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Abstract

Anoxygenic photosynthetic prokaryotes arose in ancient oceans ~3.5 billion years ago. Evolution 

of oxygenic photosynthesis by cyanobacteria followed soon after, enabling eukaryogenesis and the 

evolution of complex life. The Archaeplastida lineage dates back ~1.5 billion years to the 

domestication of a cyanobacterium. Eukaryotic algae have subsequently radiated throughout 

oceanic/fresh-water/terrestrial environments, adopting distinctive morphological and 

developmental strategies for adaptation to diverse light environments. Descendants of the ancestral 

photosynthetic alga remain challenged by a typical diurnally fluctuating light supply ranging from 

~0 to ~2000 μE m−2 s−1. Such extreme changes in light intensity and variations in light quality 

have driven evolution of novel photoreceptors, light harvesting complexes and photoprotective 

mechanisms in photosynthetic eukaryotes. This minireview focuses on algal light sensors, 

highlighting the unexpected roles for linear tetrapyrroles (bilins) in the maintenance of functional 

chloroplasts in chlorophytes, sister species to streptophyte algae and land plants.
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INTRODUCTION

Sunlight is the most abundant energy resource on our planet. The evolution of many life 

forms that harvest solar energy and fix carbon dioxide through the photosynthetic process 

has been, and continues to be, essential for the maintenance of the biosphere. Extant 

photosynthetic organisms are found in a wide variety of light environments, typically 

serving as keystone species in diverse ecosystems. The origins of photosynthesis trace back 

to anaerobic bacterial phototrophs that used bacteriochlorophyll (Bchl)-based reaction center 

complexes to oxidize inorganic materials such as sulfide or metals for generation of reducing 
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power for carbon dioxide fixation (Gupta 2012; Fischer et al. 2016). Descendants of these 

phototrophs still inhabit low light, (semi)-anaerobic niches where DNA-damaging UV light 

fluences are minimal (Bryant & Frigaard 2006; Gupta 2010; Nowicka & Kruk 2016). 

Evolution of oxygenic photosynthesis by cyanobacteria facilitated life at or near the earth’s 

surface and also supported development of complex life. These newly habitable ecological 

niches required new regulatory systems to cope with the transient, diurnal and seasonal 

fluctuating light environments. Such environments also supported evolution of diverse light 

harvesting systems to fully utilize the visible light spectrum of sunlight suitable for 

photosynthesis (Buchel 2015; Dall’Osto et al. 2015). Functional diversification of light 

sensors along with development of novel photoprotective mechanisms also remains ongoing 

as competition for light from new neighbors has increased.

Primary endosymbiosis, a process by which a colorless eukaryotic host converted a free-

living cyanobacterium into a plastid organelle, occurred ~1.5 billion years ago and led to 

nearly all species of photosynthetic eukaryotes on earth. Organisms with primary plastids 

comprise the kingdom Archaeplastida, which includes glaucophytes, rhodophytes (red 

algae) and the green lineage Viridiplantae (comprising prasinophytes, chlorophytes, 

streptophyte algae and land plants). Photosynthesis further spread laterally to other algal 

species by secondary, tertiary or perhaps even higher order endosymbioses, arising via 

eukaryote-eukaryote phagotrophic endosymbiotic events. Engulfment of ancestral green 

algal species led to chlorarachniophytes and euglenophytes (Archibald & Keeling 2002), 

whereas other algae are likely derived from secondary endosymbiosis of red algae (Burki et 
al. 2016). With the notable exception of Paulinella spp., all plastids are derived from this 

single endosymbiotic event. Paulinella’s discovery shows that evolution of photosynthetic 

organelles from cyanobacteria is ongoing (Nowack et al. 2008).

After evolution of blue-shifted chlorophyll (Chl)-based photosynthetic reaction centers 

capable of water oxidation, cyanobacteria evolved phycobiliprotein antennae complexes 

with reduced linear tetrapyrrole (phycobilin) chromophores (Mullineaux 2008; Watanabe & 

Ikeuchi 2013). Derived from the oxygenation of heme, phycobilins are responsible for the 

expanded light harvesting and light sensing range of most extant cyanobacteria. This 

expanded spectral range has enabled cyanobacteria to acclimate to a wide diversity of both 

aquatic and terrestrial environments. Due to cyanobacterial endosymbiosis and horizontal 

gene transfer (HGT) events, phycobilin-based antennae and light sensing systems 

subsequently radiated amongst oxygenic photosynthetic eukaryotes, which in some lineages 

were later lost and/or replaced by new innovations.

Light harvesting diversity has been shaped by diverse light environments found in aquatic 

systems that are now inhabited by many photosynthetic species. Compared to terrestrial 

environments, oceanic and freshwater environments provide unique challenges for aquatic 

phototrophs. Wavelengths of solar radiation available for light sensing and harvesting are 

dramatically different from those of terrestrial environments, because the water column 

effectively attenuates longer wavelengths of visible and near infrared light. Indeed, red light 

poorly penetrates below ~15 meters in water. Hence, the near surface of the open ocean 

(above 30 m) becomes progressively enriched in blue/green light with depth. Selective 

absorption of light by water and by other competing photosynthetic organisms has been 
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argued to be strong selective pressures for evolution of new light harvesting and sensing 

systems (Grossman et al. 1995; Hohmann-Marriott & Blankenship 2011; Rockwell et al. 
2014a). In this perspective, we focus on eukaryotic algal light sensing, particularly 

highlighting our emerging knowledge of the important roles that linear tetrapyrroles (bilins) 

play in chlorophyte photoacclimation under diurnal growth conditions.

LIGHT HARVESTING AND PHOTOPROTECTIVE SYSTEMS DIFFER 

AMONGST EUKARYOTIC ALGAE

High-resolution crystal structures of the two photosystems from cyanobacteria (Jordan et al. 
2001; Umena et al. 2011; Suga et al. 2015) and plants (Rhee et al. 1998; Mazor et al. 2015; 

Qin et al. 2015) have provided many details on pigments and protein arrangement, 

mechanisms of oxygen evolution and energy transfer pathways in these multi-subunit 

pigment-protein supercomplexes. Despite independent evolution of eukaryote photosystems 

for ~1.5 billion years, plant PSII and PSI reaction centers (RCs) remain quite similar to 

those of their cyanobacterial counterparts, including structures that support binding and 

orientation of Chls (Nelson & Yocum 2006). The core antennae of PSII and PSI of 

eukaryotic phototrophs are also associated with accessory light-harvesting complexes 

(LHCs) to increase their absorption cross section. Compared with the highly conserved PSII 

or PSI RCs and core antennae, LHCs exhibit a high degree of variability, reflecting gene 

duplication/divergence, gene losses and horizontal gene transfer in different algal lineages 

(Hoffman et al. 2011).

