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Three heterotrophic stramenopiles—Apoikia lindahlii comb. nov. (Chrysophyceae), Filos agilis gen.
et sp. nov. (Bicosoecida), and Nanos amicus gen. et sp. nov. (Bicosoecida)—were isolated from acidic
peat bogs. The biflagellate A. lindahlii forms loose irregular colonies from which swimming cells may
detach, and produces extensive mucilaginous material containing bacterial cells. Phylogenetic
analyses of small subunit rDNA sequences demonstrated that A. lindahlii branches within the
Chrysophyceae. While A. lindahlii is an obligate heterotroph, ultrastructural observations revealed a
leukoplast in the perinuclear region. The pico-sized uniflagellates F. agilis and N. amicus were isolated
from separate lakes and within the mucilage of A. lindahlii, suggesting their close associations in
natural habitats. In SSU rDNA phylogenies, F. agilis and N. amicus were closely related to the
bicosoecids Adriamonas, Siluania, Paramonas, and Nerada. While Filos, Nanos, and Siluania are
similar in light microscopic features, their SSU rDNA gene sequences differed significantly (>8%
differences) and were not monophyletic. Both F. agilis and N. amicus have a cytostome/cytopharynx
particle ingestion apparatus. Bacterial cells and material similar to the mucilage of A. lindahlii
occurred within the food vacuole of F agilis and N. amicus. The nature of association between
A. lindahlii and its epibiontic bicosoecids is discussed.
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Introduction

Free-living heterotrophic and mixotrophic strame-
nopiles can play an important role in food web
ecology because some consume large numbers of
bacteria and/or dissolved organic molecules (Jones
2000). For instance, the recently identified marine
stramenopile (MAST) groups represent up to 35%
of heterotrophic flagellates (<5 um) in surface
ocean samples, suggesting their great contribution
to bacterivory and nutrient re-cycling in such
habitats (Massana et al. 2006). Within the strame-
nopiles, members of several subclades, such as
labyrinthulomycetes, opalinids, and bicosoecids,
lack plastids and are obligate heterotrophs (Moriya
et al. 2000; Sekiguchi et al. 2002). Plastid-containing
stramenopiles form a subclade in which the majority
of species are phototrophic (Andersen 2004). Loss
of photosynthesis has occurred multiple times in this
clade, notably in the Chrysophyceae, generating
obligate heterotrophs that typically possess remnant
plastids (i.e., leukoplasts) in the perinuclear region
(Sekiguchi et al. 2002).

Environmental small subunit (SSU) rDNA gene
sequencing surveys have demonstrated a high
hidden diversity of microbial eukaryotes, including
stramenopiles, in various aquatic habitats (e.g.
Berney et al. 2004; Lépez-Garcia et al. 2001). A
study of bacterial and eukaryotic diversity in a peat
bog noted that heterotrophic flagellates of such
habitats have been poorly characterized (Graham
et al. 2004). Peat bogs, together with minerotrophic
fens, comprise peatlands, a biogeochemically-
important ecosystem that sequesters about one-
third of global soil carbon (Gorham 1991). Peat
bogs and fens cover about 2-3% of global land-
mass, mostly located in the Northern hemisphere,
and are characterized by low pH, usually between
4 and 5, due to the acidifying Sphagnum mosses
(Crum 1992). Here, we report molecular phyloge-
netic and ultrastructural analyses that describe
three heterotrophic stramenopiles isolated from
peat bogs in Wisconsin, USA: the colonial, muci-
lage-producing, leukoplast-containing Apoikia
lindahlii comb. nov. and its two epibiontic, plastid-
less picoflagellates—Filos agilis gen. et. sp. nov.
and Nanos amicus gen. et. sp. nov.

Results
General Features of Apoikia lindahlii comb.
nov.

Two strains of the colonial flagellate, Apoikia
lindahlii comb. nov. (JYME1 and HOOK2) were

Figure 1. Light micrographs of Apoikia lindahlii, Filos
agilis, and Nanos amicus. — A. A colony of A. lindahlii

(arrow) and its epibiont F agilis (arrowhead).
B. Apoikia lindahlii. C. Nanos amicus. D. Filos agilis.
E. Filos agilis (arrow) and bacterial cells (arrowhead)
within A. lindahlii mucilage. Scale bar=10 pym (B),
5um (C, D, E).

isolated from two acidic lakes in Wisconsin.
Apoikia lindahlii usually formed swimming colonies
of cells held together by mucilage (Fig. 1A). The
cells typically occurred in a single hemispherical
layer (Figs 1A, 2A), but the shapes and the sizes of
the colonies were not uniform and sometimes
branched colonies formed. The size of a single
non-branched colony can be up to about 500 um
in diameter comprising over one hundred cells,
although most colonies occurred in smaller sizes
(data not shown). The composition of the culture
medium seemed to affect colony formation. For
example, when the organic nutrient level was low,
the total amount of mucilage was reduced and
more solitary cells were observed. No cytoplasmic
connections were observed among the cells of
colonies, and micropipetting easily disrupted
colonies, releasing individual cells. Detached
cells were able to produce new colonies. The
ovoid cells measured 6-8 um and had one long
anterior flagellum (about six times the length of the
cell) and a second short flagellum that was not
easily seen by light microscopy (Figs 1B, 3A). The
flagellate cells actively fed on bacterial cells and
other particles that were attached to the mucilage.
Colonies moved in a more or less straight line,
while solitary cells swam in a spiral pattern.



Figure 2. Drawings of Apoikia lindahlii and its
epibiotic bicosoecids. — A. A colony of A. lindahlii.
B. The mucilaginous matrix of A. lindahlii and the
epibiotic bicosoecids and bacteria.

Three New Stramenopile Flagellates 179

Figure 3. Composite drawings - A. Apoikia
lindahlii B. Nanos amicus C. Filos agilis. CP=cyto-
pharynx, F=fibrillo-granular  vesicle, FV=food
vacuole, G=Golgi body, L=leukoplast, M=mitochon-
drion, N=nucleus. Scale bar=7 pm (A), 1.5 um (B, C).
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Pigmentation was not observed after Apoikia had
been exposed to light for periods of 7-20 days,
indicating that this organism is an obligate
heterotroph. Statospore (siliceous resting cyst)
formation was not observed.

Ultrastructural data demonstrated that each cell
of Apoikia possessed a mastigoneme (flagellar
hair)-bearing anterior flagellum (AF), a short
posterior flagellum (PF), a nucleus, a single Golgi
body located near the anterior end of the cell, and
several mitochondria with tubular cristae
(Figs 4-7). Food vacuoles that included bacterial
prey cells were located near the posterior part of
the cell (Fig. 5A). Numerous tubular mastigonemes
were attached to the cell surface near the flagella
(Fig. 5D, E) and vesicles containing fibrillo-
granular contents were observed (Fig. 5D).
A network of endoplasmic reticulum (ER)
extended from the nucleus to the cell surface

(Fig. 5F). Neither a flagellar swelling nor a
paraflagellar rod was observed on the PF
(Fig. 5D, G). The cells also lacked scales

(Figs 4A, 5A, B). The perinuclear region contained
tubular mastigonemes (Fig. 5E, G, 1) and a vestigial
chloroplast (i.e. a leukoplast) that was bounded by
four membranes (Figs 5D, G, H, 7A).

