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Chromerida are photoautotrophic alveolates so far only isolated from corals in Australia. It has been
shown that these secondary plastid-containing algae are closely related to apicomplexan parasites
and share various morphological and molecular characters with both Apicomplexa and Dinophyta.
So far, the only known representative of the phylum was Chromera velia. Here we provide a formal
description of another chromerid, Vitrella brassicaformis gen. et sp. nov., complemented with a detailed
study on its ultrastructure, allowing insight into its life cycle. The novel alga differs significantly from
the related chromerid C. velia in life cycle, morphology as well as the plastid genome. Analysis of
photosynthetic pigments on the other hand demonstrate that both chromerids lack chlorophyll ¢, the
hallmark of phototrophic chromalveolates. Based on the relatively high divergence between C. veliaand
V. brassicaformis, we propose their classification into distinct families Chromeraceae and Vitrellaceae.
Moreover, we predict a hidden and unexplored diversity of the chromerid algae.

© 2011 Elsevier GmbH. All rights reserved.
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Introduction

The evolutionary origin of apicomplexan para-
sites has been obscure for a long time. A first
insight into their evolution came with the discovery
of a non-photosynthetic plastid within apicom-
plexans now known as the apicoplast (Koéhler
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et al. 1997; McFadden et al. 1996). The pres-
ence of a remnant plastid in these cells reflects
their photosynthetic ancestry. The discovery of a
coral-associated secondary plastid-containing alga
Chromera velia represented another key break-
through in supporting this notion (Archibald 2009;
Keeling 2008; Moore et al. 2008; Okamoto and
McFadden 2008). The apicomplexan relationship
of this novel alga has been demonstrated by
multiple lines of evidence including: i) molecu-
lar phylogeny of numerous plastid and nuclear
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genes (Janouskovec et al. 2010; Moore et al.
2008; Obornik et al. 2009; Okamoto and McFadden
2008); ii) structure of the plastid super operon
(Janouskovec et al. 2010); iii) presence of typical
morphological and ultrastructural characters such
as cortical alveoli, a micropore, four membranes
surrounding the plastid (Moore et al. 2008) and
a pseudoconoid (Obornik et al. 2011). Moreover,
the use of a non-canonical genetic code for tryp-
tophan in the plastid, a character shared with a
parasitic group within the phylum Apicomplexa, the
Coccidia, provides convincing additional support for
this relationship (Janouskovec et al. 2010; Moore
et al. 2008; Obornik et al. 2009). In contrast to
dinoflagellates, which contain condensed chromo-
somes during the entire cell cycle (Rizzo 2003),
C. velia possesses a typical eukaryotic nucleus
(Obornik etal. 2011), a feature further supported by
the presence of genes encoding highly conserved
eukaryotic histones H2A and H2B in the genome
of this alga (Obornik et al. 2009). In addition, the
plastid of C. velia displays a unique pigment com-
position, since chlorophyll ¢, the hallmark of most
chromalveolate plastids, is missing. Moreover, in
addition to chlorophyll a, C. velia also contains vio-
laxanthin and a novel isoform of isofucoxanthin as
major light harvesting pigments (Moore et al. 2008).
C. velia uses fast de-epoxidation of violaxanthin
for highly efficient non-photochemical fluorescence
quenching (Kotabova et al. 2011). Although the
absence of chlorophyll ¢ has also been noted in
Eustigmatophyceae (Sukenik 1992), no phyloge-
netic relationship between eustigmatophytes and
chromerids has so far been shown, suggesting that
chlorophyll ¢ might have been lost twice during
the course of evolution. The phototrophic alveo-
late C. velia also uses a novel mechanism for
iron uptake, which differs from the classical reduc-
tive and siderophore-mediated iron uptake systems
present in yeasts and terrestrial plants (Sutak et al.
2011). It also contains plant-like galactolipids (Botté
et al. 2011).

In addition to the non-motile coccoid stage, which
under cultivation conditions represents the domi-
nant stage of C. velia (Moore et al. 2008; Obornik
et al. 2011), motile biflagellate plastid-bearing
cells were also observed (Obornik et al. 2011;
Weatherby et al. 2011). Morphologically, these
flagellates resemble colpodellids, aquatic apicom-
plexan predators with a pseudoconoid (Leander
and Keeling 2003). Although the vegetative life
cycle of C. velia in culture has been reconstructed
(Obornik et al. 2011), we can only speculate at
present about the function of these flagellate cells
in natural conditions.

C. velia was isolated from a stony coral Plesi-
astrea versipora in Sydney harbor (Moore et al.
2008). However, another putative algal symbiont
was isolated from the Australian stony coral Lep-
lastrea purpurea at One Tree Island, Great Barrier
Reef by R. A. Andersen and R. B. Moore and was
deposited in the CCMP collection under the iden-
tifier CCMP3155. Hence, together with C. velia,
this putative chromerid alga has been subject
to extensive molecular studies, which confirmed
that CCMP3155 is also closely related to the
Apicomplexa, although it probably forms a novel
lineage evolutionarily independent of C. velia. Plas-
tid genomes of both taxa, as well as a number
of their nuclear protein-coding genes, have been
analyzed (Janouskovec et al. 2010). Although both
algae are classified as chromerids based on the
previously mentioned common metabolic features,
photosynthetic ability and molecular phylogeny,
they substantially differ in their morphology (this
study), and certain other molecular characters also
show significant mutual divergence (see Table 1
for details). Their plastid genomes are particularly
revealing in this respect: while the highly diver-
gent plastid genes of C. velia are placed within
an unusual genome, which even appears to be
linear and lacks the inverted repeats of rRNA
units, CCMP3155 possesses a highly conserved
and compact circular plastid genome, in which
the conserved genes display one of the highest
GC contents (47.7%) so far described for plastid
genes (Janouskovec et al. 2010). Also in contrast
to C. velia, CCMP3155 uses exclusively the canon-
ical code for all tryptophans in its plastid-encoded
genes (Janouskovec et al. 2010), and has devel-
oped a different life cycle.

