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Synopsis In many species of phytoplankton, simple photoreceptors monitor ambient lighting. Photoreceptors provide a
number of selective advantages including the ability to assess the time of day for circadian rhythms, seasonal changes, and
the detection of excessive light intensities and harmful UV light. Photoreceptors also serve as depth gauges in the water
column for behaviors such as diurnal vertical migration. Photoreceptors can be organized together with screening pig-
ment into visible eyespots. In a wide variety of motile phytoplankton, including Chlamydomonas, Volvox, Euglena, and
Kryptoperidinium, eyespots are light-sensitive organelles residing within the cell. Eyespots are composed of photoreceptor
proteins and typically red to orange carotenoid screening pigments. This association of photosensory pigment with
screening pigment allows for detection of light directionality, needed for light-guided behaviors such as positive and
negative phototaxis. In Chlamydomonas, the eyespot is located in the chloroplast and Chlamydomonas expresses a number
of photosensory pigments including the microbial channelrhodopsins (ChR1 and ChR2). Dinoflagellates are unicellular
protists that are ecologically important constituents of the phytoplankton. They display a great deal of diversity in
morphology, nutritional modes and symbioses, and can be photosynthetic or heterotrophic, feeding on smaller phyto-
plankton. Dinoflagellates, such as Kryptoperidinium foliaceum, have eyespots that are used for light-mediated tasks in-
cluding phototaxis. Dinoflagellates belonging to the family Warnowiaceae have a more elaborate eye. Their eye-organelle,
called an ocelloid, is a large, elaborate structure consisting of a focusing lens, highly ordered retinal membranes, and a
shield of dark pigment. This complex eye-organelle is similar to multicellular camera eyes, such as our own. Unraveling
the molecular makeup, structure and function of dinoflagellate eyes, as well as light-guided behaviors in phytoplankton
can inform us about the selective forces that drove evolution in the important steps from light detection to vision. We
show here that the evolution from simple photoreception to vision seems to have independently followed identical paths
and principles in phytoplankton and animals, significantly strengthening our understanding of this important biological
process.

Introduction

Phytoplankton are microscopic single-celled organ-
isms and include unicellular algae and cyanobacteria.
They are found in aquatic and marine environments,
and they contribute significantly to global productiv-
ity through photosynthesis (Taylor 1987; Tomas
1996). Phytoplankton range in size from less than a
micron to several millimeters for some large colonial
species, such as Volvox. Despite their small size, phy-
toplankton display a remarkable diversity and com-
plexity in the types of photosensory pigments and
light-detecting systems that they use. Their eyespots
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may have reflective properties, use shading of light to
obtain directionality, and lenses to focus light (Foster
and Smyth 1980; Kreimer 1999; Hegemann 2008;
Hegemann and Dieckmann 2011). In some phyto-
plankton, the single cell houses optical systems rival-
ing vertebrate eyes in complexity. Further,
phytoplankton express a large number of photore-
ceptor proteins that use bound chromophores such
as retinal in retinylidene proteins (microbial rhodop-
sin), flavin in flavoproteins, pterins and flavins in
cryptochromes, and bilin in biliproteins such as
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phytochrome (Hegemann 2008; Hegemann and
Dieckmann 2011).

Simple photoreceptors provide input for simple,
and yet, important behaviors and more complex
structures serve more advanced behaviors. Major
parts of the evolutionary progression seen in ani-
mals, from nondirectional photoreception to high-
resolution vision (Nilsson 2013), is mirrored
within the single cells of phytoplankton. In both
animals and phytoplankton, selection on the pho-
toreceptive systems acts primarily on the fitness of
the behavior, and this in turn causes selection on
the performance of the sensory systems. Based on
animal photoreceptive systems, the sensory tasks
were placed into four major classes calling for
gradually more complex structures (Nilsson
2013), and this classification can be successfully
applied to photoreception in phytoplankton. The
simplest task (class I) is nondirectional photore-
ception, used for monitoring variations in the
general ambient intensity. This is followed by di-
rectional photoreception (class II) used for photo-
taxis and for body/cell orientation. Further
elaboration leads to low-resolution vision (class
IIT) used for orientation and habitat selection,
and finally to high-resolution vision (class IV) re-
quired for detection and identification of prey,
predators, and conspecifics. In phytoplankton,
classes I and II are well represented, and as we
shall see, there are also examples of higher classes.

Motile phytoplankton have evolved specialized
photoreceptors for monitoring ambient lighting
(class I). These simple photoreceptors function to
regulate their exposure to intense sunlight and harm-
ful UV irradiation as well as for assessing the time of
day for circadian rhythms, shadow detection, sea-
sonal changes such as day length and depth in the
water column (Dodge and Crawford 1969; Foster
and Smyth 1980; Hegemann 2008; Hegemann and
Dieckmann 2011). These functions require expres-
sion of a photosensory pigment as well as signal
transmission to a motile organelle, but structurally,
such systems can be morphologically inconspicuous.

