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Summary 

Brassinosteroids which show high structural similarity 
to animal steroid hormones elicit a variety of growth 
responses when exogeneously applied to plant tissues. 
Thus far however, the function of endogeneous brassino- 
steroids in higher plants has been unclear. This paper 
describes three extremely dwarfed Arabidopsis thaliana 
mutants, cbbl (dwfl-6), cbb2and cbb3, which are impared 
in cell elongation controlled by brassinosteroids. While 
cbbl (dwfl-6) and cbb3 can be phenotypically normalized 
to wild-type by feeding with brassinosteroids indicating 
deficiencies of brassinosteroid biosynthesis, cbb2 is 
brassinosteroid-insensitive and defines a function required 
for further metabolic conversion necessary for biological 
activity or for perception/signal transduction of these 
growth-regulating plant steroid hormones. Expression of 
the meri5 and TCH4 genes is low in all three cbb mutants 
and can be restored to wild-type levels by brassinosteroid 
treatment in the cbbl (dwfl-6) and cbb3 mutants but are 
unaffected in the cbb2 mutant. These data indicate that 
brassinosteroids are essential for proper plant develop- 
ment and play an important role in the control of cell 
elongation. 

Introduction 

In 1970 a new class of putative plant growth factors was 
isolated from pollen extracts of Brassica napus and named 
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'brassins' (Mitchell et aL, 1970). Brassinolide, a compound 
exhibiting structural similarity to animal steroid hormones, 
was shown to be responsible for the growth promoting 
activity of 'brassins' (Grove et aL, 1979). Today over 30 
brassinosteroids are known in a wide variety of plant 
species (Adam et aL, 1996; Mandava, 1988; Marquardt 
and Adam, 1991). Like animal steroids such as estrogen, 
testosterone or ecdysone, brassinosteroids are composed 
of a typical steroidal skeleton. The most active brassino- 
steroids carry either a 6-oxo function or a lactone B ring 
and are hydroxylated at specific positions. The 7-oxalac- 
tone type compounds such as brassinolide or 24-epibrassi- 
nolide (see Figure 3, no. 1) appear to be more active 
in bioassays than the 6-keto type compounds such as 
castasterone or 24-epicastasterone (see Figure 3, no. 2) 
and other synthetic brassinosteroids which are often used 
in biological experiments (e.g. (22S,23S) homobrassino- 
lide, (see Figure 3, no. 3); Adam and Marquardt, 1986; 
Marquardt and Adam, 1991). However, brassinosteroid 
activities determined by bioassays, such as the rice lamina 
inclination test (Wada et aL, 1984), the bean second inter- 
node bioassay (Mitchell and Livingston, 1968), the 
Raphanus sativus test (Takasuto et aL, 1983), or the tomato 
test (Takasuto et aL, 1983) are not always comparable. 
For example, the relative activities of brassinolide, 28- 
homobrassinolide, and 28-norbrassinolide as determined 
in the rice lamina inclination test are different from those 
observed in the Raphanus test (Adam and Marquardt, 
1986). It is not clear, whether these differences in sensitivity 
to the various compounds are species-specific, cell type- 
specific, or due to a different physiological status of the 
treated tissues including possible differences in the ability 
to further metabolize the applied substances. 

Physiological studies show that a broad spectrum of 
cellular responses could be elicited by exogenous applica- 
tion of brassinosteroids to either intact plants or hypocotyl 
or epicotyl segments. Brassinosteroids stimulate growth 
through enhanced cell divisions and cell elongation 
(Mandava, 1988; Marquardt and Adam, 1991). In several 
systems they act synergistically with auxins (Katsumi, 1985; 
Kim et aL, 1990; Yopp et aL, 1981) and additively with 
gibberellins (Katsumi, 1985; Mandava et aL, 1981). Further 
observed responses to brassinosteroid application include 
enhancement or retardation of root growth, unrolling of 
leaves, differentiation of xylem vessels, enhanced ethylene 
production, membrane hyperpolarization, increased 
ATPase activity, enhanced DNA, RNA and protein synthesis, 
stimulation of photosynthetic activity, and changes in the 
balance of other endogeneous phytohormones (Arteca 
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et aL, 1988; Braun and Wild, 1984; Cerana et aL, 1983; 
Clouse and Zurek, 1991; Clouse et aL, 1993; Eun et aL, 
1989; Henry et al., 1981; Iwasaki and Shibaoka, 1991; 
Kalinich et aL, 1985; Romani et aL, 1983; Schlagnhaufer 
et aL, 1984; Wada et al., 1985; Yopp et aL, 1981). Although 
differential synthesis of many proteins has been detected 
in elongating soybean epicotyles treated with brassinolide 
(Clouse et aL, 1992), thus far only one gene, BRU1 which 
shows significant sequence homology to xyloglucan endo- 
transglycosylase, is known to be specifically regulated by 
brassinosteroids (Zurek and Clouse, 1994). 

Although the presence of brassinosteroids in plant tis- 
sues, their efficient elicitation of growth responses, and 
the induction of specific physiological changes were docu- 
mented, no information about the importance of this group 
of steroidal compounds with respect to the regulation of 
developmental processes in plants is currently available. 
In contrast, the role of 'classical' plant hormones such as 
auxins (Davies, 1988; Evans, 1984), gibberellins (Hooley, 
1994), cytokinins (Brzobohaty' etal., 1994; Kaminek, 1992), 
ethylene (Abeles et al., 1992; Zarembinski and Theologis, 
1994), or abscisic acid (Giraudat et aL, 1994) in plant 
development has been well proven through studies of 
mutants with biosynthetic or perception/signal transduc- 
tion deficiencies (Hobbie and Estelle, 1994; Hobbie et aL, 
1994). Further evidence has been obtained through the 
modification of endogenous hormone levels by expression 
of bacterial genes in transgenic plants (Klee and Estelle, 
1991) and the exogenous application of these substances 
or their antagonists in addition to the determination of the 
endogenous hormone levels. In particular, the extension 
growth of plant cells was shown to be regulated by auxins 
(Rayle and Cleland, 1992) and gibberellins (MacMillan and 
Phinney, 1987). 

