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Eukaryotic algal phytochromes span the
visible spectrum
Nathan C. Rockwella, Deqiang Duanmua, Shelley S. Martina, Charles Bachyb, Dana C. Pricec, Debashish Bhattacharyac,
Alexandra Z. Wordenb,d, and J. Clark Lagariasa,1

aDepartment of Molecular and Cellular Biology, University of California, Davis, CA 95616; bMonterey Bay Aquarium Research Institute, Moss Landing, CA
95039; cDepartment of Ecology, Evolution, and Natural Resources, Institute of Marine and Coastal Sciences, Rutgers University, New Brunswick, NJ 08903;
and dIntegrated Microbial Biodiversity Program, Canadian Institute for Advanced Research, Toronto, ON, Canada M5G 1Z8

Contributed by J. Clark Lagarias, January 29, 2014 (sent for review December 9, 2013)

Plant phytochromes are photoswitchable red/far-red photorecep-
tors that allow competition with neighboring plants for photo-
synthetically active red light. In aquatic environments, red and
far-red light are rapidly attenuated with depth; therefore, photo-
synthetic species must use shorter wavelengths of light. Neverthe-
less, phytochrome-related proteins are found in recently sequenced
genomes of many eukaryotic algae from aquatic environments. We
examined the photosensory properties of seven phytochromes from
diverse algae: four prasinophyte (green algal) species, the hetero-
kont (brown algal) Ectocarpus siliculosus, and two glaucophyte
species. We demonstrate that algal phytochromes are not limited
to red and far-red responses. Instead, different algal phytochromes
can sense orange, green, and even blue light. Characterization of
these previously undescribed photosensors using CD spectroscopy
supports a structurally heterogeneous chromophore in the far-red–
absorbing photostate. Our study thus demonstrates that extensive
spectral tuning of phytochromes has evolved in phylogenetically
distinct lineages of aquatic photosynthetic eukaryotes.

biliprotein | photoswitch | photochemistry | bilin | tetrapyrrole

Modern human societies rely on agriculture and related
practices such as aquaculture to provide consistent, efficient

food production. These processes ultimately rely on photosynthetic
organisms to produce foodstuffs or fodder. Terrestrial crop plants
are grown at very high density under modern agricultural practices,
causing competition between individual plants for light. Land plants
detect such competition through the photoreceptor phytochrome,
which uses the ratio of red to far-red* light to sense the ambient
light environment (1, 2). In shaded, far-red–enriched environ-
ments, plants trigger the shade avoidance response. Effects of this
response include diversion of biomass from leaf to stem, reduced
root systems, and reduced crop yield. Phytochrome acts as a master
regulator both of shade avoidance and of light-dependent devel-
opment or photomorphogenesis (1–6).
Plant phytochromes are conserved multidomain proteins using

linear tetrapyrrole (bilin) chromophores (1). Phytochromes are
also found in streptophyte algae, cyanobacteria, other bacteria,
fungi, and diatoms (7–9) All phytochromes use a conserved,
knotted N-terminal photosensory core module (PCM) (Fig. S1)
(10–12) in which a bilin chromophore is covalently linked to a
conserved Cys residue (1). Different bilins can serve as chro-
mophore precursor (Fig. S1), with distinct Cys residues providing
the covalent attachment sites for phytobilins and for biliverdin
IXα (BV) (CysC and CysA, respectively; Fig. S2). Light ab-
sorption by phytochromes triggers photoisomerization of the
bilin 15,16-double bond between 15Z and 15E configurations
(13–16). In plant phytochromes, the dark-stable form is the red-
absorbing 15Z Pr photostate (1, 9). Photoconversion yields a
metastable far-red–absorbing 15E Pfr photoproduct. Pr can be
rapidly regenerated photochemically by far-red light; therefore,
photobiological phenomena regulated by phytochrome are typ-
ically modulated by the relative amounts of red and far-red light.
Although essential for normal plant growth and development