Here we formally describe CCMP3155 as Vitrella
brassicaformis gen. et sp. nov., and investigate its
morphology, ultrastructure and photosynthetic pig-
ments. We classify C. veliaand V. brassicaformisin
separate families, Chromeraceae and Vitrellaceae.

Results

Light Microscopy Observations

The dominant stages under the cultivation con-
ditions were single coccoid non-motile vegetative
cells of various sizes containing abundant quanti-
ties of green pigment and storage granules. The
size variation of cultured cells is considerable
(Figs 1-4). While a thick multilayered cell wall is
characteristic of stationary phase (Figs 9-10), the
cell wall of the younger stages is relatively thin
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Figures 1-11. Light microscopy using Nomarsky interference contrast. Figure 1. Low magnification view of a
typical stationary culture, revealing vegetative cells and sporangia forming a colony. Most of the pale sporangia
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(Figs 2-4). Regardless of its thickness, the wall
of all developmental stages remains transparent,
facilitating photosynthesis under the low light con-
ditions that would occur in the deeper ocean or
inside the coral host (Fig. 10). Based on cultured
material, the developmental pathway finally leads
to the formation of two different types of sporan-
gia. The first type is represented by mature green
autosporangia (30-45 pum in diameter) that sporu-
late to produce non-motile autospores. During this
process, the granular content of the vegetative
cell becomes finer and, ultimately, cellular division
leads to a green autosporangium full of autospores
(Fig. 5). These are virtually identical to vegetative
cells and seem to represent the initial stage of a
new life cycle. Cell division to produce autospores
probably occurs without the formation of a coeno-
cytic stage (see Discussion). Autospores within
maternal green autosporangia vary considerably in
size. In most cases, their diameter ranges from 3.0
to 4.5 um, however, these elementary stages can
attain the diameter of up to 7.0 wm, and still remain
encapsulated within a multilayered cell wall of the
maternal green autosporangium (Fig. 5). Several
broadly ellipsoidal granules and a centrally located
pyrenoid can be observed within each vegetative
cell by light microscopy (Figs 3-5). The pyrenoid
is one of the most prominent features during the
entire development of the vegetative cells and
autosporangia.

However, under some unspecified conditions, a
second type of maternal sporangium producing
numerous motile flagellate zoospores emerges in
the culture. These zoosporangia do not contain any
discernible green pigmentation and thus appear
colorless or light brown, standing out among the
green stages (Figs 1 and 2). A thorough examina-
tion revealed the presence of a granule containing
an orange pigment (similar to a stigma), usu-
ally situated close to the sporangial wall (Fig. 6),
leading us to refer to this stage as orange zoospo-
rangium. These stages are regularly spherical, with

a uniformly thick yet consistently transparent wall,
ranging between 25 and 35 pm in diameter. We
could not trace the very early development of the
zoosporangia, since they were only distinguishable
from their green counterparts (autosporangia) at a
relatively mature stage. By then their contents have
become subdivided to form elongated zoospores
(Figs 6-8). Each zoospore contains a tiny, barely
discernible stigma of the same color as the stigma-
like structure of the zoosporangium. Though the
zoospores are apparently bi-flagellate upon their
release (also see below), the free flagella are only
visible inside the fully mature zoosporangium and
on released zoospores (Fig. 7). It is likely that the
zoosporangia develop faster than the autosporan-
gia, as they do not form complex laminated walls.
Regardless of their color, both autosporangia and
zoosporangia contain a large circular operculum
within their respective walls (Figs 2, 8 and 11)
through which the immotile autospores or motile
flagellate zoospores are released. No signs of sex-
ual reproduction have been observed.

Ultrastructural Observations

Scanning Electron Microscopy

A general view in scanning electron microscopy
(SEM) of stages present in a stationary culture
is shown in Figure 12. This lower magnification
enables the visualization of the major differences
in size of the various stages. The largest stage,
a sporangium exceeding 40 um in diameter, is
marked with an arrow. Regardless of their diam-
eter, the sporangia are covered by several layers
of the cell wall that seem to be formed indepen-
dently. In the sporangium shown in Figure 14, the
superimposed layers are partially stripped away,
revealing a massive wall. On the surface of some
layers, inconspicuous geometrical ridges (Fig. 13;
arrowheads), reminiscent of a similar structure in
dinoflagellates, are visible. The rupture of the imma-
ture sporangium leads to the release of the inner

