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INTRODUCTION

EUGLENIDS are a diverse group of flagellated 
cells, where the best known taxa are phototrophic 
(e.g. Euglena), but many are phagotrophic (Leander 
et al., 2017). The latter are pivotal in understanding eu-
glenid evolution, since they gave rise to the phototrophic 
Euglenophyceae through a secondary endosymbiotic 
event (Jackson et al., 2018; Turmel et al., 2009). Increased 
taxon sampling for molecular phylogenetics, particularly 
for multigene analyses, but also SSU rDNA, have recently 
furthered our understanding of phagotrophic euglenid 
evolution (Cavalier- Smith et al.,  2016; Lax et al.,  2021, 
2023; Paerschke et al., 2017; Schoenle et al., 2019). Yet eu-
glenid identification and systematics still heavily rely on 
morphological characters, such as the number of pellicle 

strips a cell has, or how many flagella emerge from the fla-
gellar pocket. The pellicle is a synapomorphous character 
of euglenids, consisting of proteinaceous strips underly-
ing the cell membrane (Cavalier- Smith,  2017; Leander 
et al.,  2017). Only a handful of studies exist that have 
been able to correlate these morphological characters 
with molecular phylogenies, thanks to the wider breadth 
of molecular data sampling (Chan et al.,  2013; Lax & 
Simpson, 2013, 2020; Lee & Simpson, 2014a, 2014b).

Using multigene phylogenetics, one species- rich 
group, the Petalomonadida, has been identified as the 
earliest- branching euglenid subgroup (Lax et al., 2021), 
and as such carry special relevance to our understand-
ing of early euglenid evolution. Petalomonads have less 
than 10 pellicle strips, rendering them rigid. They have 
either one or two emergent flagella, the main classical 
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Abstract
The euglenids are a species- rich group of flagellates with varying modes of 
nutrition that can be found in diverse habitats. Phagotrophic members of this 
group gave rise to phototrophs and hold the key to understanding the evolution 
of euglenids as a whole, including the evolution of complex morphological 
characters like the euglenid pellicle. Yet to understand the evolution of these 
characters, a comprehensive sampling of molecular data is needed to correlate 
morphological and molecular data, and to estimate a basic phylogenetic 
backbone of the group. While the availability of SSU rDNA and, more recently, 
multigene data from phagotrophic euglenids has improved, several “orphan” 
taxa remain without any molecular data whatsoever. Dolium sedentarium is one 
such taxon: It is a rarely- observed phagotrophic euglenid that inhabits tropical 
benthic environments and is one of few known sessile euglenids. Based on 
morphological characters, it has been thought of as part of the earliest branch 
of euglenids, the Petalomonadida. We report the first molecular sequencing 
data for Dolium using single- cell transcriptomics, adding another small piece 
in the puzzle of euglenid evolution. Both SSU rDNA and multigene phylogenies 
confirm it as a solitary branch within Petalomonadida.
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distinction between the two main genera of this group 
are that Petalomonas has a single emergent flagel-
lum, whereas Notosolenus has two flagella (Leander 
et al.,  2017; Lee & Simpson,  2014a). All other eugle-
nids have 10+ pellicle strips, and some phototrophic 
and phagotrophic euglenids within Spirocuta have 
more than 100 strips, rendering them flexible and able 
to undergo euglenoid metaboly. This transition from 
“primitive” few- stripped to “complex” many- stripped 
euglenids has been an intriguing subject of character 
evolution (Cavalier- Smith, 2017; Esson & Leander, 2006; 
Leander, Triemer, & Farmer,  2001; Leander, Witek, & 
Farmer, 2001; Yubuki & Leander, 2012). But despite their 
key position in the tree, there are relatively few molecular 
resources from petalomonads with which we might infer 
their character diversity and evolution.

Petalomonads also constitute a large portion of bio-
mass in many marine and freshwater benthic ecosystems 
(Arndt et al.,  2000), and are thought to be important 
predators of bacteria (Boenigk & Arndt,  2002; Lee & 
Patterson, 2002). Interestingly they are also the only eu-
glenids that have a somewhat large number of environ-
mental sequences assigned to them (Kolisko et al., 2020). 
Considering they appear to be highly abundant in 
microscopy- based ecology studies, one would expect 
there to be even more environmental sequences from 
benthic environments, but their divergent SSU rDNA 
sequences appear to lead to them being undersampled in 
environmental molecular data (Busse et al., 2003; Lax & 
Simpson, 2013; Łukomska- Kowalczyk et al., 2016).

