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INTRODUCTION

DINOFLAGELLATES are a diverse group of protists 
that account for a significant percentage of the eukaryotic 
plankton in the ocean (Keeling & del Campo, 2017; Taylor 
et al., 2008). These alveolates play a wide range of ecologi-
cal roles due, in part, to their range of trophic strategies, in-
cluding widespread mixotrophy among photosynthetic taxa 

(Stoecker, 1999) as well as strict heterotrophy. These trophic 
states are polyphyletic, as both plastid acquisition and re-
duction have occurred multiple times independently over 
the evolutionary history of the group (Cooney et al., 2024; 
Hehenberger et  al.,  2014; Janouškovec et  al.,  2017; 
Keeling, 2013; Saldarriaga et al., 2001; Sarai et al., 2020).

Heterotrophic dinoflagellates include free-living, 
parasitic, and mutualist symbiont taxa (Gaines & 
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Abstract
Dinoflagellates are an abundant and diverse group of protists representing 
a wealth of unique biology and ecology. While many dinoflagellates are 
photosynthetic or mixotrophic, many taxa are heterotrophs, often with 
complex feeding strategies. Compared to their photosynthetic counterparts, 
heterotrophic dinoflagellates remain understudied, as they are difficult 
to culture. One exception, a long-cultured isolate originally classified as 
Amphidinium but recently reclassified as Oxytoxum, has been the subject of 
a number of feeding, growth, and chemosensory studies. This lineage was 
recently determined to be closely related to Prorocentrum using phylogenetics of 
ribosomal RNA gene sequences, but the exact nature of this relationship remains 
unresolved. Using transcriptomes sequenced from culture and three single cells 
from the environment, we produce a robust phylogeny of 242 genes, revealing 
Oxytoxum is likely sister to the Prorocentrum clade, rather than nested within 
it. Molecular investigations uncover evidence of a reduced, nonphotosynthetic 
plastid and proteorhodopsin, a photoactive proton pump acquired horizontally 
from bacteria. We describe the ultrastructure of O. lohmannii, including 
densely packed trichocysts, and a new type of mucocyst. We observe that O. 
lohmannii feeds preferentially on cryptophytes using myzocytosis, but can also 
feed on various phytoflagellates using conventional phagocytosis. O. lohmannii 
is amenable to culture, providing an opportunity to better study heterotrophic 
dinoflagellate biology and feeding ecology.
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Elbrächter, 1987; Schnepf & Elbrächter, 1992). Free-living 
heterotrophs are major consumers in marine systems (Jeong 
et al., 1999; Sherr & Sherr, 1994) and display a wide range of 
nutritional strategies and specializations, including phago-
cytosis, myzocytosis (feeding via perforation of prey cell), 
and pallium feeding (Hansen & Calado, 1999; Jacobson & 
Anderson, 1986). The diversity of chemosensory abilities 
and feeding specificities of heterotrophic dinoflagellates is 
likely equally broad (Hansen & Calado, 1999; Jacobson & 
Anderson, 1986; Levandowsky & Hauser, 1975). Parasitic 
and symbiotic taxa use chemosensory cues to locate hosts 
(Fitt, 1985; Schnepf & Drebes, 1986), while free-living taxa 
display a wide range of chemosensory feeding abilities. 
Some, like Oxyrrhis marina, can respond chemotactically 
(Fenchel, 2001; Spero, 1985), but are indiscriminate tactile 
feeders that phagocytose inert material and almost all poten-
tial prey (Hansen, 1992; Strom, Wolfe, Holmes, et al., 2003; 
Strom, Wolfe, Slajer, et al., 2003). Crypthecodinium cohnii 
is another indiscriminate feeder that responds to nano-
molar levels of chemical cues in the environment (Hauser, 
Levandowsky, & Glassgold,  1975; Hauser, Levandowsky, 
Hutner, et al., 1975). In contrast, many taxa are highly spe-
cialized feeders and use chemosensory cues to locate specific 
prey (Jacobson & Anderson, 1986, 1992; Larsen, 1988).

Compared to their photosynthetic counterparts, het-
erotrophic dinoflagellates are generally under-sampled 
and understudied in phylogenomic analyses, due to the 
difficulty of cultivating these lineages. However, the eco-
logical importance and biological diversity of these groups 
demonstrate the need for further study. One taxon, recently 
classified as Oxytoxum lohmannii (previously Amphidinium 
longum), has appeared periodically in the literature since its 
first description over a century ago (Kofoid & Swezy, 1921; 
Wilcox & Wedemayer,  1991). It has been used in several 
studies of planktonic protist chemical sensing and defense 
(Strom et  al.,  2018; Strom, Wolfe, Holmes, et  al.,  2003; 
Strom, Wolfe, Slajer, et  al.,  2003), but its phylogenetic 
placement has so far only been explored using ribosomal 
DNA sequences (Gottschling et  al.,  2024; Saldarriaga 
et al., 2001) and has yet to be resolved. Here, using phy-
logenomic analysis, we build on recent findings that this 
taxon represents a distinct heterotrophic lineage related to 
the largely photosynthetic Prorocentrum clade, and show 
genetic evidence for a remnant nonphotosynthetic plastid 
and a possible alternative phototrophic mechanism, prote-
orhodopsin. We describe the cell biology of this dinoflagel-
late in the context of its ecology, including ultrastructure, 
growth potential, and swimming and feeding behavior.