(some marked with arrowheads) produce motile zoospores (=orange zoosporangia). Green autosporangia produce non-motile
autospores. Figure 2. Detail of the same stage of the culture. Note green autosporangia (asp) in various phases of sporulation, small
vegetative cells and single colorless (orange) zoosporangia (zsp) filled with motile zoospores (arrowhead). Circular operculum (op)
is visible in the wall of a green sporulating autosporangium (arrow). Figure 3. Colony of small-sized young vegetative cells filed with
granules, note a distinct centrally located pyrenoid (arrowhead). Figure 4. Larger green vegetative cells with granulated content,
note a distinct centrally located pyrenoid (arrowhead). Figure 5. Autospores (as) developing inside the large sporulated green
autosporangium. Note a thick laminated multilayered wall and pyrenoids centrally located in autospores (arrowheads). Figure 6.
Large sporulated orange zoosporangium (zsp) containing almost formed motile zoospores. Note the presence of a distinct orange
pigment granule (stigma-like structure; s), typical for this stage (arrowhead). Figure 7. A large sporulated orange zoosporangium
containing matured motile zoospores (zs). Figure 8. Another sporulated zoosporangium filled with motile zoospores (zs). Note a
distinct operculum (op) in the sporangium wall. Figure 9. A large sporulating sporangium showing a complex wall with broken layers.
Figure 10. Two large vegetative cells with a multilayered but fully transparent wall. Figure 11. The surface of a large sporulated
green autosporangium containing autospores and conspicuous operculum (op). Compare to an analogous structure in the wall of
the zoosporangium containing the zoospores in Figure 8. Numbers above bars indicate their size in pm.
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Figures 12-22. Scanning electron microscopy. Figure 12. Low magnification view of a typical stationary cul-
ture, revealing huge size differences among vegetative cells (vc) and sporangia (sp). Note adhesions among
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granular material (Fig. 15). Empty thick sporangial
walls (Fig. 16) are frequently observed in both sta-
tionary and exponential cultures, evidence of the
release of either immotile autospores or biflagel-
late zoospores (Figs 17-19, 22). From a broken
zoosporangium retaining part of its contents it is
possible to estimate that the sporangia contain
dozens of zoospores (Fig. 17). SEM preparations
have been carefully inspected for any trait that
would allow sporangia to be distinguished from
those containing autospores or motile zoospores.
However, it was not possible to distinguish undam-
aged autosporangia and zoosporangia from each
other by other methods than light and transmis-
sion electron microscopy. The general impression
from SEM is that large vegetative cells destined to
form sporangia are not wrapped completely by all
multiple layers of wall material, but that the outer-
most layers are partially ruptured, thereby exposing
the inner layers. A circular opening, not exceeding
5 pwm in diameter, is present in the wall of all mature
sporangia (Figs 20 and 21). It was not unusual to
observe sporangia with the lid of the circular oper-
culum open or missing (Fig. 21), which may be
a consequence of spore release. A collection of
zoospores is shown in Figure 22.

While the vegetative cells, autospores and spo-
rangia of any size bear no similarity to the coccoid
stages of C. velia, the morphological resem-
blance of the flagellate zoospores between the two
chromerid species is striking (Obornik et al. 2011;
Weatherby et al. 2011). The flagellate zoospores
bear two heterodynamic flagella, one flagellum is
2.5 times longer than the other. Both flagella exit
from the flattened ventral face of the cell, with
their basal bodies separated by an inconspicu-
ous longitudinal ridge (Fig. 19; arrowhead). The
majority of the zoospores are pear-shaped, with
the flagella emerging from below the tapered end
(Figs 18 and 19). As in C. velia and heterotrophic
colpodellids, the long flagellum is tapered distally
(Fig. 19; asterisk), while the conspicuous finger-
like projection present at the exit region of the short

flagellum is found exclusively in C. velia (Obornik
etal. 2011; Weatherby et al. 2011; Figs 18 and 19).

Transmission Electron Microscopy

Given the existence of multiple layers of varyingly
thick cell walls, it is not surprising that preserv-
ing the ultrastructure proved to be a challenge.
Even the utilized transmission electron microscopy
(TEM) protocol in which optimal penetration of the
fixative was given priority (see Methods) had its lim-
its as the walls of vegetative cells and sporangia
can be extremely thick. Therefore, the fine struc-
tural characters were best preserved in stages with
ruptured or non-intact cell walls, or those released
from the sporangia. The two types of sporangia
observed by light microscopy were also identi-
cal with TEM. These included: i) autosporangia,
the lumen of which was occupied by autospores
filled with various reserve granules, among which
a large thylakoid-containing plastid was dis-
cernible (Figs 23-27), ii) zoosporangia containing
thin-walled zoospores with two heterodynamic
flagella and well-visible subpellicular microtubules
(Figs 38-47).

Green autosporangia contain immotile
autospores: As also seen by light microscopy,
green autosporangia contain a large number of
round immotile autospores. In TEM, the maturity
of autosporangia can be assessed by the thick-
ness of the cell wall and the extent of autospore
development. A section through the periphery of a
rather large thin-walled autosporangium (Fig. 23)
reveals an early stage of the process of spore
development. The formation of septae among
future autospores has already been initiated, yet
the size of individual compartments is still variable.
Apparently, sporulation starts at the periphery
of the maternal cell, with a sporangium already
equipped with a laminated wall, which still contains
granular non-sporulated material at its center,
as also observed in the vegetative cells (Fig. 27;
asterisk). A more advanced stage is sectioned

