seedlings and dark-adapted seedlings
(except for the plastid gene psbA in the latter case). How-
ever, mutations in the FUS12, FUSll, FUS4, FUS5, and
FUS2 loci resulted in elevated levels of both nuclear-en-
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Figure 5. Chl fluorescence in roots of 7-d-old
light-grown wild-type and mutant seedlings.
Whole-mount wild-type and mutant roots exam-
ined through fluorescent microscopy using a
fluorescein filter. A, Wild type; B, fus2-U2; C,
fus!2-U228; D, fus11-U203; E, fus4-414; and F,
fus5-S234. All roots were photographed under
the same magnification and the scale bar in A
represents 0.1 mm. Dotted lines indicate outline
of root structure. The arrowhead points to a
representative chloroplast emitting Chl fluores-
cence.

coded and plastid-encoded mRNAs in dark-grown seed-
lings. There was also high expression of nuclear-encoded
light-inducible genes in dark-adapted mutant seedlings,
indicating that lethal mutations in DET1/FUS2, FUS12,
PUSH, FUS4, and FUSS genes severely compromise the
ability of plants to undergo this dark-adaptive response. It

should be noted that in/ws5 mutants there appeared to be
a reduced level of expression of light-induced genes in
light-grown versus dark-grown or dark-adapted mutant
seedlings. This result is due to an allele-specific, rather than
a gene-specific, effect, since other alleles offusS mutants do
not display this character (data not shown). Taken to-

Figure 6. Northern blot analysis of the steady-
state mRNA levels of representative light-regu-
lated genes in wild type and mutants. Seedlings
of wild type (WT) and fus2-U2, fus12-U228,
fus11-U203, fus4-414, and fus5-S234 were
grown in the dark (D) or light (L) for 8 d or for 8
d under light followed by 2 d of dark adaptation
(DA). Total RNA (2.5 /xg in each lane) was used
for hybridization. DMA probes for the following
genes (Deng et al., 1991) were used for hybrid-
ization: cab, gene encoding the Chl a/b-binding
protein of photosynthetic light-harvesting com-
plexes; fedA, Fd type A gene; rbcS, gene encod-
ing the small subunit of Rubisco; psbA, plastid
gene encoding the 32-kD protein of PSII; and
18S rRNA, cytoplasmic 18S rRNA.

WT fus2-U2 tue12-U228 fue11-U203 tus4-414 fus5-S234
'D L DA"D L DA"D L DA" D L DA" D L DA"D L DA'

cab

fedA

rbcS

psbA

18S rRNA
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gether, these results are similar to those seen for mutations 
in the COPZ, COP8, COP9, COPlO, and COPZZ loci (Deng et 
al., 1991; Wei and Deng, 1992; Wei et al., 1994b). The 
absence of the defect in detl-1 mutants during dark adap- 
tation (Chory et al., 1989) is probably due to the nature of 
the weak mutation (Pepper et al., 1994), since the result 
with the nu11 fus2-U2 mutation indicated that DETl /FUS2 
is also essential for dark-adaptive responses of gene 
expression. 

Mutations in FUS4, FUS5, FUSll, FUSl2, and FUS2 Do 
Not Eliminate Phytochrome Control of Seed Cermination 

In many plant species the active form of phytochrome, Pfr, 
is required for the promotion of seed germination (Quail, 
1994). Prior to any light stimuli, some Pfr is usually stored 
during seed development and is present in mature seeds. This 
Pfr can promote seed germination even in the absence of 
light, and upon absorption of far-red light, nearly a11 of the Pfr 
converts to Pr, which is not active for promoting seed germi- 
nation. The Pr can be photoreversed to Pfr by absorption of 
red light. Previous studies have shown that one distinction 
between the copl,  cop8, cop9, copl0, copll  mutations and the 
detl-2 mutation is their effects on phytochrome control of 
seed germination. Whereas no pleiotropic cop mutant is de- 
fective in phytochrome control of seed germination (Ang and 
Deng, 1994; Wei et al., 1994a, 1994b), the weak detl-2 mutant 
does not require active phytochrome to promote seed germi- 
nation (Chory et al., 1989). 

