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To establish taxonomy and understand phylogenetic relationships among strains and
species of the photosynthetic euglenoids, we performed phylogenetic analyses based
on a four gene sequence dataset (nr SSU and LSU rDNA, and pt SSU and LSU
rDNA) from 343 taxa (including three outgroup). The phylogenetic tree based on the
combined dataset was split into two major clades: Euglenaceae and Phacaceae.
The family Euglenaceae was a well-supported monophyletic group containing eight
genera (Colacium, Cryptoglena, Euglena, Euglenaformis, Euglenaria, Monomorphina,
Strombomonas, and Trachelomonas), each representing a monophyletic lineage, except
for the genus Euglena. The genus Euglena was divided into three subclades (A1, A2,
and A3) and was paraphyletic due to Euglena archeoplastidiata being grouped with
the genus Euglenaria and E. cf. velata with the genus Colacium. The family Phacaceae
was supported as a monophyletic group and contained three genera (Discoplastis,
Lepocinclis, and Phacus). The genus Phacus contained traditionally defined members
as well as the non-traditional P warszewiczii and P, limnophila, which support the generic
concept of Linton et al. (2010).

Keywords: Euglenaceae, molecular systematics, multigene phylogeny, Phacaceae, photosynthetic euglenoid,
taxonomy

Introduction

Euglenoids are an ancient and diverse lineage of asexual unicellular eukaryotic flagellates
predominantly found in freshwater, but also found in marine, soil and tapole rectum
(Brumpt and Lavier, 1924). Euglenoid are differentiated from closely related protists by having
pellicular strips, i.e., proteinaceous strips that underlie the plasma membrane. Since the first
taxonomical description of green euglenoids by Ehrenberg (1830a,b, 1835), their classification
and phylogenetic relationships have continuously changed. Traditional taxonomic studies were
based on morphological features such as cell shape, chloroplast type and number, flagellar length,
paramylon shape and distribution, cell surface ornamentation, and degrees of metaboly. A result
of these limited diagnostic features and profound morphological plasticity lead to mistakes in
proper identification, e.g., E. stellata and E. viridis with a single stellate chloroplast, or lorica
morphology in Trachelomonas and Strombomonas being influenced by environmental conditions
(Pringsheim, 1956; Singh, 1956). Therefore, morphological classification system and phylogenetic
relationship at genus and species levels have needed clarification based on molecular data.
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The use of molecular data has increased our understanding
of phylogenetic relationships among the euglenoids starting
with Montegut-Felkner and Triemer (1997). Since then more
sequence data has accumulated from more taxa found worldwide.
Initial molecular studies depended mainly on one to two nuclear
gene dataset, e.g., nrSSU data (Linton et al., 1999, 2000; Preisfeld
etal., 2000; Miillner et al., 2001; Marin et al., 2003), a combination
of nrSSU and nrLSU rDNA (Brosnan et al., 2003; Shin and
Triemer, 2004; Triemer et al., 2006) or paraxonemal rod protein,
PARI1 and PAR2 genes (Talke and Preisfeld, 2002). The plastid
genes were also employed to resolve phylogenetic relationships
among photosynthetic euglenoid genera: rbcL (Thompson et al.,
1995), ptSSU (Milanowski et al., 2001, 2006), rpoA (Sheveleva
et al., 2002), and partial ptLSU (Kim and Shin, 2008). However,
the results of these studies were, at times, inconclusive with many
taxa shifting positions in the trees depending on the number of
taxa included and/or genes used.

Recent molecular studies have conducted phylogenetic
analyses of photosynthetic euglenoids based on combined
multigene data of nuclear and plastid sequences (Kim et al.,
2010; Linton et al., 2010; Karnkowska et al., 2015). These
molecular studies have contributed to a more stable and
natural classification system for photosynthetic euglenoids with
well-defined monophyletic groups, and the discovery of new
lineages and cryptic diversity (Kosmala et al., 2009; Kim et al,,
2013a,b; Kim and Shin, 2014). The current taxonomic system
divides the photosynthetic euglenacean taxa into two families:
Euglenaceae and Phacaceae (Kim et al, 2010). Euglenaceae
consist of eight genera; Colacium (Ehrenberg, 1838), Cryptoglena
(Ehrenberg, 1831), Euglena (Ehrenberg, 1830a,b, 1838),
Euglenaformis (Bennett et al., 2014), Euglenaria (Linton et al,,
2010), Monomorphina (Mereschkowsky, 1877), Strombomonas
(Deflandre, 1930) and Trachelomonas (Ehrenberg, 1838), while
Phacaceae consist of three genera; Phacus (Dujardin, 1841),
Lepocinclis (Perty, 1852), and Discoplastis (Triemer et al., 2006).

