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ABSTRACT 
Light  regulation of seedling  morphogenesis is mediated by photoreceptors  that perceive red, far-red, 

blue  and UV light. Photomorphogenetic  mutants of Arabidopsis have identified several of the primary 
photoreceptors, as well as a set of negative regulators of seedling photomorphogenesis,  including DETI ,  
that  appear  to act downstream of the  photoreceptors. To study the regulatory context  in which DETl  
acts to repress photomorphogenesis, we used a simple morphological  screen to isolate extragenic  muta- 
tions  in six loci, designated ted (for reversal of the det phenotype),  that partially or fully suppress the 
seedling  morphological phenotype of detl-1. Genetic analyses indicate that mutations  in the ted4 and ted5 
loci identify new alleles of the previously described photomorphogenetic loci hyl and hy5, respectively. 
Molecular analyses indicate that  the trd mutations partially suppress the dark-grown gene expression 
phenotype of detl-I, and  that  the mechanism of suppression  does not involve direct  remediation of the 
splicing defect caused by the detl-1 mutation. The ted mutations also partially suppress the light-grown 
morphological phenotype of mature detl-I plants, and tedl and trd2 suppress a daylength insensitivity 
phenotype of det l .   TFBl,   TED2 and TED3 are newly described  genes, whose function appears closely 
associated with that of DETI .  In  addition, alleles of tedl are associated with a moderate late-flowering 
phenotype, suggesting that TED1 plays a role in the pathways that regulate both seedling  morphogenesis 
and  the  initiation of flowering. 

T HROUGHOUT their life  history, plants display re- 
markable developmental plasticity in response to 

prevailing conditions of light quality and quantity. These 
responses include the regulation of seed germination, 
growth phototropisms and the timing of flowering. In 
part because of their small  size, young Arabidopsis  seed- 
lings are particularly well-suited  as  subjects for rigorous 
genetic analyses  of developmental responses to light (re- 
viewed  by CHORY 1993). Seeds that germinate in dark- 
ness adopt  a light-foragmg strategy, termed etiolated 
growth, characterized by elongation of the seedling stem 
(the hypocotyl) and arrested development of  leaves and 
chloroplasts. Upon exposure to red, far-red, or blue-UV 
light, seedlings undergo de-etiolation, a process in which 
seedlings slow their rate of  hypocotyl elongation and 
induce leaf and chloroplast development. Arabidopsis 
mutants deficient in de-etiolation responses have identi- 
fied several photoreceptors  that mediate de-etiolation. 
For example, long hypocotyl mutant hyl  is deficient in the 
biosynthesis of the linear tetrapyrrole chromophore of 
the  red/far  red  photoreceptor phytochrome (KOORN- 
NEEF et al. 1980). Mutants phyB and phrA are defective 
in the  apoprotein  components of the phytochomes 
PHYB and PHYA that mediate deetiolation responses to 
red  and far-red light, respectively (NAGATANI et nl. 1993; 
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PP~RKS and QUAIL 1993; REED et al. 1993; WHITELAM et 
al. 1993). Similarly, the blue-light  insensitive mutant cry1 
(hy4) is defective  in a blue light photoreceptor with 
amino acid sequence homology to an Escherichia  coli blue- 
lightdependent photolyase (AHMAD and CASHMORE 
1993).  The hy5 mutant is deficient in red, far-red, and 
blue light responses and may act downstream from the 
photoreceptors (CHORY 1992). HY5 encodes a basic  leu- 
cine zipper transcription factor (T. OYAMA and K 
OKADA, personal communication). 

Arabidopsis mutants have  also been isolated that re- 
semble light-grown plants when  grown in complete 
darkness. These  include  the deetiolated mutants detl 
(CHORY et al. 1989), det2 (CHORY et al. 1991) and det3 
(CABRERA Y POCH et al. 1993), and  the constitutive photo- 
morphogenesismutants copl (DENG et al. 1991), cop9 (WEI 
and DENC  1992), cop& coplo, and copl I/fus6 (CASTLE 
and MEINKE 1994; WEI et al. 1994). In the  dark, detl 
seedlings have a  short hypocotyl, open  and  expanded 
cotyledons and readily  visible  leaf primordia. Eventu- 
ally, detl plants will make a full set of leaves and flower 
in complete darkness (PEPPER et al. 1994). At the subcel- 
lular level, dark-grown detl seedlings display partial de- 
velopment of chloroplasts and high levels  of expression 
of genes normally induced by light, such as cab, rbcS 
and chs (CHORY et al. 1989). Based on  the recessive 
nature of  detl we hypothesized that DETl encodes  a 
negative regulator of seedling  deetiolation responses. 
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The D E T l  gene was isolated by a  genetic map-based 
cloning strategy and was found to encode  a novel 62.2- 
kDa protein  (PEPPER et al. 1994). The D E T l  polypeptide 
does not  appear to bind DNA (A. PEPPER, K. COOK and 
J. CHORY, unpublished observations) but  does  contain 
sequences with a  strong similarity to consensus SV40 
bipartite-type and yeast M A T a  nuclear localization sig- 
nals. A DETl/P-glucuronidase fusion polypeptide is 
predominantly localized to the  plant cell nucleus, sug- 
gesting that DETl itself may function as a  nuclear pro- 
tein,  perhaps as a non-DNA binding repressor of tran- 
scription that acts via protein/protein contacts (PEPPER 
e1 al. 1994).  Transcription of D E T l  is not regulated by 
light, suggesting a possible role as a signal transduction 
element,  rather  than as a downstream effector molecule 
acting in a transcriptional cascade. 

The role of  DET1, however, is not limited to light 
regulation of seedling  morphogenesis. Plants homozy- 
gous for all  known detl  and cop alleles display mutant 
phenotypes as mature plants when grown in the light 
or the  dark. Light-grown detl-I  plants are small, have 
reduced apical dominance and reduced fecundity. 
Plants homozygous for null alleles of det l ,  such as detl-  
6 (PEPPER et nl. 1994), have  greatly reduced size and 
produce extremely high levels of anthocyanin in the 
light and in the  dark. The phenotype of the detl null 
mutant is, in fact, similar to strong alleles of copl, cops, 
and  other  members of the fusca class  of seedling mu- 
tants (MISERA et nl. 1994), such as f u s 6 / c o p l l  (CASTLE 
and MEINKE 1994). CASTLE and MEINKE (1994) deter- 
mined  that  the fus6 mutation affects a  number of  physi- 
ological and developmental pathways including re- 
sponses to exogenous sugars and phytohormones. 
Effects of fus6 on light responses have  also been ob- 
served (WEI et al. 1994). Finally, the dark-grown seed- 
ling phenotypes of  weak and moderately strong alleles 
of D E T l  and COP1 can be partially phenocopied by the 
addition of high levels of exogenous cytokinin in  the 
growth media (CHORY et al. 1994). These observations, 
considered  together, suggest that D E f I ,  and  other 
members of the DET/COP/FUS class  of genes, partici- 
pate in a  number of (potentially networked) regulatory 
pathways, including  the light-signaling pathways that 
mediate deetiolation  (for a review and commentary see 
REED and CHOW 1994). 

Two related and nonexclusive hypotheses for  the in- 
teraction of D E f l  with light-signaling pathways can be 
proposed.  In  both models, DETl is postulated to be a 
semi-specific negative regulatory molecule, perhaps  a 
transcriptional repressor. One hypothesis stipulates that 
in response to appropriate light signals, deetiolation is 
initiated by posttranscriptional down-regulation of 
DETl activity. This could involve any one of several 
mechanisms such as protein modification of DETl,  or 
the  presentation of alternative protein contacts (thus 
titrating  DETl from contacts associated with repres- 
sion). In an alternative scenario, DETl plays a less direct 

role. Light or  other environmental and developmental 
signals  activate an as  yet undefined transcriptional regu- 
lator  that is to some degree insensitive to repression by 
DET1. When this regulator is activated, DETl activity 
is defacto down-regulated. In  the detl mutant,  one would 
postulate that  the positive regulatory molecule(s) initi- 
ates deetiolation in the absence of the  appropriate sig- 
nal (s) . 

A critical element in our study  of the pathways by 
which light stimulates deetiolation is the elucidation of 
how DET1-mediated repression of deetiolation is over- 
come upon  exposure to light. To study the regulatory 
environment  in which DETl is acting, we set out to 
identify extragenic suppressors of det l ,  which  would  re- 
store repression of deetiolation responses in the  dark. 
Based on analysis  of mutant phenotypes in the detl al- 
lelic series, det l - l  is partially functional  (PEPPER et nl. 
1994).  Thus, in formal genetic terms, suppressors of 
det l - l  could be mutant alleles of genes that normally 
act upstream of D E T I ,  downstream of DETI, or in path- 
ways that bypass DE11 activity. In this work, we describe 
the isolation and characterization of suppressors of det l -  
I using a simple screen based on  the gross morphology 
of dark grown seedlings. 