Basal Bodies and the Rootlet Complex of
Apoikia lindahlii comb. nov.

All of the interphase cells examined in this study
had two mature basal bodies and one auxiliary
immature barren basal body (Figs 5D, 6G). The
anterior basal body (AB) and the posterior basal
body (PB) anchored the anterior flagellum (AF) and
the posterior flagellum (PF), respectively, and were
arranged at a ~85 degree angle to each other. The
transitional zones between the basal bodies and
axonemes contained a transitional helix with 4-5
gyres, a transitional plate, an axosome, and
transitional fibers (Fig. 5C, D). The AB and the
PB were linked by three connecting fibers
(Fig. 6H). The immature barren basal body (BB)
was located at the left side of the PB (Fig. 6G, H).
The BB possessed neither the transitional
fibers nor the anchoring flagellum, but did
contain the flagellar transitional plate and the
axosome. All three basal bodies contained cart-
wheel structures and were 670 nm in length.
A rhizoplast consisted of two types of striated
fibers: a thick fiber and a thin fiber (Fig. 5E). The
thick fiber was 130 nm thick with a 120 nm
periodicity and originated from the posterior
side of the PB. The thin fiber was 33 nm in thick

with a 110 nm periodicity and extended from the
dorsal side of the AB. The rhizoplast was at least
2 um long, extended toward the posterior end of
the cell, and ran between the nucleus and a
conspicuous Golgi body. A basal aggregate was
observed near the posterior side of the AB and PB
(Fig. 6G).

The overall arrangement of the flagellar appa-
ratus of A. lindahlii was consistent with and
clearly homologous to the flagellar apparatus in
other well-studied Chrysophyceae. Therefore, we
applied the terminology used in Moestrup (2000)
to describe A. lindahlii. The numbering scheme
used to characterize the root system is based on
the process of flagellar transformation. Accord-
ingly, root 1 (R1), root 2 (R2), root 3 (R3), and root 4
(R4) in Moestrup’s terminology are equivalent to
R4, R3, R1, and R2 in the scheme used in
Andersen (1987, 1989) (Fig. 8).

The PB was linked to two microtubular roots:
root 1 (R1) and root 2 (R2). These two roots formed
the rim of the cellular depression within which the
PF resided (Fig. 7A-E). R1 consisted of three
microtubules and originated from the anterior left
side of the PB (Fig. 7A, F, G). At its origin, R1
possessed a lamellar structure on the side facing
the PB, and this lamella connected R1 to the PB.
R1 ran beneath the cell surface to the left of the cell
and extend clockwise, forming a loop (Fig. 6B-F).

R2 consisted of 6-7 microtubules that collectively
formed a trough-like structure (Fig. 6A-F). R2
originated from the connecting fiber, which linked
the AB to the PB on the right side of the cell. Two
microtubules from R2 extended further than the
others and split into two directions; these two
microtubules extended counter-clockwise when
viewed from the anterior end of the cell and
followed the path of the R1 microtubules, but in
the opposite direction. Together, microtubules
from R1 and R2 joined together at the left side
of the PB and formed a prominent curvature
(Fig. 6A-F). The two microtubules of R2 returned
to the posterior side of PB. Bacteria (and other
small food particles) were captured between them
(Fig. 6K-M).

The AB was linked to two microtubular roots:
root 3 (R3) and root 4 (R4) (Fig. 61, J). R3 consisted
of three microtubules that extended from the
dorsal side of the AB to the left side of the cell
(Fig. 6A-F). R3 was associated with a dense
lamella, which formed the microtubule-organizing
center (MTOC). The cytoplasmic microtubules
arose from the dense lamella and supported the
dorsal side of the cell in a rib-like fashion. R3 and
the right-hand cytoplasmic microtubules were



linked to a fibrous structure positioned near the
origin of R3 (Fig. 6l). A single microtubule formed
R4 and originated from the ventral side of the AB
on the right side of the cell. This microtubule
extended between R1 and R3 on the left side of
the cell (Fig. 6J).

LM and TEM Observations of Filos agilis
and Nanos amicus

Filos agilis gen. et sp. nov. and Nanos amicus gen.
et sp. nov. were co-isolated with the A. lindahlii
strain HOOK1 and strain JYME2, respectively.
Both flagellates were primarily embedded in the
mucilage of A. lindahlii, though some occurred
outside the mucilage (Figs 1A, 2A, B). Filos agilis
and Nanos amicus were similar in morphology.
Both were extremely tiny, measuring about
2-3 um, with a single thick flagellum about as
long as the cells (Fig. 1C, D). These picoflagellates
grew abundantly within the mucilage of A. lindahlii
and did not appear to be eaten by it. When free in
the water, both picoflagellates swam in a straight
line, and the flagellum moved very quickly. The
cells sometimes tumbled around violently when
escaping from the mucilage or under the pressure
of a cover slip. These picoflagellates could be
grown separately from A. lindahlii, but were more
abundant in association with A. lindahlii.
Ultrastructural studies demonstrated that
F. agilis and N. amicus both possess a cytostome/
cytopharynx apparatus (Figs 9B, F, 10A). A large
food vacuole linked to the cytopharynx contained
bacterial cells or amorphous material (Fig. 9A, E).
Cell surfaces were covered with an organic layer,
except near the point of the flagellar insertion
(Figs 9G, 10C). The surface of the single flagellum
was covered with mastigonemes (Figs 9A, 10B).
Structures similar to tubular mastigonemes
occurred in the perinuclear region (data not
shown). Each cell contained a single nucleus, a
single mitochondrion with tubular cristae, and
a Golgi body (Figs 9, 10). While we did not detect
a second flagellum, 1 or 2 additional basal bodies
were sometimes observed (Fig. 9C). In
F. agilis, a rootlet consisting of 8 microtubules, in a
7+1 arrangement, occurred near the basal bodies
(Fig. 9C), and a similar rootlet composed of at least 7
microtubules occurred deeper in the cytoplasm (not
shown). A broad rootlet composed of 6
microtubules (Fig. 10D), which occurred as 4 or
4+1 microtubules deeper in the cell of N. amicus,
was observed. In addition, both picoflagellates
possessed two additional rootlets consisting of 1
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Figure 4. Scanning electron micrographs of Apoikia
lindahlii. A Image showing the anterior flagellum (AF)
bearing mastigonemes and the posterior flagellum
(PF). Note that scales were not present on the cell
surface. Scale bar=2.5um. B High magnification
view of the cell showing the short PF lying within a
cell depression. Scale bar=1 um.
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and 2 microtubules, although these may split from
the broad rootlet.