Light harvesting complexes

A broad window of the sunlight spectrum can be efficiently harvested by algae, i.e., from 

near UV (~350 nm) to the IR (700~1000 nm). This versatility reflects diverse antenna 

systems that have been adapted to their unique and changing ecological niches for many 

millions of years. The phycobiliproteins possess the broadest spectral coverage, as the bilin 

chromophores can be fine-tuned to harvest light efficiently at both the planet surface and 

under water. Phycobiliproteins are retained in chloroplasts of glaucophyte, rhodophyte (red) 

algae, and red-derived cryptophyte algae but have been replaced with Chl-based antennae in 

most other eukaryotic algal lineages.

Chl a-based LHCs are the most prevalent antennae proteins present in green algae, i.e., 

prasinophyte, chlorophyte and streptophyte algal lineages, and in land plants. Such LHCs 

consist of three thylakoid membrane-spanning α-helices. This protein family also includes 

one helix-, two helix- as well as four helix-proteins (Engelken et al. 2012). Other structurally 

related LHC proteins also bind Chl b and lutein in green algae. LHCs in Chromalveolates 

usually bind Chl c and other carotenoids instead (Büchel 2015). Interestingly, red algal 

LHCaR1 can bind all major Chls and carotenoids found in plants and in other algae in vitro, 

suggesting a certain level of plasticity of pigment binding inherent in LHCs (Grabowski et 
al. 2001). Besides the most intensively studied higher plant LHCs (Ballottari et al. 2012; 

Pagliano et al. 2013), biochemical and functional data are available for only a few algal 

lineages, i.e., green algae and diatoms (Koziol et al. 2007; Neilson & Durnford 2010).
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LHCs from the green alga Chlamydomonas reinhardtii differ significantly from those of 

plants with respect to the number of genes and biochemical properties of the complexes 

(Neilson & Durnford 2010). Land plants and mosses possess only five Lhca genes 

(Lhca1-5). By comparison with Arabidopsis, C. reinhardtii contains nine Lhca genes, 

resulting in a significantly larger PSI-LHCI complex and a ~41% greater photon harvesting 

efficiency. The enlarged antenna complex of Chlamydomonas PSI-LHCI exhibits similar 

energy trapping efficiency as that of plants, largely due to the presence of more blue-shifted 

pigments (compared to plants) in Lhca2 and Lhca9 and more Chl b (Le Quiniou et al. 2015). 

Larger PSI-LHCI complexes were also observed in Ostreococcus tauri and high-light grown 

O. tauri only contains a smaller PSI-LHCI that lacks Lhca6 and Lhcp2 subunits present in 

the larger complex (Swingley et al. 2010). However, this highly-derived species is likely not 

to be typical for prasinophyte lineage as a whole (Duanmu et al. 2014).

Photoprotective LHCs

Although light is essential for photosynthesis, absorption of too much light can lead to 

production of highly reactive molecules or byproducts that cause photodamage to the 

photosynthetic machinery lowering its efficiency (photoinhibition). Plants and algae have 

evolved a plethora of photoprotective mechanisms to prevent damage by excess light. One of 

the most important short-term acclimation responses is non-photochemical quenching 

(NPQ) of Chl a fluorescence, consisting of high-energy-state quenching (qE), photo-

inhibitory quenching (qI) and state transitions (qT) (Ruban 2016). Excess excitation energy 

is dissipated rapidly as heat by qE, the main component of NPQ (Goss & Lepetit 2015). 

Mechanistic analyses of NPQ in photosynthetic eukaryotes have revealed special types of 

photoprotective LHCs as essential components in the qE process. In the green lineage, these 

include the well characterized PSBS (a four-helix protein in the LHC superfamily) and 

LHCSR (stress-induced LHC protein), which exhibit uneven distribution among green algae, 

mosses and vascular plants (Niyogi & Truong 2013).

C. reinhardtii possesses two LHCSR proteins, LHCSR1 and LHCSR3, which exhibit ~82% 

sequence identity. Chlamydomonas LHCSR3, formally called LI818, is an early diverged 

member of the LHC superfamily with 3 helices. The mutant lacking LHCSR3 protein shows 

a strong reduction of NPQ when transferred from a low-light acclimated state to high light 

(Peers et al. 2009). LHCSR3 protein can bind Chl a/b and xanthophylls in vitro and also 

appears to be able to sense low pH and perform energy-quenching simultaneously (Bonente 

et al. 2011). In the LHCSR3-less mutant, LHCSR1 is sufficient for pH sensing and could 

induce a fast and pH-dependent quenching of LHCII (Dinc et al. 2016). In contrast, plants 

use PSBS and monomeric/trimeric Lhcb proteins for pH sensing and energy-quenching, 

respectively (Li et al. 2004; Holt et al. 2004; Pérez-Bueno et al. 2008).

The diatom Phaeodactylum tricornutum also possesses an LHCSR gene family member, 

LHCX1, which functions as a molecular gauge to regulate NPQ quantitatively. LHCX1 

regulation of NPQ differs from that of green algal LHCSR proteins, i.e. LHCX1 is already 

highly expressed in low light-acclimated cultures and is not further upregulated by high light 

stress, and LHCX1 protein does not contain the amino acids thought to be essential for low 

pH sensing (Bailleul et al. 2010). Homologs of LHCSR/LHCX proteins are present in green 
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algae, mosses and diatoms, but apparently have been lost in red algae and vascular plants 

(Depauw et al. 2012). It is therefore probable that the LHCSR/LHCX protein family evolved 

prior to the split of Viridiplantae and rhodophytes.

DIVERSITY AND DISTRIBUTION OF LIGHT SENSORS AMONGST 

PHOTOSYNTHETIC EUKARYOTES

Owing to their dependence on light as an energy source, photosynthetic species use light 

sensors to optimize photosynthetic light capture and light energy conversion in response to 

changing light conditions in the environment (Ruban 2015; Galvão & Fankhauser 2015; 

Parihar et al. 2016). Such light quality and quantity perception is independent of active 

photosynthesis or other photosynthesis-derived signals, i.e., reactive oxygen species (ROS), 

plastoquinone reduction state, chloroplast energy status, etc. All photoreceptors require a 

protein scaffold that has evolved to optimize the signal-activating photochemical event to 

effectively compete with non-productive energy-dissipating pathways (Möglich et al. 2010). 

