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ABSTRACT

Photosynthetic euglenids acquired chloroplasts by secondary endosymbiosis,
which resulted in changes to their mode of nutrition and affected the evolution
of their morphological characters. Mapping morphological characters onto a
reliable molecular tree could elucidate major trends of those changes. We ana-
lyzed nucleotide sequence data from regions of three nuclear-encoded genes
(nSSU, nLSU, hsp90), one chloroplast-encoded gene (cpSSU) and one nuclear-
encoded chloroplast gene (psbO) to estimate phylogenetic relationships among
59 photosynthetic euglenid species. Our results were consistent with previous
works; most genera were monophyletic, except for the polyphyletic genus
Euglena, and the paraphyletic genus Phacus. We also analyzed character evo-
lution in photosynthetic euglenids using our phylogenetic tree and eight mor-
phological traits commonly used for generic and species diagnoses, including:
characters corresponding to well-defined clades, apomorphies like presence of
lorica and mucilaginous stalks, and homoplastic characters like rigid cells and
presence of large paramylon grains. This research indicated that pyrenoids
were lost twice during the evolution of phototrophic euglenids, and that muco-
cysts, which only occur in the genus Euglena, evolved independently at least
twice. In contrast, the evolution of cell shape and chloroplast morphology was
difficult to elucidate, and could not be unambiguously reconstructed in our
analyses.

PHOTOSYNTHETIC euglenids (Euglenea Butschli 1884)
are a group of protists in the supergroup Excavata, which
acquired a chloroplast through secondary endosymbiosis
(Maruyama et al. 2011; Turmel et al. 2009; Yamaguchi
et al. 2012). Mller (1786) first described a small green fla-
gellate as Cercaria viridis and subsequently Ehrenberg
(1830) renamed C. viridis as Euglena. Since then, many
researchers have dealt with the taxonomy of photosyn-
thetic euglenids, and taxon identification was mainly based
on cell morphology (see Triemer and Farmer 2007 for
review). There are 13 genera of photosynthetic euglenids.
The majority of these live in freshwater, but some do live
in marine or brackish habitats. They exhibit a high degree

of morphological diversity in cell plasticity (from very meta-
bolic to rigid), shape (from cylindrical to oval, from straight-
ened to twisted) and chloroplast morphology such as their
location in a cell (from axial to parietal), their number and
size (from a single large chloroplast to numerous small
chloroplasts) and shape (from simple disks to very compli-
cated netlike, convoluted, or stellate forms). Morphological
diversity has resulted in thousands of described taxa
(Algaebase—http://www.algaebase.org reports more than
3,000 validly published names), many of which are difficult
to identify based on the original descriptions and figures.
The main reason for describing so many taxa is the large
variation in morphological plasticity, despite the limited
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number of possible diagnostic features found in these uni-
cellular organisms. This has led to a history of taxonomic
duplications and re-descriptions, as well as the formulation
of artificial classification schemes. Recently, the advent of
molecular phylogenies has helped to resolve some of
those taxonomic confusions (Bennett etal. 2014,
Karnkowska-Ishikawa et al. 2010, 2011, 2012; Kosmala
et al. 2005; Linton et al. 2010; Marin et al. 2003; Milanow-
ski et al. 2006; Triemer et al. 2006; Zakrys et al. 2002).

Molecular studies of euglenids based on nuclear
encoded SSU rDNA sequences began in 1997, when
Montegut-Felkner and Triemer (1997) examined phyloge-
netic relationships among four euglenid taxa. Subse-
quently, authors added more taxa (Linton et al. 1999,
2000; Marin et al. 2003; Moreira et al. 2001; Mullner et al.
2001; Nudelman et al. 2003), and the following markers:
nLSU rDNA sequences (Ciugulea et al. 2008; Linton et al.
2010), chloroplast ribosomal small subunit cpSSU rDNA
(Linton et al. 2010; Milanowski et al. 2001, 2006; Zakry$
et al. 2002) followed by the chloroplast ribosomal large
subunit cpLSU rDNA (Kim and Shin 2008). With the
exception of studies on the rbcL gene (Thompson et al.
1995) and the genes encoding PART and PARZ2 (paraxone-
mal rod proteins) (Talke and Preisfeld 2002), both of
which had limited taxon sampling, photosynthetic euglenid
phylogenies have not incorporated protein-coding genes.
However, several phylogenies for estimating deep rela-
tionships among eukaryotes (Kim et al. 2006), Excavates
(Simpson et al. 2006) and Euglenoza (Simpson et al.
2004) have been performed using protein-coding
sequences (hsp90, hsp70, EF-1a, EF-2, a-tubulin, and f-
tubulin). hsp90 was also used for resolving relationships
among phagotrophic euglenids (Breglia et al. 2007), which
suggested its utility for phototrophic euglenid phylogeny.
Our data complements existing data with new protein-
coding sequences in an attempt to resolve photosynthetic
euglenid relationships.