M ATERI A LS A N D M ETHODS

Maintenance cultures

Cells identified at the time of collection in 1993 as 
Amphidinium longum (now called Oxytoxum lohmannii; 
Gottschling et al., 2024) were isolated from the Salish Sea 

near Anacortes, WA (48°30.6′ N, 122°40.2′ W), and main-
tained in culture for many years, contributing to multi-
ple studies (Chu et al., 2009; Nielsen & Kiørboe, 2015; 
Saldarriaga et  al.,  2001; Strom et  al.,  2018; Strom & 
Morello,  1998; Strom, Wolfe, Holmes, et  al.,  2003; 
Strom, Wolfe, Slajer, et al., 2003). Cultures were grown 
in filtered, autoclaved coastal seawater (salinity = 30, 
temperature = 13–15°C) enriched with low concentra-
tions of trace metals and fed weekly on a mixed diet 
of Isochrysis galbana (haptophyte), Rhodomonas salina 
(cryptophyte), and Emiliania huxleyi (haptophyte). 
Cultures were transferred every 2 weeks. Growth, feed-
ing, and swimming observations were usually con-
ducted at 13–15°C or room temperature. The original 
isolate (SPMC98) was lost in 2004 after its use in the im-
aging portions of this study. Another morphologically 
indistinguishable isolate (SPMC100) collected from the 
same location was established in 2003 and the result-
ing culture was used to generate molecular data in the 
present study. Feeding observations have been reported 
from both SPMC98 (Strom & Loukos,  1998; Strom 
& Morello,  1998) and SPMC100 (Strom et  al.,  2020). 
Assessment of growth on different cryptophyte species 
and isolates used the method described in Strom and 
Morello (1998).

Epifluorescence microscopy

Predator and prey subsamples were preserved in glu-
taraldehyde (final conc. 0.5%), stained with DAPI, and 
filtered onto 25-mm, 1.0-μm pore-size polycarbonate fil-
ters (Poretics). Filters were mounted in low-fluorescence 
immersion oil on microscope slides and examined with 
a Leica DM microscope under UV excitation (DAPI nu-
clear staining) or blue excitation (ingested prey chloro-
plast autofluorescence) and photographed with a 35-mm 
camera. Lectin staining of trichocysts (Concanavalin 
A; ConA) was performed as described in Strom, Wolfe, 
Holmes, et al. (2003).

SEM

Cells were fixed with 4% isotonic osmium tetroxide to 
0.2% final concentration. Fixation with 1%–2% elec-
tron microscopy grade glutaraldehyde caused cell dis-
tortion, loss of f lagella, and trichocyst discharge. Fixed 
cells were filtered by gravity or vacuum (<5 mm Hg) 
onto 13-mm polyester filters (Poretics; 1–3-μm pores). 
Filters were rinsed with distilled water and dehydrated 
in an ethanol series (50%, 70%, 100%), critical-point 
dried with CO2 to 50 bar/40°C with a Balzers Union 
CPD 020, and finally vacuum evaporation-coated with 
60/40 Au/Pd. Specimens were viewed on a Hitachi S-
430 SEM at 10 kV and digitized with ‘Printerface’ (GW 
Electronics).
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TEM

Cells were concentrated by gentle centrifugation and fixed 
in a final concentration of 2% glutaraldehyde buffered with 
0.1-M cacodylate. After 1 h of fixation, cells were pipetted 
onto a thin slab of agarose on a plastic microscope slide. 
Using a compound microscope, groups of approximately 
12 cells were pushed (using a loop of finely drawn-out cap-
illary tube glass, functioning like a shepherd's crook) close 
together. In this way all cells had a similar orientation (i.e., 
their longitudinal axis was restricted to a common plane), 
facilitating comparisons among cells. The cells were then 
enrobed beneath a top layer of agarose, taking extreme care 
not to disturb the cell arrangement. The agar containing 
the cells was cut into a 1- to 2-mm block, rinsed in buffer, 
and postfixed in 1% osmium tetroxide. To allow the cell 
cluster to be detected using a dissecting scope (given that 
O. lohmannii does not blacken significantly during osmica-
tion), a larger dinoflagellate obtained from a net tow of 
Puget Sound (e.g., Scrippsiella or Dinophysis) was included 
in the cell cluster. Agar blocks were then rinsed in dH2O, 
dehydrated in an acetone series, and Epon-embedded using 
Epon-acetone mixtures containing progressively higher 
proportions of Epon. After polymerization in a clear sili-
cone rubber embedding mold, thin sections were made on 
a LKB ultramicrotome and collected on Pioloform-coated 
1 × 2-mm slot grids, which were conventionally stained with 
lead citrate and uranyl acetate and examined on a Hitachi 
H-300 transmission electron microscope.

