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ABSTRACr

We have used gene-specific DNA fragments as hybridization probes
to quantitate the levels of transcripts encoding several phycobilisome
polypeptides in the cyanobacterium Fremyella diplosiphon in response to
changes in the light environment. While the levels of transcripts encoding
allophycocyanin, the core linker polypeptide, and the constitutive phy-
cocyanin subunits are similar in F. diplosiphon grown either in red or
green light, the levels of other transcripts change dramatically. Tran-
scripts encoding the inducible phycocyanin subunits are barely detected
in green light-grown cells and very abundant in red light-grown cells,
while the level of phycoerythrin mRNA is approximately 10-fold more
in green than red light-grown cells. Quantitation of the phycoerythrin
and inducible phycocyanin transcripts after transfer of cultures from
green to red light and red to green light demonstrate that both increase
rapidly upon exposure of cells to inductive illumination. The decrease in
the phycoerythrin mRNA level in red light is much slower than the
decline in the levels of the inducible phycocyanin transcripts in green
light. Since the half-lives of the inducible phycocyanin and phycoerythrin
transcripts do not change when F. diplosiphon is exposed to red or green
illumination, the steady state levels of these mRNAs are primarily
controlled by the rate of transcription. Therefore, the high level of
phycoerythrin mRNA maintained for several hours after cultures are
transferred from green to red illumination must result from continued
transcription of the phycoerythrin gene set. Differences in expression
from the phycoerythrin and inducible phycocyanin gene sets in response
to light quality are discussed in terms of possible mechanisms involved
in their regulation.

The phycobilisome, the major light harvesting complex of
eukaryotic red algae and procaryotic cyanobacteria (16, 18-21,
51, 52) is composed of two domains: the core, which is attached
to the thylakoid membranes and includes the major biliprotein
allophycocyanin (Ap,2 absorption maximum approximately 650
nm), and the rods which are associated with the core and
composed of hexameric arrays of either phycocyanin (PC, ab-
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sorption maximum approximately 620 nm) alone or PC and
phycoerythrin (PE, absorption maximum approximately 560
nm). PC hexamers are proximal to the core while PE hexamers
are distal. Overlapping absorption and emission spectra of the
different phycobiliproteins result in unidirectional energy flow
in the phycobilisome to the reaction centers in the thylakoid
membranes (PE to PC to AP to Chl) that is better than 90%
efficient (43). The interactions of the biliproteins with the non-
pigmented linker polypeptides (47) cause minor shifts in the
spectral properties of the associated chromophores and may
increase the efficiency of energy transfer between hexamers (18-
20). Moreover, specific phycobiliproteins in the core of the
phycobilisome (35, 36, 44) serve as energy bridges between the
AP and the reaction center Chl of PSII (18, 38, 39).
The influence of light on the levels of phycobiliprotein com-

ponents has been investigated intensively (see Refs. 3, 22, 23, 45,
and 46 for reviews of pertinent literature). Both light quality (3,
22, 23, 46) and quantity (27, 41, 50) can influence the compo-
sition of the phycobilisome. Generally, high light fluence rates
result in reduced numbers of chromophoric proteins in the
complex (50) and a decrease in the number of phycobilisomes
per cell (27, 34). Some cyanobacteria, such as Fremyella diplo-
siphon, alter the components of their phycobilisomes in response
to changes in the wavelengths of light in the environment, a
phenomenon termed complementary chromatic adaptation (3).
Red light (R) promotes PC synthesis while green light (G) pro-
motes PE synthesis (2, 14, 15, 17). Differences in the complement
of linker polypeptides are also observed in phycobilisomes from
cells maintained in R and G (4, 5, 33).

Several genes encoding both phycobiliprotein subunits and
linker polypeptides (1, 6, 8-11, 25, 30-33, 39, 42) have recently
been isolated. It has been demonstrated with gene-specific DNA
fragments that changes in the protein composition of the light-
harvesting complex correspond, at least qualitatively, to changes
in the levels of transcripts encoding these polypeptides (22, 23).
In F. diplosiphon high levels of PE mRNA are detectable in G-
acclimated cells while low levels are present in R-acclimated cells
(22, 23, 39). Modulation of the level of PC subunits appears to
be accomplished by differential expression from at least two PC
gene sets. Transcripts from one PC gene set (cpcA2B2) are only
detectable in cells grown in R (9) while transcripts from the other
set (cpcA,B,) are constitutively expressed and detected in cells
grown in either R or G (10). In agreement with these findings,
previous reports have demonstrated that in some cyanobacteria
which exhibit complementary chromatic adaptation a set of
constitutively expressed PC subunits is present in R- and G-
acclimated cells while an additional set of PC subunits appears
in R-acclimated cells (4, 5).