(17, 18), phytochrome would seem less useful for aquatic

organisms because red and far-red light do not penetrate water
to depths greater than a few meters (19). Indeed, phytochrome is
absent in the rhodophyte (red alga) Chondrus crispus, found
from intertidal regions to ∼20-m depth (20, 21). Similarly, the
green alga Chlamydomonas reinhardtii lacks phytochrome de-
spite retaining the ability to synthesize the bilin chromophore
phycocyanobilin (PCB) (22). However, recent genomic studies
reveal the presence of phytochrome genes in a broad range of
eukaryotic algae spanning several lineages (Fig. 1). These taxo-
nomically diverse algae include the tiny prasinophyte Micromonas
pusilla (≤2 μm in size), the freshwater glaucophyte Cyanophora
paradoxa, and the complex, multicellular Ectocarpus siliculosus
(23–25). These widespread phytochromes in distantly related
algae lead to the question of spectral sensitivity: do these proteins
retain red/far-red photocycles for specialized function when the
algal cell is near the surface, or do they exhibit distinct spectral
responses reflecting the individual algal environments?
To date, photochemical properties have only been reported

for algal phytochromes from charophytes (26–28), organisms
associated with shallow freshwater ecosystems (29). These pro-
teins exhibit red/far-red photocycles similar to those of land plant
phytochromes, which are the closest extant relatives of charophytes
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(Fig. 1). The present study was therefore undertaken to assess
the photosensory behavior of phytochromes from a more diverse
range of eukaryotic algae: four prasinophyte phytochromes; one
heterokont phytochrome, EsilPHL1 from the phaeophyte (mul-
ticellular brown alga) E. siliculosus; and two glaucophyte phy-
tochromes.† Several of these phytochrome genes were detected
as part of an ongoing transcriptomic study of algal evolution and
are not yet complete. Nevertheless, existing gene models allow us
to examine the photosensory properties of the truncated PCM
region (Fig. S1) using heterologous expression in Escherichia coli
cells engineered to coproduce various bilin chromophores (30–
33). These algal phytochromes exhibit diverse photocycles ranging
from blue to far-red, revealing algal phytochromes as an unex-
pectedly diverse group of photoreceptors. Our studies herald
future insights into algal photobiology and demonstrate the value
of moving beyond model systems to assess diversity within a given
protein family across the eukaryotic tree of life.

Results
For phytochromes analyzed to date, the PCM module alone is
sufficient to confer spectral properties indistinguishable from
those of the full-length protein (1, 9, 12, 32). We therefore used
synthetic genes to express PCM truncations recombinantly (Figs.
S1 and S3). Bilin biosynthetic enzymes are not normally present
in E. coli; therefore, this approach requires an explicit choice of
bilin precursor. We therefore had to predict physiologically
“correct” bilins for the algal phytochromes examined in this
study. PCB is the logical chromophore precursor for prasinophyte
phytochromes (Fig. 1), because both charophyte and chlorophyte
algae have been shown to produce PCB (22, 27). The presence
of PCB-containing subunits in glaucophyte phycobiliprotein
light-harvesting complexes (34) implicates PCB as the physio-
logically relevant bilin for glaucophyte phytochrome sensors
(GPSs) as well. We therefore characterized prasinophyte and
glaucophyte phytochromes after coexpression with PCB bio-
synthetic machinery.
The chromophores of phytochromes from photosynthetic het-

erokonts such as diatoms and the phaeophyte Ectocarpus are less
straightforward to predict. It is possible that these proteins are

able to sense other signals or to signal without chromophore (35).
Heterokont algae lack phycobiliproteins, but their genomes re-
tain ferredoxin-dependent bilin reductases (FDBRs) required
to synthesize phytobilins from BV (24, 36). The Ectocarpus phy-
tochrome EsilPHL1 contains both the conserved Cys found in
phytobilin-binding plant and cyanobacterial phytochromes and
the Cys residue known to bind BV in bacteriophytochromes
(BphPs) and fungal (Fph) phytochromes (Fig. S2). Heterokont
FDBRs have not yet been experimentally characterized, but
heterokont plastids are derived from rhodophytes (37) that were
presumably able to synthesize phycoerythrobilin (PEB) ances-
trally (Fig. 1). PEB is synthesized in two steps, with initial re-
duction of the bilin 15,16-double bond followed by reduction of
the A-ring vinyl side chain (38). The latter reaction is equivalent
to that performed by the FDBR HY2 in converting BV into
phytochromobilin (PΦB) in land plants (38). We therefore ex-
amined EsilPHL1 with three possible chromophore precursors:
BV itself and the phytobilins PEB and PΦB.