Many motile algae and motile stages of nonmotile
algae, such as gametes, contain photoreceptors orga-
nized into a more complex structure called an eye-
spot or a stigma. The eyespot is an organelle that
contains osmiophillic globules or granules that are
made up of reddish-orange colored carotenoid
pigment. Eyespots are common in flagellated phyto-
plankton, and have been found in Chlorophyceace,
Euglenophyceae, Dinoflagellata, Haptophyta,
Cryptophyceae, Prasinophyceae, Xanthophyceae,
Chrysophyceae, Phaeophyceae (Dodge 1969, 1984;
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Hegemann 2008; Hegemann and Dieckmann 2011).
This association of photosensory pigment with carot-
enoid pigment in eyespots allows for phytoplankton
to detect light directionality (class II), which enables
them to carryout more complex light-guided behav-
iors such as positive and negative phototaxis (pho-
tophobic responses). The addition of screening
pigment does not exclude the use also for class I
tasks. Information about the orientation of the cell
in relation to the light source, as well as the intensity
and quality of the light, directs visually guided move-
ment of the cell (Foster and Smyth 1980; Kreimer
1999; Hegemann 2008; Hegemann and Dieckmann
2011). In certain phytoplankton, a visible eyespot is
lacking, although a chloroplast or other structures in
the cell body perform a shading function for
directionality.

Eyespots can be located in the chloroplast and are
often found close to the flagella, facilitating signal-
ing between the sensor and effector organelles (Fig.
1A—C). Because phytoplankton lack a brain or a ner-
vous system, the photoreceptive system is directly
connected to the output system to control swimming
behavior. Following light activation of the photosen-
sory pigment, the light signal is converted into an
electrical signal and/or chemical signal and this in-
formation is transmitted directly to the flagella. As
yet, very little is known about the mechanisms that
transmit and process this information within the cell
to generate appropriate behaviors (Hartz et al. 2008,
2011).

Photosensory pigments

Phytoplankton express a wide range of microbial
rhodopsins in their photoreceptors (Hegemann
2008; Hegemann and Dieckmann 2011; Zhang
et al. 2011). Rhodopsins function to absorb photons
of light for cellular signaling and for energy conver-
sion. Two distinct classes of rhodopsins exist; type I
and type II rhodopsins. Bacteria, archaea, and pro-
tists express a type I (microbial) rhodopsins that are
utilized for energy harvesting and sensory functions
(Hoff et al. 1997; Giovannoni et al. 2005; Falb et al.
2008; Gonzalez et al. 2009; Gomez-Consarnau et al.
2010; Ernst et al. 2014), whereas metazoans express
type II (animal) rhodopsins that are light-sensitive
G-protein-coupled receptors (Palczewski et al. 2000;
Palczewski 2006; Schmidt et al. 2011; Ernst et al.
2014). Type II rhodopsins are exclusively found in
animals where it serves vision as well as nonvisual
photoreception for tasks such as circadian clock reg-
ulation, pupil dilation, and as photoisomerases
(Schmidt et al. 2011; Porter et al. 2012).
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Fig. 1 Schematic representations of eyespots and ocelloids in
phytoplankton. (A) Chlamydomonas reinhardtii cell with pigmented
eyespot (E) located within the chloroplast (C). Adapted from
Hegemann and Dieckmann (2011). (B) Euglena gracilis cell with
pigmented eyespot (E) in close proximity to the flagella (f).
Adapted from Hegemann and Dieckmann (2011). (C)
Kryptoperidinium foliaceum cell with pigmented eyespot (E) in
close proximity to the flagella (f). Adapted from Dodge and
Crawford (1969). (D) Warnowia cell with ocelloid (O). Adapted
from Greuet (1987) and Kofoid and Swezy (1921). (E)
Nematodinium cell with ocelloid (O). Adapted from Greuet
(1987) and Kofoid and Swezy (1921). (F) Erythropsidinium cell
with ocelloid (O) and piston (P). Adapted from Greuet (1987)
and Kofoid and Swezy (1921). N, nucleus; E, eyespot; C, chlo-
roplast; O, ocelloid; H, hyalosome; R, retinal body; P, piston; f,
flagella; sic, intercingular sulcus; spc, precingular sulcus; str, cin-
gular sulcus with transverse flagellum.

Type I and type II rhodopsins display similar to-
pologies with seven transmembrane alpha-helices and
with their C-terminus facing inside and their N-ter-
minus facing outside the cell. The chromophore in
both type I and type II rhodopsins is an aldehyde of
vitamin A, retinal, bound to each protein via a Schiff
base to a lysine residue in the seventh transmem-
brane domain (Ernst et al. 2014). However, despite
these similarities in the microbial, type I rhodopsins,
retinal is photoisomerized from all-trans to 13-cis
and in the animal, type II rhodopsins, retinal is
photoisomerized from the 11-cis to the all-trans con-
figuration. Type II rhodopsins are also known to
exist with three alternative versions of the vitamin-
A chromophore: 3-dehydroretinal, 3-hydroxyretinal,
and 4-hydroxyretinal, helping to extend the range of
absorption peaks from 350 to 675nm (Cronin et al.
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2014). Type I and type II rhodopsins display very
little amino acid identity, strongly suggesting that
type I and type II rhodopsins evolved independently
(Porter et al. 2012).

