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Carpediemonas-like organisms (CLOs) are important for understanding the evolutionary history of
anaerobic excavates (e.g. diplomonads and parabasalids), especially their cytoskeletal traits and the
functions of their modified mitochondria (e.g., hydrogenosomes and mitosomes). Kipferlia bialata is
probably the most commonly encountered CLO and has an intriguing molecular phylogenetic position
within the Fornicata; however, this species has yet to be described at the ultrastructural level. This
study provides a comprehensive account of the ultrastructure of this excavate using light microscopy,
SEM, and serial TEM sectioning. The pattern of flagellar transformation observed with SEM confirms
that the posterior basal body is the ‘eldest’, enabling us to emend the humbering system and associ-
ated terminology of the flagellar apparatus in excavates. This revised terminology is fundamental for
comparing the cytoskeletons of the Excavata supergroup with other eukaryotes. Moreover, K. bialata
had several unusal features, such as a hood, a distinct gutter within the ventral groove, and hairs along
a single flagellar vane. The ultrastractural data reported here significantly improve our understanding
of fornicate morphology, and when placed within a molecular phylogenetic context, these data shed
light onto patterns of character evolution within the Excavata.
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Introduction

The Fornicata (Excavata; Metamonada) is a
group of heterotrophic flagellates with diverse
modes of life in low oxygen environments, includ-
ing both parasites and free-living species. The
taxon includes two long-known, mostly parasitic
groups — diplomonads (e.g. Giardia, Spironu-
cleus) and retortamonads (e.g. Retortamonas),
plus a very little-studied but diverse assemblage
of free-living forms called the ‘Carpediemonas-like
organisms’, or CLOs. Diplomonads, in particular,
were once thought to lack mitochondria and to have
diverged from other eukaryotes prior to the ori-
gin of mitochondria, under the so-called “Archezoa
hypothesis” (Cavalier-Smith 1983; Roger et al.
1999; Sogin 1991; Sogin et al. 1989). However, it
is now understood that the deep phylogenetic posi-
tion of diplomonads and other lineages of unusual
parasites in trees inferred from sequences such
as ribosomal DNA is a long-branch-attraction arti-
fact (Philippe and Germot 2000; Philippe et al.
2000). Moreover, highly reduced mitochondrion-
related organelles (MROs, e.g., mitosomes) have
been discovered in the diplomonad Giardia intesti-
nalis (and other lineages of unusual parasites),
suggesting that mitochondria were acquired prior
to the most recent ancestor of all extant eukary-
otes (Embley and Martin 2006; Hampl and
Simpson, 2008; Hjort et al. 2010; Simpson and
Patterson 1999; Simpson et al. 2000; Tovar et al.
2003).

Recent studies show that Carpediemonas-like
organisms (CLOs), which were almost unknown
a decade ago, represent most of the major-
lineage-level diverstiy of fornicates and are key to
understanding the evolution of the group. There
are currently five different genera of CLOs, plus
some undescribed forms, that represent at least six
major lineages, termed CL1-6 (Kolisko et al. 2010;
Park et al. 2010). These are Dysnectes (CL1), an
undescribed Carpediemonas-like organism (CL2),
Hicanonectes and relatives (CL3), Carpediemonas
itself (CL4), Ergobibamus (CL5), and Kipferlia
(CL6). A representative of each of CL1, CL3,
CL4 and CL5 has been described at the ultra-
structural level (Park et al. 2009, 2010; Simpson
and Patterson 1999; Yubuki et al. 2007); CL2
and CL6 have only been characterised with light
microscopy (LM) and small subunit (SSU) rDNA
sequences (Kolisko et al. 2010; Takishita et al.
2012).

Molecular phylogenetic analyses of the For-
nicata have demonstrated that (i) retortamon-
ads (Retortamonas and Chilomastix) are either

polyphyletic or deeply paraphyletic, (ii) Dysnectes
(CL1) is the free-living sister lineage to a clade
consisting of (parasitic/commensal) diplomonads
and Retortamonas, and (iii) Kipferlia (CL6) is
positioned between Chilomastix and the Dys-
nectes/diplomonad/Retortamonas clade (Takishita
et al. 2012). Therefore, Kipferlia, along with
Dysnectes is a particularly important lineage
for understanding character evolution within the
Fornicata, especially switches from free-living
to parasitic modes of life and the transition
from hydrogenosome-like organelles to mito-
somes.

Kolisko et al. (2010) created the genus Kipfer-
lia for the organism that was originally described
as Cryptobia bialata Ruinen, 1938, and was later
renamed Carpediemonas bialata (Ruinen) Lee and
Patterson, 2000. The genus Kipferlia was estab-
lished because molecular phylogenies showed
that this lineage was only distantly related to
Carpediemonas membranifera, the type species
for Carpediemonas (CL4) (Kolisko et al. 2010;
Takishita et al. 2007, 2012; see above). Eleven dif-
ferent cultures and 14 SSU rDNA sequences of
Kipferlia bialata have been reported from all over
the world (Berney et al. 2004; Edgcomb et al.
2002; Kolisko et al. 2010; Lee 2002, 2006; Lee and
Patterson 2000; Takishita et al. 2007); these are
high numbers when compared to the other CLO
clades, which are currently represented by only
one or two different cultures and (usually) no envi-
ronmental SSU rDNA clones (Kolisko et al. 2010).
Therefore, K. bialata could be widespread and per-
haps relatively abundant in low oxygen sediments.