To define whether mutations in FUS4, FUS5, FUSZZ, and 
FUSZ2 and a nu11 mutation of DETZ, ftls2-U2, affect phyto- 
chrome control of seed germination, we examined the germi- 
nation rates of mutant seeds in response to specific red- or 
far-red-light treatments. The data summarized in Table I1 
indicate that mutations in DETl/FUS2, FUS12, FUS4, and 
FUS5 still maintain different degrees of phytochrome control 
of seed germination, as evident by the effects of pulses of red 
light, which promoted germination, and of far-red light, 
which inhibited seed germination. Although the overall ger- 
mination rates of homozygous mutant seeds were very low 
and were difficult to accurately estimate, our results are qual- 
itatively similar to the effects seen with mutations of COPI, 
COP8, COP9, COPZO, and COPlZ. In the case of the f t l s l l -  
U203 allele, the far-red inhibition of germination was rather 
moderate, but reproducible, in three independent experi- 
ments (data not shown). It is interesting that fus2-U2, a nu11 
mutation in DETZ, did not eliminate the phytochrome control 
of seed germination, in contrast to the effect of the weak 

detl-2 mutation (Chory et al., 1989). This difference may 
suggest that, although DETl is not essential for phytochrome 
control of seed germination, the detl-1 mutation results in an 
allele-specific gain-of-function effect and uncoupled phyto- 
chrome control of seed germination. 

fus4, fus5, fusll, and fus72 Mutations Are Epistatic to 
Photoreceptor and hy5 Mutations and Result in 
High Levels of COPl Accumulation 

To determine the hierarchical relationship of the new COP/ 
FUS loci in the overall light regulatory network, we con- 
structed and analyzed double mutants between the new @S 

mutations and mutations in the phytochrome receptors 
(phyA-2 and phyB), a blue-light receptor (hy4), and HY5, a 
signaling component downstream of both phytochromes and 
the blue-light receptor. Essentially identical results were ob- 
tained from analyses of double mutants involving the four 
new loci. Figure 7 summarizes characteristics of one repre- 
sentative set involving fi~s12-U228. The results indicate that 
the double-mutant sets displayed a phenotype similar to that 
of the parenta1 fus mutants, suggesting these new @s muta-. 
tions are epistatic to mutations in PHYA, PHYB, HY4, and 
HY5. This result is consistent with a genetic model in which 
a11 of the new pleiotropic COP/DET/FUS loci act downstream 
of the photoreceptors and HY5 in the light-signal transduc- 
tion pathway. This genetic relationship is essentially identical 
or very similar to that proposed for DETZ, COPZ, COP8, 
COP9, COPZO, and COP22 (Chory, 1993; Ang and Deng, 1994; 
Wei et al., 1994a, 199410). 

To define the hierarchical relationship among the 10 
pleiotropic COP/DET/FUS loci (Deng et al., 1992; Wei et al., 
1994b), we examined the effects of the fus22, fusll, fusl, 
fus5, and fus2 mutations on the levels of COPl protein. A11 
cop/det,!fus mutant alleles analyzed accumulated higher lev- 
els of COPl protein in comparison to wild type (data not 
shown). This result is similar to those with cop8, cop9, copl0, 
and copl l  mutants (Wei and Deng, 1992; Wei et al., 1994b). 
Thus, overaccumulation of COPl protein in mutants of a11 
nine of the other pleiotropic COP/DET/FUS loci could sug- 
gest a potential feedback regulation on the expression or 
stability of the COPl protein. 

DlSCUSSlON 

Our results suggest that the 4 new loci and the 6 previ- 
ously identified pleiotropic COP/DET/FUS loci define a full 
complement of 10 essential and pleiotropic Arabidopsis 

Table II. Germination rates of w i ld  type and fus2-U2, fu54-414, fus5-SZ34, fusll-U203, and fusl2-UZ28 mutants under different light 
treatments 

Germination rates were expressed as the percentages of the germinated seedlings/total number of germination-competent seeds, both of which 
are indicated in the parentheses. Both wild-type and mutant seeds were sown on growth-medium plates and cold treated at 4°C for 2 d. Seeds 
were then treated with either no light (Dark), a 5-s pulse of red light (Red), or a 10-s pulse of far-red light (Far-red). After light treatments, seeds 
were kept in darkness at 22°C for 9 d before they were scored for germination. For further details, see "Materials and Methods." 