However, these molecular approaches still have not fully
resolved the phylogenetic relationships among photosynthetic
genera. In order to resolve the relationships among these
taxa, it will be necessary to perform increased taxon sampling
and multigene analyses, as well as detailed morphological
investigations. Therefore, we performed phylogenetic analyses
using the combined data of four rDNA sequences from nuclear
SSU and LSU rRNA, and plastid SSU and LSU rRNA. Aims of
this study were to: (1) increase taxon (343) sampling to include
multiple strains of each species, (2) evaluate the phylogenetic
relationships among species of photosynthetic euglenoids.

Materials and Methods

Strains and Cultures

The strain information and accession numbers are listed in Table
S1. Strains were either obtained from culture collections or were
collected with a 20 wm mesh plankton net (Bokyeong Co., Pusan,
Korea) from small ponds in China, Japan, USA, Philippines,
Thailand, and Korea. Live cells were isolated by Pasteur capillary
pipette and were brought into uni-algal culture. All culture
collection strains were from independently isolated sources. All

of the strains were grown in modified AF-6 medium (Watanabe
et al., 2000) and were maintained at 20-22°C under conditions
of a 14:10 light:dark cycle with 30 umol photons-m™2.s™! from
cool white fluorescent tubes.

Strain Identification

Culture strains were observed and identified using an Axio
Imager A2 microscope (Carl Zeiss Inc., Hallbergmoos, Germany)
equipped with differential interference contrast (DIC) optics.
Images were captured with an AxioCam HRc (Carl Zeiss Inc.,
Hallbergmoos, Germany) photomicrographic system attached to
the microscope. The morphological features such as cell size and
shape, shape and number of paramylon grains, and periplast
ornamentation were observed.

DNA Extraction, Amplification, Sequencing, and
Alignment

All cultured cells were harvested and DNA extracted as
previously described (Kim and Shin, 2008, 2014; Kim et al., 2010).
The four genes were sequenced from plasmid-like chromosomes
of nuclear SSU and LSU (Greenwood et al., 2001) and plastid-
encoded SSU and LSU rDNA (Milanowski et al., 2001; Kim
and Shin, 2008). The partial nuclear LSU rDNA gene was
amplified from domain E23 to G17’ (approximately 1040 bp),
using the paired primers described in a previous study (Kim
et al., 2013a). A total of 399 new sequences were generated,
including 75 sequences of nuclear SSU, 148 sequences of nuclear
LSU, 84 sequences of pt SSU, and 92 sequences of pt LSU
rDNA. These sequences were aligned by eye using the Genetic
Data Environment (GDE 2.5) program (Smith et al., 1994),
using the secondary structure of the nuclear SSU and LSU
rRNA molecules of Euglena gracilis Klebs (Wuyts et al., 2001;
Schnare and Gray, 2011) as a guide. The conserved regions of
the four genes were readily aligned across taxa and were used for
phylogenetic analyses. Nucleotides that could not be aligned were
excluded from the phylogenetic analyses, as well as from pairwise
comparisons.

Phylogenetic Analysis
A combined dataset of 343 taxa consisting of previously
published sequences combined with new sequences representing
330 nuclear SSU, 295 nuclear LSU, 319 pt SSU and 314 pt LSU
rDNA sequences (Table S1) was generated for the phylogenetic
analyses. The dataset consisted of 5273 characters (nuclear
SSU = 1626, nuclear LSU = 764, pt SSU = 1304, and pt
LSU = 1579), representing 96, 86, 93, and 92% of the total
length of each gene, respectively. The partition homogeneity
test was performed to determine the suitability of the combined
data set for a phylogenetic reconstruction (Cunningham, 1997).
The sequences of one Eutreptia and two Eutreptiella species
were used as outgroup taxa to root the tree as these taxa
have proved to be a basal sister clade to Euglenales in
previous molecular studies (Marin et al., 2003; Triemer et al.,
2006; Kim and Shin, 2008; Kim et al,, 2010; Linton et al,
2010).

Maximum likelihood (ML) analyses were performed using
RAxML version 8.0.0 (Stamatakis, 2014), with a single general
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time-reversible plus gamma (GTR+GAMMA) model obtained
automatically by the program [rate matrix (1.041454, 3.684296,
1.426800, 0.567944, 5.273421, 1.0) state frequency (0.267713,
0.214431, 0.281716, 0.236140) gamma (0.417237)]. We used 1000
independent tree inferences, using the -# option of the program
to identify the best tree. Bootstrap values (MLBS) were calculated
using 1000 replicates with the same substitution model.