MATERIALS  AND METHODS 

Plant strains and growth conditions: Plant  media and 
growth conditions were as described previously (PEPPER et al. 
1994) unless otherwise noted. Previously described Arubidopsis 
thaliana (L.) Heynh. strains used in this work are summarized 
in Table 1. Genetic nomenclature follows the accepted  guide- 
lines for A. thaliana (MEINKE 1995). 

Mutageneses  and screens  for  suppressors of detl-1: A det l -1  
homozygous line was bulk-propagated  in isolation in a growth 
chamber. These  seeds were mutagenized by imbibition in 
0.3% EMS (Sigma) for 16 hr, followed by extensive washing 
with dH20. Two sets of mutagenized seeds were utilized. In 
the first, 30,000 M,  plants were propagated  in greenhouse 
conditions,  from which M2 seeds (140,000 total) were har- 
vested from pools of 600 M,  plants. In the  second, 15,000 MI  
plants were propagated, from which M2 seeds (150,000 total) 
were harvested from pools of 20 MI  plants. Approximately 
2000-3000 seeds from  each large pool and 100-200 seeds 
from each small pool were sterilized and grown in the dark 
on agar plates for 7 days (CHORY et al. 1989), then screened 
for  plants with a long hypocotyl and/or small, unexpanded 
cotyledons. 

Putative suppressor  mutants were transferred to light for 
recovery, then backcrossed to det l - l  before further genetic 
and phenotypic analyses. We used a PCR-based diagnostic 
for  the de t l - l  allele (described below) to eliminate  candidate 
suppressors that were no  longer homozygous for  the detl-1 
mutation (possibly arising from  pollen contamination, seed 
contamination,  or exact reversion of the &tl- l  mutation). 

Genetic  analysis: Standard  methods of Arabidopsis genetic 
analysis were employed (SOMERVILLE and OGREN 1981) unless 
otherwise noted. Dominance or recessiveness of putative s u p  
pressors was determined by analysis  of dark-grown F1 and F2 
phenotypes  in crosses to detl-1 homozygous lines. To discrimi- 
nate intragenic  from  extragenic  suppressors, two indepen- 
dent tests for linkage of suppressor  mutations to the detl locus 
were employed. In  the first approach, putative suppressors 
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TABLE 1 

Previously  described A. thaliana strains 

Strain/genotype Ecotype References 

DETI (wild type) Col-0 &DEI (1992) 
detl-1 Col-0 CHORY et al. (1989); PEPPER P t  al. (1994) 
detl-4 Col-0 PEPPER et al. (1994) 

La-detl-I La-er/Col-O PEPPER et nl. (1994) 
hyl-l La-er KOORNNEEF et nl. (1980) 

d d I - 6  La-er MISPRA et al. (1994);  PEPPER P t  nl. (1994) 

hy2-I  La-er KOORNNEEF et al. (1980) 
hy5-1 La-er KOORNNEEF et al. (1980) 
PhyA-201  La-er REED et al. (1994) 
PhyB-l La-er KOORNNEEF et nl. (1980) 
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were crossed to wild-type  Col-0, and resulting F2 populations 
were examined  for  the segregation of deetiolated seedlings; 
the absence of deetiolated seedlings in a large F2 population 
derived from this cross was taken as evidence of complete 
linkage of the suppressor  mutation to  the detl-I locus. In a 
second  approach, suppressors were tested for linkage (using 
methods described below) to  the simple sequence  length 
polymorphism (SSLP) marker nga8 (BELL and ECXER 1994), 
located -3 cM from DET1. 

Recessive mutations were assigned to  complementation 
groups  through  the analysis of F, and F2 phenotypes. Domi- 
nant  and  semidominant extragenic  suppressors were as- 
signed to allelic groups based upon two independent lines of 
evidence: (1) examination of the F2 progeny of repulsion- 
phase crosses between suppressor lines (the absence of de- 
etiolated seedlings in the F2 progeny was taken as evidence 
of allelism) and (2) genetic mapping of the suppressor loci 
(described  below). 

Mapping methods: At present, DNA-based mapping methods 
in Arabidopsis require that the locus of interest be segregating 
in a  mapping population derived from an interecotypic cross 
(e.&, La-er X Col-0). Yet, the suppressor phenotype can only be 
scored in plants that are homozygous for the k t l - I  mutation 
(derived from the Cola ecotype). To circumvent this problem, 
we introgressed the detl-l mutation into the Landsberg erecta 
(La-er)  ecotypic background through eight successive  outcrosses 
to La-er, creating La-detl-1 (PEPPER et al. 1994). Fingerprinting 
analysis  using a set of 12  SSLPs and seven  cleaved amplified 
polymorphic sequence (CAPS) markers (KONIECZNY and Ausu- 
BEL 1993) indicated that, with the exception of a DETI CAPS 
marker, the La-detl-I line had homozygous La-er genotypes at 
markers throughout  the  genome, including DETI-flanking 
markers ngd8 and AG (chromosome N, 35 and 72.6  cM,  respec- 
tively) (LISTER and DEAN 1993; http://cbil.humgen.upenn.edu/ 
atgc/genetic-mapping/ListerFeb95.html). Thus, La-detl-l re- 
tained a segment of  Col-0 chromosome containing cletl-l that 
is <38 cM in size. To create an F2 mapping population, suppres- 
sors  were  crossed to La-detl-I.  After phenotyping, F2 seedlings 
were transferred to fresh agar plates and grown in the light 
for 2 weeks before harvest for DNA. Dominant/semidominant 
suppressors were mapped by genotyping plants with a nonsup 
pressed (deetiolated) phenotype in the  F2. Preliminary mapping 
was performed using a set of 12 SSLP markers and six CAPS 
markers located at intervals throughout  the genome. All linkage 
data reported is based on raw recombination frequency. 

Genomic DNA isolations: Fresh individual seedlings were 
ground  for 5 sec in 1.5-ml microcentrifuge tubes using Teflon 
pestles (VWR). Extraction buffer  (200 mM Tris pH 7.5, 250 
mM NaCl, 25 mM EDTA pH 8, 0.5% SDS)  was added,  and 
tissues were further  ground. After a brief centrifugation to 

remove solids, nucleic acids were precipitated  from the ex- 
tract with isopropyl alcohol. The precipitate was resuspended 
in 50 mM Tris pH 7.5, 10 mM EDTA pH 8 and centrifuged 
to remove undissolved solids. Nucleic acids were then again 
precipitated from  the extract with isopropyl alcohol and resus- 
pended in 0.1 ml of 10 mM Tris pH 7.5, 1 mM EDTA.  Two 
microliters of the nucleic acid solution prepared by this 
method was used as substrate for PCR. 

Phenotypic  analysis of suppressor mutants: All phenotypic 
analysis of suppressor mutants was performed in the detl- 
I homozygous genetic  background unless otherwise stated. 
Analysis of splicing of intron 1 of the DETI transcript in sup- 
pressors of det l - l  was performed by reverse transcriptase-PCR 
(RT-PCR) methods.  Total RNA  was isolated (NAroI.1 et al. 
1990) and digested with 15 units of  DNAase I (FPLC-pure 
RNAase-free, Pharmacia) for 2 hr at 37" to eliminate  contami- 
nating  genomic DNA.  RNA samples were then extracted with 
phenol/chloroform,  and 10-pg aliquots were reverse tran- 
scribed for 2 hr  at 42" using random hexamer  primers and 
200 units of M-MLV  RT (Gibco-BRL). Reverse transcription 
products were diluted 1:20 in dHpO, and 5-pl aliquots of di- 
luted first-strand cDNA were used as template  for 50 pl PCR 
reactions. DETI-specific oligos 13-1C (CTTCXAACGTCA- 
GATTCGAACTCCTC) and 7-1H (CMTCTCCCTGAAG 
ATAA) were used to amplify transcribed regions extending 
from exon 1 to  exon 3. To estimate the efficiency of splicing 
of intron 1, a quantitative RT-PCR method was employed. For 
this analysis, 20 cycles of PCR were performed.  The presence 
of intron 1 and  intron 2 in RT-PCR products was assayed by 
digestion with BstBI, which cleaves the PCR product asymetri- 
cally (inside exon2), giving  rise to digestion products of char- 
acteristic sizes: (1) 678 bp,  corresponding to transcripts with 
unspliced intron 2, or  contaminating genomic DNA; (2) 604 
bp,  corresponding to transcripts with properly spliced exon 
2; (3) 345 bp,  corresponding to transcripts unspliced  at intron 
1; and  (4) 254 bp,  corresponding to transcripts in which in- 
tron 1 is properly spliced. To complete the quantitative analy- 
ses, digestion products were Southern blotted, probed with a 
full length DET1 genomic DNA, and  quantitated by Phos- 
phorimager  and  ImageQuant software (Molecular Dynamics). 