There are over 100 described petalomonad species to 
date, yet only 13 species from four genera (Petalomonas, 
Notosolenus, Scytomonas, and Sphenomonas) have SSU 
rDNA sequences available. Three of these genera also have 
multigene data from transcriptomes (Scytomonas does 
not). Unfortunately, however, defining genus boundaries 
of petalomonads, particularly between Notosolenus and 
Petalomonas, are still highly dependent on probably unin-
formative morphological characters— such as the number 
of emergent flagella, which is not a good identifier for at 
least some petalomonads, with N. urceolatus branching 
among Petalomonas, and not with other Notosolenus in 
SSU phylogenies (Lee & Simpson, 2014a). With more taxa 
of both genera sequenced, it is becoming clear that neither 
genus should be considered monophyletic and that the 
taxonomy needs to be reworked (Lee & Simpson, 2014a). 
To do this, an exhaustive molecular sampling for addi-
tional petalomonad taxa is likely needed.

Almost all petalomonads are motile and glide on 
their anterior flagellum (Lax & Simpson, 2020; Leander 
et al., 2017). One exception for which we have molecular 
data is Scytomonas saepesedens, which is sessile in one of 
its life cycle stages (Cavalier- Smith et al., 2016). Another 
prominent sessile euglenid is Dolium sedentarium Larsen 
& Patterson, 1990, a relatively large euglenid (40– 70 × 20– 
30 μm) with two flagella, one of which is emergent (Larsen 
& Patterson, 1990). Its pellicle has six prominent ridges 

extending longitudinally. Based on these morphologi-
cal observations, it has been considered a petalomonad 
(Larsen & Patterson, 1991; Lee & Simpson, 2014a), but 
this has not been tested with molecular data.

To examine the phylogenetic position of this species, 
we imaged, isolated, and generated a transcriptome from 
a single cell of D. sedentarium, and place it in a previously 
published 19- gene phylogeny, as well as a comprehen-
sive SSU rDNA phylogeny, which confirms its position 
among other petalomonads with strong support.

M ATERI A LS A N D M ETHODS

Sampling, imaging, and isolation

A sediment sample mainly consisting of dead, broken, 
and finely fragmented Halymeda pieces was collected 
from the Spaanse Water Mangrove in Curaçao in April 
2022 (12.070621, −68.860269). Following a coverslip 
method described previously (Larsen & Patterson, 1990), 
the sediment was spread out in a container, a kimwipe 
added, and 20 × 50 mm coverslips placed on top. After 
2 days the coverslips were examined and a single D. sed-
entarium cell was discovered and imaged with a Leica 
DM IL inverted microscope at 630× magnification and 
a Sony alpha7RIII camera. The cell was isolated using 
a glass micropipette and deposited in Smart- seq2 lysis 
buffer (Picelli et al., 2014) and frozen at −20°C. Lysis was 
carried out by four freeze– thaw cycles, alternating be-
tween room temperature and −80°C.

Sequencing and transcriptome assembly

We generated a single- cell transcriptome with the 
Smart- seq2 protocol (Picelli et al.,  2014), but used 24 
cycles in the cDNA amplification step. The generated 
cDNA was used as input for Illumina DNA library prep, 
and sequenced on an Illumina MiSeq instrument with 
paired end 2 × 250 bp reads, multiplexed with six un-
related organisms (both done by the Sequencing and 
Bioinformatics Consortium at the University of British 
Columbia).

