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 c¢r4 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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Similarity of a Chromatic Adaptation Sensor to
Phytochrome and Ethylene Receptors

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, rcak, 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.

The phycobilisomes (PBS), macromolecular
complexes in cyanobacteria that are peripher-
ally associated with thylakoid membranes,
harvest light energy in the visible region of
the electromagnetic spectrum between 540
and 660 nm and efficiently 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-
mented linker polypeptides. In the filamen-
tous cyanobacterium Fremyella diplosiphon, the
major species of phycobiliproteins are allophy-
cocyanin (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 (2).

As noted almost a century ago (3), the
pigmentation of cyanobacteria can change in
response to light quality; these changes reflect
an altered pigment-protein composition of
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the PBS. In F. diplosiphon, red light causes the
synthesis of large amounts of the blue chro-
moprotein PC and small amounts of the red
chromoprotein 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 in PBS pigment-protein
composition in response to different wave-
lengths of light is called complementary 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 differences
in composition 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-inducible PE genes, designated cpeBA
(4). The genes encoding linker polypeptides
associated with PCi and PE are also regulated
by light quality (5).

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

VOL. 273 '« 6 SEPTEMBER 1996

11

REPORTS

. D. W. Banner et al., Cell 73, 431 (1993).

12. G. Pearce, D. Strydom, S. Johnson, C. A. Ryan,
Science 253, 895 (1991).

13. D. M. Braun and J. C. Walker, Trends Biochem. Sci.
21, 70 (1996).

14. C. Chang, S. F. Kwok, A. B. Bleeker, E. M. Meyer-
owitz, Science 262, 539 (1993).

15. B.D.Kohorn, S. Lane, T. A. Smith, Proc. Natl. Acad.
Sci. U.S.A. 89, 10989 (1992).

16. P. van der Geer, T. Hunter, R. A. Lindberg, Annu.
Rev. Cell Biol. 10, 251 (1994).

17. K. U. Torii et al., Plant Cell 8, 735 (1996); H.-S. Lee,
B. Karunanandaa, A. McCubbin, S. Gilroy, T.-h. Kao,
Plant J. 9, 613 (1996); J. B. Nasrallah, S. J. Rundle,
M. E. Nasrallah, ibid. 5, 373 (1994).

18. R. F. Barker, D. V. Thompson, D. R. Talbot, J. Swan-
son, J. L. Bennetzen, Nucleic Acids Res. 12, 5955
(1984).

19. We thank J. Cicero for technical assistance. Sup-

ported by an NSF postdoctoral fellowship to P.W.B.
awarded in 1992 and the Florida Agriculture Experi-

ment Station. Journal series number R-05317.

2 May 1996; accepted 8 August 1996

FdR strains always express PE and cannot
express PCi; they are always red. FdB strains
appear bluer than wild-type cells and are
less sensitive to light quantity; it takes a
greater fluence rate to suppress PCi synthe-
sis in FdB strains than in wild-type cells
(11). In 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 two-
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
(73 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. 1). It
includes open reading frames (ORFs) I, II,
and III. ORFIII is truncated in the region
encoding the NH,-terminus of the putative
protein. Subclones were modified (Fig. 1)
from pDKI1 and used for further comple-
mentation tests.

Results of complementation studies with
each of the modified clones 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 complement
the mutant phenotype, although it rescues
another class of CCA mutants and there-
fore must produce functional ORFII protein
(14). Spectral measurements demonstrate

1409



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

1 1673

\
pDK1

3640 3651 4025 4036 440%

B
1 n m

1198 4209

\ —7r

pDK2
—_—
11?8 2012 3585 1 4209
|
pDK3
1l
1198 3798
 —
pDK4

_—
1

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 pDK1, 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 ORFIIl; pDKS, in-frame deletion from ORFI;
pDK4, deletion of ORFIII and truncation of ORFII.

Fig. 2. Phenotypes of the FdBk strain trans-
formed with plasmids containing ORFI and ORFII
(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). FdBkK cells transformed
with unmodified pPL2.7 did not exhibit CCA.
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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 NH,-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
(15). This similarity exists primarily in regions
of this domain designated region [ and region
III (Fig. 3A and Table 1). The RcaE sequence
is significantly diverged from plant phyto-
chrome sequences in region II. In particu-
lar, it lacks conserved amino acids that are

