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Ultrastructural and immunocytochemical investigation
of paramylon combined with new 18S rDNA-based secondary
structure analysis clarifies phylogenetic affiliation of Entosiphon
sulcatum (Euglenida: Euglenozoa)
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Abstract The phylogeny of phagotrophic euglenids is widely
based on nuclear small subunit ribosomal DNA (18S rDNA)
sequence data, but most analyses suffer from weakness in statis-
tical support regarding the Bconnecting backbone^ between
monophyletic clades. Moreover, the position of Entosiphon has
remained unclear. Testing the 18S rDNA capability for a phylog-
eny of phagotrophic euglenids, we isolated sequences of
Peranema sp. and Ploeotia edaphica and utilized secondary
structure data as a prerequisite for recognition of homologous
positions. We found a unique, clade-specific nucleotide substitu-
tion in the deduced 18S rDNA helix 44. Since our 18S rDNA
phylogenies could only in part resolve positions of phagotrophic
lineages, but did not verify that of Entosiphon, we investigated
the phagotrophic key taxa Peranema trichophorum,
Petalomonas cantuscygni, Ploeotia costata, and Entosiphon
sulcatum ultrastructurally. Additionally, we explored the pres-
ence or absence of the euglenid reserve carbohydrate paramylon
by specific staining with monoclonal anti-β-1,3-glucan antibod-
ies. Paramylon was found to be clearly present in
P. trichophorum and E. sulcatum, but was absent in Pt.
cantuscygni and Pl. costata. Combined results of our molecular,
ultrastructural, and immunocytochemical investigations suggest

that Entosiphon sulcatum is the sister taxon of a monophyletic
euglenid crown clade, characterized by a helical pellicle, which
we propose to rename. This phylogenetic affiliation is confirmed
by a clade-specific primary absence of the unique nucleotide
substitution in helix 44 and by the common presence of
paramylon.
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Introduction

Twisted phylogeny of phagotrophic euglenids

Small subunit ribosomal DNA (18S rDNA)-based phylogenies
have been widely used to infer relationships even among eu-
karyotic super-groups. Most of the identified major clades are
well supported, but outgroup choice and taxon sampling, as
well as choice of gene(s) and methodologies heavily influence
phylogenetic inference for some other major clades (Parfrey
et al. 2006). This also applies to the usually well-supported
Euglenozoa (Cavalier-Smith 1981; SIMPSON 1997).
Euglenozoa are considered to consist of Euglenida (Bütschli
1884; Simpson 1997), Diplonemida (Cavalier-Smith 1993;
Simpson 1997), Kinetoplastida (Honigberg 1963), and
Symbiontida (Yubuki et al. 2009). These taxa are grouped to-
gether primarily based on the shared presence of paraxonemal
rods in the flagella featuring different structures in protein com-
plexity (Kivic andWalne 1984; Simpson 1997; Roy et al. 2007;
Walne and Dawson 1993). Adl et al. (2012) treated
symbiontids as amajor clade within Euglenozoa, but also noted
that they are probably derived phagotrophic euglenids
consisting of the genera Calkinsia, Bihospites, and

Electronic supplementary material The online version of this article
(doi:10.1007/s13127-017-0330-x) contains supplementary material,
which is available to authorized users.

* Stefan Paerschke
paerschke@uni-wuppertal.de

1 Department of Zoology and Didactics of Biology, Faculty of
Mathematics and Natural Sciences, Bergische University Wuppertal,
Gaußstr. 20, 42119 Wuppertal, Germany

2 Department of Nutrition, Dietetics, and Food Sciences, Utah State
University, 8700 Old Main Hill, Logan, UT 84322-8700, USA

Org Divers Evol (2017) 17:509–520
DOI 10.1007/s13127-017-0330-x

http://orcid.org/0000-0003-1387-0649
http://dx.doi.org/10.1007/s13127-017-0330-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s13127-017-0330-x&domain=pdf


Postgaardi. This was later confirmed by a morphological study
(Yubuki et al. 2013).

Although recent discoveries of phagotrophic euglenid spe-
cies greatly amended available 18S rDNA sequence data for
phylogenetic studies, reported tree topologies showed incon-
gruity and lacked support for sister-group relationships of ma-
jor clades (e.g., Breglia et al. 2013; Chan et al. 2013;
Yamaguchi et al. 2012). Monophyly of Euglenida has often
suffered from weakness in statistical support in 18S rDNA-
based analyses (Busse and Preisfeld 2002; Busse et al. 2003;
Lax and Simpson 2013; Moreira et al. 2004; Von der Heyden
et al. 2004), while other analyses recovered paraphyletic
Euglenida (Breglia et al. 2010; Cavalier-Smith 2004; Chan
et al. 2013; Yubuki et al. 2009). Despite a plethora of 18S
rDNA-based phylogenetic studies, the position of Entosiphon
within Euglenida has remained unsettled (Breglia et al. 2013;
Busse et al. 2003; Chan et al. 2013; Lax and Simpson 2013;
Von der Heyden et al. 2004). Protein-based phylogenies have
also been published but did not shed further light on the mo-
lecular systematics of phagotrophic euglenids because investi-
gators used small taxon samplings regarding phagotrophic
euglenids (e.g., Breglia et al. 2007; Cavalier-Smith et al.
2016), or the derived phototroph Euglena gracilis represented
the only euglenid taxon (e.g., Simpson and Roger 2004).