vegetative cells (vc) and sporangia (sp). Note adhesions among vegetative cells and large sporangia, forming frequent colonies
in the culture; large matured sporangia are marked by the white arrow. Figure 13. A middle-sized vegetative cell with rarely visible
inconspicuous ridges in one of the inner wall layers (arrowheads). Figure 14. A sporangium (sp), in which numerous superimposed
layers are well visible. Figure 15. A ruptured large sporangium with its granular unsporulated content released. Note a lone zoospore
(zs) (arrow) released from a different stage. Figure 16. Frequently encountered empty multilayered walls of ruptured sporangia.
Figure 17. A broken large zoosporangium revealing motile zoospores (arrows). Figure 18. A zoospore in a dorsal position with two
heterodynamic flagella. Figure 19. Another zoospore (zs) revealing a longitudinal ridge on its ventral side, separating exit sites of
the two flagella (arrowhead). Note the tapered terminus of the long flagellum (asterisk). Figure 20. A mature sporangium likely
packed with spores. Note the multilayered structure of its walls and a circular operculum (arrowhead). Figure 21. A sporangium
(sp) similar to the one in Figure 20, with empty content and opened operculum. Figure 22. A group of motile zoospores (zs) upon
their release from a zoosporangium. Numbers above bars indicate their size in wm.
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Figures 23-29. Transmission electron microscopy of the developmental pathway leading to the autospores.
Figure 23. Section through the periphery of a large autosporangium, still with a thin wall, in which sporulation
has begun, as judged from the appearance of septae among future autospores (as). Figure 24. A more advanced
stage with autospores (as) already synthesizing their thick walls. The cytoplasm is filled with storage granules.
Figure 25. Section through a typical vegetative cell, with a nucleus and variously electron dense granules.
No flagella are present in its cytoplasm. Figure 26. Vegetative cells possess a prominent plastid (pl), filled
with long stacked thylakoids. Figure 27. A large green autosporangium containing at its periphery sporulating
autospores, while its central part still contains undifferentiated material (asterisk) with no detected nuclei. Note
that a thick multilayered wall is already being built. Figure 28. A part of the plastid bulges into a prominent
pyrenoid (asterisk), into which individual thylakoids penetrate. Figure 29. Section through a whole vegetative
cell reveals how large a structure the pyrenoid is. Note its electron-lucent evenly thick coat. Numbers above
bars indicate their size in um.
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Figures 30-37. Transmission electron microscopy of sporangium walls. Figure 30. A putative initial stage in wall
formation, starting from a single-layered homogenous electron-translucent layer. Figure 31. A vegetative cell
enclosed in a young, double-layered wall (the outer layer is ruptured). Figure 32. An unsporulated vegetative
cell with the cytoplasm fully occupied by granules, the wall of which is being built. The vesicular composition
of the inner-most layer is likely a reflection of an ongoing build-up of the wall (arrowheads). Figure 33. A
relatively small and young vegetative cell with inner non-sporulated content occupied with large granules and
already covered with multiple layers of a thick wall. Figure 34. Somewhat more advanced cell, in which small
granules are present, but individual wall layers differ largely in their thickness. Note an extremely thick inner
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in Figure 24, where a thick single-layered wall
is being synthesized at the periphery of each
immature autospore in a synchronized manner.
Both sporulating stages and mature vegetative
cells have their cytoplasm densely packed with
storage granules likely containing lipids and amy-
lopectin (Figs 23-25 and 27). In addition to the
oval, centrally located nucleus, each vegetative
cell and autospore also carries a single prominent
plastid, with long stacked thylakoids (Fig. 26). It is
substantially larger than the homologous organelle
in the motile zoospores (Fig. 42). Moreover, a part
of the plastid of the vegetative cell bulges into a
prominent pyrenoid (Figs 28 and 29). This spe-
cialized area of the plastid is morphologically well
defined, as the thylakoids protrude into a knob-like
projection encircled by a flattened vesicle, in which
a fine granular electron dense material is present
(Figs 28 and 29).

The sporangial wall is a particularly prominent
and characteristic feature. Its simplest form is rep-
resented by a single-layered wall of autospores and
early vegetative cells (Figs 30 and 31), which is
of uniform composition and about 500 nm thick.
The correlation between the growing diameter of
the cell contents stage and the thickening of its
wall is variable, as occasionally large cells with
non-sporulated contents still retain a thin wall
(Figs 31 and 50). A non-sporulated vegetative cell
filled with amylopectin and lipid granules, in which
the thickness of the wall is already increasing, is
shown in Figure 32. At this stage, a minimally three-
layered wall has been deposited and the vesicular
composition of the inner-most layer is probably a
result of wall deposition (Fig. 32). Synthesis of the
wall is captured in detail in Figure 35, in which one
of the layers is formed by incorporation of vesicu-
lar material from its inner face. It seems that this
material is spreading from the inner layer of the
sporangial wall (Fig. 35). Subsequent development
results in a growing number of walls tightly super-
imposed upon each other that seem to have a very
similar composition, although slight differences in
electron-transparency among individual layers of
the wall can be seen (Figs 33 and 37).

In general, the number of layers constituting the
wall was highly variable in cross-sectioned cells,
ranging from a single layer (Fig. 30) to 12 or

even more layers (Figs 37 and 51). Moreover, the
thickness of individual layers was also subject to
significant variability (Figs 32-37). Occasionally, the
combined thickness of the walls rivaled the diame-
ter of the content they enclosed (Figs 33 and 34).

Orange zoosporangia contain motile flag-
ellate zoospores: An orange zoosporangium
enclosed by a thick, at least three-layered wall,
whose rupture allowed good preservation of its
fine structure, is shown in Figure 38. All three
cross-sectioned flagellate zoospores inside the
sporangium have a thin single layered cell wall, and
the space between them is evenly filled with an
electron-translucent fluid (Fig. 38). A magnification
of this stage reveals the presence of a typical flag-
ellum composed of a central doublet and peripheral
ring of microtubules, lacking any supporting rod
(Fig. 40; arrowhead). Such an external flagel-
lum was very rarely seen except in fully matured
zoosporangia, while in most cases the thin-walled
stages contained internalized axonemes (pre-
flagellum), apparently assembled in the cytoplasm
and the flagella ejected only when entirely formed
(Figs 39, 44 and 46; arrowheads). Such a pre-
assembled longitudinally sectioned axoneme is
visible in the cytoplasm of a typical early zoospore
(Fig. 40; arrowhead). Most observed stages are
individually enclosed in a compartment filled with
a very fine homogenously granular material, encir-
cled with a veil-like dense layer (Figs 41, 43 and 44).
Since the putative early stages lack such compart-
mentalization (Figs 38-40), this layer detached from
the early zoospore membrane may be synthesized
during the course of its development, resulting in
the mature motile zoospore.