Here we describe the characterization of three extremely 
dwarfed mutants, cbb l (dwfl-6), cbb2, and cbb3, isolated 
by transposon mutagenesis in Arabidopsis thaliana 
(Altmann et aL, 1995) and demonstrate that the cbb 
mutations affect the biosynthesis and perception of 
brassinosteroids which are required for the proper control 
of plant development. 

Results 

De-etiolation and reduced cell expansion in the mutants 
cbbl, cbb2, and cbb3 

Three mutants named cabbage1, cabbage2, and cabbage3 
(cbbl, cbb2, cbb3) exhibiting a strongly stunted axis, a 
reduced root system, small dark green leaves and a very 
compact rosette structure (Figure 1) were isolated from an 
Arabidopsis mutant collection generated by transposon 
mutagenesis (Altmann et aL, 1995). Soil-grown cbbl 
mutant plants illuminated with white light showed a max- 

imum height of 6.18 _+ 0.74 cm in comparison with 28.68 
_+ 1.67 cm for the wild-type plants, while cbb2 and cbb3 
plants only reached a size of less than 1 cm. Furthermore, 
cbbl, cbb2, and cbb3 plants exhibited a strong reduction 
of leaf expansion, the latter two being most dramatically 
affected. Plants carrying the cbb2 or cbb3 mutation also 
barely survived in soil and they rarely developed visible 
inflorescences which were extremely stunted and con- 
tained sterile flowers (Figure 1). The reduction in elongation 
growth was even more pronounced during germination 
and growth in darkness (skotomorphogenesis). In compar- 
ison with wild-type plants which developed a long hypo- 
cotyl and small, closed cotyledons in the dark (Wei et al., 
1994), dark-grown cbb l, cbb2 and cbb3 seedlings displayed 
a short hypocotyl, opened cotyledons and the emergence 
of primary leaves after prolonged growth in darkness 
(Figure le)thus resembling other de-etiolated (det) (Chory, 
1993) or constitutive photomorphogenesis (cop) (Deng, 
1994) Arabidopsis mutants. In the dark, the hypocotyl 
elongation of the cbbl mutant was about 40% of the wild- 
type and the cbb2 and cbb3 seedlings developed even 
shorter hypocotyls (Table 1). These skotomorphogenetic 
characteristics of the cbb mutants were in contrast to 
those of other dwarfed Arabidopsis mutants impaired in 
gibberellin biosynthesis (ga4-1 and ga5-1) and gibberellin 
perception (gai-1) which were tested in parallel. They 
exhibited wild-type skotomorphogenesis with closed coty- 
ledons and only a minor reduction of hypocotyl elongation. 
When grown for 11 days in darkness ga4-1 showed 78% 
(16 _+ 2.2 mm), ga5-1 67% (13.9 +_ 2.1 mm), and gai-1 56% 
(11.5 _+ 0 mm) of the length of the wild-type hypocotyl. 

Microscopic measurements of the size and number of 
cells in longitudinal sections through the cotyledons of 7- 
day-old wild-type, cbbl, cbb2, and cbb3 seedlings grown 
in the light revealed that the reduced size of the mutant 
seedlings was primarily due to a reduction of cell size 
rather than the presence of fewer cells (Table 2). The 
cbbl mutant showed an intermediate size of cotyledonary 
mesophyll cells in comparison with the wild-type and cbb2 
and cbb3. A similar reduction in cell size was also seen in 
the hypocotyl of cbbl, cbb2, and cbb3 mutant seedlings. 
In the case of cbb2 and cbb3, the cells were rather isodia- 
metric in contrast to the longitudinally elongated cells of 
wild-type seedlings (Figure 2). Although it can not be 
excluded that in the later stages of development the num- 
ber of cells within certain organs might be reduced, it is 
clear that a major consequence of the genetic defects in 
the cbb mutants is reduced cell expansion growth. 

Genetic analysis of the cbb mutants 

Allelism tests revealed that the cbbl, cbb2, and cbb3 
mutants were affected at different genetic loci (for details 
see Experimental procedures). Through crosses of hetero- 
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Figure 1. Morphological characteristics of A. tha/iana wild-type and cabbage mutants. 
(a) Top left to bottom right: wild-type, cbbl (dwfl-6), cbb2, cbb3, 3 weeks old, grown in soil. 
(b) Left to right: wild-type, cbbl (dwfl-6), cbb2, cbb3, 3 weeks old, grown in half-concentrated MS medium. 
(c) cbbl (dwfl-6), 5 weeks old with a fertile inflorescence, grown in soil. 
(d) cbb2, 6 weeks old with a sterile and stunted inflorescence, grown in half-concentrated MS medium. 
(e) Skotomorphogenesis of wild-type and mutant plants. Left to right: wild-type, cbb 1 (dwfl-6), cbb2, cbb3. Seedlings were germinated and grown for 11 days 
in darkness in half concentrated MS medium (Murashige and Skoog, 1962). While wild-type plants produce an elongated hypocotyl with unopened, etiolated 
cotyledons, the cbb2 and cbb3 mutant plants show almost no hypocotyl elongation and fully opened cotyledons. The cbbl (dwfl-6) mutant exhibits an 
intermediate phenotype. 

