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Abstract

The phylogeny of Euglenophyceae (Euglenozoa, Euglenida) has been discussed
for decades with new genera being described in the last few years. In this study,
we reconstruct a phylogeny using 18S rDNA sequence and structural data
simultaneously. Using homology modeling, individual secondary structures
were predicted. Sequence-structure data are encoded and automatically
aligned. Here, we present a sequence—structure neighbor-joining tree of more
than 300 taxa classified as Euglenophyceae. Profile neighbor-joining was used
to resolve the basal branching pattern. Neighbor-joining, maximum parsimony,
and maximum likelihood analyses were performed using sequence—structure
information for manually chosen subsets. All analyses supported the monophyly
of  Eutreptiella, Discoplastis, Lepocinclis, Strombomonas, Cryptoglena,
Monomorphina, Euglenaria, and Colacium. Well-supported topologies were
generally consistent with previous studies using a combined dataset of genetic
markers. Our study supports the simultaneous use of sequence and structural
data to reconstruct more accurate and robust trees. The average bootstrap
value is significantly higher than the average bootstrap value obtained from
sequence-only analyses, which is promising for resolving relationships between
more closely related taxa.
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INTRODUCTION

ORGANISMS  classified  within  Euglenophyceae
Schoenich 1925 (Euglenozoa, Euglenida) are unicel-
lular marine or freshwater algae. Most of the genera
were described before the era of molecular phylogenet-
ics and taxonomic changes have been made since the
group was first revised using molecular data by Marin
et al. (2003). Euglenophyceae are represented by the three
orders Rapazida, Eutreptiales, and Euglenales (Kostygov
et al., 2021). The genus Rapaza, representing the order
Rapazida, is monotypic and sister to all remaining
Euglenophyceae (Yamaguchi et al., 2012). Eutreptiales
branch off prior to Fuglenales and encompasses two gen-
era, Eutreptia and Eutreptiella (Kostygov et al., 2021). A

multigene phylogenetic analysis divided the Euglenales
into the monophyletic families Euglenaceae and
Phacaceae (Kim et al., 2010). Subsequent studies have
supported the monophyly of Euglenaceae and Phacaceae
(Karnkowska et al., 2015; Kim et al., 2015).

Currently, the family Euglenaceae includes eight gen-
era supported by molecular data (Colacium, Cryptoglena,
FEuglena, FEuglenaformis, Euglenaria, Monomorphina,
Strombomonas, and  Trachelomonas)  (Kostygov
et al., 2021). Several other genera were described, but due
to a lack of molecular data, Ascoglena, Euglenamorpha,
FEuglenopsis, Hegneria, and Klebsina are not included
in molecular studies. The family Phacaceae consists
of four genera Discoplastis, Lepocinclis, and Phacus
(Kim et al., 2010; Kostygov et al., 2021), and the more
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recently added genus Flexiglena (Lukomska-Kowalczyk
et al., 2021). These genera are monophyletic on phyloge-
netic trees; however, the genus Euglena tends to be poly-
phyletic since the first molecular phylogeny of the group
in 2003 (Marin et al., 2003). Since then, several new gen-
era, such as Discoplastis Triemer et al. (2006), Euglenaria
Linton et al. (2010), Euglenaformis Bennett et al. (2014),
and Flexiglena Lukomska-Kowalczyk et al. (2021), have
been erected and representatives of Euglena were trans-
ferred to them based on the molecular analyses. However,
the genus Euglena remains paraphyletic or polyphyletic
(Karnkowska et al., 2015; Kim et al., 2015) due to several
species branching out off the main Euglena clade.

The phylogeny of Euglenophyceae has been thoroughly
studied throughout the years using the 18S ribosomal
RNA (rRNA) gene, often combined with other molecu-
lar and/or morphological data (Bennett & Triemer, 2012;
Karnkowska et al, 2015; Karnkowska-Ishikawa
et al., 2012; Kim et al., 2010, 2015; Linton et al., 2010;
LukeSova et al., 2020; Marin et al., 2003; Milanowski
et al., 2006; Nudelman et al., 2003; Triemer et al., 2006;
Wang et al., 2021). In this study, we use 18S ribosomal
DNA (rDNA) sequence and structural information si-
multaneously for inferring phylogenetic relationships.
This approach was shown to increase the accuracy and
robustness of inferred phylogenetic trees and was recently
reviewed by Keller et al. (2010) and Wolf et al. (2014).

Keller et al. (2010) used ITS2 rRNA gene sequences
and 600,000 different alignments testing the methodical
influence concerning different tree topologies, branch
lengths, and ancestral sequences in a complex simulation
that integrated the coevolution process of sequences and
their individual secondary structures. The simulation
showed a negative correlation of accuracy and robust-
ness in neighbor-joining tree reconstruction with an in-
crease in the number of taxa. Keller et al. (2010) showed
that including individual secondary structure informa-
tion broadens the range of the optimal marker perfor-
mance and a higher level of divergence results in better
performances. Whereas marker elongation increases
robustness, that is, bootstrap support, the inclusion of
individual secondary structures additionally improves
accuracy. Keller et al. (2010) suggested that this approach
can be applied to other ribosomal genes like 18S rDNA
and to other tree reconstruction methods like parsimony
and likelihood, thereby combining variable sequences
with conserved secondary structures is the most benefi-
cial and promising approach for phylogenetic analyses.