The evenly dense ribosome-rich cytoplasm con-
tains an oval nucleus, with typical eukaryotic
morphology (Figs 39, 41 and 46). Putative electron-
translucent amylopectin and lipid granules of
variable size and shape are dispersed throughout
the cytoplasm. Aggregates of small electron-dense
structures are also present (Figs 39 and 40).
Another cross-sectioned early zoospore (Fig. 41)
reveals an additional set of morphological features
characteristic for the developmental stages leading
to the mature zoospore. Two cross-sections of an
axoneme, marked with black arrowheads, can be
seen on opposite sides of the cell (Fig. 41), which

wall (asterisk). Figure 35. A section through an early stage of wall formation, which is reflected by an uneven deposition of
sporangium wall material from the inner face of the wall (arrowheads). This wall is composed of five still mostly thin layers differing
in composition. Figure 36. A more advanced sporangium equipped with a wall composed of six to seven layers that are rather
evenly thick. Figure 37. Another large sporangium with an extremely thick wall composed of at least 12 layers with uneven diameter
that are superimposed upon each other. Numbers above bars indicate their size in pum.
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Figures 38-47. Transmission electron microscopy of the developmental pathway leading to the motile
zoospores. Figure 38. A ruptured sporangium with a thick multilayered wall containing numerous early thin-
layered zoospores. Figure 39. A thin-walled zoospore with a longitudinally sectioned axoneme in its lumen
(arrow). Alveolar vesicles are marked with a black arrowhead. Figure 40. A detail of Figure 38, in which the
external cross-sectioned flagellum is visible (arrowhead). Numerous granules are present in the cytoplasm.
Figure 41. Section through the lumen of a partially sporulated sporangium revealing that each early zoospore
is enclosed in a compartment filled with fine granular material. On each side of the cell, an axoneme has
been cross-sectioned (arrowheads). Note a reticulated mitochondrion filled with small but numerous vesicular
cristae. Figure 42. Section through the central part of a thin-walled early zoospore revealing the presence of an
inconspicuous plastid (pl) located close to a prominent reticulated mitochondrion. Figure 43. Two cells with inter-
nal axonemes, containing numerous elongated dense organelles reminiscent of apicomplexan micronemes
(arrowheads) and reserve granules, likely containing amylopectin (asterisks). Figure 44. Somewhat earlier
thin-layered zoospores than those in Figure 43, containing large vesicles filled with electron-dense material
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Figures 48-52. Semi-thin, toluidine blue stained sections of developmental stages involved in the forma-
tion of autospores. Figure 48. Young vegetative cells of heterogeneous size with clearly distinct pyrenoids
(arrowheads). Figure 49. Section through various types of developmental stages showing the complexity and
heterogeneous character of the culture. Note multilayered walls of maternal sporangia and autospores inside the
sporangia. Figure 50. A growing vegetative cell with variously dense granules. Figure 51. A more advanced veg-
etative cell with a multilayered wall. Figure 52. A group of mature green autosporangia containing autospores.
Note the various sizes of autospores in the maternal green autosporangium, surrounded by multilayered walls.

Numbers above bars indicate their size in pm.

is indicative of the existence of two pre-formed
axonemes inside of the cell.

A prominent feature throughout development is
a large reticulated mitochondrion, filled with small
vesicular cristae (Figs 41 and 42). In contrast,
an oval plastid is rather inconspicuous in the
zoospores, as compared to the other stages, yet still
contains clearly visible longitudinal thylakoids, usu-
ally arranged in stacks of three (Fig. 42). Despite
the inspection of numerous thin-walled cells, it
is difficult to ascertain the identity of a rarely
encountered structure visible in Figures 41 and 46,
which has an amorphous shape and differently

electron-dense contents, and occasionally contains
granular vesicles in its lumen (Fig. 44). It may be
a reduced plastid or an early structure leading to
the formation of vesicular structures abundantly
present in what appears to be mature cross-
sectioned flagellates (Fig. 43). As these structures
are missing from other stages and often appear
along with developed flagella (Fig. 43), we suggest
that they might be markers of mature flagellates.
Their fine structure, especially their shape and
localization next to each other, along with the uni-
formly electron-dense contents is reminiscent of
micronemes of the Apicomplexa.

(asterisks). Note the presence of veiled compartment in which each cell is located. Figure 45. Periphery of an early motile stage,
in which a complete corset of subpellicular microtubules is visible (arrowheads). Figure 46. A thin-walled zoospore in which both
flagella have been formed (arrowheads). Figure 47. Section through the periphery of the cell reveals dense parallel subpellicular
microtubules. Numbers above bars indicate their size in um.
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Figure 53. Diagrammatic representation of the life cycle in culture; a - vegetative cell; b - mature vegetative
cell; ¢ - early green autosporangium; d - mature green autosporangium; e - release of autospores from autospo-
rangium; 1 - early orange zoosporangium; 2 - mature orange zoosporangium; 3 - release of zoospores from

mature orange zoosporangium.

All thin-walled stages of the pathway terminated
by motile flagellate zoospores are equipped with
an array of longitudinal subpellicular microtubules
that are quite densely aligned next to each other
(Figs 45 and 47). As even in cells cross-sectioned
through their terminal region, subpellicular micro-
tubules support the plasma membrane on the entire
perimeter (data not shown).The zoospores appear
to have a complete corset of microtubules stretch-
ing from the anterior to the posterior end. Very thin
yet well-visible alveolar vesicles are also subjacent
to the thin bi-layered plasma membrane of these
stages (Figs 39 and 41). While these dense cor-
tical alveoli are of even width, they are irregularly
distributed under the membrane with varying gaps
between them (Figs 39 and 41). No trace of a pseu-
doconoid or similar structure was found in these and
other stages. Diagrammatic interpretation of the life
cycle based on the cultivated stages is shown in
Figure 53.

Composition of Photosynthetic Pigments

Investigation of pigment composition using HPLC
analysis revealed that the major pigment of the
studied organism is chlorophyll a (Fig. 54). In

addition, minor pigments such as carotenoids vio-
laxanthin, B-carotene and vaucheriaxanthin are
present. We have also attempted to detect addi-
tional chlorophyll-type pigments, namely chloro-
phyll ¢, however, no such pigments were found. The
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Figure 54. Composition of the photosynthetic pig-
ments in Vitrella brassicaformis and Nannochloropsis
limetica.
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composition of pigments in Nannochloropsis limet-
ica obtained with the same method was used for
comparative purposes.