To test 18S rDNA capability for a phylogeny of
phagotrophic euglenids, we isolated 18S rDNA sequences of
uncultured Peranema sp. as well as of cultured Ploeotia
edaphica (CCAP 1265/2), and as a renewed approach, we
utilized secondary structure data of Saccharomyces cerevisiae
(Petrov et al. 2014) as a blueprint for recognition of homolo-
gous positions and alignment of sequences instead of using
computed alignments, which are not free of ambiguities
(Wong et al. 2008). At the time of preparing this work, the
available number of nucleotide sequences allowed to create a
large database with a taxon sampling comprising more than
200 euglenozoan 18S rDNA sequences. Secondary structure
elements were deduced as a prerequisite for identification of
potential clade specificities by comparison of sequence prop-
erties, identity matrix, and unique nucleotide substitutions.

Euglenid storage carbohydrate paramylon

In 1850, Gottlieb extracted granules from the photosynthetic
flagellate Euglena viridis and named them paramylon (para
[gr.] similar to; amylon [gr.] starch). Because paramylon gran-
ules are synthesized during exponential growth of euglenids
when supplied with utilizable carbon sources, paramylon was
classified as a reserve carbohydrate (Clarke and Stone 1960).
Both photo- and heterotrophic euglenids have the ability to syn-
thesize paramylon, but there is a difference in the localization of
the storage product as well as the amount produced. In
phototrophically grown cells of Euglena gracilis, paramylon
grains were reported to be mostly deposited in close proximity

to pyrenoids and always outside the chloroplast (Mainx 1928),
whereas in heterotrophic cells of E. gracilis grown under dark
conditions with no chloroplast present, storage inclusions were
found to be distributed throughout the whole cytoplasm.
Marechal and Goldemberg (1964) grew heterotrophic
E. gracilis cells with glucose in the growth medium and showed
that those cells contained up to a six-fold higher amount of
paramylon than phototrophically raised cells. In 1952, Kreger
and Meeuse identified paramylon as β-1,3-glucan by X-ray dif-
fraction studies. Numerous investigations followed to elucidate
the fine structure of paramylon granules, e.g., Pochmann (1956),
examined dissected paramylon grains of phototrophic euglenids.
Marchessault and Deslandes (1979) were the first to present a
simple model based on electron diffraction patterns, birefrin-
gence data, and transmission electron micrographs. They sug-
gested that parallel glucan microfibrils were arranged in triple
helices, which were deposited in layers to form granules. They
also speculated that the high level of crystallinity, unique among
β-1,3-glucans, prevented solubilization or gelation, but this was
later demonstrated to depend on the developmental state of the
paramylon granules (Kiss et al. 1988). Chuah et al. (1983) in-
ferred from infrared spectra, X-ray diffraction patterns, and op-
tical rotation data that unbranched polymers of β-linked D-glu-
cose residues were organized in linear chains. Finally, Kiss et al.
(1987) postulated a three-dimensional model of a paramylon
granule on the basis of transmission, scanning, and freeze-etch
electron micrographs. Recently, Monfils et al. (2011) systemat-
ically reviewed paramylon morphology across phototrophic
Euglenales by light and scanning electron microscopy. They
proposed and described a morphological classification system
for the observed large grain diversity and concluded that
paramylon morphology could be used to infer generic relation-
ship to support major clades among phototrophic euglenids. For
the phylogeny of phagotrophic euglenids, however,
paramylon—in terms of its grain morphology or simply pres-
ence/absence—has generally not been considered as a relevant
character (Leander et al. 2001).

Ultrastructural and immunocytochemical analyses of key
organisms

Since molecular phylogenies in our study as well as in numer-
ous other studies (Breglia et al. 2013; Busse et al. 2003; Chan
et al. 2013; Lax and Simpson 2013; Von der Heyden et al.
2004) did not provide reliable results regarding the relation-
ships between phagotrophic lineages and a verified position of
Entosiphon, we processed Peranema trichophorum,
Petalomonas cantuscygni, Ploeotia costata, and Entosiphon
sulcatum for ultrastructural investigations. To assess a mor-
phological character that has not been examined as of yet in
phagotrophic euglenids for the utility of phylogenetic infer-
ences, we explored the presence or absence of paramylon by
immunocytochemical staining with monoclonal anti-β-1,3-
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glucan antibodies. Our main interest focused on the potential
occurrence of the storage carbohydrate within key
phagotrophic taxa, especially in Pt. cantuscygni, Pl. costata,
and E. sulcatum, for which conflicting data exist (Leander
et al. 2001; Pochmann 1955).