Prasinophyte Phytochromes Extend Light Sensing into the Orange
Window. All four prasinophyte phytochromes were expressed
and purified as photoactive PCB adducts (Fig. S3 and Table S1).
TastPHY1 from Tetraselmis astigmatica exhibited a red/far-red
photocycle (Fig. 2A) with peak wavelengths at 648 nm (Pr) and
734 nm (Pfr). This photocycle was similar to those of cyano-
bacterial and charophyte phytochromes using PCB (26, 28, 39).
The other three proteins instead exhibited unexpected photo-
cycles (Fig. 2 B–D) in which the 15Z dark state was significantly
blue shifted into the orange or yellow region of the spectrum
(584–614 nm; Table S1). The 15E photoproduct state in these
proteins was also variable, with a peak ranging from 690 to
726 nm (Table S1). These results demonstrate that prasinophyte
phytochromes exhibit the expected far-red–absorbing photo-
products, but dark-state absorption for such proteins is often
blue-shifted.

Heterokont Phytochrome Extends Light Sensing into the Green Window.
Expression of EsilPHL1 with coproduction of BV or PEB resulted
in little to no purified EsilPHL1 holoprotein (Fig. 3A and Fig.
S3). Protein-bound pigment fluorescence at lower apparent
molecular weight could be detected by zinc blotting in the PEB
preparation (Fig. S3). This likely reflects the presence of small
amounts of porphyrin rather than bilin (Fig. 3A, double dagger),
as has been seen in other heterologously expressed phyto-
chromes (31, 40). In contrast to these results, coproduction of
EsilPHL1 with PΦB yielded a photoactive holoprotein (Fig. 3A
and Fig. S3). EsilPHL1 exhibited a previously undescribed far-

Fig. 1. Phytochrome distribution in photosynthetic eukaryotes. A simplified
evolutionary scheme for evolutionary relationships among eukaryotes is
shown. Source organisms are indicated by genera; larger groupings are in
parentheses. The presence of phytochromes (bold) is indicated. Organisms
with known bilin composition are color-coded.

Fig. 2. Light sensing by prasinophyte phytochromes. (A) Phytochrome
TastPHY1 from T. astigmatica exhibits a red/far-red photocycle. Peak wave-
lengths are indicated for the 15Z red-absorbing dark state (blue) and 15E far-
red–absorbing photoproduct (orange), with bilin configuration assigned by
acid denaturation (42). (B) NpyrPHY1 from N. pyriformis exhibits an orange/
far-red photocycle. (C) PcolPHY1 from P. coloniale exhibits a yellow/far-red
photocycle. (D) DtenPHY1 from D. tenuilepis exhibits an orange/far-red
photocycle.

†Phytochromes from the following algae were characterized: the prasinophytes Tetraselmis
astigmatica CCMP880 (TastPHY1), Nephroselmis pyriformis CCMP717 (NpyrPHY1),
Prasinoderma coloniale CCMP1413 (PcolPHY1), Dolichomastix tenuilepis CCMP3274
(DtenPHY1); the phaeophyte Ectocarpus siliculosus (EsilPHL1; GenBank locus tag
Esi_0437_0011); and the glaucophytes Cyanophora paradoxa CCMP329 (CparGPS1)
and Gloeochaete wittrockiana SAG 46.84 (GwitGPS1).
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red/green photocycle, with dark-state absorption at 688 nm and
photoproduct absorption at 556 nm (Fig. 3A and Table S1).
Photoproduct absorption was similar to that seen with the PΦB
adduct of the distantly related cyanobacteriochrome (CBCR)
photosensor NpR6012g4 from Nostoc punctiforme (Fig. 3B),
but the dark state was red-shifted. We propose that CysC in
EsilPHL1 (Fig. S2), a residue conserved in plant phytochromes
using PΦB, is responsible for chromophore attachment.
The mechanistic basis for this far-red/green photocycle has not

yet been elucidated. One possibility is that the covalent linkage
to the bilin is only stable in the photoproduct state, such that the
dark state has a longer conjugated system. The presence of an
apparent side population (Fig. 3A, asterisk) confounds testing
this model via the zinc blot assay (41), because this assay does
not discriminate between such subpopulations. Bilin biosynthesis
in Ectocarpus has not yet been addressed, but our results dem-
onstrate that EsilPHL1 can use phytobilin chromophores to
function as a photosensor.