Fig. 3. Amino acid se-

associated with 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, Gl1,
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
with plant putative ethylene receptors [(13,
16, 17) GenBank numbers 754099 and
U41103] (Fig. 3B), which are similar to

sensors of two-component regulatory sys-

) RcaE  MNIAACDLLGLPRQQLKGQALSNFITAEFTRQPKSVGFPSGKSLMGELLV 50
quence of the predicted RcaE  VSAAQTPREMEYTLTPNVLPHCHLLLLRDISQRRESMQAELRQQQQRVEL 100
RPaE protein - showing RcaE  FSEVTLKIRQSLQLKEIL! EVQRILOADRVLIYHVLPDGTGKTISE 150
alignments to a phyto- T R E N
chrome from Arabidop- PHYE VVEDVQRLTGYDRVMVYQFHEDDHGEVVSE 254
. . . I
sis, a bacterial sensor ki- RcakE SVLPDYPTLMDLEFPQEVFPQEYQQLYAQGRVRAIA HDPTAGLAE 197
nase from Bacillus subti- PHYE  IRRSDLEPYLGLHYPATDIPQAARFLFKQNRVRMICDCNATPVKVVQSEE 304
lis, and several higher i °
p|an‘[ pu‘[a‘[ive ethy|ene RCAE .t iiiiienennnnnnn (IZLVEFVDQFHIKTKLIVPIVQNLNANSQN WG 230
[ |11
response sensors (@8). PHYE  LKRPLCLVNSTLRAPHGCHTQYMANMGSVASLALAIV..VKGKDSSKLWG 352
(A) Rcak amino acid se- e T 111 T -
TIAHQ. - vvovvvvvr--
quence, deduced from ca = lQ ID vn?wv?t:rfnf::.nqqqu IALSQAQL 267
nucleotide sequence of PHYE LWGHHCSPRYVPFPLRYACEFLMQAFGLQLQMELQLASQ 393
ORH‘ (b}’ US'”S th? first RcaE  LGRLEEVVAARTAELQEEINVRMOAEAALRQSEEQLRLITNALPVLIAYV 317
methionine), is aligned RcaE  DEQQQYRFNNQAYQDWLGQSPQKIYGSHLRQVWGEDCYQRMEVYVKTALS 367
with the chromophore RcaE  GQAVNYENDIVLRDGSWRAVDVTYIPHLDDENMVKGFFALSSDISDRKAI ~ 417
- H
attachment domain of RcaE  ERMKDEFISI] HELRTTLTSLHSALKILATGRLGTLSTEGQQMLGIADD 467
i i INEIE
Arabidopsis PHYE (29) PhoR HELKTP1 366
and conserved motifs
from the histidine kinase RcaE STERLVRLVNNVLDLQRIEscxvIMBCQACNM%MIQAAEAMQAMAQQQ 517
domain of PhoR [the RcaE  EVTLVKQPQDISVWADADYILQALTNLLSNATKFSSPGGUVWLTVEQEKN 567
sensor protein involved PhoR |A£T;Tpséés o8
in the acclimation of B. G1 F G2
subtilis to DhOSphOI’US RcakE SSNNPKEWFRTRTETQ(I;TPAI??I:LTJl.xixi.}lul- U‘Illi) ulnl(n I(I3T<I;II.(|;II4T 617
deprivation (30)] Se- PhoR NADSGIGIQKEEIPR[I FERFIYRVDKDRSRNSGGTGLGL 541
quence identity and sim-
ilarity are represented by RcaE  ICRKIIEQHNGRIWAESTPGCGSTFAFTLPTLEYANIQ 655
vertical lines and dots, B
respectively.  Regions NH, | || | B I [T ] cooH
designated | and Il are oL RoL H }?6
significantly similar be- (14/25) (22/28)
tween RcaE and eukary- c
otic phytochromes (Ta- T2L Block R2L Block
ble 1). The region desig-
; s RcaE 105 TLKIRQSLQLKEILHTTVTEVQRIL 241 RQWVDFELELMQQLADQISIALSQAQLL
nated llis less similar and T I [l el e 2|11z ] e
contains a cysteine that  Cons THEIRSTLDRHTILKTTLVELGRTL RKWREHELELVEWADQVAVALSHAAIL
h Rers 150 THGIRRTLDRHTILRTTLVELGKTL 286 RKWRDHELELVENVADQVAVALSHAAIL
may correspond t0 thé  aetr 150 THEIRSTLDRHTILKTTLVELGRTL 286 RQWHVHELELVEVVADQUAVALSHAAIL
cysteine that binds the LYer 34 THEIRSTLDRHTTLKTTLVELGRTL 169 RKWREHELELVQVVADQVAVALSHAAIL
n h f oh SOer 165 THEIRSTLDRHTILKTTLVELGRTL 300 RQWHVHELELVEVVADQVAVALSHAAIL
chromophore of phyto- 5o, 150 THEIRSTLDRHTILKTTLVELGRTL 285 RKWREHELELVQVVADQUAVALSHAAIL