Before the Bayesian analyses, we performed a likelihood
ratio test using Modeltest, version 3.7 (Posada and Crandall,
1998) to determine the best model for the combined data
set. Bayesian analyses were run using MrBayes 3.2.5 (Ronquist
et al, 2012) with a random starting tree, two simultaneous
runs (nruns = 2) and four Metropolis-coupled Markov chain
Monte Carlo (MC?) for 1 x 107 generations, keeping one tree
every 1000 generations. The molecular data was analyzed with
a single GTR +TI'+I model and the following parameters were
specified: Prset revmatpr = dirichlet (1.2381, 4.1102, 1.1994,
0.8083, 5.5447, 1.0), statefreqpr dirichlet (0.2851, 0.1839,
0.2437,0.2872), shapepr = exponential (0.7535), pinvarpr = fixed
(0.3493). Burn-in point was identified graphically by tracking
the likelihoods (Tracer v.1.6; http://tree.bio.ed.ac.uk/software/
tracer/). The first 2500 trees were discarded, and the remaining
7501 trees were used to calculate the posterior probabilities

(PP) of each clade. Additionally, the sump command in
MrBayes was used to confirm convergence. This analysis was
repeated twice independently, with both analyses resulting in
the same tree. Trees were visualized using the FigTree v.1.4.2
program, available at http://tree.bio.ed.ac.uk/software/figtree/.
The terminology, used as “strong” before probabilities, was
applied to >0.95 pp and/or >90% bootstrap support.

Results

Phylogenetic Analyses

The partition homogeneity test showed that all four datasets
could be combined (p 0.01) (Cunningham, 1997). The
Bayesian and RAXML trees of 343 taxa had almost identical
topology (Figures 1-3), except for one position in Euglena clades
(Figure 2, see a node marked as “star”). The phylogenetic tree
consisted of three outgroup taxa (Eutreptia viridis, Eutreptiella
sp. and Eutreptiella gymnastica) from Eutreptiales, and 11
ingroup genera from Euglenales, including the recently erected
genus Euglenaformis (Bennett et al., 2014). Moreover, the tree
supported the Euglenales being separated into two main lineages
(Figure 1): the family Euglenaceae and the recently established
family Phacaceae (pp = 1.00, bs = 100).

,»
& S D
o [=
(D)
®

A I Euglena

B [ Euglenaria

C [ Cryptoglena

D Il Monomorphina
E I Strombomonas
F Il Trachelomonas
G Il Colacium

H [ Euglenaformis

| Il Phacus

J Lepocinclis

K Discoplastis

FIGURE 1 | A rooted Bayesian tree for the Euglenales based on a
four-gene dataset. The order is divided into two major families,
represented by many lineages within the family Euglenaceae and
Phacaceae, each of which is further split into subclades (A-K). Names of
pictured taxa are the following: (A), Euglena laciniata with diplopyrenoid in
net-like chloroplast; (B), Euglena stellata with pyrenoid center in stellate
chloroplast; (C), Euglena deses with naked pyrenoid in chloroplast; (D)
Euglenaria caudata with diplopyrenoid in lobed, larger discoid chloroplast;
(E) Cryptoglena pigra with U-shaped chloroplast; (F) Monomorphina
pyrum with larger discoid chloroplast; (G) Trachelomonas sp. with

®

diplopyrenoid in larger discoid chloroplast; (H) Trachelomonas sp. with
haplopyrenoid in larger discoid chloroplast; (I) Colacium sp.
Songjanggol033107B with haplopyrenoid in larger discoid chloroplast; (J)
Euglena cf. velata with diplopyrenoid in deeply lobed chloroplast; (K)
Phacus orbicularis with small discoid chloroplasts; (L) Lepocinclis ovum
with small discoid chloroplast; (M) Discoplastis spathirhyncha with small
discoid chloroplast. The numbers on each node represents posterior
probabilities (left) and bootstrapping values (right). The bold branches
indicate strongly supported values (pp = 1.00 and ML = 100%). Scale
bars in pictures, 20 um.
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FIGURE 2 | A detailed Bayesian tree for the family Euglenaceae of
Figure 1. Clade A is further divided into three lineages (A1-A3). The numbers
on each node represents posterior probabilities (left) and bootstrapping
values (right). The bold branches indicate strongly supported values (pp =

Euglenaceae

The family Euglenaceae was monophyletic with strong support
values (pp = 0.98, bs = 91) and consisted of eight genera:
Colacium, Cryptoglena, Euglena, Euglenaformis, Euglenaria,
Monomorphina, Strombomonas, and Trachelomonas. All genera
were highly supported as monophyletic in Bayesian and ML
analyses except for the genera Euglena and Euglenaria.