Table 1. Hypocotyl-length of i l luminated and non-il luminated A. thaliana wild-type and cabbage mutant seedlings 

Light-grown plants Dark-grown plants 

Seedling type mm % of wt mm % of wt 

Wild-type 3.0 _+ 0.63 100 18 _+ 0.14 100 
cbbl (dwfl-6) 1.2 +_ 0.24 40 8 + 0.08 44.44 
cbb2 0.51 +_ 0.13 17 1.1 _+ 0.11 6.1 
cbb3 0.54 _+ 0.10 18 1.98 +_ 0.03 10.55 

Seedlings were germinated and grown for 11 days on half-concentrated MS (Murashige and Skoog, 1962) medium under a 16 h day/8 h 
night regime (l ight-grown plants) or in continuous darkness (dark-grown plants) before measurement of the hypocotyl length was 
performed. Each value represents the mean of 10 independent measurements with standard deviation; wt: wild-type. 
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Table 2. Cell number and cell size of cotyledonary mesophyll cells of A. thaliana wild-type and cabbage mutant seedlings 

Number of Number of cells 
Seedling type Cell length (pm) Cell width (pm) cell layers vertical longitudinal 

Wild-type 74.25 + 4.34 66.66 ± 10.08 6 60.75 _+ 3.92 
cbbl (dwfl-6) 71.25 ± 8.53 48.00 ± 5.71 6 53.14 _+_ 2.60 
cbb2 44.50 ± 4.04 36.75 _+ 5.37 6 57.00 _+_ 3.60 
cbb3 50.00 ± 7.07 35.75 _+ 3.73 6 65.00 ± 2.90 

Seven-day-old seedlings grown under a 16 h day/8 h night regime on half-concentrated MS (Murashige and Skoog, 1962) medium were 
embedded in plastic (Technovit 7100) and sections were used for light microscopic analysis. The sizes of cotyledonary mesophyll cells of 
at least six individuals of each mutant and the wild-type were measured. In addition, the number of mesophyll cells in longitudinal 
sections of cotyledons and the number of cell layers including the adaxial and abaxial epidermis were determined. The values represent 
means with standard deviation. 

Table 3. Treatment of A. thafiana wild-type and cabbage mutant plants with different phytohormones and phytohormone inhibitors 

Substance/activity Concentration range 

Reaction of wild-type and cbb mutants 

Similar Different 

GA3, Gibberellin 10-4- 10 -8 M 
GA4, Gibberellin 10 -8- 10 -8 M 
IAA, Auxin 10 -6 - 10 -8 M 
2,4-D, Auxin 10 -8 - 10 -8 M 
Kinetin 10 -8- 10 -8 M 
Jasmonic acid 7 pM 
pCIB, antiauxin 10 -7 - 10 -8 M 
TIBA, auxin transport inhibitor 10 _6 - 10 _8 M 
Ethrel, ethylene releasing compound 10 -3 - 10 -4 M 
AIB, blocker of ethylene biosynthesis 10 -8 - 10 -8 M 
AgNO 3, blocker of ethylene perception 100 F,M 

__.a 

+b 

+¢ 

Summary of the treatments of wild-type and mutant plants with phytohormones and phytohormone inhibitors (all substances were 
purchased from Sigma, Deisenhofen). Seeds were germinated in half-concentrated MS (Murashige and Skoog, 1962) medium and 
seedlings were transferred after 1 week to fresh medium containing different concentrations of the indicated substances. Phenotypic 
alterations were monitored over a period of 2 weeks. Only minor differences in the reactions of mutant plants in comparison to wild- 
type were detected. 
a, bwild_type more pale than cbbl (dwfl-6), cbb2, and cbb3. cpetioles of cbbl (dwfl-6) plants slightly elongated. 

zygous plants and phenotypic analysis of the F1 progeny, 
allelism between cbb3 and another extreme dwarf  mutant, 
cpd, recovered by T-DNA insertion mutagenesis (Szekeres 
et aL, unpublished) was detected. Using molecular genetic 
markers (Bell and Ecker, 1994; Konieczny and Ausubel, 

1993), the cbbl locus was mapped to the upper arm of 
chromosome 3 (cbbl: 16.71 _+ 6.9 cM to nga 172, 3.9 -+ 2.3 
cM to nga 162, 21.18 +- 9.3 cM to GAPA). Similarly, the cbb2 
mutation was mapped to the lower end of chromosome 4 

(cbb2:2.9 _+ 1.6 cM to DHS1), and the cbb3 mutation was 
localized on the upper arm of chromosome 5 (cbbZ. 7.6 _+ 

3.1cM to nga 151, 11.29 _+ 6.6 cM to nga 106). These genetic 
mapping data indicate that the cbb mutants were different 
from the de-etiolated mutants detl, det2, and det3 and the 
constitutive photomorphogenesis mutants cop1 and cop9 
(as deduced from map positions compiled in the AIMS 
database, Michigan State University, and the AAtDB data 
base, Massachusetts General Hospital, Boston). 

The cbb mutants can not be normalized by known 
phytohormones or their antagonists 

Mutations affecting gibberell in biosynthesis or perception 

(Koornneef and van der Veen, 1980; Koornneef etaL, 1985), 

auxin signaling (Wilson et aL, 1990), or the control of 

ethylene response (Kieber et aL, 1993) were demonstrated 

to cause dwarf ism in Arabidopsis. Therefore, the cbb 
mutants were tested for their response to a set of known 

phytohormones and their inhibitors including auxins, auxin 

antagonists, gibberellins, ethrel (an ethylene-releasing 

compound), ethylene inhibitors, cytokinins, and jasmonic 

acid (Table 3). When added to MS medium (Murashige and 

Skoog, 1962) used for aseptic germination of the mutant 

or wild-type seeds none of these substances restored a 

wild-type phenotype in any of the mutants, nor did any of 

them result in a cbb mutant phenocopy of the wild-type. 

