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The 24-h cycle of light and darkness governs daily rhythms of
complex behaviors across all domains of life. Intracellular photo-
receptors sense specific wavelengths of light that can reset the
internal circadian clock and/or elicit distinct phenotypic responses.
In the surface ocean, microbial communities additionally modulate
nonrhythmic changes in light quality and quantity as they are
mixed to different depths. Here, we show that eukaryotic plank-
ton in the North Pacific Subtropical Gyre transcribe genes encoding
light-sensitive proteins that may serve as light-activated transcription
factors, elicit light-driven electrical/chemical cascades, or initiate sec-
ondary messenger-signaling cascades. Overall, the protistan commu-
nity relies on blue light-sensitive photoreceptors of the cryptochrome/
photolyase family, and proteins containing the Light-Oxygen-Voltage
(LOV) domain. The greatest diversification occurred within Hapto-
phyta and photosynthetic stramenopiles where the LOV domain
was combined with different DNA-binding domains and secondary
signal-transduction motifs. Flagellated protists utilize green-light
sensory rhodopsins and blue-light helmchromes, potentially under-
lying phototactic/photophobic and other behaviors toward specific
wavelengths of light. Photoreceptors such as phytochromes appear
to play minor roles in the North Pacific Subtropical Gyre. Transcript
abundance of environmental light-sensitive protein-encoding genes
that display diel patterns are found to primarily peak at dawn. The
exceptions are the LOV-domain transcription factors with peaks in
transcript abundances at different times and putative phototaxis
photoreceptors transcribed throughout the day. Together, these
data illustrate the diversity of light-sensitive proteins that may al-
low disparate groups of protists to respond to light and potentially
synchronize patterns of growth, division, and mortality within the
dynamic ocean environment.
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Most life on Earth evolved under an unending 24-h cycle of
light and dark. Eukaryotic organisms commonly rely on an

internal circadian clock to generate an estimate of time (1–3) to
coordinate the sequence of key biological events, to minimize
cellular damage from ultraviolet (UV) radiation and light-induced
reactive oxygen species and to optimize the timing of specific ac-
tivities such as photosynthesis or foraging for prey. The molecular
mechanism of endogenous circadian clocks typically pivots around
a network of regulatory proteins that form negative and positive
transcriptional/translational feedback loops that together generate
a biological cycle of ∼24 h (3). The circadian clock is tuned to
environmental light conditions by light-sensitive photoreceptors
(4, 5) that are often under circadian control themselves (6–8).
Photoreceptor proteins additionally allow organisms to dynami-
cally respond to fluctuating light conditions (9). In well-studied
terrestrial organisms, the light-sensitive domains and associated
chromophores of photoreceptors are excited by specific wave-
lengths of light and through resulting conformational changes,

trigger secondary messenger pathways that lead to differential
gene expression and phenotypic output. Some photoreceptors
interact directly with key clock elements (10, 11) and include the
blue light-sensitive F-box protein ZEITLUPE from plants and the
animal-type cryptochromes. Diversity in light sensitivity and phe-
notypic responses across taxonomic lineages is exemplified by
different light-sensitive protein domains that are combined with
different effector domains within a protein (12). For example,
phytochromes and phototropins both include protein kinase ef-
fector domains that regulate plant morphogenesis and phototro-
pism, respectively. However, phytochromes in plants are excited
by red/far-red wavelengths (13) due to the association with a bilin
chromophore, and phototropins are activated by blue light (14) via
a flavin mononucleotide (FMN) at the Light-Oxygen-Voltage
(LOV) domain. A member of the Per-ARNT-Sim (PAS) super-
family, the versatile LOV domain can be found in all kingdoms of
life (e.g., Archaea, Bacteria, Eukarya, as well as in Viruses) in
combination with different effector domains, many of which have
not yet been functionally characterized (12). Members of the an-
cient cryptochrome/photolyase family (CPF) can also be found in
all kingdoms of life and show a variety of different functions (15).

Significance

Most organisms coordinate key biological events to coincide
with the day/night cycle. These diel oscillations are entrained
through the activity of light-sensitive photoreceptors that al-
low organisms to respond rapidly to changes in light exposure.
In the ocean, the plankton community must additionally con-
tend with dramatic changes in the quantity and quality of light
over depth. Here, we show that the predominantly blue-light
field in the open-ocean environment may have driven expan-
sion of blue light-sensitive regulatory elements in open-ocean
eukaryotic plankton derived from secondary and tertiary en-
dosymbiosis. The diel transcription of genes encoding light-
sensitive elements indicate that photosynthetic and hetero-
trophic marine protists respond to and anticipate fluctuating
light conditions in the dynamic marine environment.
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In the ocean, planktonic organisms experience dramatic changes
in light quality and quantity as ocean currents and turbulent mixing
transport them to different depths throughout the day. Available
light decreases exponentially with depth, and longer wavelengths of
light disappear within the first few meters (16, 17). However, the
marine microbial community is often highly synchronized to the
day/night cycle (18–22), and studies on the different components of
the circadian clock of model marine eukaryotic algal species are
emerging (23–26). Eukaryotic marine planktonic communities are
evolutionarily diverse with representative species from all major
lineages across the eukaryotic tree of life (27) that adopted dif-
ferent lifestyles including photoautotrophy, mixotrophy, and het-
erotrophy. Laboratory studies using model organisms suggest that
marine protists possess diversified photoreceptors, some with ex-
perimentally verified functions and some with structures not found
in terrestrial organisms. The pervasiveness and use of these pro-
teins in natural communities remains unknown. Examples of dis-
tinct algal photoreceptors include the aureochrome photoreceptors
that couple a LOV domain to a basic leucine zipper (bZIP) tran-
scription factor domain that binds target DNA upon illumination
(28–30) and regulates photomorphogenesis in the brackish-water
macroalgal species Vaucheria frigida (28), as well as the light-
dependent cell cycle in marine diatoms (29); the dual-functioning
cryptochrome/photolyase (dual-function CPF) proteins that couple
DNA-repair and regulatory properties (31, 32); the type I channel
and sensory rhodopsins that control positive and negative photo-
taxis in flagellated organisms by converting the light signal into an
electrical or chemical signal that directly affects flagellar rotation
(33, 34); and phytochromes and proteorhodopsins with regulatory
and phototrophic functions, respectively, that are spectrally tuned
in some marine plankton toward shorter wavelengths of the light
spectrum than their terrestrial counterparts (35–37). Here, we
combine genetic surveys and metatranscriptomes of high temporal
resolution to show that natural communities of open-ocean marine
protists transcribe genes encoding putative photoreceptors and
related light-sensitive proteins that potentially sense the UV/blue/
green region of the light spectrum. Together, these regulatory el-
ements may help coordinate the behavior of diverse taxonomic
lineages in the dynamic aquatic light field.