Euglena, Euglenaria, and Euglenaformis

The genus Euglena formed three separate subclades A1-A3
(Figures 1, 2). The subclade Al was a strongly-supported
monophyletic group (pp = 1.00, bs = 100) and consisted of 23
species and 48 strains located at the top of the tree. Strains within
the A1 clade had reticulate, or stellate or disc-shaped or lobed
chloroplasts with naked or diplopyrenoids. The exception to this
is E. longa, which has lost the ability to photosynthesize and
lacks green plastids. The A2 subclade consisted of two strains
of Euglena archaeoplastidiata that were sister to Euglenaria
species (pp = 0.82, bs = 46). The E. archaeoplastidiata cell
was cylindrical with rounded anterior and somewhat pointed
posterior. The chloroplast was netlike in shape with small,
window-like openings in it and commonly had diplopyrenoids.
The A3 subclade consisted of six strains of Euglena cf. velata
complex sister to the genus Colacium (pp = 1.00, bs = 64). The
cells of E. cf. velata were spindle-shaped cells with parietal, deeply
lobed chloroplasts with diplopyrenoid.

The genus Euglenaria consisted of nine strains and four
species; Er. anabaena, Er. caudata, Er. clavata, and Euglenaria
sp. They formed an unsupported (pp = 0.53, bs = 60)
monophyletic clade (B, Figure 1) composed of two strongly-
supported subclades (pp = 1.00, bs = 93 and 99, respectively).
Euglenaria cells have large, lobed disc-shaped chloroplasts with
diplopyrenoids.

The single species genus Euglenaformis proxima (formerly
Euglena proxima) was located as an early-branching member
of the family Euglenaceae (Figure 1, clade H). Efs. proxima has
numerous small discoid chloroplasts without pyrenoids.

Cryptoglena/Monomorphina

The genera Cryptoglena and Monomorphina (Figures1, 2)
formed two strongly-supported (pp = 1.00, bs = 100)
monophyletic clades (C and D, respectively) that were sister to
each other (pp = 1.00, bs = 100). Cryptoglena consisted of 23
strains forming five species and Cryptoglena sp. Seungun0814091,
while Monomorphina consisted 46 strains forming eight species,
with M. aenigmatica as the earliest-branching Monomorphina
lineage. These genera shared common features such as rigid
cells and one large parietal chloroplast surrounded by at least
two paramylon plates. However, cells of the genera are easily
distinguished from each other. Cells of Cryptoglena are coffee
bean-shaped with a single longitudinal sulcus and about half the
size of Monomorphina. Cells of Monomorphina are pyriform in
lateral view with conspicuous hyaline keels extending to form a
pronounced tail.

Strombomonas/Trachelomonas
The genera Strombomonas and Trachelomonas (Figures 1, 2)
formed two strongly-supported (pp = 1.00, bs = 100)
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FIGURE 3 | A detailed Bayesian tree for the family Phacaceae of Figure 1. The numbers on each node represents posterior probabilities (left) and
bootstrapping values (right). The bold branches indicate strongly supported values (pp = 1.00 and ML = 100%).
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monophyletic clades (E and E respectively) that were sister to
each other (pp = 1.00, bs = 82). Strombomonas consisted of 15
strains forming 10 species, while Trachelomonas consisted of 63
strains forming 23 species. The Trachelomonas clade (F) divided
into four major sister subclades, F1, F2, F3, and F4. These genera
are an assemblage of photosynthetic euglenoids enclosed in a
mineralized envelope called a lorica. The genus Strombomonas
contained species with parietal plate-like chloroplasts with
haplopyrenoids, and a sac- to vase- shaped lorica that lacks
a distinctive collar and commonly aggregated particles on the
loricas’ surface. The species of the genus Trachelomonas have
discs shaped chloroplasts with haplopyrenoids or diplopyrenoids,
and are enclosed in a spherical or ovoid mineralized envelope
with a sharply defined neck or collar surrounding an apical pore.

Colacium

The genus Colacium (Figures 1, 2) formed a strongly-supported
(pp = 1.00, bs = 100) monophyletic clade G, sister to six strains
of the Euglena cf. velata complex (pp = 1.00, bs = 64). These
two clades A3 and G formed a sister relationships with the
loricate genera (pp = 0.94, bs = 23). Colacium consisted of
10 strains forming five species segregated into two subclades.
Cells of Colacium are obovoid in shape, rounded at the anterior
and posterior ends with parietal, discoid chloroplasts with inner-
projecting haplopyrenoids. The cells attach to the substratum by
a short, unbranched mucilaginous stalk.

Phacaceae

The recently erected family Phacaceae formed a well-supported
monophyletic lineage (pp = 1.00, bs = 86) of three genera
Phacus, Lepocinclis, and Discoplastis. The major morphological
feature for Phacaceae is that all species share the common
characteristic of numerous small discoid parietal chloroplasts
without pyrenoids.