Furthermore, the reactions of seedlings of all three cbb 
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Figure 2. Influence of the brassinosteroid 
24-epicastasterone on the (cell) morphology 
of A. thaliana wild-type and cabbage mutants. 
The plants were grown in a 16 h day/8 h night 
regime for 14 days on half-concentrated MS 
medium in the absence or presence of 
different concentrations of 24-epicastasterone 
(a, d, g, j: from left to right: 0, 0.01, 0.1, 1.0 p.M; 
b, e, h, k: 0 p.M; c, f, i, I: 1 ~M). For microscopical 
analysis the plantlets were embedded in 
plastic (Technovit 7100) and sections were 
prepared with a Reichert-Jung Biocut 
microtome and examined under a Zeiss 
Axiophot light-microscope. The bar repre- 
sents 100 p.m. 
a,b,c: wild-type; d, e, f: cbbl (dwfl-6), g, h, i: 
cbb2; j, k, I: cbb3. 

Figure 6. Brassinosteroid treatment of 
gibberellin-deficient and -insensitive mutants 
of A. tha/iana. 
Gibberellin-deficient (gal-1, ga2-1, ga3-1, 
ga4-1, and gaS-l) and gibberellin-insensitive 
(gai-1) mutant plants were germinated and 
grown for 11 days in a 16 h day/8 ~ night 
regime on half-concentrated MS medium 
supplemented with (plant on the right) or 
without (plant on the left) 0.5 p.M 24- 
epibrassinolide. An untreated wild-type plant 
grown under the same conditions is shown 
for comparison (wt). 
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mutants to these treatments were similar to those of wild- 
type plants (Table 3). The dwarfism of the cbb mutants 
therefore could not be attributed to a consequence of a 
deficiency in the biosynthetic pathway (or an overproduc- 
tion in the case of ethylene) of any of these phytohormones. 
Also, a general insensitivity to these growth regulators 
(or a hypersensitivity to ethylene) could be excluded. In 
particular, the GA 3 and GA 4 treatments failed to normalize 
the three cbb mutants to wild-type phenotype but elicited 
responses from the mutant plants visible as a limited 
elongation of the leaf petioles and a pale leaf coloration. 
The cbb mutants are therefore different from the gibberel- 
lin-deficient (Koornneef and van der Veen, 1980) and gib- 
berellin-insensitive (Koornneef et aL, 1985) A. thaliana 
mutants which were tested under similar conditions. 

The cbb mutations affect growth responses to 
brassinosteroids 

In sharp contrast to the above-mentioned hormone/hor- 
mone antagonist treatments, a conversion of cbbl and 
cbb3 mutant plants to a phenotype nearly indistinguishable 
from that of wild-type plants grown under the same condi- 
tions was achieved by the addition of brassinosteroids to 
the germination medium (Figure 2). Both mutants reacted 
in a dose-dependent manner by elongation of their hypo- 
cotyls and petioles, expansion of their leaves, and 
shortening of their roots (a response to brassinosteroids 
previously described for A. thaliana by Clouse et aL, 1993). 
Histological analysis of hypocotyl segments of 14-day-old 
cbbl and cbb3 seedlings germinated and grown in the 
presence of 1 pM 24-epicastasterone, revealed the presence 
of longitudinally expanded cells similar in size and shape 
to the cells of brassinosteroid-treated wild-type plants 
(Figure 2). Hypocotyl cells of 24-epicastasterone-treated 
wild-type were also increased in size in comparison with 
the untreated wild-type plants. The phenotype of the cbb2 
seedlings, in contrast, was not influenced by the 24-epicas- 
tasterone treatment. Similar results were observed when 
seedlings were transferred to brassinosteroid-containing 
medium after germination and growth for 7 days on 
medium without brassinosteroids, following the procedure 
used in the aforementioned hormone / hormone antagonist 
treatments (data not shown). In this case, leaves of cbbl 
and cbb3 mutant plants which were formed after the 
onset of the brassinosteroid supply showed strong petiole 
elongation and leaf blade expansion. In order to define the 
specificity of the responses of the three mutants, a set of 
different steroidal compounds was tested for activity with 
respect to the normalization of the mutant phenotypes. 
These included three active brassinosteroids ((22S- 
23S) homobrassinolide (Figure 3, no. 3); 24-epicastasterone 
(Figure 3, no. 2); 24-epibrassinolide (Figure 3, no. 1)) which 
are frequently used in studies on brassinosteroid action, 

plant sterols that do not show activity in brassinosteroid 
bioassays (~-sitosterol (Figure 3, no. 7); stigmasterol 
(Figure 3, no. 8); stigmastanol (Figure 3, no. 9); stigmasta- 
4,22-dien-3on (Figure 3, no. 10)), as well as the fungal 
sterol ergosterol (Figure 3, no. 6), the insect hormones 
c~-ecdysone (Figure 3, no. 4) and ~-ecdysone (Figure 3, 
no. 5), and cholesterol (Figure 3, no. 11). While cbb2 
seedlings retained their mutant morphology regardless of 
which of these substances was added to the growth 
medium, cbbl and cbb3 seedlings were converted to wild- 
type growth by (22S-23S) homobrassinolide (Figure 3, 
no. 3), 24-epicastasterone (Figure 3, no. 2), and 24-epibras- 
sinolide (Figure 3, no. 1) but not by any of the other 
sterols (Figure 3, no. 4-11). The degree of conversion was 
concentration-dependent as shown by the gradual increase 
of hypocotyl length of cbbl and cbb3 seedlings when 
germinated and grown for 11 days on media containing 
different concentrations of 24-epicastasterone (Figure 4). 
Furthermore, when added to the media different efficacies 
of the three brassinosteroids were observed with optimum 
concentrations for phenotypic normalization of cbbl and 
cbb3 of 0.1-0.5 pM for (22S-23S) homobrassinolide 
(Figure 3, no. 3), 0.1-1 pM for 24-epicastasterone (Figure 3, 
no. 2), and 0.01-0.1 pM for 24-epibrassinolide (Figure 3, 
no. 1), respectively. The naturally occurring brassinosteroid 
24-epicastasterone (Figure 3, no. 2), was found to restore 
the growth of cbbl and cbb3 in a manner that most 
resembled untreated wild-type seedlings (Figure 2). Interes- 
tingly, a shortening of the roots of wild-type, cbbl, and 
cbb3 seedlings was only observed upon treatment with 
(22S-23S) homobrassinolide (Figure 3, no. 3), and 24- 
epibrassinolide (Figure 3, no. 1; data not shown). In addition 
to the restoration of the growth defect of light-grown 
cbbl and cbb3 seedlings, brassinosteroid feeding also 
stimulated the hypocotyl elongation of the cbbl and cbb3 
mutants in the dark. The cbb3 mutant exhibited wild-type 
hypocotyl length in the presence of 0.5 pM 24-epibrassino- 
lide. In comparison, the cbbl mutant showed a reduced 
hypocotyl elongation response to 24-epibrassinolide in the 
dark (Figure 5). In these experiments, opening of the 
cotyledons in mutant seedlings was not suppressed by the 
brassinosteroid treatment (data not shown). 