Taxonomic Summary

Phylum: Chromerida Moore et al., 2008
Family: Chromeraceae Obornik and Luke$, 2011

Diagnosis: Unicellular algae with secondary plastid sur-
rounded by four membranes; immotile coccoid cells reproduce
by binary division; flagellate zoospores with heterodynamic
flagella; shorter flagellum with a finger-like projection at
its basis; pseudoconoid, coccoid wedge and chromerosome
present; cells surrounded by thin sporangium wall; plastid
pigmented by chlorophyll a, isofucoxantnin, violaxanthin and
B-carotene, chlorophyll ¢ is absent. The only known species is
Chromera velia (Moore et al. 2008).

Family: Vitrellaceae Obornik and Lukes$, 2011

Diagnosis: Unicellular algae with secondary plastid sur-
rounded by four membranes; immotile vegetative cells with
laminated cell walls form a dominant stage in the culture;
autosporangia contain dozens of immotile autospores; zoospo-
rangia contain dozens of motile biflagellate zoospores; plastid
pigmented by chlorophyll a, violaxantnin, vaucheriaxanthin
and B-carotene, with chlorophyll ¢ absent; prominent pyrenoid
present in vegetative cells and autospores; sporangia carry an
operculum. The only known species is Vitrella brassicaformis
(this work).

Vitrella brassicaformis gen. et sp. nov.

Etymology: Vitrella (feminine) is derived from the Latin
adjective vitreus, meaning glass or transparent, due to high
transparency of the thick cell wall; brassicaformis describes the
laminated cell wall that resemble a cabbage-head.

Holotype/hapantotype: Culture is deposited in the Provasoli-
Guillard Center for Culture of Marine Phytoplankton, Maine,
USA (code CCMP3155).

Type locality: Scleractinian coral Leptastrea purpurea
obtained from the Great Barrier Reef, Australia. Collection date,
December 1st, 2001. Collectors: K. Miller and C. Mundy.

Diagnosis: Unicellular alga with secondary plastid surrounded
by four membranes. Immotile vegetative cells with laminated
cell walls represents a dominant stage in the culture; autospo-
rangia contain dozens of immotile autospores; zoosporangia
contain numerous motile biflagellate zoospores; plastids pig-
mented by chlorophyll a, violaxantnin, vaucheriaxanthin and
B-carotene, with chlorophyll ¢ missing; vegetative cells and
autospores contain a prominent pyrenoid; sporangium carries
an operculum.

Discussion

Although the plastid DNA of V. brassicaformis
(under the name CCMP3155) enclosed in a

four-membraned organelle has been recently fully
sequenced and analyzed together with numerous
nuclear genes, there is as yet no information con-
cerning its morphology and life cycle (Janouskovec
et al. 2010). The intention of this study is to fill
this gap in our knowledge by formally naming
this organism and describing the (fine) structure
and photosynthetic pigments of its developmental
stages.

Chromeraceae and Vitrellaceae Differ in
their Morphology and Life Cycles

Upon establishing a slightly bacterized unialgal cul-
ture of V. brassicaformis, we have observed its
life cycle in detail. Inspection of the cell stages
with light microscopy was adequate to reveal unex-
pected morphological differences from C. velia, the
most closely related known phototrophic organ-
ism (Fig. 55). While the developmental stages of
Chromera do not exceed 10 um in length or diam-
eter for motile flagellates and oval vegetative cells
(coccoids), respectively, the largest sporangia of V.
brassicaformis reach up to 40 pm in diameter. Con-
sequently, dozens of motile flagellate zoospores or
immotile autospores are produced from a single
sporangium in the life cycle of V. brassicaformis,
while the development of C. velia produces only
up to four coccoid cells (Obornik et al. 2011). The
morphology of vegetative cells also substantially
differs between the investigated species: the veg-
etative cells of Vitrella are, in contrast to those of
Chromera, bounded by a laminated (multilayered)
cell wall. The characteristic operculum in the spo-
rangium of V. brassicaformis, through which the
autospores and zoospores are released, is remi-
niscent of the Stieda body, a structure in the wall of
the coccidian oocysts (Jirk( et al. 2002). The same
can be said about the subpellicular microtubules
that form a complete corset and are ultrastruc-
turally virtually identical with those supporting the
plasma membrane of eimeriids and other api-
complexans (Morrissette and Sibley 2002). In V.
brassicaformis no structures similar to the pseu-
doconoid, chromerosome, coccoidal wedge or the
finger-like projection of C. velia were found (see
Table 1), while the former species has a prominent
pyrenoid and a conspicuous stigma-like structure in
its zoospores and zoosporangia, neither of which is
found in C. velia.

The synthesis of up to a dozen of varyingly thick
walls superimposed upon each other attests to
the likely extreme resilience of these vegetative
cells and sporangia to environmental conditions
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Figure 55. Current view of the evolution of chromerids. A schematic tree shows evolutionary relationships
among chromerids and apicomplexans. The green line in the tree indicates photosynthetic organisms. Losses
of photosynthesis or plastids are indicated. We propose that photosynthesis was lost once in chromerids with
respect to colpodellids and once in the lineage evolving to apicomplexan parasites. We suppose chromerids to
form a sister groups, mainly based on their unique pigmentation and molecular phylogeny.

and perhaps also predators. Moreover, based on
our observations, it may also be possible that the
vegetative cells of V. brassicaformis are trapped
inside an already dead sporangium and thus live
protected by the cell wall of their “ancestors”.
This leads to the formation of colonies or bundles
composed of the vegetative cells, autospores and
sporangia. It is possible that due to the durability
of some of its stages, V. brassicaformis has the
potential to spread over long distances and con-
sequently may be widely distributed in the world’s
oceans.