Material and methods

Cultivation of cells

Cultures of Peranema trichophorum (CCAP 1260/1B),
Petalomonas cantuscygni (CCAP 1259/1), Entosiphon
sulcatum (CCAP 1220/1A), Ploeotia costata (CCAP
1265/1), and Ploeotia edaphica (CCAP 1265/2) were obtain-
ed from the Culture Collection of Algae and Protozoa (CCAP,
United Kingdom) and harvested as described before (Busse
et al. 2003). Unfortunately, P. edaphicawas not available any-
more from CCAP since 2014, and because previously ordered
material had been used for molecular investigations, we had to
choose P. costata instead as ploeotid representative for immu-
nocytochemical and TEM examinations. The 18S rDNA of
strain CCAP 1265/2 has been sequenced and published by
Cavalier-Smith et al. (2016) as Decastava edaphica.

DNA isolation and PCR

Total DNAwas isolated from pelleted cells of a 2-ml aliquot of
each cultured strain and uncultured Peranema sp. using the
DNeasy Plant Mini kit (Qiagen, Germany) according to man-
ufacturer’s protocol. Amplification of nearly complete 18S
rDNA sequences was performed as described by Busse and
Preisfeld (2002), with the exception that PCRs were conduct-
ed using DreamTaq polymerase (Fisher Scientific, Germany).

Sequence alignment and dataset

A mask file was manually shaped using GeneDoc (Nicholas
et al. 1997) consistent with complete 18S rRNA secondary struc-
ture information of Saccharomyces cerevisiae (Petrov et al.
2014) as a blueprint for sequence alignment and identification
of homologous positions, thus enablingmapping of exact bound-
aries of structural and variable 18S rDNA regions. Identity of
obtained sequences was verified via BLAST search (Altschul
et al. 1990). Additionally, most available discoban 18S rDNA
sequences with at least 1500 nt length were downloaded from
GenBank (in 2015) using Geneious software (version 7.1.4;
Biomatters Inc.) to produce a database comprising 209
euglenozoan 18S rDNA sequences plus outgroup taxa (see
electronic supplementary material, Tab. ESM1). All sequences
were individually aligned to the mask file by hand to verify
homologous positions and to deduce secondary structure ele-
ments; the alignment is available as electronic supplemental

material. Prior to phylogenetic reconstruction, non-homologous
positions, i.e., gaps and unassignable nucleotides (most within
18S rDNAvariable regions, some in transient zones), were omit-
ted from the alignment, and a dataset was generated composed of
241 taxa with 1030 homologous positions.

Phylogenetic analyses

The best fit model of nucleotide substitution was calculated
using Modeltest implemented in MEGA (version 5.2.2;
Tamura et al. 2011), and according to best likelihood score,
Bayesian and corrected Akaike information criteria, maximum
likelihood analysis was performed in MEGAwith the GTR + Γ
+ I model with four discrete gamma categories, a proportion of
invariable sites and computed by 1000 bootstrap replicates
(−lnL = 59,395.03, G = 0.673, I = 0.106). Bayesian inference
calculations were conducted with the MrBayes plug-in
(Huelsenbeck and Ronquist 2001) for Geneious using the
GTR + Γ model and two chains of unheated Markov chain
Monte Carlo sampling with unconstrained branch lengths com-
puting 2000,000 steps with a sub-sampling frequency of 2000
and a burn-in of 10% to cut off samples with heterogeneous pre-
plateau values. Tree reconstructions were performed including
Entosiphon sequences and reiterated without (−lnL = 58,194.02,
G = 0.663, I = 0.107).

Identity matrix

Individual pairs of 18S rDNA sequences within the dataset
were compared and searched for identical nucleotides in ab-
solute numbers as well as relative percentages using the pro-
gram Geneious (Biomatters, New Zealand), and an identity
matrix table was generated (see electronic supplementary
material, Tab. ESM2).

Ultrastructure and immunocytochemistry

Cells were harvested from 4 to 7 ml liquid culture (102 to 105

cells/ml) by centrifugation for 2 min at 4,000×g. The pellet was
washed once in EM buffer (50 mM KH2PO4/Na2HPO4, pH
7.0), followed by another round of centrifugation (1 min at
12000×g). Ultrastructural and immunohistochemical investiga-
tions were performed as described in Tölle et al. (2002), though
with some modifications. Briefly, cells were fixed for 1 h at
room temperature in 5% (v/v) glutaraldehyde in EM buffer
followed by three 5-min washes in EM buffer and short centri-
fugation (15 s at 12000×g). Cells were post-fixed for 1 h at
room temperature in 2% (v/v) osmium tetroxide in distilled
water and carefully washed again three times before being
dehydrated in an ascending series of acetone (30, 60, and
90%, each 45 min, twice in 100% for 1 h), infiltrated in an
ascending series of a low viscosity epoxy resin (TRANSMIT
EM resin, TAAB Laboratories Equipment, Berkshire, UK;
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hardness grade medium; 50% for 20 min, 70% overnight, three
times at 100% for 1.5 h under vacuum), embedded in fresh
resin, and cured at 70 °C for 16–18 h. Thin sections (approxi-
mately 70–100 nm) were cut on an ultramicrotome with a dia-
mond knife, collected on nickel grids, and contrasted with 0.1%
(w/v) aqueous solution of uranyl acetate and 2% (w/v) lead
citrate.