In this study, we selected five molecular markers—
three sequences of rDNA (both nuclear SSU and LSU
rDNA, as well as chloroplast SSU rDNA) and two nuclear
protein-coding sequences (hsp90 and psbO). A total of
6,915 characters were assembled, and 140 new
sequences were generated. We also carefully examined
and selected a set of stable and characteristic cellular fea-
tures of phototrophic euglenid lineages: cell shape, chloro-
plast morphology, cell plasticity, paramylon grain diversity,
and the presence of mucus bodies, mucilaginous stalks,
and loricas. Mapping morphological features on the phylo-
genetic tree enabled us to understand euglenid diversity
and provided insights into evolutionary trends that led to
this diversity.

MATERIALS AND METHODS

Taxon sampling, cultivation and identification

Table S1 lists the 68 taxa with sources and GenBank acces-
sion numbers used in this study. Alternative name(s) in cul-
ture collections or GenBank for the taxa used in this study,
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due to misidentification or taxonomic changes, are also
given. All taxa were obtained from culture collections or
were collected from small ponds in New Jersey (NJ) and
Michigan (Ml), USA. NJ and MI cultures used in this study,
which are not available from public culture collections, will
be made available upon request. The NJ and MI cultures
were collected with a plankton net (mesh size: 20 um), and
individual euglenid cells were isolated by a Pasteur capillary
pipette and inoculated into sterile culture media.

All strains were cultivated in a liquid soil-water medium,
enriched by a small piece of garden pea (medium 3c,
Schlosser 1994) and/or in modified AF-6 medium (Wata-
nabe et al. 2000) in a growth chamber maintained at 17—
22 °C and 16:8 h Light/Dark cycle, with ca. 27 umol pho-
tons/m?/s provided by cool white fluorescent tubes (Phi-
lips, Amsterdam, the Netherlands).

The identity of each strain was confirmed using a Zeiss
Axioskop 2 Plus microscope (Carl Zeiss Inc., Hallberg-
moos, Germany) or a Nikon Eclipse E-600 microscope
(Nikon, Tokyo, Japan) both equipped with differential inter-
ference contrast.

DNA and RNA isolation, amplification, and sequencing

Total genomic DNA was isolated from cultures with the
DNeasy Blood &Tissue Kit (Qiagen, Valencia, CA) using
the animal tissues protocol as previously described (Bros-
nan et al. 2003; Zakry$ et al. 2002). Total RNA was
extracted using the Qiagen RNeasy mini kit (Qiagen) with
Qiagen QlAshredder columns (Qiagen) and with the
DNAse digestion step according to the manufacturer’'s
instructions. Synthesis of cDNA was performed using Invi-
trogen SuperScript |l Reverse Transcriptase (Invitrogen,
Carlsbad, CA) according to the manufacturer's protocol.
The cDNA sample synthesized with oligo-dT was used for
PCR of the hsp90 and psbO genes to avoid problems
associated with aligning introns. Amplification was per-
formed using primers for conserved regions (nSSU and
nLSU rDNA, Bennett and Triemer 2012; cpSSU rDNA, Lin-
ton et al. 2010; hsp90, 100XF & 968XR from Simpson
et al. 2002 and Table S2; psbO, 1F & 2R from Takahashi
et al. 2007 and Table S2). For amplification of nSSU,
nLSU, and cpSSU rDNA, PCR programs described by Lin-
ton et al. (2010) were used. For amplification of hsp90
and psbO, the cycling conditions started with a denaturing
step at 95 °C for 5 min, followed by 35 cycles of 30 s at
95 °C, 1 min of annealing at 40-65 °C (depending on the
melting temperatures of the primers), and extension at
72 °C for 1 min (7 min at 72 °C for the final cycle only).
The PCR products were sized on 1% agarose gels and
then purified using the Qiagen MinElute Gel Extraction Kit
(Qiagen) or QIAEXIl Gel Extraction Kit (Qiagen) according
to the manufacturer's protocol. All amplicons were
sequenced using capillary-based sequencing. DNA/cDNA
sequences were quality checked and assembled in the
SegMan program from the LASERGENE package (DnaS-
tar, Madison, WI) or using the Contig Assembly Program
(CAP2) in the Mac Genetic Data Environment program
(MacGDE) available at http://macgde.bio.cmich.edu/.
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Data analysis

To exclude pseudogenes from the protein-coding gene
dataset, sequences obtained from cDNAs were translated
into the corresponding amino acids to check for stop co-
dons and individual gene trees were compared to ensure
similar topologies, as suggested by Song et al. (2008). The
alignment of sequences was obtained using MUSCLE
(Edgar 2004), with default options. The sequences for the
nSSU, nLSU, and cpSSU rDNAs were manually aligned
according to secondary structure of Euglena gracilis Klebs
as a guide (Kjer 1995; Wuyts et al. 2002) in MacGDE.
Ambiguous sites in the alignment were excluded from
analyses. All five gene sequences used in this study were
derived mainly from the same culture (Table S1). However,
when this was not possible due to culturing or sequencing
difficulties, alternative sources were used. Taxon identities
were confirmed by sequence comparisons of the first
~700 bases of the nSSU rDNA sequences. Individual gene
trees were checked for inconsistencies in topologies, and
a combined dataset (DNA sequences of five genes) was
used in the final phylogenetic analysis. The alignment is
available in TreeBASE (S12291).