In the present study we have acclimated F. diplosiphon to a
constant fluence rate of R or G and measured changes in the
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levels of mRNAs encoding the different phycobilisome compo-
nents after transfer of R-acclimated cells to G and G-acclimated
cells to R. The changes observed in the levels of PE and inducible
PC transcripts during acclimation to the different light qualities
are mostly an effect on mRNA synthesis since the rate ofmRNA
degradation under the different conditions of illumination ap-
pears to remain constant.

MATERIALS AND METHODS

Growth Conditions. Fremyella diplosiphon (Calothrix sp., PCC
7601), a subculture of UTEX#48 1, was grown for 5 d at 32°C in
40 mL of Gorham's medium (26) in an atmosphere of 3% CO2
in air. Cultures were illuminated with 15 ,umol m-2s-' of R or
G. Light from cool white fluorescent lamps (General Electric
F20T12.CW) was either filtered through a R plexiglass filter
(Acrylide 210-0, 6.6 mm thick, maximal transmission at 635
nm, no transmission below 585 nm) or a G plexiglass filter
(Rohm & Haas Plexiglas 2092, 6.7 mm thick, maximal trans-
mission at 540 nm, no transmission below 480 and above 600
nm). The spectral distributions of the light incident on the
samples for each source, measured with a Li-1800 Spectra-
Radiometer (LiCor, Lincoln, NE), are shown in Figure 1.

Gene-Specific DNA Fragments Used for Quantitation of Tran-
scripts. For quantitation of the inducible PC mRNA a 3.7 kbHindIlI fragment containing cpcA2B2 and part of cpcC (which
encodes a linker polypeptide associated with the rod substruc-
ture) (33) was used. This fragment was previously shown to
hybridize specifically to the inducible PC transcripts (a 1600-
and 3800-base transcript; the former encodes PC,a and the latter
PCOa plus three linker polypeptides) (8, 9, 33). The level of PE
mRNA was determined with a 294 bp XbaI fragment from the
cpeBA gene set, which encodes amino acids 6-104 of PE. The
level of the constitutive PC mRNA was determined with a 287
bp HindIlI fragment internal to cpcA, (8). The species used to
quantitate the level of AP mRNAs was a 693 bp PstI/HaeIII
fragment from the apcA1Bl gene set which begins 54 nucleotides
downstream from the first bp of the coding region of APF, while
a 250 bp HaeIII fragment starting 6 nucleotides downstream
from the beginning of the coding region of apcC and ending 55
nucleotides downstream of the termination codon was used to
quantitate transcripts encoding the core linker protein (PG Le-
maux, AR Grossman, unpublished data). The cpcB2A2 and
cpeBA fragments were purified from an agarose gel after digestion
ofpUC8 (containing appropriate inserts) with HindIII and XbaI,
respectively. The other specific fragments were in M1 3, and
single stranded templates were labeled using random primers
(13).
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FIG. 1. Spectral distribution of energy from G- and R-light source.
The sharp peak at 546 nm is the mercury emission line from the
fluorescent lamp.

RNA Isolation and Quantitation. RNA was isolated as de-
scribed previously (10). An equal amount of RNA was either
resolved by electrophoresis on a 1.5% agarose gel under denatur-
ating conditions (9) and transferred directly to nitrocellulose
paper (48), or directly bound to nitrocellulose paper for slot blot
hybridizations as described by Kaufman et al. (28), prior to
probing.

Hybridizations were performed at 67°C (15-18 h, 104 Ceren-
kov counts/slot) in 0.5 M NaCl, 0.1 M NaH2PO4, 0.1 M Tris, 2
mM EDTA, 0.1% SDS. After hybridization, the filters were
washed three times (10 min each time in 0.01 M phosphate buffer
[pH 7.0], 0.02 M EDTA, 0.1% SDS) at room temperature and
once at 67°C for 2 min with the same buffer except that the
phosphate concentration was 0.05 M, and exposed to a Kodak
XAR-5 film (-80°C for 1-8 h).