The type I rhodopsins known from phytoplankton
include channelrhodopsins (ChR1 and ChR2), bacte-
riorhodopsin (BR, light-driven proton pumps), and
sensory rhodopsins and they are derived from a
common ancestor (Fig. 2) (Ernst et al. 2014).
Phylogenetic trees of type I rhodopsins for several
species, including dinoflagellates, reveal proton
pumps as well as some rhodopsins more related to
algal sensory rhodopsins (Slamovits et al. 2011;
Hayakawa et al. 2015). The first microbial rhodopsin
was discovered in archaeal species, Halobacterium
salinarum and is a light-driven proton pump, BR
(Oesterhelt and Stoeckenius 1971, 1973). This dis-
covery was followed by the subsequent identification
of halorhodopsin and sensory rhodopsin I and II
(HR, SRI, and SRII). In H. salinarum, SRI and
SRII function as phototaxis receptors in most condi-
tions, but in conditions of high light, BR also medi-
ates phototaxis (Hoff et al. 1997). Since the discovery
of rhodopsins in H. salinarum, results from genome
projects have led to the identification of a wide va-
riety of photoreceptive proteins in archaea as well as
marine, freshwater, and terrestrial bacteria and pro-
tists (unicellular eukaryotes), such as phytoplankton
(Ruiz-Gonzalez and Marin 2004; van der Horst and
Hellingwerf 2004; Saranak and Foster 2005; Spudich
2006; Jekely 2009; Slamovits et al. 2011; Ernst et al.
2014). What began as a small group of microbial
rhodopsins that function as proton pumps, chloride
pumps, and as receptors for phototaxis has now ex-
panded to include a large number of sensory photo-
receptors such as cation channels, photosensors, and
photoactivated enzymes (Ernst et al. 2014) (Fig. 2).
For example, channelrhodopsins in Chlamydomonas
are photosensitive cation channels. Further, enzymer-
hodopsins, with long C-term tails containing histi-
dine kinase and cyclase domains, have been
identified in Chlamydomonas and in the tiny
marine green algae Ostreococcus tauri. The latter is
one of the smallest eurkaryotes known, measuring
only 0.8 pm in size. Additional photosensory
pigments include photoactivated cyclases that con-
tain blue-light receptors using flavin adenine dinu-
cleotide (FAD, BLUF) and photoactivated adenylate
cyclases as well as phototrophins, which are photo-
activated serine/threonine kinases containing sensor
domains for light, oxygen, and voltage (LOV).
Neochromes containing LOV domains, a kinase
and an N-terminal phytochrome domain have been
identified in the filamentous green alga, Mougeotea.
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A, Acronym Name Species Accession #
Chloride Pump
NpHR  |Halorhodopsin Natronomonas pharaonis P15647
SrHR  |Halorhodopsin Salinibacter ruber DSM 13855 |QSUNEG
HsHR _|Halorhodopsin Halobacterium salinarum P16102
Fungal and Algal Proton Pump
LR Leptosphaeria Rhodopsin | Leptosphaeria maculans QIHGT7
_y |Ph2 Phaeosphaeria Rhodopsin 2| Phaeosphaeria nodorum SN15 | QOVSAT
g NR Neurospora Rhodopsin Neurospora crassa OR7T4A Qauws1
g Ph1 Phaeosphaeria Rhodopsin 1|Phaeosphaeria nodorum SN15 | QOVEM3
Acel Acetabularia Rhodopsin 1 | Acetabularia acetabulum AEF12206
Ace2 Acetabularia Rhodopsin 2 | Acetabularia acetabulum AEF12207
Channel
VeChR2 | Channelrhodopsin 2 Volvox carteri f. nagariensis ABZ90902
CrChR2 | Channelrhodopsin 2 Chlamyd reinhardtii XP_001701725
VeChR1 | Channelrhodopsin 1 Volvox carteri f. nagariensis ABZ90900
CrChR1 | Channelrhodopsin 1 Chlamydomonas reinhardtii AALOBO4E
M MvChR1|Channelrhodopsin 1 Mesostigma viride AEI83869
ﬂm::rsmahm
Acronym Name Species Accession #
Eubacterial Proton Pump
GR Gloeobacter Rhodopsin Gloeobacter violaceus Q7NP59
XR Xanthorhodopsin Salinibacter ruber DSM 13855 Q252F8
GPR1 Green-absorbing Proteorhodopsin Dokdonia donghaensis MED134; EAQ40507 EAQ40507
GPR2 Green-absorbing Proteorhodopsin Vibrio sp. AND4; ZP_02194911 ZP 02194911
GPR3 Green-absorbing Proteorhodopsin Candidatus Pelagibacter ubique HTCC1062, “SAR11” group; Q4FMZ3 Q4FMZ3
BPR4 Blue-absorbing Proteorhodopsin Photob ium sp. LC1-200; BAL68143 BALG8143
BPR5 Blue-absorbing Proteorhodopsin HOT 75m4; AAK30179 AAK30179
GPRéE Green-absorbing Proteorhodopsin | *SARBE" group; AAG10475 AAG10475
GPR7 Green-absorbing Protecrhodopsin HOT O0m1; AAK30176 AAK30176
Sensor
HsSRI Sensory Rhodopsin | Halobacterium salinarum P25964
HvSRI Sensory Rhodopsin | Haloarcula vallismortis ATCC 29715 EMAQ0853
SrSRI Sensory Rhodopsin | Salinib ruber M8 CHB25654
HsSRII Sensory Rhodopsin Il Halob salinarum P71411
NpSRII Sensory Rhodopsin I Natronomonas pharaonis P42196
HvSRII Sensory Rhodopsin |l Haloarcula vallismortis ATCC 29715 P42197
Archaeal Proton Pump
AR3 Archaerhodopsin-3 Halorubrum sadc P96787
AR1 Archaerhodopsin-1 Halorubrum chaoviator P69051
AR2 Archaerhodopsin-2 Halobacterium sp. AUS-2 P29563
BR Bacteriorhodopsin Halob salinarum P02945
MR Midrhodopsin Haloquadratum walsbyi DSM 16790 YP_656804
|asr | Anabaena Sensory Rhodopsin | Nostoc sp. PCC 7120 |asysca