As mentioned above, the phylogeny of the
Euglenophyceae is quite well studied, but it was shown
that multigene phylogenies are usually needed to resolve
the tree. To come as close as possible, with our approach,
we want to get more out of the 18S rDNA data, in partic-
ular, because still most of the phylogenetic data available
come from 18S rDNA; in other words, for many species
multiple genes used in concatenated analyses are still not
available.

MATERIALS AND METHODS
Taxon sampling

Foraflowchart of methodsusedin thisstudy, see Figure 1.
Using different search strings, all available 18S rDNA se-
quences from organismsclassified within Euglenophyceae
(Euglenozoa, Euglenida) ranging from >2000 to <3000
nucleotides, to ensure complete secondary structures,
were obtained from the nucleotide database (GenBank)
from the National Center of Biotechnology Information
(NCBI) (retrieved on 04/21/2022) (Benson et al., 2013).
Only strains that were identified by NCBI down to the
species level were further processed in this study. Using
default settings, 18S rDNA sequences were aligned using
ClustalX 2.1 (Larkin et al., 2007). Introns were removed
in ALIGN 07/04 (Hepperle, 2004).

Structure prediction

Using the “model” option as implemented in the ITS2
database (Ankenbrand et al., 2015), homology mod-
eling (Selig et al., 2008; Wolf et al., 2005) was used to
predict individual 18S rRNA secondary structures
for all sequences used in this study. The 18S rRNA
sequence—structure information of FEuglena gracilis
(GenBank Accession: M12677), recently published by
Matzov et al. (2020), was used as template (Figure S3 and
Data SlI). Sequences with a structural homology of less
than 70% were discarded.

Sequence—structure alignment

An automatic sequence—structure alignment, using a
sequence—structure specific scoring matrix, was gen-
erated in ClustalW 1.83 (Larkin et al., 2007) as imple-
mented in 4SALE 1.7.1 (Seibel et al., 2006, 2008), that
is, 4SALE simultaneously and automatically aligns se-
quences and their individual secondary structures using
a 12x12 scoring matrix (Wolf et al., 2014). The scoring
matrix (Seibel et al., 2006) was derived after translating
the four nucleotides and their three structural states (un-
paired, paired right, and paired left) into a 12-letter al-
phabet (one-letter encoded sequence—structure data), as
shown in Figure 2. Sequences that could not be properly
aligned were removed from the dataset.

Sequence—structure tree reconstruction

With ProfDistS 0.9.9 (Friedrich et al., 2005, Wolf
et al., 2008), using the alignment in .xfasta format (saved
by 4SALE as alignment including secondary structures),
an overall sequence—structure neighbor-joining (NJ)
(Saitou & Nei, 1987) tree (Figure 3) was calculated using
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a sequence—structure specific Jukes-Cantor (JC) correc-
tion (cf. Jukes & Cantor, 1969).

According to Miiller et al. (2004) and Rahmann
et al. (2006) in phylogenetics, we often do have access
to additional information that allows the definition of
subclades. We can keep the whole set of taxa but re-
strict the set of allowable tree topologies to those that
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FIGURE 1 Flowchart of materials and methods. 18S rDNA
sequences of Euglenophyceae were obtained from GenBank (Benson

et al., 2013) and aligned using ClustalX (Larkin et al., 2007). Strains
classified as “sp.” and sequences that could not be properly aligned were
removed from the dataset. Secondary structures were predicted using
homology modeling (Selig et al., 2008; Wolf et al., 2005). Sequence and
structural data were simultaneously aligned in 4SALE (Seibel et al., 2006,
2008). With ProfDistS (Friedrich et al., 2005; Wolf et al., 2008), a
sequence—structure NJ tree and a sequence—structure PNJ tree were
reconstructed. A subset was manually chosen for sequence—structure
NJ, MP, and ML analyses. For comparison, sequence-only trees for the
overall NJ analysis and the subset analysis as obtained by default settings
using ProfDistS (Friedrich et al., 2005; Wolf et al., 2008) and RAXML
(Stamatakis, 2014) can be found in the supplement (Figures S1 and S2).

UACUGCACCUCAAGGUGCGGAA file_name.fas

>species_name_1
UACUGCACCUCAAGGUGCGGAA
>species_name_2
UACUGCACUUCAAGGUGCGGAA
>species_name_3
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KNDIEDADDKQNNGGLGCGGRR | file_name.fasta

>species_name_1
KNDIEDADDKQNNGGLGCGGRR

. >species_name_2
KNDIEDADIKQNNGGLGCGGRR

>species_name_3
KNDIEDADKKQNNKGLGCGGRR

FIGURE 2 Translation of sequence-structure information
into one-letter encoded files. An RNA sequence with its individual
secondary structure in bracket dot-bracket notation and a 2D
structure is shown. Using the 12-letter translation table, for
sequence-structure alignments 4SALE (Seibel et al., 2006, 2008;
Wolf et al., 2014) encodes the sequence—structure information into
a pseudoprotein sequence. For tree reconstructions, ProfDistS
(Friedrich et al., 2005; Wolf et al., 2008) uses and encodes .xfasta
files, whereas PAUP* (Swofford, 2002) and R (R Core Team, 2018)
directly use one-letter encoded .fasta files (pseudoprotein).