The Bayesian Information Criterion (BIC) analysis using
MODELTEST 3.7 (Posada and Crandall 1998) was used
to determine the best model for each dataset (nSSU,
nLSU, cpSSU, hsp90, and psbO), and a partitioned data-
set was used with both the Maximum-likelihood (ML)
and Bayesian analyses. The ML analysis was carried out
using a general-time-reversible model incorporating invari-
able sites and a discrete gamma distribution (GTR+I+T) in
RAXML version 7.5.4 (Stamatakis 2006). The Maximum-
liklihood tree was determined based on 20 distinct start-
ing trees and 1,000 bootstrap replicates—both utilizing
random number seeds. The Bayesian analysis was per-
formed using a mixed model in MrBayes version 3.2
(Ronquist et al. 2012). A gamma correction with eight
categories and proportion of invariable sites was used,
and two independent analyses were run with four Mar-
kov chains (default temperature parameter value). In each
case, a total of 1,000,000 generations were calculated
with trees sampled every 100 generations discarding the
first 25% of trees. Convergence was confirmed via the
sump command. A majority-rule consensus tree was cre-
ated from the remaining 7,500 trees. For both analyses,
trees were rooted, post analysis, using Eutreptia viridis,
Eutreptiella braarudii, and Eutreptiella pomquetensis as
outgroup taxa.

Character evolution

Morphological characteristics were selected based on the
most common diagnostic features used in generic and
species descriptions from the photosynthetic euglenid
literature (Table 1). Ancestral character state analyses and
transitions were reconstructed on the Bayesian phyloge-
nies tree (Fig. 1) using ML and MP methods implemented
in Mesquite v.2.75 (Maddison and Maddison 2011).
ML optimizations were done using the Markov k-state
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Table 1. List of eight morphological characters and 21 states used in
the ancestral state reconstruction analysis

Characters Morphological states

. Fusiform (Fig. S1a)

. Cylindrical (Fig. S1b)
: Oval (Fig. S1c)

: Oblate (Fig. Ste)

: Ellipsoidal (Fig. S1d)
: Metabolic (Fig. S2a)
. Slightly metabolic or rigid (Fig. S2b)
Absent (Fig. S3a)

. Present (Fig. S3b-e)
Discoid (Fig. S4e)

: Lobed (Fig. S4a-d)

. Spherical (Fig. S4f)

: Stellate (Fig. S4 g)

. Absent (Fig. S4f)

: Present (Fig. S4a—d)
. Absent (Fig. Sba)

. Present (Fig. S5b)
Absent

: Present (Fig. S6)

. Absent

: Present (Fig. S7)

1. Cell shape

2. Metaboly
3. Large paramylon grains

4. Chloroplast morphology

5. Pyrenoids
6. Mucocysts
7. Lorica

8. Mucilaginous stalk

S 02 0202 0WN=0=0-=0~WN=0

one-parameter model (Lewis 2001). The best estimate of
the character state at each node was determined using
the likelihood ratio test implemented in Mesquite v.2.75.
If the log likelihoods of two states differed by 2.0 or more
units, the state with the lower likelihood was rejected,
and the alternate state was considered the best estimate
for that branch with strong statistical support (Pagel
1999). Results presented as character gains and losses of
characters were mapped on a simplified phylogenetic tree,
and phylogenetic lineages which shared all analyzed char-
acters were collapsed (Fig. 2).

RESULTS

Molecular phylogenetic tree based on concatenated
rDNA sequences and protein-coding sequences

We sampled sequence data from 68 strains belonging to
59 species across the photosynthetic euglenids, including
data already available from GenBank (Table S1). Our novel
data for this study represented ~41% of the total data set
(140 sequences of a total of 340). The concatenated data
set consisted of 6,915 characters with relative contribu-
tions of 1,290 characters from nSSU, 2,026 characters
from nLSU, 1,330 characters from cpSSU, 1,885 charac-
ters from hsp90, and 384 characters from psbO.

The best-fit model of evolution for these data using the
BIC criterion for model selection in ModelTest was the
GTR+I+G (nSSU, nLSU and cpSSU rDNA), TIM+I+G
(hsp90), and SYM+I+G (psbO). Bayesian analysis (Fig. 1)
and maximum-likelihood analysis (not shown) recovered
the same tree topology.
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Figure 1 Bayesian tree inferred from 6,915 characters (hsp90, psbO, nSSU, nLSU and cpSSU) obtained from 68 taxa (maximum-likelihood tree
has the same topology). Numbers at internal nodes represent posterior probability (pp) values (left) and bootstrap support (bs) values (right). Pp

values below 0.75 and bs values below 50 are marked with dashes.

Two families of freshwater photosynthetic euglenids,
Euglenaceae (0.98/70 = posterior probability [ppl/bootstrap
support [bs]), and Phacaceae (1.00/74), were recovered as
monophyletic groups. Most of the genera within the fami-
lies were monophyletic with strong support, except for
polyphyletic Euglena and paraphyletic Phacus (Fig. 1).