Filos agilis and Nanos amicus differed in some
structural and behavioral features. For example, N.
amicus was slightly larger in cell length (2.8 pm, n=10)

than F agilis (2.5 pm, n=10). The mitochondrion in
F. agilis was located close to the basal body, but
that of N. agilis occurred in a posterior position
(Fig. 3B, C). Filos agilis moved at least twice as fast as
N. agilis. When swimming, F. agilis moved straight for




about 50-100 um before changing direction. In
contrast, N. amicus moved straight for about
1020 um before changing direction. Populations of
N. amicus usually grew more densely in A. lindahlii
mucilage than did those of F. agilis.

Phylogenetic Analyses of SSU rDNA
Sequences

Molecular phylogenetic analyses of SSU rDNA
sequences demonstrated that A. lindahlii, F. agilis,
and N. amicus are stramenopiles (Fig. 11).
Apoikia lindahlii branched within the well-
supported Chrysophyceae+Synurophyceae clade.
A subsequent analysis narrowly focusing on this
clade, which included more positions and more
taxa, suggested that A. lindahlii is closely related
to two uncultured chrysophytes and the
Spumella-like JMB08 strain (100% ML bootstrap
value), which is likewise heterotrophic, but not
colonial (Fig. 12). However, ultrastructural analysis
has not yet been accomplished for the JMBO08
strain (Boenigk et al. 2005). While relationships
among major subclades of Chrysophyceae+
Synurophyceae were poorly resolved, A. lindahlii
branched within clade E as defined by Andersen
et al. (1999) (Fig. 12).

Phylogenetic analyses of SSU rDNA sequences
indicated that F. agilis and N. amicus are bico-
soecids. A clade including these two flagellates,
Nerada, Paramonas, Siluania, and Adriamonas,
was supported with moderate to strong bootstrap
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values (Fig. 11). When environmental bicosoecid
sequences were included in the analysis, three
morphospecies F. agilis, N. amicus, and Siluania
monomastiga did not form a clade (Fig. 13). The
branching order of major subclades of
bicosoecids was not well supported. The mean
differences among SSU rDNA sequences of three
morphospecies ranged between 8.54% and
11.68% (Table 1).

Discussion

Phylogeny and Classification of Apoikia
lindahlii comb. nov.

Mdller (1773) originally classified the tiny colorless
heterokont flagellate (< 5 um) within the genus
Monas. However, due to the small size and
relatively simple organization of the cell, the
original descriptions, largely based on light micro-
scopic features, did not provide accurate and
sufficient information for reliable classification. As
a result, the subsequent taxonomic treatments of
Monas have been very confusing (Boenigk 2008;
Preisig et al. 1991; Silva 1960). More recent
systematists have subsequently applied Spumella
or “Spumella-like flagellate” instead of Monas for
tiny colorless heterokont flagellates. This
approach has led to additional taxonomic confu-
sion, because Spumella is now known to be
polyphyletic (Boenigk 2008; Stoeck et al. 2008;

Figure 5. Transmission electron micrographs showing the general ultrastructure of Apoikia lindahlii. A An
oblique section of the cell showing the nucleus (N), the Golgi body (G), mitochondoria with tubular cristae (M)
and an ingested bacterium (B). Scale bar=1 um. B A sagittal section of the cell showing the insertion of the
anterior and posterior flagella (AF and PF) near the anterior part of the cell. The Golgi body (G) was located
near the dorsal side of the nucleus (N). Scale bar=500 nm. C The AF and the anterior basal body (AB)
contained a transitional helix (TH) with 4-5 gyres, transitional fibers (arrowheads), an axosome (arrow), and a
cartwheel structure (double arrowhead). Scale bar=200 nm. D Section showing the insertion of the PF near
the apex of the cell. The PF possessed a transitional helix (TH) with 4-5 gyres and connecting fibers (arrow). A
putative leukoplast (L) was located beneath the PF. Root 3 (R3) possessed cytoplasmic microtubules that
were associated with the dorsal side of the AB. The vesicles containing fibrillo-granular contents (double
arrowheads) were observed on the dorsal side of the cell. BB=immature barren basal body. Scale
bar=500 nm. E Section showing the thin fiber of rhizoplast (arrow) originating from the dorsal side of the AB.
The thick fiber (R) extended from the posterior side of the posterior basal body (PB). The double arrowhead
points to the mastigonemes in the perinuclear region. Scale bar=500 nm. F High magnification view of the cell
showing the endoplasmic reticulum (ER) extending to the cell surface. Scale bar=500 nm. G Longitudinal
section through the leukoplast (L) located beneath the PF and the rhizoplast (R). Note the outer nuclear
membrane is continuous with the outer membrane of the leukoplast. Mastigonemes can be seen within the
perinuclear region (double arrowhead). Scale bar=500 nm. H High magnification view showing the leukoplast
bounded by three membranes (small arrowheads) and a fourth outer membrane (arrow) that is continuous
with the outer nuclear membrane. Scale bar=100 nm. | High magnification view of the mastigonemes
(double arrowhead) in the perinuclear region. Scale bar=100 nm.
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Fig. 12). The small subunit ribosomal gene
sequence and ultrastructural data reported in this
study further demonstrates the polyphyly of
Spumella and more comprehensively charac-
terizes the phylogenetic position of our flagellate.
A colonial, mucilage-producing colorless strame-
nopile flagellate forming a single hemispherical

layer was reported as Monas lindahlii by Skuja
(1956). Although the cell size of our isolate was on
the small end of the range of cell sizes originally
reported for M. lindahlii (7-12 um long, Skuja
1956), we consider M. lindahlii to be the closest
described species to our isolate. However, in
order to avoid further taxonomic confusion by




lumping this flagellate into either Monas or
Spumella, we have established the novel genus
“Apoikia” and have identified our isolate as
Apoikia lindahlii.

Ultrastructural and SSU rDNA sequence data
confirmed that A. lindahlii comb. nov. is a
heterotrophic stramenopile with two unequal
flagella, mastigonemes produced in the perinuc-
lear region, and mitochondria with tubular cristae.
This flagellate also possesses synapomorphic
features of Chrysophyceae: a transitional helix
with 4-5 gyres, a rhizoplast associated with the
basal bodies and nucleus (Andersen 1987, 1989;
Hibberd 1979). In addition, the following features
of the flagellar apparatus are sufficient to assign
the organism to the Chrysophyceae: (1) R1 and R2
turn clockwise and counter clockwise, respec-
tively, when viewed from the anterior end of the
cell, and both roots support the rim of the cell
depression; (2) R2 splits into two directions and
forms the feeding basket; and (3) the cytoplasmic
microtubules nucleate from R3 and support the
dorsal side of the cell.

In photosynthetic Chrysophyceae, the chloro-
plast is located beneath the anterior depression
and associated posterior flagellum (PF), and a
stigma is positioned within the apical part of the
chloroplast, facing toward the flagellar swelling on
the PF. Apoikia lindahlii does not have a stigma or
the paraflagellar swelling on the PF but a
leukoplast is located under the cellular depres-
sion.