Results and Discussion
Environmental Sampling in a Diel Context. Recent advances in pho-
toreceptor studies of model marine algal species have highlighted
the diversity in structural and/or functional regulators, many of
which show light dependence or circadian control at the tran-
scriptional level (15, 23–26, 29, 31, 38). However, most open-ocean
plankton are not represented by cultured model organisms. To
determine the diversity and potential diel transcriptional pat-
terns of genes encoding light-signaling proteins in natural
communities of surface open-ocean plankton, we collected
samples for eukaryotic metatranscriptomes every 4 h for 4 d from
the surface ocean (15 m) within the North Pacific Subtropical
Gyre. Lagrangian tracking of free-floating drogues centered at
15 m allowed repeated sampling of a plankton community
∼100 km northeast of Station ALOHA (A Long-Term Oligotrophic
Habitat Assessment; 22.75°N, 158°W) (39). Organisms in the
size range of 0.2 to 100 μm were collected; we focused on the
single-celled eukaryotes (protists) and multicellular organisms
such as crustaceans, cnidarians, and annelids with life-cycle stages
that include small cells. Dominant and metabolically active
eukaryotic photosynthetic plankton groups in this area include
Dinophyceae (dinoflagellates), Haptophyta (haptophytes), and
Bacillariophyceae (diatoms) (21, 40, 41) (SI Appendix, Table S1).
Throughout the sampling period, the sun rose at ∼0600 and set at
∼1800 Hawaii–Aleutian Standard Time, with surface light in-
tensities at noon reaching over 2,000 μmol m−2 s−1 (Fig. 1A). The
oscillating increase in mean picoeukaryotic cell size during the day
and decrease in mean cell size during the night, as estimated from

continuous flow cytometry measurements (42), reflected a light-
driven synchronization of cell growth and cell division in the
protist community (Fig. 1B). Similar oscillations in the cell di-
ameter of larger plankton (>5 μm) over the day/night cycle (43)
indicates that this light-driven synchrony extends across the
plankton community. Cell concentrations of the most abundant
eukaryotic picophytoplankton in this region (<5 μm in diameter)
(44) remained relatively constant at ∼1.5 × 106 cells per liter over
the 4-d sampling period (Fig. 1C), reflecting a tight coupling be-
tween cell division and cell mortality. Differential attenuation of
the light spectra with depth at our study site is illustrated by the
loss of far-red light by 6 m, red light by 13 m, green light by 105 m,
and blue light by 140 m (Fig. 1D). The depth of the surface mixed
layer was estimated at 21 ± 5 m, as defined by a 0.03 kg/m3 density
offset from 10 decibar (db) (45), with an estimated mixing time
scale of 2 to 4 h within this layer at this time of year (17). Over the
course of the day, the plankton community of the surface mixed
layer experienced light levels that varied at least threefold at any
given time as cells were mixed within the upper ocean, with more
dramatic variations in intensity for the longer red wavelengths
of light.

Photoreceptors and Other Light-Sensitive Elements Transcribed by an
Open-Ocean Protist Community. Transcripts within the metatran-
scriptomes were annotated based on a database of photorecep-
tors and other related light-sensitive protein sequences created
by screening publicly available genomes and transcriptomes of
over 500 marine protists, bacteria, archaea, and viruses (Dataset
S1), using custom-made hidden Markov model (hmm)-profiles
(Fig. 2A and Dataset S2; e < 0.001; hmmsearch) (46). Phyloge-
netic trees were generated for the thousands of distinct homologs
to the microbial rhodopsins (SI Appendix, Fig. S1 and Dataset
S3A), the cryptochrome/photolyase proteins (SI Appendix, Fig. S2
and Dataset S3B) and LOV domain-containing proteins (SI Ap-
pendix, Fig. S3 and Dataset S3C), and the few hundred distinct
phytochrome sequences (SI Appendix, Fig. S4 and Dataset S3D).
Phylogenetic placement analysis (pplacer; maximum likelihood
mode) (47) was used to identify the putative taxonomy of the
environmental homologs by mapping the short (∼240 base pairs
[bp]) amino acid-translated environmental sequences to the ref-
erence phylogenetic trees. The phylogenetic placement of the
environmental transcripts was estimated to be ∼90% accurate at
the taxonomic-order level (SI Appendix, Fig. S5 and Dataset S4).
The most abundant eukaryotic light-sensitive protein-encoding

transcripts detected near Station ALOHA encode rhodopsin
homologs with an average of ∼2 × 108 rhodopsin transcripts per
liter detected over the 4-d sampling period. The greatest abun-
dance of transcripts is associated with the Dinophyceae and the
Bacillariophyceae (Table 1). Two orders of magnitude fewer
transcripts were detected for the genes encoding the CPF (Cry/
Phot) (∼1 × 106 transcripts per liter) and LOV-containing (∼5 ×
105 transcripts per liter) proteins. Phytochrome transcripts were
near the limit of detection at ∼1 × 103 transcripts per liter. Diel
patterns of the photoreceptor and related light-sensitive protein-
encoding transcripts grouped at the order level varied across taxa
(Table 1 and Dataset S5). At the two extremes, about half the
transcripts from Haptophyta displayed diel patterns of transcript
abundance (based on Rhythmicity Analysis Incorporating Non-
Parametric Methods [RAIN] analysis; P < 0.001) (48), whereas
the Dinophyceae displayed the fewest diel oscillating transcripts,
possibly reflecting a preferential use of posttranscriptional reg-
ulation to tune their physiology to environmental conditions
(49–52). A small subset of transcripts mapped most closely to
those found in viruses (Table 1). Active viral-induced DNA re-
pair in infected protists is suggested by detection of ∼2 × 104

transcripts per liter for homologs of a class I to III cyclobutene–
pyrimidine dimer (CPD) photolyase found in giant viruses of
Amoebae (53–55). A few rhodopsin ion-pump transcripts (∼3 × 102
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transcripts per liter) were detected that are most similar to those
from giant double-stranded DNA viruses (56). Overall, the greatest
number of environmental light-sensitive protein-encoding tran-
scripts are derived from plastidic protists that must optimize pho-
tosynthesis and minimize photobleaching relative to the light/dark
cycle. Environmental transcripts encoding potential photoreceptors
and other light-sensitive proteins of heterotrophic (non-
photosynthetic) organisms within the Opisthokonta, Ciliphora, and
Bigyra were proportionally underrepresented relative to their 18S
ribosomal DNA (rDNA) abundances (Table 1 and SI Appendix,
Table S1), suggesting a potential evolutionary divide in photore-
ceptor expansion and utilization driven by trophic mode.

Photoreceptor and Other Light-Sensitive Protein Classes Are Differentially
Distributed over the Major Taxonomies. Taxonomic groups preferen-
tially transcribed genes encoding different classes of photoreceptors
and other light-sensitive proteins, suggesting that the observed syn-
chrony of the protist community to the light/dark cycle (Fig. 1B) was
regulated through distinct mechanisms. Environmental transcripts
for phytochromes, typically (far-)red light-sensitive in plants (13),
were restricted to a subset of Chlorophytes (Fig. 2B and SI Appendix,
Fig. S4), despite their presence in the genomes and transcriptomes
of cultured isolates of Cryptophytes, Bacillariophyceae, and other
photosynthetic stramenopiles (Fig. 2B) and their demonstrated
regulatory role in the model diatom Phaeodactylum tricornutum (57).
Phytochromes from model protists can perceive shorter wavelengths
of light up to the blue region of the light spectrum (35), perhaps of
importance to marine phytoplankton that are routinely mixed to
depths greater than that of red-light penetration. The lack of phy-
tochrome transcripts associated with natural communities in the
subtropical gyre suggests that perception of light via phytochrome-
based signaling plays a relatively minor role in the open ocean. In
contrast, transcripts associated with the UV/blue-light cryptochrome/