Within the family Euglenaceae the genus Euglena was
split into two clades, of which the vast majority of species
were grouped in one major, well-supported clade

(1.00/100). Only Euglena archaeoplastidiata was located
outside of the main Euglena clade, however, its basal
position to the Euglenaria and Monomorphina/Cryptoglena
clades was supported only in the Bayesian analyses
(0.97). Monomorphina and Cryptoglena taxa shared a com-
mon ancestor and formed sister clades (1.00/98) as two
well-supported monophyletic lineages (1.00/100). Sister to
them was the genus Euglenaria, represented by three
species that formed a moderately supported clade
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Figure 2 Trait mapping of photosynthetic euglenid characters. Morphological characters were numerically coded (Table 1) and mapped onto the

phylogenetic tree (Fig. 1).

(0.99/77). The sister position of Euglenaria and the Mono-
morphina/Cryptoglena clade was supported only in the
Bayesian analyses (0.95). The genus Colacium, repre-
sented only by two species, was well supported (1.00/
100) and branched off prior to the clade uniting Trachelo-
monas and Strombomonas (1.00/80). This position of the
Colacium clade was supported only in the Bayesian analy-
ses (0.99). Finally, the only known species in the genus
Euglenaformis—Euglenaformis proxima (0.98/70), was
positioned at the base of the family Euglenaceae. Lepo-
cinclis, Phacus, and Discoplastis genera made up the fam-
ily Phacaceae, and formed one clade (1.00/74).
Discoplastis formed a well-supported clade (1.00/100) sis-
ter to the Phacus/Lepocinclis clade (1.00/100). However,
Lepocinclis was positioned within the Phacus clade (1.00/

57). This position indicates the paraphyly of the genus
Phacus, but only with moderate support.

Character evolution

A total of 21 states from eight characters were included in
the morphological matrix (Table 1, Fig. S1-S7). All charac-
ters and states were optimized across the tree using par-
simony and maximum likelihood ancestral state
reconstruction, and superimposed on the Bayesian phylog-
eny (Fig. 2).

Cell shape
A fusiform cell shape is the most common across the
photosynthetic euglenid lineages, and cylindrical, ellipsoi-
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dal, oblate, and oval cell shapes were distributed sporadi-
cally across the tree.

Metaboly

Rigid cells were characteristic for four clades (Phacus,
Lepocinclis, Monomorphina, and Cryptoglena), while the
rest of the clades, as well as the ancestor of the freshwa-
ter photosynthetic euglenids (the Eutreptiales), were char-
acterized by metabolic cells. Ancestral state reconstruction
suggested that rigid cells arose twice, once in the com-
mon ancestor of Phacus and Lepocinclis and once in the
common ancestor of Monomorphina and Cryptoglena
(Fig. 2).

Large (dimorphic) paramylon grains

Large paramylon grains are found in all members of the
Phacaceae, and also in the Monomorphinal/Cryptoglena
clade (Fig. 2). Ancestral state reconstruction suggested
that this character evolved twice, once in the common
ancestor of the family Phacaceae, and once in the com-
mon ancestor of Monomorphina and Cryptoglena.

Chloroplasts

Ancestral state reconstruction suggested that ancestral
chloroplasts of freshwater autotrophic euglenids were
numerous and discoid. This type of chloroplast character-
ized the family Phacaceae as well as E. proxima, the most
basal species of the family Euglenaceae. Ancestral state
reconstruction suggested that lobed chloroplasts evolved
once after E. proxima split from the main line of the Eu-
glenaceae. Spherical chloroplasts evolved independently
many times as indicated by their scattered occurrence in
the tree. Evolution of stellate chloroplasts was not clear
based on ancestral state reconstruction. Their scattered
occurrence might be explained by independent origins or
they may have appeared only once and then were lost in
several lineages.

Pyrenoids

At least some of the marine photosynthetic euglenids (Eu-
treptia and Eutreptiella) have pyrenoids, and ancestral
state reconstruction suggests that the common ancestor
of the freshwater photosynthetic euglenids had pyrenoids,
however, they were lost independently twice, once in the
common ancestor of the family Phacaceae, and second
time in E. proxima.

Mucocysts

The “true mucocysts” (sensu Kosmala et al. 2009) are
characteristic only for some representatives of Euglena.
Ancestral state reconstruction indicated that the common
ancestor of Euglena (Fig. 2) had no such mucocysts, so
they probably appeared independently at least two times
in the genus Euglena.

Loricas

Loricas occurred only in two sister genera, Trachelomonas
and Strombomonas, and appeared in the common ances-
tor of those two genera (Fig. 2).

Phylogeny and Morphology of Photosynthetic Euglenids

Mucilaginous stalks
These were characterized in only one clade, and were a
synapomorphy for the genus Colacium (Fig. 2).

