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Characterization of two genetically distinct groups of marine Synechococcus sp. strains shows that one, but
not the other, increases its phycourobilin/phycoerythrobilin chromophore ratio when growing in blue light.
This ability of at least some marine Synechococcus strains to chromatically adapt may help explain their greater
abundance in particular ocean environments than cyanobacteria of the genus Prochlorococcus.

The cyanobacterial community of the oceans is dominated
by the small unicellular forms of the genera Synechococcus and
Prochlorococcus. Prochlorococcus cells are often numerically
dominant in highly oligotrophic ocean waters, while Synecho-
coccus cells dominate in coastal waters, although the two are
frequently found together (15). In some marine environments,
such as the Sargasso Sea, the relative importance of each group
changes seasonally, with Prochlorococcus strains dominant in
the summer and Synechococcus strains dominant in the winter.
It has been suggested that these two microorganisms compete
for a similar ecological niche, such that the sum of the biomass
of the two genera in the Sargasso Sea is relatively constant (3).

We are only just beginning to understand the genetic diver-
sity of marine cyanobacterial populations. In the California
Current off the coast of California, seven or more genetically
distinct groups of Synechococcus can be identified based on
DNA-dependent RNA polymerase—rpoC1—sequence data
(4, 18, 19). As part of an effort to uncover the physiological
differences between these groups that might reflect their eco-
logical niches, we are examining the pigment characteristics
and other properties of isolates from these groups. For exam-
ple, one of these groups appears to represent strains that
exhibit nonflagellar swimming motility (19).

Several cyanobacterial genera (not phylogenetically closely
related to marine Synechococcus) are known to acclimate to
light quality, especially green-to-red light ratios, through a
process traditionally called complementary chromatic adapta-
tion (5, 17), although this is an acclimation phenomenon.
These cyanobacteria make more of the light-harvesting protein
phycocyanin in red light and more of the protein phycoerythrin
in green light. Photoreceptors similar to plant phytochromes
may control this process in cyanobacteria (7). Interestingly,
because of their widespread use of PUB (phycourobilin) as a
light-harvesting chromophore in the protein phycoerythrin, it
has been suggested that marine Synechococcus strains are evo-
lutionarily adapted to the blue light that dominates the light
field of the open oceans (26). The ratio of PUB to the chro-
mophore PEB (phycoerythrobilin, a chromophore found
mostly in phycoerythrin but potentially also in phycocyanin)
has been thought to be constant for marine Synechococcus
strains, and it has been reported that strains do not alter their

PUB/PEB ratio in response to light quality (1, 20). Thus, it has
been thought that this major group of primary producers does
not acclimate to light quality on physiological time scales
(hours to days) through complementary chromatic adaptation.

The PUB/PEB ratio of Synechococcus cultures (19, 27) and
environmental samples (8, 28) can be readily measured using
fluorescence excitation spectra, using emission at 570 nm from
the terminal PEB energy acceptor of phycoerythrin. The peak
at approximately 495 nm represents excitation of PUB, and the
peak at approximately 545 nm represents excitation of PEB.
When the PUB/PEB ratios of cultures grown under different
light conditions were measured, it was found, as shown below,
that these ratios changed in response to light quality for some
recently reported strains of marine Synechococcus but not for
others.

All strains except WH8020, WH8103, and WH8113 were
grown at 17°C in f/4 (without silica) nutrient-enriched sterile
seawater medium (6) with additional 10 mM EDTA. In some
cases, 100 mM ammonia or urea was provided in the absence of
nitrate. For the strains WH8020, WH8103, and WH8113 which
did not grow well in f/4, SN medium was used (21). White light
was provided during growth by 40-W cool white fluorescent
bulbs and neutral density screening. Blue light (0.12 3 1016

quanta sec21 cm22) or green light (0.04 3 1016 quanta sec21

cm22) was provided by 500-W halogen lamps and blue (no.
862; maximum transmission at 450 nm) or green (no. 874;
maximum transmission at 520 nm) filters from Edmund Scien-
tific. Spectroscopic methods are described in more detail else-
where (19). In Table 1, experiments analyzing live whole cells
are reported, regardless of the nitrogen source.