Northern blots and probes were as described previously 
(PEPPER et al. 1994).  Northern analysis was performed using 
duplicate RNA samples, quantified by PhosphorImage analy- 
sis, and normalized to signals from an rDNA probe. Apical 
dominance in mature light-grown plants was quantitated by 
counting  the  number of inflorescence axes at  the time of 
appearance of the first mature, yellow silique (stage 6.5 in 
the Arabidopsis developmental key) (http://genome- 
www.stanford.edu/Arabidopsis/comguide/chap-l-plants/ 
5-developmental-key.htm1). Developmental time-to-flow- 
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ering was measured by counting  the  number of rosette and 
cauline leaves on the primary inflorescence axis. At the transi- 
tion to reproductive  growth, the  shoot apical meristem stops 
producing leaves and starts producing flowers.  Leaf number 
is thus  a measurement of' "developmental time" to flowering 
that minimizes experimental noise due to uneven germina- 
tion and microenvironmental differences. Our rationale for 
counting  both rosette and cauline leaves, rather  than rosette 
leaves only, is based on  the  recent electron  micrographic  char- 
acterization of floral induction by HEMPEI. and FEI.DM.+N 
(1995). This analysis indicated that  the meristematic transi- 
tion to reproductive growth occurs be€ore any elongation of 
the primary inflorescence axis (the flowering stem),  and  that 
at the time of' floral induction, the  cauline leaf primordia 
were already formed were initially indistinguishable  from ro- 
sette leaf primordia. The total number of  leaves produced 
(rosette and cauline) is therefore  the best available measure 
of developmental  time to flowering. Long-day (16 hr)  and 
short-day (10 hr) grown plants were given 150 pc-m '-set ' 
and 240  p+m"-sec", respectively, of white light  supplied by 
an equal mix  of Phillips Cool-White and Gro-lux wide-spec- 
trum bulbs. 

PCR-based diagnostic assays for DETl alleles: Plants car- 
rying various dell alleles ( d e t l - I ,  drtl-4, d d l - 6 )  (PEPPER et al. 
1994) were identified by PCR-based diagnostics. The presence 
of the dr t l - l  lesion was determined by a CAPS  assay. The drt l -  
I mutation destroys a BsmFI recognition site i n  the DETI 
gene. A genomic DNA fragment  containing  the site of the 
del l - l  lesion was amplified using primers 13-lG (CTTCXA- 
ACGTCA(=ATTCGAACTCCTC) and 13-1  revB  (CATTGA- 
AGGTAAAGAGATAAGC:) then tested for cleavage by B.mFI. 
To test for  the &I-4 and dpt l -6  lesions, a PCR-primer intro- 
duced restriction site analysis method (SORSCHER and HUAN(; 
1989) was employed.  Primer detl-4  (ACTGTTTCCGCMT- 
TCCCAGAAG) contains  a mismatch to genomic DNA (indi- 
cated in bold) which, when incorportated in  a PCR product, 
creates an artificial restriction enzyme recognition site for BslI 
(CCNNNNNNNGG) that spans the 3' end of' the oligo and 
includes the nucleotide that is mutated from G to A i n  clriI- 
4 (underlined). Primers detl-4  and 7-lrevB (ACXAGGAAC- 
AGCGTCATTAG) were used to amplify a 321-bp PCR prod- 
uct. Amplification products not carrying the drt l -4  mutation 
are cleaved by BslI into 298- and 23-bp fragments. Similarly, 
oligo  detl-6 (CTTTTGCTTATCTCTTTACXTCCAATG) 
(mismatch indicated  in bold) was used in combination with 
13-1  revA  (ATGAGGAAGAGTCCGTCTTC) to amplify a 143- 
bp PCR product. Amplification products not carrying the d r t l -  
6 mutation are cleaved by BslI into 115- and 28-bp fragments. 
Restriction products were analyzed using 23% Metaphor 
agarose gels (FMC Corp.). 

RESULTS 

Screens for suppressors of detl-1: From an estimated 
total of 45,000 M I  plants and 290,000 M2 seeds 
screened, 40 putative suppressors were isolated. More 
than half  of the collection (20/40)  had  at least one wild- 
type DETl (BsmFI cleavable) allele when tested with 
the detl-1 PCR-based diagnostic assay. (Interestingly, all 
plants that displayed complete phenotypic suppression 
of cktl-I fell into this category.) The majority of the 
DET1-containing lines (l4/20) were heterozygous for 
BsmFI cleavage. The high level  of  heterozygosity for 
cletl-l seen in these lines suggests that they arose from 
pollen contamination onto stigmata of MI det l - I  plants 

or EMS-induced reversion of the detl-1 lesion rather 
than from seed contamination. 

The remaining 20 plants, homozygous for det l - I ,  
were considered  candidate extragenic or intragenic 
suppressors of detl-1 and analyzed further. In some 
cases, putative suppressors identified in M2 screens 
failed to deetiolate when transferred to light. When 
these occurred in small (20 MI  ) pools, they  were  recov- 
ered from siblings. In screens of small pools, putative 
suppressors from the same pool were assumed to be 
siblings, and only one representative was recovered for 
further analysis. 

Genetic  characterization of suppressors of detl-1: 
Analysis  of F, and F2 phenotypes of backcrosses  to &I-1 
indicated  that 10 of the suppressor mutations were re- 
cessive and 10 were dominant or semi-dominant. Four 
of the  dominant/semi-dominant mutations showed 
tight linkage to nga8 (no recombinants with nga8 were 
observed in analyses of  24 or  more F2 seedlings). In 
crosses of these four lines to wild-type  Col-0,  fully deetio- 
lated seedlings were not observed in the F2 (at least  400 
seedlings examined in each cross).  Thus, two indepen- 
dent lines of evidence indicated  that in these four mu- 
tants suppression was closely linked to the detl-1 locus. 
Further analysis  of these linked suppressors, which may 
be intragenic, will be described elsewhere. 

Extragenic suppressor mutants were designated ted 
(for reversal  of the &t phenotype).  Dominant  and semi- 
dominant  mutations were assigned to three classes, tedl,  
t d 2  and ted3, 0x1 the basis  of allelism in repulsion phase 
crosses and preliminary mapping  data. Four semi-domi- 
nant alleles were assigned to the tedl group  (designated 
tedl-ISI),  etc.), while tpd2 and ted3 contained one domi- 
nant allele each (designated ted2-ID and ted?-ID, re- 
spectively). Recessive mutations were assigned to three 
complementation  groups, ted4, ted5 and tedb. The ted4 
group  included five alleles and  the ted5 group  included 
four alleles. The led6 complementation  group  con- 
tained only one allele, which suppressed detl-I very 
weakly, and will not be described further.  The dark- 
grown seedling phenotypes of tedl-ISD, ted2-lQ tpd3- 
111, trd4-I and trd5-1 in the detl-I genetic background 
are shown in Figure I .  In each case, the suppressor line 
shows a significantly elongated hypocotyl and reduced 
development of the cotyledons and leaf primordia rela- 
tive to 11011-I. 

The preliminary genetic analysis of multiply  back- 
crossed representative tedalleles is summarized in Table 
2. In  further backcrosses to detl-1 (Table 2A), the sup- 
pression phenotype  appears to be monogenic  in each 
case. Outcrosses to wild-type DET1 demonstrate  that 
each locus is unlikely to be linked to de t l - I ,  except  for 
tedl,  which  showed linkage of "19 cM, based on  an 
analysis  of I606 F2 seedlings. Twelve of the 27 deetio- 
lated F., seedlings from this  cross  were  grown to maturity 
and F:, seeds were isolated. All progeny from these de- 
etiolated F., plants had  a  deetiolated  phenotype, indicat- 
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nant markers (only the Ihmmcr was rcjc,ctecl by chi- 
squared test, /' < 0 . 0 % ) .  One explanation for the / /d l -  
/ S I )  X /0d2-I2S1) results is an interaction Iwtn.cen / n l / - I S I )  
antl /~d2-/1). perhaps cfrccting germination efficiency. 