Rifampicin Treatment. Cells were grown to mid-logarithmic
phase in either R or G. Rifampicin was dissolved in methanol at
a concentration of 100 mg/ml and added to the cultures to a
final concentration of 50 ,g/ml. R- and G-acclimated cultures
were each placed in either the same light in which they were
grown, or the complementary light, immediately following the
addition of the transcription inhibitor. Aliquots of cells were
removed from the cultures at regular intervals and RNA isolated.
The average of three to seven independent experiments was

used to obtain the data presented in the figures. The variation in
the data is of the order of 10% or less.

RESULTS

Characterization of Light Conditions. The G filter used in
these experiments (Fig. 1) was chosen because its transmission
spectrum closely matches the action spectrum for PE synthesis
in another cyanobacterium, Tolypothrix tenuis (12). Vogelmann
and Scheibe (49) also observed maximal PE synthesis at 540 nm,
the peak transmission through the G filter, with essentially no
synthesis below 440 nm and above 590 nm for F. diplosiphon
(see also 24). After growth of F. diplosiphon in G, essentially no
transcript for inducible PC subunits is observed (see below). The
red filter used (Fig. 1) eliminates all wavelengths below 585 nm,
even though 585 nm still allows low levels of PE synthesis (12,
49). Using this filter we observe 5 to 10% of the level of PE
subunits measured in G-acclimated cells (BU Bruns, AR Gross-
man, WR Briggs, unpublished data), and approximately 10% of
the level of PE transcript (see below).

Effect of R and G on the levels of phycobiliprotein transcripts.
RNA was isolated from R- and G-acclimated F. diplosiphon cells
and from cells transferred from R to 6 h of G and from G to 6
h of R. The DNA fragment encoding the inducible PC subunits
(see "Materials and Methods") hybridized to a 1600- and 3800-
base transcript present in cells maintained in R but not detected
in cells maintained in G (Fig. 2A, lanes 1 and 2). These transcripts
have been previously characterized (8, 9, 33). Moreover, inG-
acclimated cells transferred to R for 6 h (Fig. 2A, lane 4), the
inducible PC transcripts accumulate to levels observed in cells
grown continuously in R. Essentially no inducible PC mRNAs
are detectable 6 h after transfer of R-acclimated cells to G (Fig.
2A, lane 3).
The PE-specific probe (see "Materials and Methods") hybrid-

izes to an mRNA species of approximately 1500 bases which is
detectable at low levels in R- and high levels in G-acclimated
cells (Fig. 2B, lanes 1 and 2). In contrast to the results for the
inducible PC transcripts, only a small reduction in the level of
PE mRNA is observed when F. diplosiphon cultures are trans-
ferred from inductive to 6 h of noninductive light (Fig. 2B, lane
4). However, 6 h of G suffices to raise the level of PE mRNA to
that present in RNA preparations from cultures maintained
continuously in G (Fig. 2B, compare lanes 2 and 3).
The levels of other transcripts encoding phycobilisome com-
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FIG. 2. Hybridization of DNA fragments encoding phycobiliproteins to RNA from F. diplosiphon cells grown in R (lanes 1), G (lanes 2),
transferred from R to G for 6 h (lanes 3), transferred from G to R for 6 h (lanes 4). Equal amounts of RNA were separated on denaturing agarose
gels and hybridized to DNA fragments encoding the inducible PC (A)"PE (B), AP (C), the core linker protein (D), and the constitutive PC (E). Sizes
of the hybridizing RNA species, in kilobases, are given to the left of each panel.

ponents are not significantly affected by light quality. Similar
levels of hybridization to the AP fragment are observed with
RNA from cells grown in R, G, G to R (6 h) and R to G (6 h),
as shown in Figure 2C. The predominant transcript which en-
codes AP is 1400 bases and is present at approximately equivalent
levels in all four of the RNA preparations. Similar levels of a
400-base transcript encoding a linker polypeptide associated with
the core of the phycobilisome (33) are also observed among the
four RNA preparations (Fig. 2D). The gene encoding the core
linker polypeptide is contiguous to the gene encoding APG. In
addition to the 400-base transcript, an 1800-base transcript (23)
(apparent in Fig. 2, C and D) which is a polycistronic mRNA,
encodes the core linker polypeptide plus AP"',' (23). The abun-
dance of both the 400- and 1800-base transcripts are similar in
R and G. Recently, low abundance mRNAs of 5200 and 5900
bases (not detectable in these autoradiograms) have also been
shown to encode the AP subunits and core linker polypeptide
(PG Lemaux, AR Grossman, unpublished data). The level of the
constitutive PC transcript, under the conditions of illumination
used here, is not detectably different in R and G. Under different
conditions of illumination we have observed approximately two-
fold more constitutive PC mRNA in R-acclimated cells (10).