Photoreceptor activation relies upon the light-dependent photochemistry of their prosthetic 

chromophores, such as isomerization around a double bond (phytochromes and rhodopsins), 

electron transfer [cryptochromes and BLUF (blue-light sensors using flavin adenine 

dinucleotide) proteins], or formation or cleavage of a covalent bond [light-oxygen-voltage 

(LOV) domains] (Möglich et al. 2010). The recently identified UV-B specific photoreceptor 

in plants and green algae (UVR8) utilizes a cluster of conserved Trp amino acids as 

chromophore (Rizzini et al. 2011; Jenkins 2014; Tilbrook et al. 2016). Transmission of the 

UV light signal involves subunit dissociation, although the molecular mechanism of light 

activation by UVR8 remains enigmatic. The number and diversity of putative light sensors 

can be astonishingly large in algae and our understanding of their unique and overlapping 

regulatory roles remains a sparsely explored frontier (see Table 1 for list of representative 

photoreceptors in eukaryotic algae).

Flavin-based photoreceptors constitute the most diversified classes of light sensors in 
algae

Shorter wavelength blue and green light penetrate more deeply into the water column and 

are more accessible to aquatic algae. Blue-light sensing photoreceptors, such as the 

extensively studied phototropin (PHOT) and cryptochrome (CRY), utilize flavin 

mononucleotide (FMN) or flavin adenine dinucleotide (FAD) as chromophores. 

Photoexcitation of flavin chromophores induces redox reactions (CRYs), covalent bond 

formation (LOV domains of PHOTs), or hydrogen-bond rearrangements (BLUF) (Losi & 

Gärtner 2012). The rich chemistry of flavins may have facilitated expansion of flavin-based 

light sensors in UVA/blue/green enriched environments and their integration with the redox 

status of the cell (Conrad et al. 2014).

Flavin-binding LOV sensor domains most likely originated from bacteria before 

mitochondrial and plastid endosymbioses (Krauss et al. 2009). LOV domains are tethered to 

other functional modules and thus give rise to unique photoreceptors in eukaryotes. 

Aureochromes with N-terminal DNA-binding domains use blue light to regulate cell 

branching and differentiation in photosynthetic stramenopile algae (Takahashi et al. 2007; 
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Takahashi 2016). Class I aureochromes of the diatom P. tricornutum also bind canonical 

aureo-box sequences but form enhancer-like loop-structured DNA complexes in a light-

independent manner (Banerjee et al. 2016). In Euglena gracilis, a photoactivated adenylyl 

cyclase domain in the blue-light sensor PAC catalyzes cAMP synthesis to mediate 

photophobic responses (Iseki et al. 2002). Such novel LOV-based photoreceptors are 

restricted to select species of aquatic algae and are absent from land plants, suggesting that 

the light sensor LOV domains have been repeatedly incorporated into pre-existing cellular 

signaling molecules for environmental acclimation.

PHOTs are tandem LOV domain proteins that undergo autophosphorylation at several serine 

and threonine residues when excited by blue light (Christie 2007). Plant phototropins are 

used to regulate chloroplast movement and other responses, i.e., photomorphogenesis, 

stomatal opening and leaf flattening to optimize light capture for photosynthesis (Li et al. 
2015b; Okajima 2016). By contrast, the green alga C. reinhardtii contains only one 

phototropin that controls primarily developmental processes, i.e., gametogenesis, 

maintenance of mating competence and zygote germination (Huang & Beck 2003). Several 

recent studies have identified other biological functions of CrPHOT, such as regulation of 

Chl and carotenoid biosynthesis related genes, regulation of eyespot size and phototaxis, and 

induction of LHCSR3 expression for energy-dependent NPQ (qE) in high light stress (Im et 
al. 2006; Trippens et al. 2012; Petroutsos et al. 2016). It is therefore surprising that 

Chlamydomonas phototropin rescues the Arabidopsis phot-deficient phenotypes, suggesting 

conserved downstream signaling mechanisms between plant and green algal phototropins 

(Onodera et al. 2005). Phototropin genes are present in prasinophyte algae, but we do not yet 

know the processes they regulate. Phototropin homologs are absent in glaucophyte, 

rhodophyte, cryptophyte and haptophyte algae, implicating the origin of phototropins in a 

common ancestor of Viridiplantae (Li et al. 2015b).

Cryptochromes, another class of flavin-based blue light sensors related to DNA-photolyase 1 

family, were first discovered in Arabidopsis thaliana but appear to be widely distributed in 

Archaea, Eubacteria and Eukaryota (Ahmad & Cashmore 1993; Chaves et al. 2011). 

Biochemical and phenotypic analyses of CRYs in algae have revealed novel functions 

distinct from those in plants, suggesting that these sensors arose independently in different 

photosynthetic lineages (Beel et al. 2013). It is also possible that CRYs arose via fusion of a 

sensor domain to different signaling output domains as proposed for LOV domain-based 

photosensors (see above). C. reinhardtii contains a plant-type CRY (CPH1, Chlamydomonas 

photolyase homolog 1), an animal-type CRY (aCRY), and two CRY-DASH (Drosophila, 
Arabidopsis, Synechococcus, Homo) proteins (Merchant et al. 2007). In addition to a 

plastid-localized CRY-DASH, Arabidopsis and other dicots possess two CRYs – one of 

which participates in photoperiod sensing (Chaves et al. 2011; Liu et al. 2011). The C. 
reinhardtii CrCPH1 protein tracks diurnal dark/light cycle and is rapidly degraded in the 

presence of red or blue light via a proteasome-dependent pathway (Reisdorph & Small 

2004). By comparison, Chlamydomonas aCRY is relatively light stable, but can also be 

activated by either red or blue light to impact transcription of genes involved in 

photosynthesis, pigment biosynthesis, cell cycle control and circadian clock (Beel et al. 
2012). The diatom cryptochrome PtCPF1 (Cry/photolyase family 1) exhibits both DNA 

repair activity and blue light-dependent transcriptional regulation of genes in vivo (Coesel et 
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al. 2009). Dual enzymatic activities of CPF were also found in the prasinophyte 

Ostreococcus tauri, highlighting the important role of this bifunctional photoreceptor in 

coordinating circadian rhythms with cell-cycle control and DNA-damage repair (Heijde et 
al. 2010; Fortunato et al. 2015).

