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Ultrastructural changes induced by exposure to excess of organic matter were studied
in Lepocinclis acus (ex Euglena acus). The cells isolated from the Matanza River,
Buenos Aires, Argentina, were grown in soil water medium (SWM). When transferred to
medium enriched with Bacteriological Peptone OXOID®, marked body deformation and
a significant shortening and widening of the cells was observed. These changes were
unexpected in a species with quite rigid cells, a condition previously shown in studies
of the pellicle fine structure. Transmission electron microscopy observations suggest
that cellular deformation might be facilitated by an increase in strip number, whereas
in the original strips normal ultrastructure was maintained. An increase in number and
volume of paramylon grains and vacuoles, as well as the presence of membrane whorls
in vacuoles was observed. The fine structure of organisms grown in medium with and
without organic matter enrichment was compared, and the systematic and ecological
importance of morphological changes triggered by cell deformation was discussed.
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INTRODUCTION

Euglenoids are a diverse group of unicellular, asexual microalgae that most commonly have two
flagella, one or both may be emergent. Many are heterotrophic and others are photosynthetic,
having acquired a chloroplast via secondary endosymbiosis of a eukaryotic green alga (Leander,
2004; Nozaki, 2005). One of its principal characteristics is the pellicle. It is a complex cell surface
structure composed of the plasma membrane, proteins strips lying beneath the membrane, several
microtubules associated with the strips and vesicles of endoplasmic reticulum. The principal part
of a strip is a sigmoidal frame in transverse section (Leander and Farmer, 2001). A cross-section of
a cell shows the pellicle organized as a series of ridges and grooves. Strips are arranged in parallel
with a longitudinal or helicoidal orientation. This structure is multigenerational; each strip or set
of strips represents a different cytokinetic event in the development of any particular cell (Esson
and Leander, 2006, 2008). Before the cell cytokinesis, the total number of pellicle strips is doubled,
emerging the new ones within the articulation zones between old strips. In this way, each new cell
inherits the same number of pellicle strips as the parent cell in a semi-conservative mode.
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Other particular feature of euglenoiods is the presence of
paramylon grains, distributed in the cell cytoplasm, as storage
carbohydrate or energy reserve. They show great variety in shapes
and number within the different species.

Human activities have drastically altered the chemistry, and
particularly the nutrient concentration of many freshwater bodies
(Conforti et al., 1995; Dokulil, 1996; Conforti, 1998; Paul and
Meyer, 2001, 2008; O’Farrell et al.,, 2002). Microalgae of these
affected environments, depending on the characteristics and
concentration of the pollutants, may suffer changes in their
number, morphology, and ecophysiology. Excessive enrichment
of freshwater bodies with organic matter is mainly caused by
industrial, domestic and agricultural processes. Euglenoids are
a group of microalgae, which usually increases its abundance
in these kinds of environments (Lackey, 1968; Munawar, 1972;
Rosowski, 2003). Among these Lepocinclis acus is one of the
species very commonly shown in these conditions (Conforti et al.,
1995), for this reason it was chosen for this study.

Previous works describe different responses of euglenoids to
those conditions and report the existence of taxa containing
either numerous small or few but larger paramylon grains, which
are supposedly related to the high concentration of organic
matter in the freshwater body studied (Conforti, 1991; Conforti
et al,, 1995). L. acus and other euglenoids species cultured or
sampled in enriched medium and studied with light microscopy
(Haughey, 1970; Conforti, 1998; Bauer et al., 2012; Nannavecchia
et al,, 2014) showed important morphological changes that were
related to an increase in the number or size of paramylon
grains. Precise biometric measurements have revealed significant
statistical differences in the dimensions and number of the grains
between the treated and control specimens.