Figure 3 shows typical slot blot hybridizations which were used
for quantitating the levels of inducible PC and PE mRNAs upon
transfer of cultures from R to G and G to R. Quantitation of
these mRNA species is presented in the curves ofFigure 4. These
results demonstrate that the inducible PC mRNA decreases or
increases rapidly upon transferring cells from R to G or G to R,
respectively. Changes in PC mRNA levels are essentially com-
plete within 2 h ofthe transfer to either inductive or noninductive
illumination (Fig. 3, panels 1 and 2; Fig. 4, top). In contrast, the
level of PE mRNA increases to a maximum approximately 4 h
following the transfer of cells from R to G, while only a small
decrease in the PE mRNA is observed 4 h after the transfer of
G-acclimated cells to R (Fig. 3, panels 3 and 4; Fig. 4, bottom).
Even 15 h after transferring G-acclimated cells to R, the level of
PE mRNA is significantly higher than in cells maintained con-
tinuously in R (Fig. 4, bottom). Thus, changes in the level of the
PE transcript during acclimation to different light conditions
are slower than the analogous changes for the inducible PC
transcripts.

Effect of Rifampicin on the Steady State Levels of mRNAs
Encoding PE and Inducible PC Subunits. Rifampicin has been
used to block transcription in several prokaryotic organisms,

including cyanobacteria (29). Over the incubation times used in
these experiments, we have found that rifampicin at 50 ,ug/ml
prevents the incorporation of radioactive uridine into trichloro-
acetic acid precipitable material, indicating the cessation ofRNA
synthesis (data not shown). Moreover, accumulation of the in-
ducible PC transcripts after transfer of G-acclimated cells to R,
and of the PE transcript after the transfer of R-acclimated cells
to G is totally prevented if rifampicin is included in the medium
at the time of transfer (data not shown). The effect of rifampicin
on the levels of the mRNAs encoding the inducible PC, the PE,
and the AP transcripts (quantitated by slot blot hybridizations)
in G and R, or upon transfer of cultures from G to R or R to G,
is presented in Figure 5. Within 60 min of the addition of
rifampicin to R-acclimated cells, almost no inducible PC tran-
scripts can be detected (Fig. 5, top). Similar results are presented
for the PE transcripts in both R- and G-acclimated cultures (Fig.
5, middle) and for the AP transcripts in cultures grown in R and
transferred from R to G at the time of rifampicin addition (Fig.
5, bottom). Similar kinetics of the decrease in AP mRNA are
observed if the cultures are maintained in G or transferred from
G to R (at the time of rifampicin application) (data not shown).
Furthermore, the kinetics of decay of the inducible PC and PE
mRNAs do not change if R-acclimated cells are transferred to G
and G-acclimated cells are transferred to R at the same time as
the addition ofrifampicin to the cultures (Fig. 5, top and middle).
From these experiments we estimate the half-lives (t6/2) of the
transcripts encoding the inducible PC, the PE, and the AP
subunits to be approximately 13, 25, and 20 min, respectively.
These results strongly indicate that the maintenance of high
levels of PE and inducible PC mRNAs under inductive light
conditions requires continuous and high level mRNA synthesis.
These data also demonstrate that light quality does not affect the
rate of degradation of the inducible PC, PE, or AP transcripts.
Hence, the effect of light quality on the relative abundance of
inducible PC and PE mRNAs must occur at the level of tran-
scription. Since the abundance of inducible PC and PE mRNAs
decreases upon transfer to noninductive illumination much faster
when rifampicin is included in the culture medium (compare
the data in Figs. 4 and 5), the synthesis ofboth ofthese transcripts
must continue following the transfer to noninductive illumina-
tion, with the level of PE mRNA synthesis being much higher
(for a longer time following the transfer) than the level of
inducible PC mRNA synthesis.