Retinal-based rhodopsins are not just photoreceptors for vision in algae

Distinctive from other soluble light sensors, rhodopsins are membrane proteins with 

covalently attached retinal as the chromophore. Like phytochromes, rhodopsins transduce 

light signals via photoisomerization of their bound chromophores. C. reinhardtii harbors rich 

subsets of rhodopsin photoreceptors, including two animal rhodopsin-related proteins 

(chlamyrhodopsin-1 and chlamyrhodopsin-2), two microbial-related channelrhodopsins 

(ChR1 and ChR2), and the chlamyopsins, COP3 and COP4 (Hegemann 2008). ChR1 is a 

light-activated proton channel involved in phototaxis of Chlamydomonas and its homologs 

may play similar roles in other green algae (Nagel et al. 2002). New subfamilies of 

rhodopsins were also identified in certain algal groups with no clear biological functions, 

such as two-component rhodopsin systems with a histidine kinase, a response regulator and 

an adenylyl/guanylyl cyclase domain (Kateriya et al. 2004), a proton-pumping rhodopsin in 

the marine chlorophyte alga Acetabularia acetabulum (Tsunoda et al. 2006), and green light-

absorbing chloride-conducting channelrhodopsins from cryptophyte algae (Wietek et al. 
2016).

UV-B photoreceptors are functionally conserved in the green lineage

First characterized in plants, UVR8 (UV Resistance Locus 8) mediates light sensing in the 

ultraviolet-B region (280~315 nm) via an intrinsic tryptophan-based mechanism (Rizzini et 
al. 2011; Christie et al. 2012; Wu et al. 2012). The evolutionary history of UV-B 

photoreceptors can be traced back to ancestral Viridiplantae, because both streptophyte land 

plants and chlorophyte algae such as C. reinhardtii and Volvox carteri possess apparent 

UVR8 orthologs. CrUVR8 contains conserved Trp residues essential for UV-B perception; 

photoexcitation has been shown to induce conformational changes and subsequent 

monomerization of the protein (Tilbrook et al. 2016). Like plant UVR8, light-activated 

CrUVR8 interacts with CrCOP1 (Constitutively Photomorphogenic 1) and induces 

expression of photosynthesis and photoprotection-related genes. Successful 

complementation of the Arabidopsis uvr8 mutant by ectopic expression of CrUVR8 further 

suggests the functional conservation of UV-B signaling and acclimation in the green lineage 

even after ~100 million years of independent evolution (Tilbrook et al. 2016). UV-B-

dependent behavioral changes, i.e., photoavoidance or photosystem restructuring responses, 

were also observed in several cyanobacteria (Bebout & Garcia-Pichel 1995; Campbell et al. 
1998). Although not yet identified, the putative UV-B photoreceptor of cyanobacteria is 

hypothesized to use a reduced pterin as chromophore to regulate biosynthesis of UV-

absorbing, mycosporine-like amino acids (Portwich & Garcia-Pichel 2000). The wide 

distribution of UVR8 homologs within Viridiplantae (green algae, lower and higher plants) 

suggests the necessity of UV-B sensing during water to land colonization (Parihar et al. 
2016).
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Bilin-based phytochromes in algae

Phytochrome was the first bilin-based photoreceptor to be discovered. As photoswitchable 

red/far-red photosensors, plant phytochromes are master regulators of plant growth and 

development that use phytobilins as chromophores (Rockwell et al. 2006; Chen & Chory 

2011). Canonical phytochromes have a conserved N-terminal photosensory core module 

(PCM), consisting of PAS (Per-ARNT-Sim domain), GAF (cGMP-specific 

phosphodiesterases, adenylyl cyclases and formate hydrogen lyase) and PHY (phytochrome 

specific) domains. Cyanobacteria possess the largest diversity of phytochromes, which 

include the phytochrome-derived cyanobacteriochrome (CBCR) family that have 

proliferated in many cyanobacterial species (Ikeuchi & Ishizuka 2008; Rockwell & Lagarias 

2010; Anders & Essen 2015). CBCRs exhibit a broad range of photocycles, encompassing 

the near-UV to the far red region of the visible light spectrum (Ikeuchi & Ishizuka 2008; 

Rockwell et al. 2011; Rockwell et al. 2016). However, CBCRs are not found in eukaryotic 

algae, indicating that they either evolved after primary endosymbiosis or were lost during 

endosymbiosis. By contrast, phytochromes are widely distributed in the Archaeplastida 

indicating their presence in the founding member of this lineage. Nevertheless, many 

chlorophyte (green) algae lack phytochrome genes altogether (see below). The wide 

distribution of phytochromes within the Viridiplantae indicates that phytochromes were 

selectively lost from the chlorophyte lineage (Duanmu et al. 2014; Li et al. 2015a).

The enigmatic evolutionary origin of algal and plant phytochromes

Structural, evolutionary and functional studies of phytochromes have been greatly aided by 

characterization of cyanobacterial and eukaryotic algal phytochromes. The cyanobacterial 

phytochrome Cph1 was the first prokaryotic algal phytochrome identified. Cph1 uses 

phycocyanobilin (PCB) as chromophore and exhibits a red/far-red photocycle similar to 

higher plant phytochromes that use phytochromobilin (PΦB) as chromophore (Hughes et al. 
1997; Yeh et al. 1997). Cph1 arose within the widely distributed bacteriophytochrome 

(BphP) family of biliverdin (BV)-binding photoreceptors with identical domain architecture 

(Karniol & Vierstra 2006; Auldridge & Forest 2011). Since plant and cyanobacterial 

phytochromes share nearly identical PCMs and a conserved bilin-binding cysteine residue, it 

was proposed that eukaryote phytochrome PCMs arose by gene transfer from the 

cyanobacterial endosymbiont (Buchberger & Lamparter 2015).

However, recently released algal genomic and transcriptomic data support the alternative 

hypothesis that Archaeplastida phytochromes arose independently from those found in 

extant cyanobacteria (Duanmu et al. 2014; Li et al. 2015a; Fortunato et al. 2016). It has thus 

been proposed that the Archaeplastida phytochrome PCM originated from the pre-

photosynthetic eukaryotic host via acquisition of a phytochrome gene from a non-

cyanobacterial source (Duanmu et al. 2014). The evidence that phytochromes found in other 

eukaryotes, e.g., heterokonts (diatom and brown algae), algal viruses and fungi, possess 

PCMs more similar to those of phytochromes in the Archaeplastida lineage, is consistent 

with this hypothesis (Montsant et al. 2007; Duanmu et al. 2014; Fortunato et al. 2016).

In addition to the evolutionary implications of PCM comparisons, phylogenetic analyses of 

the C-terminal histidine kinase-related output modules (HKMs; i.e. H-accepting and ATPase 
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domains) of phytochromes are consistent with the repeated and independent acquisition 

hypothesis (Duanmu et al. 2014). While the origin of Archaeplastida phytochrome HKMs 

from a proteobacterial ancestor protein with multiple PAS domain and a C-terminal HK has 

been proposed (Buchberger & Lamparter 2015), the appearance of this module clearly 

coincides with emergence of the Viridiplantae (Li et al. 2015a). These studies also reveal 

that the plant phytochrome lineage arose within the streptophyte algae at the same time they 

were beginning to colonize land environments.

