
functions in the two tissues, as occurs with 
receptor kinases in other systems (16). The 
findings that cr4 encodes a receptor kinase 
and that the mutant affects the nonclonal 
progression of aleurone differentiation im- 
ply that cell interactions are involved in the 
differentiation of aleurone and epidermis 
and suggest cr4 may function in a differen- 
tiation signal. The  mutant phenotype and 
the similarity to a known ligand binding 
domain will provide advantages for identi- 
fying other components of the cr4 signal 
transduction chain. 
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SimilarityofaChromaticAdaptationSensorto FdRst ra lnsa l -a~sexpresspEandCannOt  

Phytochrome and Ethylene Receptors express PCI; they are always red. FdB stralns 
appear bluer than ~vlld-type cells and are 

David M. Kehoe* and Arthur R. Grossman 

Complementary chromatic adaptation in cyanobacteria acts through photoreceptors to 
control the biosynthesis of light-harvesting complexes. The mutant FdBk, which appears 
black, cannot chromatically adapt and may contain a lesion in the apparatus that senses 
light quality. The complementing gene identified here, rcaE, encodes a deduced protein 
in which the amino-terminal region resembles the chromophore attachment domain of 
phytochrome photoreceptors and regions of plant ethylene receptors; the carboxyl- 
terminal half is similar to the histidine kinase domain of two-component sensor kinases. 

T h e  phycobiliso~nes (PBS), rnacro~nolecular 
co~nplexes in cyanobacteria that are peripher- 
ally associated with thylakoid mernbra~les, 
harvest light energy in the visible region of 
the electromagnetic spectrum between 540 
and 660 nm and efficietltlv transfer that en- 
ergy to the photosynthetic reaction centers 
within the thylakoid membranes (1). The 
PBS are composed of two types of proteins, 
pigmented phycobiliproteins and nonpig- 
~nented linker polypeptides. In the filamen- 
tous cyatlobacterium Fremyella diplosiphon, the 
major species of phycobiliproteins are allophy- 
cocyanitl (AP), phycocyanin (PC), and phy- 
coerythrin (PE). Linker polypeptides associ- 
ate with phycobiliproteins and are important 
for assembly, stability, and efficient energy 
transfer within the PBS and to the photosyn- 
thetic reaction centers 12). , , 

As noted almost a century ago ( 3 ) ,  the 
pigmentation of cyanobacteria can change in 
response to light quality; these changes reflect 
at1 altered pigment-protein composition of 
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the PBS. In F ,  diplosiphon, red light causes the 
synthesis of large alnounts of the blue chro- 
lnoproteitl PC and small amounts of the red 
chro~noproteitl PE, making the color of the 
organism blue-green. Conversely, in green 
light the organism has small amounts of PC 
and large amounts of PE, making it red in 
color. This change it1 PBS pigment-protein 
colnposition in response to different wave- 
lengths of light is called co~nplernentary chro- 
matic adaptation (CCA); it affords the cya- 
nobacterium an adaptive advantage as the 
light quality of the environment changes be- 
cause PC effectively absorbs red light and PE 
effectively absorbs green light. The differe~lces 
in compositiotl of the PBS in cells grown in 
red compared with green light are mostly a 
reflection of differential transcriptional activ- 
ities of a specific set of red light-inducible PC 
genes, designated cpcB2A2 (the protein des- 
ignation is PCi, for inducible PC) and green 
light-i~lducible PE genes, designated cpeBA 
(4). The genes encoding linker polypeptides 
associated with PCi and PE are also regulated 
by light quality (5). 

Classes of C C A  mutants (6-10) that 
appear red (FdR), blue (FdB), green (FdG), 
or black (FdBk) have been characterized. 

. . 

less sensitive to light quantity; it takes a 
greater fluence rate to suppress PCi synthe- 
sis in FdB strains than in wild-type cells 
(1 1 ). 111 FdG strains PCi expression is nor- 
mal, but PE genes are never activated. Fi- 
nally, FdBk mutants have moderate 
amounts of both PE and PCi; these amounts 
are constant in red and green light (10). 