Single-cell sequencing and transcriptome assembly

Individual cells were isolated from cultures to avoid in-
cluding prey in transcriptome sequencing. Cells were 
picked under a Leica DMIL inverted light microscope 
using modified Pasteur pipettes and washed in filter 
sterilized water from the same culture (0.2-μm filter). 
Isolated cells were placed in lysis buffer, grouping 4–6 
cells to a tube. cDNA was generated, amplified, and 
cleaned according to the Smart-seq2 protocol (Kolisko 
et  al.,  2014; Picelli et  al.,  2014), and Illumina libraries 
were prepared (Nextera Flex) and sequenced on the 
Miseq platform at the Sequencing and Bioinformatics 
Consortium at University of British Columbia (raw reads 
available in the Sequence Read Archive under project 
PRJNA1063374). Raw reads for all samples were com-
bined and trimmed with Cutadapt (Martin, 2011), speci-
fying Nextera adapters and Illumina-specific primers for 
removal. Transcriptome assembly was performed with 
rnaSPAdes v3.13.2 (Bankevich et al., 2012) and contami-
nants were identified and removed using megaBLAST to 
search against Uniprot reference proteomes for divergent 
contigs. Blobplots was used to visualize contigs by taxo-
nomic assignment, and unwanted taxonomic categories 
associated with prey and bacteria were removed. Open 
reading frames were identified using TransDecoder 

v5.1.0 (Haas et al., 2013) and annotation was performed 
using BlastP (Altschul et al., 1990) against the SwissProt 
database (Poux et  al.,  2017) with an e-value threshold 
1e10−5.

Three individual cells were also picked from environ-
mental samples collected from Jericho Pier in Vancouver, 
BC, two on July 14 (cells A and B) and one on October 
2, 2020 (cell C). Each cell was video recorded (see https://​
doi.​org/​10.​5281/​zenodo.​11458711), washed, and isolated in 
lysis buffer separately. These samples were then treated 
identically to culture samples in all other downstream 
processes and analyses.

Phylogenomic analysis

Predicted peptide transcriptomes were searched with 
BlastP, using curated protein alignments of 263 genes as 
queries (Burki et al., 2016). Hits were aligned with their 
respective queries and IQ-TREE v1.6.12 was used to gen-
erate maximum likelihood (ML) trees (model: LG + G; 
Stamatakis, 2006). Removal of paralogs, isoforms, and 
contaminants was performed after visual inspection of 
each tree to identify unwanted sequences. Cleaned align-
ments were selected and processed using SCaFoS v4.55 
(Roure et al., 2007), limiting the data set to include only 
genes present in at least 60% of the relevant operational 
taxonomic units (242 genes total). IQ-TREE was used to 
generate a final ML tree from the concatenated align-
ment using 1000 ultrafast bootstraps (−bb 1000; Hoang 
et  al.,  2018) and the empirical profile mixture model 
LG + C60 + F + G4 (Quang et al., 2008). A second tree was 
generated for comparison, using 100 bootstraps (−b 100) 
and LG + C60 + F + G4 PMSF, with the previous ML tree 
as the guide tree (Wang et al., 2018).

A BlastN search for small subunit ribosomal RNA 
gene sequences (SSU rDNA) was conducted on assembled 
transcriptome data using the SSU rDNA of Prorocentrum 
micans (accession number AY833514.1) as a query. Hits 
were added to a manually curated alignment of dinofla-
gellate SSU rDNA, aligned with MAFFT v7.475 (Katoh 
& Standley, 2013), and trimmed with trimAl v3 (80% gap 
threshold) (Capella-Gutiérrez et al., 2009). ML tree con-
struction was performed using ultrafast bootstrap approx-
imation (−bb 1000) and ModelFinder (Kalyaanamoorthy 
et al., 2017) to determine the best fit model (GTR + F + I + G4) 
in IQ-TREE. SSU rDNA sequences for both cultured and 
wild cells are available in GenBank under the accession 
numbers PP110230–PP110233.

Organellar and photoactivity-associated protein 
characterization

All transcriptomes were searched for rhodopsins, reti-
nal biosynthesis enzymes, and plastid-associated en-
zymes involved in the biosynthesis of heme, isoprenoid, 
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and iron–sulfur clusters. BlastP searches were per-
formed using dinoflagellate homologs as queries and 
an e-value threshold of 1e−25. To filter out contami-
nants and confirm that the resulting hits belonged to 
the host cells, these sequences were aligned with curated 
collections of corresponding diverse eukaryote and 
prokaryote homologs (Hehenberger et al., 2019). These 
alignments were then trimmed with an 80% gap thresh-
old in trimAl and analyzed with IQ-TREE using −bb 
1000 and ModelFinder to infer ML trees for each en-
zyme. In the untrimmed alignments, each sequence was 
visually inspected for an N-terminal extension through 
comparison with bacterial homologs, which lack sig-
nal and transit peptides. For sequences possessing an 
N-terminal extension, SignalP v3.0 (for cleavage site 
visualization) and v5.0 were used to predict the pres-
ence of signal peptides (Nielsen et al., 1997), and trans-
membrane regions were predicted using TMHMM v2.0 
(Sonnhammer et al., 1998).