Diverse photocycles of algal phytochromes

Several recent studies reveal that algal phytochromes sense a wider wavelength range than 

that of classic red/far-red phytochromes from plants. Expression of representative 

prasinophyte, glaucophyte, and heterokont phytochromes in engineered Escherichia coli 
cells that coproduce phytobilin chromophores has revealed diverse photocycles spanning 

blue to far-red light in different algal lineages, presumably reflecting depth, ocean mixing, or 

other environmental parameters associated with different algal species (Duanmu et al. 2014; 

Rockwell et al. 2014a). The blue-shifted dark state of algal phytochromes could be 

associated with detecting the green and blue light present in seawater at depth. EsilPHL1, a 

phytochrome from the heterokont alga Ectocarpus siliculosus, yielded a novel far-red/green 

photocycle distinct from that of plant phytochromes (Rockwell et al. 2014a). However, the 

related phytochromes from two diatoms (Phaeodactylum tricornutum and Thalassiosira 
pseudonana) exhibit red/far-red photocycles slightly red-shifted from those of plant 

phytochromes due to their more oxidized BV chromophores (Fortunato et al. 2016). Due to 

the production of both phycobilins and BV in these heterokont species, the native 

chromophores of these interesting proteins remain to be determined. Based on these studies, 

the broad spectral diversity of eukaryotic algal phytochromes appears comparable to those of 

the CBCRs. Thus, these distantly related protein families appear to have independently 

evolved new light sensing ranges better suited to aquatic environments than are the classical 

red/far-red responses plant phytochromes use to assess competition with neighboring plants 

in terrestrial environments (Casal 2013).

The diversity of algal phytochrome signaling mechanisms

The N-terminal light sensory module of phytochromes is most commonly associated with a 

C-terminal histidine kinase-related output module (HKM) (Schneider-Poetsch 1992), 

implicating phosphotransfer to be the mechanism of signal transduction. Biochemical 

analyses confirmed that Cph1 functions as a light-regulated two-component sensor (TCS). 

The red light absorbing Pr form of Cph1 autophosphorylates the conserved histidine residue 

in the HKM, supporting phosphotransfer to an aspartate residue of the cognate Rcp1 

response regulator (Yeh et al. 1997). This C-terminal regulatory module has undergone 

frequent domain replacements and/or losses after primary endosymbiosis. For example, 

some cyanobacterial phytochromes and glaucophyte phytochrome sensors (GPS) possess 

distinct C-terminal regulatory domains with extra PAS domains between the PHY domain 

and HKM, whereas cryptophyte algae have phytochromes in which the HKM has been 

replaced with canonical Ser/Thr kinase domains (Duanmu et al. 2014; Li et al. 2015a). 

Similar changes of kinase domains have occurred in phytochromes in streptophyte algae, 

hornworts, mosses and ferns (Thümmler et al. 1992; Nozue et al. 1998; Suetsugu et al. 2005; 
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Li et al. 2015a). These results implicate organism-specific functions for these phytochromes 

that are absent in other lineages.

Surprisingly, the domain organizations of phytochromes from prasinophytes are similar to 

plant phytochromes except for the presence of one or more C-terminal TCS receiver (REC) 

domains (Duanmu et al. 2014; Rockwell et al. 2014a). Light-regulated histidine kinase 

activity was confirmed biochemically in one prasinophyte alga, Dolichomastix tenuilepis 
(Duanmu et al. 2014), suggesting that all prasinophyte phytochromes function as light 

regulated two component sensors. During the emergence of streptophyte phytochromes, both 

histidine phosphotransfer activity and C-terminal REC domain(s) have been lost. Plant 

phytochromes have also acquired new regulatory functions, such as PIF (phytochrome 

interacting factor) binding and/or serine/threonine phosphotransfer activities (Yeh & 

Lagarias 1998; Li et al. 2015a).

Functional analyses of several algal phytochromes has shed further insights into their 

signaling mechanisms. The prasinophyte alga Micromonas pusilla possesses one 

phytochrome gene that encodes a protein with a functional histidine kinase coupled with a 

REC domain (Worden et al. 2009). The abundance of MpPHY protein was quite stable 

throughout the light-dark cycle, similar to the light-stable phytochromes of plants. Another 

hallmark property of plant phytochromes, relocalization to the nucleus in the light period of 

the diurnal cycle, is conserved in MpPHY (Duanmu et al. 2014). RNA-seq measurements 

revealed that transcripts of bilin biosynthetic genes and of MpPHY itself were light-

regulated and preceded those of most photosynthesis related genes, suggesting a shared 

signaling mechanism for prasinophyte and plant phytochromes (Duanmu et al. 2014).

By contrast with prasinophyte phytochromes, the abundance of diatom phytochromes 

gradually decreased in the light and reaccumulated after transfer to darkness. Transcriptomic 

measurements implicated a regulatory role for diatom phytochromes in a far-red light 

response that targets ~80 mostly diatom-specific genes of unknown function (Fortunato et al. 
2016). These studies suggest that diatom phytochromes target a unique pathway distinct 

from that of green algal and plant phytochromes, consistent with the evolutionary divergence 

of heterokont and Viridiplantae species. The authors propose that the diatom phytochrome 

might function to detect changes in the red/far red ratio with depth and/or the presence of 

other Chl-containing photosynthetic organisms (Fortunato et al. 2016).

Although phytochromes are present in many primary and secondary algal species (Figure 1), 

rhodophytes such as Cyanidioschyzon merolae and Porphyridium purpureum and 

chlorophytes such as Chlamydomonas reinhardtii, Volvox carteri and Chlorella variabilis 
NC64A lack phytochrome genes (Duanmu et al. 2014; Li et al. 2015a). Prasinophytes 

typically possess one phytochrome gene or none at all. All streptophyte species have at least 

one phytochrome gene, and many species have two or more phytochromes. This includes 

streptophyte algae, in which three distinct families have been identified, and land plants, 

which can contain five or more phytochrome genes (Li et al. 2015a).

Gene duplication followed by functional specialization probably results in expansion of 

phytochromes with diverse functions in seed plants (Rensing et al. 2016). Interestingly, 
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multiple copies of phytochromes are also present in many multicellular algae, such as the 

heterokont alga Ectocarpus siliculosus and the related phaeophyte alga Saccharina japonica 
(Wang et al. 2013). These may reflect sub- or neo-functionalization events in multicellular 

algae. Further investigation is needed to address the biological functions of these interesting 

photoreceptors.