For a genetically related cluster of strains with high PUB/
PEB ratios (CC9317, CC9318, and CC9305-3) previously iso-
lated from one site in the California Current (18) and grown
under white light, the ratio of the first excitation peak to the
second (excitation [Ex] 495:545) was typically 1.8 (Table 1). In
contrast, a strain from the same site but from a different ge-
netic cluster of strains, CC9311, had a lower PUB/PEB ratio,
with an Ex 495:545 ratio of 0.7 under white or green light
(Table 1; Fig. 1).

When different strains were grown under blue light (0.12 3
1016 quanta sec21 cm22), cells from the first group (CC9317,
CC9318, and CC9305-3) did not significantly change their
PUB/PEB ratio (Table 1). However, CC9311 increased its
PUB/PEB ratio such that the Ex 495:545 was measured at 0.96
to 1.8 (Fig. 1; Table 1). The measured ratio was later shown to
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depend on the acclimation time, with longer times resulting in
higher ratios and incomplete acclimation times (shorter than a
week) giving lower ratios (data not shown, but see Fig. 2). To
emphasize this point we have reported all data in Table 1.
Similar differences in the PUB/PEB ratio for cells of CC9311
grown in blue and white light were also seen using UV-Vis
absorbance spectra of whole cells (data not shown).

To investigate the trigger for PUB/PEB ratio changes,
CC9311 was grown at three white light levels (0.06 3 1016,
0.18 3 1016, and 0.33 3 1016 quanta sec21 cm22), resulting in
Ex 495:545 ratios of 0.69, 0.66, and 0.71, respectively. The
lowest white light intensity was lower than the light intensity
for growth under the blue light conditions described above. In
addition, the Ex 495:545 ratio for CC9311 during white light
growth (0.18 3 1016 quanta sec21 cm22) under conditions of
ammonia, nitrate, or nitrogen starvation remained about 0.7
(0.66, 0.66, and 0.71, respectively) Thus, these strains did not
change their PUB/PEB ratio in response to low light intensity
or nitrogen nutrition, only in response to light quality.

A CC9311 culture growing under blue light was transferred
to green light. Aliquots were removed daily and fixed with
0.25% glutaraldehyde (in contrast to other experiments) and
frozen for later analysis of cell number, using flow cytometry
(FACSORT; Becton Dickinson) and fluorescence. Fixation
does not significantly change PUB/PEB ratios (data not
shown). Green light was chosen in order to push the culture to

its lowest PUB/PEB ratio. This could have been low in the
absence of PUB, since strains without PUB show an Ex 495:
545 ratio of 0.2 (data not shown). However, the ratio under
green light was still found to be about 0.7 (Fig. 2).

The transition to the new ratio was slower than a model
curve for which it was assumed that the cells instantly began
making chromophores at the new ratio (Ex 495:545 of 0.71) but
retained any preexisting chromophores at the starting ratio (Ex
495:545 of 0.97 in this experiment). The growth rate of the
culture under green light was 0.015 h21 (one doubling per
46 h). It was assumed that the phycoerythrin content per cell
was roughly constant. We did not measure the amount of
phycoerythrin per cell, but this may have increased slightly
according to the fluorescence excitation spectra normalized to
the cell number. If this were the case, the predicted model
curve would reach 0.71 faster than the model curve of Fig. 2.