To rorltinely assess thc drgrcc of suppression of dd1- 
1, hypocotyl length of dark grown scctllings w a s  used 

a s  an c;1sily mcasural,lc quantitative trait (T;hle 3).  Hy- 
pocotyls o f  tl;lrk-grown F, seedlings from 11.11 d d / - /  X 
d d 1 - I  crossc's were mcasrlretl and compared t o  homozy- 

essentially tlominant for hypocotyl plwnotypc, although 
the hctcrozygous individu;ds t l ispl;yd a higher frc- 
qucncy of opcn cotyledons tllan in thcir rcspc-cti\e  ho- 

semi-tlomin~lnt for 1,oth hypocotyl length ant1  frv- 
qucncy of opcn cotyledons, while / ~ d 4 - /  antl / ~ r /  5-1 WCIT 

gotls Plrclltal col1trols. R o t h  /1~12-//) ;111tl //~d3-11) I\TW 

1llozygO"S I/Vl / / / J l / - l  p:1rcnts (not  sho\\'n). I/Vll-/ IGlS 

I t < , [  I:I.. I . - ~ l o t . ~ ) l ~ o l o ~ i ~ ~ ~ l  l)ll<*l1ot\.l)<~s o I  i - ( l a ~ . - o I ( l  t l;~t.k- [1lll!s r<y-cssiyc. for l>otl1  I1ypocotyl  ;Ind  cotylctloI1  pl1rl1o- 
gt-own wilt1 t\pc ( l ) / , ' Y ' l ) ,  the r l r l l - I  1 n u t ; m l  ;rrltl t r d d r / l - l  scctl- tyl,es. 
ling<. Genetic mapping of tedloci: Ahlap positions of the / d  

loci were cstilnatctl using small F2 poprtlations (120- 
ing that / d l  is n o t  an intragenic suppressor w i t h  incom- 180 i11divitl~l& t o t ; I l ,  froln IvI1ic)l 28-48 il1divitlu;Ils 

I n  rrpulsion phase crosses l~ct~vccn rcprcwntativc cllssccl ahovc., / p ~ / 1 - 1 , ~ 1 )  cIispI;tyctI  111otlcratc*  Iillk;1gc ( 1 9  
tlominant and scmi-tlomin;~nt mutants (Tahlc 2R) tlc- c M )  to d p / /  i n  crosses t o  wild-type 1)b;Y'I. h s c d  011 the 
ctiolatctl seedlings ~ c r c  segregating in a l l  crosses intlicat- alxllysis of 34 FL' seedlings, / ~ d 1  sllon.ctl linkage to ng;18 
ing that  these rcprcsentativc mutations are not allclic a t  a distance of -2.5 cM.  Analysis of this same set of 
t o  onc- another. IHowcvcr, thc ratio of srrpprcssctl/tlc- p1;lnts ;dso indicated linkage (-2.5 cM) t o  AG. These 
ctiolatctl scctllings i n  the / r . t / l - l S I )  x 1~12-1.51) (8.38:l) intlcprndent lines ofevidence, considered together, i n -  
WIS less than tlw I 5 : l  cxpectcd for t w o  unlinkerl domi- tlicatc linkage of / p d l  t o  chromosome Il'at a position 
nant m;~rkers, ;lntl the ratio for 1d2-11) X tr(l3-ID (31.3:l) hctwccn 1)ICY'l and A<;. 
WIS g ~ ~ a t c r  than t h a t  cxpcctcd for t w o  unlinked tlomi- Gcnotying of 42 F? seedlings intlicatcd that / ~ / 2  is 

plctc pcll~'tr~lllcc. wcrc gcnotyxd at 12 SSLP and six (XPS loci). A s  dis- 

TABLE 2 

Genetic analysis of fed suppressor lines 

<:ross sup tlrr R;ltio 11.11. I' 

Irdl-ISI) r l r l l - l  x r l v I 1 - I  
lrd2-Il) flPIl-1 x / / r l l - l  
lrd3-11) d r l l - 1  X drll-1 
IPdC I //PI I-! x //r11-1 
hd5-1 ( / d  1-1 x ( /dl-1 
IfVl6-I 1 l c l I - I  x ddl-1 
111;.I.1 x lI~/l l- l .W f /PlI - l  
I)b'-rl x lrd2-11) //PIl-l 
1)1:7'1 x I P d  7-1 f / f J I l - l  
1)b:I.l x l d4 -1  drl 1-1 
I)b:.I'l x I d i - 1  rlrl  I -  I 
D1:'7'1 x IP/l6-1 f l l ~ l l - 1  

;\. F2 analysis of  ~ r d  lx~ckcrossc*s t o  d r / l - l  and CI-osscs t o  l)k,''I'l 
198 63 3.14:l 3: 1 
!)(i 36 !?Ai: I 3: I 

10.5 34 J.O!): 1 3: 1 
1 (i 31 1:3.I8 I :3 
!?I (Xi 1 ::z. 1 'I 1 ::?I 
?l.5 87 1 :"4)  1 :3  

1.5Z) 'Li .58.3: I 1.5: 1 
2:33 17 132: 1 1 5 1  
168 1 0 16.8: 1 1.5: 1 
133 3 i 4.14:l 1 :z:3 
46 9 .5.1 1: l  1 . 3 3  

3m 81) 4. I .5: 1 13:s 

> 0 . 5  

> 0 3  
> 0.1) 
> 0 3  
> 0 . 3  
> 0.1 
< 0.00.5 r 
> 0 . 5  

> 0 3  
> 0 3  
> 0.3 
> 0 . 5  

1%. F2 ;m;dysis o f  rcptlsion phxsc crosses hcrnxw1 t l o m i n ; ~ n t / s c ~ ~ l i ~ l o ~ ~ ~ i t ~ ~ ~ t ~ t  / r d  mutants 

I r 1 / l - I . V )  (/PIl-l x lrd2-1l) drl l-1 1.51 18 8.38: 1 1.5: 1 <O.f)!?.5 I' 

l l ~ f l l - l . ~ l )  dPll-l x I n l F I I )  / lPlI-l  I I ( i  !) 12.X:I 1.5: 1 > 0 3  
lrd2-Il) / l l ~ l l - l  x lrd3-11) / / r 1 1 - 1  I23 -1 31.3:l 1.5: 1 > 0 . 1  

I n  these cspcrinlmts, sr~pprcsscd (sup) is r l s c d  IO drscrihc :I wide  t-angc o f  phcnot\pcs, from weak srlpprcssion o f  drtl-I (as 
i n  Ird4-1 d d l - I )  l o  l ~ l l l y  c * t i o l a w t l  (;IS i n  the wild-type I I I ~ T I ) .  1k~tiol;~trtl ( t lrt)  is usrtl IO tlcscl-ibe pllcwot!pcs similar t o  d d l - I .  
Scgrcgation d a t a  was c v i ~ l ~ t a t d  \tit11 chi-sq~~al-ccl analysis using the n r t l l  hypothesis ( n . 1 1 . )  intlicatctl. (:hi-sqt~arcd proha1)iIitics 
( I J )  A I X -  intlic;lrcd. Rc:j(*crion o f  t h r  n 1 l l l  h!p)thcsis is inc1ic;ttctl (r). 
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TABLE 3 

Hypocotyl lengh of 6-day-old dark-grown parental 
and F, seedlings 

Hypocotyl length 

Parental line Parent FI (X  dell-I) 

&/I-I 2.9 ? 1 . 1  (21) ND 
D m  13.6 2 1.2 (30) 12.7 ? 1.3 (15) 

trd2-ID drrl-1 12.2 ? 1.0 (22) 11.6 ? 1.3 (8) 
Itdrll-ISD d ~ I l - 1  13.4 -t 1.0 (22) 8.5 2 0.8  (9) 

td3- I  PI 1 -I 12.0 t 1.0 (22) 13.9 ? 1.1  (10) 
t ~ d 4 - I  dQt1-1 7.4 ? 1.7 (22) 3.4 ? 1.2 (7) 
led5-I drtl-1 12.1 ? 1.7 (22) 3.4 5 0.9  (7) 

Number  tested is indicated in parentheses. Error shown is 

ND, experiment not done. 
standard deviation. 

located on  chromosome 1-5 cM from nga248 ( I ,  57.1 
cM), between nga248 and GAPB (Z, 86.2 cM). On  the 
basis  of genotyping 28 F2 seedlings, ted3 mapped to 
chromosome I, "10 cM from nga 280 ( I ,  114.6 cM), 
between nga 280 and ngal l l  ( I ,  149.2 cM).  Further 
evidence indicating that ted2 and ted3 are  independent 
loci was obtained in repulsion phase crosses of ted2-1 
X ted3-I. In the F2  of  this cross, deetiolated seedlings 
were observed at a frequency of 0.035 (Table  2B), sug- 
gesting two independent,  but  perhaps linked suppres- 
sors. Unlike the homozygous parents, F, plants from 
the ted2-I X ted3-I cross have an essentially  wild-type 
(DETI)  phenotype,  both as dark grown seedlings and 
as mature light-grown plants. This additivity  of pheno- 
type in the F1 of two dominant  mutants suggests that 
the mechanisms of suppression by the two mutations 
are different.  These results, considered  together, sug- 
gest that ted2-IDand ted3-IDare independent mutations 
located on  chromosome I that  suppress &tl-I by differ- 
ent mechanisms. Finally, ted4 showed linkage (12 cM) 
to nga168 (11, 78.5 cM) on  the basis of 45 F2 seedlings 
genotyped and led5 was linked (20 cM) to nga225 ( V ,  
11  cM) as determined by the analysis  of  42 F2 seedlings. 