Phacus

The genus Phacus was a monophyletic clade (Figuresl, 3,
subclade I, pp = 1.00, bs = 59) sister to the genus Lepocinclis
and divided into six major subclades. Subclade I1 (pp = 1.00,
bs = 100) consisted of 14 species, all of which were small in
size. Subclade 12 (pp = 1.00, bs = 100) consisted of the P.
ankylonoton and P. applanatus group sister to the P. segretii
and P. hamelii group, all of which are flattened ovoid cells.
Subclade I3 (pp = 1.00, bs = 63) consisted of eight species
in three sister clades. The four larger species (>100 wm long),
P. helikoides, P. longicauda, P. gigas, and P. ranula grouped
together and showed a sister relationships to the P. orbicularis
lineage (pp = 1.00, bs = 87). Subclade 14 (pp = 1.00, bs = 99)
consisted of P. caudatus, P. swirenkoii, P. triqueter, P. carinatus,
P. raciborskii, P. trimarginatus, and P. mariae, all of which
have a broad, asymmetric, twisted cell body. Subclade I5 (pp =
1.00, bs = 59) consisted of P. pleuronectes, P. acuminatus,
P. textus, and Phacus sp. Daepyeongl01908E, all of which
characterized by flat, oval, or ovoid cell bodies tapering at the
posterior to form a short tail. Phacus warszewiczii branched
independently from other species and is characterized by a
longitudinally twisted cell body having three curved ridges.

Subclade 16 (pp = 1.00, bs = 100) consisted of six strains of
P. limnophila that are characterizing by elongated spindle shape
and two long, straight, rod-shaped paramylon grains. Overall,
the species in Phacus are flat broad cells except for the recently
joined P. limnophila, which is a semi-flat, elongated cylindrical
cell.

Lepocinclis

The genus Lepocinclis was a strongly-supported monophyletic
lineage (Figures1, 3, subclade J, pp = 1.00, bs = 100)
consisted of 27 strains forming 10 species, sister with the
genus Phacus. Members of Lepocinclis included a broad array
of morphological types ranging from rigid ovoid (L. ovum) to
elongated cylindrical forms (L. steinii, L. acus, L. spirogyroides,
L. fusca, and L. tripteris), some of which are capable of slightly
bending and twisting movements. The ovoid-shaped cells formed
a monophyletic and located at the top of the Lepocinclis group.
However, cells of the elongated cylindrical forms were not
grouped together. The chloroplasts were numerous, small discoid
shape without pyrenoid. The paramylon was one to two of
rod-, elongated link-, elongated ellipse- or large ring-shaped
in cell.

Discoplastis

The genus Discoplastis was an early divergence of the
Phacaceae lineage and formed monophyletic subclade K
(Figure 3, pp = 1.00, bs = 100) containing four strains and
three species (D. adunca, D. spathirhyncha, and Discoplastis
sp. Banmun010910B). The cells of Discoplastis were spindle
shaped, obliquely truncated anterior end, attenuated to a
long posterior end, a pointed tailpiece, and slow metabolic
movements. The chloroplast was small discoid-shaped without
pyrenoid and numerous in the cytoplasm. Paramylon grains
were small, more or less abundant, and short rods or ellipse
shape.

Discussion

The phylogenetic trees based on combined four-gene sequence
dataset (nuclear and plastid encoded SSU and LSU rDNA) were
consistent with previous results obtained on combined rDNA
genes (Marin et al., 2003; Triemer et al., 2006) and combined
rDNAs and protein coding genes (Karnkowska et al., 2015).
Our molecular phylogenetic study supported the monophyly
of the families Euglenaceae and Phacaceae, and of each genus
with the exception of the genus Euglena being polyphyletic.
Moreover, there were inconsistencies between ML bootstrap
values and Bayesian posterior probabilities at various nodes
throughout the tree, including some of the deep nodes. High
posterior probabilities for nodes with low bootstrap support may
be observed due to hard or near-hard polytomies or very short
edge lengths (Lewis et al., 2005). The hard (near-hard) polytomies
observed here would affect the deeper nodes, while the many taxa
with multiple strains of the same species, having nearly identical
sequences, would cause very short edge lengths (Lewis et al.,
2005).

Frontiers in Ecology and Evolution | www.frontiersin.org

August 2015 | Volume 3 | Article 98


http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive

Kim et al.