Levels ofmRNA Synthesis during Inductive and Noninductive
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FIG. 3. Slot blot hybridizations ofRNA (2.5 ,g in each slot) to a 3.8
kb HindIll fragment encoding the inducible PC (panels 1 and 2) and a

294 bp XbaI fragment encoding PE (panels 3 and 4). R-acclimated cells
were transferred to G (panels 1 and 3) and G-acclimated cells to R
(panels 2 and 4), for various times (given as hours between panels 1 and
2 and panels 3 and 4) prior to RNA isolation.

Illumination. If steady-state transcript levels reflect both light-
dependent synthesis and light-independent degradation, mRNA
synthesis can be described as

°ks(t) = d[mRNA](t)/dt + 'kd[mRNA](t),
where °ks(t) is the zero-order rate constant of synthesis at time t,
and 'ka(t) the first order rate constant of degradation at time t.
From the data in Figures 4 and 5, °ks was calculated for the
inducible PC and PE transcripts from R- and G-acclimated cells
and from cells transferred from R to G and G to R. The rate
constant for the synthesis of the inducible PC mRNA increases
to a maximum value 90 min after transferring G-acclimated cells
to R and to a minimum 180 min after transferring R-acclimated
cells to G (Fig. 6, top). The rate of PE mRNA synthesis reaches
a maximum 3 h following the transfer of cultures from R to G,
while the rate of synthesis after the transfer of cultures from G
to R decreases very slowly, and even after 13 h in R, 50% of the
maximum rate is observed (Fig. 6, bottom) (note different time
scales). The striking difference in the rate of synthesis of the PE
and inducible PC transcripts after switching from inducing to
noninducing light conditions suggests that different mechanisms

FIG. 4. Relative amount of inducible PC and PE mRNA in F. diplo-
siphon grown in R (A), G (0), R-acclimated cells transferred to G (E)
and G-acclimated cells transferred to R (O). Equal amounts ofRNA (2.5
,ug in each slot) were used for slot blot hybridizations and the radioactive
signals were quantitated with a scanning densitometer (Hoefer Scientific
Instruments, USA). The level of inducible PC mRNA in R-acclimated
cells, and the level of PE mRNA in G-acclimated cells (time 0 for R-
and G-grown cells, respectively) was taken as 100%. The data presented
are from six independent RNA extractions.

may be involved in regulating the expression from these gene
sets.

DISCUSSION

The data presented above result from an initial examination
of the effect of light quality on the accumulation and synthesis
of transcripts encoding components of the phycobilisome. The
levels of transcripts encoding the AP subunits, the core linker
polypeptide, and the constitutive PC subunits are similar in the
R and G used in these experiments. In contrast, very large
increases in the levels of PE and inducible PC mRNAs occur
rapidly after transferring F. diplosiphon from R to G and G to
R, respectively. The G used in these experiments was effective
in eliminating essentially all inducible PC mRNA synthesis while
the R did not eliminate all PE mRNA synthesis. Under our
condition of R the cells contain between 5 and 10% of the PE
chromoprotein present in cells maintained in G (BU Bruns, AR
Grossman, WR Briggs, unpublished data) and the level of PE
mRNA is approximately 10% of that observed in G-acclimated
cells. PE mRNA reaches a maximum level of accumulation 4 h
after transferring R-acclimated cells to G, while the inducible PC
mRNA reaches a maximum 2 h after the transfer ofG-acclimated
cells to R. The decline in PE and inducible PC transcripts upon

1080

A 2

3-



PHYCOBILIPROTEIN TRANSCRIPT ACCUMULATION AND LIGHT ACCLIMATION

0 10 20 30 40
Time (min)

50 60

120

1io0 ---------------------------

0

0
>

0

_oL

0

WI

0

a

-i

0

0
0

L.

0

0-

PI
9;

80

60 [

40

20

A

.5 1 1.5 2 2.5 3
time (h)

8 10
time (h)

100

^ AP-mRNA

50

10

5

0 15 30 45 60 75 90
Time (min)

FIG. 5. The effect of rifampicin (50 ,ug/ml) on inducible PC (upper
panel), PE (middle panel) and AP (lower panel) mRNA levels in F.
diplosiphon cultures grown in R (C), G (0), and transferred from R to
G (O) or G to R (A) at the time of rifampicin application. The mRNA
levels measured were normalized to mRNA levels determined at t = 0
(taken as 100%).

transfer of cells to noninductive conditions of illumination pro-
ceeds much more slowly for the former than for the latter. Indeed,
for the PE transcript only a 20 to 30% decrease is observed 8 h
following the transfer of G-acclimated cells to R. In contrast, 2
h after the transfer of R-acclimated cells to G, the inducible PC
mRNA is barely detectable.