Fig. 2 Phylogenetic tree of microbial rhodopsins (adapted from Ernst et al. 2014). Microbial rhodopsins shown are: chloride ion pumps;
fungal and algal proton pumps; green, channelrhodopsins; Eubacteria proton pumps; purple, photosensors; archaeal proton pumps. Table
with name of photosensory pigment, genus and species, and accession number (adapted from Ernst et al. 2014).

Phytochromes use a bilin chromophore. Finally, blue
light activated transcription factors with LOV do-
mains, aureochromes, have been identified in
Vaucheria frigida (Xanthophyceae or yellow-green
algae), Fucus distichus (Phaeophyceae or brown
algae), and the marine diatom, Thalassiosira pseudo-
nana (Dodge and Crawford 1969; Foster and Smyth
1980; Kreimer 1999; Hegemann 2008; Hegemann

and Dieckmann 2011; Zhang et al. 2011; Ernst
et al. 2014).

Proteorhodopsins were first found in marine bac-
terioplankton and are expressed in a large number of
bacteria and archaea. In halophillic archaeal species,
rhodopsins are thought to be used in the natural
environment for photosensing as well for metabolic
functions and marine bacteria in the open ocean are
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also thought to use proteorhodopsins energetically
for ATP production (Hoff et al. 1997; Giovannoni
et al. 2005; Falb et al. 2008; Gonzalez et al. 2009;
Gomez-Consarnau et al. 2010; Slamovits et al.
2011; Ernst et al. 2014). Further, the heterotrophic,
predatory dinoflagellate, Oxyrrhis marina, expresses
proteorhodopsin, which is encoded by an abundantly
expressed nuclear gene. Oxyrrhis marina is on an
early branch of dinoflagellate evolution and it has
been proposed that its proteorhodopsin may func-
tion as a light-stimulated proton pump for acidifying
food vacuoles (Saldarriaga et al. 2003; Slamovits et
al. 2011). In addition, O. marina displays positive
phototaxis that is mediated by rhodopsin located in
the outer cell membrane (Hartz et al. 2011).

Photoreception without screening
pigment

Algal photoreception has been previously classified
on the basis of functional characteristics, position
in the cell, anatomy, and structure (Dodge 1969;
Foster and Smyth 1980; Barsanti et al. 2012). For
example, certain eyespots are adjacent to the flagella
and others are located within the chloroplast (Fig.
1A-C). Here we follow the task classification devel-
oped for animal photoreceptive systems (Nilsson
2009, 2013) to reveal a striking similarity between
single cell phytoplankton and metazoan animals. In
phytoplankton, nondirectional photoreception (class
I; Nilsson 2013) is represented in species where no
carotenoid screening pigment is visible. Many phy-
toplankton sequences are now available and there is a
growing number of examples of species that contain
microbial rhodopsins and photosensory pigments
but do not display a visible reddish-orange eyespot.
Examples include the dinoflagellate, Prorocentrum
donghaiense, the diatom, Pseudo-nitzschia granii and
the hyptophyte, Phaeocystis globosa. In many species,
the cellular location and the function of these newly
identified photosensory pigments are not yet known.
These photoreceptors may be able to monitor ambi-
ent light and may function for class I, nondirectional
photoreception. These organisms may be able to reg-
ulate their exposure to high light intensities and
harmful UV irradiation, assess the time of day for
circadian rhythms, detect shade and shadows, and
perceive seasonal changes such as day length as
well as the depth the organism is in the water
column (Dodge and Crawford 1969; Foster and
Smyth  1980; Hegemann 2008; Hegemann
and Dieckmann 2011). These photoreceptive func-
tions offer a number of selective advantages.
Phytoplankton near the ocean’s surface can be
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harmed by solar UV. Negative phototaxis in this in-
tense environment causes migration to lower depths.
If the phytoplankton are too deep, insufficient illu-
mination causes a positive phototactic response, so
the organisms move upward to an optimal position
(Foster and Smyth 1980; Jekely et al. 2008).