The gene rcaC (regulator of chromatic 
adaptation) (9), which complements some 
FdR mutants, encodes a polypeptide with 
similarity to a bacterial response regulator. 
Response regulators are elements of t~vo-  
component regulatory systems, which con- 
trol a wide range of responses to environ- 
mental cues in both prokaryotes and eu- 
karyotes (12, 13). The RcaC polypeptide 
(71  kD) is larger than most response regu- 
lators and has two conserved receiver do- 
mains, one at the COOH-terminus and the 
other at the NH,-terminus, each with a 
putative aspartate phosphorylation site. 

Here we identify the DNA fragment (on 
plasmid pDK1) capable of complementa- 
tion of one of the FdBk mutants (Fig. l ) .  It 
includes open reading frames (ORFs) I, 11, 
and 111. ORFIII is truncated in the region 
encoding the NH2-terminus of the putative 
protein. Subclones were modified (Fig. 1 )  
from pDKl and used for further comple- 
mentation tests. 

Results of complementation studies with 
each of the modified clotles are shown in 
Fig. 2. The FdBk strain has the same pig- 
mentation in red and green light. When 
transformed with pDK2 or pDK4, normal 
CCA is restored. pDK3 cannot co~nplernent 
the mutant phenotype, although it rescues 
another class of CCA mutants and there- 
fore must produce functional ORFII protein 
(14). Spectral measurements demonstrate 
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onstrate that ORFI alone complements the 
FdBk mutant. 

The putative protein encoded by ORFI 
(Fig. 3A), designated RcaE, has a molecular 
mass of 74 kD. Within the NH2-terminal half 
of the protein, a region of -140 amino acids 
is similar to the chromophore attachment do- 
main of phytochromes, photoreceptors that 
control a wide range of responses in plants 
(1 5). This similarity exists primarily in regions 
of this domain designated region I and region 
111 (Fig. 3 A  and Table 1). The RcaE sequence 
i s  significantly diverged from plant phyto- 
chrome sequences in region 11. In particu- 
lar, it lacks conserved amino acids that are 

associated wi th the cysteine that covalently 
binds the chromophore in phytochromes. 
The COOH-terminal region of RcaE has 
similarity to the histidine kinase domain of 
proteins that act as sensors in two-compo- 
nent regulatory systems. Four motifs re- 
quired for histidine kinase activity, N, GI,  
F, and G2, and the motif containing the 
histidine that undergoes phosphorylation, 
designated H, are also shown (Fig. 3A). 

RcaE also has some features in common 
wi th plant putative ethylene receptors [ ( I  3, 
16, 17) GenBank numbers 254099 and 
U411031 (Fig. 3B), which are similar to 
sensors of two-component regulatory sys- 

that PC and PE amounts in red and green 
light in FdBk transformed wi th pDK2 and 
pDK4 are quantitatively identical to those 
of wild-type cells (14). These results dem- 

Fig. 3. Amino acid se- 
quence of the predicted 
RcaE protein showing 
alignments to a phyto- 
chrome from Arabidop- 
sis, a bacterial sensor ki- 
nase from Bacillus subti- 
/is, and several higher 
plant putative ethylene 
response sensors (28). 
(A) RcaE amino acid se- 
quence, deduced from 
nucleotide sequence of 
ORFI (by using the first 
methionine), is aligned 
with the chromophore 
attachment domain of 

A RcaE 
RcaE 

MNIAACDLLGLPRQQLKGQALSNFITAEFTRQPKSVGFPSGKSLMGELLV 
VSAAQTPREMEYTLTPNVLPHCHLLLLRDISQRRESMQAELRQQQQRVEL 

Fig. 1. Clones used in complementation of the 
FdBk mutant (26). Roman numerals refer to ORF 
numbers, arabic numerals to the nucleotide posi- 
tion relative to the start of pDKI, and arrows indi- 
cate the direction of transcription. Constructs 
pDK2, pDK3, and pDK4 were each tested three 
times for their ability to restore CCA to the FdBk 
mutant. Modifications: pDK2, 65 codons deleted 
from ORFIII; pDK3, in-frame deletion from ORFI; 
pDK4, deletion of ORFlll and truncation of ORFII. 