Gibberellin-deficient or -insensitive mutants are not 
normalized by brassinosteroid feeding 

To provide further evidence that the cbb mutants were 
different from the known dwarfed A. thaliana mutants 
affected in gibberellin biosynthesis or perception, seeds of 
the ga 1-1, ga2-1, ga3-1, ga4- I, gaS- 1, and the gai- 1 m uta nts 
were germinated and cultivated in the presence of 0.5 pM 
24-epibrassinolide for 11 days (Figure 6). Despite different 
degrees of increased hypocotyl length observed for all 
mutants (data not shown), no phenotypic normalization 
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(petiole elongation, leaf blade expansion) was achieved 
through this treatment in any case. 

The cbb mutations affect the expression of Tell4, meri5 
and 7-TIP 

The brassinosteroid feeding experiments strongly sug- 
gested that a deficiency in endogenous brassinosteroids 
(in the case of cbbl and cbb3) or an insensitivity to 
brassinosteroids (in the case of cbb2) was responsible for 
the reduced cell expansion in the mutants. The TCH4 
(Braam and Davis, 1990) and the meri5 (Medford et a/., 
1991) genes which show strong sequence homology to 
xyloglucan endotransglycosylase, an activity potentially 
involved in cell-wall loosening, were therefore tested for 
their expression. Total RNA was prepared from seedlings 
of wild-type and the three cbb mutants grown for 13 days 
in the light on half-concentrated MS medium supplemented 

with or without 0.5 t~M 24-epibrassinolide. Both genes 
were expressed in brassinosteroid-treated and untreated 
wild-type seedlings (Figure 7a). In comparison, all three 
cbb mutants grown in the absence of brassinosteroids 
showed lower levels of meri5 expression and considerable 
reduction in the amounts of steady-state TCH4 mRNA. 
Brassinosteroid treatment restored the levels of TCH4 and 
meri5 mRNA in the cbbl and cbb3 mutants. Seedlings of 
the cbb2 mutant, however, were again clearly different in 
their reponse to the brassinosteroid application as tran- 
script levels of TCH4 and meri5 were unaffected. 

A similar RNA hybridization analysis performed with 3- 
week-old wild-type and cbb mutant seedlings grown for 
1 week in the presence of 1 pM GA 3 indicated that the 
meri5 gene is also inducible by gibberellin (Figure 7b). The 
levels of steady-state meri5 mRNA were increased in both 
wild-type and cbb mutant seedlings, including ebb2, by 
GA3-treatment in comparison with the GA 3 untreated con- 
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(a) 

Figure 4. Hypocotyl length of 11-day-old plants treated with 24- 
epicastasterone. 
The plants were grown in a 16 h day/8 h night regime on half-concentrated 
MS medium supplemented with different concentrations of 24- 
epicastasterone as indicated in the figure. After 11 days the hypocotyl 
length of the plantlets was measured. The values represent means with 
standard deviation. 

(b) 

Figure 5. Hypocotyl length of 11-day-old dark-grown of A, thaliana wild- 
type and cabbage mutant plants treated with 24-epibrassinolide. 
The plants were grown in darkness on half-concentrated MS medium 
supplemented with or without 0,5 F,M 24-epibrassinolide. After 11 days the 
hypocotyt length of the plantlets was measured. The values represent 
means with standard deviation. 

Figure 7. RNA blot analysis of 24-epibrassinolide-(a) and gibberellin-(b) 
induced expression of TCH4, meri5 and "~-TIP genes of A. thaliana wild- 
type and cabbage mutants. 
(a) RNA was isolated from 13-day-old plants grown on half-concentrated 
MS medium supplemented with (+) or without (-) 0.5t~M 24-epibrassinolide. 
Hybridization was performed with probes derived from the TCH4 gene and 
the meri5gene. The ethidium bromide-stained gel is shown to demonstrate 
that equal amounts of total RNA were loaded in each lane. 
(b) RNA was isolated from 3-week-old plants cultivated on half-concentrated 
MS medium, which during the last week were grown in the presence (+) 
or absence (-I of t }JM GA 3. Probes derived from the meri5 gene and the 
7-TIP gene were used for hybridization. The ethidium bromide-stained gel 
is shown to demonstrate that equal amounts of total RNA were loaded in 
each lane, 

trois (Figure 7b). Intriguingly, the transcription of the gib- 
berellin induced ?-TIP gene (H6fte et aL, 1992; Phillips and 
Huttly, 1994) showed a characteristic de-repression in the 
cbb mutants (Figure 7b). In the absence of GA 3 the steady 
state mRNA levels from the y-TIP gene were elevated in 
the cbb mutants in comparison with wild-type. In the wild- 
type, the expression of the y-TIPgene was strongly induced 
by the GA 3 treatment, which resulted only in a slight 
increase of y-TIP mRNA levels in the cbb mutants. 

