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mutant phenotypes. These processes include the 
control of meristem development (6), disease 
resistance (7), hormone signaling (8), and organ 
elongation and abscission (9, 10). However, in 
no case is there biochemical evidence for the 
identity of a ligand, although genetic studies 
have provided some clues. On the basis of the 
similarity of mutant phenotypes and their adja- 
cent expression domains within the meristem, 
CLAVATA3, a putative extracellular protein of 
96 amino acids, has been proposed as the ligand 
of the LRR-RLK CLAVATAl (11). Likewise, 
genetic studies suggest that the steroid hormone 
brassinolide (BL), the most biologically active 
brassinosteroid, is the ligand for the BRII-en- 
coded LRR-RLK (8). Thus, the LRR-RLKs 
might use either small molecules or proteins as 
ligands. 

To determine if BRIl plays a direct role in 
BL perception, we developed a cell-based assay 
using the XA21 LRR-RLK from rice. XA2 1 
confers resistance to Xanthomonas oryzae 
pv. oryzae (Xoo) (7). Most incompatible 
plantlpathogen interactions lead to a hyper- 
sensitive response (HR) that includes an oxi- 
dative burst, defense gene activation, and cell 
death (12, 13). Thus, XA2 1 signaling outputs 
may provide a facile assay for determining the 
mechanism of LRR-RLK signaling. Figure 1 
shows that stably transformed 0. sativa ssp. 
Japonica var. Taipei 309 cells expressing full- 
length XA2 1 from its native promoter exhibit 
race-specific defense responses (14). XA2 1 
expression initiated cell death in lines that 
were inoculated with the incompatible Xoo 
Phillipine Race 6 (P6) strain PX099A, but not 
when inoculated with the compatible Kore- 
an Race 1 (Kl)  strain DY89031 (Fig. 1A). 

Pathogen-induced cell death is often accom- 
vanied bv an oxidative burst (13). A small. but 

15 

10 

XA21 Tat pel 309 

ti (IncompatiMe) (ccmpatlble) 
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Fig. 1. Cell death, oxidative burst, and defense pathways are 

Taipei 309 cell lines were inoculated with l o7  cellslml of the 

G{bi 
initiated in the XAZl cell lines inoculated with Xoo. (A) XAZ1 and 

incompatible Phillipine Race 6 strain (P6) (gray bars) and the 0 
compatible Korean Race 1 strain ( K l )  (open bars) 5 days after 0 2 4 8 12 24(h) 
transfer to fresh medium and grown for an additional 24 hours. Xooinoculaton 
Cells were stained with Evans blue, and dye binding increases over 
uninoculated controls were quantified as an indicator of cell death. The experiment was 
repeated five times. (B) Cells were inoculated for 1 hour with P6 and K1 ( l o 7  cellslml). H202 
levels in media were assayed (23) with at least three repeats. (C) Northern blotting shows 
changes in  the expression of defense genes RCHlO, PAL, and OsCatB over a time course of 0 
to  24 hours after Xoo inoculation (24). (D) mRNA levels were estimated with a Phospholmager 
System (Molecular Dynamics, Sunnyvale. California). Levels at time 0 were set as onefold for 
RCHlO and PAL and 10-fold for OsCatB. Curves indicate incompatible (H) and compatible (0) 
interactions. 

highly reproducible oxidative burst was ob- Fig. 2. (A) Schematic A ~ ~ 2 1  

served in the XA21 cell line inoculated for 1 diagram of chimeric 
hour with the incompatible P6, compared with kinases NRC1l 

NRCZ, and NRC3 BRl inoculation with the compatible K1 strain (Fig. and mutant controls 
1B). This small increase of H20, levels, al- N R C ~ ~ L ~ ~ ~  N R C ~ ~ K .  
though not as large as those reported for other The X A Z ~  and BRI1 Cmstnrcts 
plants, is consistent with the levels of H202 that protein structures are 
we have seen in rice (15). labeled in white and 

Activation of XA21 signaling leads to rapid 
and strong induction of transcription of the rice 
defense genes chitinase RCHIO (16) and phe- 
nylalanine ammonia-lyase (PAL) (17) in the 
incompatible interaction with Xoo (Fig. 1, C 
and D), whereas the compatible interaction 
shows a weaker and slower accumulation of 
these transcripts. This race-specific difference 
correlates to whole plant assays (18). The 
expression of a rice catalase B gene (OsCatB) 
(19) was strongly down-regulated in the 
XA21 cell line inoculated with the incompat- 
ible strain (Fig. 1, C and D), as seen in whole 
plants (20). Taken together, these results es- 
tablish the rice cell culture system as an ex- 
cellent reporter of the signaling output of 
LRR-RLKs. 