chromes of plants. Gaps

were introduced into the sequences to optimize the alignment (28). Alignments of the bacterial sensor
kinase motifs H, N, G1, 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
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 Z54099; SOer, GenBank number U41103; and SOnr (77)]. In all
six sequences, these blocks are separated by either 110 or 111 amino acid residues. Abbreviations for
the amino acid residues are as follows: A, Alg; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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tems. RcaE and the ethylene receptors have
similar H, N, G1, F, and G2 domains (18).
The NH,-terminal sequences of the puta-
tive ethylene receptors contain two addi-
tional motifs, T2L and R2L, that are also
present in the NH,-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 ReaE ‘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
NH,-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.

Qur 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 1
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-

Table 1. Relatedness of regions | and Il and region Il of RcaE to Arabidopsis (Arab.) PHYE and
several RcaE-related hypothetical proteins from Synechocystis (Syn.), and of regions | and Il and
region |l of Arabidopsis PHYE to RcaE and RcaE-related hypothetical proteins from Synechocystis.
Database numbers are used to identify the Synechocystis sequences, with GenBank accession
numbers provided in parentheses. Numbers shown are percent identity; bracketed numbers are

percent similarity. NA, not applicable.

Relatedness to

Relatedness to Arab.

Sequence RcaE regions PHYE regions
land Il I | 'and Il I
Arab. PHYE 37 [62] 13[40] NA NA
Syn. 1001288 (D64003) 39 [61] 33 [60] 35[52] 21[42]
Syn. 1001300 (D64006) 37 [61] 28 [45] 22 [58] 26 [50]
Syn. 1001165 (D64001) 30 [53] 13 [40] 53 [75] 29 [48]
Syn. 1001174 (D64001) 26 [48] 23 [43] 23 [46] 19 [40]
RcakE NA NA 37 [62] 13 [40]
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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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inghouse 20-watt red fluorescent tube, F20T12/R) or
constant green light (Westinghouse 20-watt green
fluorescent tube, F20T12/G) for 2 weeks. -

Database searches were conducted with the BLAST
Network Service at the National Center for Biotechnol-
ogy Information [S. F. Altschul, W. Gish, W. Miller, E. W.
Myers, D. J. Lipman, J. Mol. Biol. 215, 403 (1990)].
Alignments were performed with the Bestfit program
from the GCG Wisconsin Sequence Analysis Package,
Madison, WI.
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TECHNICAL COMMENTS searsnerammrme s

Evolution of Insect Resistance to Bacillus
thuringiensis-Transformed Plants

More 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 species have evolved resistance to
B. thuringiensis toxins, and resistance evolu-
tion could seriously compromise the success
of B. thuringiensis—transformed crops in con-
trolling pests (2).

Recently, D. N. Alstad and D. A. Andow
(3) proposed a strategy to slow the rate of
resistance evolution in the European corn
borer to B. thuringiensis—transformed maize.
Below, I demonstrate that their conclusions
are based on an inappropriate comparison of
models. Then I use a general model to dem-
onstrate why their strategy does not substan-
tially reduce resistance evolution. I conclude
that changing the distribution of toxic plants
among 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.
Alstad and Andow state that resistance evo-
lution can be slowed by using B. thuringiensis—
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 migra-
tion (4). Because preference-biased migration
concentrates insect densities, it increases den-
sity dependent mortality and reduces insect
abundance. The improvement Alstad and
Andow attribute to the “trap crop” strategy is
actually caused by preference-biased migra-
tion itself (5).

The correct comparison of densities would
be among cases having different distributions
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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. 1B),
or the case when mixtures of toxic 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 density
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. 1B), and
worse than the third (Fig. 1C) example.

[ developed a general model, appropriate
for a large number of insect pests, to ask
how the distribution of toxic plants among
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, ., created by mortality of
susceptible insects (9). R is calculated as

R = rfF[fKn_ ;.| + (1 = HF(1 = HKn,00]
(1)

where F is a function giving density-de-
pendent survival, v 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 K, and K. In the nonpreferred crop,
density dependence is weak (because low
immigration 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 proportion of insects
killed by toxic plants is higher in the
nonpreferred crop (K, = K,) (10).

An example for the rate of resistance
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Fig. 1. Insect densities during the first annual gen-
eration in preferred (solid) and nonpreferred
(dashed) crops. Densities 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: X = X""(1 + aX'")~?] 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.