Raw reads were read- corrected with Rcorrector version 
1.0.4 (Song & Florea, 2015). Corrected reads were adapter- 
trimmed using Nextera (5′- CTGTC TCT TAT ACA CAT 
CTC CGA GCC CACGAGAC- 3′, 5′- CTGTC TCTTATAC 
ACATCTGACGCTGCCGACGA- 3′) and Smart- seq2 
adapter sequences (TSO: 5′- AAGCA GTGGTATCAAC 
GCAGAGTACATGGG- 3′, oligo- dT: 5′- AAGCA GTGG 
TATCA ACG CAG AGT ACTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTT- 3′, ISPCR: 5′- AAGCA GTGGTATCA 
ACG CAGAGT- 3′), and quality- trimmed (ILLUMINA 
CLIP: 2:30:10 LEADING:5 SLIDINGWINDOW:5:16 
MINLEN:60) with Trimmomatic version 0.39 (Bolger 
et al., 2014).
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Trimmed paired and unpaired reads were used 
as input for rnaSPAdes version 3.15.1 (Bushmanova 
et al.,  2018) and assembled using default parameters. 
Amino acid sequences of coding regions were predicted 
with TransDecoder version 5.5.0 (Grabherr et al., 2011). 
General transcriptome metrics and completeness scores 
were collected with QUAST version 5.0.2 (Mikheenko 
et al., 2018) and BUSCO version 5.4.3 (Manni et al., 2021) 
using the eukaryota_odb10 and euglenozoa_odb10 data-
bases. Trimming and assembly metrics were visualized 
with multiQC (Ewels et al., 2016) and can be found in the 
DataDryad supplements.

Phylogenetics

SSU rDNA sequences were extracted from the rnaSPAdes 
assembly using barrnap version 0.9 (https://github.com/
tseem ann/barrn ap/). Sequences were then blasted against 
NCBI GenBank nr/nt, to determine and discard con-
taminant or prey SSU sequences. The remaining single 
euglenid SSU rDNA sequence (2044 bp) was added to 
an existing SSU alignment (Lax et al.,  2023), and phy-
logenetic analysis confirmed the new sequence branched 
within petalomonads (not shown). The alignment was 
modified to remove excess non- petalomonad sequences. 
A blastn search against GenBank's nr/nt database using 
the D. sedentarium SMS11 SSU rDNAs as query yielded 
some additional environmental sequences (as of January 
2023) that were included. We also added environmental se-
quences from the metaPR2 database (Vaulot et al., 2022; 
using the clustered ASVs database), identified by using 
blastn with petalomonad sequences as queries.

The alignment was realigned using MAFFT E- INS- I 
version 7.481 (Katoh & Standley,  2013), manually cor-
rected, and then trimmed with trimAI version 1.2rev59 
(Capella- Gutiérrez et al.,  2009; −gt 0.5 −st 0.001). A 
Maximum- likelihood tree of the final alignment of 
167 taxa with 1327 nucleotides was estimated with 
RAxML- NG version 1.1.0 (Kozlov et al.,  2019) under 
GTR + GAMMA with 1000 nonparametric bootstrap 
replicates. Table  S1 lists all accession numbers of SSU 
rDNA sequences used, and Figure  S1 shows the same 
tree as Figure 1A, without any clades collapsed.

The multigene analysis used a previously described 19- 
gene dataset (Lax et al., 2021). Briefly, coding sequences 
of the transcriptome were determined with TransDecoder 
version 5.5.0 (Grabherr et al., 2011), and relevant marker 
genes extracted with a pipeline described previously (Lax 
et al., 2023). After screening of single gene trees, single or-
thologuous sequences from nine genes were retained and 
added to the original dataset. Table S2 lists all taxa used 
in the multigene dataset, and their sources.

This 19- gene, 63- taxa dataset was analyzed with 
IQ- TREE2 version 2.0.7 (Minh et al.,  2020) under the 
LG + C60 + F + G site- heterogeneous mixture model and 
1000 UltraFast Bootstraps (UFB; Minh et al., 2013). We 

used the resulting tree as a guide tree to run a posterior 
mean site frequency analysis (PMSF) under the same 
model with 500 nonparametric bootstrap replicates in 
IQ- TREE 2 (Wang et al., 2018).

RESU LTS

Morphology

Our single- cell isolate SMS11 of D. sedentarium was 
45.1 × 19.5 μm in size and had a slender shape with a 
pointed posterior end, like an amphora (Figure  1B,C; 
Movie S1). The anterior end was rounded and centrally 
hollow. The cell had two flagella, visible in the flagel-
lar pocket, one emergent (~1× cell length), and the other 
only ~5 μm long (Figure  1C). Six prominent ridges ran 
longitudinally along the cell. The cell was sessile and did 
not move. The general morphology and cell dimensions 
are consistent with the original description of D. seden-
tarium Larsen & Patterson, 1990.