Unfortunately it was not possible to label the
cell nuclei using the DNA-staining dyes such as
DAPI (data not shown), probably due to the extreme
thickness and impermeability of the cell wall. There-
fore, we could not establish the number of nuclei
in the early sporangium using fluorescent light
microscopy. TEM was necessary to demonstrate
the absence of a coenocytic stage in the path-
way producing autosporangia of V. brassicaformis.
No evidence is available that zoospore formation
involves a coenocytic developmental stage.

Chromeraceae and Vitrellaceae Share
some Morphological Characters

However, in spite of their mutual divergence, a
number of morphological characters are shared
between both chromerid taxa. Their motile
zoospores (flagellates) are strikingly similar, both
are pear-shaped, contain a plastid, and carry
heterodynamic flagella exiting on the ventral site,
where they are separated by a ridge. They also
resemble colpodellids, aquatic predators belonging
to the Apicomplexa (Adl et al. 2005; Leander and
Keeling 2003), which are known to be the closest
relatives of chromerids (Moore et al. 2008). The
coccoid cells of C. velia and the vegetative cells
of V. brassicaformis have similar cortical alveoli,
subpellicular microtubules, undulated thylakoid
stacks and reserve granules, as well as a very
similar shape of mitochondrial cristae. Other
features shared by both chromerids (Obornik et al.
2011) and dinoflagellates (Hansen et al. 2007)
are the longitudinal ridges on the sporangium wall
and the terminal tapering of the long flagellum, a
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feature found also in the colpodellids. However,
unlike dinoflagellates (Leander and Keeling 2003),
C. velia and V. brassicaformis have a typical
eukaryotic nucleus with no sign of permanently
condensed chromosomes and their flagella are
not supported by a paraflagellar rod characteristic
of dinoflagellates and colpodellids (Brugerolle
2002; Hansen et al. 2007). The sporulation
phase of both chromerids also bears similarity,
and at the same time superficially reflects their
distant relationship with the Coccidia, as the
vegetative cell and the sporangium seem to be
similar to the coccidian sporocyst and oocyst,
respectively. Particularly telling is the paucity of life
cycle stages with free flagella. Like Plasmodium
(Briggs et al. 2004) and C. velia (Obornik et al.
2011), V. brassicaformis can, prior to the exit of
the zoospore from the thick-walled orange spo-
rangium, assembile its flagella within the cytoplasm
and eject the preformed flagella only. Overall,
these features strongly support the gene-based
relatedness of these chromerids (Janouskovec
et al. 2010), yet numerous striking differences
indicate an unexpected morphological diversity
within this emerging group of early-branching
myzozoans.

Life Cycle and Morphology of Vitrella
Resemble Heterokont Algae

It should be noted that the observed life cycle of
V. brassicaformis closely resembles the life cycle
of some heterokont algae. The morphology of
particular life cycle stages of some Eustigmato-
phyceae (Hibberd 1981; Santos 1996), namely
the vegetative cells possessing a conspicuous
stigma-like reddish globule, is striking. The mor-
phology of the studied stages is also similar to
the heterokont alga Phaeoschizochlamys mucosa
(Phaeothamniophyceae) (Kristiansen and Preisig
2001; Lemmerman 1898; Nicholls and Wujek
2003), which contains a laminated multilayered cell
wall. It is worth noting that some chlorarachnio-
phytes also contain laminated cell walls (Ishida
and Hara 1994; Ota et al. 2005). However, it is
very likely that all these morphological characters
evolved convergently.

Despite a detailed analysis of cultured stages,
the described life cycle remains speculative to
some extent, as we were unable to character-
ize the connection(s) between the two pathways
producing eitherimmotile autospores or motile flag-
ellate zoospores. The production of the flagellate
forms could be enhanced by an increased exposure

to light. As the motile-immotile transformation in
C. velia is also influenced by illumination (Obornik
et al. 2011), salinity and other stimuli (Guo
et al. 2010), our observations of V. brassicaformis
indicate that the same environmental cues are
involved in shaping its life cycle, which is not
surprising given that both species thrive in the
same environment. In subsequent studies, the
life cycle will have to be addressed by genetic
methods as well as cultivating this interesting
alveolate under conditions resembling its natural
environment.

Both Chromerids Lack Chlorophyll ¢

It has been shown that C. velia lacks chlorophyll
¢, a typical pigment of almost all phototrophic
chromalveolates (Moore et al. 2008), with the
exception of the Eustigmatophyceae (Sukenik et al.
1992). At the same time, in C. velia the only
chlorophyll present, chlorophyll a, is complemented
by carotenoids isofucoxanthin, violaxanthin and
B-carotene. Analysis of the photosynthetic pig-
ments of V. brassicaformis revealed a surprising
result. Although this alga lacks chlorophyll ¢
and isofucoxanthin, violaxanthin, vaucheriaxanthin
and B-carotene are present in V. brassicaformis.
It should be mentioned that pigment composi-
tion of V. brassicaformis is virtually identical to
that in Nannochloropsis limnetica (Eustigmato-
phyceae) (Fig. 54). The lack of chlorophyll c is a
unique shared feature of the eustigmatophytes and
chromerids, which also display morphological sim-
ilarities, but according to the current data do not
share a common origin, is interesting. However,
the absence of relevant molecular data from the
eustigmatophytes prevents deeper analyses of this
relationship. Thus, the possibility of the chromerid
plastid originating from a tertiary endosymbio-
sis between the ancestor of chromerids and
an eustigmatophyte alga cannot be rejected at
present.