photolyase proteins (5, 11) were the most taxonomically widespread.
These proteins are thought to have evolved from Precambrian-
time cyanobacterial photolyases (58), and their taxonomic spread
in modern organisms may indicate selective retention of these
proteins. Within the CPF, relatively few transcripts were detected
for the canonical animal (6-4) photolyase and animal type I
cryptochrome proteins or the canonical plant cryptochrome and
type I to III CPD photolyases that dominate terrestrial systems.
Instead, detected environmental transcripts suggest that natural
communities of marine protists predominantly rely on plant-like
cryptochromes, dual-function cryptochrome/photolyase proteins
(dual-function CPF) that are closely related to (6-4) photolyases,
CryDASH proteins, and type II CPD photolyases (Fig. 2B and SI
Appendix, Fig. S2). Plant cryptochromes help entrain the Chla-
mydomonas reinhardtii circadian clock and other light-dependent
processes (59), and plant-like cryptochromes are thought to
modulate the transcription levels of both phytochrome and dual-
function CPF in P. tricornutum (60). Both dual-function CPF (also
called CPF1) and CryDASH proteins remain understudied, and
their exact role in DNA repair and light regulation is not yet fully
understood. In the few examined marine organisms, these proteins
appear to have cryptochrome-regulatory activity; dual-function
CPF additionally performs (6-4) photolyase repair (31), and Cry-
DASH additionally performs CPD photolyase activity (38, 61).
Moreover, the dual-function CPF from C. reinhardtii, commonly
referred to as “animal-like cryptochrome” (62), has an extended
action spectrum with sensitivity of up to 680 nm (63). Our phy-
logenetic analysis cannot distinguish non–animal-derived (6-4)
photolyase and dual-function CPF (SI Appendix, Fig. S2; clade A),
and further studies are needed to resolve the molecular functions
and action spectra of these proteins in the different classes of marine
protists. Together, these data illustrate divergent evolutionary paths

A

B

C

D

Fig. 1. Characteristics of the sampling site near Station ALOHA (July 26 to 30, 2015). (A–C) Photosynthetically active light (PAR) intensity at the ocean surface
(A), median cell diameter of eukaryotic phytoplankton less than 5 μm in diameter (B), and abundance of eukaryotic phytoplankton less than 5 μm in diameter
(C). Points indicate measurements, and solid lines represent smoothed data (spline of order 3). Collection times of metatranscriptome samples are indicated.
(D) Depth profile of available irradiance at wavelengths of 430 to 480nm (blue line), 500 to 560 nm (green line), 650 to 680 nm (light red line), and 700 to
740 nm (dark red line) were measured at noon on July 30, 2015. Dashed lines indicate the 15-m sampling depth, the 21-m mixed-layer depth (MLD), and the
119-m DCM; the percentage of PAR as compared to the surface PAR is indicated for these depths.
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A

B

C

Fig. 2. Abundance and taxonomic distribution of environmental photoreceptor and other light-sensitive protein-encoding transcripts. (A) Schematic rep-
resentation of the hmm-profiles used to identify environmental photoreceptor and other light-sensitive protein-encoding transcripts. The respective chro-
mophores are indicated with parentheses: flavin mononucleotide (FMN) for the LOV domain, retinal for the seven transmembrane (7 TM) helices of
rhodopsin, pterin and flavin adenine dinucleotide (FAD) for the photolyase-homologous region (PHR) of the CPF, and bilin for the GAF and PHY domain
constituting the photosensory part of phytochrome. The length of the hmm-profile is indicated in amino acids (aa). (B) Environmental transcript abundance of
phytochrome (red), cryptochromes/photolyase (violet), rhodopsin (green), and those with LOV domains (blue) visualized on an 18S ribosomal RNA maximum-
likelihood phylogenetic tree, representing 117 different eukaryotic orders relevant for the marine environment. The taxonomic phylum and class-level
classifications are indicated by the colored ranges further annotated in SI Appendix, Fig. S6. Protein subtypes (clades A ∼ E) are derived from the respec-
tive reference trees (SI Appendix, Figs. S1–S4). Colored circles indicate transcripts detected in both the reference sequences and the environmental samples at
the respective order level. The size of the circle corresponds to the mean environmental transcript concentrations (transcripts per liter) over the 4-d sampling
period. Triangles indicate detection of transcripts in the reference sequences that are not detected in the environmental samples. Gray boxed circles indicate
transcripts detected in the environmental samples only. (C) Schematic presentation of the domain structures of the LOV domain-containing sequences re-
trieved from our light-sensitive protein database of reference sequences. 6-4 Phot, (6-4) photolyase; animal cry, animal type I cryptochrome; bact cry, bacterial
cryptochrome; channel, channel rhodopsin; CPF, (6-4) photolyase/cryptochrome dual-function proteins; CryDASH, cryptochrome-DASH; enzyme, enzyme
rhodopsin; helio, heliorhodopsin; I-III CPD, type I to III CPD photolyase; II CPD, type II CPD photolyase; LOV (A ∼ E), clade-aggregated counts of LOV transcripts
(SI Appendix, Fig. S3) that are not included in B; plant cry, plant cryptochrome (found only in Chlorophyta and Rhodophyta) and plant-like cryptochrome (all
other taxonomies; SI Appendix, Fig. S3); phy, phytochrome; pump, proteorhodopsin and other ion-pump rhodopsins; sensory, sensory rhodopsin.
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for the cryptochrome/photolyase protein family and the phyto-
chromes, possibly shaped by the blue-light dominated “light-scape”
of open-ocean waters.
Despite their overall abundance, microbial rhodopsin tran-

scripts were restricted to specific subsets of organisms. The most
abundant rhodopsin transcripts mapped to the light-activated ion-
pump rhodopsins (Fig. 2B) that include proteorhodopsin, which is
involved in adenosine triphosphate (ATP) synthesis rather than
regulation (33). The green or blue light-sensitive (36, 37) ion-
pump transcripts were scattered across the Dinophyceae, a sub-
set of Bacillariophyceae, Prymesiophyceae, and a putative Chlor-
arachneae (Rhizaria; SI Appendix, Fig. S1; clade D), a seemingly
haphazard pattern that reiterates the potential role of horizontal
gene transfer, from either bacteria or viruses, in the spread of
proteorhodopsin throughout eukaryotic lineages (64, 65). Blue-
light tuning of proteorhodopsin (based on a defining amino acid
sequence) has previously been shown in open-ocean bacteria,
particularly at depth (36, 37). We detected a blue light-tuned
proteorhodopsin from the parasitic Dinophyceae Amoebophrya
in the reference database (Dataset S3A) as well as in a subset of
poly(A)-selected environmental assembled contigs (Dataset S7D),
indicating that marine protists are also able to tune rhodopsin to
optimize their light-absorption spectrum for ATP generation.
Environmental transcripts for sensory and channel rhodopsins

were identified in protists within representative taxa from the
Chlorophyta, Cryptophyta, stramenopiles, Alveolata, and others
(Fig. 2B), representing a wider range of taxonomic origins than
proteorhodopsin and other ion-pump rhodopsins. However,
transcript abundances of the sensory and channel rhodopsins were