The ted mutations do not  restore  correct  splicing of 
the detl-1 transcript: The &I-1 mutation is a G to A 
transition located just inside intron 1, five nucleotides 
from the 5' splice junction (PEPPER et d. 1994). Previous 
Northern analysis indicated  that the mature DETl tran- 
script is -100 nucleotides  larger in the &tl-I mutant 
than in the wild-type  Col-0. This apparent mobility shift 
closely matches what  would be  expected  for transcripts 
that have not spliced out  the 85 nucleotides of intron 
1. In addition, an  intron 1-specific probe hybridizes to 
the abnormally long  transcript observed in the &tl- 
I mutant.  Translation of  mRNAs containing  intron  1 
terminates prematurely at two consecutive stop  codons 
(TAG,  TGA) located within intron 1, producing a trun- 
cated polypeptide consisting of  24  wild-type residues 
and 26 residues encoded by the  intron. We hypothe- 
sized that  the  apparent partial DETl activity in the &tl- 

DET1 a 

rRNA I 

FIGURE 2.-Northern analvsis of the DETI transcript in wild 
type ( D E T I ) ,  the d d l - 1  mutant and in /rd d ~ t l - I  lines. RNA 
were  isolated from 21-day old, light-grown plants. Fifteen mi- 
crograms of total RNA (measured by 0.D.2a3b) were loaded 
onto each lane. The DETl transcript was analyzed by probing 
with  4-kb genomic DNA fragment  containing the entire DE71 
gene (PEPPER rl nl. 1994). DETI blot was exposed for 290 
hr onto BIOMAX MS film (Kodak). Ribosomal RNA probe 
(CHORY r /  nl. 1989) was exposed for 4.5 min onto RY film 
(Fuji). 

I mutant might he due  to a low  level  of correct splicing 
of intron  1, giving  rise to residual wild-type DETl poly- 
peptide. Based on this model, several  possible mecha- 
nisms  of suppression can be imagined that involved 
modification of the transcription or splicing machinery 
to produce  more correctly spliced DIT1 transcript from 
the ktl-I template. Suppression by translational mecha- 
nisms ( e g . ,  nonsense  suppression) was considered to 
be exceedingly unlikely  given the adjacent TAG 
(amber)  and TGA (opal)  stop  codons. 

Figure 2 shows a Northern analysis  of IIETI tran- 
scripts in DETI, ktl-I,  and in the tpdmutants. As shown, 
the overall  levels  of the DETI transcript were not  appre- 
ciably higher in any  of the ted mutants than in dd l - I ,  
indicating that suppression is not achieved by an overall 
increase in Clptl-1 transcription or mRNA stability (that 
would compensate  for  reduced efficiency  of splicing of 
intron  1). In addition, no novel transcripts were ob- 
served, indicating  that suppression was not  the result 
of a gross alteration in the transcribed sequences or the 
splicing pattern of the Clpt1-I transcript. To investigate 
possible subtle effects on mRNA structure, total RNA 
from dd1-1 and from tpd mutants in the dd1-1 back- 
ground was isolated, reverse transcribed, and a DNA 
fragment  extending from exon 1 to exon 3 was ampli- 
fied by  PCR. The resulting RT-PCR products were ana- 
lyzed  by restriction digestion with the frequently cutting 
4 b p  recognition site restriction enzymes A M ,  MboII, 
MnlI, Sau3A. No discernible differences between d d l -  
1 and any  of the  suppressor lines were observed (data 
not shown). 

To investigate possible quantitative changes in  splic- 
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A 
detl-1 
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FIGC'RE %-(A) Method  for analysis of intron 1 splicing in 
DE771 transcripts. Partial intron/exon  structure of the D L T l  
gene is shown (PEPPER ct 01. 1994). The location of the d d l -  
1 mutation inside intron 1 is shown. Opposing arrows indicate 
primers used for RT-PCR. The site of asymmetric cleavage of 
RT-PCR products hy RstRI is indicated.  Fragments A (344 
hp)  and C (680 hp)  are  the cleavage products derived from 
unspliced RNAs or  contaminating genomic DNA. Fragments 
B (263 hp)  and D (601 hp)  are  the cleavage products  derived 
from spliced RNAs. (€3) Phosphorimage of RT-PCR products 
from wild-type ( D K f 1 )  and d d l - 1  plants. (C)  Quantitated 

ing of intron 1 that might give rise to suppression, a 
quantitative RT-PCR  assay  was employed. Figure 3A out- 
lines the assay for estimating the relative  efficiency  of 
splicing of intron 1.  This assay  was designed to minimize 
potential artifacts arising from hnRNA and contaminat- 
ing  genomic DNA. Primers located in exon 1 and exon 
3 are used to amplify a DNA fragment  spanning  intron 
1 and  intron 2. These amplification products were di- 
gested with BsfBI to produce asymmetric fragments. 
Products containing  intron 2 (arising from hnRNA,  ge- 
nomic DNA and mature mRNAs in  which intron 2 has 
not  been  spliced)  are  detected as a 680-bp digestion 
product  (fragment C). Efficiency  of splicing of intron 
1 was estimated by comparing  the ratio of phosphorim- 
age signal from 344bp fragment  A to that of the 263- 
bp fragment B. In Figure SB, RNAs from 21dav old 
light-grown DETI and d d - 1  were  reversed transcribed 
and  the resulting RT-PCR products analyzed bv South- 
ern analysis. In the wild-type, splicing of intron 1 was 
not complete <50% of the mRNAs were spliced. In 
contrast, dettr-I displayed an overwhelming preponder- 
ance of unspliced mRNA. Quantitative analvsis  of sev- 
eral long  phosphorimage exposures, subtracting  appro- 
priate  background samples, reproducibly demonstrated 
that clptl-I retains a low but  detectable level  of correctly 
spliced message (1-2% of the  total).  Thus,  the partial 
DETI activity  in detl-1 (that is indicated by the phenc- 
types  of the d d  allelic series) is probably due to greatly 
reduced,  but still extant levels  of  wild-type DETl polv- 
peptide.  Further analysis  of quantitated RT-PCR blots 
(Figure 3C) indicated that  the ratio of unspliced to 
spliced transcript in the tedmutants was not significantly 
less than in detl-I. Thus, quantitative changes in  effi- 
ciency  of splicing of intron 1 were not observed as a 
mechanism of suppression. Taken together,  the results 
of these investigations of the &I-I transcript in the ted 
mutants  indicate  that suppression was not  occurring 
through any discernible alterations in detl-1 mRNA 
structure, transcription rate, mRNA stability or splicing 
efficiency. 

The fed mutations  suppress dark-grown gene  expres- 
sion  phenotypes of detl-2: Since the Led mutants were 
isolated solely on the basis  of the morphology of dark- 
grown seedlings, it was of interest to determine  whether 

Phosphorimage analysis of wild type ( D E T l ) ,  the dd1-1 and 
tfd dd l -1  seedlings. Duplicate RT-PCR reactions were per- 
formed on a single RNA sample  from  each  genotype. Individ- 
ual hands ( A ,  B and were quantitated,  along with appro- 
priate  background samples for  each hand,  and approximate 
ratios were calculated. The ratio of unspliced to spliced intron 
1 was estimated hy the following formula: 

Unspliced - [ ( A  - b,,)/334] - [ ( C  - br:)/680] - 
Spliced ( R  - b/,)/263 

where I],,,, I)(: ,  b!, and  are background samples for bands A, B 
and C, respectively. Background samples had the same area 
as the  quantitated  hand  and were taken from the  same lane. 
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F I ( ; ~ ’ K K  4.--Sot-thcrn ;ln;1lysis of several pl~otorcg~tli~~ctl 
transcripts o l ’  i-rlay-oltl tl;wk-gro\\n wiltl-type ( / M , ‘ T / ) ,  d d l - I ,  
; m d  / r v /  d d 1 - 1  scetllings. Two micrograms o f  t o t a l  RNA from 
tlrlp1ic;ltc RNiI prcprations ~vcrc  a~~alyzctl with c d ) ,  d)rS i I t>t l  
rhs prolx~s ( ( ; I I ~ K \ .  r /  n / .  1989). RNAs ~vrrc  rpntitatctl by 
phosp1~orirn;~gc. ;unalysis with subtraction of;tI>pr<)p~iiltc hack- 
ground \;tluc.s. Signal from each probe was normalized t o  
signals from :I ril)osotn;d KSA p - o l w .  An iIvcri1gc of  the two 
norn1alizd X I I I I C S  l’rom c ~ c h  gcnotype is complrcd t o  thr 
d d l - I  t11ut;wt. M ’ i r h i n  c . x h  pair o f  norm;dizctl \;dues, the 
grcatcr X I I I I C  W;IS in a l l  c;~scs <20% highcr t h a n  t h c  lrssrr 
V ~ I I I I C .  ; u n d  11s11a11y < 1 0 % .  11.d.. 1101 tlr~cctrtl signific;lntly 
;~lmvc. I x d q w u n t l .  