The addition of screening pigment

Chloroplasts or other absorbing structures in the cell
body may in some cases provide sufficient shading
for phytoplankton to detect light directionality and
carry out phototaxis. But in phytoplankton with a
visible eyespot it is clear that photoreception must
be directional, and thus belong to class II. These
types of eyespots are evident in Chlamydomonas rein-
hardtii (Fig. 1A). Chlamydomonas is about 8-10 um
in diameter and is the most widely investigated
member of the class of green algae, Chlorophyceae.
Its eyespot is about 1 um in size and its carotenoid-
rich pigmented granules are hexagonally packed and
organized into layers within the chloroplast. Some
species have one or two layers and others have as
many as eight layers of granules. The pigmented eye-
spot allows for directional light-sensitivity, and it is
located in close proximity to the plasma membrane
where ChR1 and ChR2 reside (Fig. 1A) (Hegemann
2008; Kreimer 2009; Hegemann and Dieckmann
2011). In addition to the ChR1 and ChR2 photosen-
sory pigments, Chlamydomonas also expresses enzy-
merhodopsins, phototropins, and histidine kinase
rhodopsins (UVA light receptor) (Hegemann 2008;
Ernst et al. 2014). ChR1 and ChR2 play important
roles in phototaxis, and Chlamydomonas swims in a
smooth helical pattern with its flagella directed for-
ward, with the eyespot scanning the environment
(Hegemann and Dieckmann 2011).

Stacking of photoreceptor membrane

Some phytoplankton eyespots contain multilayered
membrane structures with photoreceptive protein
and carotenoid-rich granules organized into rows. In
animals, stacked membranes are necessary for suffi-
cient light sensitivity and exist in most directional
photoreceptors and all photoreceptors used for
spatial vision (Nilsson 2009, 2013). In the dinoflagel-
late, Kryptoperidinium foliaceum (formally called
Glenodinium) stacked membranes are found in the
eyespots (Figs. 1C and 5A, B). Dinoflagellates are uni-
cellular protists that are ecologically important con-
stituents of the phytoplankton. They display a great
deal of diversity in morphology, nutritional modes
and symbioses, and can be photosynthetic or hetero-
trophic, feeding on smaller phytoplankton (Taylor
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1980, 1987; Colley and Trench 1983). The dinoflagel-
late Kryptoperidinium is photosynthetic and has eye-
spots that are used for light-mediated tasks such as
phototaxis. The eyespot of Kryptoperidinium is about
3 pm wide and 6 um long and is made up of two
layers of granules, and extensive stacks of orga-
nized lamellar membrane structures (Fig. 5A and B)
(Dodge 1969, 1984; Dodge and Crawford 1969).
Kryptoperidinium displays phototaxis and this light-
guided behavior is mediated by its eyespot with a
peak spectral sensitivity about 500 nm (Moldrup and
Garm 2012; Moldrup et al. 2013).

Another example of an eyespot with stacked mem-
brane is found in the unicellular flagellate, Euglena. In
Euglena, the carotenoid-rich granules are clustered
around a reservoir and photoreceptor crystal that are
in close proximity to the long flagellum (Fig. 1B)
(Walne and Arnott 1967; Hegemann and Dieckmann
2011). In Euglena, light stimulation leads to activation
of its photosensitive adenylate cyclase and an increase
in cAMP (Hegemann 2008). Unlike Chlamydomonas,
the eyespot in Euglena is not located in the chloroplast
but is located very close to the flagella, promoting sig-
naling for light-guided directional movement (Fig. 1A
and B) (Walne and Arnott 1967; Hegemann 2008;
Hegemann and Dieckmann 2011). Given the differ-
ences in the anatomy and photosensitive pigments ex-
pressed, it has been proposed that phototaxis in
Euglena evolved independently from phototaxis in
green algae (Hegemann and Dieckmann 2011).
Another euglenoid, Peranema trichophorum, lacks chlo-
roplasts and changes its shape (curling into a ball) to
effectively capture and ingest prey. The cells glide and
the body curves and straightens to turn, then, the cells
curl into a ball with fast beating cilia when they con-
sume prey. It has been proposed that rhodopsin me-
diates the curling behavior in P. trichophorum (Saranak
and Foster 2005).

The stacked membranes will allow for more
photosensory pigment (which is membrane bound)
to be concentrated in the shadow of the eyespot, and
thus significantly improve sensitivity despite the loss
of light in the screening pigment (Nilsson 2013). The
reason that some phytoplankton have stacked mem-
brane in the eyespots, and others do not, could re-
flect use in different light intensities, different
integration time (sensory speed), or different degrees
of shading by the screening pigment.

Imaging optics

The most complex and elaborate type of optical
system in phytoplankton is the ocelloid found in
gymnodinoid dinoflagellates belonging to the
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Warnowiaceae. The Warnowiaceae family is made
up of five genera: Erythropsidinium, Greuetodinium,
Nematodinium,  Proterythropsis, and  Warnowia
(Hoppenrath et al. 2009; Garate-Lizarraga 2012). In
addition to ocelloids, warnowiids have additional
organelles. For example, some warnowiids contain
photosynthetic chloroplasts and some do not.
Nematodinium and Proterythropsis possess nemato-
cysts and Erythropsidinium and Greuetodinium have
a unique piston capable of contractions (Figs. 1F and
3C). Greuetodinium has an even more complex ocel-
loid with multiple lenses, resembling a compound
eye (Kofoid and Swezy 1921; Greuet 1987; Gomez
2008; Hoppenrath et al. 2009). Dinoflagellates are
considered to be remarkable evolutionary experi-
ments because of the tendency to transfer genes
into their disproportionately huge genome (Hackett
et al. 2004). Warnowiids are elusive creatures and,
therefore, there is limited information about them.
They are not often captured in plankton net tows,
they are fragile and have not yet been successfully
cultured. Therefore, studies about the warnowiid
ocelloid and warnowiid behavior have been
challenging.