orders of magnitude lower than abundances of the enzymatic
rhodopsin pumps (Fig. 2B). Sensory and channel rhodopsins are
commonly found localized within the eyespot of motile algae to
sense the direction of incoming light and allow light-dependent
movement (33, 66–68), but they may also be implicated in other
light-dependent processes, such as cellular differentiation in the
multicellular green alga Volvox carteri (69). Sensory rhodopsin
transcripts were widespread in the Cryptophyta, a flagellated
group of algae known to phototax toward specific wavelengths of
light (70). These observations suggest that marine protists in this
open-ocean community respond to variations in spectral quality
and photon flux to orient themselves within the water column or
within their microenvironment. These proteins may also exert
unexplored light-dependent regulatory functions in, for example,
developmental processes (e.g., in sexual reproduction) or shifts in
trophic mode. In addition, the recently described heliorhodopsin,
with a putative sensory function (71), was transcribed at low levels
by some orders within all phyla except Rhodophyta and Amoe-
bozoa (Fig. 2B). Rhodopsin-histidine kinase transcripts, thought
to contribute to the Ostreococcus circadian clock (26), were not
detected in our dataset, and environmental enzyme rhodopsin
(33) transcripts mapped primarily to a C2-domain membrane-
targeted rhodopsin of unknown function (Dataset S5B).
The greatest diversity was detected for environmental tran-

scripts that encode members of the LOV-containing protein
family. These include well-studied blue light-sensitive photore-
ceptor sequences such as phototropin, ZEITLUPE, and aur-
eochrome (72), as well as LOV domain-containing sequences
retrieved from our light-sensitive protein database (Fig. 2C).

Table 1. Mean environmental transcript concentrations (104 transcripts per liter) over the 4-d
sampling period

Taxonomic group Rhodopsin Phytochrome Cry/Phot LOV Total

Amoebozoa
Amoebozoa 0.2 (0) — 4 (0) 1 (0) 5

Opisthokonta
Animalia, Fungi, Choanozoa 1 (0) — 23 (13) 0.3 (0) 25

Rhizaria
Chlorarachneae, Foraminifera 351 (99) — 8 (12) 6 (0) 365

Alveolata
Ciliophora 0.01 (0) — 7 (15) 16 (22) 23
Apicomplexa 41 (0) — 3 (0) 0.5 (0) 45
Dinophyceae 19,774 (2) — 740 (20) 255 (1) 20,769

Cryptophyta
Cryptophyta 9 (0) — 11 (0) 6 (0) 26

Haptophyta
Haptophyta 671 (57) — 25 (62) 168 (66) 863

Stramenopiles
Bigyra 2 (0) — 5 (37) 1 (0) 8
Bacillariophyceae 14,28 (30) — 21 (0) 26 (26) 1,475
Chrysophyceae 0.4 (0) — 3 (0) 11 (55) 15
Dictyochophyceae 207 (0) — 2 (0) 20 (48) 228
Pelagophyceae 4 (0) — 5 (0) 17 (45) 26
Pinguiophyceae 20 (0) — 0.3 (0) 2 (0) 23
Synurophyceae 0.1 (0) — 0.01 (0) 5 (58) 5

Archaeplastida
Chlorophyta 22 (0) 0.1 (0) 25 (14) 10 (41) 57
Rhodophyta — — 42 (0) 0.2 (0) 42
Glaucophyta 15 (0) — 1 (0) 0.4 (0) 16

Viruses
Viruses 0.03 (0) — 2 (0) — 2
Total 22,545 0.1 926 545 24,016

Parenthesis indicate the percentage of transcripts that displayed diel periodicity in abundance analyzed at the
phylogenetic “order” level (RAIN; P < 0.001). Terms in bold indicate the different phyla. Dashes indicate
transcripts not detected.
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The reference genes segregate into five distinct clades (SI Ap-
pendix, Fig. S3), with clade D representing the largest and most
divergent group of LOV domain sequences and including ani-
mal sequences that encode voltage-regulated potassium chan-
nels that are likely not excited by light as they lack the light-
sensitive motif (Dataset S3D). We identified a total of 129
unique conserved domain (CD) annotations (73), located ad-
jacent to the LOV domain in the full-length LOV references
(Dataset S6A). The genetic mobility and plasticity of the LOV-
domain proteins were also apparent within the environmental
metatranscriptomes. Protists that arose from red-algal secondary or
tertiary endosymbiosis, e.g., Dinophyceae, Haptophyta, and stra-
menopiles, transcribed multiple types of LOV-domain sequences
in the environment (Fig. 2B). Interestingly, Rhodophyta them-
selves do not appear to transcribe these genes, suggesting that
LOV-domain genes may have been lost over evolutionary time in
Rhodophyta, in accordance with the reduced gene diversity
reported for the genome of the red seaweed Chondrus crispus (74),
or, alternatively, that LOV-domain gene-duplication/recombination
events in Chromista and Dinophyceae occurred after the red-algal
secondary and tertiary endosymbiosis events (<800 million years
ago). Chlorophyta were the only taxonomic group with multiple
parallels to known light-sensory pathways of higher plants. In ad-
dition to the plant-type cryptochrome and phytochrome, several
orders of Chlorophyta transcribed phototropin and the F-box pro-
tein ZEITLUPE, indicating that the higher plant light-sensory
pathways were already in place before colonization of land. Low
levels of LOV-histidine kinase transcripts (24) were detected in
Chlorophyta (Fig. 2B; clade A, Chlorophyta), and phototropin-like
transcripts were detected for Cryptophyta in our environmental
dataset (Fig. 2B).
Aureochromes are specific to photosynthetic stramenopiles

and couple the LOV domain with the bZIP DNA-binding domain
(Fig. 2C) (28, 75). As expected, environmental aureochrome
transcripts were detected in Bacillariophyceae and other photo-
synthetic stramenopiles (Fig. 2B). Unexpectedly, they were also
detected for Peridiniales, an order within the Dinophyceae known
for kleptoplasty of diatom plastids (76, 77), suggesting that these
aureochrome transcripts were derived from the engulfed diatom.
We also detected additional putative transcription factors tran-
scribed in the environment by Haptophyta and photosynthetic
stramenopiles that combine a LOV domain with a DNA-binding
domain (HSF, homeobox, and bZIP; Fig. 2 and SI Appendix, Fig.
S3; clade D). The coupling of a potential light-sensitive domain
with DNA-binding domains appears to be an innovation restricted
to organisms derived from a secondary endosymbiosis, a critical
group of phytoplankton in modern oceans (78, 79).
The flagellated protists possess members of the LOV protein

families that are thought to be involved in phototaxis. Helm-
chrome proteins couple two LOV domains with two tandem
repeats of a Regulator of G protein Signaling (RGS) domain
(Fig. 2C) (80, 81) and are located at the base of the flagella in
brown algae (80). Environmental helmchrome transcripts were
associated with motile photosynthetic stramenopiles, such as
Pelagophyceae and Dictyochophyceae (predominantly silico-
flagellates; Fig. 2B and SI Appendix, Figs. S6 and S3; clade C).
Detection of transcripts encoding both helmchrome and sensory
rhodopsins in the Pelagophyceae may allow these organisms to
sense low levels of light (∼0.5% of surface levels) and thrive near
the deep chlorophyll maximum, where these organisms are often
observed (82, 83). Helmchrome-like sequences that couple LOV
to a single RGS domain were also detected for Pavlovophyceae
and Prymnesiophyceae, two members of the Haptophyta (Fig. 2B
and SI Appendix, Fig. S3). These sequences have not been previ-
ously described in the literature, and their potential role in pho-
totaxis remains unknown. A recently described RGS-LOV-DUF
protein was found to rapidly associate with the plasma membrane
upon blue-light excitation in the fungus Botrytis cinerea (84), and