Discussion 

A set of three dwarfed mutants, cbbl, cbb2, cbb3, is 
described which are mainly affected in cell expansion. 
While cbbl showed an intermediate reduction in size 
between the wild-type and cbb2 and cbb3, both macro- 
scopically as well as on the cellular level, the latter two 
exhibited a rather extreme dwarf phenotype. The strong 
reduction in cell expansion was apparent in plants grown 
in the light but was even more obvious after germination 



and growth in darkness. The observed inhibition of hypo- 
cotyl elongation, the opening of the cotyledons, and the 
emergence of primary leaves are characteristic features 
of de-etiolated (det) or constitutive photomorphogenesis 
(cop) mutants. The genetic mapping, however, excludes 
that any of the cbb mutants would be allelic to either detl, 
det2, det3, cop l, or cop9. Furthermore, the characteristic 
accumulation of anthocyanins and the adult lethality of the 
cop8, coplO, and cop11 mutants (Wei et aL, 1994) clearly 
distinguishes them from the cbb mutants since these do 
not show this purple coloration, complete a full life cycle 
(although being infertile), and have an extended longevity 
in comparison with wild-type plants (data not shown). 
Other constitutive photomorphogenesis mutants such as 
cop2, cop3, and cop4 also differ from the cbb mutants 
because they show almost no reduction in hypocotyl length 
in the dark and they are morphologically nearly identical 
to wild-type at the adult stage (Hou et aL, 1993). 

Arabidopsis mutants defective in gibberellin biosynthesis 
(Koornneef and van der Veen, 1980), mutants insensitive 
to gibberellins (Koornneef et al., 1985) or auxins (Wilson 
et aL, 1990), and mutants with constitutive ethylene 
response (Kieber et aL, 1993) have been shown to exhibit 
a dwarf phenotype. Phytohormone/phytohormone antag- 
onist feeding experiments performed with the cbb mutants 
in the present study, however, demonstrated that none of 
these three mutants were either deficient in or insensitive 
to auxins, gibberellins, cytokinins, or jasmonic acid, or 
exhibit ethylene overproduction or hypersensitivity. In the 
latter two cases the appearance of an exaggerated apical 
hook would have been expected (Guzman and Ecker, 1990; 
Kieber et aL, 1993), the opposite of which was observed. 
The cbb mutants are thus different from all other known 
A. thaliana mutants impaired in phytohormone biosyn- 
thesis or perception. These observations corroborate previ- 
ous reports on the characteristics of the dim mutant 
(Takahashi et al., 1995), an allele of dwf l  (Feldmann et aL, 
1989), which was shown to be allelic to cbbl (Altmann 
et aL, 1995). In accordance with accepted procedures of 
Arabidopsis nomenclature cbbl was therefore renamed 
and should furthermore be referred to as dwfl-6. 

Indications about the biochemical defect resulting from 
the genetic lesion in dwfl-6 (cbb 1) and cbb3 were obtained 
by a set of steroid feeding experiments which showed a 
normalization of the phenotype of dwfl-6 (cbb 1) and cbb3, 
both morphologically and on the level of gene expression 
(see below), through the administration of brassino- 
steroids. In agreement with previous reports (Adam and 
Marquardt, 1986), 24-epibrassinolide (Figure 3, no. 1) exhib- 
ited a higher activity than 24-epicastasterone (Figure 3, 
no. 2) or (22S-23S) homobrassinolide (Figure 3, no. 3). 
Normalization of the phenotype with respect to hypocotyl 
elongation was also achieved with dark-grown seedings. In 
these treatments cbb3 showed a slightly stronger response 
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than dwfl-6 (cbbl). The observation that wild-type seed- 
lings were not changed in the degree of hypocotyl elonga- 
tion in darkness through brassinosteroid feeding is in 
agreement with previous reports indicating a lack of growth 
response to brassinosteroids in darkness (Mandava, 1988). 
The finding, that both dwfl-6 (cbbl) and cbb3 seedlings 
were responsive to 24-epibrassinolide in darkness, how- 
ever, points rather to a predominant role of brasssino- 
steroids in the regulation of skotomorphogenesis. This 
apparent contradiction might be explained by the assump- 
tion that the growth response is saturable and a full 
induction is already achieved by the dark stimulus in the 
wild-type. To elucidate this topic further, the use of a 
recently described inhibitor of brassinosteroid action (Kim 
et aL, 1995) would be useful and complementary to a 
further analysis of the mutants described here. Also, the 
observed lack of normalization of the cotyledon phenotype 
of the mutants in darkness, which might be due to insuffi- 
cient transport of the brassinosteroids taken up from the 
medium to the cotyledons or a requirement of brassinos- 
teroids prior to germination, needs further investigation. 

The results of the steroid feeding experiments strongly 
suggest a specific defect in brassinosteroid biosynthesis 
in the dwfl-6 (cbbl) and cbb3 mutants. This conclusion is 
further supported by the observation that the deduced 
amino acid sequence of the CBB3 gene product shows 
significant homology to mammalian cytochrome P450 pro- 
teins including steroid hydroxylases (Szekeres et aL, 
unpublished). The CBB3 protein might therefore act as 
a catalyst for a specific hydroxylation reaction in the 
biosynthesis of brassinosteroids. The recently isolated 
maize DWARF3 gene, coding for a cytochrome P450 
enzyme involved in a hydroxylation step in gibberellin 
biosynthesis, provides an example of this type of activity 
(Winkler and Helentjaris, 1995). The data presented here, 
however, exclude an involvement of the CBB3 protein in 
the gibberellin biosynthetic pathway. To further elucidate 
the function of the CBB3 gene, biochemical analysis of the 
spectrum and the relative contents of the brassinosteroids 
of wild-type A. thaliana and of mutants lacking CBB3 
activity are currently being performed. 