DISCUSSION

Evolutionary relationships

The phylogenetic reconstruction based on concatenated
sequences of five genes: three rDNA sequences (nSSU,
nLSU and cpSSU), and two protein-coding sequences
(hsp90 and psbO) is consistent with previous results
obtained on the basis of rDNA genes alone (Kim et al.
2010; Linton et al. 2010). Our molecular phylogenetic
study supports the monophyly of the families Euglenaceae
and Phacaceae, and most genera. Euglenaceae was
divided into eight clades that represent genera and single
taxon E. archaeoplastidiata. The earliest described and
most problematic genus is Euglena. The main clade con-
sisting of most of the Euglena species was recognized in
previous studies with strong support (Kim et al. 2010; Lin-
ton et al. 2010; Marin et al. 2003; Milanowski et al. 2006;
Moreira et al. 2001; Triemer et al. 2006). However, in
addition to the main Euglena clade, there were always
several separated taxa that have recently been renamed
and established as new genera—Discoplastis (Triemer
et al. 2006), Euglenaria (Linton et al. 2010) and Euglenafor-
mis (Bennett et al. 2014). Our analysis supported the
monophyly of those recently described genera. The phylo-
genetic position of E. archaeoplastidiata, which diverged
prior to the Monomorphina/Cryptoglena and Euglenaria
clade, was the same in both analyses, however, with no
support in the ML analysis. Prior to this study, the phylo-
genetic position of this species was only studied once,
and it branched off at the base of the genus Euglena (Kim
et al. 2010). Euglena archaeoplastidiata has a single, parie-
tal chloroplast similar to those observed in Monomorphina
and Cryptoglena, but some characters (e.g. the presence
of only small paramylon grains, diplopyrenoids and metab-
oly) are more similar to the characters of Euglena or Eug-
lenaria. Since only one taxon is available, taxonomic
decisions cannot be inferred, but this species seems to
be crucial for interpretation of the evolution of characters
because of the presence of a single chloroplast in this
species.

Our analysis supported the monophyly of Monomorphin-
a, Cryptoglena, Strombomonas, Trachelomonas, and Cola-
cium. Also, relationships among those genera were
supported, and were generally consistent with, previous
studies (Kim et al. 2010; Linton et al. 2010; Marin et al.
2003; Milanowski et al. 2006; Triemer et al. 2006). The
topological position of the genus Colacium was the same
as what has been seen in most previous studies, namely
sister to the Trachelomonas and Strombomonas clade (Ci-
ugulea et al. 2008; Kim et al. 2010; Triemer et al. 2006),
but received no bootstap support in the ML tree.

The family Phacaceae was described recently by Kim
et al. (2010), and our analyses also indicated its mono-
phyly. The diagnosis for the genus Phacus was emended
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by Marin et al. (2003) to clearly separate taxa within that
genus from taxa in Cryptoglena and Monomorphina. Pha-
cus sensu Marin et Melkonian formed a monophyletic
sister clade to Lepocinclis in all previous studies (Kim
et al. 2010; Linton et al. 2010; Marin et al. 2003; Mila-
nowski et al. 2006; Triemer et al. 2006) and was clearly
morphologically distinct from taxa in the genus Lepocinc-
lis. However, in the phylogeny of Linton et al. (2010),
three additional taxa—FEuglena limnophila [Phacus limno-
philal, Phacus warszewiczii, and Lepocinclis salina [Pha-
cus salinal, were added to the analysis. Euglena
limnophila [Phacus limnophilal and P. warszewiczii formed
a well-supported sister group to the Phacus sensu Marin
et Melkonian clade (1.00/96) and L. salina [Phacus salinal
grouped within the Phacus clade. This presented a prob-
lem because, morphologically, E. limnophila [Phacus lim-
nophilal, and L. salina [Phacus salinal did not fit into the
emended diagnosis of Phacus by Marin et al. (2003).
Consequently, the generic description of Phacus was
revised to include ovoid and spindle-shaped species (Lin-
ton et al. 2010), which meant that a flattened cell shape
was no longer a defining characteristic that separated
Phacus from Lepocinclis. In our analyses, the genus Pha-
cus sensu Linton et Karnkowska was paraphyletic. One
moderately supported (1.00/57) clade was comprised of a
subclade containing members of the genus Lepocinclis,
and another subclade containing Phacus sensu Marin et
Melkonian taxa. The other clade was comprised of P. lim-
nophila and P. warszewiczii, and was basal to the clade
grouping Lepocinclis and Phacus sensu Marin et Melko-
nian. This result suggested that Phacus sensu Linton et
Karnkowska could be split into two genera, Phacus sensu
Marin et Melkonian and a new genus containing P. limno-
phila and P. warszewiczii. However, detailed morphologi-
cal analyses support the position of P. warszewiczii as
among the earliest diverging Phacus species (Esson and
Leander 2010). The results presented in these phyloge-
netic analyses do not necessarily contest the assignment
of these two taxa to the genus Phacus, but rather dem-
onstrate that an increase in taxon sampling within this
group is necessary to either support or reject Phacus
sensu Linton et Karnkowska and ultimately may require
the amalgamation of Phacus and Lepocinclis into a single
genus.

Our results suggest that simply adding more molecular
markers to a dataset does not necessarily resolve all taxo-
nomical problems, and that better results may be achieved
by adding new species to the analysis. This has been
shown in previous analyses of photosynthetic euglenids,
in which an increase in species representation on phyloge-
netic trees resulted in the disclosure of new evolutionary
lines (Linton et al. 2010; Marin et al. 2003; Triemer et al.
2006). One maijor issue with this finding is that over last
decade almost all known strains from culture collections
have been sequenced and included in phylogenetic analy-
ses. However, new approaches such as multiple displace-
ment amplification using just a few cells (Bennett and
Triemer 2012) or single-cell approach (Lax and Simpson
2013) have recently been shown to be a valuable tool to
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study the biodiversity and phylogeny of autotrophic, as
well as phagotrophic, euglenids.