gray, respectively, with 
signal peptides indi- 
cated in dark gray. 
These chimeras were 
constructed by in vitro 
mutagenesis (25) and 
driven by the cauli- 
flower mosaic virus 
355 promoter in rice 
cells (9) (B) North- 
em hybridization shows 
mRNA accumulation 
of each chimeric gene, 
with a 1.3-kb DNA 
fragment of the Xa27 
kinase domain as a 
probe. (C) Westem blot 
shows the expression 
of BRI1-XAZ1 chimer- 
ic proteins (26). 
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To test the mechanism by which BRIl 
signals, we constructed several chimeric re- 
ceptors between BRIl and XA21 (Fig. 2; 
NRGl, NRG2, and NRG3). Of the three 
receptors, only one, NRG1, consisting of 
BRIl's extracellular and transmembrane do- 
mains and 65 amino acids of the intracellular 
domain (juxtamembrane domain) fused to 
the kinase domain of XA21, was able to elicit 
the HR (Figs. 2 and 3, discussed below). As 
controls, we also constructed mutant versions 
of the NRGl chimeric receptor. Previous 
studies have implicated the importance of a 
70-amino acid island embedded between the 
2 1 st and 22nd LRR of BRI 1 's extracellular 
domain for BRIl function (8). One naturally 
occumng allele of BRII, bril-113, is a mu- 
tation of glycine at position 61 1 in this do- 
main to glutamate (Gly6I' + Glu). The mu- 
tant chimeric receptor, NRGlmL, incorpo- 
rates this change into the NRGl construct. 
We also constructed a kinase domain mutant 
of XA21 (Lys737 + GIu) in the chimeric 
receptor NRGlrnK, which lacks kinase activ- 
ity in vitro (19). Transgenic cell lines were 
established by transforming the rice line Tai- 
pei 309 (14). Northern and Western blotting 
confirmed that two of the NRG1-expressing 
lines, NRGl-30 and NRG1-34, and the mu- 

tant receptor, NRGlrnK, were expressed at 
comparable levels in the cell lines (Fig. 2, B 
and C). NRGlmL accumulated to higher lev- 
els (Fig. 2, B and C). Regenerated NRGl 
transgenic plants were dwarfed and sterile 
and exhibited partial resistance to Xoo after 
BL treatment as compared with controls (15). 

We found that NRGl could initiate the HR 
upon addition of BL using two different cell 
lines, NRGl-30 and NRG1-34 (Fig. 3). Cell 
death was observed after treatment for 24 hours 
with 2 p M  BL (Fig. 3A), whereas very little 
cell death occurred in the Taipei 309 control, 
NRGlmL (Gly611 + GIu), or NRGlrnK 
(Lys737 + Glu) cells. The magnitude of in- 
crease in cell death was comparable to that seen 
in the incompatible pathogen-XA2 1 interaction 
(Fig. 1A). Likewise, we observed a detectable 
oxidative burst in the NRG 1 cell lines within 30 
min of BL treatment (Fig. 3B). Changes in 
expression of defense genes were monitored in 
the wild-type and mutant receptor lines (Fig. 3, 
C and D). We observed an accumulation of 
both RCHIO and PAL mRNAs in response to 2 
p M  BL in both NRGl lines, with peak levels 
(five- to eightfold) occumng 4 to 8 hours after 
BL treatment (Fig. 3, C and D). In contrast, 
neither NRGlmL, NRGlrnK, nor the Taipei 
309 control cells showed an induction of 

RCH10 [ --'- - 0-1 
PAL I .-, - - - 

, - 
.-.- - ---- . - . . . . . . . . . . . . . . . . . . 

rRNA 0 2 4 8 12 24(h) 
Brasstndlde treatment 

Fig. 3. BL induces cell death, oxidative burst, and defense pathway activation in NRCl cell lines. (A) 
Cell suspensions (74): NRC1-30, NRC1-34, NRClmL, NRClmK, and wild-type Taipei 309 were 
treated with 2 pM BL for 24 hours. Cell death was assayed as described in Fig. 1A. (B) NRCl and 
control cell lines were treated for 30 min with 2 pM BL for H202 production assay (23), with gray 
bars for treatment and open bars for nontreatment. (C) Cell lines were treated with 2 pM BL for 
0 to 24 hours. Transcript accumulation of defense-related genes RCHlO, PAL, and OsCatB was 
determined by Northern blotting (24). (D) RNA levels were estimated as in Fig. 1 D. Cell lines are 
NRC1-30 (W), NRC1-34 (a), NRGlmL (O), NRClmK (O), and Taipei 309 (A). 

RCHIO or PAL rnRNAs (Fig. 3, C and D). 
Accumulation of OsCatB RNA was inhibited in 
NRGl-30 and NRG1-34 cell lines 2 to 12 hours 
after BL treatment (Fig. 3, C and D). We did 
not detect cell death in transgenic cell lines 
carrying the XA2 1 wild-type protein or overex- 
pressing the XA21 kinase domain after BL 
treatment (15). 

A BL dose-response curve was construct- 
ed with RCHIO RNA accumulation as a re- 
porter. We saw RCHIO induction using con- 
centrations of BL as low as 10 nM; the 
response began to saturate at about 2 pM BL 
(Fig. 4). These BL concentrations are physi- 
ologically relevant, being consistent with 
those for rescue of the Arabidopsis BL bio- 
synthetic mutant, det2 (21). These three as- 
says indicate that the BRI1-XA21 chimeric 
receptor can recognize BL to activate cell 
death, the oxidative burst, and defense gene 
induction. Moreover. both the extracellular1 
transmembraneljuxtamembrane domains of 
BRIl and the XA21 kinase domain are re- 
quired for these responses. 