For many years, euglenoids cell plasticity and its sensitivity
to environmental conditions have been studied (Bertaux and
Valencia, 1973; Bre and Lefort-Tran, 1978; Kiss et al., 1986). In
the case of L. acus, these changes were difficult to explain since
this species has always been described by previous studies of the
pellicle fine structure as an organism with rigid or slightly flexible
cells (Mignot, 1965; Bricheux and Brugerolle, 1986). In this paper,
the ultrastructural modifications induced by the excess of organic
matter in the medium are described, the development response
patterns indicating an evolutionary difference among euglenoids
and their ecological implications are discussed.

MATERIALS AND METHODS
Cell Culture

Lepocinclis acus (O. F. Miiller) Marin et Melkonian was isolated
from Matanza River (34°44/27.45"S 58°31'14.12"W), Buenos
Aires, Argentina, by one of the authors (L R). Samples were
filtered with a plankton-net (mesh size 20 wm). An unialgal
culture was obtained using Pasteur capillary pipettes. Single cells
were washed twice with physiological solution, and poured into
glass tubes containing Soil Water Medium (SWM; Pringsheim,
1946). After 2 months, a stable culture developed. Stock cultures
were maintained in SWM at room temperature (ca. 23°C) on
a 12/12h dark/light cycle with 25-35 pE/m?/s illumination
provided by 40-watt, cool white, fluorescent bulbs. L. acus is

generally characterized by cylindrical to fusiform, very slender
cells (65-300 pm long, 7-28 pm wide, 7-20 length/width ratio)
containing several discoid chloroplasts (<5 pm diameter). Strain
obtained and cultured for assays purposes ranged 277 um =+
64 length, 21 pm =£2 width, mean length/width ratio 13 £ 1
(Figure 1a). Two or more rod shaped paramylon bodies are
usually located before and behind the central nucleus (30 pm =+
2 length, 6 um =+ 1 width). These characteristics were set up as
“normal cells.”

Assays

A solution of Bacteriological Peptone OXOID® [Typical
analysis: Total Nitrogen 14% w/w, Amino Nitrogen 2.6% w/w,
Sodium chloride 1.6%, pH (1% solution) 6.3 at 25° C], hereafter
called BP, 3% (w/v) with the SWM supernatant was prepared.
Stock cultures were inoculated in test tubes containing 5ml of
solution of BP to a final concentration of 100 cell/ml. Control
tubes were prepared with 5 ml of SWM supernatant.

The assays were performed using five tubes as control (SWM
supernatant) and five tubes containing the solution prepared
with SWM supernatant and BP. The assays were carried out at
room temperature (ca. 23°C) on a 12/12h dark/light cycle with
25-35 WE/ m2/s illumination provided by 40-watt, cool white,
fluorescent bulbs. Control and treated tubes were kept at stock
conditions for 48 h. The number of cells per mL of each tube was
counted with a Neubauer chamber. Measurements were taken
on 100 cells/tube: the length and width and number and size of
paramylon grains. A Lilliefors test was performed to evaluate the
normal distribution. The test was carried out with Statistica v.8
software. The mean and standard deviation was obtained in each

20 pm

FIGURE 1 | Light microscopic photographs of Lepocinclis acus: (a) Normal
cell; (b) Treated cell. Fan-like paramylon (arrow).
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tube. To compare the mean between control tubes and treated
tubes a Student ¢-test was performed using a SigmaPlotV12.

An aliquot of the cell suspension was fixed with 3%
formaldehyde solution for light microscopy and the rest was used
for TEM and SEM observations. Light microscopy studies were
performed with an Olympus BX50 microscope equipped with
a digital camera Olympus C-7070 Wide Zoom on control and
treated specimens. Control and altered cells were counted and
measured.