are consistent with the known monophyletic groups, or
we solve many small problems, each with a reduced set
of taxa, and assemble the resulting subtrees into a con-
sistent supertree. Here, we replace the set of taxa form-
ing a known subclade by a single supertaxon, which we
represent by a sequence profile. To estimate the evo-
lutionary distances between supertaxa, we generalize
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FIGURE 3 18S rDNA overall sequence—structure neighbor-joining (NJ) tree. The tree was based on 348 sequence—structure pairs
and was reconstructed using ProfDistS (Friedrich et al., 2005; Wolf et al., 2008). 4SALE (Seibel et al., 2006, 2008) was used for the global
multiple sequence—structure alignment. Peranema trichophorum and Petalomonas cantuscygni were used as outgroup taxa. Each taxon name

is accompanied by the GenBank accession number. Euglena viridis (GenBank accession: AF445460) and Euglena agilis (GenBank accession:
AF096991) are currently discussed as Euglena sp. according to the EukRef database. Clades are alternating in light and dark blue. Clades that
are not monophyletic are indicated by quotation marks. Taxa marked in orange were not assigned to a specific clade. Sequence—structure pairs

which were chosen for the subset are marked bold. The scale bar indicates evolutionary distances.

the maximum likelihood distance estimator of two se- Evaluations indicated that PNJ is both more robust
quences to evolutionary distances of profiles. The de- and accurate than NJ (Miiller et al., 2004). According to
rived distance matrix is used to reconstruct a tree by NJ, Miiller et al. (2004), we might simply use one representa-
referred to as profile neighbor-joining (PNJ). tive taxon from each subclade or estimate the most likely
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sequence in the subclade root, but the profile-based ap-
proach appears preferable because it integrates informa-
tion from all sequences. A sequence profile is a stochastic
model of a sequence family. A profile is also a sequence,
but it is composed of probability distribution vectors
instead of characters. Because we are more interested
in the “center of gravity” of the sequences in a known
subclade, we simply take the position-specific relative
nucleotide frequencies over all sequences within the sub-
clade. This results in a robust estimate that is indepen-
dent of estimated subclade topologies. With ProfDistS,
a sequence—structure PNJ (Miiller et al., 2004) tree was
reconstructed in five iterations (Figure 4A), whereby se-
quences that could not be unambiguously assigned to a
monophyletic subclade (cf. Figure 3) were not included
in predefined profiles. However, additionally, a subset
from the overall sequence—structure NJ tree was manu-
ally chosen with each genus represented proportionally.

For subset trees (Figure 5), using a sequence—
structure specific JC correction, a sequence—structure
NJ tree was reconstructed with ProfDistS (Figure S4).
Using the one-letter encoded sequence-structure
alignment in .fasta format (saved by 4SALE), and
translated to NEXUS (Maddison et al.,, 1997) with
ALIGN, a sequence-structure maximum parsimony
(Camin & Sokal, 1965) (MP) tree was calculated
with default settings in PAUP* 4.0a (Swofford, 2002)
(Figure S5). With phangorn (Schliep, 2011) as im-
plemented in R 4.2.1 (R Core Team, 2018), using the

(A)

— Petalomonas cantuscygni

L peranema trichophorum

Rapaza viridis

<] Eutreptiella

1S#

one-letter encoded sequence—structure alignment in
fasta format, a sequence-structure maximum likeli-
hood (Felsenstein, 1981) (ML) tree was reconstructed
with a GTR+I+G model as estimated from the data.
The R-script is available at http://4sale.bioapps.bioze
ntrum.uni-wuerzburg.de (Wolf et al., 2014). For the PNJ
tree and for all trees of the manually chosen subset (NJ,
MP, and ML), bootstrap support (Felsenstein, 1985)
was estimated (due to the complexity of the 12x12 ap-
proach) based on “only” 100 pseudo-replicates. All trees
were rooted with Peranema trichophorum (Euglenozoa,
Euglenida, Heteronematina) and Petalomonas cantus-
cygni (Euglenozoa, Euglenida, and Scytomonadidae) as
outgroup.

RESULTS
Taxon sampling

From NCBI, 572 sequences ranging in their sequence
length from>2000 to <3000 nucleotides were obtained. In
NCBI, 111 sequences were unclassified as “sp.” and were
discarded. Four hundred sixty-one 18S rDNA sequences
from organisms classified within Euglenophyceae and
two outgroup sequences were obtained (Tables S1 and
S2) using different search strings and further aligned in
ClustalX (Larkin et al., 2007). An intron with the length
of 434 nucleotides was removed from the sequence
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FIGURE 4

0.04

18S rDNA sequence-structure profile neighbor-joining (PNJ) tree based on 339 taxa. The tree was reconstructed using

ProfDistS (Friedrich et al., 2005; Wolf et al., 2008) and was rooted with Peranema trichophorum and Petalomonas cantuscygni. (A) Five-times
iterated 18S rDNA sequence—structure PNJ tree. Based on bootstrap values (>75), in each iteration, super-profiles of profiles have been built.
Bootstrap values from 100 pseudo-replicates are mapped at internodes. Numbers in blue represent taxa included in a profile. (B) Original PNJ
tree with branch lengths reconstructed with ProfDistS (Friedrich et al., 2005; Wolf et al., 2008). The scale bar indicates evolutionary distances.
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FIGURE 5 18S rDNA sequence—structure maximum likelihood (ML) tree. The tree was reconstructed with R (R Core Team, 2018).