Glaucophyte Phytochrome Sensors Extend Light Sensing into the Blue
Window. The domain architectures of glaucophyte GPS proteins
are distinct from the stereotyped architectures of plant and
prasinophyte phytochromes (Fig. S1). GPS phytochromes are
also diverse spectrally. CparGPS1 from C. paradoxa exhibited an
unusual blue/far-red photocycle (Fig. 3C and Table S1). The two
CparGPS1 photostates are similar to the violet and red photo-
states of the trichromatic cyanobacterial phytochrome NpF1183
from N. punctiforme (42), but both photostates are red-shifted in
CparGPS1 (Fig. 3D). NpF1183 has a two-Cys photocycle, with
a second covalent linkage to the chromophore forming in the
15Z dark state to produce the large blue shift (42). The second
Cys in NpF1183 is immediately adjacent to the conserved Cys
attached to the bilin A-ring, and such a second Cys is also
present in CparGPS1 (CysD in Fig. S2).

GwitGPS1 from Gloeochaete wittrockiana exhibited a reversed
photocycle, in which a red-absorbing 15Z dark state intercon-
verted with a blue-absorbing 15E photoproduct (Fig. 3E and
Table S1). This photocycle has similarities to the green/blue pho-
tocycles of two-Cys CBCRs such as NpR5313g2 fromN. punctiforme
(33), in which the second linkage forms in the photoproduct
state. However, both GwitGPS1 photostates are significantly
red-shifted relative to NpR5313g2 (Fig. 3F); indeed, the dark-state
Pr spectrum of GwitGPS1 is similar to that of the prasinophyte
photoreceptor TastPHY1 (Figs. 2A and 3E). We propose that
GwitGPS1 undergoes a two-Cys photocycle with a doubly linked
15E photoproduct similar to that of NpR5313g2, albeit in the
absence of the currently recognized second Cys residues (42, 43).
These studies thus reveal striking, unexpected photosensory di-
versity in GPS proteins.

Pfr Heterogeneity in Algal Phytochromes. Despite considerable re-
search interest, the structural basis for perception of far-red light
in the Pfr state is not yet known (16). We therefore exploited the
diverse photocycles of algal phytochromes to further understand-
ing of the Pfr photostate using circular dichroism (CD) spectros-
copy. The two bilin transitions in the range from 250 to 900 nm
give opposite CD signs and can provide information about the
3D orientation of the bilin conjugated π system (44). In plant and
cyanobacterial phytochromes, the CD of the long-wavelength
transition (red- or far-red–absorbing, also known as Q band)
inverts upon photoconversion, from negative to positive (32, 45,
46). The short-wavelength Soret transition also changes in these
cases. The simple positive Soret signal seen for Pr states is re-
placed by a complex pattern having an apparent positive band at
∼430 nm, a negative band at ∼380 nm, and another positive band
at ∼340 nm (46).
The red/far-red prasinophyte phytochrome TastPHY1 followed

this pattern, exhibiting CD spectra very similar to those of cyano-
bacterial and plant phytochromes (Fig. 4A). In the Pfr state, we
observed positive far-red CD and complex Soret features that
were similar to those of the model cyanobacterial phytochrome
Cph1 (32, 46). In surprising contrast, the orange/far-redNpyrPHY1
exhibited negative far-red CD but similar Soret features (Fig. 4B).
Superposition of the TastPHY1 and NpyrPHY1 Pfr CD spectra
confirmed both the similarity between the two Soret regions and
the presence of residual signals from the 15Z photostate (Fig.
5A), complicating analysis of the complex Soret signatures of
Pfr states.
Because of the residual 15Z CD signals in prasinophyte phy-