Molecular phylogeny of photosynthetic euglenoids

Euglenaceae

Traditional Euglenian Genera:
Euglena/Euglenaria/Euglenaformis

The taxonomic concept of the genus Euglena has dramatically
changed since the introduction of molecular phylogeny. For
decades, Euglena species were classified mainly by internal and
external morphologies of the cell, such as chloroplast (shape and
number), cell shape, paramylon shape, and absence or presence of
pyrenoids (Chu, 1946; Gojdics, 1953; Pringsheim, 1956; Zakrys,
1986). However, the morphological characteristics are not easy
to apply to delimit closely related species due to phenotypic
plasticity. Furthermore, molecular studies clearly indicated that
the genus Euglena was not monophyletic, and grouping of taxa
often did not agree with classical taxonomic schemes (Marin
et al., 2003; Triemer et al., 2006; Linton et al., 2010). Based on
nuclear SSU rRNA gene sequences, some species of Euglena with
numerous discoid chloroplasts lacking pyrenoids were moved
to the genus Lepocinclis (Marin et al., 2003). Triemer et al.
(2006) later erected the new genus Discoplastis from the two
species of Euglena spathirhyncha and E. adunca. Linton et al.
(2010) also established a new genus Euglenaria to accommodate
taxa having specific molecular signatures in nuclear SSU
rRNA sequences and lobate chloroplasts with diplopyrenoids
among the genus Euglena. More recently, Bennett et al. (2014)
established the new genus Euglenaformis with monotypic species
E. proxima, bearing discoid chloroplast without pyrenoid and
a characteristic construction of the chloroplast genome. Our
analysis agrees with both taxonomic treatments of Marin et al.
(2003) and erection of new genera (Triemer et al., 2006;
Linton et al, 2010; Bennett et al., 2014) as monophyletic
lineages.

In spite of the many taxonomic studies and reclassifications,
the genus Euglena remains paraphyletic with one main and
two separate single species lineages (Figures1, 2). Euglena
archaeoplastidiata diverged from members of the genus Euglena,
and was positioned in clade B, forming a sister relationships
with the genus Euglenaria. The phylogenetic position of E.
archaeoplastidiata has been discussed in previous studies. This
species was branched off at the base of the genus Euglena
(Kim and Shin, 2008; Kim et al,, 2010) or grouped together
with three genera Monomorphina/Cryptoglena/Euglenaria
(Karnkowska et al., 2015). In morphology, E. archaeoplastidiata
had a single, urn-shaped chloroplast with small window-
like openings and two diplopyrenoids in both lateral
sides of cell, small paramylon grains, and was highly
metabolic. Thus, its position and relationships remain
unresolved.

The third lineage of the genus Euglena was a complex
(E. velata, E. cf. velata, and E. sp. S-dongbakl01806AA and
Psurononumal00609C) showing a sister relationships with the
genus Colacium (Figures 1, 2, A3). Only one previous study
has reported their phylogenetic relationship and it branched off
at the base of the genus Euglena as a sister clade to Euglena
proxima (Karnkowska-Ishikawa et al., 2012) now Euglenaformis
proxima (Bennett et al., 2014). However, both species were
clearly different to each other in terms of cell and chloroplast
morphologies. Euglena velata and cf. velata are characterized by

elongate fusiform (or cylindrical) cell with posterior tip bent to
one side and strongly lobed chloroplast with diplopyrenoid, while
Euglenaformis proxima is characterized by elongate fusiform with
a pointed posterior end and small ovoid chloroplast lacking of
pyrenoid. Thus, this study does not support a sister relationship
between these taxa, and instead supports a sister relationship
between Colacium and the E. velata complex.

Although many molecular phylogenetic studies have tried
to resolve the phylogenetic affiliation of the genus Euglena
as a natural lineage, it seems that more taxa and more data
are needed to fully resolve the true monophyletic lineage
of the genus. Conversely, species in this genus seem to
be well defined and are supported by molecular data—
strains of the same species from a variety of locations
clade together, with some showing high similarity, e.g., E.
pseudostellata, while others show more diversity, e.g., E.
geniculata.

Non-metabolic Genera: Cryptoglena/Monomorphina
The genera Cryptoglena and Monomorphina were well supported
as monophyletic sister lineage in this and previous molecular
phylogenetic studies (Marin et al., 2003; Triemer et al., 2006;
Kim and Shin, 2008; Kim et al., 2010, 2013a,b; Linton et al.,,
2010; Karnkowska et al., 2015). The species of Cryptoglena have
a longitudinal sulcus, one parietal large U-shaped chloroplast,
two large trough-shaped paramylon plates positioned between
the chloroplast and pellicle, and lack metaboly (Rosowski and
Lee, 1978; Kim and Shin, 2007). Most past molecular studies
were focused on just two species (C. pigra and C. skujae) due
to limited available taxa. But a recent molecular phylogeny
presented five distinct evolutionary lineages, with three newly
described species, indicating more genetic diversity within this
genus than previously thought (Kim et al., 2013b). In this
study, we have added the taxon Cryptoglena sp. Seungun0814091
as the earliest (basal) divergence of the Cr. skujae clade,
albeit with no support. Phylogenetic relationships among the
species of the genus Cryptoglena were resolved and supported,
except for the Cr. similis clade. The same was true for the
strains of each species, again except for Cr. similis. The results
indicated that the genus Cryptoglena still has potential for
species diversity and needs data from additional species to clarify
relationships.