Based on molecular, morphological and pig-
ment data we suggest that Chromeraceae and
Vitrellaceae are, in spite of their high mutual diver-
gence, the closest known relatives (Fig. 55). We
also propose that the evolutionary pathway lead-
ing to Apicomplexa and Colpodellida involves two
independent loses of photosynthesis, one on the
root of colpodellids and the other one on the
root of parasitic apicomplexans. Although this tree
is rather intuitive, we believe that it reflects the
most probable topology of the chromerid algae
(Fig. 55).
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Methods

Cultivation: V. brassicaformis was cultivated in an artificial sea
water /2 medium (Moore et al. 2008) at 26 °C, in flat plastic bot-
tles in cultivation volumes ranging from 20 to 50 ml. An unialgal
culture was obtained by carefully spreading the culture on a
solid agar f/2 plate supplemented with kanamycin (50 wg/ml),
which were kept at 26 °C in 12/12 hours light/dark regime. Cell
colonies that appeared after about three weeks were trans-
ferred into fresh /2 liquid medium. Under stationary conditions
the culture was usually passaged in 3 to 5 week intervals and
grew in the 12/12 hours light/dark regime with a light intensity
of 115 pmol/m?/s. Under these cultivation conditions, only less
than 1% of flagellate zoospores were present, with most cells
forming differently-sized clumps at the bottom of the flask (Fig.
1). Based on the experience with C. velia (Guo et al. 2010;
Obornik et al. 2011), several protocols were tested in order to
achieve transformation into the motile stages. The most effi-
cient transformation with about 20% of motile zoospores, was
obtained as follows: A dense culture was diluted 8 times with
fresh f/2 medium, kept for 12 hrs in dark and only then switched
to the regular 12/12 light regime (light intensity 115 wmol/m?/s).
Zoospores appeared the next day after inoculation, 6 to 7 hours
following the illumination. Attempts were made to follow the
movement of the zoospores. The cells tended to move in circles,
and faster than the same stages in C. velia (data not shown).
Both cultures exposed to this light regime as well as cultures
enriched for the motile stages were processed for light and
electron microscopy (see below).

Light and scanning electron microscopy: Light micro-
scopic images were obtained using Olympus BX53F micro-
scope with Nomarski phase contrast equipped with a cooled
digital camera DP72. The cell size measurements were per-
formed using a cellSens Standard Image Analysis Software
V1.4. (Olympus).

For SEM, cells were prepared by a modification of the pre-
viously described protocol (Obornik et al. 2011). Briefly, after
chemical fixation (2.5% glutaraldehyde in f/2 medium) overnight
at 4°C, cells were rinsed with f/2 medium and placed on poly-
L-lysine coated coverslips. A post-fixation was performed using
1% OsQ4 for 2h at room temperature. After washing in /2
medium, specimens were dehydrated with a graded series of
acetone (30%-100%) for 15 min at each step, critical point dried
(CPD2 Pelco TM) and gold coated using a sputter coater Bal-
tec SCD 050. The samples were examined in a FE-SEM JSM
7401- F (JEOL Ltd., Tokyo, Japan) at an accelerate voltage of
3kV using GB-low mode.

Transmission electron microscopy: Cells were cen-
trifuged (3,000 rpm) for 10min and the compact pellet was
directly loaded into high pressure freezing (HPF) specimen car-
riers (1.2mm in diameter, Leica) or optionally immersed in 20%
bovine serum albumin/f/2 medium for 30 min before freezing.
Specimens were frozen using a high pressure freezer (EM Pact,
Leica) and placed in freeze substitution medium containing
2% 0sO4 in 100% acetone pre-cooled to -90°C. Freeze-
substitution was performed following the protocol described
previously (Obornik et al. 2011). Specimens were rinsed three
times with water-free acetone and gradually infiltrated with 25%,
50%, 75% low viscosity Spurr resin (SPI Supplies) in acetone
for 3h at each steps. Cells partially released from the HPF car-
riers were places in Eppendorf tubes. Tubes were immersed
in a container filled with 2 L of water and the specimens were
irradiated in a microwave oven for 30 sec at 80 W three times
at the each resin infiltration step. After overnight incubation in
100% Spurr, material was embedded in fresh resin and poly-
merized at 60 °C for 48 hrs. Ultrathin sections were cut using

an ultramicrotome (UCT, Leica), collected on formwar-coated
grids, contrasted in ethanolic uranyl acetate and lead citrate,
and observed in a JEOL 1010 TEM (JEOL Ltd.) at an accel-
erating voltage of 80kV. Images were captured using a Mega
View Ill camera (SIS GmbH).

Composition of photosynthetic pigments: Cells of V.
brassicaformis were grown in f2 medium at 28 °C and light
intensity of 20 umol/m?/s in 50 mL tissue culture flasks. Nan-
nochloropsis limnetica (KR1998/3) was cultivated in freshwater
Y Setlik and Simmer medium with 8mM NaHCO; addition
at 23°C and continuous light intensity of 80 umol/m?/s in
glass tubes bubbled with air. 5mL of cell suspension was
filtered on 25 mm GF/F filter (Whatman ™), which was imme-
diately immersed in 5mL of ice-cold methanol (HPLC grade;
Fisher) and homogenated by teflon pestle attached to Glas-
Cor (GT series stirres) in 5 mL glass homogenizer. The resulting
homogenate was centrifuged at 8,800 rpm for 10 min and 1 mL
of supernatant was carefully transferred into 1.5mL amber
screw-top vial with PTFE septum and stored in a freezer until
further use. The whole procedure was done under dim light
and samples were kept on ice. Pigments were analyzed by the
high-performance liquid chromatography (HPLC) using Agilent
1200 Series system (Agilent Techn. Inc., Palo Alto) equipped
with a diode array detector. Pigments were analyzed at 35°C on
Luna 3 um C8 100A column with binary solvent system (0 min
100% A, 20 min 100% B, 25 min 100% B, 27 min 100% A, 30 min
100% A; A is 80% methanol + 28 MM ammonium acetate, B is
methanol). The peak assignment was based on comparison to
retention times of known pigments and on acquired absorption
spectra.
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