Sequence information for the DWF1 gene may also 
indicate a direct enzymatic role as a FAD-dependent oxidase 
through the presence of a putative FAD-binding motif 
(Mushegian and Koonin, 1995). Alternatively, the presence 
of a potential nuclear targeting signal may point to a pos- 
sible regulatory function of the DWF1 protein (Takahashi 
et al., 1995). The less severe phenotypes of the different 
known alleles of dwf l  (dwfl-1; dim, which should be 
considered as dwfl-2; and dwfl-6/cbbl) in comparison 
with cbb3 leads to the assumption that a defect in the 
DWF1 gene might result in strongly reduced levels but not 
in a complete lack of endogenous brassinosteroids. The 
data thus far collected, however, are also consistent with 
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the interpretation of the dwfl-6 (cbbl) phenotype as being 
due to a partial insensitivity to brassinosteroids that could 
be overcome to a large extent by excessive amounts of 
brassinosteroids as supplied by external feeding. In line 
with this interpretation is the observation that normaliza- 
tion of dwfl-6 (cbbl) mutant seedlings occurred to a high 
degree in the light and partially in darkness. 

The third mutant studied, cbb2, which was pheno- 
typically almost indistinguishable from cbb3 seedlings 
grown in the absence of brassinosteroids, appeared insens- 
itive to brassinosteroid treatment both at the morphological 
level and with respect to gene expression (see below). 
Such a complete lack of response to an active hormone 
might be due to two types of defects: there might be a 
lack of a functional hormone receptor as for instance 
proposed in the case of the etrl mutant (Chang et al., 
1993), or a component of a signal transduction pathway 
might be affected as in the cases of the ctrl mutant (Kieber 
et al., 1993), the abi3 mutant (Giraudat et aL, 1992), and 
the abil mutant (Leung et al., 1994; Meyer et al., 1994). In 
contrast to the situation for ethylene or abscisic acid, 
however, the principal active brassinosteroid has not been 
unequivocally defined yet. This is due to the fact that in all 
activity tests (bioassays) used hitherto conversion of the 
applied substance could not be excluded. Indication of 
such a metabolic conversion into a compound of higher 
biological activity has been obtained recently for 24-epi- 
brassinolide which in tomato cell cultures was converted 
into 25-hydroxy-24-epibrassinolide (Adam etal., 1996). This 
novel compound showed a 10-fold higher activity in the rice 
lamina inclination test compared with 24-epibrassinolide. 
Insensitivity to the three brassinosteroids tested, 24-epicas- 
tasterone, (22S,23S) homobrassinolide, and 24-epibrassi- 
nolide, as in the case of cbb2, might thus also be due to 
the inability to convert the applied compounds (which 
actually might be analogs of biosynthetic intermediates) 
into a yet undefined biologically active substance. No 
information about the nature of the CBB2 gene at the 
molecular level is so far available. 

The conclusion of an insensitivity to brassinosteroids 
in the case of cbb2 and a deficiency for endogenous 
brassinosteroids in the case of dwfl-6 (cbbl) and cbb3 is 
further supported by the gene expression data obtained. 
A reduced expression of the TCH4 gene (Braam and Davis, 
1990) and the meriSgene (Medford etaL, 1991) in all three 
cbb mutants and a specific induction by brassinosteroids 
was observed in dwfl-6 (cbbl) and cbb3 but not in cbb2. 
This strongly supports the conclusion that expression of 
these genes is brassinosteroid-dependent and that this 
regulatory activity is missing in dwfl-6 (cbbl) and cbb3. 
These data are consistent with previous reports on the 
brassinosteroid inducibility of TCH4 (Xu et aL, 1995) and 
the strong homology of TCH4 and rneri5 to the soybean 
BRUI gene which has been identified by virtue of its 

induction by brassinolide (Zurek and Clouse, 1994). The 
lack of meri5 inducibility in the cbb2 mutant was specific 
for the brassinosteroid stimulus as the expression of this 
gene could be induced by GA3 in the same manner as in 
the wild-type and in dwfl-6 (cbbl) and cbb3. These results 
are in good agreement with previous observations which 
showed additive effects of brassinosteroids and gibberel- 
lins (Gregory and Mandava, 1982; Mandava et aL 1981), 
indicating separate modes of action for these two classes of 
phytohormones. The results observed with the gibberellin- 
inducible y-TIP gene (H6fte et aL, 1992; Phillips and Huttly, 
1994) might however indicate an interaction of brassinos- 
teroids and gibberellins. As the data presented here were 
derived from long-term incubations, it can not be deduced 
whether the observed alterations of gene expression cause 
(at least in part) the corresponding phenotypic changes or 
were rather a consequence of the changed physiological 
status of the plants. Nevertheless, the observed reduction 
of TCH4 and meri5 expression, which both (potentially) 
encode xyloglucan-endotransglycosylases, might serve as 
a direct link between the brassinosteroid deficiency/ 
insensitivity and the observed phenotype of reduced cell 
expansion. This activity is proposed to catalyze a 'molecular 
grafting' reaction between xyloglucan molecules and thus 
might be involved in plant cell-wall loosening (Albersheim, 
1976; Fry, 1989; Fry et al., 1992; Nishitani and Tominaga, 
1992). Previous observations of increased cell-wall extens- 
ibility of brassinolide-treated soybean epicotyl sections 
(Zurek et aL, 1994) support the assumption that changes 
in the mechanical properties of the cell wall are regulated 
through brassinosteroids. Further work is required to prove 
the hypothesis that brassinosteroids are essential signal 
compounds for the expression of 'wall-loosening factors' 
which are necessary to allow cell-wall expansion and thus 
cell growth. 