they suppress othcr ;upccts o f  the dr/1-1 phenotype. 
Figure 4 shows qt~;~ntitatcd Northern analysis o f  the 
photorcgulatctl tr;mscriprs r d ,  c . h  and r h S  in S C V ~ I I -  

clay o l d  tlark-grown D k Y I  (wild-type Col-O), dr/ l - l ,  and 
/ r d  seedlings. All srlpprcssor lincs cxccpt /rd4-1 show a 
significmt  diminution i n  dark-grown  sc*cdling tran- 
script Icvcls i n  at least a sulxet of these genes, indicating 
t h a t  srlpprcssion o f t h c  d ~ / l - l  defect is affc-cting molecu- 
lar, as ~ v c l l  a s  mor~~l~ologica1 aspects o f  thc dr/l  phcno- 
type. I t  is intorosting to note that /rd5-1, i n  contrast to 
the othcrs, restot-cs repression of chs, hut r l d  and c d  
are rlnaffcctctl. This ol,sen.ation indicated that /rd5-I is 
only  suppressing a subset ofthe t l r / I - I  molecular pheno- 
types, and may tl~ercI?)rc he itcting i n  onc’  o f  several 
(l,1-alnchccl) p~thways downstrcwn of 1)k;Tl. 

fed mutations  suppress  the  light-grown  phenotypes of 
detl-I: \Vhcn gt-own i n  the light, t lr/ l-I had rctluced 
sizc, rctlacctl apical dominance m t l  reduced fertility. 
A s  shown i n  Figrlrc 3, each o f  the / r d  mutations at least 
partially suppressed the sizc phenotype o f  d r / I - /  ( i n  the 
cas(’ o f  /rd4-1. t h c  effect WIS limited t o  the elongation 
of’thc inflorcscct1ccs). Apical clominance, measured by 
thc namhcr of inflorescence ascs a t  maturity i n  long- 
t l ~ y  gro\vn plants, was rcstored hy /odl, /rd2 antl /rd5, 
b u t  n o t  by / d l i  o r  /rd4 (Table 4).  

tedl-ISD and ted2-ID suppress  a  daylength  insensitiv- 
ity phenotype of detl-I: hahidopsis is ;I quantitative 
long-day p l a n t ,  flowering much later in short days (10 
hr) t l l m  i n  long clays (16 hr). Flowcring responses to 
daylength i n  the wild-type, clr/l-l and /rd dr/I-I lincs 
 re 1 1 1 e ~ 1 1 r e d  by corunting the I I U I ~ ~ C ~  of‘ Ici1\.es 011  

the primat? shoot axis (Table 4, see \I..\TF.RI:\I.s ;\SI> 
\wrIloI)s). M’ilrl-type plants initiatc nearly three times 
as many  leaves beforc flo~vering i n  short days than they 
do in long days. I n  contrast. d r / / - 1  was completely insen- 
sitive  to day length, flowering after initiating - 10 leilvcs 
i n  bot11 long- and short-clays. 

A s  shown  in Table 4, /rdl-l  and /rd2-1 partially re- 
stored sensitivity to day length (SD/I,D ratios of 1.9 and 
1 .f, respectively), while the  other //vi mutations had 
little or  no c4-ect. Measurements of short-day and long- 
day flowering  in 60 FP progeny from / r d / - I ~ S D  X clr/l-l 
and /rd2-111 X rlr/l-I crosses indicated that suppression 
o f  d r 1 1 - I  ( a s  evidenced hy sizc and apical clominance in 
mature light-grown plants) cosegregated with restora- 
tion of daylength sensitivity. This  ohsenation strongly 
suggests that restoration of daylength sensitivity i n  each 
case was due  either to the /rtl mutation o r  a closely 
linked mutation. 

The tedl-1SD mutation is associated with a  late flow- 
ering  phenotype: /rdl-l .Sl~ dr / l - l  tlisplayctl a moderate 
latc-flo\vering phenotype, relative t o  both dd l -1  and 
Dk,”l’I, i n  lmth long days and short days. I n  all FP individ- 
uals from several  successive /rdI-l.W X dr/I-I  hack- 
crosses, late flowering (in  long days) was associated with 
supprcssion of the d r / / - l  phenotype, suggesting that 
late flowering is due to / r d l - l ~ W o r  a closely linked muta- 
tion. Additionally, three of the four priman mutants 
assigned to the /rdl allelic  class (on thc basis of linkage 
data and allelism  tests) had a discernible late-flowering 
phenotype. These lines of evidence, considered to- 
gether, provide compelling support for the hypothesis 
that  the late flowering phenotype is a result of the /rdl 
mutation. 

The location of the / r d l  locus, between IX’TI antl 
A G ,  is near that of the previously tlescrihetl late flow 
cring locus .fi.// (KO<)KWNEEF r /  ol. 1991). However, a l l  
known alleles of ,fro are recessive,  while all rrdl alleles 
appear to be dominant/semi-dominant for the f l o w -  
ering time phenotype (data not shown). I n  addition, 
/rdl did not respond to vernalization treatment (im- 
hihcd seeds were treated for 45 days at 4’) whereas this 
Same treatment f d l v  suppressed the phenotype of  .fi.//- 
I .  A cross of.pmI t o  clr/l-I gave  rise to rare late-flowering 
( I d 1  progeny i n  the F2 getleration. These putative .fro-I 
&/I clouldc mutants sl1owed slight suppression of the 
mature light-grown phenotype of dr/l (these plants 
were slightly larger, and had greater apical dominance 
than d r / l - l )  hut, in contrast to / d l  lines, had the  arche- 
typal dd1-1 phenotype as dark grown seetllings. Consid- 
ered  together, thesc results suggest that /rdl is either it 
new motlcrately late flowering locus, mcovercd i n  the 
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I..I(;I,KI,: . ~ . - ~ I ~ I I I I X *  \vilcl-t\pc ( I ) / , ' T / ) ,  dr / l - I  ~ n t l  / r d  d o / / - /  ~ I A I I I S .  I'hnts \vcw gl-o\vn i n  s11o1.1 (lays ( I O  hr) .  

dell genetic  background, or is a new and distinct class 
of alleles of ,fcu-l. 

The ted loci do not suppress det2 To  determine 
whether  the fed mutations are general suppressors of 
all mutants in the det/rop class,  they  were introduced 
into  the ~1~12-1 genetic background. &/2-1 was selected 
because it is likely to be defective in a pathway that is 
independent of clctl (CHORY 1992; L,I PI 01. 1996; see 
DISCXWIOS) and because the light- and dark-grown phe- 
notypes of dc12-I are distinct from those of dc/I-1 and 
from the (1~12-1 dd l -1  double  mutant (CHORY 1992). To 
detect suppression of &/2-1, we crossed each I d  d e l l - I  
line with dd2-1 and directly quantitated  the  number of 
nonsuppressed &/2-1 seedlings i n  the F2. Analysis  of 
crosses  of t p d l - l . Y l l ,  I~(12-1 and tcd3-ID to tlct2-1 failed to 
detect significant (f> > 0.0.5) likelihood of suppression 
(Table .5). Crosses  of  recessive alleles ( l ~ d 4 - 1  and ted5- 
I )  were more difficult to evaluate statistically, but  the 
only clear evidence of suppression was obtained from 
l~d5-1,  which  weakly suppressed dc12-1 mutants  (as evi- 
denced by longer hypocotyls  in  dark-grown seedlings 
detected in the F2 at a frequency of 0.08). This fre- 
quency was consistent with the  presence of an  unlinked, 

recessive  weak suppressor of rlct2-I coming from the 
/rd5-I d c / l - l  parental background ( P >  0 3 ) .  Thus, with 
the possible exception of led5-1, the Icd loci are not 
universal suppressors of dpt/co/) loci. 