EMERGING SIGNALING ROLES FOR BILINS

As breakdown products from heme, linear tetrapyrroles (bilins) are well known cofactors of 

either light harvesting phycobiliproteins (in cyanobacteria, glaucophytes, rhodophytes, and 

cryptophytes) and of light-sensing phytochromes of cyanobacteria, land plants and many, but 

not all eukaryotic algae. Although BV is sometimes used, the more reduced phytobilins, 

PCB, phycoerythrobilin (PEB) and PΦB, are more commonly used as precursors of the 

covalently bound chromophores of both classes of biliprotein. Due to feedback inhibition of 

heme oxygenase, BV is only produced in small amounts in algae and plants. Ferredoxin-

dependent bilin reductases (FDBRs) are responsible for the reduction of BV that regenerates 

active heme oxygenase for a new round of heme turnover while also yielding phytobilin 

products. FDBRs to date have only been found in oxygenic phototrophs, and the phytobilins 

they produce are the major bilin metabolites found in algal and plant cells (Dammeyer & 

Frankenberg-Dinkel 2008; Rockwell et al. 2014b).

Apart from their role as chromophore precursors, bilins have been implicated as signaling 

molecules in some systems. In Xenopus laevis, BV acts as a cytoplasmic determinant that is 

involved in the regulation of dorsal axis development in the embryo (Falchuk et al. 2002). 

Novel light sensing roles for bilins have also been implicated by studies on several 

phycobiliproteins. The allophycocyanin-like (AplA) protein from the cyanobacterium 

Fremyella diplosiphon contains a covalently attached bilin chromophore yet lacks conserved 

amino acids critical for known phycobiliprotein structure. The absence of AplA from 

purified phycobilisomes (PBS) suggests that biological functions of these proteins are not 

related to light harvesting. It has been proposed that AplA might instead play a role in light 

sensing for regulation of PBS transcription and protein abundance (Montgomery et al. 
2004). Another cyanobacterium, Prochlorococcus sp. MED4, depends on phycoerythrin as a 

green light-absorbing photoreceptor for high-light acclimation (Steglich et al. 2005). 

Moreover, although phycobiliprotein-deficient cyanobacteria remain fully viable, FDBR 

knockout experiments suggest that bilin biosynthesis is essential for phototrophic growth of 

Synechococcus sp. PCC 7002 (Alvey et al. 2011). However, it remains possible that FDBRs 

perform other functions that are essential to viability, because exogenous phytobilin rescue 

experiments are difficult to interpret when the results are negative. Through inactivation of 

bilin biosynthesis in C. reinhardtii, our recent studies on the hmox1 mutant have revealed a 

potential signaling role for bilins (Duanmu et al. 2013). As we will discuss in the succeeding 

text, this signaling role impacts the processes needed to cope with dark-to-light transitions 

that are one of the most dangerous environmental challenges faced by photosynthetic 

organisms.
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Diversity of bilin biosynthesis in eukaryotic algae

All oxygenic phototrophs possess plastid-localized heme oxygenases (HOs) that catalyze the 

oxygen-dependent conversion of heme to BV (Tanaka & Tanaka 2007; Terry & Smith 2013). 

To support high throughput HO turnover, two class of BV reductases evolved in nature, i.e., 
the NAD(P)H-dependent BVR/BvdRs (Kutty & Maines 1981; Schluchter & Glazer 1997) 

and the FDBR family of phytobilin synthases (Dammeyer & Frankenberg-Dinkel 2008). In 

contrast with the limited distribution of BvdRs, FDBRs are found in all extant cyanobacteria, 

including prochlorophytes which lack phycobiliprotein antennae. Eukaryotic FDBRs are 

restricted to photosynthetic eukaryotes and are exclusively localized to plastids. It is 

therefore likely that eukaryotic HOs and FDBRs arose via gene transfer from an ancestral 

cyanobacterial endosymbiont to the host nucleus, resulting in a phytobilin biosynthetic 

pathway indispensable to extant photosynthetic eukaryotes (Rockwell et al. 2014b). 

Interestingly, several heterotrophic dinoflagellates apparently lack FDBRs (Jeong et al. 
2010), consistent with an essential function for bilin biosynthesis in oxygenic photosynthetic 

organisms.

Genomic and transcriptomic data has confirmed the presence of FDBRs in all phototrophic 

eukaryotic taxa, including species that are derived from secondary endosymbiosis, with the 

possible exception of euglenids (Rockwell et al. 2014a, b; Figure 1). Different FDBRs or 

combinations of FDBRs are found in different algal lineages. Consistent with the presence 

of three FDBR lineages, PcyA (ferredoxin:phycocyanobilin oxidoreductase), PebA 

(ferredoxin: 15, 16-dihydrobiliverdin oxidoreductase) and PebB (ferredoxin: 

phycoerythrobilin oxidoreductase) in extant cyanobacteria (Frankenberg et al. 2001), all 

Archaeplastida lineages have retained at least one descendant derived from one or more of 

these lineages (Figure 1). These include PCYA, PUBS and HY2 enzymes that are 

responsible for the respective synthesis of phycocyanobilin (PCB), phycourobilin (PUB) and 

phytochromobilin (PΦB) in photosynthetic eukaryotes. Representatives of the PebA-related 

PUBS family can be found in the Viridiplantae in both chlorophyte and streptophyte 

lineages (Chen et al. 2012), whereas HY2 is only found in streptophytes (Rockwell et al. 
2017). It is notable that no single FDBR is indispensable across the highly diverged algal 

lineages (Rockwell et al. 2014b). Bilin products of FDBRs generally serve as chromophore 

cofactors for phytochromes or phycobiliproteins. However, many eukaryotic algae (i.e., 

chlorophytes and some prasinophytes) lack both classes of biliproteins (Duanmu et al. 2014; 

Rockwell et al. 2014a). Such observations raise a key question: what are the biological 

functions of bilins in these organisms?

Retrograde bilin signals are important for the dark-to-light transition in Chlamydomonas

Recent studies have addressed this question in the green alga Chlamydomonas, a 

chlorophyte alga lacking phycobiliproteins and phytochromes. The bilin biosynthetic 

pathway of C. reinhardtii consists of a heme oxygenase (HMOX1) producing BV from heme 

and an FDBR (PCYA1) producing PCB from BV. Both proteins are encoded in the nucleus 

and targeted to the chloroplast (Merchant et al. 2007; Duanmu et al. 2013). Chlamydomonas 

also contains an animal type heme oxygenase (HMOX2), with a putative C-terminal 

transmembrane helix that appears to anchor the protein to the endoplasmic reticulum 

(Duanmu et al. 2013). Homologs of the animal type HMOX2 are present in other 
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chlorophytes (V. carteri and Chlorella sp NC64A) but are absent in cyanobacteria and plants, 

e.g., all four Arabidopsis heme oxygenases are targeted to the chloroplast (Gisk et al. 2010). 