Transmission Electron Microscopy TEM
Material for TEM was fixed in (i) 2% glutaraldehyde in filtered
culture medium, and (ii) 2% glutaraldehyde in 0.05M Na-
cacodylate buffer. In both cases, material was post-fixed in 1%
osmium tetroxide, dehydrated in acetone series and embedded
in Spurr resin (Spurr, 1969). Sections 90-100nm thickness
and gold color were cut with a diamond knife (Diatome
Ltd, Bienne, Switzerland) in a Reichert-Jung Ultracut UM2
(C. Reichert Optische Werke, Wien, Austria). They were stained
with 1% aqueous solution of uranyl acetate for 40" and Reynolds
lead citrate for 30”. Then they were examined using a JEOL
100 CX-II electron microscope (Jeol Ltd, Akishima, Tokio,
Japan) at the Centro Cientifico y Tecnoldgico de Bahia Blanca
(CCTBB, CONICET). The terminology used to describe pellicle
morphology defined by Leander and Farmer (2001) was followed
in this analysis.

Scanning Electron Microscopy SEM

Samples were pelleted and fixed in the same fixatives used for
TEM. Cells were rinsed twice with distilled water and filtered
onto polycarbonate membranes (3 pum pore size). The cells
adsorbed to the membranes were dehydrated in a graded ethanol
series (30-100%, 15 min each) and then, critical-point-dried in
liquid CO;,, The filters were sputter-coated with Au-Pd for 6 s and
examined Specimens were photographed in a ZEISS SUPRA 40
Scaning Electron Microscopy from the Service of CMA (FCEN,
UBA). The terminology used to describe pellicle morphology
defined by Leander and Farmer (2001) was followed in this
analysis.

RESULTS

The measurements of the 100 cells from each of the five-control
tube resulted in mean values of 258, 286, 300, 268, and 315 um
length and 17, 17, 6, 6, and 14 um width. Thus, 97% of the
control cultures cells dimensions can be considered as normal,
65-300 pwm length, 7-28 pm width, with 7-20 length/width ratio.
The measurements of the 100 cells from each of the five-treated
tube resulted in mean values of 185, 246, 190, 260, and 222 length
and 34, 52, 54, 50, and 61 width. In treated cultures (Figure 1b)
75% of the cells were 221 pwm = 33 length, 50 wm £10 width with
a mean length/width ratio of 6 £ 2. The differences measured
between these two groups were significant, t = 3,582, df = 8§,
p < 0.01 (length) and t = 7,472 df =8 and p << 0.001 (width).
Significant differences were also observed in the rod shape
paramylon bodies. In treated cells a remarkable increase in

the number and size of paramylon grains was observed which
determined important changes in their shape from flat to ovoid.

Some bodies of the paramylon take a “fan-like” shape near
the apical end (Figure 1b, arrow). Dimensions of rod paramylon
bodies range from 45 pum length, 3 wm width to 54 um length, 7
width, the “fan-like” paramylon showed a bent shape.

TEM studies (Figures 2, 3) showed ultrastructural differences
between normal and treated cells. Transmission electron
micrographs of the transversal section, showed differences in
the pellicle between treatments (Figure2). The normal cells
had a continuous contour whereas treated cells showed distinct
articulation zones due to a clear change in the pellicle strips
course; the almost longitudinal pellicle strips regular orientation
(Figure 2a) became helical (Figure 2b).

Lepocinclis acus strips in normal cells were flat (2.3-
2.9pm wide) and each one had a thick submembrane layer
(0.075-0.1 wm). They had robust-type frames with a slight
median depression and an elaborated cross-section. Teeth-like
projections extended below most of the arch increasing the
undeformable aspect of the structure. These projections could
be clearly seen on the superficial section of the control pellicle
(Figures 2a, arrows). Treated cells showed the same pellicle
ultrastructure as control cells, including strip shape. However, all
the specimens studied had immature strips (new formed strips)
between the old ones (Figures 2b-d). This replication was more
evident in cell anterior ends (Figures 2e,f, 3¢,d), in which bodies
significantly increased with respect to normal dimensions (8-10
to 17-21 um). As regards the number of strips, L. acus usually has
a maximum of 28-36; this number increased to 48-54 in treated
cells.

It was also observed that cells widened along the transversal
axis, maintained their flattened shape in the apical and lateral
views. This was confirmed by SEM studies (Figure 4) where the
new strips can be distinguished on the surface of the cells, new
ones developed among old ones (arrows).