Analysis of suppression of det l4  and detl-6: lpr l  ~ P I I -  
I lines wcre dircctly crossed to ~ I J I I - 4  antl drtl-6. FL' 
seedlings (>50) from each cross were  grown i n  the 
light and in the  dark, and scored on the hasis  of degree 
of' phenotypic suppression relative to control parental 
lines (P.R., d e l l - I ,  l~dl-l.Yil del l -I ,  and del l -4) .  Mter phc- 
notyping, seedlings were transferred to fresh a p r  plates 
and grown  in the light for 2 weeks. Genomic DNAs 
were hawested and the &/I allelic composition of each 
plant was determined by PCR-based diagnostic tests for 
d1~t1-1 i n  combination with either IMI-4,  or 1lc/l-6. The 
degree of suppression of (1~11-4 or dell-6 was assessed 
by analysis ofscgregation of suppressed phenotypes that 
were homozygous for either &11-4 and dc/l-6, respec- 
tively (Table .5). IMI-4 is a moderately weak allele that 
has a missense (glycine to arginine) mutation in a pre- 
dicted  amphipathic alpha-helical region (PEPPER PI nl. 
1994). The 1>1:'7'1 mRNA level  is normal i n  dc/1-4, im- 
plying that normal levels  of a defective  DETl molecule 

TABLE 4 

Mature lightgown phenotypes of DETI, detl-1 and fed detl-1 lines 

Inflorescence number" Leaf number (SD)" Leaf number ( ID) '  SD/LD 

Dl:"1 3.1 t- 0.9 2.5.i t 3.0 8.9 t 1.0 2.9 
dr/1-1 9.8 t- 3.5 9.8 t 0.8 9.9 t- 1.6 1 .0 
trrl I - I SI) rirl I - I 2.6 t- 1.7 32.0 t 5.5 16.5 t 1.3 I .9 
1~d2-11) drll-I 3.5 f 1.1 16.6 t 2.4 9.9 t- 1.4 1 .i 
kvi3-11> d d l - I  6.7 t 1.9 9.5 t- 1.3 7.6 2 1.5 1 .3 
lrd4- I del I - I i.8 t- 2.3 6.6 t- 0.i .5.6 t 0.8 1.2 
!rr151 rlrtl-1 3.8 t 1.2 8.7 t 2.0 8.0 2 1.2 1.1 

I' Inflorescence  axes i n  mature long-day grown plants (at  time of  first  yellow silique, stage 6 5  i n  the AAral,itlopsis tlrvrlopmental 

"Total leaf number (rosette and cauline leaves  on  primary shoot axis) grown under 10 hr day-length (sec J I A I ' I ~ K I . \ ~ . s  :\SI> 

'Total leaf number (rosettr antl cauline leaves on primary shoot axis) grown under 16 hr day-length (see m\rmI; \Is  .\SI> 

key; see \lATI:.RIAIS ASI) s~rl:;rrlons). ,V = 20 plants of each  genotype  measured. 

bf~:..rrrons). N = 20 plants of cach  genotype measured. 

srmrons). N = 20 plants o f  each  genotype  measured. 
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TABLE 5 

Interactions of ted loci with detl-4 and detl-6 

ted locus det2-1 detl-4  detl-6 

tedl-lSD -* ++ 2 
ted2-ID -* ++ -+ 
ted3-ID -* 
t d 4 - l  
t ~ d 5 - 1  ?** ++ 2 

? - 

- ** ++ (-) 

Suppressor  lines  were  crossed  to det2-1,  detl-4 (a missense 
allele of d e t l )  and det l -6  (a null allele of d e t l ) .  Suppression 
was scored  in  light-  and  dark-grown  seedlings.  Analysis of sup- 
pression of det2-1 are based  on  chi-squared analysis of F2 segre- 
gation. * indicates  that  suppression was ruled  out (P < 0.05). 
** indicates that the  hypothesis  shown  had a higher  probabil- 
ity than alternative  hypotheses.  Crosses  to detl-4 and d e t l d  
were  analysed  by  PCR-based  genotyping of suppressed  segre- 
cants. -, no  evidence of suppression  based  on  morphological 
phenotype; (-),  very weak suppression of anthocyanin  levels; 
5 ,  less  suppressed  than the corresponding ted mutation in 
the & I - l  background; +, similar to  the  corresponding ted 
mutation in the detl-1 background; ++, more  suppressed 
than the corresponding ted mutation in the de t l - l  back- 
ground. 

might be produced. In the homozygous detl-4 back- 
ground all of the ted loci showed strong suppression 
activity, except  for ted3-ID, which showed only slight 
suppression in detl-4 seedlings. None of the ted muta- 
tions was completely specific for  the det l - l  allele, sup- 
porting  the previously discussed molecular evidence 
that suppression is not achieved by mechanisms related 
to the detl-1 lesion (affecting splicing or transcript 
abundance). tedl-ISD,  ted2-l and ted5-1 showed  signifi- 
cant suppression of the homozygous detl-6 (null) muta- 
tion. This result implies that these genes normally act 
in morphogenetic pathways that  are  either downstream 
of D E T l  or that bypass the repression activity  of D E T I .  
trd3-1D showed no evidence for suppression of detl-6, 
indicating that this suppressor acts by a mechanism that 
requires at least some DETl activity (as seen in detl-  
1 and &I-4) .  Finally, ted4-1 showed only very slight 
suppression in the visible  levels of anthocyanin in dark- 
and light-grown detl-6 seedlings. 

Phenotypes of the ted mutants in the DETl genetic 
background: In the F2 progeny of ted4-1 and ted5-1 
crosses  to D E T l ,  seedlings with extreme  long hypocotyl 
phenotypes (relative to the D E T l  parent) were ob- 
served. The segregation patterns were consistent with 
the Mendelian segregation of  recessive long hypocotyl 
mutations  that were unlinked to the detl  locus, but to 
which detl-1 was epistatic (frequencies of long hypocotyl 
individuals of 0.16 and 0.21 in the ted4-1 and ted5-1 
crosses, respectively). To  further investigate the  long 
hypocotyl segregants, they  were each subjected to com- 
plementation tests  with a suite of  known  recessive long 
hypocotyl mutants (hy l -1 ,  hy2-1,  hy5-1,  phyA-201,  PhyB- 
I ,  cvyl-I ,  hy5-1) .  An analysis  of  hypocotyl phenotype in 
the  F, and F2 generations of these crosses indicated  that 

the  mutation giving  rise to the  long hypocotyl pheno- 
type in ted4-l X Col-0  is allelic to h y l - l ,  and  the mutation 
giving  rise  to the  long hypocotyl phenotype in ted5-1 X 
Col-0 is allelic to hy5-1. In each case, all  F1 progeny had 
a  long hypocotyl phenotype and all F2 progeny ( N  = 
147 for  the ted4-1 cross and N = 280 for  the ted5-l cross) 
also had  a  long hypocotyl phenotype. Five indepen- 
dently isolated ted4 alleles and  four independently iso- 
lated ted5 alleles were then tested directly against hyl- 
1 and hy5-1, respectively, in F1 complementation tests 
(scoring  for  the  extreme  long hypocotyl phenotype). 
In each case, ted4 alleles failed to complement hyl, and 
ted5 alleles failed to complement hy5. Preliminary map- 
ping  data  for ted4-1 and ted5-1 (described above) placed 
ted4-1 and ted5-1 near  the previously mapped locations 
of hyl and hy5, respectively. These results, taken to- 
gether,  furnish conclusive evidence that  the suppres- 
sion of detl-1 observed in ted4 and ted5 is due to muta- 
tions in the previously described loci hyl and hy5, 
respectively. 

In the cross of tedl-1SD  detl-1 X DETI-1,  moderately 
long hypocotyl segregants were observed at  a frequency 
of 0.032 (192 F2 plants phenotyped).  Three  long hypo- 
cotyl segregants from this  cross  were recovered and 
were found to be homozygous for  the wild-type DETl 
allele. All three were moderately early flowering in long 
days. One of these lines was found to complement  the 
long hypocotyl mutations present in all  of the  long hy- 
pocotyl tester lines (described  above). Among the F2 
progeny of the tedl-ISD  del l - I  X DETl -1 ,  a range of 
flowering-time phenotypes were observed, from moder- 
ately  early  to moderately late flowering. Further molec- 
ular and genetic analysis  of these segregants, to deter- 
mine  their genotypes at  the detl  and led1 loci, will be 
required to further explore this segregation pattern.  In 
a cross of ted2-ISD  detl-l X DETI-I ,  plants with delayed 
leaf development were observed segregating in the F., 
generation. Again, additional molecular and genetic 
analysis  of these segregants will be required to deter- 
mine the significance of this observation. 

DISCUSSION 

In a  number of genetic systems, including yeast, 
Caenorhabditis and Drosophila, extragenic suppressors 
have proven to be an effective tool for  elucidating com- 
plex developmental pathways. We have used a simple 
morphological screen to isolate mutations in six genes 
(designated ted) that suppress the detl-1 mutation. We 
have obtained conclusive evidence that two of these 
genes are allelic to the previously described photomor- 
phogenetic  mutants h y l  and hy5. The ted mutations sup- 
press not only the  seedling morphological phenotype of 
dell-1, but also  partially suppress the dark-grown gene 
expression phenotype and  the  mature light-grown mor- 
phological phenotype. tedl-1SD and ted2-l suppress a 
daylength insensitivity phenotype of det l - l  as well. Thus, 
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the suppressors affect many or all aspects of the detl 
defect, suggesting that  the mechanism of suppression 
in each case is intimately related to DETl  function. 

With the possible exception of  ted5-1 (hy5),  the ted 
mutations fail to suppress det2-I. There is compelling 
evidence that DETl and DET2 act in  separate regulatory 
pathways. The detl-l/det2-1 double  mutant has an addi- 
tive phenotype (CHORY et al. 1991). Given that det2-1  is 
probably a null mutation (LI et al. 1996), this additivity 
indicates that DET2 and DETl act in separate  genetic 
pathways. We have recently shown that  the DET2 gene 
encodes a steroid  5a-reductase involved in  the biosyn- 
thesis  of the brassinosteroid phytohormone brassinol- 
ide, which appears to be required  for  elongation of 
seedling hypocotyls during  etiolated growth. In con- 
trast, the  sequence of DETl does not suggest an enzy- 
matic activity nor  are detl mutants rescued by brassinol- 
ide  application  (PEPPER et al. 1994; LI et al. 1996).  It is 
therefore unlikely that DETl catalyzes a  step  in this 
biosynthetic pathway. The observation that  none of the 
ted mutations suppress det2-1 provides further evidence 
that  the suppressors are  not  acting by a general mecha- 
nism. 