It was noted that the cell density of Entosiphon sulcatum
cultures was lower than 102/ml. To minimize possible losses of
primary-fixed cells during washing steps and to concentrate
cells further, the pellet was encapsulated in a 2% (w/v) solution
of low melting agarose (SERVA Electrophoresis GmbH,
Germany) in EM buffer. A small drop of agarose (30 to 50
μl) was transferred to the microcentrifuge tube with a pre-
warmed plastic pipette and stirred with a fine spatula or long
needle to suspend the cells in the agarose. The formed plug was
allowed to solidify prior to dislodging from themicrocentrifuge
tube. The solidified block was cut into small cubes with a sharp
razor blade, not exceeding 1mm3. Post-fixation was carried out
as above, but washing, dehydration, and infiltration times were
extended to account for decreased penetration rates.

For immunocytochemical investigations, cells were harvest-
ed, concentrated, and washed as above, followed by primary
fixation with 5% (v/v) glutaraldehyde for only 30 min at room
temperature. Cells were dehydrated in ethanol and infiltrated
with the acrylic resin LR White (PLANO GmbH, Germany,
hardness grade medium) in the same increments and time in-
tervals as described above. Specimens were finally transferred
to gelatin capsules and cured for 16 h at 50 °C. For
immunolabeling, freshly cut ultrathin sections were blocked
for 10 min with BSA/TBS (3% BSA in 20 mM Tris-HCl, pH
7.2, containing 150 mM NaCl, and 0.02% (w/v) NaN3).
Sections were then labeled with monoclonal mouse anti-β-
1,3-glucan antibodies (No. 400-2, Biosupplies, Australia) dilut-
ed 1:50 in BSA/TBS for 1 h, gently washed five times with
BSA/TBS, and incubated for 1 h with gold-conjugated (20 nm)
rabbit-anti-mouse IgG (British BioCell International, UK), di-
luted 1:30 in BSA/TBS. Control experiments were conducted
by omission of antiserum and application of gold-conjugated
antibody alone because pre-immune serum was not available.

Prepared ultrathin sections were viewed with a Philips CM
100 transmission electron microscope operated at 80 kV.
Images were recorded with a digital camera fitted with a
CCD-chip and processed using AnalySIS software (Soft
Imaging System, Germany).

Results

Euglenid 18S rDNA phylogeny

Our phylogenetic tree reconstructions comprised the most ex-
tensive taxon sampling of euglenozoan 18S rDNA sequences

reported so far. ML and BI tree reconstructions resulted in
different topologies, but both strongly recovered monophyletic
Euglenozoa (Fig. 1). The newly included Ploeotia edaphica
(CCAP 1265/2) gained robust support as sister taxon of
Keelungia pulex, and Peranema sp. retrieved maximum sup-
port as sister to Peranema trichophorum. Major euglenozoan
groups formed very well-supported monophyla, i.e.,
Diplonemida, Kinetoplastida, Petalomonadida, Symbiontida,
Aphagea, Anisonemida, and Euglenea. In the ML tree,
Entosiphon branched deepest in Euglenozoa as sister to a
weakly supported Diplonemida/Kinetoplastida clade and all
other remaining euglenids (including symbiontids) with strong
support, thereby rendering Euglenida paraphyletic. In the BI
tree, Entosiphon nested within the euglenid crown group and
formed a sister group to the Peranema clade, though with low
support. This euglenid crown group (henceforth termed
Helicales; see BDiscussion^) appeared as a strongly supported
monophyletic clade in the ML tree. Dinema sequences
branched as sister group to Anisonemida, and Rapaza viridis
appeared as sister taxon of Euglenea with good support. Exact
positions of the more derived phagotrophic euglenids within
the Helicales were not resolved properly, since sister group
relationships of Heteronema scaphurum with Peranema and
Neometanema cf. exaratum with the Anisonemida/Dinema
clade gained only weak support. Although monophyly of
Ploeotiida (including Keelungia) gained only minor support
in the ML tree, Keelungia pulex appeared as sister taxon of
newly included Ploeotia edaphica with good to very good
support in ML and BI trees, respectively. Petalomonadida and
Symbiontida were determined to be sister groups, albeit with-
out statistical support.

Reiterated analyses without long-branching Entosiphon se-
quences resolved some discrepancies betweenML and BI tree
topologies, and very strongly supported the monophyly of
Euglenozoa (Fig. 1b). Removal of Entosiphon also slightly
improved the very weak bootstrap support for a
Diplonemida/Kinetoplastida clade, which represented the sis-
ter to monophyletic Euglenida. Nevertheless, statistical sup-
port regarding the monophyly of Euglenida remained poor,
and although Petalomonadida and Symbiontida formed sister
clades, this combination completely lacked statistical support
as the deepest branch of putatively monophyletic Euglenida.
Other euglenozoan groups appeared as clades, each with very
good support. Monophyly of alleged Ploeotiida remained
weakly supported, but support for a sister-group relationship
of Ploeotia edaphica and Keelungia pulex was robust. While
monophyly of Helicales gained very good support, positions
of Aphagea and some phagotrophic taxa within this crown
group, i.e., Heteronema scaphurum and Neometanema cf.
exaratum, lacked statistical support. In summary, our results
from phylogenetic tree reconstructions revealed two interest-
ing findings: (1) the euglenid crown group (Helicales) was
monophyletic and (2) 18S rDNA sequences of Entosiphon
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caused a long-branch attraction artifact with a strong influence
on the in- and outgroup taxa. These results imply important