Additional similarities between A. lindahlii
and other Chrysophyceae include (1) the
basal aggregation, which has been observed in
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Poterioochromonas malhamensis (Schnepf et al.
1977) and (2) an R1 that curves and terminates
much like that in Uroglena and Dinobryon (Ander-
sen 1990). Moreover, R2 in both A. lindahlii and
mixotrophic chrysophyceans such as Epipyxis
pulchra is involved in food capture (Fig. 6M)
(Andersen and Wetherbee 1992; Wetherbee and
Andersen 1991). In both taxa, two of the six
microtubules of R2 contribute to the formation of
the feeding basket.

The fibrillo-granular contents of large vesicles
are similar to the mucilage that normally surrounds
A. lindahlii cells. Similar vesicles occur in cells of
the mucilage-producing, colonial chrysophycean
Chrysosphaerella brevispina (Preisig and Hibberd
1983). Several tiny osmophilic globules located at
the periphery of the cell were similar to structures
in other chrysophyceans that have been inter-
preted as extrusive organelles (Preisig and
Hibberd 1983).

Apoikia lindahlii did not produce pigmentation
when grown in the light for as long as 20 days,
suggesting that A. lindahli is an obligate
heterotrophic flagellate. The greatest similarity is
with  Monas lindahlii and our organism is
distinct from several other genera of colonial
heterotrophic chrysophyceans, such as Antho-
physa Cladonema, Dendromonas, Siderodendron,
Siphomonas. Anthophysa differs from A. lindahlii
in having a shorter anterior flagellum and a longer
posterior flagellum, a more pointed posterior end,
and more tightly aggregated colonies. Anthophysa
can be distinguished from A. lindahlii by the
paraflagellar swelling on the short flagellum
(Belcher and Swale 1972). Individual cells of

Figure 6. The orientation of the four microtubular rootlets (R1, R2, R3 and R4) in Apoikia lindahlii (A-E at
same scale, bar=500 nm; I-J at same scale, bar=500 nm). A-E Serial sections taken from anterior to
posterior. A The anterior most section, just before the insertion of two flagella. A cross section of the anterior
flagellum (AF) showed the transitional helix (arrow). B Section showing the transitional zone of the AF and
anterior basal body (AB). R1 extended to the left side of the cell. C Section showing the transitional zone of
the AF and AB. Four microtubular rootlets (R1-R4) were observed. D Section showing the cytoplasmic
microtubules originating from R3 (double arrowhead) and supporting the dorsal side of the cell. A connecting
fiber (arrow) linked the AB, the PB and R2. E Section at the origin of R1 on the anterior side of the PB. Four
rootlets ran parallel to each other at the left side of the cell. F Section showing the third barren basal body
(BB), the turning of R1 and R2, and the origin of R3. Two connecting fibers (small arrows) were located
between AB and PB. Scale bar=500 nm. G Cell viewed from the ventral side showing the AF, the PB, and
immature BB. The rhizoplast (R), root 2 (R2), and basal aggregate (arrow) were associated with the PB. Scale
bar=500 nm. H Cross section of the apical area of the cell showing three connecting fibers (arrows) that
linked the AB with the posterior basal body (PB). The cytoplasmic microtubules nucleated from the dense
lamella on R3. Scale bar=500 nm. | Section showing the origin of R3. The right most cytoplasmic microtubule
linked R3 with a fibrous structure (arrow). J Section showing R4 inserted from the gap between the AB and
PB. K-M Semi-consecutive serial sections showing the R2 is separated into two components that (arrow and
arrowhead) support the feeding apparatus and facilitate the capture of bacteria (double arrowhead). Scale
bar=500 nm.
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Cladonema and Dendromonas have triangular cell
bodies borne at the tips of a dichotomously
branched stalk (Kristiansen and Preisig 2001),
thereby differing from A. lindahlii. Siderodendron
produces a more narrow and rigid stalk, which
often becomes brown as the result of mineraliza-
tion (Pringsheim 1946). In contrast, the mucilage
of A. lindahlii does not become colored. Unlike
A. lindahlii, the cells of Siphomonas are usually
embedded singly at the tips of a regularly
branched stalk (Pringsheim 1946). In other
example, Spumella sp. produces a gelatinous

sphere within which flagellates swim, but the
cells do not form a single layer of colonial
flagellates as is observed in A. lindahlii (Yubuki
et al. 2008).

Certain colony-forming photoautotrophic/mixo-
trophic Chrysophyceae superficially resemble A.
lindahlii, but can be distinguished from this species.
Eusphaerella forms single-layered hemispherical
colonies similar to those of A. lindahlii, but the
colonies are more tightly aggregated, and dense
mucilage was not observed (Kristiansen and
Preisig 2001). Unlike A. lindahlii, the cell body of

Figure 7. The orientation of the microtubular rootlets of Apoikia lindahlii (A-C at same scale, bar=500 nm;
D-E at same scale, bar=500 nm; F-G at same scale, bar=200 nm). A-E Serial sections of the cell viewed from
the tip of the posterior flagellum (PF). A Micrograph showing the middle area of the posterior basal body (PB).
The lamella structure (arrow) connected R1 to the PB. B Image showing the transitional zone of the PF.
C Image showing the transitional helix (arrow) of the PF. D Image showing the rim of the cellular depression
that is supported by all four microtubular roots. E Image showing R1-R4 and the cytoplasmic microtubule
from R3. F-G High-magnification serial sections showing R1 and R3. F Three microtubules of R1 originate
from the anterior side of PF. The root was associated with the lamella structure (arrow). G The section
showing the lamella structure that is linked to the PB (arrow).
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Figure 8. An illustration of the absolute configura-
tion of the flagellar apparatus of Apoikia lindahlii as
viewed from anterior side of the cell. The numbering
system follows the terminology of Moestrup (2000).
The parenthetic numberings follow the terminology
of Andersen (1987, 1989).

Lepidochrysis is covered with scales (Ikavalko et al.
1994). Mycochrysis forms more or less hemisphe-
rical colonies anchored to a dense branching
column of dense mucilage through a thin gelati-
nous stalk (Kristiansen and Preisig 2001), which is
absent in A. lindahlii. Atraktochrysis produces
mucilage and forms a loose colony similar to that
of A. lindahlii, but its posterior flagellum is longer
than that of A. lindahlii. While the colonial habitat of
these heterotrophic or photoautotrophic/mixo-
trophic chrysophyceans suggests that some of
these might be closely related to A. lindahlii, their
SSU rDNA gene sequences are not currently
available to test this hypothesis.

Phylogenetic analyses of SSU rDNA sequences
demonstrated that A. lindahlii branches within
clade E in the Chrysophyceae (Fig. 12); this result
indicates that A. lindahlii has lost photosynthesis
secondarily as have several other members of this
clade. Heterotrophic chrysophyceans such as
Paraphysomonas and Anthophysa typically pos-
sess a leukoplast in the perinuclear region
(Belcher and Swale 1972; Preisig and Hibberd
1983). Plastids of the Chrysophyceae are
bounded by four surrounding membranes
(Preisig and Hibberd 1984) including the plastid
ER, which is continuous with the outer nuclear
membrane (Gibbs 1979; Preisig and Hibberd
1983). The spherical structure observed in the
perinuclear region of A. lindahli (Fig. 5H) is
surrounded by four membranes, hence is most
likely a leukoplast. In addition to leukoplast, some
chrysophyceans possess endosymbiotic bacteria
in the perinuclear region (Preisig and Hibberd
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1984; Wujek 1984). However, such bacteria can
be distinguished from leukoplast by having three
membranes (including the nuclear membrane) and
distinctive bacterial cell wall features.