RESU LTS

General description and cytology

The O. lohmannii cells used in this study are approxi-
mately 22 by 16 μm in size and ellipsoidal in shape, 
although cell size and shape are known to vary substan-
tially between starved and well-fed cells (Gottschling 
et  al.,  2024; Strom & Morello,  1998). Cells have a 
pronounced episome and a single, large, centrally lo-
cated food vacuole approximately 5–6 μm in diameter 
(Figure 1A; Figure S1A,B). Transverse and longitudinal 
flagella are inserted close to the base of the anteriorly 
directed peduncle (Figure  1B), situated at the base of 
the episome along the ventral side, just above the sulcus. 
The peduncle has a slender keel or tongue-like form, 
with the distal 5 μm protruding from the ventral epi-
theca (Figure 1B–D; Figure S1A–C). A regular arrange-
ment of lateral trichocyst pores occurs on all hypothecal 
plates, typically involving three or four vertical columns 
and seven or eight horizontal rows (Figure 1B–D). Each 
trichocyst column occupies a continuous raised longi-
tudinal surface ridge (Figure S1D). A row of pores, situ-
ated immediately below the cingulum, is spaced more 
than twice as closely as the trichocyst pores located to 
the posterior (Figure 1C).

Ultrastructure

Oxytoxum lohmannii ultrastructure is conventional, in-
cluding typical trichocysts and a standard dinoflagellate 
nucleus with electron dense chromosomes and nucleolus 
(Figure 2). Each cell has nearly 200 trichocysts, an unu-
sually high number for a cell of this size. The pattern of 

trichocyst distribution is striking; those situated in the 
apical region are parallel with the cell's longitudinal axis 
and regularly spaced (Figures 1D and 2A). Trichocysts 
in the episome, which are angled outward approximately 
30 degrees from this axis, are also regularly arranged in 
tiers; external trichocyst pores, visible with SEM, are ar-
rayed in regularly spaced rows and columns (Figures 1B–
D and 2B).

A previously unknown type of mucocyst-like ves-
icle is present (with variable abundance) in all cells 
(Figure 2C,B; Figure S1A). Most mucocyst vesicles are 
ellipsoid and contain two components: fibrillar material 
(similar to the contents of some dinoflagellate muco-
cysts) and several central profiles of electron dense gran-
ular material. The latter seems to be a single elongate 
structure that is often coiled in a helical configuration. 
No other extrusomes are present.

F I G U R E  1   Microscopic images and depictions of Oxytoxum 
lohmannii (SPMC98). (A) Brightfield images of live O. lohmannii 
cells. Note conspicuous central food vacuole. Bottom image 
shows longitudinal flagella protruding at top of cell. (B) SEM and 
illustrated depiction of a ventral view of O. lohmannii showing 
peduncle (p) and the longitudinal and traverse flagellum (lf, tf). 
Trichocyst pores are indicated by arrowheads. Illustration shows the 
likely arrangement of O. lohmannii thecal plates. Scale bar = 5 μm. 
(C) SEM and illustrated depiction of cell's left lateral side, showing 
peduncle (p) in contact with cryptophyte prey. Note regular rows 
and columns of trichocyst pores (arrowheads). (D) Diagrammatic 
longitudinal section showing orderly trichocyst arrangement, and 
peduncle and food vacuole.
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Flagellar apparatus

The longitudinal f lagellum is shown within the f lagel-
lar pore in Figure  S1E, and the microtubules of the 
longitudinal f lagellar root are visible in Figure S1F. A 
partial reconstruction is shown in Figure  S1 as hav-
ing 17 microtubules. This root lies directly below the 
cell cortex. The striated collar of the transverse f lagel-
lum appears to form an attachment with the nearby 
surface of the thecal wall that forms the f lagellar 
pore of the longitudinal f lagellum (Figure  S2A,G). 
Collared pits appear on both the f lagellar canal of the 

longitudinal f lagellum and the transverse f lagellum 
(Figure  S2C,G,I). The basal bodies appear to lie at 
an approximate right angle with respect to each other 
(Figure S2C,F,I,L).

Peduncle structure

The peduncle has two structural components. The first 
is an elongate tube, the distal end of which is visible on 
the exterior of the cell, anterior to the cingulum, resting 
within a furrow running from the basal body region on 
the cell's ventral surface toward the cell apex (Figure 1B, 
Figure  S1A–D). The second is a larger internal region 
adjacent to the central food vacuole (Figure S1E). Both 
regions contain a characteristic mix of electron dense 
bodies and electron lucent vacuoles, most containing 
one to several internal membrane profiles, but the in-
terior region has the highest density of electron dense 
vesicles. These vesicles are typical of those found adja-
cent to the microtubular ribbon or basket in a diverse 
assemblage of dinoflagellates. The anterior-most end 
of the peduncle often has a pointed shape, reminiscent 
of a narrow arrowhead (Figure  1B, Figure  S1B,C) and 
features large regions of either vacuolar space, contain-
ing a uniform, flocculant material or empty, convoluted 
vacuolar profiles that resemble dilated endoplasmic re-
ticulum (Figure  S1A–F, Figure  S2A–F). The peduncle 
lacks a striated collar, and while the two regions of the 
peduncle appear separate in many cross sections, they 
are clearly continuous. A distinct peduncular population 
of microtubules, each 18–20 nm in diameter, are visible 
at the outer edge (Figure S1F lower inset).