consequences for euglenid phylogeny, which will be
discussed later.
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Fig. 1 Phylograms obtained from maximum likelihood (ML) analyses of
182 euglenozoan taxa with new 18S rDNA sequences boxed and most
ingroup taxa pruned to major groupings, sequences of Heterolobosea and
Jakobida were used as outgroup. Congruent Bayesian inference (BI)
posterior probability values >0.50 were mapped onto both ML trees and are

depicted above corresponding nodes, congruent bootstrap values >50 below,
and discrepancies between ML/BI are hyphenated. Scale bars represent 5%
sequence divergence. a Phylogenetic tree including long-branching
Entosiphon (half of the original branch length depicted). b Phylogenetic
tree resulted from reiterated analyses excluding Entosiphon sequences
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Identity matrix analysis

Comparison of 18S rDNA sequences was performed using an
identity matrix, which measured similarities of individual
pairs of sequences in numbers and percentages of identical
nucleotides (Tab. ESM2). A thorough comparison of 18S
rDNA isolated from Ploeotia edaphica strain CCAP 1265/2
(in this work) with that of Decastava edaphica (Cavalier-
Smith et al. 2016) revealed a similarity score of 99.2% which
means that 2106 out of 2122 nucleotides were identical.

Sequences of Entosiphon sulcatum and Entosiphon sp.
shared similarity values of 95.7 to 99.6% with each other
(three sequences). Next highest mean similarity scores of
62.13% were measured equally for euglenid Notosolenus
ostium as well as jakobid environmental sequence from clone
FV23CilE10, which were unexpectedly low and assigned to
rather distant taxa.

Putative secondary structure of 18S rDNA helix 44
as a new molecular character

A thorough examination of secondary structure properties de-
rived from euglenozoan 18S rDNA sequences confirmed ob-
servations of the identity matrix analysis. The most striking
feature was discovered in inferred secondary structure of helix
44, both strands of which encompass 18S variable region 9.
Distant and close outgroup taxa as well as Diplonemida,
Symbiontida, kinetoplastid clone AT4-103, and most non-
helical euglenids, i.e., deep-branching petalomonad
Notosolenus ostium as well as representatives of genus
Ploeotia and Keelungia pulex, possessed a unique nucleotide
in the proximal 5′-strand of 18S rDNA helix 44 (Fig. 2). No
corresponding nucleotide was present on the complementary
3′-strand that would have constituted an appropriate or reason-
able binding partner. Therefore, we concluded that the unique
nucleotide lacked any structural relevance. Within
Euglenozoa, this individual nucleotide was neither present in
the 18S rDNA sequence of Entosiphon sulcatum nor in that of
Helicales (i.e., in sequences of Peranema, Neometanema,
Dinema, Anisonemida, Aphagea, and Euglena, respectively).
It was absent in derived Petalomonadida and derived
Kinetoplastida, but present in all Diplonemida and
Symbiontida. It was found in discoban Jakobida and deep-
branching Heterolobosea as well as in other excavates (e.g.,
Malawimonas jakobiformis) and in representatives of distant
outgroup lineages, e.g., Amoebozoa (Amoeba proteus, Chaos
nobile), Opisthokonta (e.g., Monosiga brevicollis ,
Saccharomyces cerevisiae), Alveolata (e.g., Paramecium
tetraurelia, Tetrahymena thermophila), Rhizaria (e.g.,
Chlorarachnion reptans), Stramenopiles (e.g., Heterosigma
akashiwo), and Cryptophyta (e.g., Chilomonas paramecium).
Consequently, presence and absence of this unique nucleotide

were group specific and thus represented a new character rel-
evant for euglenid phylogeny.

Ultrastructural and immunocytochemical investigations

Observations of cross-sectioned Peranema trichophorum
cells with transmission electron microscopy (TEM) revealed
at first glance a large number of membrane-bound vacuoles
throughout the entire cytoplasm. Longitudinal sections, how-
ever, showed that these vacuoles were mostly concentrated at
the posterior region of the cell (data not shown). The vacuoles
contained paramylon granules of different size and shape.
They appeared round to ovoid but mostly oblong (Fig. 3a)
and each granule measured on average 1.2 ± .4 μm × 2.3 ±
0.6 μm (n = 29). Most, if not all paramylon grains were de-
tached from the surrounding membrane, most likely due to
fixation artifacts leading to some shrinkage and leaving a
translucent region between membrane and grain. This may
explain in part the small size measurements of paramylon
granules since the actual grain and not the surrounding mem-
brane was used for measurements. Some paramylon grains
revealed a substructure reflective of the model proposed by
Kiss et al. (1987); from a central region, spikes were seen to
radiate outwards and to segment the granule into triangles and
rectangles (Fig. 3a, insert). In another experiment, ultrathin
sections of P. trichophorum were probed with monoclonal
anti-β-1,3-glucan antibodies and gold-conjugated rabbit
anti-mouse secondary antibodies (RAM-IgG, diameter 20
nm), which reacted specifically with paramylon granules of
P. trichophorum. Strong, uniform labeling was observed on
cross sections of the paramylon granules and confirmed by a
quantified particle density of almost 80 ± 20 gold spheres per
μm2with n = 29 (Fig. 3b). Some grains had quarried out of the
membrane when thin sections were cut, leaving voids—a
common phenomenon when sectioning through material of
largely different density. But even membranes surrounding
these empty voids showed considerable specific gold labeling
(data not shown). Unspecific binding occurred negligibly; on-
ly few gold particles were detected in cytoplasm, pellicle, and
within vacuoles. The specific-to-unspecific ratio was 109:1.
Since it was reported by several investigators that
P. trichophorum cells contained paramylon (Chen 1950;
Leander et al. 2001), results from our immunogold experi-
ments also served as a positive control for the specificity of
the utilized monoclonal anti-β-1,3-glucan antibody and its
ability to recognize the epitope in glutaraldehyde-fixed
material.