Phylogeny and Classification of Filos agilis
and Nanos amicus

Filos agilis gen. et sp. nov. and Nanos amicus
gen. et sp. nov. are similar in morphology to
Siluania monomastiga. All three flagellates are
extremely tiny (2-3 pm) and possess a single
mastigoneme-bearing flagellum that is about the
same length as the cell (Figs 9A, 10B). In addition,
all three of these genera are planktonic in fresh-
water habitats and display similar ultrastructural
traits: a single nucleus, a single mitochondrion,
and a cytostome/cytopharynx apparatus. TEM
figures from Karpov et al. (1998) show that Siluania
cell surfaces are covered with a fuzzy layer, like
those observed here in F agilis and N. amicus.
A rapid, mostly straight swimming pattern is
another commonality. However, while Siluania is
only known to be planktonic, both F agilis and
N. amicus inhabit the mucilage of A. lindahlii.
Although Filos, Nanos, and Siluania share many
morphological features, SSU rDNA gene sequence
differences among these flagellates are over 8%
(Table 1), providing a rationale for describing them
as three separate genera. These genetic differ-
ences are greater than those between some
morphologically and ecologically distinct species
of Chrysophyceae+Synurophyceae. For example
A. lindahlii differs from the photoautotrophic synur-
ophycean Mallomonas annulata by 5.13% of SSU
rDNA positions. In addition, Siluania is phylogen-
etically more closely related to morphologically
distinct bicosoecid Adriamonas than to Filos or to
Nanos (Fig. 13). Furthermore, Filos and Nanos are
each closely related to uncultivated bicosoecid
species in the SSU rDNA tree, supporting that
these two flagellates are not sister taxa (Fig. 13).
Adriamonas, a soil dwelling biflagellate that lacks
mastigonemes on the flagella, is closely related to
Siluania, but is more than four times larger than
Siluania and contains multiple mitochondria (Verha-
gen et al. 1994). Paramonas has one flagellum and
rotates while swimming (Cavalier-Smith and Chao
2006), as do Siluania, Filos and Nanos, but is longer
(4—11 um long) than these flagellates. While ultra-
structural data are not available for Paramonas and
the closely related biflagellate Nerada, our ultra-
structural and molecular phylogenetic findings for
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Figure 9. Filos agilis, transmission electron micrographs. — A A longitudinal section showing the single
flagellum with fibrillar mastigonemes (arrow), the nucleus (N), the single mitochondrion with tubular cristae
(M), and a food vacuole (FV). B A cytopharynx (CP). C An oblique section through two basal bodies (B1, B2).
A broad rootlet (R2) composed of 8 microtubules lies between basal bodies and the mitochondrion (M). D A
Golgi body (G) near the nucleus (N). E Degraded bacterial cell (B) in the food vacuole (FV). R2 rootlet
(arrowhead) running across the mitochondrion. F A cytostome (arrow). G An organic layer covering the cell
body (arrowhead). Scale bar=0.5 ym (A, B, D, E), 0.3 um (C, F, G).

Filos and Nanos suggest that these flagellates may
also possess a cytostome/cytopharynx apparatus.

In both F. agilis and N. amicus, a broad root,
identified as root 2 (R2, formerly known as R3)
according to bicosoecid flagellar nomenclature
(Karpov et al. 2001), is composed of at least 8 and
6 microtubules, respectively (Figs 9C, 10D). R2 in
Bicosoecida supports the feeding structure,
known as the cytostome or lip (Karpov et al.
2001). A four-microtubular root observed in
N. amicus probably corresponds to a portion of
a split R2 (not shown), as described in other
bicosoecids (O’Kelly and Patterson 1996). Siluania
monomastiga has a smaller R2 arranged as 3+1
microtubules (Karpov et al. 2001), distinguishing

this species from F. agilis or N. amicus. The two
additional rootlets of 1 and 2 microtubules
observed in F. agilis and N. amicus may corre-
spond to R4 and R1, respectively.

Karpov et al. (1998) and Verhagen et al. (1994)
suggested that scale-covered pseudodendromo-
nads, such as Cyathobodo and Pseudodendro-
monas, might be closely related to Adriamonas or
to Siluania based on ultrastructural features such
as the presence of a well-developed cytostome/
cytopharynx apparatus and other cytoskeletal
structures. The presence of an organic layer in £
agilis, N. amicus, and S. monomastiga, if homo-
logous to pseudodendromonad scales, would
further strengthen this hypothesis. SSU rDNA
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Figure 10. Nanos amicus, transmission electron micrographs. — A A longitudinal section showing the
flagellum, a single nucleus (N), a Golgi body (G), a single mitochondrion with tubular cristae (M), cytostome
(arrow) and cytopharynx (CP). B Mastigonemes on the flagellum (arrow) and a cytostome (arrowhead). A
Golgi body (G) occurs between the cytostome and the nucleus (N). C An organic layer on cell surface (arrow).
D The R2 rootlet composed of 6 microtubules extends down the nuclear surface. E A cross section of the
basal body (arrow). Mitochondrion (M). Scale bar=0.5 um (A, B, C), 0.3 um (D, E).

sequence data from members of pseudodendro-
monads are needed to test this hypothesis.

F. agilis or N. amicus as Epibionts
of A. lindahlii

Several separate cultures of A. lindahli were
established from at least three different lake
samples with the use of the single-colony isolation
technique. We observed that all of the A. lindahlii
cultures were “contaminated” with similar kinds of
picoflagellates that were embedded in the colonial
matrix. We subsequently identified two of these,
isolated from two separate lakes, as F. agilis and
N. amicus. Such associations are unlikely to have
resulted from accidental co-isolation of smaller
flagellates from enriched field samples, because
none of our other protist cultures from the same
acidic freshwater sites contained the same types
of picoflagellates. These observations suggest
that F. agilis and N. amicus are closely associated
with A. lindahlii in their natural habitats.