Food vacuole structure

The elongate shape and small size of this species con-
strains the location of the food vacuole to a central posi-
tion, anterior to the nucleus (Figure 1A). Often a food 
vacuole is composed of two or more distinct internal 
regions, appearing as a sphere embedded (off center) 
within the larger sphere of the food vacuole (Figure 2A, 
Figure S1A,B). This is perhaps the result of either mul-
tiple feeding episodes, an interruption during one meal, 
or differences in the viscosity of ingested cytoplasm and 
organelles.

Phylogenomic analysis

The transcriptome assembly for cultured O. lohmannii 
had the most predicted peptides of all the transcriptomes 
and was the most complete, according to BUSCO v5 cov-
erage estimates and the presence of genes within the mul-
tigene analysis (Figure  S3). In comparison, assemblies 
for the wild single cells A and B had less than half the 

F I G U R E  2   TEMs showing whole cell ultrastructure of 
Oxytoxum lohmannii (SPMC98). (A) Longitudinal whole cell section, 
containing a two-sectioned food vacuole (fv) and an emergent 
peduncle (p). Also visible are an apical trichocyst (tr) and condensed 
chromosomes (ch). (B) Longitudinal whole cell section, showing 
peduncle juxtaposed to a cryptophyte prey cell (cryp), in the position 
typical of the feeding configuration. Note parallel, uniformly 
arranged trichocysts (tr) and mucocyst (m). (C) Hand-manipulated 
cluster of seven longitudinal whole cell profiles showing consistency 
of nuclei (N), nucleoli (n) food vacuole position, etc. All cells contain 
novel mucocysts (m) at varying abundances. Scrippsiella sp. cell (Scr) 
added for enhanced visibility of cell cluster embedded within plastic 
block. Scale bars = 5 μm (bar in panel A also applies to B).
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number of predicted peptides but were only marginally 
less complete than that of the culture. Cell C had the few-
est peptides and very low coverage compared to all other 
transcriptomes, likely due to mRNA degradation at the 
time of sampling.

A maximum likelihood analysis of 242 genes placed O. 
lohmannii as branching sister to the genus Prorocentrum 
with full node support (Figure  3). Transcriptomes 
from single cells collected from environmental samples 
grouped with the O. lohmannii culture, and a second 
PMSF analysis confirmed these relationships, with a 
bootstrap score of 100 for the relationship of O. lohman-
nii with Prorocentrum (Figure 3). SSU rDNA sequences 
for all cells and culture were identical to one another, 
although sequences for cells A and C were truncated 
(Figure S4).

Plastid and rhodopsin-related proteins

Proteins from the plastid-derived biosynthesis pathways 
for heme, isoprenoids, and iron–sulfur clusters were 
found in all transcriptomes except for cell C (Figure 4, 
Data  S1). No transcriptome had complete coverage of 
any single pathway, but the combination of transcripts 
recovered from all three transcriptomes accounted for 
all but eight of the 24 expected enzymes (Figure 4). Most 
recovered sequences were truncated, missing the N-
terminus of the active protein as well as any indication 
of an N-terminal extension. Transcripts for sufE, hemL, 
and hemF had N-terminal extensions with predicted sig-
nal peptides and transmembrane regions, while sufB, 
petF, and hemC had unidentified extensions that lacked 
bipartite signal characteristics.

In phylogenies constructed for each enzyme (https://​
doi.​org/​10.​5061/​dryad.​9zw3r​22pp), O. lohmannii tran-
scripts clustered within the clade of homologs from 
peridinin-type plastids. The only exception to this was 
sufD, for which transcripts from the O. lohmannii cul-
ture and cell A branched outside of and sister to all other 
peridinin-type plastid-derived homologs. In addition 
to a peridinin-type homolog for hemE from the culture 
transcriptome, a homolog from cell B grouped within 
a separate dinoflagellate clade sister to haptophytes. 
Likewise, sufS from the culture sample fell within the 
clade of peridinin-type plastid homologs while a tran-
script from cell A clustered with apicomplexans, sug-
gesting the latter was a possible contaminant sequence. 
Contaminant homologs of sufB, petF, hemA, and hemL 
were picked up from cell A, possibly the result of recent 
prey consumption. In the case of petF, the presumed con-
taminant clustered within Symbiodinium and the possi-
bility that it was the result of a recent gene duplication 
could not be eliminated.

A search for rhodopsins recovered hits from all 
four transcriptomes. When placed into a phylogeny 
of rhodopsins, O. lohmannii transcripts clustered with 

dinoflagellate (including Prorocentrum) proteorhodop-
sins sister to stramenopiles (Figure  S5A). Rhodopsin 
transcripts from the culture transcriptome were sim-
ilar to but phylogenetically distinct from those of the 
three wild cells. All functional residues previously 
described in Oxyrrhis marina proteorhodopsin were 
conserved in O. lohmannii, with the exception of a Ser 
replacing a Gly on the first helix in the retinal binding 
pocket (Figure S5B; Slamovits et al., 2011). Like O. ma-
rina, O. lohmannii peptide sequences contained a leu-
cine residue in the third helix, indicative of green light 
activation (Man et al., 2003).