No membrane-bound inclusions other than food vacuoles
and vacuoles with presumably lipid-based material (judged by
the uniform electron density) were present in the cytoplasm of
Petalomonas cantuscygni cells (Fig. 3c). A weak, yet even
labeling with gold particles was recognizable in some food
vacuoles containing the remains of bacterial cell walls (also
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β-1,3-linkage). Few gold particles were observed close to
some separate bacteria in the growth medium, outside the
sectioned cell, but no specific membrane-bound paramylon
was labeled as was seen for P. trichophorum (Fig. 3d).

In the ultrastructural investigation of Ploeotia costata cells,
no granules, vacuoles, or any other inclusions could be iden-
tified that would qualify for the storage carbohydrate
paramylon typical for euglenids and comparable to that found
in P. trichophorum (Fig. 3e). Also, no paramylon-specific la-
beling was detected in transmission electron micrographs im-
munostained with monoclonal anti-β-1,3-glucan antibodies
and RAM-IgG (Fig. 3f). Only unspecific labeling at the pelli-
cle and within some cells occurred and gold labeling of food
vacuoles was found in 2 out of more than 20 P. costata cells
(data not shown; see BDiscussion^).

All sections of Entosiphon sulcatum showed numerous
membrane-bound inclusions of various size and shape that
were accumulated in the posterior part of the cell, but not

within the siphon. Most inclusions were food vacuoles, as
inferred from remnants of digested bacteria, but some
paramylon granules were observed, which appeared lighter
and more homogenous than food vacuoles (Fig. 3g).
Paramylon granules were mostly round to slightly ovoid and
measured on average 0.7 ± 0.2 μm × 0.9 ± 0.2 μm in size (n =
47). Although structural detail was less pronounced than in
paramylon granules from P. trichophorum, a slightly concen-
tric, almost whirl-like pattern was clearly recognizable
(Fig. 3g, insert). Some paramylon granules appeared to have
shrunk similar to those seen in P. trichophorum, albeit to a
lesser extent. Immunogold labeling was clearly detected in
several vacuoles ofE. sulcatum cells, mostly situated posterior
and closely associated with food vacuoles, which did not
show gold labeling (Fig. 3h). Gold particle density measured
101 ± 36 per μm2 (n = 47 paramylon granules), and the anti-
body reacted highly specific with a specific-to-unspecific-
binding ratio of 330:1.
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Fig. 2 Occurrence of individual
nucleotides in outgroup taxa and
primordial representatives of
major euglenozoan groups in the
putative secondary structure of
helix 44, which embraces 18S
rDNA variable region 9 as
summarized by a number in the
apex of each helix. Where
present, individual nucleotides are
encircled. Small numbers below
helix 44 of Euglena gracilis
depict start and end nucleotide in
reference sequence (M12677)
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Discussion

Paramylon

Mainx (1928) advised caution when using paramylon as a
morphological character because it can be easily confused
with other cell organelles. Not surprisingly, this confusion
derived from light microscopy studies, which by nature are
limited by low resolution. Yet, many authors have reported on
the storage carbohydrate in their studies: Pochmann (1955)
postulated paramylon to be present in phagotrophic euglenid
genera Notosolenus, Petalomonas, Entosiphon, Heteronema,

and Urceolus, while Christen (1959) stated that paramylon
was absent in many species of Petalomonas. Lackey (1962)
reported paramylon to be present in Entosiphon
cuneatiformis, but Leander et al. (2001) coded paramylon ab-
sent in Petalomonas, Ploeotia, Lentomonas, and Entosiphon.