FSEVTLKIRQSLQLKEIL RILQADRVLIYHVLPDGTGKTISE 
I: III::I: I: I :I1 

DVQRLTGYDRVHVYQFHEDDHGEWSE 
I 

SVLPDYPTLMDLEFPOEVFPOEYOOLYAOGRVRAI~HDPTAGLAE... 

RcaE 

PHYE 

RcaE - - -- 
I ::I : I  : I I  ~ : i l l ~  I I :  . . . . 

IRRSDLEPYLGLHYPATDIPQAARFLFKQNRVRMIC NATPVKWQSEE PHYE 
11 ................. CLVEWDQFHIKAKLIVPIVQNLNANSQN 

I ::: : 1 1  ::I1 : :  
LKRPLCLVNSTLIULPHGCHTQYMANMGSVASLALAIV..VKGKDSS 

111 T 

LWGHHCSPRYVPFPLRYACEFLMQAFGLQLQMELQLASQ 

RcaE 

PHYE 

RcaE 

PHYE 

RcaE 
RcaE 
RcaE 

LGRLEEWAARTAELQEEINVRMQAEAALRQSEEQLRLITNALPVLIAYV 
DEQQQYRFNNQAYQDWLGQSPQKIYGSHLRQVWGEDCYQRMEVYVKTALS 
G Q A V N Y E N D I V L R D G S W R A V D V T Y I P H L D D E N M V K G F F A L I  

RcaE 

Arabidopsis PHYE (29) 
and conserved motifs 
from the histidine kinase 

PhoR 3 6 6  

RcaE STERLVRLVNNVLDLQRIESGKVIMECQACNAANLHIQAAEAMQAHRQQQ 5 1 7  .. 
domain of PhoR [the 

,.I 

RcaE EVTLVKQPQDISVWADADYILQALTNLL~AIKFSSPGG$'WLTVEQEKN 5 6 7  

sensor protein involved 
in the acclimation of 8. 
subtilis to phosphorus 
deprivation (30)) Se- 
quence identity and sim- 
ilaritv are rewresented bv 

PhoR 

RcaE ICRKIIEQHNGRIWAESTPGCGSTFAFTLPTLEYANIQ 6 5 5  

vertical lines and dots, B 
respectively. Regions 
designated I and Ill are 
significantly similar be- 

NH2 I I I I IRI ] COOH 
U 

T2L R2L H HKD 
1 1 4 / 2 5 1  122/281 

tween RcaE and eukary- 
otic phytochromes (Ta- c T2L Block R2L Block 

ble The region desig- RcaE 105 TLKIRQSLQLKEILHTTVTEVQRIL 2 4 1  RQWVDFELELMQQLADQISIALSQAQLL 
nated II is less similar and I I I  I: I I  I I :  I: I I I I : 1 1 1 1 : :  : I I I :  : I I I : I  :I 

 THE^ RST~DRHTI~KTTLVELGRT~ ~ K ~ ~ R E H E ~ ~ ~ ~ E w A ~ Q ~ A ~ A ~ S H A A I L  
'Ontains a cysteine that iz:: 1 5 0  THGIRRTLDRHTILRTTLVELGKTL 2 8 6  RKWRDHELELVENVADQVAVALSHAAIL 
may correspond to the ~ e t r  1 5 0  THEIRSTLDRHTILKTTLVELGRTL 286 RQWHVHELELVEWADQVAVALSHMIL 
cysteine that binds the LYer 34 THEIRSTLDRHTTLKTTLVELGRTL 1 6 9  RKWREHELELVQWADQVAVALSHMIL 

SOer 165 THEIRSTLDRHTILKTTLVELGRTL 300 RQWHVHELELVEWADQVAVALSHMIL 

chrOmO~hOre Of phyto- SOnr 1 5 0  THEIRSTLDRHTILKTTLVELGRTL 285 RKWREHELELVQWADQVAVALSMAAIL 
chromes of plants. Gaps 
were introduced into the sequences to optimize the alignment (28). Alignments of the bacterial sensor 
kinase motifs H, N, GI, F, and G2 and the PhoR sequence are boxed. Amino acids in boldface type 
indicate positions of the T2L and R2L motifs. (B) Schematic representation of structures common to the 
sequenced plant putative ethylene receptors and RcaE, including the T2L and R2L motifs, H motif, and 
histidine kinase domain (HKD). Numbers in parentheses are the fraction of residues for each motif in 