Phylogenetics

In our SSU rDNA phylogenetic tree, D. sedentarium 
SMS11 branches within Petalomonadida, which is maxi-
mally supported (Figure 1A; Figure S1). Petalomonadida 
is composed of the genera Petalomonas, Notosolenus, 
Scytomonas, Sphenomonas, and Dolium. Sphenomonas is 
the deepest branch (99% BS), followed by a clade that 
includes Notosolenus ostium and N. c.f. mediocanellatus 
(88% BS). The following largest group (100% BS) can 
be separated into two main clades: “Clade 1” (96% BS) 
contains P. sphagnophila and Notosolenus urceolatus, 24 
several environmental sequences, and D. sedentarium 
SMS11. “Clade 2” (76% BS) includes P. cantuscygni, P. 
planus, P. acorensis, and Scytomonas saepesedens, and 
several environmental sequences. D. sedentarium forms 
the earliest branch on Clade 1, and is on its singular 
branch without any environmental sequences.

From our single- cell transcriptome assembly we recov-
ered nine out of 19 genes used in our multigene analysis, rep-
resenting 34.6% of sites (out of a total 6194 aa; Table S2). 
D. sedentarium SMS11 branches within a maximally sup-
ported Petalomonadida in our multigene trees (Figure 2), 
with the latter being recovered as the deepest branch of 
euglenids (97% UFB, 93% PMSF). Its immediate sister is 
Notosolenus urceolatus, with 53% (UFB) and 58% (PMSF).

DISCUSSION

Dolium sedentarium is one of only two known sessile 
phagotrophic euglenids, the other being Scytomonas 
saepesedens (Cavalier- Smith et al., 2016). The sessile form 
of S. saepesedens is a lifestage, alternatively gliding on its 
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anterior flagellum or forming a rounded resting stage. It 
is currently unclear whether the sessile form is just a life-
stage in Dolium, or a permanent state, but the original 
description and all observations since then have noted 
that observed D. sedentarium is not mobile (Al- Qassab 
et al., 2002; Ekebom et al., 1995; Larsen & Patterson, 1990; 
Patterson & Simpson,  1996). Continuous observation 
of wild cells or a culture of Dolium are needed to learn 
more about its habits and life cycle, unfortunately it has 
been rarely observed, and usually as a solitary cell only 
(Larsen & Patterson, 1990).

Among phototrophic euglenids, the genus Colacium is 
known to be sessile in one of its life stages (Al- Dhaheri & 
Willey, 1996; Rosowski & Kugrens, 1973). It is also the only 
colonial euglenid known, and connects to the substrate 
and other cells with mucus on its anterior end (Rosowski 
& Kugrens, 1973). While Dolium may use mucus to attach 
to the substrate, we did not see any indication of this in 

the reported Dolium cell, neither was it reported previously. 
Considering that the mechanism of attachment in Colacium 
is completely different than in Dolium and Scytomonas— 
both are non- colonial and attach on their posterior end— 
sessile stages in euglenids have arisen at least three times. 
Temporary or continuous attachment to the substrate may 
be beneficial for some euglenids in certain circumstances, 
waiting to ambush their prey (Dolium and Scytomonas) or 
use their host to move around in the environment to more 
beneficial conditions (Colacium).

Dolium sedentarium is morphologically similar to 
other petalomonads, it has six pellicle strips, other 
petalomonads always have less than 10 pellicle strips 
(Leander et al., 2017; Lee & Simpson, 2014a). We could 
neither observe any feeding apparatus with our light mi-
croscopy, nor did any other study report such an observa-
tion (Al- Qassab et al., 2002; Ekebom et al., 1995; Larsen 
& Patterson,  1990; Patterson & Simpson,  1996). Our 