Different from mammalian heme oxygenases that convert heme to biliverdin IXα, 

Chlamydomonas HMOX2 cleaves heme nonspecifically and makes several biliverdin 

isomers. While the origin and biological function of HMOX2 remain unclear, putative roles 

for the cytosolic membrane-associated HMOX2 include heme detoxification and iron 

recycling (Duanmu et al. 2013).

Using a cyanobacterial bilin-binding GAF domain as reporter, these studies also showed that 

PCB biosynthesis in vivo required a functional HMOX1 gene (Duanmu et al. 2013). 

Disruption of PCB biosynthesis in the knock-out hmox1 mutant compromised light-

dependent Chl accumulation and photoautotrophic growth, phenotypes which could be 

rescued by in vitro feeding of BV. Transcriptomic analysis uncovered bilin-regulated gene 

networks essential for the dark to light transition in Chlamydomonas. Significantly different 

from phytochrome regulation of photosynthesis-associated nuclear genes (PhANGs) in 

plants, the majority of the bilin-responsive genes in Chlamydomonas have unknown 

functions. As such, this discovery holds considerable potential to help understand the 

molecular mechanisms governing dark/light transition in green algae. Since the hmox1 
mutant is unable to grow in minimal medium containing no organic carbon source, this 

genetic program appears to be essential for maintaining photoautotrophic growth (Duanmu 

et al. 2013).

As a semi-autonomous organelle, the chloroplast is able to relay its developmental and 

functional states to nucleus for real-time coordination of nuclear genome expression for 

optimal photosynthetic light energy capture. The informational flow from chloroplast to 

nucleus is called retrograde signaling (Singh et al. 2015). Among the most well documented 

plastid-derived retrograde signals are intermediates of the tetrapyrrole biosynthetic pathway; 

however, signals derived from reactive oxygen species (ROS), chloroplast redox state and 

chloroplast gene expression have also received experimental support (Nagahatenna et al. 
2015). Bilins are promising candidates as retrograde signaling molecules because they are 

synthesized in the chloroplast, they are exported to the cytoplasm and the genes for key 

enzymes in their synthesis are regulated by the clock. These attributes make them desirable 

candidates as signals for reprogramming nuclear transcription, especially during the dark/

light transition. The presence of bilin biosynthetic enzymes in all eukaryotic algae might 

thus be explained by an essential role for bilins in anticipating oxidative stress during the 

transition from dark/heterotrophic to light/phototrophic growth (Figure 2). Bilins could be 

also involved in sustaining functional chloroplasts under continuous light illumination 

(Duanmu et al. 2013; Rochaix 2013). However, more work is needed to elucidate the 

molecular basis of bilin-dependent photosynthesis regulation in green algae.

Perspectives on bilin signaling in phototrophic eukaryotes

The diurnal light/dark cycle imposes serious challenges to survival of oxygenic 

photosynthetic organisms. Oxidative stress in chloroplasts at dawn and throughout the day 

requires both rapid acclimation and slower adaptive responses that include activation of 

nucleus-encoded stress responsive proteins and other photoprotective components to 
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facilitate the daily transition from dark/heterotrophic to light/phototrophic growth. Bilins are 

well suited to integrate such environmental signals, because their biosynthesis by heme 

oxygenase and FDBRs is tied to production of oxygen and reductant via photosynthesis 

(Figure 2). Moreover, oxygenic eukaryotes arose via capture of an ancestral cyanobacterial 

cell that was filled with bilins. It is therefore plausible that bilins have gained important 

signaling functions during the ~1.5 billion years of evolution since endosymbiosis 

(Montgomery & Lagarias 2002).

Besides bilins, other tetrapyrrole intermediates have been hypothesized to function as 

putative chloroplast signals in plants. Magnesium protoporphyrin IX (MgPPIX) appears to 

represent a negative “operational control” signal mediating photo-oxidative damage response 

when plastid integrity is disrupted by herbicides or plastid translation inhibitors. In contrast, 

a specific non-photosynthetic heme pool generated by ferrochelatase-1 in plants appears to 

function as a positive “biogenic control” signal to up-regulate PhANG expression (Woodson 

et al. 2011; Terry & Smith 2013). Heme is a bilin precursor, and phytochromes promote 

PhANG expression when activated by light; therefore, bilins clearly function as positive 

retrograde signals in plant and algal species that retain phytochromes. Finally, phyllobilins, a 

class of bilin-type Chl breakdown products structurally related to bilins derived from heme, 

have also been proposed to play important biological functions besides their well-known 

roles as signs of leaf senescence and fruit ripening (Kräutler 2014). Although the metabolic 

pathways are poorly understood, phyllobilins were found in some green algae and marine 

dinoflagellates (Engel et al. 1991). In addition to phyllobilins, it is tempting to speculate that 

other bilins derived from Chl breakdown, such as those observed in phagotrophic protists 

(Kashiyama et al. 2012), are also good candidate signaling molecules in both photosynthetic 

and non-photosynthetic species.

In plants, bilin-based phytochromes are master regulators of PhANG expression and many 

other light-dependent processes. The putative retrograde signaling activity of bilins might 

thus be masked by phytochrome signaling (Duanmu et al. 2013). Interestingly, targeted 

expression of mammalian biliverdin reductase in Arabidopsis suggested a regulatory 

function of bilins within the chloroplast which is distinct from cytosolic phytochrome 

signaling (Lagarias et al. 1997; Montgomery et al. 1999; Warnasooriya & Montgomery 

2009). It thus seems plausible that bilin-dependent retrograde signaling will prove important 

to all photosynthetic eukaryotes.

Many questions, however, still remain to be answered. How are bilins trafficked out of the 

chloroplast? What are the identities of putative bilin sensors or receptors and where are they 

localized in the cell? How are bilin signals relayed to the nucleus and resulting in expression 

of specific genes? Mechanistic investigations of bilin signaling in model algae such as C. 
reinhardtii is expected to provide novel insights into strategies phototrophic eukaryotes 

developed to optimize their photosynthetic activity in natural settings in the absence of 

phytochrome.
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CONCLUDING REMARKS

In the last two decades, we have gained a deeper understanding of photosynthesis and light 

signaling mechanisms in aquatic eukaryotic algae, which have evolved for over ~1 billion 

years and are now present in almost every ecological niche on earth. The number of extant 

algal species has been estimated between 30,000 to more than 1 million (Guiry 2012). So 

far, more than 146,000 species have been described in AlgaeBase (www.algaebase.org). 