A subset of 41 sequence—structure pairs was manually chosen. Bootstrap values from 100 pseudo-replicates are from ML, MP, and NJ

analyses. Bootstrap values of 100 are marked with “*.” Different tree topologies are indicated with “-.” The MP tree was reconstructed using
PAUP* (Swofford, 2002). The NJ tree was reconstructed with ProfDistS (Friedrich et al., 2005; Wolf et al., 2008). Peranema trichophorum

and Petalomonas cantuscygni were used as outgroup taxa. Monophyletic clades are highlighted alternating in light and dark blue and are
additionally named alongside the tree. Clades that are not monophyletic are indicated by quotation marks. Each taxon name is accompanied by
the GenBank accession number. The scale bar indicates evolutionary distances.

of Rapaza viridis (GenBank Accession: AB679269).
Individual secondary structures of all 463 18S rDNA se-
quences were predicted using homology modeling (Selig
etal., 2008; Wolfetal., 2005). Seventy-two sequences with
structural homology of less than 70% were discarded.

Opverall sequence—structure neighbor-joining tree

In 4SALE, a sequence-structure alignment of 391
sequence-structure pairs was generated. Four sequences
could not be properly aligned but were represented by
other taxa of the same species and were therefore dis-
carded. The aligned sequences were trimmed uniformly
at the ends (Figure S3) and 39 sequences that were too
short after aligning were removed from the dataset. The
final alignment consists of 348 taxa with a length of 6151
characters (Data S2). Based on 348 sequence—structure
pairs, an overall sequence—structure NJ tree (Figure 3,
Data S3) was reconstructed. Most genera were recovered
as monophyletic. Euglena was paraphyletic with most
members grouped in one clade (Euglena 1T). Organisms
classified as E. mutabilis, E. adhaerens, and E. carterae

formed a separate clade (Euglena 1). Three members
of Euglena (E. sp, [AF096991], E. sp. [AF445460] and
E. polymorpha [AJ532436]) could not be assigned to a
clade. Most members of Trachelomonas were positioned
in three groups and the Strombomonas clade was po-
sitioned within the Trachelomonas clade. T. abrupta
formed a separate lineage. Most members of Phacus were
grouped in a single clade, with two organisms classified
as Lepocinclis positioned within the clade. Organisms
classified as P. limnophila formed a separate clade and P.
ocellatus formed a separate lineage. Two organisms clas-
sified as Euglenaria could not be assigned to a clade.

Sequence—structure profile neighbor-joining tree

Nine taxa could not be unambiguously assigned to a
subclade and were not included in the predefined pro-
files for PNJ analysis. The final alignment consists
of 339 sequence—structure pairs with a length of 6016
characters (Data S4). Profiles were defined from sub-
clades that could be inferred from the overall NJ tree
(Figure 3).
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In the iterated (five times) PNJ tree (Figure 4A and
Data S5), Rapaza viridis was positioned at the base of
the tree. The genus Eutreptiella was represented by seven
taxa and formed a sister clade to Euglenales. Euglenales
formed a well-supported (100 = bootstrap support)
monophyletic clade. The genus Euglena was recovered
to be polyphyletic. The Euglena 1 clade, including E.
mutabilis, E. adhaerens, and E. carterae, was located at
the base of Euglenales. The clade including the genera
Cryptoglena, Monomorphina, and Euglenaria was well
supported (97) and diverged after the Fuglena 1 clade.
FEuglenaria was represented by nine taxa and was posi-
tioned at the base of this clade. The genus Cryptoglena
was represented by 16 taxa and formed a sister clade with
high support (94) to the genus Monomorphina, which was
represented by 45 taxa.

Other genera of Euglenales split into two clades. One
clade with low support (52) included the Euglena Il clade
and the genera Strombomonas and Trachelomonas. The
Euglena 11 clade included 63 taxa and was positioned at
thebaseof thisclade. The Trachelomonas/Strombomonas
clade was well-supported (99). Trachelomonas was
found to be paraphyletic with three clades. The genus
Strombomonas was represented by 16 taxa and formed
a sister clade to one of the Trachelomonas clades with
no support (43). The other clade included Colacium,
Euglenaformis, and the family Phacaceae (Phacus,
Lepocinclis, and Discoplastis) and was well-supported
(92). Colacium was represented by six taxa and formed
a fully supported (100) sister clade to a single taxon rep-
resenting Euglenaformis. The Euglenaformis/Colacium
clade was sister to Phacaceae.