The fact that we were able to later establish four
separate uniprotistan cultures—two of A. lindahlii
and separate cultures of F. agilis and N. amicus—
suggests that the associations are not obligate.
However, long-term observation of these cultures
suggests that the picoflagellates may benefit
by associating with A. lindahlii. While the max-
imum number of A. lindahlii cells did not seem to
change whether or not picoflagellate epibionts
were present, F. agilis or N. amicus were more
abundant when grown with A. lindahlii. In the
association with A. lindahlii, F. agilis and N. amicus
may feed on the colonial mucilage secreted
by A. lindahlii and the bacterial cells embedded
in it. It is also possible that the A. lindahlii mucilage
may collect organic materials from the
water column, thereby concentrating them. If so,
F. agilis and N. amicus may be able to save
considerable energy in food capture by being
embedded in the mucilage, perhaps explaining
why these picoflagellates seem to grow faster in
the association with A. lindahlii than separate
from it.
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Figure 11. ML tree (GTR+I'+l, 4 rate categories) based on SSU rDNA gene sequences of major subclades of
stramenopiles. The data set included 65 taxa and 1490 unambiguously aligned sites. Lineages of alveolates
and haptophytes were used as paraphyletic outgroups. ML and ME (minimum evoution) distance bootstrap
values >50% are indicated at the corresponding nodes. Dashes represent bootstrap values <50%. New

sequences obtained in this study are in bold.

Taxonomic Summary and Descriptions

Apoikia gen. nov. (ICBN)

Chrysophyta aphotosynthetica, crescens in colo-
niis, cellulis incoloratis in muco incolorato. Cellu-

lae sphaericae vel ellipsoideae, instructae flagellis
binis longitudine inaequalibus, absque coniunctio-
nibus inter cellulas, caulibus mucosis, et squamis
(Figs 1A, 2, 3A).

Species typical: Apoikia lindahlii (Skuja).



Three New Stramenopile Flagellates

Apoikia lindahlii
Spumella-like JBM08

10077001gg, ‘uncultured eukaryote [AY642705]
uncultured eukaryote [AY919829]

Ochromonas tuberculata

Spumella-like JBM18

1001100; Chrysosaccus sp. CCMP295

Chrysosaccus-like [M87332]

Clade E

191

Chrysosphaera parvula

Spumella-like JBM28
Spumella sp. SpiG
Spumella-like JBAF3

6173 Chrysolepidomonas dendrolepidota

Epipyxis aurea

Epipyxis pulchra

Chrysoxys sp. CCMP591
Ochromonas CCMP1278
Dinobryon sertularia
Spumella danica

Spumella elongata

Uroglena americana
83181 Ochromonas CCMP584

Lagynion scherffelii
100/100' Chrysophyceae sp. CCMP349

Spumella-like JBNZ41
Poterioochromonas malhamensis
Ochromonas danica
Ochromonas sphaerocystis

Chrysonephele palustris

3

Clade C

Chrysophyceae

sanoffii

51/90/ {55758 Chromophyton ro.
95/100 Hibberdia magna

Chrysocapsa vernalis
88/68 — Spume
Cyclonexis annularis

Chrysochaete britannica:| Clade B1

lla-like JBC27 ]¢jade D

Spumella-like JBC29
7, Spumella-|
Paraphysomonas butcheri

Phaeoplaca thallosa
Mallomonas akrokomos
Mallomonas papillosa
Mallomonas splendens
Mallomonas striata U73232
Synura glabra
Mallomonas annulata
Mallomonas caudata

100/100

H61
Synura uvella
Synura mammillosa
67/8 'I E51 = Synura spinosa
Synura sphagnicola

Tessellaria volvocina
——— Chrysophyceae sp. CCCM41

—— 0.01 substitutions/site

Oikomonas mutabilis
Chrysamoeba mikrokonta

Monas sp. TON-O

Paraphysomonas foraminifera

—_—
L——— Nannochloropsis salina

Chromulina nebulosa ] Clade B2

Paraphysomonas vestita

like JBNZ43 Clade F

- Clade D

Clade A

Synurophyceae

Eustigmatos magna| Eustigmatophyceae

Figure 12. ME distance tree based on analysis of the Chrysophyceae and Synurophyceae taxa (GTR+I'+l, 4

rate categories). The data set included 60 taxa and 1

674 unambiguously aligned sites. Major subclades

labeled Clade A-F of the Chrysophyceae+Synurales clade were proposed by Andersen et al. (1999). ME
distance and ML (GTRCAT) bootstrap values >50% are indicated at the corresponding nodes.

Non-photosynthetic chrysophyte, growing in
colonies, with colorless cells embedded in color-
less mucilage. Cells spherical or ellipsoidal,
provided with two flagella of unequal length,
lacking intercellular connections, mucilage stalk,
and scales.

Type species: Apoikia lindahlii (Skuja).

Apoikia lindahlii (Skuja) comb. nov. (ICBN)

Basionym. Monas lindahliii Skuja. Nova Acta
Regiae Societatis Scientiarum Upsaliensis, Series
IV 16(3): 319, 1956.

Etymology: Apoikia means colony.

Authentic culture: UW-Madison Culture Collec-
tion UWMO2004-3.

Distribution and habitat: Known from Sphag-
num-dominated peat bogs.

Note: TEM block of A. lindahlii labeled
v0230221WIS, WIS was deposited in the Wiscon-
sin State Herbarium at the University of Wiscon-
sin, Madison, WI, U.S.A. The culture was collected
at Jyme Lake, Oneida County, Wisconsin, U.S.A.
(45.8395, -89.6634). 18S rDNA sequence was
deposited in GenBank under the accession
numbers FJ971854-FJ971855.

Filos gen. nov (ICBN)

Bicosoecid absque lorica, vivens intra Apoikiae
mucum. Cellulae 2.5 um longae. Cellula quaeque
instructa flagello singulari emergi et structura
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consumenti cytostomate/cytopharynge; superfi-
cies cellularum strato carbonaceo tecta. Mito-
chondrion singulare prope corpora basalia
locatum. Radicella duae ex microtubulis octo
constans. Seiunctio ex Apoikiae lindahliie muco.
18S rDNA series propria: GenBank accession
number FJ971856.

Species typical: Filos agilis

Bicosoecid lacking a lorica, living within the
mucilage of Apoikia. Cells 2.5 um long. Cell with a
single emergent flagellum, cytostome/cytophar-
ynx ingestion apparatus, and cell surface covered
with an organic layer. A single mitochondrion
located close to the basal bodies. Rootlet 2
comprising 8 microtubules. Isolated from
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uncultured bicosoecid [AY821965]
Siluania monomastiga

uncultured bicosoecid [AY821966]
87/72A dri ;
riamonas peritocrescens
LS uncultured bicosoecid [EU162646]
=73 100/86 [ Paramonas globosa

uncultured bicosoecid [AY919797]
uncultured bicosoecid [AY919731]

Bicosoecida

uncultured bicosoecid [AY919718]
uncultured bicosoecid [AY919748]
uncultured bicosoecid [AY919774]
uncultured bicosoecid [AY821964]
uncultured bicosoecid [AY919785]

100/100 [ Halocafeteria seosinensis
Halocafeteria sp. EHF0502

100/100 Caecitellus parvulus [AY642126]
—|53I— I_— Caecitellus parvulus [AY520457]
1 Symbiomonas scintillans
69/63 00 afeteria roenbergensis
Cafeteria mylinikovii

Cafeteria sp. EPM1

# Cafeteria minima
907 Bicosoeca vacillans
= Bicosoeca petiolata

Pseudobodo tremulans

85/90

Wobblia lunata

Thraustochytriidae sp. 7-5

Outgrou
Hypochytrium catenoides 9 P

0.04 substitutions/site

Figure 13. ME distance tree based on analyses of
bicosoecid taxa (GTR+I'+l, 4 rate categories). The
data included 1560 nucleotides. ME distance and
ML (GTRCAT) bootstrap values >50% are indicated
at the corresponding nodes. Exclusion of the
divergent SSU rDNA sequences of Symbiomonas
scintillans and Cafeteria minima did not change the
tree topology although bootstrap values were
increased for some nodes (data not shown).