The identification of mutants which are brassinosteroid 
deficient or insensitive provides clear evidence that this 
class of compounds plays a major role in the development 
of plants and that they are essential as endogenous regu- 
lators of cell elongation. These mutants might contribute 
to the further elucidation of the pathway of brassinosteroid 
biosynthesis in plants and to the identification of factors 
involved in plant cell elongation that are regulated by 
brassinosteroids. Furthermore, together with the other 
known phytohormone-deficient/insensitive A. thaliana 
mutants they will allow a genetic analysis of the proposed 
complex interaction with other phytohormones (Mandava, 
1988; Marquardt and Adam, 1991). Mutants insensitive to 
the known brassinosteroids such as cbb2 and the recently 
described bril (Clouse etal., 1995) will be important tools to 
understand brassinosteroid signal perception/transduction 
and may lead to novel information about the biologically 
active brassinosteroid hormone molecule. 



Experimental procedures 

Plant material and isolation of mutants 

Arabidopsis thaliana ecotype C24 was grown in soil (Einheitserde 
Typ P/Einheitserde Typ T/sand (2:1:1), Gebr0der Patzer, Simtal- 
Jossa, Germany) or in half-concentrated MS medium (Murashige 
and Skoog, 1962) supplemented with 1% sucrose under a 16 h day 
(3000 lux fluorescent light, 20°C)/8 h night (17°C) regime at a 
relative humidity of 70%. 

Cabbage mutants were isolated in the course of a two-compon- 
ent Ac/Ds transposon mutagenesis as described by Altmann 
et aL (1995). 

Genetic analysis 

Mapping of the cabbage loci relative to molecular markers was 
done with segregating F 2 populations from crosses of hetero- 
zygous cabbage plants (ecotype C24) with wild-type plants (eco- 
type Columbia, Col-0). Genomic DNA for PCR was prepared from 
leaves as described by Rogers and Bendich (1985). Co-dominant 
cleaved amplified polymorphic sequence markers (CAPS) were 
used as described by Konieczny and Ausubel (1993) and simple 
sequence-length polymorphism markers (SSLP) as described by 
Bell and Ecker (1994). Restriction enzymes were obtained from 
Boehringer Mannheim, Germany, Taq polymerase was supplied 
by Gibco BRL, Eggenstein, Germany. PCR products were separated 
by agarose gel electrophoresis (Seakem LE Agarose, FMC Bio 
Products, Rockland, ME). The map positions of the CAPS and 
SSLP markers were taken from the Arabidopsis map generated 
through the Landsberg/Columbia recombinant inbred lines by 
Lister and Dean (1993), released June 29 1995. The map distances 
relative to the CAPS and SSLP markers in centimorgans were 
calculated according to Kosambi (1944). 

The allelism test between the cbb2 and cbb3 mutant was 
performed through crosses of five heterozygous plants of each 
line and between cbbl and cbb2 with four heterozygous plants of 
each line. Furthermore, crosses were performed in eight combina- 
tions between three heterozygous cbbl plants and three hetero- 
zygous cbb3 plants. Of these crosses all F1 progeny showed wild- 
type phenotype. The allelism test between cbb3 and the cpd 
mutant (Szekeres etal., unpublished) was done with four individual 
heterozygous plants of each line. Each of the resulting F1 popula- 
tions segregated for mutant plants. Of the total of 619 F 1 plants 
142 were mutant and 477 were wild-type, a ratio of 1 : 3.3 as 
expected in the case of allelism. 

Light microscopy 

Plantlets (7-11 days old) were fixed for 12 h in 0.2% glutaraldehyde, 
4% formaldehyde, 0.5% triton x-100, 0.1 M sodium phosphate 
buffer pH 7.0, followed by a 24 h dehydration with 75, 85, 90 and 
2× 100% ethanol. The tissue was then pre-incubated for 6-8 h in 
equal parts of ethanol (100%) and Technovit (7100, Heraeus, Kulzer, 
Wehrheim, Germany), incubated overnight in 100% Technovit with 
hardener I and then embedded in Technovit with hardener I1. 
Sections of 5 pm thickness were prepared with a Reichert Jung 
Biocut microtome and examined under a Zeiss Axiophot light- 
microscope. 

Treatment with phytohormones and steroids 

Seeds were germinated on half-concentrated MS medium, solidi- 
fied with 0.7% agarose and seedlings were transferred after 
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1 week to fresh medium containing different concentrations of 
phytohormones and phytohormone inhibitors as indicated in 
Table 3. 

For steroid treatment, seeds were directly plated on steroid- 
containing half-concentrated MS medium (Murashige and Skoog, 
1962) with 0.7% agarose. Then 24-epibrassinolide, 24-epicasta- 
sterone and (22S-23S) homobrassinolide were applied in concen- 
trations ranging from 0.01 to 1 pM. All other steroids including 
stigmasterol, stigmastanol, stigmasta-4,22-dien-3on, ~-sitosterol, 
ergosterol, (z-ecdysone, J~-ecdysone, and cholesterol were added 
to the medium at a concentration of 1 pM. 

All substances were purchased from Sigma (Deisenhofen, 
Germany), with the exception of 24-epibrassinolide, 24-epicasta- 
sterone, and ergosterol which were kindly provided by Dr G. 
Adam (Halle, Germany). 

RNA extraction and RNA blot analysis 

Total RNA was extracted from 1 to 4-week-old seedlings as 
described by Logemann et al. (1987). Samples were electrophor- 
etically separated on MOPS-formaldehyde agarose gels, blotted 
on to Hybond N membranes (Amersham) and hybridized with 
radiolabeled DNA probes using the Random Primed DNA Labeling 
Kit (Boehringer Mannheim, Germany). Hybridizations were per- 
formed at 65°C in sodium phoshate buffer (0.25 M, pH 7.2), 7% 
SDS, 1% BSA, 1 mM EDTA. 

The following probes were used: a partial cDNA of the TCH4 
gene (Braam and Davis, 1990) which was kindly provided by Dr 
J. Braam (Rice University, Houston, TX); a partial cDNA of the 
meri5 gene (Medford et aL, 1991) which was PCR amplified and 
sequenced, and a PCR amplified and sequenced cDNA of the 7- 
TIPtonoplast water channel (HOfte et aL, 1992). 
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