Discoplastis was represented by three taxa
and was positioned at the base of Phacaceae. The
PhacuslLepocinclis clade was fully supported (100).
Phacus was paraphyletic with P. limnophila forming
a separate clade. The genus Lepocinclis was repre-
sented by 33 taxa and was sister to the P. limnophila
clade with moderate support (80). The PNJ tree showed
some divergence to the overall NJ tree. In the overall
NI tree, both Euglena clades diverged at the base of
Euglenales and Euglenaformis was positioned within
the Trachelomonas/Strombomonas clade. Also, P.
limnophila was sister to the main Phacus/Lepocinclis
clade. The clade including Euglenaria, Monomorphina,
and Cryptoglena was sister to Phacaceae. The genus
Colacium was positioned at the base of the clade in-
cluding all genera of the family Phacaceae and the gen-
era Cryptoglena, Monomorphina, and Euglenaria.

The original PNJ tree (Figure 4B, Data S6)
showed a similar topology as the iterated PNJ tree.
However, in the original PNJ tree, both FEuglena
clades diverged at the base of FEuglenales. The clade
including Colacium, Euglenaformis, and the family
Phacaceae diverged after the Euglena clades. Also, the
MonomorphinalCryptoglenal Euglenaria clade was sister
to the Trachelomonas/Strombomonas clade.

Average bootstrap support

The average bootstrap value within subclades (data not
shown) in our large-scale NJ analysis is much higher
than the average bootstrap value in Kolisko et al. (2020),
the largest currently available sequence-only analysis
(based on ML) with a comparable number of taxa. This
was exemplarily tested for the main Phacus clade (aver-
age bootstrap values are 89 vs. 65, respectively), and for
the Cryptoglenal Monomorphina clade (91 vs. 63).

Sequence—structure subset trees

A subset of 41 taxa was manually chosen from the over-
all tree (Figure 3) to represent each genus proportion-
ally. Whenever possible, the type species was chosen.
The final alignment of the subset consists of 41 taxa with
3836 characters (Data S7). NJ, MP, and ML trees were
reconstructed based on the sequence—structure align-
ment of the subset and bootstrap support was estimated
based on 100 pseudo-replicates. The ML tree is shown in
Figure 5 (Data S8-S10) with bootstrap values from ML,
MP, and NJ analyses.

Most genera were found to be monophyletic, ex-
cept for Phacus and Trachelomonas. Rapaza viridis
was positioned at the base of the tree. Euglenales
form a well-supported clade (100/99/100 = bootstrap
support from ML/MP/NJ analyses) and are a sister
group to the Eutreptiella clade. The Euglenales were
split into two clades, one clade including all mem-
bers of Trachelomonas, Strombomonas, and Euglena
with low support (52/76/=). The Strombomonas clade
was positioned within the Trachelomonas clade. The
Trachelomonas/Strombomonas clade showed mod-
erate bootstrap support (77/63/89), and the sister
relationship of Strombomonas and Trachelomonas
bernardinensis was well-supported (93/94/99). The
Trachelomonas/Strombomonas clade formed a sister
clade to the Euglena clade with low support (52/76/-).
With high support (99/85/87), Euglena appeared as
monophyletic. Other members of Euglenales formed a
clade with low support (50/—/71). This clade was split
into two clades. One of those clades included mem-
bers of Colacium, Monomorphina, FEuglenaformis,
and Cryptoglena with no support (36/—/-). The sister
relationship of Euglenaformis and Colacium was well-
supported (100/97/99). Monomorphina formed a sister
clade to Cryptoglena with high support (100/100/99).

The other clade included the genus Euglenaria
and all members of Phacaceae (Phacus, P. limnoph-
ila, Discoplastis, and Lepocinclis) with Euglenaria as
a sister clade to Phacaceae. Phacaceae formed a well-
supported clade (91/79/100) with Discoplastis as the
basal lineage. The Phacus/Lepocinclis clade showed
moderate support (72/—/98). The genus Phacus was
paraphyletic with Lepocinclis positioned within the
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Phacus clade. All members of Phacus except for P. lim-
nophila formed a single clade with low bootstrap sup-
port (54/-/56). This clade was sister to the Lepocinclis
clade with no support (35/—/-) in maximum likelihood
analysis.

DISCUSSION

Several studies have used a secondary structure to
guide the alignment (Bennett & Triemer, 2012; Ciugulea
et al.,, 2008; Karnkowska et al., 2015; Karnkowska-
Ishikawa et al., 2012; Kim et al., 2010, 2015; Kim &
Shin, 2008, 2014; Linton et al., 2010; Marin et al., 2003;
Milanowski et al., 2006; Nudelman et al., 2003; Triemer
et al., 2006). In this study, we infer the alignment based
on sequence and structural information simultane-
ously. According to Keller et al. (2010), using sequence—
structure information simultaneously improves the
accuracy and robustness of reconstructed trees. This
was shown only for NJ trees based on internal tran-
scribed spacer 2 (ITS2) rRNA gene sequence—structure
data. However, Keller et al. (2010) suggested that other
ribosomal genes might benefit from the inclusion of in-
dividual secondary structures, whereby markers with a
conserved structure and a variable sequence benefit the
most. Therefore, subsequent case studies applied the ap-
proach as suggested by Keller et al. (2010) for I'TS2 and
18S sequence—structure information using NJ, MP, and
ML (Borges et al., 2021; Buchheim et al., 2017; Czech &
Wolf, 2020; Heeg & Wolf, 2015; Lim et al., 2016; Markert
et al., 2012; Plieger & Wolf, 2022).