To address the reported inconsistencies regarding presence
or absence of paramylon in some of these phagotrophic
euglenids, we utilized transmission electron microscopy,
which allowed us to resolve the ultrastructure in great detail.
Paramylon grains were clearly identified in sections of
Peranema trichophorum at the ultrastructural level due to a
similar morphology of paramylon grains to those found in

Fig. 3 Transmission electron
micrographs presenting ultrathin
sections of phagotrophic euglenid
key genera from top to bottom:
Peranema trichophorum (a, b),
Petalomonas cantuscygni (c, d),
Ploeotia costata (e, f), and
Entosiphon sulcatum (g, h). Left
hand micrographs show
ultrastructural examinations,
while right hand micrographs
display immunolabeled sections.
Magnified detailed views of
paramylon granules are given in
inserts (a, b, g, h). FA feeding
apparatus, FV food vacuole, M
mitochondrion, N nucleus, No
nucleolus, Pa paramylon, R
reservoir, V vanes of the ingestion
apparatus
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Euglena gracilis. Our immunocytochemical investigations
utilizing monoclonal anti-β-1,3-glucan antibodies and gold-
conjugated secondary antibodies strongly support this obser-
vation. In Petalomonas cantuscygni, a weak, yet even labeling
with gold particles was recognizable only in some food vacu-
oles. Interestingly, this gold labeling was mostly limited to an
area close to the cell surface of prey bacteria. It is well known
that some bacteria produce curdlan, a linear β-1,3-glucan.
Hence, the presence of gold particles associated with bacterial
cell walls and food vacuoles containing remnants of such bac-
teria is not to be confused with specific labeling of membrane-
bound paramylon granules found in P. trichophorum. As in
Petalomonas cantuscygni, no evidence for the occurrence of
paramylon on ultrastructural and immunocytochemical levels
could be found inPloeotia costata. Only unspecific labeling at
the pellicle and within some cells occurred, and in only 2 out
of more than 20 Ploeotia costata cells, gold labeling of food
vacuoles was evident. The contents showed strong, but inho-
mogeneous labeling, indicating that curdlan-containing bacte-
ria or fungi had been digested, since P. costata cells were kept
with yeast as prey organism in medium-term cultures. Though
paramylon granules inEntosiphon sulcatumwere smaller than
those found in P. trichophorum, whirl-like substructure, accu-
mulation in the cytoplasm, and the surrounding membrane
clearly distinguished them from nonspecifically labeled food
vacuoles.

Methodological approach for 18S rDNA sequences

While most studies concerning the molecular phylogeny of
phagotrophic euglenids used 18S rDNA sequence data, only
few earlier published studies utilized secondary structure in-
formation as a requirement for alignment of homologous po-
sitions and dataset formation (e.g., Busse and Preisfeld 2002;
Müllner et al. 2001). Without such a blueprint, alignments and
datasets become highly individualized, and thus, recognition
of homologous positions becomes more and more subjective.
Of course, taxon sampling may be a limiting factor for dataset
width (i.e., number of positions therein), but variation would
still be restricted by sequence length. For instance, two earlier
published phylogenetic studies of the Euglenida were con-
ducted with datasets including 39 and 49 taxa, respectively
(Breglia et al. 2013; Chan et al. 2013). While the euglenozoan
taxon samplings were similar, the datasets consisted of 636
and 1950 aligned nucleotide positions of 18S rDNA se-
quences—the latter contained three times the information con-
tent from the same gene. Such dissimilarities could have re-
sulted from differing methodologies concerning the treatment
of gaps or from individually arranged alignments and would
consequently produce conflicting tree topologies (Lake 1991;
Morrison and Ellis 1997). Wong et al. (2008) elegantly dem-
onstrated that even computed alignments were prone to ambi-
guities and could produce diverse datasets out of one given

alignment, which may lead in the worst case to different tree
topologies. To minimize ambiguities that could arise during
the alignment procedure, and to maximize recognition of ho-
mologous positions, alignment of 18S rDNA sequences in our
study was strictly performed according to secondary structure
information and helix numbering of Saccharomyces
cerevisiae provided by Petrov et al. (2014).

Different tree topologies derived from the same gene must
not be a result of different gap treatment or alignment size
alone, since choice of ingroup and outgroup taxa reflects a
most crucial methodological approach for phylogenetic anal-
yses. In some cases regarding deeper phylogenies, it was not
possible to recognize certain groups accurately, since a subor-
dinate taxon was represented by solely one sequence or was
not included in the alignment at all. Differing sister-group
relationships and subsequently incongruous tree topologies
were likely the result (see Parfrey et al. 2006 for a summary
on Excavata). Whether intended or not, some recent 18S
rDNA-based phylogenetic studies involving phagotrophic
euglenids utilized outgroup taxa representing widely different
degrees of relationship, e.g., Diplonemida and/or
Kinetoplastida (Breglia et al. 2013), Jakobida (Yubuki et al.
2009), other Discoba (Lax and Simpson 2013), or no outgroup
at all (Lee and Simpson 2014). This, unfortunately, makes it
hard to compare the presented information regarding a phy-
logeny of phagotrophic Euglenida.

From the above discussion, it can be concluded that our
combined molecular, ultrastructural, and immunocytochemi-
cal data was essential to identify the phylogenetic position of
Entosiphon and thus further clarify the phylogeny of
phagotrophic euglenids (Fig. 4).

Helicales tax. nov.