Kosmala et al. (2007) carried out a systematic study of the
genus Monomorphina based on morphological features and
molecular synapomorphies of the SSU rDNA. They emended
the diagnosis of the genus Monomorphina and synonymized 11
species (e.g., M. megalopsis, M. inconspicuus, and M. ovata) into
M. pyrum and designated a new species (M. pseudopyrum). They
showed the difficulty in identify species based on morphological
characters in the M. pyrum complex and pointed out the diversity
at the molecular level. However, Kim et al. (2013a) added more
strains to these species as well as five new species, each with
multiple strains, showing the wide range of genetic diversity
within each strain and among the species. Our results present
well-resolved phylogenetic relationships among Monomorphina
species and agreed with that of Kim et al. (2013a).
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Loricate Genera: Strombomonas/Trachelomonas

Our data agreed well with previous phylogenetic analyses,
demonstrating the loricate taxa form a monophyletic lineage
(Brosnan et al., 2003; Marin et al., 2003; Triemer et al., 2006;
Ciugulea et al., 2008; Kim and Shin, 2008; Kim et al., 2010;
Linton et al, 2010; Karnkowska et al., 2015). Marin et al.
(2003) have been argued that the taxa in the loricate genera
Strombomonas and Trachelomonas should all be merged into the
genus Trachelomonas. However, this and other recent studies that
included additional genes and more representative taxa indicated
that the loricate genera are separated into Strombomonas and
Trachelomonas based on molecular phylogeny and the ontogeny
of lorica development and pattern of pellicle strip reduction
(Brosnan et al., 2005; Triemer et al., 2006; Ciugulea et al., 2008;
Kim and Shin, 2008; Kim et al.,, 2010; Linton et al., 2010;
Karnkowska et al., 2015).

Our results on the loricate taxa were similar to that of Ciugulea
etal. (2008), with almost the same relationships among subclades
being found in the Strombomonas clade. The three species S.
balvayi, S. triquetra, and S. eurystoma formed a monophyletic
lineage in Ciugulea et al. (2008), but S. eurystoma separated
from S. balbayi and S. triquetra in our tree. The supported
values for these relationships were very weak in both studies.
For Trachelomonas the clade relationships and composition was
the same as in Ciugulea et al. (2008), except for the loss of
the sister relationship between clades A and B, F1 and F3 in
this study. Again, the supported values for these relationships
were very weak in both studies. Although our study tried
to reflect representative species of loricate genera with many
strains, the interpretation of phylogenetic relationship in the
loricate genera was limited due to lost or immature lorica
formation making identification of culture strains impossible
(Pringsheim, 1953, 1956; Singh, 1956). Therefore, a major
monographic revision of the loricate taxa is required with more
detailed observation of morphological data beyond the lorica and
multigene phylogenetic approaches.

Mucilaginous Stalked Genus: Colacium

The genus Colacium has always formed a well-supported
monophyletic lineage sister to the loricate genera (Brown et al.,
2003; Triemer et al., 2006; Ciugulea et al, 2008; Kim et al.,
2010; Karnkowska et al., 2015; this study), except for two single
gene molecular studies (Nudelman et al., 2003; Kim and Shin,
2008), nuclear SSU and plastid LSU respectively, that were not
congruent to each other in their placement of Colacium. The
ability of all species of Colacium to produce a mucilaginous
stalk for adhesion to the surface of invertebrates or substrates
is a defining feature (autapomorphie) for this genus. Thus, the
three genera Colacium, Trachelomonas, and Strombomonas share
the ability to produce copious amounts of mucilage, and is a
morphological trait congruent with this study.

Phacaceae

The family Phacaceae forms a monophyletic lineage divided into
three main clades (Phacus, Lepocinclis, and Discoplastis), separate
and well supported from the family Euglenaceae (Kim et al., 2010;
Linton et al., 2010; Karnkowska et al., 2015; this study).

Phacus

The members of the genus Phacus (Dujardin, 1841) were
originally described as being flattened and leaf-like in shape with
small discoid chloroplast without pyrenoids. Later, Pochmann
(1942) divided the members into two subgenera based upon
on the presence (Chlorophacus) or absence (Hyalophacus) of
chloroplast. However, in the last 13 years major changes have
occurred within this genus due to molecular sequence data, such
as used in this study. Marin et al. (2003) using SSU rDNA
dissolved the subgenera and transferred some members to the
genus Monomorphina (Mereschkowsky, 1877) making Phacus
monophyletic. Since then additional molecular studies have
supported Phacus (sensu Marin et Melkonian) as a monophyletic
clade sister to Lepocinclis (Marin et al., 2003; Milanowski et al.,
2006; Triemer et al., 2006; Kim et al., 2010).