The scoring matrices and substitution models that
have been used (cf. Seibel et al., 2006) assume that the
RNA secondary structures are conserved. Which is sup-
ported by the simulation study from Keller et al. (2010).
According to Wolf et al. (2014), on a plain RNA substi-
tution model the replacement e.g. U to C is negatively
scored, whereas a more complex RNA sequence—
structure model yields large positive and negative scores
for the 3x3 U-C mutations on the sequence—structure
level. In particular, the mutation “U)” to “C)” gets a
highly positive score. This relies on the fact that often
these mutations will maintain the underlying RNA sec-
ondary structure (because of the possible GU pairs),
while the structure-destroying mutations “U(” to “C)”
and “C(” to “U)” are scored highly negative, and there-
fore, such mutations will only very rarely be aligned.
However, it is apparent that the higher the impact of the
used scoring matrix and the used substitution model on
the tree inferences, the more important is the correct-
ness of the underlying data (e.g. doubtful secondary
structures and/or weak areas in the multiple sequence
alignment). Therefore, the increased statistical and com-
putational complexity must necessarily go hand in hand
with the quality of the underlying data. Taxa with a
doubtful secondary structure and taxa that could not be

unambiguously aligned need to be removed. Homology-
modeled structures are not perfect. In the future, such
structures could be optimized and fine-tuned with con-
stantly evolving structure prediction methods.

In this study, we applied the approach from Keller
et al. (2010) for 18S rDNA sequence—structure data using
PNIJ, NJ, MP, and ML. The PNJ tree was well-supported
with only one branch with a support <50. Some basal
branches of the ML tree differed from the PNJ tree due
to a lack of bootstrap support. In agreement with previ-
ous studies, the reconstructed sequence—structure trees
support the monophyly of FEutreptiella, Discoplastis,
Lepocinclis, Strombomonas, Cryptoglena, Monomorphina,
FEuglenaria, and Colacium. In addition, the position of the
genera Rapaza, Eutreptiella, Discoplastis, Lepocinclis,
Cryptoglena, and Monomorphina were generally consis-
tent with previous studies based on multiple markers
(Karnkowska et al., 2015; Kim et al., 2010, 2015; Linton
et al., 2010). The individual groups are discussed below.

Rapaza/Eutreptiella

Rapaza viridis was positioned at the base of
FEuglenophyceae, which is consistent with previous single-
gene studies using 18S rDNA (Cavalier-Smith, 2016;
Kolisko et al., 2020; Lukesova et al., 2020; Yamaguchi
et al,, 2012). In previous studies using 18S rDNA
(Cavalier-Smith, 2016; Kolisko et al., 2020; LukeSova
et al., 2020; Marin et al., 2003; Yamaguchi et al., 2012) or
multiple chloroplast genes (Dabbagh & Preisfeld, 2018),
FEutreptiella branched off prior to Euglenales. This study
supports this position.

Discoplastis/Lepocinclis/Phacus

In this study, Phacaceae formed a well-supported group,
which is consistent with previous studies combining mul-
tiple markers (Karnkowska et al., 2015; Kim et al., 2010,
2015). Kim et al. (2010) established the family Phacaceae
in a multigene study using a combined data set of nu-
clear and chloroplast genes. Phacaceae included the gen-
era Discoplastis, Phacus, and Lepocinclis and was sister
to the family FEuglenaceae. Subsequent studies based
on multiple genetic markers supported the monophyly
and sister relationship of both groups (Karnkowska
et al., 2015; Kim et al., 2015). In this study, Phacaceae
was positioned within Euglenaceae. This position differs
from multigene studies (Karnkowska et al., 2015; Kim
et al., 2010, 2015) and was inconsistent in the PNJ and
subset analyses. Most studies using only 18S rDNA as
a marker could not recover either families as monophy-
letic (Cavalier-Smith, 2016; Kolisko et al., 2020; Marin
et al., 2003; Wang et al., 2021). A recent single-gene study
using 18S rDNA recovered both families but with no
support (Lukesova et al., 2020).
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The genus Discoplastis was found to be monophy-
letic with high support and was positioned at the base
of Phacaceae, which is consistent with previous stud-
ies using a combined dataset (Karnkowska et al., 2015;
Kim et al., 2015; Linton et al., 2010; Lukomska-
Kowalczyk et al., 2021). In other single-gene studies
using 18S rDNA, the position of Discoplastis is often
discrepant (Cavalier-Smith, 2016; Kolisko et al., 2020;
Marin et al., 2003; Milanowski et al., 2006; Wang
et al., 2021). The sister relationship of Phacus and
Lepocinclis was well-supported in previous studies
using two or more markers (Bennett & Triemer, 2012;
Kim et al., 2010, 2015; Linton et al., 2010; Lukomska-
Kowalczyk et al., 2021; Triemer et al., 2006). Marin
et al. (2003) emended the genus Phacus, making it
monophyletic. The monophyly was supported by sub-
sequent molecular studies (Kim et al., 2010; Kim &
Shin, 2008; Linton et al., 2010; Milanowski et al., 2006;
Triemer et al., 2006). Linton et al. (2010) added Euglena
limnophila [Phacus limnophila]l and Lepocinclis salina
[Phacus salina] to the genus Phacus. In a study using
five different genes, P. limnophila and P. warszewic-
zii were positioned basal to Phacus sensu Marin et
Melkonian and Lepocinclis (Karnkowska et al., 2015).
Kim and Shin (2014) reconstructed the phylogeny of
Phacus using combined nuclear and plastid genes and
showed that P. limnophila formed a clade separate
from the main Phacus clade. Kim et al. (2015) used the
same genetic markers but increased the taxon sampling
and confirmed the monophyly of the genus Phacus.
The monophyly was supported in Bayesian analy-
sis but had low bootstrap support in ML analysis. In
this study, Phacus was paraphyletic and P. limnophila
formed a separate clade. In most single-gene studies
using 18S rDNA, P. limnophila was also not included in
the main Phacus clade (Cavalier-Smith, 2016; Kolisko
et al., 2020; Marin et al., 2003; Milanowski et al., 2006;
Wang et al., 2021). In the PNJ analysis, P. limnophila
was sister to Lepocinclis. The ML tree and the over-
all NJ tree showed a similar topology as Karnkowska
et al. (2015) and Kim and Shin (2014) with P. limnophila
forming a separate lineage. The ML tree was recon-
structed on a small dataset, whereas the overall NJ tree
and the PNJ tree were reconstructed on a large dataset.
This suggests that an increased taxon sampling alone
is not enough to resolve the taxonomy of Phacus, and
more molecular markers might be necessary.