In the experiments presented above, we used a mutant strain
of F. diplosiphon, Fd33 (7) which has reduced filament length
and therefore grows as individual colonies on agar plates. This is
of considerable benefit in genetic studies and mutant analyses
where it is essential that the organism grow as discrete colonies.

FIG. 6. Estimations of the rate constants of synthesis (°ks) for induc-
ible PC and PE mRNA at various times after the transfer of R-acclimated
cells to G (E) and G-acclimated cells to R (O) using the data in Figs. 4
and 5 and the equation shown in "Results." (-----) °ks in R-acclimated
cells; (- -----) °ks in G-acclimated cells. For the inducible PC mRNA
(PE mRNA) the °ks value in R (G) was taken as 100% (to which all other
values were normalized).

This mutant exhibits complementary chromatic adaptation qual-
itatively similar to that ofthe wild type strain (7) (BU Bruns, AR
Grossman, WR Briggs, unpublished data). Furthermore, the
kinetics of accumulation of the PE and inducible PC transcripts
in wild-type cells during shifts from one light quality to the other
are similar to those observed in Fd33 (R Oelmuller, WR Briggs,
AR Grossman, unpublished data).

Both synthesis and degradation are involved in determining
the absolute level of a transcript. To determine the contribution
of these processes in the differential accumulation of the bilipro-
tein transcripts during complementary chromatic adaptation, we
measured the tl/2 ofthe specific biliprotein mRNAs, using rifam-
picin to block de novo RNA synthesis, under the different con-
ditions of illumination. The t1/2 of the inducible PC, PE and AP
transcripts are approximately 13, 25, and 20 min, respectively.
These values do not appear to be significantly affected by the
conditions of illumination. Therefore, the slow decline in PE
mRNA upon transfer of cultures from G to R relative to the
decline in inducible PC mRNA when cultures are transferred
from R to G, is not a consequence of a differential light effect
on transcript stability, but must be due to sustained synthesis of
PE mRNA even after cultures are placed in noninductive light.
Moreover, the slower decrease in the rate of PE-mRNA synthe-
sis-compared to the inducible PC-mRNA synthesis-after
transfer of the cultures from inductive to non-inductive light
conditions cannot be caused just by the leakiness of our G light
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source which still allows 10% PE-mRNA synthesis (Fig. 6), but
must be the result of differences in the mechanism of their light
regulation. In the case of inducible PC mRNA, acclimation of
the rate ofmRNA synthesis to new light conditions occurs within
3 h while even after 15 h in R, PE mRNA synthesis is not yet
acclimated (Fig. 6). These results are in agreement with the
finding that there is an increase in the levels of the PE subunits
(normalized to AP) for approximately 24 h after transferring
cultures from G to R (BU Bruns, AR Grossman, WR Briggs,
unpublished data). They also strongly suggest that light regulation
of PE and inducible PC mRNA abundance occurs via transcrip-
tional control.
Although it is unknown whether the PE gene set is controlled

by a negative or positive regulatory element, the gradual decline
in the level of PE mRNA after switching cultures from G to R,
in our opinion, favors the latter, and may result from dilution of
a cellular factor important in promoting expression from the PE
gene set. The more rapid decline in inducible PC mRNA synthe-
sis (synthesis declines by 50% approximately 10 min after trans-
ferring cultures from R to G, see Fig. 6) suggests either that a
negative regulatory element is synthesized rapidly after the cells
are transferred from R to G, or, that if a positive regulatory
protein is responsible for the activation of the PC gene set, it is
unstable in G. These ideas may be testable using inhibitors of
protein synthesis. Such experiments, combined with other bio-
chemical and genetic analysis, will help define the molecular
species responsible for altered PE and PC synthesis, as well as
the synthesis of other light-regulated gene products during com-
plementary chromatic adaptation. Furthermore, since the light
effect observed appears to be primarily on transcription, this
system lends itselfto a more quantitative photobiological analysis
to examine some properties of the photoreceptor(s) involved.
Such studies are presented in the accompanying article (40).
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