The enzymes crtB, crtI, and crtY that make up the 
carotenoid biosynthesis pathway were absent from 
all O. lohmannii transcriptomes. However, homologs 
from the carotenoid cleavage oxygenase (CCO) family 
of enzymes were present in all samples except cell C. 
Using InterProScan (Blum et al.,  2021) truncated tran-
scripts were identified as belonging to three different 
but closely related functional orthologs: β,β-carotene 
15,15′-dioxygenase, carotenoid 9,10(9′,10′)-cleavage di-
oxygenase 1, and a putative apocarotenoid dioxygenase. 
In a collective phylogeny of these proteins (https://​doi.​
org/​10.​5061/​dryad.​9zw3r​22pp), transcripts from different 
samples within each ortholog were generally disparate, 
with the exception of carotenoid 9,10(9′,10′)-cleavage di-
oxygenase 1, for which transcripts of cells A and B were 
identical.

Nutrition and feeding behavior

Oxytoxum lohmannii can be maintained indefinitely 
in culture, growing at rates of 0.1–0.5 day−1 (see 
Discussion) up to maximum observed densities of ca. 
3500 mL−1. We found that O. lohmannii will feed and 
grow on a range of microalgal prey, including coc-
colithophorids (Emiliania huxleyi), prymnesiophytes 
(Isochrysis galbana), prasinophytes (Mantoniella squa-
mata) and small dinoflagellates (Heterocapsa rotun-
data) (Strom & Morello, 1998). Cryptophytes, however, 
are the preferred prey type, based on food vacuole 
f luorescence in cells offered prey mixtures (Figure S6) 
and on feeding behavior in prey mixtures (Strom 
et al., 2020; Strom & Loukos, 1998); they are the only 
prey type that support sustained O. lohmannii growth 
in culture as monospecific diets.

Feeding on cryptophyte prey is often by myzocy-
tosis (Figure  S6). Small-scale f low structures created 
by the anteriorly located transverse f lagellum bring 
prey to the anterior part of the cell where the pedun-
cle is located (personal observation; see also Nielsen & 
Kiørboe,  2015). The longitudinal f lagellum may also 
be involved in prey capture, as it has been observed 
in contact with cryptophyte prey cells (Figure  S6). 
Cells appear to attach to prey at the f lattened episome, 
similar to descriptions of Amphidinium poecilochroum 
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(Larsen,  1988). Epifluorescence revealed prey organ-
elles such as plastids being deformed during passage 
through the narrow peduncle (Figure S6; see also Strom 
et al., 2018). Following prey contact, swimming stopped 
and the prey shrank in size over 20–40 s as cytoplasm 
contents were transferred through the peduncle to the 

dinoflagellate. O. lohmannii cells starved for more 
than 1–2 days do not respond quickly to prey additions 
and only begin feeding hours or days after prey is re-
introduced, suggesting that the cells enter a metabolic 
resting state after a period of time without food (data 
not shown).

F I G U R E  3   Maximum likelihood (ML) phylogeny of dinoflagellates, including Oxytoxum lohmannii and close relatives. Phylogeny is based 
on 242 protein orthologs, each found in ≥60% of analyzed taxa. Node values depict bootstrap support of the first and second ML analyses, 
respectively; black dots represent node values of 100/100 and nodes with one number indicate the same support value in both trees. The scale 
bar provides reference for the estimated number of amino acid substitutions per site, and includes the model used to make the first ML tree, 
depicted in this figure.
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DISCUSSION

Phylogenomic analysis

In contrast to a recent analysis using rRNA genes show-
ing O. lohmannii nested within the Prorocentrum clade 
(Gottschling et  al.,  2024), our more robust multigene 
phylogenomic analysis places O. lohmannii as a sister 
group to Prorocentrum. Due to limited availability of 
high coverage molecular data for dinoflagellates, fewer 
taxa are represented in our multigene phylogeny com-
pared with the previous phylogeny of rRNA genes. 
However, by including all Prorocentrum taxa for which 
transcriptomes are available, we show that this genus is 
likely monophyletic, with O. lohmannii branching out-
side of the group. This topology suggests that photosyn-
thesis was lost in the ancestor of O. lohmannii at some 
point after it diverged from Prorocentrum. Whether 

Oxytoxum is part of a monophyletic group containing 
other heterotrophic prorocentraleans (Corythodinium 
spp., Planodinium striatum) as shown in Gottschling 
et al. (2024), and how close photosynthetic lineages be-
sides Prorocentrum relate to this group remains to be 
seen once transcriptomic data becomes available for 
relevant taxa.

Evidence for a reduced plastid and 
rhodopsin-based photoactivity

Loss of photosynthesis has occurred multiple times in 
the evolutionary history of dinoflagellates (Saldarriaga 
et  al.,  2001). Oxytoxum exemplifies this, as an obligate 
heterotroph with phylogenetic affinity to photosyn-
thetic taxa. While loss of photosynthesis is common 
in dinoflagellates and other myzozoans, retention of a 
reduced plastid organelle is also common, as plastidial 
biosynthetic pathways for some essential functions have 
come to replace those of the host (Cooney et al., 2024; 
Hehenberger et al., 2014; Janouškovec et al., 2017; Mathur 
et al., 2019). These genes have since moved to the host nu-
cleus, and transcripts have gained N-terminal targeting 
sequences to guide proteins back to the organelle where 
they serve their function (Hehenberger et al., 2014).