Fig. 2. Phenotypes of the FdBk strain trans- 
formed with plasmids containing ORFI and ORFll 
(27). Panels show the phenotypes of wild-type 
Fd33 (A and B), FdBk (C and D), and FdBk trans- 
formed with pDK2 (E and F), pDK3 (G and H), or 
pDK4 (I and J) grown in red light (left panels) and 
green light (right panels). FdBk cells transformed 
with unmodified pPL2.7 did not exhibit CCA. 

RcaE that are similar to putative ethylene receptor consensus sequences shown in (C). (C) Conservation 
between plant putative ethylene receptors and RcaE in the sequence and spacing of the T2L and R2L 
motifs. Comparison of RcaE T2L and R2L sequences to the consensus (Cons) sequences derived from 
comparisons of ERS (Aers) and ETR1 (Aetr) from Arabidopsis (13, 16) and putative ethylene receptors 
from tomato [LYer, GenBank number 254099; SOer, GenBank number U41103; and SOnr (1 41. In all 
six sequences, these blocks are separated by either 11 0 or 1 11 amino acid residues. Abbreviations for 
the amino acid residues are asfollows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; 
L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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terns. RcaE and the ethylene receptors have 
similar H, N, Gl , F, and G2 domains (18). 
The NH2-terminal sequences of the puta
tive ethylene receptors contain two addi
tional motifs, T2L and R2L, that are also 
present in the NH2-terminal half of RcaE. 
These motifs are similar with respect to 
their sequences and their positions relative 
to each other (Fig. 3C); they also overlap 
regions of RcaE that are similar to phyto-
chromes (Fig. 3A). Additionally, the T2L 
region partially overlaps the region of ETR1 
that has been shown to bind ethylene (19). 

The similarity of the COOH-terminus of 
RcaE to histidine kinases and the identifica
tion of RcaC as a response regulator control
ling CCA suggests that RcaE operates by 
means of a histidine-aspartate phosphorelay. 
The relation of phytochromes to histidine 
kinases is still unclear. Many eukaryotic phy
tochromes have COOH-termini with limited 
similarity to histidine kinases, raising the pos
sibility of an evolutionary relationship be
tween sensor kinases and phytochromes (20). 
However, mutational approaches have un
covered several genes involved in higher 
plant photomorphogenesis, which is in part 
controlled by phytochrome. None of these 
appears to encode two-component regulatory 
proteins (21). 

The phenotype of the FdBk mutant and 
the structural characteristics of RcaE are con
sistent with RcaE being positioned upstream 
of RcaC in the signal transduction chain for 
CCA, and possibly being involved in perceiv
ing light quality. Mutants null for RcaC syn
thesize large amounts of PE and small 
amounts of PC in red or green light (9). 
Elevating PC synthesis and blocking PE syn
thesis in red light appears to require phospho
rylation of RcaC (9) at an aspartate in the 
NH2-terminal receiver domain (22). In FdBk 
mutants, the intermediate amounts of PE and 
PC may reflect partial, constitutive phospho
rylation of the RcaC regulator (and perhaps 
other CCA regulatory proteins). Partial activ
ity of a regulator protein in the absence of its 

cognate sensor has been observed and can 
result from regulator phosphorylation by other 
sensor proteins in the cell (23) or by small 
molecules such as acetylphosphate (24). How
ever, if RcaE is a sensor-photoreceptor, the 
chromophore would have to be noncovalently 
associated with the apoprotein, bound to a 
cysteine lacking the adjacent, conserved resi
dues found in all eukaryotic phytochromes, or 
bound to a second protein that associates with 
RcaE. 