tochromes, we examined the blue/far-red phytochrome CparGPS1.
CparGPS1 exhibited no residual 15Z signals at long wavelength
(Fig. 4C), but the CparGPS1 Pfr CD spectrum still contained
complex Soret features at 432, 368, and 334 nm that were con-
sistent with those seen in TastPHY1 and NpyrPHY1 (Fig. 4).
Therefore, complex Pfr Soret signatures of this type do not arise
because of overlapping signals from a residual 15Z population.
Such features are also not intrinsic properties of 15E bilin con-
figurations, because they are not seen in the CD spectra of 15E
photostates in the distantly related CBCRs (42, 47, 48). These
features also cannot be explained as intrinsic properties of far-red–
absorbing bilins, because they are absent in the Pfr CD spectrum
of the bacteriophytochrome DrBphP (32). We therefore con-
clude that conserved Soret features at ∼350 nm (+), 380 nm (–),
and 430 nm (+) arise in the Pfr states of certain phytochromes
but do not correlate with the apparent sign of the far-red band.
These Pfr Soret bands thus conflict both with the expected pattern
of sign alteration (44) and with the experimental behavior of other
biliproteins, including the 15Z photostates of TastPHY1 and
NpyrPHY1 themselves.
To reconcile the discrepancy between Soret and far-red regions

of Pfr CD spectra, we interpret the Soret region as arising from
two subpopulations with opposing signs. In this model, the ob-
served CD of the far-red band must also be a net signal deter-
mined by the relative enrichment and relative rotational strengths
of two opposed subpopulations. Consistent with this hypothesis,

Fig. 3. Light sensing by heterokont and glaucophyte phytochromes. (A)
PHL1 from the heterokont E. siliculosus exhibits a far-red/green photocycle
with phytochromobilin (PΦB), colored as in Fig. 2. Coexpression with BV
(green) or PEB (pink) does not yield holoprotein. Asterisk, PΦB side pop-
ulation; double dagger, possible porphyrin contaminant. (B) Normalized
difference spectra are shown for E. siliculosus PHL1 (red) and for the PΦB
adduct of the red/green CBCR NpR6012g4 from the cyanobacterium
N. punctiforme (teal) (47). (C) CparGPS1 from the glaucophyte C. paradoxa
exhibits a blue/far-red photocycle. (D) Normalized difference spectra are
shown for the two-Cys phytochromes NpF1183 from N. punctiforme (violet)
(42) and CparGPS1 (blue). (E) GwitGPS1 from the glaucophyte G. wittrockiana
exhibits a red/blue photocycle. (F) Normalized difference spectra are shown for
the N. punctiforme CBCR NpR5313g2 (teal) (33) and GwitGPS1 (dark red).
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the Soret regions of the Pfr CD spectra of TastPHY1, NpyrPHY1,
and CparGPS1 were adequately fit by linear combinations of
Gaussian functions of opposed sign (Fig. 5 B and C and Table S2;
procedure described in SI Materials and Methods). In CparGPS1,
the absence of 15Z signals at longer wavelengths provided “clean”
Pfr CD and absorption far-red bands that could also be fit to linear
combinations of Gaussians with no complications arising because
of residual 15Z species. In the far-red band, fitted line widths and
peak wavelengths for CparGPS1 were similar regardless of the
underlying spectroscopy (Fig. 5D and E and Table S2). Complete
CD spectra for two subpopulations of opposing signs were then
calculated, enabling reconstruction of a combined Pfr spectrum in
good agreement with the experimentally observed spectrum in
the bilin region (Fig. 5F). We made no attempt to simulate the
region below 330 nm, because this region of the CD spectrum can
include signals from aromatic amino acids and even from n→π*
carbonyl transitions (49). This analysis supports the interpretation
that Pfr states of plant, algal, and cyanobacterial phytochromes
are all heterogeneous mixtures of at least two subpopulations.

Discussion
Land plant phytochromes are classically associated with red/far-
red photobiological responses. Our studies reveal that phyto-
chromes from eukaryotic algae are also associated with respon-
ses to blue, green, and orange light (Fig. 6). Indeed, much of the
spectral diversity of the prokaryotic CBCRs (8, 42, 50) is also
found in eukaryotic algal phytochromes. Thus, the phytochrome

superfamily appears to have independently evolved beyond red/
far-red photocycles in both prokaryotes and eukaryotes. Future
studies on algal phytochromes should allow identification of the
protein-chromophore interactions that tune their photocycles.
Such information could allow engineering of plant growth re-
sponses into new spectral windows, for example, by introduction
of suitably engineered phytochromes into null backgrounds (17,
18). Research on bilin-based synthetic photobiology and opto-
genetic applications (51) will also likely benefit from studies of
algal phytochromes, because these proteins provide spectrally
diverse components from eukaryotic systems.
Our studies reveal that algae ranging from tiny prasinophytes

to majestic kelp forests contain functional phytochrome photo-
receptors. Heterokont and prasinophyte algae contribute signif-
icantly to carbon fixation in the world’s oceans (23, 52, 53), and
multicellular brown algae are important for coastal ecosystems
(54). It is tempting to speculate about the functions of these diverse