Treated cells showed numerous vacuoles containing electron
dense inclusions and membranes whorls located close to
the pellicle (Figure2b), and several mitochondrial profiles
(Figures 2g,h). Besides these, the ultrastructure of chloroplasts
(Figure 3a) suffers alterations. In treated cells, the thylakoid
lamellae were not easily detected due to their incipient
disorganization (Figure 3b). This fact would correlate with the
modification in cell color observed through light microscope,
from dark to light green in living cells.

Control cells showed several little spherical and few rod shape
paramylon bodies, irregularly distributed (Figure 3c). Instead,
treated cells exhibited a high number and extremely large
paramylon grains that occupied great part of the cytoplasm
(Figure 3d).

The ovoid nucleus showed very few chromosomes and one
or several endosomes in both control (Figure 5a) and treated
cells. However, no changes were seen in the nucleus besides
its displacement from center to the lateral in treated cells
(Figures 2g, 5b), clearly displaced by paramylon bodies.

Cellular breaking was observed both in cultures and in natural
samples from organically enriched fresh water bodies. Both had
numerous free paramylon grains that came from broken cells,
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FIGURE 2 | Transmission electron micrographs of Lepocinclis acus. (a) Control cell showing a continuous contour and the tooth-like projections in transverse section
(arrows) Normal chloroplast (C). (b-h) Treated cells. (b) New strips between the old ones (arrowheads) and vacuoles (V) containing electron dense material and
membranes were observed. (c,d) Tangential sections showing the periodicity and thickness of the tooth-like projections (arrows). (e) Anterior end of a cell showing
clearly the new formed strips. (f) Detail of figure (e), arrows indicate the new strips. (g) Transversal section showing mitochondrial profiles (M), the nucleus (N) and
paramylon grains (P). (h) Detail of the mitochondrial profiles (M) and endoplasmic reticulum (ER) distributed near to the pellicle.

thus suggesting that cells might support deformation only to a
certain extent.

DISCUSSION

Lepocinclis acus is a typical euglenoid specimen with rigid or
semi-rigid pellicle and fusiform cells that may suffer slight
body deformation only by torsion or incurvation during its
displacement. However, specimens studied in our bioassays
showed strong morphological changes in response to organic
matter enrichment of the culture medium.

The basic pellicular substructure observed in treated L. acus in
this study agreed with that of normal specimens (Mignot, 1965;
Bricheux and Brugerolle, 1986). However, even though treated
cells did not show basic strip substructural changes, they clearly
exhibited pellicular strip replication. The adjacent number of
vacuoles enclosing membranes may probably be involved in the
increase of strip number, supplying the material to originate new
pellicle components.

In euglenoids, this new pellicular strip development is related
to cell growth (Hofman and Bouck, 1976) and cell division
(Chaley et al., 1977). In fact, it is often used as a marker for
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FIGURE 3 | Transmission electron micrographs of Lepocinclis acus. (a,b) Details of chloroplasts. (a) Control cell. (b) Treated cell showing the incipient thylakoid
lamellae disorganization. (c) Longitudinal section through the anterior portion of control cell. Note several little spherical and few rod shape paramylon bodies (R).
(d) Longitudinal section through the anterior portion of treated cell. Note numerous and extremely large paramylon grains (P).

the onset of mitosis, except in the genus Entosiphon in which
pellicular strip replication occurs later in division (Triemer,
1988).

During mitosis, the number of euglenoids strips duplicates,
the nucleus migrates toward the base of the reservoir, and
the persistent nucleolus elongates. Our studies on L. acus
showed clear strip replication. The nucleus, however, was far
from the reservoir and located central or laterally in the

middle or posterior portion of the cell, whereas the size of the
nucleolus did not increase. Sometimes, in old cultures the cells
often have strip replication without cytokinesis. Nevertheless,
to our knowledge there is no information in the literature
on this behavior in short term cultures (48h), as shown
in our study. Moreover, no division stages were observed
through light microscopy in cells cultured in the enriched
medium.
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FIGURE 4 | SEM photography new strips (arrows) can be observed between
old ones.