similar mechanisms may persist in marine protists. The combina-
tion of a calcium-binding EF-hand motif with a LOV motif in
several orders of Dictyochophyceae (Fig. 2 B and C and SI Ap-
pendix, Fig. S3; clade D) has also not been described previously.
The EF-hand motifs serve as the Ca2+-binding domain in the
signaling proteins calmodulins and other regulatory proteins (85),
suggesting a coupling between light and calcium-based signaling in
these flagellated protists.
Dinophyceae display multiple divergent regulatory mechanisms,

including a predominance of posttranscriptional and/or transla-
tional rather than transcriptional regulation (49–52). Detection of
Dinophyceae-derived environmental transcripts with a LOV do-
main located on either side of a Neuralized Homology Repeat
(NHR) domain, also found in E3 ubiquitin ligase (Fig. 2 B and C),
suggests a potential for light-regulated protein–protein interaction
(86). Although the LOV-neuralized transcript levels did not oscil-
late over the diel cycle (SI Appendix, Fig. S7), the encoded proteins
may play a role in regulation by light-dependent protein binding.
This may be especially important for Dinophyceae that may depend
less on typical transcriptional regulatory mechanisms (49–52).

Protein Domain Structure and Light-Sensitive Motifs of Marine LOV-Domain
Sequences. The diversity of the LOV domain-encoding transcripts
implied modes of regulation in open-ocean communities. We
focused on those subsets of transcripts that displayed diel pat-
terns of abundance (RAIN; P < 0.001), as we hypothesized that
these transcripts encoded proteins that may play a role in regu-
lating the phasing of organisms to the light/dark cycle or other
light-dependent regulatory roles. The metatranscriptomes were
assembled de novo and environmental LOV domain-containing
contigs were identified by hmmsearch (e < 0.001). A randomized
axelerated maximum-likelihood (RAxML) phylogenetic tree was
generated for the diel-transcribed environmental contigs (clus-
tered at 90% identity) and their closest homologs retrieved from
our light-sensitive protein database of reference sequences (Fig. 3A
and Dataset S7B). Included are also the LOV-domain homologs
used to generate the LOV hmm-profile in this work (Dataset S2A)
and PAS-domain sequences that do not possess a LOV domain
(PF00989) derived from the Pfam protein families database (87).
The Pfam-derived PAS-domain sequences form a distinct outlier
group (Fig. 3A, gray edges), confirming that the environmental se-
quences identified in this work correspond to LOV domain-
containing proteins. The diel environmental sequences fell into
three distinct clades, two of which contained proteins with associated
effector domains (Fig. 3 B and C).
One clade contains a variety of well-characterized photore-

ceptor proteins with different effector domains: Chlorophyte
homologs to phototropin include a pKinase domain, photosyn-
thetic stramenopile homologs to aureochrome include a bZIP
domain, and Haptophyte and photosynthetic stramenopile ho-
mologs to helmchrome include an RGS domain (Fig. 3B). En-
vironmental contigs with homology to either aureochrome or
helmchrome were found scattered across this clade. No envi-
ronmental contigs with both a LOV and pKinase domain were
found, perhaps reflecting the low abundance of Chlorophyte
transcripts at the study site. As previously described by Krauss
et al. (72), the potassium voltage-gated channel (Kv channel)
LOV-domain proteins also grouped in this clade, as did the
redox-sensitive bacterial NIFL proteins, albeit with low boot-
strap support (Fig. 3 A and B); neither the Kv channel proteins
nor the NIFL proteins are light-sensitive. The canonical light-
sensitive motif of the LOV domain consists of GXNCRFLQG,
with the cysteine residue commonly required for covalent linkage
with the flavin-nucleotide chromophore upon blue-light activa-
tion. As expected, the Kv channel and NIFL sequences did not
possess the canonical light-sensitive motif. The light-sensitive
motif was largely conserved across all other members of the
clade, including within the newly identified environmental
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A B

C

Fig. 3. Phylogenetic and domain analysis of LOV-containing environmental contigs. (A) Maximum-likelihood tree (RAxML) of protist environmental LOV-
domain contigs that are transcribed with a diel rhythmicity and their closest reference database-derived homologs (black edges). Also included are PAS-
domain (PF00989; gray edges) and LOV-domain (hmm-LOV; dashed edges) reference sequences. Effector domains are indicated by the colored ranges.
Bootstrap values of 80% and higher (100 iterations) are indicated with black circles. The gray bars indicate the upper and lower sections of the tree that are
expanded in B and C, respectively. The arrow indicates the placement site of the WRKY-LOV sequences (SI Appendix, Fig. S9) by pplacer. (B and C) Expansion
of the upper and lower tree sections, respectively. Shown are only the clades in which the LOV domain was found to be associated with an effector domain.
Indicated from left to right: alignment of the light-sensitive motif GXNCRFLQG within the LOV domain (ClustalX colorscheme; dotted repeats), color strip
indicating the taxonomies of the sequences retrieved from our light-sensitive protein database with the environmental-derived contigs in gray, and schematic
representation of the protein sequences with the locations of the protein domain motifs indicated by the various shapes color-coded as the tree ranges and
with the PAS/LOV domain in blue. The non–light-sensitive NIFL and Kv channel sequences are indicated. The asterisk indicates that the light-sensitive motifs of
the Kv channel proteins contain two additional amino acid residues (see also SI Appendix, Fig. S8).
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contigs (Fig. 3B and SI Appendix, Fig. S8), suggesting that these
proteins may serve as light-sensitive photoreceptors in the en-
vironment. Interestingly, phylogenetic analysis identified a set of
seven closely related environmental contigs that group with this
clade that were without homologs in our reference sequence
database. These sequences combine a conserved LOV domain
with a W-box DNA-binding WRKY domain (SI Appendix, Fig.
S9A) that were subsequently also identified in datasets of sunlit
oceans across the globe (SI Appendix, Fig. S9B), as deposited in
the Oceans Gene Atlas (88). This domain combination has not
previously been described in the literature and suggests a class of
light-activated transcription factors, possibly belonging to the
Chlorophyta (Fig. 3B and SI Appendix, Fig. S9C). A W-box cis-
acting element presumably recognized by WRKY transcription
factors has been previously identified in the promoter sequences
of genes involved in biosynthesis of carotenoid pigments in the
green alga Dunaliella bardawil. Transcription of these genes is
induced by both light and salt, but the responsible transcription
factor has not yet been identified (89). The environmental LOV-
WRKY sequences identified here represent an avenue for identi-
fying the potential type of transcription factor involved in regulating
carotenoid biosynthesis in this biotechnologically valuable species.
A second clade (Fig. 3C) consists of LOV-domain sequences

from Haptophyta and photosynthetic stramenopiles that possess
either a homeobox, bZIP, or EF-hand motif on the amino-terminal
side of the LOV domain or an HSF domain on the carboxyl-
terminal side. A majority of environmental sequences within this
clade were distinct from the reference sequences, and the light-
sensitive motif within these sequences was more variable (Fig. 3C
and SI Appendix, Fig. S8). In particular, the conserved cysteine
residue was present within the light-sensitive motif of the HSF-
containing variants. The cysteine was replaced with a leucine in
the homeobox-, bZIP-, or EF-hand–containing variants. Recent
mutation-based studies with Neurospora and bacteria indicate that
photoexcitation and signal transduction can occur in the absence
of the canonical cysteine residue within the light-sensitive motif,
with LOV reactivity achieved through photoreduction (90). Sub-
sequent detection of natural cysteine-lacking variants of LOV
photoreceptors in archaeal halobacteria lent support for this
proposal. Whether the environmental LOV-containing variants
with the divergent light-sensitive motif nonetheless undergo
light-induced conformational changes needs to be experimen-
tally verified. However, the diel pattern of environmental tran-
script abundance suggests a potential role for these proteins in
diel transcriptional or calcium-based regulation.