Our studies indicate that BRIl plays a 
direct role in brassinosteroid perception and 
that the response is cell autonomous. We 
have recently shown that BRIl is a ubiqui- 
tously expressed, plasma membrane-local- 
ized protein (22). Thus, our data provide 
strong evidence that plant steroids are per- 
ceived at the cell surface. Moreover, the ob- 
servation that a mutation in the 70-amino 
acid island region of the extracellular domain 
of BRIl results in a receptor that cannot 
~erceive BL reinforces the notion that this 
region is important for steroid binding or 
proper folding of the extracellular domain for 
BL recognition. 

0- 

5 5 5 5 5 5 . 5 5  
O - ~ ~ ~ r - f  

Brassinolide concentration 
Fig. 4. BL dose response for RCH7O induction in 
NRC7 cell lines. Cells were treated with 0 to 4 
pM BL. RNA was extracted 6 hours after treat- 
ment, and transcript levels were determined 
(24). Cell lines are NRC1-30 (0). NRC1-34 (a), 
NRGlmL (O), NRClmK (o), and Taipei 309 
(4. 
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These results suggest a mechanism of sig- 
naling conserved between BRIl and XA21 
that may be extrapolated to the large number 
of LRR-RLKs found in plant genomes. The 
model would include ligand perception 
through the extracellular/transmembrane do-
main, whereas the intracellular kinase domain 
determines the downstream signaling response. 
There are greater than 120 LRR-RLKs pre- 
dicted in the A1,abidopsis genome sequencing 
project. The chimeric receptor approach, us- 
ing the XA2 1 signaling outputs defined here, 
should provide an assay system that is appli- 
cable to the discovery of ligands for the 
LRR-RLKs, as well as aid in the design of 
novel signaling genes for controlling plant 
development and disease resistance. 
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Diatoms are a key component of marine ecosystems and are extremely im- 
portant for the biogeochemical cycling of silica and as contributors t o  global 
fixed carbon. However, the answers t o  fundamental questions such as what 
diatoms can sense in  their environment, how they respond t o  external signals, 
and what factors control their life strategies are largely unknown. We generated 
transgenic diatom cells containing the calcium-sensitive photoprotein aequorin 
t o  determine whether changes in  calcium homeostasis are used t o  respond t o  
relevant environmental stimuli. Our results reveal sensing systems for detecting 
and responding t o  fluid motion (shear stress), osmotic stress, and iron, a key 
nutrient that controls diatom abundance in  the ocean. 

The predominance of diatoms in marine eco- 
systems indicates that they possess sophisti- 
cated strategies for responding to environ-
mental variation. However, little is known 
about these strategies at the cellular level 
because of the difficulties of monitoring key 
internal physiological processes in these or- 
ganisms. The recent availability of proce- 
dures to generate transgenic diatoms (1-3) 
has opened up a range of techniques that can 
be used to address these questions. 

We transformed the marine diatom Phae-
odact)ilum tvicornutum (4) with a construct 
containing the apoaequorin cDNA derived 
from the jellyfish Aequovea victoria (5). 
Transgenic cells displaying high levels of 
aequorin were selected (4) and used to ana- 
lyze diatom responses to a range of different 
stimuli. 

Transient changes in cytosolic calcium 
concentrations ([Ca2+],,), whlch are character- 
istic of the activation of signal transduction (6 ) ,  
could be observed in response to the sim-
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ple addition of seawater [artificial seawater 
(ASW)] (Fig. 1A). A maximal increase in 
[Ca2+],, from 500 nM to 2 KMwas observed 
after 1 to 2 s, whlch quicMy disappeared within 
10 s. This response weakened with declining 
stimulus strength (7 ) .To exclude the possibility 
that chemical signaling may have been in- 
volved as a result of the addition of fresh me- 
dium to the cells, we confirmed that condi- 
tioned medium (medium in which the diatoms 
had been growing) was able to generate the 
same effects, as was the mechanical stimulation 
of the cell suspension with a needle (Fig. 1A). 
When these experiments were repeated with a 
pH microelectrode in the suspension, no chang- 
es in pH were detected after the treatments (a), 
thus excluding the possibility that the observed 
calcium responses were a consequence of ex- 
ternal pH changes. 

When organisms are exposed to a stimulus 
for a long enough period, they typically lose 
their ability to respond with their original sen- 
sitivity. By this process of short-term adaptation 
or desensitization, a cell reversibly adjusts its 
sensitivity to the level of the stimulus. At the 
molecular level, the best understood examples 
of adaptation occur in bacterial chemotaxis (9) 
and in photoperception in the retina (10). To 
determine whether diatoms possess such so- 
phisticated sensing systems for responding to 
fluid motion, we examined the effect of giving 
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