The ocelloid is an elaborate eye-organelle that has
been well characterized in Warnowia, Nematodinium,
and Erythropsidinium (Figs. 1D-F and 3A—C). These
large complex ocelloids range in size from about 10
to 15 pm. Ocelloids were reported in the
Pouchetidae by Kofoid and Swezy in 1921 which
were later renamed, Warnowiidae, by Lindemann
(Kofoid and Swezy 1921; Lindemann 1928). The ul-
trastructure and function of ocelloids were exten-
sively described by Greuet, Francis, and Mornin
(Greuet 1965, 1968, 1969, 1970, 1978, 1987, 1977;
Francis 1967; Mornin and Francis 1967). Recent
studies focused on ocelloids have confirmed much
of this original work and have provided renewed
interest in and information about the molecular
makeup of warnowiids (Gehring 2005, 2014;
Gomez 2008; Leander 2008; Gomez et al. 2009;
Hoppenrath et al. 2009; Garate-Lizarraga 2012;
Gavelis et al. 2015; Hayakawa et al. 2015).

The ocelloid is composed of a hyalosome (lens), an
ocellar chamber (vitreous body), and a melanosome
containing a retinal body placed in a cup of dark pig-
ment (Fig. 3A and B). The transparent hyalosome acts
as a focusing lens (Francis 1967; Mornin and Francis
1967; Greuet 1978, 1987) (Fig. 4A and B). It is a com-
plex layered structure containing a peripheral corneal
region and a central crystalline body (Fig. 4A and B).
The corneal layer is made up of a microtubular layer
covering a layer of mitochondria. The crystalline body
is formed by the superimposition of flat endoplasmic
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vesicles containing hyaline, which is the refractive agent
secreted by the corneal layer. The hyalosome sits on a
basal plate, and striated fibers are located along the
basal plate and their contraction makes the hyalosome
turn, orienting the ocelloid (Francis 1967; Mornin and
Francis 1967; Greuet 1987). This suggests that the ocel-
loid is capable of changing its gaze, which is a feature
otherwise only found in high-resolution animal eyes
(Nilsson 2013).

The hyalosome is separated from the retinal body
by the ocelloid chamber which is in close association
with the flagella, suggesting direct transmission of

Fig. 3 Scanning electron microscopic images of (A) Warnowia, (B)
Nematodinium, and (C) Erythropsidinium. Black arrows indicate the
transverse flagella, while white arrows indicate the ocelloid.
Scale =10 pm. Reproduced from Steidinger and Tangen (1996)
with permission from Dr Haruyoshi Takayama.

N. J. Colley and D.-E. Nilsson

signaling from the ocelloid to the flagella for visually
guided movement (Fig. 4A and B). The ocelloid
channel is an invagination which opens outside
into the sulcus groove that houses the transverse fla-
gellum. The ocelloid chamber communicates with
the external sea water via the ocelloid channel open-
ing. The ocelloid chamber is lined by the amphiesma,
which is composed of a series of flattened vesicles
(amphiesmal vesicles). It is in close association with
the double membrane limiting the retinal body be-
neath. The floor of the ocelloid chamber consists of a
paracrystalline fibrillar layer made up of microtu-
bules (Fig. 4A and B) (Francis 1967; Mornin and
Francis 1967; Greuet 1987).

Beneath the hyalosome, the ocelloid contains a
melanosome composed of a precisely structured ret-
inal body with highly ordered lamellar membranes,
and dark pigmented cup lining the back of the ret-
inal body. Around the edge there is also a ring of
pigment shielding light from the side. The pigment
ring is made up of vesicles containing dark melanoid
and carotenoid pigment. The retinal body contains
highly ordered lamellar membranes (Fig. 5C).
Between the retinal body and the base of the ocelloid
chamber is a layer of microtubules that make up the
fiber layer. At the proximal surface of the fiber layer

Fig. 4 Anatomy of the Erythropsidinium ocelloid. (A) Schematic representation of the Erythropsidinium ocelloid and (B) longitudinal
section of Erythropsidinium ocelloid (x3900). t, microtubular layer; mit, mitochondrion; micr, microcrystalline layer; g, periocelloid
gallery; cr; constricting ring; pig, pigmentary ring; stf, striated fibre; ff, fibrillar formations on the floor of the ocelloid chamber
(microtubules make up the fiber layer); |, highly ordered lamellar membranes of the retinal body (paired thylakoid membranes); v,
vesicular layer of the retinal body (vesicles containing melanoid and carotenoid pigment); r, reticulum; mit, mitochondria; M, mela-
nosome; f, ocelloid channel; sc, scalariforme plate; H, hyalosome; sc, scalariforme plate; Cr, crystalline body; OCh, ocelloid chamber; C,
core. (A) Reproduced from Greuet (1968) with adapted labeling from Greuet (1987) with copyright permission from Elsevier and John
Wiley & Sons Inc. (B) Reproduced from Greuet (1987) with copyright permission from John Wiley & Sons Inc.
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Fig. 5 Ultrastructure of Kryptoperidinium foliaceum eyespot,
Warnowia ocelloid and Erythropsidinium ocelloid. (A) Oblique
longitudinal section through the Kryptoperidinium eyespot, show-
ing the membranes of the lamellar body () pigment granules (g),
and the pusule (p) (x21,000). (B) Higher magnification of the
Kryptoperidinium eyespot membranes in the lamellar body (1)
which consists of stacks of flattened vesicles (x62,500).