Phasing and Depth Prevalence of Environmental Photoreceptor and
Other Light-Sensitive Protein-Encoding Transcript Levels. The light-
sensitive proteins utilized by open-ocean protist communities
could function in different ways, for example, as photoreceptors
that initiate secondary messenger pathways to instigate light-
regulated processes, as proteins involved in phototaxis, as light-
activated transcription factors, or as a combination of the above.
To further evaluate potential roles of these proteins, the timing
of peak transcript abundance (transcripts per liter seawater) was
estimated for those genes that displayed significant rhythmicity
(RAIN analysis; P < 0.001). Transcript abundance of homologs
to well-known photoreceptor and other light-sensitive proteins
peaked either at or just before dawn, illustrating a high level of
synchrony across taxonomies (Fig. 4 A and B and Dataset S5I)
and suggesting the anticipation of the dawn light signal by these
organisms. This includes transcript abundance of cryptochrome/
photolyase genes (Fig. 4 A and B, blue hues), the LOV-domain
genes associated with a pKinase domain (e.g., phototropin; Fig. 4 A
and B, brown hue), and most rhodopsin genes except one ion-
pump variant from the Dinophyceae and transcript abundance of
heterotrophic protists belonging to Animalia, Bigyra, Ciliphora,
and Rhizaria (Cercozoa) (Fig. 4 A and B, green hues). This is in

accordance with the daily steady-state transcript peak levels of
homolog photoreceptors recorded for a diversity of terrestrial
model organisms (6, 7), for marine algal model organisms such as
the diatoms P. tricornutum and Thalassiosira pseudonana (32, 91),
the green algae Ostreococcus tauri (38) and the Dinophyceae Pro-
rocentrum donghaiense (92), as well as for a variety of eukaryotic
taxonomies, as measured in situ in the California current (20).
Phototaxis-related genes displayed a different transcript abun-

dance pattern. Transcripts associated with helmchrome from motile
photosynthetic stramenopiles were transcribed throughout the light
phase (Fig. 4 A and B, purple hue), possibly reflecting rapid protein
turnover times common for flagellar proteins (93, 94). In contrast,
helmchrome-like transcripts in Haptophyta peaked at dawn, sug-
gesting a potentially divergent role for these proteins in Hapto-
phyta. Diel periodicity was not detected for transcripts associated
with channel and sensory rhodopsins (SI Appendix, Fig. S10).
The greatest diversity in the timing of peak transcript abun-

dance occurred with the LOV domain-containing transcription
factors present in the Haptophyta and photosynthetic strame-
nopiles (Fig. 4 A and B). The light-responsive transcription
factors aureochrome 1A and 1C were transcribed during the day,
with peak levels shifted earlier for 1C, as previously demon-
strated in P. tricornutum (95). Interestingly, while Aureochrome
2 transcripts in the model diatom did not oscillate over the diel
cycle, the environmental Bacillariophyceae homologs showed a
sharp peak in transcript abundance at dawn. Aureochrome 2 tran-
scripts transcribed by the kleptoplastic Peridiniales (Fig. 2B) also
peaked at dawn, suggesting their enslaved diatom maintained diel
rhythmicity, a remarkable example of symbiotic intracellular regu-
lation. Within the Haptophyta, transcript abundance of the putative
transcription factors peaked at different times depending on the
particular type or the taxonomic order. The latter may reflect dif-
ferent metabolic lifestyles of the underlying species (photoautotro-
phic versus mixotrophic), a possibility that cannot be resolved at the
taxonomic-order level within this study. Homeobox-associated LOV
domains peaked in the morning in Prymnesiales and Zygodiscales
(Fig. 4 A and B, pink hue). Haptophyta and stramenopiles lack
canonical clock components (25), and thus it remains unclear
whether or how transcription factors may interact with clock
components. The recent identification of a novel clock compo-
nent RITMO1 (bHLH-PAS) in diatoms (23) should provide new
avenues for exploring potential interactions.
The HSF-associated LOV domains peaked at dusk in Isochrysidales

and Pavlovales and later at night in Coccolithales, Phaeocystales,
and Prymnesiales (Fig. 4 A and B, gray hue). Transcripts for the
HSF, bZIP, and the EF-hand calcium binding-containing LOV-
domain proteins also peaked at night within the Dictyochophyceae
and other photosynthetic stramenopiles (Fig. 4 A and B). Night-
time peaks in photoreceptor transcript abundances are not un-
common in photosynthetic organisms and have been previously
detected for P. tricornutum phytochrome (57, 91) and for plant
Cry in C. reinhardtii (96). In higher plants, night-time transcribed
phytochrome B regulates flowering time (97) in a process sensitive
to night-time light pollution (98). However, it must be noted that a
disconnect between transcript abundance and cellular protein
levels can arise, as the lifetime of a protein is dependent on both
the rate of synthesis and the turnover. This is exemplified by the P.
tricornutum phytochrome transcript levels that peak at dusk, while
phytochrome protein levels peak at dawn (57), and by the light-
dependent degradation of the C. reinhardtii plant Cry (99).
To further evaluate the transcriptional sensitivity of the different

photoreceptor and other light-sensitive proteins to changes in light
quantity and quality across the euphotic zone, we collected samples
on day 4 of the study from depths of 5, 119, 150 m across the
euphotic zone. Logistical constraints limited sampling to dusk at
1800 hours. A majority of the 25 most abundant transcripts were
differentially detected with depth and either contained a blue light-
sensitive LOV domain or corresponded to the blue light-sensitive
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cryptochrome cryDASH (Fig. 4C and Dataset S5J). Transcripts for
putative transcription factors were detected for both Haptophyta
and photosynthetic stramenopiles that combine the LOV domain
with an HSF domain (Haptophyta) or bZIP domain (Haptophyta
and photosynthetic stramenopiles). CryDASH and DASH-like
transcripts were detected for Dinophyceae, as well as Rhodo-
phyta. Low levels of Chlorophyceae transcripts associated with
the LOV-containing phototropin were detected only at 150 m and
were present at the limit of detection in most samples. A minority
of transcripts were associated with sensory rhodopsins detected in
flagellated cells (members of Pedinellales, Pinguiochrysidales, and
Chlorarachnea), lending support for a role in motility and other
light-dependent processes. Enzyme rhodopsin and proteorhodopsin
transcripts were detected for Dinophyceae only.
Detection of putative photoreceptors and other light-sensitive

protein-encoding transcripts at and below the deep chlorophyll
maximum (DCM), where light is less than 1% of surface illumi-
nation, illustrates the extreme sensitivity of the open-ocean light-
sensitive proteins to photon flux and spectral quality. Members of
the CPF such as dual-function CPF from diatoms have previously

been shown to be responsive to short exposures of light fluence
rates as low as 3.3 μmol m−2 s−1 blue light (31), comparable to
available light at depth. The results presented here suggest that
protists that thrive in low-light environments near the DCM are
able to maintain an internal estimate of time to coordinate ac-
tivities across the daily light/dark cycle.