Apoikia lindahlii mucilage. Distinctive 18S rDNA
sequence: GenBank accession number FJ971856.
Type species: Filos agilis

Filos agilis sp. nov. (ICBN)

With the characters of the genus.

Holotype: TEM block labeled v0230222WIS,
WIS deposited in the Wisconsin State Herbarium
at the University of Wisconsin, Madison, WI,
U.S.A.

Isotype: Fig. 9A.

Type locality: Hook Lake, Dane Co., Wisconsin,
U.S.A. (42.9535, -89.3383)

Etymology: Filos (m.), friend, alludes to its
epibiontic relationship with Apoikia; agilis, agile,
refers to its swimming motion.

Type culture: UW-Madison Culture Collection
UWMO2004-5.

Distribution and habitat: Known from Hook
Lake, Dane Co., WI, an acidic freshwater bog
lake, occurring within the mucilage of Apoikia
lindahlii (can be cultured separately).

Nanos gen. nov. (ICBN)

Bicosoecid absque lorica, vivens intra Apoikiae
mucum. Cellulae 2.8 um longae. Cellula quaeque
instructa flagello singulari emergi et structura
consumenti cytostomate/cytopharynge; superfi-
cies cellularum strato carbonaceo tecta. Mito-
chondrion singulare in extremo postico locatum.
Radicella duae ex microtubulis sex constans.
Seiunctio ex Apoikiae lindahlie muco. 18S rDNA
series propria: GenBank accession number
FJ971853.

Species typical: Nanos amicus

Bicosoecid lacking a lorica, living within the
mucilage of Apoikia. Cells 2.8 um long. Cell with a
single emergent flagellum, cytostome/cytophar-
ynx ingestion apparatus, and cell surface covered
with organic layer. A single mitochondria located
in the posterior end. Rootlet 2 comprising 6
microtubules. Isolated from A. lindahlii mucilage.

Table 1. SSU rDNA gene sequence comparison among three morphologically similar bicosoecids. The
BLASTN with the default setting was used to calculate the number of different nucleotide positions and the

percentage of gaps in each alignment.

Percent of differing sites (excluding gaps)

Gaps

Filos agilis & Nanos amicus
N. amicus & Siluania monomastiga
S. monomastiga & F. agilis

149/1744 (8.54%)
207/1772 (11.68%)
175/1762 (9.93%)

65/1744 (3.73%)
97/1772 (5.47%)
90/1762 (5.11%)




Distinctive 18S rDNA sequence: GenBank acces-
sion number FJ971853.
Type species: Nanos amicus

Nanos amicus sp. nov. (ICBN)

With the characters of the genus.

Holotype: TEM block labeled v0230223WIS,
WIS deposited in the Wisconsin State Herbarium
at the University of Wisconsin, Madison, WI,
U.S.A.

Isotype: Fig. 10A.

Type locality: Jyme Lake, Oneida County,
Wisconsin, U.S.A. (45.8395, -89.6634)

Etymology: Nanos (m.) refers to its tiny size;
amicus, friend, refers to its epibiontic association
with Apoikia.

Type culture: UW-Madison Culture Collection
UWMO2004-3.

Distribution and habitat: Known from Jyme
Lake, Oneida Co., WI, an acidic freshwater bog
lake, occurring within the mucilage of Apoikia
lindahlii (can be cultured separately).

Methods

Isolation and culturing: Samples were collected during the
summer from two Sphagnum-dominated acidic freshwater
bodies: Jyme Lake (Oneida County, WI, 45.8395, -89.6634)
and Hook Lake (Dane County, WI, 42.9535, -89.3383). Both
Jyme Lake and Hook Lake are peat bogs with open water
area surrounded by a floating mat of Sphagnum mosses and
other shrubs. At the time of sampling, the pH was around 5 for
both sites. Jyme Lake was the focus of a previous analysis of
the relationship of pH, DOC, and bacterial activities in different
microsites (Fisher et al. 1998). Hook Lake was previously the
site of a study of bacterial epibionts of photosynthetic protists
(Fisher and Wilcox 1996). Large metazoan grazers were
removed by use of an ~25 um Whatman filter and subsamples
were enriched with soil extract and incubated for 3-5 days in
the dark. Individual colonies of Apoikia lindahlii were isolated
with a finely-drawn glass pipette (Stein 1973) and cultured in a
20:1 mixture of filtered, sterilized lake water and soil extract.
When cultures were established, we noticed smaller flagel-
lates inhabiting the mucilaginous matrix produced by the
colonial flagellate A. lindahlii. Individual cells were re-isolated
and four distinct clonal uniprotistan cultures were established
for molecular sequencing. Cultures were maintained in a
culture room at 15 °C. Cultures of A. lindahlii were exposed to
light for periods of 7-20 days to check for photosynthetic
pigment formation. Cultures—Filos agilis and Nanos amicus in
co-culture with Apoikia lindahlii—are available upon request
from UW-Madison Culture Collection (contact info: lkgraham
@wisc.edu).

DNA preparation, PCR amplification, cloning, and
sequencing: Cells were collected in an Eppendorf tube by
centrifuging for 5min at the maximum speed, and the
supernatant was carefully removed by pipetting. Genomic
DNA was purified using the DNeasy Plant Mini Kit (Qiagen,
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Valencia, CA, Catalog no. 69104), according to the manufac-
turer’s suggested protocols.