Our data plus information in sequence 
databases suggest that rcaE is a member of a 
large, highly diverged gene family that is 
present in both prokaryotes and eukaryotes 
with varying degrees of similarity to phyto
chrome. Several deduced polypeptides en
coded within the genome of the cyanobac-
terium Synechocystis sp. strain PCC 6803 
show differing degrees of relatedness to both 
RcaE and phytochromes (Table 1). RcaE is 
as related to Arabidopsis PHYE in regions I 
and III as to the putative polypeptides from 
Synechocystis, but it is more related to the 
majority of these cyanobacterial sequences in 
region II. However, Synechocystis sequence 
1001165 is more related to PHYE in regions 
I through III than is RcaE. The other Syn
echocystis sequences are no more related to 
PHYE than is RcaE. Because Synechocystis 
sp. strain PCC 6803 does not exhibit CCA, 
it is reasonable to speculate that such pro
teins are important for the regulation of oth
er light-responsive processes in prokaryotes. 

The similarity of RcaE to the phyto
chromes and bacterial sensor proteins, as 
well as its proposed position in the signal 
transduction chain of CCA, indicates that it 
may be the photoreceptor controlling CCA. 
The similarity of RcaE to plant ethylene 
receptors raises the possibility that ethylene 
receptors and the phytochromes may repre
sent diverged proteins that have evolved 
from a common progenitor. Elucidation of 
signal transduction processes triggered by 
phytochrome-like photoreceptors in pro
karyotes and an understanding of the evolu

tionary events that have shaped plant phy
tochromes and ethylene receptors will help 
establish the mechanisms for light- and eth-
ylene-regulated gene expression in plants. 
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the Apa I site in the polylinker outs~de of ORFII. This 
fragment was cloned into the blunted Bam HI site of 
pPL2.7. The plasmd pDK3 is an Apa I-Pf MI fragment 
from pDKl4210 inserted into the delet~on clone 
pDKl2013 at the Apa I and Aat I sites of the polynker. 
The outer four bases of the 3' end of the Pfl MI end and 
the outer five bases of the 3'  end of the Aat 1 1  end were 
removed with T4 DNA polymerase (Pharmaca Botech) 
before gaton.  This resulted in an in-frame delet~on of 
525 amno acds and addition of a codon for an arginine 
resdue The insert was excsed from ths construct with 
Apa I and Bbs 1 and cloned nto pPL2.7 (as for pDK2). 
For pDK4, pDKA4210 was digested with Bbs I and Bsa 
Wl and the ends of theexcsed fragment were end-filed 
and cloned into pPL2.7 (as for pDK2). Junctions of all 

constructs and pDKl were sequenced with an ABI 
PRISM 310 genet~c analyzer. 

27. Cell n e s  were transformed as descrbed n (25). After 
transformation, samples were divided In two, and 
each poriion was plated onto sol~d BG-11 medum 
[M. M. Allen, J Bacteriol. 96, 836 (1968)l contain~ng 
kanamyc~n (25 kg/ml). Plates were incubated at 25-C 
in 35 KE m-' s-' of e~ther constant red light (West- 
nghouse 20-watt red fluorescent tube, F20T12JR) or 
constant green g h t  (Westinghouse 20-watt green 
fluorescent tube F20T12lG) for 2 weeks 

28. Database searches were conducted with the BLAST 
Network Sewice at the Natonai Center for Botechnol- 
ogy Information [S. F. Altschul, W. G~sh W. Miller, E W. 
Myers D J Lipman, J. Mol. 6101, 21 5, 403 (1 990)] 
Alignments were periornied with the Besffit program 
from the GCG W~sconsin Sequence Analyss Package, 
Mad~son Wi. 

Evolution of Insect Resistance to Bacillus 
thuringiensi~Transformed Plants 

M o r e  than 30 crop species have been ge- 
netically engineered to express Bacillus thu- 
ringiensis endotoxins which are highly toxic 
to specific insect pests (1) .  However, sever- 
al insect soecies have evolved resistance to 
B ,  thuringiensis toxins, and resistance evolu- 
tion could seriouslv cornnromlse the success 
of B .  ~hur ing iens i s~ i ransfkd  crops in con- 
trolling pests (2) .  