Fig. 4. Variable CD of algal phytochrome Pfr photoproducts. (A) CD spectra
are shown for TastPHY1 in the 15Z and 15E photostates, colored as in Fig. 2.
(B) CD spectra are shown for NpyrPHY1 in the same color scheme; the Inset
shows the far-red region for the 15E photostate in detail. For the main
graph, the y axis is not symmetric to allow greater detail in the far-red region.
(C) CD spectra are shown for CparGPS1 in the same color scheme. For each 15E
photostate, the sign of the far-red band is shown and asterisks indicate fea-
tures of the Soret transition. Scale bars and zero CD are indicated.

Fig. 5. Decomposition of far-red–absorbing subpopulations by CD spectros-
copy. (A) Pfr CD spectra for TastPHY1 (dark blue) and NpyrPHY1 (dark red) were
normalized on the indicated band (arrow). (B) The region from 315 to 480 nm
was fit to three Gaussian functions, two of which corresponded to the bilin
region of the spectrum and had similar peak wavelengths but opposing signs.
Residuals are shown above (cyan and red for TastPHY1 and NpyrPHY1, re-
spectively). (C) The CparGPS1 Pfr CD spectrum from 315 to 480 nmwas analyzed
as in B. (D) The CparGPS1 Pfr CD spectrum from 500 to 800 nm was fit to two
Gaussian functions. (E) The Pfr absorption spectrum of CparGPS1 from 600 to
750 nm was fit to two Gaussian functions as in D. (F) CD spectra for two sub-
populations with opposing Soret sign were constructed for CparGPS1 starting
with Gaussian functions from C. Gaussians for the far-red region (D) were then
scaled based on the mean relative intensities of the far-red and Soret bands for
the 15Z states of one-Cys phytochromes in this study, with one inverted (the
negative Pfr population) and the other increased by 10% to approximate the
net excess + signal in this region. The scaled far-red Gaussians were then added
to the Soret Gaussians to give two complete Pfr spectra with opposite signs
(green, purple). Their sum (dark red) is compared with the observed Pfr CD
spectrumof CparGPS1 (orange). Parameters from fits inB–E are reported in Table
S2. Experimental CD signals below 330 nm can be associated with amino acid
side-chain signals and carbonyl n→π* transitions (49) and were not modeled.
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phytochromes. Unfortunately, a lack of research tools precludes
functional analysis at the present time, and systematic studies of
distribution have not been performed. We have therefore exam-
ined the available information about the habitats in which these
algae have been recorded. TastPHY1 from T. astigmatica is the only
red/far-red phytochrome reported in this study, and T. astigmatica
was originally collected from a salt marsh (55). Ambient light
conditions in such a shallow-water environment are presumably
similar to conditions in shallow freshwater ponds where charophyte
algae are frequently found, and charophyte phytochromes also
have red/far-red photocycles (26, 28). In contrast, Dolichomastix
tenuilepis has been recorded at the surface (0- to 2-m depth) in
coastal marine environments (56, 57).Nephroselmis pyriformis has
also been recorded in coastal marine environments, at 0- to 30-m
depth (57–59), and Prasinoderma coloniale has been recorded from
coastal and open waters from the surface to depths of 150 m (59–
61). In such waters, particularly at depth, red light intensity is known
to be quite attenuated (19). The blue-shifted dark states observed
in NpyrPHY1, DtenPHY1, and PcolPHY1 may provide these
organisms with a greater ability to detect light under such light-
limited conditions.
Whereas prasinophyte phytochrome dark states can be blue-