(C) Warnowia ocelloid showing retinal body organization.
Longitudinal section of Warnowia retinal body: f, fibrillar forma-
tions (made up of microtubules) on the floor of the ocelloid
chamber; |, lamellae (paired thylakoids); v, vesicular layer
(x30,000). (D) Warnowia ocelloid, transverse section of the
paired thylakoids with the medium sinusoidal wall (x62,000).
(E, F) Two stages of the reorganizing retinal body during cell
division in Erythropsidinium. (E) Pairing of the thylakoids and
pleating of the median boundary: v, vesicular layer; |, lamellae
(x24,000). (F) Normalizing of the lamellar structure: |, lamellae;
OCh, ocelloid chamber; v, vesicular layer. (A-B) reproduced from
Dodge and Crawford (1969) with copyright permission from The
Company of Biologists Ltd, (C—F) reproduced from Greuet
(1987) with copyright permission from John Wiley & Sons Inc.

there is a conical cap to each membrane lamella in
contact with the plastid membrane (Fig. 5C). At the
base of the ocelloid, beneath the retinal body and the
pigment layer, there is a layer with mitochondria and
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endoplasmic reticulum membranes (Fig. 4A and B)
(Greuet 1987).

The plastid origin of the retinal body was shown
during cell division by Greuet (1987). He showed
that cytokinesis is preceded by the division of the
ocelloid, and that the division of the melanosome
follows the same progression as the division of
algal chloroplasts. The thylakoids dedifferentiate
and then reorganize in two steps. First, there is the
pairing of the thylakoids and then the normalizing of
the lamellar structure (Fig. 5E and F). More specifi-
cally, he showed that each lamella is formed by the
coalescence of two thylakoids and is made up of
three membranes (Fig. 5D-F). The central membrane
is a thicker membrane with a sinuous period of
70nm and he showed that all of the sinusoids of
all the coupled thylakoids were in phase (Fig. 5D)
(Greuet 1987). If we assume that the retinal body is
the photoreceptive site, it is interesting to note that it
is formed by modification of the thylakoid mem-
branes, which normally house chlorophyll. In
animal photoreceptor cells, the photoreceptive mem-
brane is extended either by microvilli in rhabdomeric
receptors or by cilia in ciliary receptors. The stack of
thylakoid membranes observed in dinoflagellate ocel-
loids offers a third analogous structure for maximiz-
ing photosensory pigment density and thus bringing
sensitivity to levels necessary for vision (Greuet 1987;
Lamb et al. 2007; Colley 2010; Fain et al. 2010; Lamb
2013; Nilsson 2013).

A recent study examined the Erythropsidinium
ocelloid and showed that it responded to light by
changes in the morphology of the retinal body
(Hayakawa et al. 2015). Hayakawa and coauthors
isolated mRNA from Erythropsidinium and prepared
a ¢cDNA library and identified 800 ESTs. They iden-
tified an 88 amino acid sequence in Erythropsidinium
that corresponds to the C-terminus of a BR proton
pump (Hayakawa et al. 2015). The sequence is sim-
ilar to that of a microbial rhodopsin proton pump
identified in several algal species including a recent
submission of sequence to NCBI from the dinofla-
gellate, P. donghaiense as well as sequences from
two diatom species belonging to the genus, Pseudo-
nitzschia, and the hyptophyte, P. globosa (Hegemann
2008; Hegemann and Dieckmann 2011; Ernst et al.
2014; Hayakawa et al. 2015). Hayakawa and coau-
thors examined the expression pattern for the micro-
bial rhodopsin mRNA and showed mRNA labeling
in the ocelloid. Further, they showed a weak spot of
DAPI staining at a position they identify as the ret-
inal body of the ocelloid (Hayakawa et al. 2015).
They conclude that the DNA and the mRNA for
the Erythropsidinium microbial rhodopsin gene are


Deleted Text:  Greuet, 1987;
Deleted Text: ; Lamb et al., 2007
Deleted Text: bacteriorhodopsin 
Deleted Text: <italic>rorocentrum</italic>
Deleted Text: <italic>haeocystis</italic>
Deleted Text: ; Hegemann, 2008; Hegemann and Dieckmann, 2011

772

located in the retinal body of the ocelloid, and fur-
ther suggest that the Erythropsidinium rhodopsin was
acquired by horizontal gene transfer (Hayakawa et al.
2015). It has also been speculated that the ocelloid is
an endosymbiont (Gavelis et al. 2015; Hayakawa et
al. 2015). Microbial rhodopsins in other protists,
such as Chlamydomonas are encoded by nuclear
genes (Hegemann 2008; Hegemann and Dieckmann
2011). Therefore, further studies of Erythropsidinium
BR are needed before substantiated conclusions can
be reached. Precise localization of the BR gene within
the cell is essential, as is demonstration that high
concentrations of the BR protein is present in the
retinal body. At this point, it is not possible to con-
fidently state that a microbial rhodopsin is the prin-
cipal photosensory pigment in the retinal body of the
Erythropsidinium ocelloid.