The plastidial pathways for heme, isoprenoid, and 
iron–sulfur cluster assembly have been found in most 
nonphotosynthetic dinoflagellates and myzozoans 
studied to date (Cooney et  al.,  2024; Hehenberger 
et  al.,  2014; Janouškovec et  al.,  2017; Mathur 
et al., 2019). In O. lohmannii, the presence of a reduced 
plastid organelle seems likely, as transcripts for most 
of these canonical nonphotosynthetic plastid path-
ways were recovered. Although most transcripts were 
degraded at the N-terminus, some were complete with 
signal peptide extensions, suggesting they are targeted 
to an extant organelle. Interestingly, the assemblages 
of biosynthesis transcripts found were mostly nonover-
lapping between samples. Genes that lacked transcrip-
tional representation were likely not captured due to 
low expression (as opposed to being absent from the 
genome), as evidenced by the scant number of contigs 
for enzymes that were retrieved. In contrast, proteor-
hodopsin was represented in each transcriptome by 
several contigs, including in the lowest-coverage sam-
ple cell C, which lacked transcripts for plastid biosyn-
thesis enzymes altogether. Furthermore, transcripts 
of genes making up the same pathway were enriched 
in the culture (heme) and cell A (iron–sulfur clusters) 
transcriptomes, suggesting that these functions were 
being differentially expressed at the time of sampling. 
Gene homologs found in multiple samples were nearly 
identical, with the exception of hemE, where the homo-
log from cultured O. lohmannii was of peridinin plastid 
origin, but the homolog recovered from cell B appears 
to have been acquired horizontally from haptophytes. 

F I G U R E  4   Iron–sulfur cluster, isoprenoid, and heme 
biosynthesis pathway enzymes found in Oxytoxum lohmannii 
(SPMC100). The N-terminal state of each recovered transcript is 
depicted as being either a plastid-targeting signal, an undetermined 
extension (lacking characteristics of a plastid-targeting signal), or 
incomplete. Yellow transcripts are peridinin plastid derived, while 
purple indicates apparent haptophyte origin based on single gene 
phylogenetic analysis (see Data S1 for sequences; single gene trees 
available at https://​doi.​org/​10.​5061/​dryad.​9zw3r​22pp).
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These homologs likely coexist in the O. lohmannii 
genome, as this has been seen in other dinoflagel-
lates (Hehenberger et  al.,  2014, 2019) and myzozoans 
(Koreny et al., 2011).

The proton pump proteorhodopsin has been de-
scribed in several dinoflagellates to date, likely ac-
quired through horizontal transfer from bacteria (Béjà 
et al., 2000; Shi et al., 2015; Slamovits et al., 2011). While 
its function in eukaryotes is still unclear, there is some 
evidence to suggest this light-activated pump provides 
a phototrophic mechanism when feeding or photosyn-
thesis is limited (Guo et al., 2014; Shi et al., 2015). To 
function in its capacity as a pump, proteorhodopsin re-
quires retinal, a cofactor that binds with the protein and 
facilitates electron transfer when excited by light (Béjà 
et al., 2000; Spudich et al., 2000). Retinal is synthesized 
via the cleavage of carotenoid molecules; however, the 
specific source molecule and final enzyme catalyst for 
retinal synthesis varies. All known retinal synthesis 
enzymes belong to the carotenoid cleavage oxygenase 
(CCO) family of homologs (Liang et  al.,  2018). These 
enzymes are diverse, ubiquitous across the tree of life, 
and responsible for the formation of many different 
active carotenoid derivatives; however most of these 
processes have yet to be described in depth (Liang 
et  al.,  2018; Walter & Strack,  2011). Although many 
heterotrophic eukaryotes are not carotenogenic, the 
ability to produce CCOs extends to some taxa to digest 
and repurpose the carotenoids of their prey (Ahrazem 
et al.,  2016). This may be the case in O. lohmannii as 
we found no transcripts of the carotenoid synthesis en-
zymes crtB, crtI, and crtY, but did recover homologs 
of three distinct CCOs. The synthesis of retinal by 
any of these CCOs cannot be confirmed; however, the 
clear expression of proteorhodopsin in all O. lohmannii 
sampled suggests that this taxon requires retinal, and 
likely gets it through its diet.

Growth, chemosensing, and feeding behavior

Oxytoxum lohmannii shows low-to-moderate maximum 
population growth rates, at the low end of the range re-
ported for heterotrophic dinoflagellates (Hansen, 1992; 
Jeong et  al.,  2010). While capable of consuming and 
growing on a variety of prey, O. lohmannii appears to 
be a ‘cryptophyte specialist’, feeding preferentially on 
Pyrenomonas salina in mixtures with the prymnesio-
phyte Isochrysis galbana (Strom & Loukos,  1998); on 
Rhodomonas sp. in mixtures with the raphidophyte 
Heterosigma akashiwo (Clough & Strom,  2005); and 
on Rhodomonas sp. in mixtures with the haptophyte 
Emiliania huxleyi (Strom et al., 2020).