The conclusion from this kinetics experiment is that the cells
did not adapt rapidly to ambient light quality. Synechococcus
cells likely average light intensity and quality over more than 1
day. An examination of the factors influencing the rate of
chromatic adaptation, such as the growth rate, nutrient status,
light quality and intensity, or temperature, will be needed to

TABLE 1. Range of PUB/PEB ratios measured using whole-cell fluorescence excitation spectra of Synechococcus strains

Groupa Strain
PUB/PEB ratio (no. of cultures analyzed)b

White light Blue light

1 CC9311 0.66–0.71 (6) 0.96–1.8 (5)
1 CC9617 0.75 (1) 1.8 (1)
1 WH8020 0.7 (1) 1.7–1.9 (2)
5 CC9317 1.8–1.9 (4) 1.7–2.0 (2)
5 CC9318 1.8–1.9 (4) 1.7–2.0 (2)
5 CC9305-3 1.7–1.9 (5) 1.7–1.8 (3)
3 WH8103 1.2 (1) 1.1 (1)
3 WH8113 1.0 (1) 1.8–1.9 (2)

a Groups are defined by Ferris and Palenik (4).
b The range of measured ratios (Ex 495:545) is reported. Results of all experiments are reported, regardless of the nitrogen source.

FIG. 1. Fluorescence excitation spectra (emission at 570 nm) for
Synechococcus strain CC9311 culture grown under white (thin line) or
blue (thick line) light. The ratio of the two chromophores changes
under different light conditions.

FIG. 2. Kinetics of adaptation of the PUB/PEB ratio (Ex 495:545)
after transfer of a Synechococcus strain CC9311 culture from blue light
to green light. Green light was chosen to see if cells would reach a
PUB/PEB ratio lower than 0.7. Cells adapted more slowly than was
predicted by a simple dilution model in which existing phycoerythrin
with the original PUB/PEB ratio was diluted with newly synthesized
phycoerythrin that had the final PUB/PEB ratio.
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relate this physiological process to water column mixing rates
in marine environments.

Several other strains have been screened for chromatic ad-
aptation. Strain CC9617 was tested, since it was previously
found to be phylogenetically related to CC9311 (Fig. 3).
WH8020, a model strain whose phycobilisome has been char-
acterized genetically and biochemically by Glazer and col-
leagues (14, 23, 24, 25), was also tested. Under blue light
conditions as described above, CC9617 and WH8020 increased
their PUB/PEB ratios (Table 1).

Because it chromatically adapted, we sequenced a fragment
of the rpoCl gene from strain WH8020 in order to examine its
relatedness to CC9311 and CC9617. Sequence data were ob-
tained, and phylogenetic trees were constructed using Neigh-
bor Joining phylogenetic analysis with Jukes-Cantor distances
as described previously (19). GenBank nucleotide sequence
accession numbers for strains listed in Fig. 3 are as follows: for
PRO-MED, accession no. Z11159; for PRO-SS120, Z11160;
for CC9311, AF013607; for WH8020, AF323594; for CC9617,
AF154562; for WH7803, L34061; for WH7805, L34062; for
CC9317, AF013609; for CC9305-3, AF013610; for CC9318,
AF013608; for PCC6307, U52342; for ELAKE, U52343; for
CC9616, AF154561; for CC9605, AF154560; for SS9401,
AF154563; for CC9701, AF155131; for CC9703, AF153338; for
C129, AF153339; for WH8102, AF153336; for WH8103,

L34063; for CC9301, AF153332; for WH8113, AF153335; for
CC9702, AF153337; for WH8011, AF153334; for WH8112,
AF153333; and for CC7942, Z11155.

Despite being isolated at different times from different
oceans, strains CC9311 (isolated in 1993 from the California
Current), CC9617 (isolated in 1996 from the California Cur-
rent), and WH8020 (isolated in 1980 from water near Woods
Hole, Mass.) are phylogenetically related with high bootstrap
values (Fig. 3). This clade thus appears to have evolved or
maintained an ability to respond to changing light conditions in
comparison to the clade containing strains CC9317, CC9318,
and CC9305-3 observed in the same water samples. Interest-
ingly, we found the cluster of strains containing CC9311 and
CC9617 (designated clade 1) in rpoC1 PCR clone libraries
when DNA was obtained from a California Current site influ-
enced by coastal water or recent mixing as indicated by a
shallower than usual depth in maximum chlorophyll concen-
tration. These strains were not found in clone libraries when
the site showed typical highly stratified oligotrophic conditions
(4).