Light Treatment Wild Type ius2-u2 ius I Z-U228 iusl I-UZO3 fus4-4 14 iUS53234 

Dark 94 (222/235) 90 (27/30) 63 (41/65) 96 (68/71) 67 (52/78) 70 (23/33) 
Red 95 (1 86/195) 96 (24/25) 75 (46/61) 98 (61/62) 78 (51/65) 80 (28/35) 
Far-red 38 (56/148) 32 (8/25) 48 (28/58) 89 (46/54) 57 (34/60) 56 (23/41) 
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Figure 7. Comparison of hypocotyl lengths of 7-d-old dark (A) and 
light-grown (B) wild type (WT), phyA, phyÍ3, hy4, hy5, fus l2 ,  p h y N  
fusl2,  phyB/fus12, hy4/fusl2, and hy5/fusl2 double mutants. The 
phyA mutant phenotype was determined by growing seedlings under 
con t inuous  far-red light, instead of white light as for  phyB and all 
other hy mutants. All values represent the averages of more than 25 
seedlings for each sample, and error bars represent SD. 

genes that are necessary for repression of photomorpho- 
genic development and/or promoting skotomorphogen- 
esis in darkness. The results further support the working 
hypothesis that photomorphogenic seedling development 
is the default pathway and a complement of genes is re- 
quired to suppress this development pathway in the ab- 
sence of light (Wei et al., 199413; McNellis and Deng, 1995). 

A Complement of Ten Pleiotropic COP/DET/FUS Loci 1s 
lnvolved in Suppressing Photomorphogenic Development 
in Darkness 

The overall morphology, cellular differentiation, and 
pattern of gene expression of dark-grown fus12-U228, 
fus l l -U203,  fus4-414, fus5S234,  and fus2-U2 seedlings, as 
revealed through this study, are characteristic of light- 
grown wild-type seedlings and essentially identical or very 
similar to those of the mutants of the 6 previously identi- 
fied pleiotropic COP/DET/FUS loci. The recessive nature of 
the pleiotropic mutations suggests that loss of function in 
any of the 10 pleiotropic Arabidopsis COP/DET/FLIS loci 
results in constitutive photomorphogenic development in 

darkness and fails to promote skotomorphogen'esis. Since 
the ultimate goal of photomorphogenic development is to 
optimize the potential for photosynthetic growth of the 
plant, it is not surprising to find that the pleiotropic COP/ 
DET/FUS genes play a critica1 role in controlling plastid 
differentiation in both green and nongreen tissues. For 
example, transmission EM analysis indicated that chloro- 
plast differentiation had partially initiated in fhe cotyle- 
dons of dark-grown cop/det/ftls mutants, whereas normal 
etioplast differentiation had been abolished. Thus, the gene 
products of the pleiotropic COP/DET/FUS function nor- 
mally to repress chloroplast development and activate etio- 
plast development in the dark. Furthermore, our analysis 
of Chl fluorescence in mutant roots suggests that the pleio- 
tropic COP/DET/FUS gene products also function to re- 
press chloroplast differentiation in the light in nonphoto- 
synthetic tissues. 

The pleiotropic COP/DET/FUS loci also play roles be- 
yond the light control of seedling development. First, a11 
severe (possibly null) mutations in the 10 pleiotropic COP/ 
DETEUS loci identified result in lethality after the seedling 
stage, suggesting that their gene products are essential for 
normal plant development under light conditions. How- 
ever, relatively little is known about this aspect of the 
functions of the pleiotropic COP/DET/FUS genes (Castle 
and Meinke, 1994). Second, substantial evidence suggests 
that a11 pleiotropic COP/DET/FUS genes are also involved 
in regulating gene expression during dark adaptation of 
light-grown plants (Fig. 6; Deng, 1994; Wei et al., 199410). In 
the case of DETlIFUS2, although a weak mutation failed to 
show any defect in regulating gene expression during dar& 
adaptation (Chory et al., 1989), the severe (possibly null) 
mutation vus2-U2) did show clear defects in the dark- 
adaptation process (Fig. 6). 

It is clear that the pleiotropic COP/DET/FUS genes are 
not involved in some light-regulated processe!;. The best 
example is phytochrome control of seed germination. Ex- 
cept for the detl-l mutation, which specifically affects the 
first intron of the DETl gene and exhibits a weak pheno- 
type (Pepper et al., 1994), no other copldetlftls mutation 
(including possibly nu11 mutations) blocks phytochrome 
control of seed germination. Since fus2-U2/detl-8 mutation 
is likely a complete loss-of-function mutation and exhibits 
normal phytochrome control of seed germination, it is 
reasonable to conclude that none of the 10 pleiotropic 
COP/DET/FUS genes is essential for mediating phyto- 
chrome control of seed germination. 