Relative to other heterotrophic protists, O. lohmannii 
showed high sensitivity to chemical cues, with feeding on 
a range of algal prey reduced by low μM concentrations 
of dimethylsulfoniopropionate (DMSP) and glycine 

betaine (Strom, Wolfe, Slajer, et al., 2003). These amino 
acid derivatives occur at high intracellular concentra-
tions in many phytoplankton, acting as compatible os-
molytes and, perhaps, antioxidants (Bullock et al., 2017). 
Thus, these molecules would be readily released from 
stressed (i.e., membrane-compromised) or wounded 
cells. O. lohmannii was also the most sensitive of 6 tested 
protist predators to the DMSP lyase activity level of its 
prey (as represented by a range of E. huxleyi isolates; 
Strom, Wolfe, Holmes, et  al.,  2003); while low lyase 
strains were readily ingested and supported O. lohman-
nii growth, high lyase strains were essentially not eaten 
(Strom et al., 2018; Strom, Wolfe, Holmes, et al., 2003). 
Since the lyase products DMS and acrylate were not 
inhibitory, the lack of feeding was attributed to local-
ized high concentrations of precursor DMSP, and/or to 
distinctive prey cell surface characteristics. Overall, the 
combination of high discrimination among prey types in 
a mixture and high sensitivity to algal-derived dissolved 
(and perhaps cell surface) cues suggests a substantial 
role for ‘information gathering’ in O. lohmannii's feeding 
behavior.

A fascinating aspect of O. lohmannii autecology 
is the presence of multiple, apparently prey-specific 
feeding modes. The dinoflagellate can use myzo-
cytosis to feed on cryptophyte prey (although it has 
also been observed using conventional phagocyto-
sis on Rhodomonas salina at the site of the peduncle: 
Gottschling et  al.,  2024). This strategy, which em-
ploys the peduncle situated on the episome anterior, 
originating from a f lange-like structure (Figure  1, 
Figure  S6D), might be in part an adaptation for 
penetrating the distinctive glycoprotein scales that 
surround cryptophyte cells (Brett et  al.,  1994). We 
observed prominent peduncles in numerous SEM 
images of both starved and feeding O. lohmannii. 
However, the lag in feeding following prolonged star-
vation raises the possibility that the peduncle or other 
feeding apparatus needs to be activated following 
starvation. We also observed cryptophyte prey suc-
cessfully escape capture after contact. Many pallium- 
or peduncle-feeding taxa employ capture filaments 
to tether to large prey (Hansen & Calado,  1999). O. 
lohmannii has an unusually large number of tricho-
cysts, many concentrated in the episome where prey 
contact occurs, but their role in prey capture is still un-
certain. We observed discharged trichocysts emerging 
from the episome in numerous epif luorescence micro-
graphs (Figure S6A,B), but these were likely artifacts 
of gluteraldehyde preservation. In SEM preparations 
fixed with osmium, we observed trichocysts less fre-
quently, but sometimes these were touching prey cells, 
raising the possibility that episome trichocysts may be 
used as capture filaments.

Oxytoxum lohmannii uses phagocytosis at the site of 
the peduncle (Gottschling et  al.,  2024) to ingest non-
cryptophyte phytoflagellates, including the haptophyte 
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Emiliania huxleyi (smaller than most cryptophyes; at-
tachment of a cell shown in Figure S6E) and the photo-
synthetic dinoflagellate Heterocapsa rotundata (larger 
than most cryptophyes). More-or-less intact cells of 
these species can be seen inside O. lohmannii food vac-
uoles, with single vacuoles often containing multiple 
discrete cells of E. huxleyi. This contrasts with the gen-
eralized orange fluorescence that results when partially 
digested cryptophytes make their way into the vacuole 
through the peduncle (Figure S6D, Strom et al., 2018). 
Phagocytosis by thecate dinoflagellates, whether pho-
tosynthetic or heterotrophic, is well known (e.g., Jeong 
et  al.,  2010). The use of multiple feeding modes by a 
single dinoflagellate species appears less common. 
The mixotrophic, toxin-producing genus Karlodinium 
is one of the few known examples. Depending on the 
species, Karlodinium feeds using a peduncle or mod-
ified peduncle in addition to phagocytosis; a capture 
filament has also been observed in some cases (Yang 
et al., 2021).

CONCLUSIONS

Dinoflagellates are a complex assemblage of protists 
offering insights into trophic nuance, unique cell bi-
ology, and unexpected evolutionary history. The rap-
torial heterotroph Oxytoxum lohmannii embodies this 
reputation with its multifaceted feeding behavior, bac-
terial photobiology, and recent photosynthetic ances-
try. The possession of proteorhodopsin by this species 
can also provide insight into this alternate form of pho-
toactivity in eukaryotes. Because this species is readily 
maintained in culture, it is a strong candidate for the 
study of heterotrophic dinoflagellate cell biology, food 
preference, and chemical ecology. Further micros-
copy is needed to understand the unique mucocysts 
and peduncle‐feeding mechanism of O. lohmannii. 
Ultimately, understanding chemosensing and feeding 
behavior will require the elucidation of this dinoflag-
ellate's electrophysiology and signal transduction net-
work, something only attempted in larger alveolates 
(Echevarria et al., 2016).
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