FIGURE 5 | Electron micrographs of Lepocinclis acus nuclei. (a) Control cell
where the nucleus (N) is centrally located. (b) Treated cell where the nucleus is
laterally located.

These results suggest that cell deformation might be facilitated
by the development of emerging new strips within the
articulation zones between the old ones, whereas the normal
substructure of the latter is maintained. As a consequence,
pellicle strips disposition is modified from longitudinal to
helical, and cell length/width ratio decreases without affecting
cellular thickness. It is worth mentioning that the occurrence of
strip duplication with no following cytokinesis agrees with the
mechanism proposed by Leander and Farmer (2001) to account
for strips number increase during euglenoids evolution.

According to our observations, cell deformation would be
induced to a certain extent after which lysis occurs.

This response to an increase in cell volume was different in
elastic species such as Euglena gracilis (Bertaux and Valencia,
1973) or a rigid one as Phacus brachykentron (Nannavecchia
et al,, 2014), where strips became wider, but no replication were
observed. The existence of these different development response
patterns in respect to similar environmental conditions could be
an important evolutionary difference among euglenoids.

Likewise, when paramylon synthesis was experimentally
increased in E. gracilis (Kiss et al., 1986), strips became wider but

did not increase in number, in response to the great accumulation
of paramylon grains in its cells.

On the other hand, the particular combination of
morphological and ultrastructural modifications observed
in L. acus cultured in enriched medium added to those described
in P. brachykentron (Nannavecchia et al., 2014), raises serious
questions and doubts on the validity of the usual euglenoids
systematic characters as cell dimensions, number and paramylon
shape. Several molecular studies have shown that a revision of
the euglenoids taxonomy is necessary (Linton et al., 2000, 2010;
Marin et al,, 2003; Nudelman et al., 2003; Brosnan et al., 2005;
Triemer et al., 2006; Kosmala et al., 2009; Karnkowska-Ishikawa
et al., 2012, 2013; Kim et al., 2013, 2015; Kim and Shin, 2014;
Lukomska-Kowalczyk et al., 2015; Bicudo and Menezes, 2016).

In addition to these publications and what many authors have
previously reported (Van Oye, 1924; Conrad, 1943; Conforti,
1998; Bauer et al., 2012), it is possible to confirm based on
our observations, once again, that paramylon grains have little
diagnostic value as species-specific characters in euglenoids.
Their morphology and number, as well the cell dimensions
can change based on environmental conditions, so these three
diagnostic characters should be taken with caution when
describing new or identifying know species.

As regards to cell dimensions, which are usually used in
systematic determination, we verified that they were strongly
affected by external conditions, thus suggesting that different
species may turn out to be just ecomorphs of the same taxon.

Moreover, since strip replication may occur independently of
cytokinesis, it would be erroneous to consider the number of
strips in a clone as a valid systematic character in euglenoids
(Mignot, 1965; Sommer and Blum, 1965; Mignot et al., 1987).
In asexual organisms as the ones studied in which systematic
determination is mainly based on morphological characteristics,
these changes are particularly troubling. Therefore, a thorough
and careful revision of the systematics of this group becomes
essential. Even though recent literature contributed to enhance
our understanding of euglenoids, there are still many unexplored
issues that need to be addressed.

Lastly, these cellular changes were very fast, observed within
48h of bioassay. Therefore, any action leading to a significant
increase of organic concentration in the water will rapidly
affect L. acus morphology. The algae were very sensitive to
pollution in a short time of exposure and survived under adverse
conditions showing cell alterations. This would imply that the
presence of these altered cells in nature could be used as a good
environmental bioindicator. Additionally, we recorded broken
cells in cultures, as was reported in organically enriched samples
from fresh water bodies (Conforti, 1998), so large input of organic
matter can be extremely harmful to this species, greatly reducing
their abundance by cell lysis.
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