Character evolution

The common opinion is that microorganisms do not show
the variability in morphological features found in multicellu-
lar eukaryotes. This is not true for the unicellular eukary-
otic organisms that have undergone endosymbiotic
episodes in their history (Leander et al. 2007). The transi-
tion from a heterotrophic to an autotrophic lifestyle has
significantly influenced the evolution of morphological fea-
tures in many lineages. Such a situation was also
observed in photosynthetic euglenids whose direct ances-
tors were phagotrophic (Leander et al. 2007). Among the
most diverse characters are: (1) shape and cell plasticity
(metaboly), (2) chloroplast number and its morphology
(including presence of pyrenoids), and (3) the presence of
large paramylon grains and mucus bodies.

Most euglenids had rounded cells (not flat) and were
spindle-shaped (broad-fusiform, narrow fusiform, cylindri-
cal-fusiform, etc.). Rarely was the cell body flattened and
oblate (leaf-shaped) (Fig. S1). This latter form occurs only
in Phacus, and appeared only once in the course of evolu-
tion. However, studies have shown that “flattening” is
not characteristic of the whole genus, because a few rep-
resentatives had cylindrical (P. limnophila) or rounded (P.
salina) cells (Linton et al. 2010). Spherical and cylindrical
cells were found multiple times and appeared indepen-
dently in several genera. The evolution of cell shape was
not closely linked to the phylogeny of photosynthetic eu-
glenids, and cell shape, as a primary diagnostic feature,
was applicable only in a few cases.

Cell plasticity (metaboly) was a feature imprecisely
described in the literature using terms like “very meta-
bolic” or “low metaboly” (Fig. S2). It could be, however,
closely linked to rigidity of the periplast depending on its
structure, for example, the number of pellicle strips, or
their size and/or shape. Trends in the evolution of the eu-
glenid pellicle were described in a series of detailed stud-
ies (Esson and Leander 2008; Leander and Farmer 2000,
2001a,b; Leander et al. 2001b). Because these data were
available for only a limited number of the taxa included in
our study, these ultrastructural features could not be incor-
porated into our character evolution analyses.

The most metabolic forms were described in the litera-
ture as having “euglenoid movement” (Harris 1969). This
metabolic movement was a characteristic feature for Dis-
coplastis, Euglena, Euglenaria, and Euglenaformis, as well
as for the marine photosynthetic euglenids (Eutreptiales)
and their phagotrophic ancestors. This evidence suggested
that strong cell plasticity (and the resulting way of moving)
originated in the phagotrophic ancestors. With the advent
of photosynthesis, it was possible that the evolutionary
pressure on the cytoskeleton involved in cell movement
and nutrition changed, because most species of photosyn-
thetic euglenids did not have the ability to undergo the
gliding motility found in many heterotrophic forms (Lean-
der et al. 2007). The structure of the periplast of certain
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genera caused their cells to be strongly rigid (Phacus,
Lepocinclis, Monomorphina, Cryptoglena). According to
Leander et al. (2007), evolutionary changes in the cyto-
skeleton, leading to a stiffening of the cells, took place at
least three times: in the ancestor of the Monomorphina/
Cryptoglena clade, the Phacus clade, and the Lepocinclis
clade, while the common ancestor of Lepocinclis and Pha-
cus probably still had a flexible periplast similar to the
modern representatives of the genus Discoplastis. Ances-
tral state reconstruction suggested that the common
ancestor of Phacus and Lepocinclis had rigid cells, and
representatives of both genera inherited this trait.
Undoubtedly, this feature appeared more than once during
the evolution of photosynthetic euglenids, and it was cor-
related with a reduction in the total number of pellicle
strips. The morphology and organization of the pellicular
strips in phototrophs might be an adaptation for diffusing
the light used in photosynthesis and for protection from
predators (Leander 2004).

Paramylon grains occur in the cytoplasm of all photosyn-
thetic euglenids, and are often numerous in the area of
pyrenoids. However, paramylon grains are not directly
related to the presence of chloroplasts as evidenced by
their presence in heterotrophic euglenids such as Pera-
nema (Leander et al. 2001a). This suggests that the accu-
mulation of carbon in the form of paramylon (B-1,3 glucan)
is an ancestral feature of all phototrophic euglenids and
appeared before the secondary endosymbiotic event
(Leander et al. 2001a). B-1,3 glucans are also the storage
material for phototrophic dinoflagellates or chrysophyta
(Kiss et al. 1987; Kivic and Walne 1984; Leedale 1967),
however, they are not identical polymers. Chrysolaminarin,
the B-1,3 glucan found in diatoms and haptophytes, has
occasional branching at the C2 and C6 positions, has a
much lower degree of polymerization and is water soluble.
The B-1,3 glucan of haptophytes is a branched polymer
with B-1,3 and B-1,6 linkages and the storage product may
either be soluble and low molecular weight, as in Phaeo-
cystis globosa, or may accumulate as a granule in the
cytoplasm as in Paviova lutheri (Hirokawa et al. 2008).
However, although the storage product of Paviova is crys-
talline, it has been shown that the internal structure of the
crystal is very different from paramylon (Kiss and Triemer
1988). So far, it is not known whether the biosynthetic
pathway for paramylon synthesis in euglenids was inher-
ited from the ancestor, or evolved independently in this
lineage. One could speculate that the pathway had been
transferred from an algal donor with the ability to produce
a B-1,3 glucan storage product, but it could also have been
obtained through transfer from a food source such as
yeast (e.g. Saccharomyces cerevisiae), which produce an
insoluble B-1,3 glucan polymer (Triemer 1997).