Two-step nested PCR was used to amplify sufficient DNA for
subsequent cloning reactions. The SSU rDNA gene was
amplified using the following two primer pairs: the outer pairs
5-CTG GTT GAT CCT GCC AGT AGT-3' (nu-SSU-0024-5) and
5-TGA TCC TTC YGC AGG TTC ACC-3' (nu-SSU-1768-3);
and the inner pairs 5'-CCT GCC AGT AGT CATAYG CTT-3' (nu-
SSU-0033-5) and 5-CAG GTT CAC CTA CGG AAA CCT-%
(nu-SSU-1757-53). The standard 50 pl reaction mixture con-
sisted of 2.5 units of Takara Ex Taq (Takara, Tokyo, code no.
RR0O01A), 1X Ex Taqg buffer, 0.2 mM of each dNTP, 0.6 uM of
each primer, and 5% glycerol. The PCR cyclic reactions
consisted of a denaturation step of 3 min at 95 °C; 30 cycles of
1 min at 95 °C, 1 min at 45 °C, and 2 min at 72 °C; and a final
15 min cycle at 72 °C. PCR-amplified fragments were either
gel-purified or cleaned using Wizard® SV Gel and PCR Clean-
Up System (Promega, Madison, WI, catalog no. A9281). The
cleaned amplified fragments were cloned into pGEM®-T Easy
vector (Promega, Madison, WI, catalog no. A1380). Multiple
bacterial clones were obtained from each cloning reaction.
Plasmids were isolated from multiple positive bacterial clones
using the QIlAquick Miniprep Kit (Qiagen, Valencia, CA, catalog
no. 27104). Sequencing reactions were performed with 20 pl of
reaction mixture, which included 2 pl of BigDye Terminator v.
3.1 mix (Applied Biosysems), 3 ul of dilution buffer (Applied
Biosystems), 0.6 uM sequencing primer, and 100-200 ng of
template DNA. Cyclic sequencing reactions were an initial
denaturation of 3 min at 95 °C, then 50 cycles of 10 sec at
96 °C, 4 min at 58°C, and 7min at 72°C. Excess dye
terminators were removed using Agencourt CleanSEQ 96
Starter Kit (Agencourt Biosciences, Beverly, MA, product no.
000145). Sequences were determined at the University of
Wisconsin Biotechnology Center and have been deposited in
GenBank (accession numbers FJ971853-FJ971856).

Sequence alignments and phylogenetic analysis: Mac-
Clade (ver. 4.05; Maddison and Maddison 2001) was used to
manually align sequences obtained in this study and other
sequences downloaded from GenBank. Ambiguous positions
were deleted. PAUP:: (ver. 4.0b; Swofford 2002) and RAXML
(ver. 7.0.4; Stamatakis 2006) were utilized for the maximum
likelihood (ML) and distance analyses of SSU rDNA gene
sequences. Modeltest (ver. 3.7; Posada and Crandall 1998)
was used to find the best fit model of nucleotide evolution and
to estimate substitution rates, base frequencies, I' distribution
parameter (o), and proportion of invariable sites. For ML and
minimum evolution distance tree search using PAUP: the
input order of sequences was randomized and the process
was repeated 100 times with the tree bisection and
reconnection branch-swapping algorithm. For RAXML analy-
sis, ML trees were inferred with the GTRCAT model from 100
distinct randomized maximum parsimony starting trees.
Bootstrap values were obtained from 100 re-samplings.

Light and electron microscopy: For scanning electron
microscopy (SEM) of A. lindahlii, the culture was mixed with
fixative containing 5% glutaraldehyde, 0.2 M sucrose in 0.2 M
sodium cacodylate buffer (pH 7.2) and was mounted on cover
slip coated by poly-L-lysine at room temperature for 30 min.
The sample was rinsed with the 0.2 M buffer three times. The
specimen was then fixed with 1% (w/v) osmium tetroxide in
0.2 M the buffer at room temperature for 30 min followed by
dehydration through an ethanol series. Samples were critical
point dried with CO, using a Tousimis Critical Point Dryer.
Samples were then coated with gold using Cressington
208HR high Resolution Sputter Coater, and observed with a
Hitachi S-4700 field-emission scanning electron microscope.
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For transmission electron microscopy (TEM) of A. lindahlii,
the culture was mixed with fixative containing 5% glutaralde-
hyde and 0.2 M sucrose in 0.2 M sodium cacodylate buffer
(pH 7.2) at room temperature for 1 h. Cells were aggregated
into a pellet by centrifugation at 1000 g for 5 min and rinsed
with the 0.2 M buffer three times. The specimen was then
fixed with 1% (w/v) osmium tetroxide in 0.2 M buffer at room
temperature for 30 min followed by dehydration through an
ethanol series (1 h at 30%, 30 min at 50%, 15 min each at
70%, 85%, 90%, 95%, and 100 %) and substitution with
acetone with 1:1 absolute acetone: ethanol and then 100%
acetone twice, followed by three changes of freshly-prepared
resin (Epon 812). Resin was polymerized for 14 hours at 65 °C.
Ultra thin sections (50 nm) were collected onto copper grids,
stained with uranyl acetate and lead citrate, and examined
and photographed with Hitachi H-7600.

For TEM of F. agilis and N. amicus, cell cultures were mixed
with an equal volume of buffered glutaraldehyde. The final
concentration was 1% glutaraldehyde in 0.025 M cacodylate
buffer (pH 5.3). The primary fixation lasted at least one hour at
room temperature. Because cells were very fragile, we
designed a concentration apparatus to gently collect cells
on 0.8 um MF-Millipore membrane filter (Millipore Corpora-
tion, Billerica, MA, catalog no. AAWP01300). The cell
concentration apparatus consisted of the lower part of a
Millipore Swinnex syringe filter holder with screen (13 mm)
(Millipore corporation, Billerica, MA, catalog no. SX00-013-00)
connected to a vacuum-filtering flask by use of a pipette tip
and a rubber tube. A hand pump was used to gently filter
culture fluid that was dripped onto filters by means of a
pipette. Care was taken to prevent flagellate cells from drying
during filtration. Heterotrophic cells were deposited onto a
base layer of green Mesostigma cells. These green cells
turned black during later treatment with osmium tetroxide,
thereby serving as a visual marker for locating small paler
heterotrophs within plastic after embedding. After approxi-
mately 50-100 ml of cell culture were filtered, the cells were
immediately encased in 1% low-melting agarose gel. Agarose
pieces were washed twice in cacodylate buffer for 10 min and
the membrane filters were peeled off using forceps. Post-
fixation was conducted with 1% osmium tetroxide in distilled
water for one hour, followed by en bloc staining with 0.1%
aqueous uranyl acetate at 4 °C overnight, and dehydration in
an ethanol concentration series (10 min each at 15%, 30%,
50%, 70%, 80%, 85%, 90%, 95%, and three changes of
absolute ethanol for 20 min). Agarose pieces were infiltrated
with 1:1 and then 1:3 absolute ethanol: Spurr’s resin mixture
(Electron Microscopy Sciences, Hatfield, PA, catalog no.
14300), followed by three changes of freshly-prepared Spurr’s
resin of 5-18 hrs each, in a desiccator under vacuum. Resin
was polymerized for 18 hours at 60 °C. Ultra thin sections
were collected onto copper grids, stained with lead citrate,
and examined and photographed with Hitachi H-7000 and
Zeiss EM10C electron microscopes.

Light microscopic observations of fresh and glutaraldehyde
fixed cells were made with a Nikon phase-contrast microscope
and photographs were taken with an Olympus digital camera at
1,000X. Figure 1H was taken using a Zeiss Axioplan 2 imaging
microscope connected to a Leica DC500 digital chilled CCD
camera. To check for a basal swelling in the posterior flagellum of
A. lindahlii, living cells were observed under a Zeiss Axioplan HBO
(50W mercury) fluorescence microscope using a 395-440
FT460LP470 violet filter (#48 77 05) and an excitation wavelength
of 395-440 nm. Synura sphagnicola was used as a positive
control for the presence of a green fluorescent flagellar basal
swelling.
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