F I G U R E  1  SSU rDNA phylogeny and microscopy of Dolium sedentarium. (A) Maximum likelihood SSU rDNA phylogeny of Euglenozoa 
estimated under GTR + GAMMA and 1000 nonparametric bootstrap replicates, with a focus on petalomonad taxa, rooted on outgroups 
Kinetoplastea and Diplonemea. Bootstrap values under 50% are not shown and nodes with 100% support are denoted by a circle. (B) 
Micrograph of single cell of D. sedentarium used for transcriptome sequencing. (C) Same cell, with an arrowhead showing the second, non- 
emergent flagellum. Scale bars for (B) and (C) are 10 μm.
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isolate had some small orange inclusions in the posterior, 
and other observations noted ingested diatom frustules 
(Al- Qassab et al.,  2002; Larsen & Patterson,  1990). 
D. sedentarium might be an ambush predator (Leander 
et al., 2017), so it could in theory catch and ingest slow- 
moving diatoms. No feeding behavior has been observed 
in D. sedentarium, likely due to its observed rarity. 
Considering most other petalomonads have a “type I” 
feeding apparatus structure (Triemer & Farmer, 1991), we 
can assume Dolium has the same, but there is currently 
no ultrastructural study available to investigate this. Any 
ultrastructural study of Dolium would be valuable, con-
sidering we still understand very little about character 
evolution in euglenids, particularly in early- branching 
petalomonads (Lee & Simpson, 2014a). Any insights into 
feeding behavior require either continued observation in 
the wild or an established culture of D. sedentarium, the 
latter also being required for any ultrastructural data 
and information on its general biology.

In our SSU rDNA phylogeny D. sedentarium branches 
sister to a large clade (“Clade 1”) that includes two sub-
clades: one with Petalomonas sphagnophila and 19 en-
vironmental sequences, and another with Notosolenus 
urceolatus and five environmental sequences. P. sphag-
nophila, an anterior flagellum glider with four pellicle 

strips, is relatively large with dimensions of 40 × 20 μm 
and has only been found in Sphagnum- dominated peat-
lands in temperate zones (Kim et al.,  2010; Schnepf 
et al.,  2002), it also harbors a complex diversity of en-
dosymbiotic bacteria. Meanwhile Dolium has only been 
found in tropical and subtropical marine benthic envi-
ronments, and we did not see any evidence of endosym-
bionts with light microscopy or in our sequence data.

Curiously there are no environmental sequences that 
branch with Dolium. Euglenids are somewhat of an ab-
normality in environmental sequencing studies inves-
tigating eukaryotes, since they are rarely recovered in 
any meaningful sense because of primer biases (Forster 
et al., 2016; Kolisko et al., 2020; Łukomska- Kowalczyk 
et al., 2016). Petalomonads are one of the few euglenid 
groups for which short environmental sequencing data 
are available (Kolisko et al.,  2020), seemingly because 
while “universal” eukaryotic primers fail to work on 
many euglenids (Łukomska- Kowalczyk et al.,  2016), 
petalomonads appear to be the exception. Both of these 
factors likely contribute to the availability of some envi-
ronmental sequence data for petalomonads, but to the 
absence in other euglenid groups.

Even if there are comparatively few petalomonad en-
vironmental sequences, only four such sequences were 

F I G U R E  2  Maximum likelihood tree of 63 discobid taxa using 19 genes, estimated under LG + C60 + F + G, outgroup- rooted on Jakobids 
and Tsukubamonas. Dolium sedentarium is marked in bold and red. Nodes that received full support from both ultrafast bootstraps (UFB) and 
posterior mean site frequency (PMSF) analyses are marked with a circle.
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recovered for all ploeotids, a phylogenetically much 
more diverse clade (Lax et al., 2019, 2023). While the ma-
jority of euglenids have divergent and often expanded 
SSU rDNA sequences (often >2300 bp), all currently 
named petalomonads have SSU rDNA sequences rang-
ing between 2000 and 2300 bp (Busse et al.,  2003; Lax 
et al., 2019; Lax & Simpson, 2020).

It is now abundantly clear that both Petalomonas 
and Notosolenus are not true monophyletic genera, but 
that each will likely be broken up into several genera. 
This splitting will be highly dependent on the molecular 
characterization of type species Petalomonas abscissa 
and Notosolenus apocamptus, since it is currently unclear 
what clade should be considered representing “true” 
Petalomonas or Notosolenus, respectively. It should also 
be noted that we still know comparatively little about 
both the diversity and ultrastructure of petalomonads, 
the earliest- branching euglenids to date.
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