A phenotypic analysis  of mutants in the detl  allelic 
series indicates that  the detl-1 mutation results in only 
partial loss  of DETl activity. The presence of a low  level 
of correctly spliced DETl message in the detl-1 mutant 
implies that partial activity is due to residual production 
of  small amounts of  wild-type DETl polypeptide. In 
theory, suppressors of detl-1 might  therefore  include 
the following: (1) intragenic or extragenic mutations 
that  enhance  correct splicing of intron 1 of the DETl 
message, or otherwise ameliorate  the splicing defect 
(e.g., by increasing overall transcription rate), (2) intra- 
genic mutations or  “upstream” extragenic mutations 
that increase the activity  of residual DETl molecules, 
thus  restoring repression of deetiolation, (3) “down- 
stream”  extragenic  mutations  that block deetiolation 
even though DETl activity is reduced by mutation and 
(4) mutations  that  restore repression of deetiolation by 
a pathway that bypasses the DETl gene  product. 

Although the available evidence suggests that  the ted 
mutations act in pathways that  are closely related to 
DETl function, we found  no indication  that they sup- 
press detl by a mechanism that is specific to the dell-1 
allele. All of the ted loci showed suppression of the 
missense allele detl-4. (In  the case  of  ted3-lD, the sup- 
pression of detl-4 was less than  that observed in detl-I). 
One class  of potential  extragenic suppressors of detl-1 
would include  mutations in elements of the splicing 
machinery, such as the U2  snRNA, that  might  enhance 
correct splicing. Similarly, a transcription  factor muta- 
tion that leads to the overexpression of detl-1-derived 
transcript would compensate  for  reduced efficiency of 
splicing of intron  1. However, our  Northern analysis, 
restriction mapping of RT-PCR products, and quantita- 
tive  RT-PCR  analysis  of the detl-1 transcript in the ted 

genetic backgrounds failed to demonstrate  that any  of 
the  extragenic suppressors act by simple transcriptional 
or posttranscriptional (e.g., splicing, stability) mecha- 
nisms.  Alternatively, the ted mutations might act either 
by stabilizing the small amount of DETl polypeptide 
that is presumed to be present in detl-I, or by somehow 
compensating  for  reduced levels  of DETl polypeptide 
present in the  mutant. Unfortunately, we do  not yet 
have  anti-DET1 antibodies of a high enough quality 
to explore these possibilities by biochemical methods. 
However, genetic experiments indicate that tedl-lSD, 
ted2-ID and ted5-1 suppress a null allele of detl that  does 
not  produce any detectable DETI  mRNA. Thus, these 
suppressors do  not act by stabilizing extant  DETl poly- 
peptide. Interestingly, ted3-ID  fails to suppress detl-6, 
implying that ted3-1 requires DETl polypeptide to be 
present  for  suppression. ted3-1 suppresses detl-4 weakly 
(compared to suppression of detl-1),  therefore  the 
mechanism of suppression is partially  allele-specific. 
One hypothesis that explains these results is that ted3- 
I stabilizes the  DETl polypeptide, and therefore has a 
significant effect on detl-1 (which presumably produces 
vastly reduced levels  of normal  polypeptide),  hut less  of 
an effect on detl-4,  which presumably produces  normal 
levels  of a defective polypeptide (PEPPER et al. 1994). 
Given that  the ted mutations  are  acting in what are likely 
to be DETI-related pathways, but  not simply by remedi- 
ating  the detl-1 molecular defect, they are likely  to be 
of significant interest in studies of the regulatory con- 
text of DETl  action. 

The tedI-lSD,  ted2-ID and ted3-ID mutations show sig- 
nificant suppression of the detl morphological pheno- 
types  as  dark-grown seedlings and as  light-grown mature 
plants. In  addition, these mutants partially suppress the 
dark  gene expression phenotype of detl-I. Unlike ted3- 
ID, however,  tedl-1SD and ted2-1D both suppress the 
null allele of detl. Therefore, T m 1  and TED2 might 
normally act downstream of DETI, perhaps as targets 
for  DETl activity.  Alternatively, the ted mutations might 
bypass the  need  for  DEr1 activity. For example, ted2- 
ID  might  be envisioned as a hypermorphic allele of 
a negative regulator  that is under the  control of, or 
independent of DETl. Alternatively,  ted2-ID might be 
a dominant-negative allele of a gene  product  that acts 
in a complex to promote  deetiolation in the detZ mu- 
tant. It is interesting to note  that only one  dominant 
allele was obtained  at  the ted2 and ted? loci, while multi- 
ple alleles were obtained at the tedl, ted4 (hyI ) and ted5 
(hy5)  loci. Although mutation  frequencies vary  widely 
among  different loci, it is possible that  the ted2-lD and 
ted3-ID are  rare gain-of-function alleles and tedl alleles 
are loss-of-function. The strongest tedl allele, tedl-ISD 
is clearly semi-dominant. It is possible that  the tedl  mu- 
tations give rise to a semi-dominant phenotype  through 
haplo-insufficiency. This hypothesis leaves open  the 
possibility that tedl acts as a positive regulator of de- 
etiolation that is a target for DETl activity. In this model 
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residual T D l  activity present in the detl  mutant leads 
to deetiolation, while haplo-insufficiency for T D l  re- 
stores repression of deetiolation. Intriguingly, we ob- 
served F2 progeny from a tedl-1SD X det l - l  cross that 
displayed a  moderate  long hypocotyl phenotype, similar 
to weak alleles of phyB (REED et al. 1993).  The signifi- 
cance of this finding remains to be determined. 

Suppression of the detl  null by hy5 ( t e d 5 ) ,  when con- 
sidered  together with the fact that ted5 suppresses a 
subset of the detl  phenotypes (particularly at  the  dark 
gene expression level), suggests that HY5 acts  down- 
stream from DETl, perhaps as a target for  DETl activity 
that regulates hypocotyl elongation and chs expression. 
The HY5 gene has recently been  cloned and  found to 
encode  a  protein with  similarity to b-zip transcription 
factors (K. OKAUA, personal communication). In pre- 
liminary experiments, HY5 and DETl  appear to interact 
directly in GST immunoprecipitation assays (M. CHAT- 
TERJEE and J. CHORY, unpublished data).  The  pheno- 
type  of hy5 suggests that HY5 is a positive regulator  of 
seedling deetiolation  that specifically  effects  hypocotyl 
elongation.  These results, considered  together, suggest 
that DETl represses deetiolation by direct physical  in- 
teraction with H Y 5  and  other positive regulators of de- 
etiolation. 

Mutations at  the h y l   ( t e d 4 )  locus were found to 
weakly suppress detl-1. Despite the weak phenotype we 
considered  mutations at this locus significant because 
(1) several alleles were isolated and ( 2 )  the isolation of 
these alleles demonstrates  the identification of photo- 
perception  mutants by this screen. Interestingly, h y l  
appears to weakly suppress det l - l  in the  dark, where 
phytochomes are presumably inactive. It is possible, 
however, that  the  phytochrome deficiency has an effect 
on developmental trajectory during embryogenesis and 
seed maturation, or  during  an 8-hr light pretreatment 
(to stimulate germination) given before placing seed- 
lings in the  dark (CHORY et al. 1989). Alternatively, the 
phytochrome  holoprotein  might  mediate  a residual 
“current” of signal transduction activity in the  dark.  In 
this scenario,  the  “dark current” would  be required for 
full expression of the detl  mutant  phenotype. h y l  does 
not significantly suppress the null allele detl-6. This 
finding is consistent with our model, based on epistasis 
analysis,  which places detl  downstream from the  photo- 
receptors  including  phytochrome (CHORY 1993). 

In this  work, we report  that  the dell-1 mutant does 
not display repression of flowering when grown in short 
days. This result has two implications: (1) flowering is 
actively repressed under short-day conditions and ( 2 )  
D E 1 1  is a  component of this active repression. tedl-1SD 
and ted2-1D partially restore sensitivity to daylength in 
detl .  These results are consistent with the activities of 
these mutations in suppressing a variety  of detl  pheno- 
types. In addition, tedl-1SD is apparently associated with 
a further late-flowering phenotype in long- and  short 
days. It seems likely that TkDl, much like PHYB, DE71 

and several other loci (WEIGEL 1995; AUKEM  and 
AMAsINO 1996), may  play a role in the networked path- 
ways that regulate both  deetiolation and  the timing of 
flowering. 
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