Results using the same blue light conditions suggested that
some of the motile Synechococcus strains that were recently
found to form a phylogenetic cluster (19) may perform this
kind of chromatic adaptation (Table 1). Strain WH8113 but
not WH8103 increased its PUB/PEB ratio in blue light. Thus,
in contrast to the previous two clades, this clade contains
adapters and nonadapters. This may be due to microspeciation
within the motile clade in response to environmental condi-
tions. Two motile strains (WH8113 and WH8112) had been
found to alter their PUB/PEB ratios somewhat in response to
light intensity (20). Thus, for WH8113 and the motile strains in
general, the effects of light intensity and/or nutrient conditions
as triggers of PUB/PEB acclimation need further study.

All marine Synechococcus strains examined to date, includ-
ing strain WH8020, have a phycobilisome containing two phy-
coerythrin proteins (PEI and PEII) with different PUB/PEB
ratios (14). Differential expression of the two phycoerythrin
proteins could explain the phenomenon reported here. For
example, the PEII protein, containing higher levels of PUB,
would be expressed at higher levels under blue light. Alterna-
tively, it is possible that the PUB/PEB ratio could be changed
by enzymatically converting PEB to PUB on existing proteins
as has been proposed for light intensity effects on the PUB/
PEB ratio in the nitrogen-fixing cyanobacterium Trichodes-
mium (16).

Several observations have been made of changes in the
PUB/PEB ratio in relation to depth in the water column. These
observations have been made by flow cytometery (13) and by
fluorometry with natural samples (8, 28). Fluorometrically
measured PUB/PEB ratios of 0.66 (surface) to 1.08 (66 m)
have been found in the Arabian Sea (28). In mesotrophic sites
in the tropical northeastern Atlantic, ratios varied from 0.53
(surface) to 1.33 (60 m) (8). These ratio changes are similar to
the changes found in Table 1. Typically the explanation for
these observations has been the presence of distinct strains
with different PUB/PEB ratios, but the process of chromatic
adaptation reported here is equally likely.

Synechococcus strains are as abundant (or more so) than
Prochlorococcus strains during the winter mixed period in the
Northern Sargasso Sea but are not as successful during the

FIG. 3. Phylogenetic tree of marine Synechococcus isolates based
on sequence data from a 612-bp fragment of RNA polymerase (rpoCl).
CA indicates chromatic adaptation (an increased PUB/PEB ratio) in
blue light relative to white light conditions. NCA indicates no chro-
matic adaptation. The tree suggests that some but not all clades of
marine Synechococcus may have evolved or maintained the ability to
chromatically adapt in order to better compete in changing environ-
mental conditions. Numbers at the nodes are the numbers of times out
of 100 bootstrap trees that the taxa grouped together.
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summer (12). A similar seasonal cycle of Synechococcus and
Prochlorococcus abundance is found in the Red Sea (9). In the
Arabian Sea, which experiences large dramatic seasonal mixing
due to monsoon cycles, Synechococcus strains are remarkably
abundant relative to Prochlorococcus strains during the South-
west and Northeast Monsoon periods (2). The current set of
Prochlorococcus isolates seems to lack chromatic adaptation,
and this genus appears to have speciated into high- and low-
light clades (4, 10, 11, 15, 22). Although several water column
properties change during mixing, Synechococcus cells possess-
ing the ability to chromatically adapt to ambient light intensity
and quality during mixed conditions in either coastal or open
ocean regimes will do better than Prochlorococcus cells finding
themselves in their suboptimal light niche, such as high-light-
clade cells at low light and low-light-clade cells at toxic light
levels. Thus the ability to chromatically adapt may help explain
the global comparative distributions of strains of Synechococ-
cus and Prochlorococcus, the two major unicellular marine
cyanobacterial genera.
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