The Hierarchical Role of the Pleiotropic COP/DET/FUS 
Loci in the Light-Signaling Network 

The results from this study, together with previous work 
(Deng, 1994), demonstrate that mutations in a11 10 pleio- 
tropic COP/DET/FUS loci result in dark-grown seedlings 
that phenocopy light-grown wild-type seedlings in essen- 
tially a11 developmental parameters that have been exam- 
ined. The pleiotropic nature implies that the CO P/DET/FUS 
genes encode products that act early in the pathway before 
branching out in different regulatory cascades to control 
individual aspects of seedling development, such as plastid 
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development, cell differentiation, and gene expression. The 
recessive nature of the pleiotropic cop/detJus mutations 
indicates that their respective wild-type gene products act 
to repress photomorphogenic seedling development in 
darkness and that light abrogates their suppressive action. 
This hypothesis is supported by the double-mutant analy- 
ses in this report (Fig. 7) as well as those already published 
(Chory, 1993; Ang and Deng, 1994; Wei et al., 1994a, 1994b). 
Therefore, a genetic hierarchy of the pleiotropic COP/DET/ 
FUS genes can be summarized as shown in Figure 8. In the 
model, the COP/DET/FUS genes act as central processors of 
the light regulatory network and play the role of a light- 
regulated developmental master switch(es) for seedling 
development. In the case of COP1, this working model has 
been substantiated by overexpression studies (McNellis et 
al., 199413). 

Potential Functional Relationship of the Pleiotropic 
COP/DET/FUS Loci 

The fact that severe (possibly null) mutations in a11 10 
pleiotropic COP/DET/FUS genes result in identical or very 
similar phenotypes is consistent with at least two alterna- 
tive hypotheses about their possible relationships in medi- 
ating light control of seedling development. First, the prod- 
ucts encoded by these loci may function in proximity to 
each other in the same pathway, or regulate the same 
target, with the possibility that some of their gene products 
function as a complex. Consistent with this hypothesis, 
synthetic lethality and specific epistatic interactions have 
been observed between weak detl  and copl mutations (Ang 
and Deng, 1994; Miséra et al., 1994). Alternatively, those 
loci may define multiple parallel pathways that indepen- 
dently control the developmental switch between photo- 
morphogenesis and skotomorphogenesis (Quail, 1994). 
However, a combination of both types of relationship 
could also occur. 

Recently, molecular cloning of four loci, COPZ, COP9, 
COPZZ/FUS6, and DETZ, has allowed direct testing of the 
above models by examining whether any of the gene prod- 
ucts indeed acts as a protein complex. In the case of Ara- 
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Figure 8. A genetic model for the roles of the pleiotropic COP/DET/ 
FUS genes in mediating the light control of Arabidopsis seedling 
development Multiple photoreceptors converged to negatively 
regulate the activity of the pleiotropic COP/DET/FUS gene products, 
and HY5 may represent one of the intermediates involved The 
pleiotropic COP/DET/FUS gene products act as a master repressor(s) 
that controls all downstream pathways responsible for seedling 
development 

bidopsis COP9, it was found to be exclusively in a large 
(>560 kD) protein complex, which may be subject to light 
modulation (Wei et al., 1994a). It is interesting that the 
COP9 complex is not detectable in extracts from cop8 and 
copZZ mutant seedlings. These observations provide evi- 
dente that at least some of the pleiotropic COP/DET/FUS 
genes act in the same pathway, possibly as protein 
complexes. 

The molecular cloning and characterization of the pleio- 
tropic COP/DET/FUS genes have shed some light on pos- 
sible cellular and biochemical mechanisms of their sup- 
pressive action. Three of the genes, COPZ (von Arnim and 
Deng, 1994), COP9 (N. Wei and X.-W. Deng, unpublished 
results), and DETZ (Pepper et al., 1994) are likely nuclear 
regulators, possibly acting to repress photomorphogenesis 
in darkness through the regulation of gene expression. 
Studies using a GUS-COP1 fusion protein as a tool pointed 
to the tantalizing possibility that COPl acts in the nucleus 
to suppress photomorphogenic development and repres- 
sion of photomorphogenesis by COPl is relieved by exclu- 
sion of COPl from the nucleus (von Arnim and Deng, 
1994). This working model could provide a framework 
with which to determine the functional roles of other pleio- 
tropic COP/DEf/FUS genes. For example, some of the other 
pleiotropic COP/DET/FUS gene products may be required 
for the active import of COPl from the cytoplasm to the 
nucleus or the nuclear retention of COP1. Their mutations 
would perturb the nucleo-cytoplasmic partitioning and 
yield copl-like phenotypes. Alternatively, some pleiotropic 
gene products may be essential for COPl to function in the 
nucleus to repress photomorphogenic development in 
darkness. Further investigation to reveal those mechanisms 
and the nature of the molecular interactions will greatly 
improve our understanding of light control of plant devel- 
opment. 
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