With high throughput sequencing technologies and sophisticated “-omics” tools now 

available, we are confident that significant progress will be made in the next decade towards 

characterization of light harvesting, light sensing and other photoacclimation processes in a 

number of model algal species.
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SUMMARY STATEMENT

Aquatic environments pose daunting challenges for efficient light harvesting and 

photosynthesis, requiring novel photoacclimation strategies in eukaryotic algae. Recent 

studies provide new insight into the loss and repurposing of bilin-based photoreceptors in 

algae that facilitate responses to inevitable changes in light fluences inherent to their 

complex light environments.
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Figure 1. 
Distribution of phytochromes (PHY) and FDBRs (ferredoxin-dependent bilin reductases) in 

eukaryotes. (top) A simplified cartoon of eukaryotic evolution is shown, following the 

scheme of Keeling and colleagues (Burki et al. 2016). (bottom) The presence of 

photosynthesis, PHY and FDBRs in various taxa is indicated. Photosynthetic taxa are color-

coded by plastid lineage as follows: rhodophyte, red; red-derived, dark red; glaucophyte, 

blue; Viridiplantae, green; green-derived, dark green. The independent primary 

endosymbiosis in Paulinella chromatophora and related species (Yoon et al. 2009; Kim & 

Park 2016) is color-coded in purple. Non-photosynthetic taxa (Amoebozoa, Fungi, Metazoa, 

Centrohelida) are in white and lack FDBRs. For photosynthetic taxa, the presence or 

absence of phytochromes and FDBRs was assessed previously (Rockwell et al. 2014b). 

Photosynthetic stramenopiles (Ochrophyta) have been proposed to be monophyletic (e.g., 

Duanmu et al. Page 24

Plant Cell Environ. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Derelle et al. 2016). The photosynthetic stramenopile Aureococcus anophagefferens lacks 

FDBRs. Photosynthetic alveolates (double asterisk: dinoflagellates and chromerids) contain 

FDBR genes, whereas nonphotosynthetic alveolates do not. Prasinophytes + streptophytes 

comprise the Viridiplantae. Stramenopiles, Alveolata, and Rhizaria comprise the SAR clade. 

+/−, variable presence within photosynthetic organisms.
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Figure 2. 
Schematic illustration of hypothetical retrograde bilin signaling in Chlamydomonas 

reinhardtii. (A) At night, repair of damaged photosynthetic apparatus afects heme release 

and HMOX1 capture. (B) At dawn, oxygen-dependent heme turnover and PCB 

(phycocyanobilin) biosynthesis occurs. PCB might be exported to the cytosol and finally to 

the nucleus to regulate gene expression and mitigate oxidative stress during dark to light 

transition. Fd, ferredoxin; HMOX1, heme oxygenase; PCYA1, phycocyanobilin ferredoxin 

oxidoreductase. Association of PCYA1 with the chloroplast envelope membrane could be 
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due to its interaction with an unknown membrane protein (green oval). PCB is expected to 

be exported out of the chloroplast by putative bilin transporter (red oval). In the cytosol, a 

putative bilin sensor (yellow oval) binds PCB and the holoprotein moves to the nucleus to 

regulate gene expression.
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Table 1

Representative photoreceptors in eukaryotic algae

Photoreceptor classes Chromophore Domain composition Representative algae Reference

Phytochrome Bilins

PAS-GAF-PHY-(PAS)2-HKD-REC Micromonas pusilla Duanmu et al. 2014

PAS-GAF-PHY-PAS-HKD-REC Cyanophora paradoxa Duanmu et al. 2014

PAS-GAF-PHY-PAS-PKC-RING Guillardia theta Duanmu et al. 2014

PAS-GAF-PHY-HKD-REC Thalassiosira pseudonana Fortunato et al. 2016

Cryptochrome

FAD+MTHF(?) Cry-DASH: PHR Chlamydomonas reinhardtii Beel et al. 2012

FAD+MTHF (?) Plant Cry: PHR-DAS Coccomyxa subellipsoidea Fortunato et al. 2015

FAD+MTHF Plant Cry-like: dAS-PHR Coccomyxa subellipsoidea Fortunato et al. 2015

Phototropin FMN LOV-LOV-STKD Chlamydomonas reinhardtii Huang & Beck 2003

BLUF-protein

FMN Aureochrome: bZIP-LOV Vaucheria frigida Takahashi et al. 2007

Bilin+FMN(?) Neochrome: PHY-LOV-LOV-STKD Mougeotia scalaris Suetsugu et al. 2005

FAD PAC: BLUF-AC-BLUF-AC Euglena gracilis Iseki et al. 2002

Rhodopsin Retinal

Channelrhodopsin: Rh/ChR-Reg.domain Chlamydomonas reinhardtii Nagel et al. 2002

Enzymerhodopsin: Rh-HisK-REC-AC/GC Chlamydomonas reinhardtii Kateriya et al. 2004

Light driven ion pump: Rh/AR Acetabularia acetabulum Tsunoda et al. 2006

UVR8 Trp (RCC1)7 Chlamydomonas reinhardtii Tilbrook et al. 2016

Representative photoreceptor classes and the domain composition according to the Pfam database (due to space limit, not all characterized algal 
photoreceptors are included in this table). Domain abbreviations are: AC/GC, adenylyl or guanylyl cyclase; AR, Acetabularia rhodopsins; BLUF, 
blue-light sensors using flavin adenine dinucleotide; bZIP, basic region/leucine zipper; CCE, cryptochrome C-terminal extension; ChR, 
channelrhodopsin; Cry-DASH, cryptochrome of Drosophila, Arabidopsis, Synechococcus, Homo; DAS: DQXVP Acidic STAESS motif; dAS, 
refers to a DAS motif missing the DQXVP; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; GAF, cGMP-specific 
phosphodiesterases, adenylyl cyclases and FhlA; HisK, histidine kinase; HKD, Histidine Kinase A domain and H-ATPase-c domain; LOV, light-
oxygen-voltage; MTHF: 5-methenyltetrahydrofolate; PAC, photoactivated adenylyl cyclase; PAS, Period-Arnt-Sim domain; PHY, phytochrome 
photosensory domain; PHR, photolyase homology region; RCC1, regulator of chromosome condensation repeat 1; REC, response regulator 
receiver; Reg.domain, regulatory domain; Rh, rhodopsin; RING, really interesting new gene; STKD, serine/threonine kinase domain; Trp, 
tryptophan; UVR8, Ultraviolet Resistance Locus 8.
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