The simultaneous occurrence of both small and large
paramylon grains (dimorphism of paramylon grains—Fig.
S3b-e) were found in two clades: the Phacaceae and the
Monomorphinal/Cryptoglena clade (Fig. 2). Character evo-
lution analyses suggested that the ancestor of photosyn-
thetic euglenids did not have this trait, and that it arose
independently in these two lineages. It is difficult to
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determine the role of large paramylon grains. Perhaps
their absence in cells is associated with metaboly—it is
easy to imagine that large grains could hinder metabolic
movements.

Characteristics associated with the morphology of chlo-
roplasts are difficult to observe and relatively difficult to
describe. Mapping features showed that numerous, small,
parietal, disk-shape chloroplasts without pyrenoids (charac-
teristic for the family Phacaceae and genera Eutreptia and
Euglenaformis—Fig. S4e), probably existed in the common
ancestor of the photosynthetic euglenids as well, while
the single, parietal, spherical (or almost spherical) chloro-
plast characteristic for Monomorphina, Cryptoglena (Kos-
mala et al. 2007), and E. archaeoplastidiata is derived (Fig.
S4f). In the case of the Monomorphina/Cryptoglena clade
(Fig. 2), it is likely that their common ancestor possessed
a single large chloroplast. Axial, stellate chloroplasts are
present only in several species of Euglena (Kosmala et al.
2009; Fig. S4g). On the basis of character evolution, we
cannot unambiguously reconstruct the evolution of this
type of chloroplast. However, we propose that such a
complicated structure more likely evolved only once and
then disappeared in some lineages, rather than appeared
independently many times.

Nevertheless, there appears to be a correlation between
the shapes of chloroplasts and metabolic behavior. Eugle-
nid species with rigid cells typically have numerous parie-
tal chloroplasts as in Phacus and Lepocinclis (Ciugulea and
Triemer 2010; Pochmann 1942), or a single, spherical chlo-
roplast, as in Monomorphina (Kosmala et al. 2007). In both
cases, the entire surface of the chloroplast has a uniform
exposure to light. In contrast, the most metabolic genera
(Euglena, Euglenaria) have a much more complicated chlo-
roplast structure (Fig. S4a—d), often with the center of the
chloroplasts located deep in the cytoplasm and with long
bands reaching beneath the surface of the cell (Fig. S4d)
(Ciugulea and Triemer 2010; Karnkowska-Ishikawa et al.
2013; Kosmala et al. 2009). These complicated structures
could mean that their total chloroplast surface area may
be even greater, but the exposure to the light is smaller.
Perhaps this is related to protection against excessive
exposure to light as often can occur in shallow water
bodies.

One of the characteristic features for euglenids is the
presence of “paramylon caps” adjacent to the pyrenoid on
the outside of the chloroplast (Fig. S4b-d), or the accumu-
lation of small paramylon grains in the immediate vicinity
of pyrenoids outside of the chloroplasts (“paramylon cen-
ter”) (Fig. S4g). The presence of paramylon caps indirectly
indicates the presence of pyrenoids. For many photosyn-
thetic euglenids, pyrenoids are an important diagnostic
feature, although the presumption of their presence is
based solely on the presence or absence of paramylon
caps (Kusel-Fetzmann and Weidinger 2008; Pringsheim
1956). Thus, in the literature, there is a great deal of con-
tradictory information. Modern transmission electron
microscopy revealed the presence of pyrenoids in many
species for which they were thought to be absent, for
example Monomorphina (Nudelman et al. 2006), Colacium
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or Trachelomonas (Brown et al. 2003) as well as many
representatives of Euglena (Zakry$ et al. 2001; Zakrys and
Walne 1998) (Fig. S4a). The presence of pyrenoids in Cryp-
toglena is still debatable—they have never been reported
within this genus, but the electron micrographs by Rosow-
ski and Lee (1978) suggest the possibility of their occur-
rence. The literature also lacks clear and reliable
information regarding Eutreptiella and Eutreptia—it is
believed that some species have them while others do
not. Numerous reports in the literature concerning pyre-
noids in photosynthetic euglenids refer mainly to E. graci-
lis. It was shown that this species, when kept in the dark,
did not appear to form pyrenoids. However, after transfer-
ring cells into a mineral medium, the pyrenoids appear in
rudimentary form (Osafune et al. 1988). Consequently, it
seems that the development of pyrenoids is only possible
in the presence of light (Kiss et al. 1987). The presence of
pyrenoids may also be related to ontogeny. Kiss et al.
(1987) showed that RubisCO was concentrated in pyre-
noids during the growth phase, but just before and during
division, they became undetectable by the antibodies.
Therefore, the lack of pyrenoids could be a state of transi-
tion. However, pyrenoids have not been observed in
Phacus, Lepocinclis, and Discoplastis (Kim et al. 2010), as
well as in the genus Euglenaformis (Bennett et al. 2014). A
lack of pyrenoids was proposed as a diagnostic feature for
the Phacaceae (Kim et al. 2010), but due to problems with
their detection, as well as their most likely homoplastic
character, the absence of pyrenoids was not a very effec-
tive diagnostic indicator. Mapping of characters has also
shown that the common ancestor of photosynthetic eugle-
nids probably had pyrenoids, so the lack of pyrenoids in
those four genera would be a secondary feature. Additional
evidence in favor of this scenario is the presence of pyre-
noids in Rapaza viridis, a recently discovered taxon which
is believed to be a transitional stage between heterotrophic
and autotrophic euglenids (Yamaguchi et al. 2012).