Concluding Remarks
Our results provide an entrée into determining the molecular
regulation of the observed synchronous metabolism, growth, and
division of open-ocean marine protists over the daily cycle (18,
20, 21, 39, 100). We described a variety of light-sensitive proteins
and LOV-domain proteins that may function in light-dependent
transcriptional regulation in Haptophyta and photosynthetic
stramenopiles, in phototaxis in motile photosynthetic protists,
and in light-dependent processes in heterotrophic protists. The
variety of photoreceptors and other light-sensitive proteins de-
tected in plastidic protists of the subtropical open-ocean and the
freshwater/wet soil alga C. reinhardtii (101) contrasts dramati-
cally with that of heterotrophic eukaryotes in both marine and

A B C

Fig. 4. Diel and depth signatures of environmental photoreceptor and other light-sensitive protein-encoding transcripts. (A) Abundance (z score-normalized)
of transcripts that displayed a 24-h diel rhythmicity (RAIN; P < 0.001), clustered at the phylogenetic order level for the three dominant eukaryotic phyla:
Haptophyta, photosynthetic stramenopiles, and Dinophyceae. The color strip next to the heat map marks the different protein types. Subtypes are indicated
for aureochrome 1A, 1C, and 2 and for aureochrome- and helmchrome-like (L). Taxonomies are indicated. (B) Modeled peak times (mFourfit) for each class of
protein with a predicted period between 23 and 25 h are indicated in the radial plots. The length of the pointer corresponds to the mean transcript
abundance in log scale, with the inner ring corresponding to 101 reads per liter and the outer ring corresponding to 107 reads per liter. The pointers are color-
coded by protein type as in A. (C) The top 25 most abundant light-sensitive protein-encoding transcripts at three depths (5, 119, 150 m) in metatranscriptomic
datasets collected at 1800 hours on day 4 of the cruise. The protein classes are color-coded as in A and also written within the charts. The size of the circles
corresponds to the RPM values.
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terrestrial environments, reiterating the diversity within protist
communities with trophic mode as a potentially important evo-
lutionary driving force. Our phylogenetic approaches allowed us
to identify LOV-domain regulators without representatives in
current reference databases. A compelling next step will be to
evaluate the transcriptional patterns of photoreceptors and other
light-sensitive proteins in higher-latitude regions where varia-
tions in the seasonal cycle may select planktonic organisms with
different strategies to maintain diel rhythms. Additionally, the
diversified protein sequences described here may provide ave-
nues toward optogenetic approaches that use light to control the
activation and deactivation of protein function.

Materials and Methods
Fieldwork Design and Sampling. Samples were collected from July 26 to 30,
2015, during the Research Vessel (R/V) Kilo Moana cruise KM1513 at 100 km
northeast of Station ALOHA in the North Pacific Subtropical Gyre (39). A La-
grangian sampling strategy was implemented to sample the same water mass
during the observational period, using free-drifting drogues centered at a
depth of 15m, as described in ref. 102. Seawater sampling was conducted using
a 24 × 12 L Niskin bottle rosette attached to a conductivity–temperature–depth
package (SBE 911Plus; SeaBird). The mixed-layer depth was defined based on a
seawater density offset of 0.03 kgm−3 from 10 db (45). Incident irradiance (400-
to 700-nmwavelength band) at the sea surface was measured using a LI-COR LI-
1000 data logger and cosine collector. Vertical irradiance profiles were obtained
on July 30, 2015, at 1211 hours with a Free-falling Optical Profiler (Hyperpro;
Satlantic). SeaFlow (103) was used to make continuous measurements of small
phytoplankton abundance (<5 μm in equivalent spherical diameter) at a depth
of 7 m via the ship’s seawater intake system. Cell diameters of individual cells
were estimated from forward-angle light scatter by the application of Mie
theory for spherical particles using an index of refraction of 1.032, which were
in good agreement with cell diameters measured independently in phyto-
plankton cultures (42). Duplicate samples for metatranscriptome analysis were
taken every 4 h for a period of 4 d at 15 m depth, prefiltered through 100-μm
Nitex mesh and collected on a 0.2-μm polycarbonate filter (Sterlitech), as de-
scribed in refs. 41 and 102. Total RNA was extracted using the ToTALLY RNA Kit
(Invitrogen) spiked with a set of 14 internal RNA standards (104) that included 8
standards synthesized with poly(A) tails to mimic eukaryotic messenger RNAs
(mRNAs). Poly(A)-selected mRNAs were used for Illumina NextSeq 500 se-
quencing, and raw sequences were quality-controlled and processed as in
described in ref. 41 and 102, resulting in 2,426,923,906 merged sequence
fragments with a median length of ∼240 bp. Data are available in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA)
under BioProject ID PRJNA492142 (105). Sequences were translated into six-
frame amino acid peptides with transeq version EMBOSS:6.6.0.059 (106) using
Standard Genetic Code. Peptide sequences with open reading frames greater
than 40 amino acid residues were retained for downstream analyses (107).
Duplicate samples for metatranscriptome analysis at 5, 119, and 150 m depth
were taken on July 30, 2015, at 1800 hours. Cells were filtered through an
80-μm Nitex mesh and collected on a 0.7-μmGF/F filter. RNA extraction (Qiagen)
and sequencing [Illumina HiSeq High Output 125-bp paired-end sequencing]
were performed as described (108). Synthetic mRNA standards were not added
to these samples and data are presented in reads per million (RPM). Data are
publicly available: SRA BioProj PRJNA406025; BioSamples: SAMN07647714 to
SAMN07647718. Sequence overlap was not sufficient to merge forward and
reversed paired-end Illumina reads. Therefore, the forward reads only were
translated into amino acid as described above and used for subsequent analysis.

Bioinformatics Pipeline. To classify environmental short reads with homology
to cryptochrome/photolyase, phytochrome, rhodopsin, and LOV-domain
proteins, the sequences were placed on fixed reference trees via a refer-
ence alignment using the phylogenetic placement approach (pplacer) (47).
This method is particularly suited to analyze large volumes of metatran-
scriptome data. An overview of the analytical pipeline is as follows, with
specific steps detailed in subsequent sections. First, reference sequences are
retrieved from established phylogenetic studies and used to generate an
hmm-profile spanning the homologous region of the protein of interest.
Second, reference sequences within relevant marine databases are identi-
fied with the hmm-profile and used to generate a phylogenetic tree of
reference sequences. Third, environmental short reads with homology to the
hmm-profile are placed on the fixed reference tree using the maximum-
likelihood approach. The reference trees provide the phylogenetic frame-
work for both taxonomic and functional annotation (when available) of the

environmental reads based on their respective placement within the frame-
work. The use of relatively lenient stringencies in homology searches enables
identification of homologous sequences in genetically divergent marine pro-
tist species, as well as the identification of potentially novel elements not
present in available model organisms. Placements of sequences of interest can
be inspected at the amino acid level within the phylogenetic framework.