shifted relative to those of red/far-red phytochromes such as Cph1,
the EsilPHL1 dark state is instead red-shifted. E. siliculosus resides
in intertidal and sublittoral zones [0–30 m (62, 63)]. Therefore, this
protein might function as a specialized sensor for detecting far-red
light when the organism is at or near the surface. Multiple phy-
tochromes are found both in Ectocarpus and in the related phaeo-
phyte alga Saccharina japonica (64), a commercially important
food source. The apparent conservation of Ectocarpus phyto-
chromes in Saccharina (64) implies that phaeophyte phytochromes
may have undergone gene family expansion. Similar expansion is
seen with other signaling molecules in Ectocarpus (24) and with
land plant phytochromes (2, 3), suggesting specialized roles for
individual phytochromes in multicellular algae. Phaeophyte phyto-
chromes may thus provide a rich field for physiological studies
in the future.
Alone among the phytochromes in this study, CparGPS1 and

GwitGPS1 come from freshwater organisms. Both Cyanophora
and Gloeochaete have been reported in shallow freshwater
environments such as ditches or seasonal ponds, typically at low
densities in the presence of other algae (65, 66). This environ-
ment thus overlaps with that of charophytes, whose phytochromes
have red-absorbing dark states similar to that of GwitGPS1 (26,
28). However, glaucophyte GPS proteins are distinct in that both
examples studied to date have one photostate sensitive to blue
light at 430–450 nm (Table S1), close to the optimal wavelength

for light penetrance in a water column (19). The physiological
advantage of such sensitivity for glaucophytes is currently un-
clear, as is the significance of the reversed red/blue and blue/
far-red photocycles of GwitGPS1 and CparGPS1 relative to each
other. Both Cyanophora and Gloeochaete contain multiple phy-
tochromes (Fig. S2), but it is not clear whether this is attributable
to the presence of a small family of orthologs, as in the plant
phytochrome family, or attributable to the presence of spectrally
and functionally diverse sensors, as in CBCRs (2, 3, 50).
The mechanistic basis for sensing blue light with bilins is well

documented through studies of CBCRs: a second Cys residue
forms a covalent linkage to the C10 methine bridge of the bilin
chromophore, shortening the conjugated system and blue-shift-
ing the absorption (42, 43, 67, 68). One such naturally occurring
two-Cys photocycle has been reported in phytochromes to date,
in the cyanobacterial protein NpF1183 (42). In NpF1183, the
second Cys residue (CysD in Fig. S2) is immediately C-terminal
to the Cys residue attached to the A-ring (CysC). CparGPS1 also
has the CysD residue, so it is likely that its blue/far-red photo-
cycle has a similar mechanistic basis. In contrast, GwitGPS1 lacks
both CysD and the known second Cys residues found in CBCRs.
It is possible that another nucleophile can form a linkage to C10
in GwitGPS1, or it is possible that a Cys residue found in GwitGPS1
and in two related G. wittrockiana proteins (CysB in Fig. S2) per-
forms this role. CysB is not predicted to be near the C10 bridge
based on available structural information (10–12, 69, 70), but we
cannot presently rule out structural rearrangements inGPS proteins.
Finally, the CD spectra presented in this study provide evidence

for chromophore heterogeneity in the Pfr states of algal phyto-
chromes. Similar Soret CD signals are observed in the Pfr states of
TastPHY1, NpyrPHY1, and CparGPS1 irrespective of the CD
signs associated with the far-red band.We interpret this behavior as
arising from two chromophore populations with opposed CD but
similar peak wavelengths, an interpretation that allows successful
modeling of the experimental spectrum of CparGPS1 (Fig. 5).
Similar Soret features are seen in Cph1 and in plant phytochromes
(32, 45, 46); therefore, a similar interpretation would seem likely
for those proteins as well. We conclude that significant structural
heterogeneity of the bilin configuration itself must exist in the Pfr
state, even though previous studies demonstrate structural rigidity
of the phytochrome Pfr state (71) and apparent Pfr homogeneity on
an ultrafast timescale (72). This analysis thus alters the current view
of the chromophore structure in the far-red–sensing state. These
studies on algal phytochromes have extended our knowledge of
phytochrome diversity and photochemistry, while also presaging
future studies into algal photobiology.

Materials and Methods
Details are described in SI Materials and Methods. This includes information
on expression and purification of algal phytochromes and on their charac-
terization by absorption and CD spectroscopy and by acid denaturation. The
fitting procedure used for Fig. 5 is also presented.
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