Euglena

Recent studies found that Euglena is not monophyletic.
E. archaeoplastidiata was not included in the main Euglena
clade (Dabbagh & Preisfeld, 2018; Karnkowska et al., 2015;
Kim et al., 2015; Kolisko et al., 2020) and several strains
of E. velata were sister to Colacium (Kim et al., 2015).
Due to a lack of appropriate molecular data in NCBI, E.

archaeoplastidiata and E. velata were not included in this
study and Euglena formed a well-supported monophyletic
clade in the subset analysis. This is consistent with single-
gene studies using 18S rDNA (Cavalier-Smith, 2016), chlo-
roplast large subunit (cpLSU) (Kim & Shin, 2008), and
multigene studies using a combined dataset (Bennett &
Triemer, 2012; Linton et al., 2010; Triemer et al., 20006).

In the PNJ analysis and the overall NJ tree, Euglena
was found to be polyphyletic. E. mutabilis, E. adhaerens,
and E. carterae formed a separate clade that was posi-
tioned at the base of Euglenales. This position is in accor-
dance with Marin et al. (2003), where E. mutabilis and E.
carterae diverged at the base of Euglenales and E. adhaer-
ens was not included in this study. According to Marin
et al. (2003), long-branch attraction (LBA) may have
caused this divergence. In a subsequent study, Marin
et al. (2003) changed the taxon sampling as well as the
outgroup and used a more complex model of evolution
(GTR +1+G) for ML analysis. There, E. mutabilis and E.
carterae were included in the main Euglena clade. In our
study, in the subset analysis Euglena was monophyletic
with E. mutabilis and E. adhaerens positioned at the base
of the Euglena clade. LBA could be the cause for the di-
vergence in the PNJ tree and overall NJ tree. In most stud-
ies that combine two or more genetic markers, Euglena
diverges after Euglenaformis at the base of Euglenales
(Bennett & Triemer, 2012; Dabbagh & Preisfeld, 2018;
Karnkowska et al., 2015; Linton et al., 2010; Milanowski
et al., 2006). In this study, Euglena was sister to the
Trachelomonas/Strombomonas clade, which differs from
previous studies using multiple markers. However, the
position of Euglena is not well-supported in this study.
Other single-gene studies using 18S rDNA were discrep-
antin the position of the Fuglena clade and bootstrap sup-
port was low (Cavalier-Smith, 2016; Kolisko et al., 2020;
LukesSova et al., 2020; Marin et al., 2003; Milanowski
et al., 2006; Wang et al., 2021).

Trachelomonas/Strombomonas

Trachelomonas and Strombomonas were found to be
monophyletic sister groups in studies using multiple nu-
clear genes (Ciugulea et al., 2008; Triemer et al., 2006) or
combined nuclear and chloroplast genes (Karnkowska
et al., 2015; Kim et al., 2010, 2015; Linton et al., 2010).
In this study, Strombomonas was found to be mono-
phyletic and positioned within Trachelomonas, mak-
ing Trachelomonas paraphyletic. This position differs
from studies using multiple genetic markers but was
supported only in the subset analysis. Early single-
gene studies using 18S rDNA could not confirm the
monophyly of Trachelomonas (Brosnan et al., 2003;
Miillner et al., 2001; Nudelman et al., 2003). Marin
et al. (2003) included Strombomonas within the genus
Trachelomonas. More recent studies using 18S rDNA
found Trachelomonas to be monophyletic but with low
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support (LukesSova et al., 2020) or para- or polyphyletic
in Kolisko et al. (2020) and Wang et al. (2021). This sug-
gests that additional genetic markers may be necessary
to confirm the monophyly of Trachelomonas.