Vision in warnowiids

Ocelloids are similar in morphology to the multicel-
lular camera eyes in metazoans with a lens (hyalo-
some) and retinal structures (retinal body). Early
studies showed that the ocelloid is capable of focus-
ing images and, therefore, may enable organisms to
carry out more complex tasks compared to those
with eyespots. In 1967, David Francis assessed the
refractive index and shape of the lens, and con-
cluded: “Our experiments have shown that the
Nematodinium lens is physically capable of focusing
light on the inner part of the pigment cup, and
therefore able to form images there of objects out-
side.” He continued: “It is suggested that functions
involving image formation may be realized, even in
the absence of a true retina and nervous system”
(Francis 1967; Mornin and Francis 1967). The size
of 10-15pum makes the ocelloid an unusually large
organelle, and just large enough to function as a
camera type eye with focusing capabilities (Francis
1967; Mornin and Francis 1967; Dodge 1969;
Greuet 1987; Nilsson 2013). Even though a more
detailed optical analysis of the hyaloid lens is
highly desirable, it seems inevitable from the struc-
ture that the ocelloid is an eye providing spatial
vision. Assessment of the visually guided behaviors
of warnowiids combined with structural and optical
analyses is necessary for assessing important perfor-
mance values such as spatial resolution (acuity), con-
trast sensitivity and temporal resolution (Land and
Nilsson 2012; Cronin et al. 2014). The function of
the hyalosome must be to allow spatial vision and to
increase the sensitivity to high spatial frequencies. It
cannot be a question of sensitivity without spatial
resolution, because the hyaloid is roughly the same
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diameter as the retinoid, and thus would not increase
sensitivity to extended light sources. A likely, but still
sensational, possibility is that warnowiids use their
ocelloid for visually guided predation on other phy-
toplankton. Some warnowiids carry out photosynthe-
sis, and chloroplasts may or may not be evident.
Warnowiids are also heterotrophic, and feed on
other, smaller, plankton. Visually guided steering to-
ward dark objects would allow them to attack other
cells, for example, those with dark chloroplasts.
However, at this point there is not sufficient infor-
mation to say if warnowiids have low or high-
resolution vision, (class III or IV; Nilsson 2009,
2013) that is, if they use their ocelloid for habitat
selection or for seeing and interacting with other
organisms.

Parallel evolution in phytoplankton and
animals

In animals, high-resolution vision used for detecting
and identifying prey, predators, and conspecifics has
evolved in vertebrates, cephalopods, and arthropods,
whereas low resolution vision for navigation and
habitat selection is present in most animal phyla
(Land and Nilsson 2012). High-resolution versions
of both compound eyes and camera-type eyes in an-
imals are likely to have originated shortly before the
early Cambrian, some 530 million years ago, but the
first low-resolution forerunners may have appeared
as much as 100 million years earlier (Nilsson 2009).
For dinoflagellate ocelloids it is not possible to make
a comparable timing of their evolution. Ancestral
dinoflagellates are thought to be represented in
cysts called acritarchs. These fossilized cysts first ap-
peared in the Precambrian Period (~1.8 bya).
Further, there is a possible record of a Precambrian
dinoflagellate, Zosterosphaera tripunctata (Taylor
1980, 1987). However, tracking the evolutionary his-
tory of dinoflagellates is challenging. The fossil
record is limited to those dinoflagellates with resis-
tant cyst walls, and many dinoflagellates do not
appear to produce such robust cysts. The earliest
accepted record of a dinoflagellate is in the Silurian
Period (~440 mya) and is that of Arpylorus.
Dinoflagellate fossils are abundant in the Triassic
Period (~250 mya) (Taylor 1980, 1987). However,
when the first warnowiid ocelloid appeared in evo-
lutionary history is not known. The optics and struc-
tures of an eye may only take a few hundred
thousand generation to evolve (Nilsson and Pelger
1994), so eye evolution can occur quickly in evolu-
tionary terms.
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A comparison of photoreception and vision be-
tween animals and phytoplankton reveals striking
similarities at all stages, despite one group being
multicellular and the other unicellular. The structur-
ally similar photosensory pigments, rhodopsins, have
most likely evolved independently, and even though
the photochemistry differs between animals and pro-
tists, both use vitamin-A derivatives. The next step
toward more complex functions is the addition of
screening pigment to obtain directionality for photo-
taxis. This step has also been taken independently in
animals and phytoplankton. Further elaboration typ-
ically involves membrane stacking for increased sen-
sitivity, and this has likewise appeared independently
in animals and phytoplankton. The final steps intro-
ducing spatial vision and focusing optics also appears
to have been taken independently in animals and
phytoplankton. Remarkably, the evolutionary se-
quence of photoreceptive tasks from nondirectional
photoreception to directional photoreception and
then on to low resolution vision and high resolution
vision (classes 1—4; Nilsson 2009, 2013) thus seems
to have been followed in both animals and phyto-
plankton, with independent acquisition first of a
photosensory pigment, then screening pigment, fol-
lowed by membrane stacking and finally structures
for spatial vision and focusing optics. Apparently this
is the way eyes evolve in both multicellular and
single cell organisms.
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