Several types of cellular structures responsible for the
production of mucus have been reported in euglenids.
Mucus primarily facilitates the euglenoid movement
(swimming or gliding), is the main building material for
stalks in Colacium, provides protection for division stages
(palmellas) and is the primary component of loricas (Haus-
mann and Mignot 1977; Hilenski and Walne 1983; Mignot
1966). The presence and shape of some kinds of muco-
cysts (“true mucocysts”—Kosmala et al. 2009) can be a
very good diagnostic feature for species in the genus
Euglena (Karnkowska-Ishikawa et al. 2013; Kosmala et al.
2009), where mucocysts are always of a uniform shape
(spindle-shaped, or spherical) and are small (1-3 pm)
bodies that lie just below the surface of the periplast
(Fig. Sbb). In most species mucocysts are not easily visi-
ble without neutral red staining. This type of mucosyst is
found exclusively in some Euglena species. Earlier study
suggested that mucocysts appeared only once in Euglena
(Milanowski et al. 2006), and our character evolution
analyses suggested that it happened twice in the genus
Euglena. Another possibility is that the mucocysts are
homologous to the extrusomes present in phagotrohic
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euglenids (Gojdics 1953), but were lost in the majority of
the autotrophic euglenid lineages, except in the genus
Euglena.

CONCLUSIONS

Five molecular markers and a sampling of 59 taxa pro-
vided the most comprehensive tree of photosynthetic eu-
glenids to date. Two nuclear-encoded genes (hsp90,
psbO) had not previously been used in phylogenetic analy-
ses with photosynthetic euglenids. The resultant topology
has strong nodal support for most of the branches and is
consistent with all previous phylogenies. The monophy-
letic status of two families and 11 genera is well sup-
ported. However, the position of E. archaeoplastidiata,
although somewhat variable, always remains outside of
the main Euglena clade, which makes this genus polyphy-
letic. In addition, the clade containing P. limnophila and P.
warszewiczii was paraphyletic to the rest of the Phacus
taxa—though this relationship was only moderately sup-
ported.

We also analyzed character evolution in photosynthetic
euglenids using our well-resolved phylogenetic tree and
morphological traits. On the basis of the inferred ancestral
state reconstructions, we identified many well-supported
clades defined by apomorphic morphological characters,
however, we also recognized homoplastic traits.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Table S1. Taxa used with culture collection and GenBank
accession codes.

Table S2. Primers newly designed for this study.

Figure S1. Cell shape. (a) fusiform (Lepocinclis acus), (b)
cylindrical (Euglena deses), (e) oval (Monomorphina py-
rum), (d) ellipsoidal (Cryptoglena skujae), (e) oblate (Pha-
cus caudatus). Scale bars 10 um.

Phylogeny and Morphology of Photosynthetic Euglenids

Figure S2. Metaboly. (a) metabolic (Euglena splendens),
(b) slightly metabolic or rigid (Lepocinclis tripteris).

Figure S3. Large paramylon grains. (a) absent, (b—e) pres-
ent (b: ring, c: long rods, d: plates, e: disks).

Figure S4. Chloroplast morphology. (a) lobed with pyre-
noids (arrow) (Euglena deses); (b—d) lobed with pyrenoids
and “paramylon caps” (arrows) (b: Euglenaria clavata, c:
Euglenaria anabaena, d: Euglena sanguinea), (e) discoid
(Phacus orbicularis), (f) spherical (Monomorphina aenigm-
atica; with irregular, small holes visible—arrow), (g) stel-
late with “paramylon center” (arrow) (Euglena stellata).
Figure S5. Mucocysts. (a) absent, (b) present (rows of
spindle-shaped mucocysts visible in the cell of Euglena
sanguinea).

Figure S6. Lorica present (arrow). (a: Trachelomonas hisp-
ida var. coronata, b: Strombomonas verrucosa). Scale bars
10 pum.

Figure S7. Mucilaginous stalks present (arrow). Scale bar
10 um.
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