Cryptoglena/Monomorphina/Euglenaria

Cryptoglena and Monomorphina were well-supported
monophyletic sister groups in studies using different nu-
clear and/or plastid markers (Dabbagh & Preisfeld, 2018;
Karnkowska et al., 2015; Kim et al., 2010, 2015; Linton
et al., 2010; Triemer et al., 2006). The sister relation-
ship was also recovered in single-gene studies using
18S rDNA (Karnkowska-Ishikawa et al., 2012; Kolisko
etal., 2020; Lukesovaetal.,2020; Marinetal., 2003; Wang
et al., 2021) and cpLSU (Kim & Shin, 2008). However,
bootstrap support was low (Karnkowska-Ishikawa
et al., 2012; Kim & Shin, 2008; Kolisko et al., 2020;
LukesSova et al., 2020; Marin et al., 2003). This study
supports the monophyly and the sister relationship of
Cryptoglena and Monomorphina with high support. In
most studies using two or more markers, Euglenaria was
sister to Monomorphina and Cryptoglena (Dabbagh &
Preisfeld, 2018; Karnkowska et al., 2015; Kim et al., 2010;
Linton et al., 2010). This sister relationship was recov-
ered in PNJ analysis with high bootstrap support. In the
ML tree, the position differs but was not supported. In
other single-gene studies using 18S rDNA, the position
of Euglenaria is often discrepant (Cavalier-Smith, 2016;
Linton et al., 2000; Marin et al., 2003; Milanowski
et al., 2006; Miillner et al., 2001; Wang et al., 2021).

Euglenaformis/Colacium

Previous studies using combined nuclear and/or
chloroplast genes have placed FEuglenaformis at the
base of Euglenaceae (Bennett et al., 2014; Bennett &
Triemer, 2012; Dabbagh & Preisfeld, 2018; Karnkowska
et al., 2015; Kim et al., 2010, 2015; Linton et al., 2010;
Milanowski et al., 2006). In other single-gene studies
using 18S rDNA (Cavalier-Smith, 2016; Karnkowska-
Ishikawa et al., 2012; Kolisko et al., 2020; LukeSova
et al., 2020; Milanowski et al., 2006) or cpLSU (Kim
& Shin, 2008), the position of FEuglenaformis varied
and bootstrap support was generally low. In this study,
FEuglenaformis and Colacium were sisters which differs
from previous studies using multiple markers but was
consistent in PNJ and subset analyses. Colacium formed
a monophyletic sister clade to Trachelomonas and
Strombomonas in previous studies using different nuclear
markers (Ciugulea et al., 2008; Triemer et al., 2006) or
combined nuclear and chloroplast genes (Karnkowska
et al., 2015; Kim et al., 2010, 2015; Linton et al., 2010).
This sister relationship was well-supported in Bayesian
analyses but had low bootstrap support in ML analyses

(Ciugulea et al., 2008; Karnkowska et al., 2015; Kim
et al., 2010, 2015; Linton et al., 2010). The position of
Colacium is often discrepant in single-gene studies using
18S rDNA (Karnkowska-Ishikawa et al., 2012; Kolisko
et al., 2020; Marin et al., 2003; Milanowski et al., 2006;
Nudelman et al., 2003; Wang et al., 2021) or cpLSU
(Kim & Shin, 2008) as well as in some multigene studies
using different nuclear and/or plastid markers (Brosnan
et al., 2003; Dabbagh & Preisfeld, 2018; Milanowski
et al., 2006). Whereas in most previous studies, the
position of Colacium and Euglenaformis was not well-
supported in bootstrap analysis; in this study, the sister
relationship had high support. This suggests that more
detailed molecular studies are necessary to unambigu-
ously resolve the position of Colacium and Euglenaformis.

CONCLUSION

In this study, we used sequence—structure information
simultaneously which was shown to improve robustness
and accuracy by Keller et al. (2010). As Keller et al. (2010)
suggested, this approach can be applied in NJ, MP, and
ML analyses. Sequence-structure profile neighbor-
joining yielded a well-supported tree. The ML tree
showed a similar topology to the PNJ tree but differed
in basal branches due to a lack of bootstrap support.
Where bootstrap support was high, the reconstructed
phylogenetic trees were generally consistent with stud-
ies using a combined set of genetic markers. Topologies
that differed from previous multigene studies were gen-
erally not well-supported or inconsistent in our analysis
and also often discrepant in sequence-only studies using
18S rDNA. The position of Colacium and Euglenaformis
differed from most studies, but their sister relationship
showed high support and was consistent in PNJ and sub-
set analyses. Our study supports the simultaneous use of
sequence and structural data to reconstruct more accu-
rate and robust trees in comparison with sequence-only
analyses and to come as close as possible to multigene
marker phylogenies. The average bootstrap value ob-
tained from sequence—structure analyses is significantly
higher than the average bootstrap value obtained from
sequence-only analyses, which is promising for resolving
relationships between more closely related taxa.
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