In 2010, Linton et al. proposed that the genus Phacus
should contain L. salina (rounded cell shape) and E. limnophila
(elongated cylindrical cell shape), and revised the generic
description of Phacus to cover ovoid and spindle-shaped species.
This meant that a flattened cell shape was no longer a diagnostic
character that separated Phacus from Lepocinclis. Moreover,
Bennett and Triemer (2012a,b) transferred P. horridus, a leaf-
like generally flattened/slightly oval shaped cell to the genus
Lepocinclis as L. spinosa. Despite this mixing of morphological
types, both of the previous studies showed strong support for
maintaining the separate sister genera. However, this did lead to
discussions on merging Lepocinclis into Phacus, especially after
Kim and Shin (2014) and Karnkowska et al. (2015) showed some
species of Lepocinclis to be within Phacus making it paraphyletic.
In both cases this was due to P. limnophila diverging before the
Lepocinclis clade, but as the support for this relationship was
only moderate (pp = 0.86, bs = 48 and pp = 1.0, bs = 57,
respectively), the authors suggested increased taxon sampling
to resolve the matter. This study, with increased taxa (species
and strains) of both genera strongly supports their continued
separation. Moreover, our analysis of multiple strains of many of
the species indicates that each was well defined morphologically
and genetically.

Lepocinclis

Members of the genus Lepocinclis (Perty, 1852) are ovoid or
elongated cylindrical shaped cells with small discoid chloroplast
without pyrenoids. Marin et al. (2003) transferred seven
species from the genus Euglena, previously assigned to the
Pringsheim’s group Rigidae (Pringsheim, 1956), with numerous
discoid chloroplasts lacking pyrenoids, to the genus Lepocinclis.
Kosmala et al. (2005) described key morphological features, along
with molecular data, to transfer Euglena fusca to Lepocinclis
fusca and synonymized seven varieties of E. spirogyra and
E. pseudospirogyra into L. spirogyroides. More recently, the
flattened/slightly oval shaped species P. horridus was transferred
to the genus Lepocinclis as L. spinosa, based on molecular
phylogeny (Bennett and Triemer, 2012a,b). Our phylogenetic
tree has a topology similar to those of the recently published
phylogenetic tree (Kim et al., 2010; Linton et al., 2010; Bennett
and Triemer, 2012a,b; Kim and Shin, 2014; Karnkowska et al.,
2015) but the species relationships were more detailed. Our
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results also showed an early divergence and high genetic
diversities among the species with elongated shaped cells (L.
tripteris, L. fusca, L. spirogyroides, and L. acus) compared to the
derived smaller ovoid-like cells (L. ovum, L. stenii, and L. spinosa)
in the tree.

Discoplastis

Members of the genus Discoplastis are defined as spindle shaped
with discoid chloroplast without pyrenoids; a shared plastid type
of Phacus and Lepocinclis (Triemer et al., 2006; Kim et al., 2010).
The position of this genus, using combined nuclear SSU and LSU
rDNA data, was initially as a sister clade to all of the Euglenales
(Triemer et al., 2006), while plastid LSU rDNA data supported
it as an early diverging member of the family Euglenaceae (Kim
and Shin, 2008). However, recent studies containing more taxa
and multiple genes have strongly supported Discoplastis as an
early divergence in the family Phacaceae sister to the Phacus
and Lepocinclis clades (Kim et al., 2010; Linton et al., 2010;
Karnkowska et al., 2015). Our results, with multiple genes and
broad taxon sampling, indicate the position of Discoplastis as a
well-supported early (basal) member of the family Phacaceae as
well.

Chloroplast Evolution

Mapping chloroplast features on the phylogenetic tree showed
that the chloroplast characteristics of genera within the family
Euglenaceae showed the most diverse types ranging from
discoid with lobed margins to stellate and reticulate, both
with and without pyrenoids. Additionally, most pyrenoids of
reticulate, stellate and discoid chloroplasts are covered by lens-
shaped paramylon caps or paramylon grains. The genus Euglena
(clade A) has the most diverse chloroplast types and ranged from
numerous discoid with naked-pyrenoid (E. deses, E. carterae, E.
adhaerens, and E. mutabilis) and deeply lobed discoid chloroplast
with diplopyrenoids (E. agilis, E. gracilis, E. undulate, and E.
clara) to stellate chloroplast with paramylon center and presence
of spherical mucocysts (E. cantabrica, E. granulata, and E.
geniculata) or without mucocysts (E. viridis), to stellate or net-
like chloroplast with paramylon center and presence of spindle-
shaped mucocysts (E. laciniata, E. sociabilis, E. stellata, and E.
chadefaudii). The genus Euglenaria contained parietal, lobed
chloroplast with diplopyrenoids (clade B), while the sister species
Euglena archaeoplastidiata has parietal, plate-like chloroplast
with diplopyrenoids (clade A2). The genus Cryptoglena has a
single, large parietal chloroplast without pyrenoids (clade C), and
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