Recentlv. D. N. Alstad and D. A. Andow 
(3) proposid a strategy to slow the rate of 
resistance el.olution in the European corn 
borer to B.  tht~ringiensis-tra~lsfc~rmed maize. 
Below, I demonstrate that their conclusions 
are based on an inappropriate co~nparison of 
models. Then I use a general model to dern- 
onstrate whv their strategv iloes not substan- -, 
t~ally reduce' resistance evolution. I conclude 
that changing the distribution of toxic plants 
arnoilg fields is not a silver bullet to combat 
resistance evolution. 

A critical feature of corn borer natural 
history is its preferential migration into the 
most mature stands (the "preferred crop") dur- 
ing the first of its two annual generations. 
Alstail and Aildow state that resistance evo- 
lution can be slowed by using B. thllringiensis- 
toxic plants in the preferred crop, thereby 
creating a "trap crop." Insect densities predict- 
ed by Alstad and Andow's model (Fig. 1A) 
are compared in their report to those obtained 
in a model without preference-biased mirra- 
tion (4). Because preference-biased migration 
concentrates insect densities, it increases den- 
sity dependent ~nor ta l i t~  and reduces insect 
abundance. The i~nprovelnent Alstad and 
Andow attribute to the "trap crop" strategy is 
act~~ally caused by pseference-biased migra- 
tion itself (5). 

The correct cornoarison of densities would 
be among cases having different distributions 

of toxic plants among fields, but retaining 
preference-biased migration. For example, 
consider the case when 72% of the fields 
contain toxic plants, regardless of whether 
they are preferred or nonpreferred (Fig. lB), 
or the case when mixtures of tox~c and non- 
toxic plants are used to reduce Insect survival 
to the same rate in both preferred and non- 
preferred crops (Fig. 1C) (6). In all three 
cases, the reduction in the total insect densitv 
is the same, so strategies can be evaluated in 
terms of the rate of the evolution of resistance 
(7). Alstad and Andow's strategy is only 
slightly better than the second (Fig. lB), and 
worse than the third (Fig. 1C) example. 

I developed a general model, appropriate 
for a laree number of insect pests, to ask " 

how the distribution of toxic plants alnong 
fields affects resistance evolution (8). The 
rate of resistance evolution increases with 
the average per capita reproductive poten- 
tial of resistant insects. R,  at the reduced 
insect density, n,,t,,, created by mortality of 
susceptible insects (9). R is calculated as 

where F is a function giving density-de- 
pendent survival, r denotes the insect's 
intrinsic rate of increase, f is the fraction 
of insects in the preferred crop, and K, and 
K, are the fractions of susceptible insects 
surviving the toxic plants in preferred and 
nonpreferred crops. This equation demon- 
strates the trade-off between reducing in- 
sect density and slowing resistance evolu- 
tion. Because F is a decreasing function, 
lower n,,,,, produces higher R and more 
rapid resistance evolution. It is possible to 
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mitigate this trade-off by changing values 
of K2 and K1. In the nonpreferred crop, 
density dependence is weak (because low 
imm~gration produces smaller popula- 
tions), and therefore the per capita repro- 
ductive potential of resistant insects is 
greater than in the preferred crop. Thus, R 
is lowest when the orooortion of insects 

L .  

killed by toxic plants is higher in the 
nonpreferred crop (K2 5 K,) (10). 

A n  example for the rate of resistance 

preferred crops 

0.2 

toxic plants 

0 5 10 15 20 25 

Generation 

Fig. 1. Insect densities during the first annual gen- 
eration in preferred (solid) and nonpreferred 
(dashed) crops. Densites increase around genera- 
tion 20 because of the increase in resistance allele 
frequency, (A) From the model presented by Alstad 
and Andow ( 7 )  [with the typo in equation 9 in the 
report corrected: )C"' = X ' (1  + aX"')-b] in which 
toxic plants in preferred crops reduce survival to 
0.1 %, (B) A modified model in which 72% of both 
preferred and nonpreferred fields contain toxic 
plants that reduce survival to 0.1 %. (C) The case 
with density-independent survivals of K, = K, = 

15.25% In both preferred and nonpreferred crops. 
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