Marine-Relevant Photoreceptor and Other Light-Sensitive Protein-Related Reference
Trees. Cryptochrome/photolyase, phytochrome, rhodopsin, and LOV protein se-
quences described in the literature (32, 57, 71, 72, 109) were alignedwithMultiple
Alignment using Fast Fourier Transform (MAFFT) version 7.313 (parameters: –
localpair–maxiterate 100–reorder–leavegappyregion) (110) and used to generate
hmm-profiles (Dataset S2). Hmmsearches (HMMER version 3.1b2; parameters: -E
0.001) (46) on a reference database containing 907 marine-relevant genomes and
transcriptomes obtained through the Joint Genome Institute, NCBI, the Marine
Microbial Eukaryote Transcriptome Sequence Project (111), and Roseobase.org,
representing a total of 557 unique taxonomic reference organisms (Dataset
S1). hmm-identified reference sequences were clustered at 80% identity for
cryptochrome/photolyase and rhodopsin, 90% for LOV and 99% for phyto-
chrome (Dataset S3) using usearch version 10.0.240_i86osx32 (112) and aligned
withMAFFT using the same parameters as above. Clustering levels were custom
set for each alignment to minimize redundancy at the taxonomic species level.
Gaps in the sequence alignments were trimmed using trimAl version 1.4.rev15
(parameters: -gt 0.1) (113), and the best-fit amino acid substitution matrix for
each alignment was determined using Prottest version 3.4.2 (114). hmm-
identified marine reference sequences with a length shorter than the short-
est sequence found within the respective hmm-profile were removed. Ap-
proximate maximum-likelihood phylogenetic reference trees were generated
using FastTree version 2.1.9 (parameters: -wag for cryptochrome/photolyase
and phytochrome, -lg for rhodopsin and LOV) (115). Trees were taxonomically
visualized and explored with Archaeopteryx version 1.0 (116). Full-length ref-
erence sequences were queried against NCBI’s conserved domain database
(CDD) (73) for functional domain annotation using NCBI’s Batch Web CD-search
tool (Dataset S6; parameters: e-value < 0.01). The phylogenetic reference trees
were functionally annotated based on CD annotations as well as homology to
experimentally characterized reference sequences from the literature.

Phylogenetic Placement Analysis of Environmental Reads. Environmental
metatranscriptome reads with homology to one of the four light-sensitive
protein types were recruited to the hmm-profiles described in Marine-
Relevant Photoreceptor and Other Light-Sensitive Protein-Related Reference
Trees. (Dataset S2) using hmmsearch (parameters: -E 0.001) (46) and hmm-
aligned to their respective reference alignment. Phylogenetic placement anal-
ysis (pplacer) (47) was used to assign NCBI taxonomy identification numbers to
each environmental sequence using pplacer version 1.1.alpha17-6-g5cecf99
based on the read placement with the best maximum-likelihood score to the
reference tree (parameters: –keep-at-most 1,–max-pend 0.7), as in refs. 41 and
102. Functional assignments were based on tree-edge annotations (Dataset S3).
A synthetic metatranscriptome dataset of genome-derived gene models of T.
pseudonana, Thalassiosira oceanica, Emiliania huxleyi, C. reinhardtii, and P.
tricornutum reads was generated by Grinder (117) (parameters: -coverage_fold
10, -read_dist 80 normal 7, -fastq_output 0, -qual_levels 30 25,-unidirectional 1,
-mutation_dist poly4 3e-3 3.3e-8) and used for independent assessment of
phylogenetic placement of reads with known taxonomic origin (SI Appendix,
Fig. S5 and Dataset S4). Read counts for each edge (maximum pendant
length, <0.7; e.g., the branch length for the placement edge of the short reads)
were normalized based on the internal mRNA standards to estimate environ-
mental transcript abundance per liter seawater (Dataset S5 A–D) (104). Statis-
tical significance for diel periodicity of transcripts aggregated on type and
taxonomic-order level was determined using the RAIN package in R (48), and
P values of <0.001 were considered significantly diel (Dataset S5 E–H). The
curve-fitting method MFourfit was applied to model peak phasing, period, and
amplitude using Biodare2 (biodare2.ed.ac.uk) (118) (Dataset S5I)

Maximum-Likelihood Phylogenetic Trees. A maximum-likelihood (ML) phylo-
genetic 18S rDNA tree representing 117 marine relevant eukaryotic order
levels was built using RAxML version 8.2.8 (119) (parameters: -f a -m
GTRGAMMA -p 12345 -x 12345 -# 100). 18S rDNA input sequences (Dataset
S7A; one representative taxon per order level) with aminimum length of 1,543 bp
were aligned with MAFFT (parameters: –localpair–maxiterate 100–reorder–
leavegappyregion) (110), and gaps were removed with trimAl version 1.4.rev15
(parameters: -gt 0.5) (113). Taxonomies that assumed ambiguous positions in the
ML tree were removed using RogueNaRok version 1.0 (120).

Environmental contigs were assembled with Trinity (121) version 2.3.2 on
the Pittsburgh Supercomputing Center’s Bridges Large Memory system

10 of 12 | PNAS Coesel et al.
https://doi.org/10.1073/pnas.2011038118 Diel transcriptional oscillations of light-sensitive regulatory elements in open-ocean

eukaryotic plankton communities

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
http://Roseobase.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
http://biodare2.ed.ac.uk/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011038118/-/DCSupplemental
https://doi.org/10.1073/pnas.2011038118


(parameters: –normalize_reads–min_kmer_cov 2–min_contig_length 300)
(The Extreme Science and Engineering Discovery Environment; XSEDE) (122).
All assemblies were subjected to quality-control analysis via Transrate (123)
version 1.0.3 using their paired-end assembly method. Quality-controlled
contigs were translated in six frames with transeq (106) version EM-
BOSS:6.6.0.059 using Standard Genetic Code. The longest open reading
frame from each contig was retained and clustered at the 99% identity
threshold level with linclust (124). Full-length amino acid sequences were
queried against NCBI’s CDD (73) for functional domain annotation using NCBI’s
Batch Web CD-search tool (Dataset S6C; parameters: e-value < 0.01). A
maximum-likelihood phylogenetic tree was built using RAxML version 8.2.8
(119) (parameters: -f a -m PROTGAMMAILG -p 12345 -x 12345 -# 100) for diel-
targeted LOV-domain reference sequences (P < 0.001) and environmental
assembled contigs that mapped to those reference sequences with pplacer
analysis (Dataset S7B). Also included are the LOV-domain homologs used to
generate the LOV hmm-profile of this work (Dataset S2A) and the PAS-domain
seed sequences (PF00989) derived from the Pfam database (pfam.xfam.org)
(87). Tree visualizations were performed in the Interactive Tree of Life version
5 (https://itol.embl.de/) (125). WRKY-LOV homologs were identified in the
Ocean Gene Atlas Marine Atlas of Tara Ocean Unigenes_version 1_metaT

database (88) by protein basic local alignment search tool with an Expect
threshold of 1E-10. Only contigs spanning both the LOV and WRKY do-
mains were retained (Dataset S7C).

Data Availability. All study data are included in the article, SI Appendix, and
Datasets S1–S7. Raw sequence data for the diel eukaryotic metatranscriptomes
are available in the NCBI Sequence Read Archive under BioProject ID
PRJNA492142 (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA492142),
and additional environmental sequence data are available in the Ocean Gene
Atlas (http://tara-oceans.mio.osupytheas.fr/ocean-gene-atlas/).
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