The euglenid crown clade comprises euglenid genera that are
morphologically characterized by having a helical pellicle.
The taxon is well known and has been identified several
times. Busse and Preisfeld (2002) and Preisfeld et al. (2001)
recognized this taxon but did not assign a specific name to it,
whereas it was termed Bclade G^ in a study based on morpho-
logical characters (Leander et al. 2001) and Bclade H^ (Busse
et al. 2003), BHP grouping^ (Lee and Simpson 2014), and
BSpirocuta^ (Cavalier-Smith 2016) in studies based on 18S
rDNA analyses. For reasons of clarity, a taxon should be
termed properly, i.e., with a name describing the shared evo-
lutionary characteristic (ideally the autapomorphy of this
group of organisms). Most descriptive terms corresponding
to the word Bhelical^ have already been applied to gastropod
taxa of different hierarchic level, but to our knowledge, the
term BHelicales^ has not been used in euglenozoan taxonomy.
We propose to use BHelicales^ as a descriptive denomination
for an already known monophyletic crown clade comprising
euglenid flagellates morphologically characterized by a
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primarily helical pellicle (Fig. 4) with Entosiphon as sister
group united by the common presence of paramylon.

Furthermore, we rather consider to abnegate the concept
and hence the name BSpirocuta^ (Cavalier-Smith 2016) for
multiple reasons: (1) the name BHelicales^ is more plausible
and comprehensible, (2) BSpirocuta^ have been described as
euglenid crown clade entangled into a (re-)classification of
Euglenozoa with Ploeotia cf. vitrea as poorly supported sister
taxon, but we provide molecular and immunocytochemical
evidence for a sister group relationship of Entosiphon and this
crown clade, (3) BHelicales^ represents a denomination of a
known taxon without demanding a strict hierarchy, which
would still prove valid in the future in case of assorting new
species, or more importantly, in the light of the ongoing dis-
cussion on Patterson’s ambiregnal taxa and future protist sys-
tematics (e.g., Lahr et al. 2012; Patterson 2014).

Phylogenetic (apomorphy-based) diagnosis

Euglenozoa CAVALIER-SMITH 1981 emend. Simpson 1997
Euglenida Bütschli 1884 emend. Simpson 1997

Helicales taxon nov. PAERSCHKE ETAL. 2017.
Natural clade comprising derived phagotrophic euglenids,

primary osmotrophic Aphagea, mixotrophic Rapaza viridis,
and primary phototrophic Euglenea including secondary
osmotrophic euglenids, morphologically characterized by a
euglenid-specific pellicle with primarily helical organization
(which can be secondarily altered, e.g., in phototrophic
euglenids with lorica) as corroborated by analyses of nuclear
18S ribosomal gene sequences.

Apomorphy: helical pellicle

Phylogenetic position of Entosiphon

Earlier 18S rDNA-based studies including sequences of the
genus Entosiphon resulted in many diverse positions of
Entosiphon within phagotrophic euglenids: as sister group of
Peranema trichophorum (Von der Heyden et al. 2004), as
sister group of Petalomonadida (Lax and Simpson 2013), as
sister group of Ploeotia costata (Chan et al. 2013), as sister
group of Ploeotia costata plus Petalomonadida (Yamaguchi
et al. 2012), as sister group of Symbiontida (Breglia et al.
2013), and as sister group of Euglenida (Cavalier-Smith
et al. 2016; Euglenoida therein). Our studies, however, indi-
cated a deepest-branching position of Entosiphon within
Euglenozoa. As a phylogenetic implication of an individual,
unpaired base in the deduced 5′-strand of 18S rDNA helix 44,
a deepest-branching position of Entosiphon within
Euglenozoa would consequently demand a primary absence
(in Entosiphon) and an apomorphic evolvement in
Diplonemida, Symbiontida, primordial Petalomonadida, and
Kinetoplastida, plus in both the latter a secondary absence,
and additionally an absence in Helicales. Such a scenario
would not only be imparsimonious, it would further neglect
the fact that the unpaired base was also present in outgroup
taxa. If occurrence of this individual nucleotide constituted a
plesiomorphic feature, multiple losses within derived
Petalomonadida, derived Kinetoplastida, and Entosiphon
sulcatum plus Helicales would have to have followed. Since
Helicales were the only monophyletic group that primarily
lacked this character, absence of this unpaired base in
Entosiphon and Helicales strongly implies relation. This result
is furthermore supported by the presence of paramylon exclu-
sively in Entosiphon and Helicales. Concluding, these find-
ings corroborate affiliation of Diplonemida, Symbiontida, and
primordial kinetoplastids as well as primordial petalomonads
with non-helical phagotrophic euglenids to the exclusion of
Entosiphon and the Helicales, i.e., all derived phagotrophic
euglenid groups together with Aphagea and Euglenea (Fig. 4).

Entosiphon was previously united with Ploeotia into an
order Ploeotiida (Von der Heyden et al. 2004) based on the
presence of either type II or IV feeding apparatus, an aplastic
pellicle and being bacterivorous. However, our findings imply
that Keelungia pulex and the genus Ploeotia should be united
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in the taxon Ploeotiida to the exclusion of Entosiphon. With
the strongly supported sister-group relationship of Ploeotia
edaphica and Keelungia pulex, we provide 18S rDNA-based
data corroborating this unification, though further study is
needed to affirm monophyly of this taxon.
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