Despite the repeated observations of K. bialata
(CL6) and its important phylogenetic position,
almost nothing is known about the ultrastruc-
ture of the cell. Here we describe in detail
the cellular architecture of K. bialata (strain
NY0173), paying particular attention to the flagel-
lar apparatus. We resolve the pattern of flagellar
transformation in the dividing cell, and establish a
hypothetical framework for understanding charac-
ter evolution within CLOs and the Fornicata as a
whole.

Results

The morphology of K. bialata NYO173 was char-
acterized with light microscopy (Fig. 1), SEM
(Figs 2-3), and serial TEM sections at different
angles (Figs 4-8). A reconstruction of the over-
all flagellar apparatus of K. bialata was shown in
Figure 9.
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Figure 1. Light micrographs of Kipferlia bialata. Scale
bar: 5um. A, B, D. Differential interference contrast
light micrographs showing the two flagella (F1 and
F2), a deep gutter (G) within the ventral groove (Gr),
and newly developing flagella (arrows) and cytophar-
ynx (Cy) on a compressed cell in D. C. Phase contrast
light micrograph showing the nucleus (N) positioned
in the anterior region of the cell.

General Morphology of Kipferlia bialata
NY0173

The general morphology of the isolate of K. bialata
examined in this study corresponded with the tax-
onomic diagnosis in a previous report (Kolisko
et al. 2010). Each cell had two flagella and a
ventral groove for capturing and consuming bacte-
ria (Fig. 1). Cells were usually bean-shaped and
measured 12.9 pm (10.4-17.7 pm) long and 6.5 pm
(5.4-7.8 um) wide (n=30) when viewed live with
light microscopy. The isolate swam slowly and
often adhered to the surface of the substrate while
rapidly beating the anterior flagellum. The two fla-
gella emerged subapically from the ventral side
of the cell. Flagellum 1 (F1) was approximately
1.5 times the length of the cell, moved in a sin-
uous pattern, and was directed posteriorly, within
the ventral groove (Fig. 1). This flagellum pos-
sessed a single broad vane on its ventral-most side
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that was clearly seen only by electron microscopy,
and that was extended by a terminal row of hairs
(Figs 2C and E-H, 4A, B and D). Flagellum 2 (F2)
extended anteriorly and was nearly the same length
as the cell (Fig. 1). A membranous “hood” covered
the anterior region of the cell above the F1 inser-
tion and extended down the left and right margins of
the ventral groove; the hood extended about three
quarters of the cell down the right margin of the
groove, and 1.5-2 um down the left margin of the
groove (Fig. 2A-B). The inner lining of the groove
was supported by microtubules and fibers (Fig. 2D).
The bottom of the groove formed a deep “gutter’
that led into a conspicuous “cytopharynx” at the
posterior region for the engulfment of bacterial prey
cells (Fig. 2E-H). The nucleus was located in the
anterior region of the cell close to the flagellar appa-
ratus (Figs 1, 4A and B). The cells also possessed
rounded mitochondria-related organelles (MRO)
about 500 nm in diameter that were bounded by two
closely adpressed membranes, contained a dense
matrix and lacked cristae (Fig. 4C, F and G). No
discrete Golgi apparatus was observed.

Flagellar Transformation as Viewed with
SEM

In preparation for cell division, two new flagella
emerged near the two parental flagella, F1 and
F2 (Figs 1D, 2D, 3A-B). F1 was distinguished from
F2 by the presence of the longitudinal vane and
the orientation toward the posterior end of the cell
(see above). The two nascent flagella elongated
to form two F2 flagella, without vanes, designated
as “F2a” and “F2b” (Fig. 3C-E). The parental F2
flagellum simultaneously transformed into a new
F1 flagellum, designated as “F1*”, by developing
a vane and reorienting toward the posterior end of
the cell in association with a new ventral groove
(Fig. 3C-E). The original F1 flagellum meanwhile
maintained its length, its vane and its position at
the head of the old ventral groove. At this stage of
cytokinesis, the cell contained two ventral grooves,
two nascent F2 flagella (F2a and F2b), and two
fully elongated F1 flagella (F1 and F1*) (Fig. 3D).
Each F1 flagellum became paired with one of the
nascent F2 flagella during late stages of cytokine-
sis; one daughter cell received F1 and F2a; the
other daughter cell received F1* and F2b (Fig. 3E).
In other words, each daughter cell inherited one of
the nascent F2 flagella and one of the parental fla-
gella (F1 and F1*). The flagella in K. bialata were
therefore inherited in a semi-conservative pattern
whereby the posterior F1 flagellum was older than
the anterior F2 flagellum in each interphase cell.
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Figure 2. Scanning electron micrographs (SEM) of Kipferlia bialata. Arrows in A, B & D denote the posterior
termination points of the hood (H). A-B. Ventral view showing the two flagella (F1 and F2), a deep gutter (G)
within the ventral groove (Gr) and the posterior position of the cytopharynx (Cy). Scale bars: 1.5 um for A,
and 2 um for B. C. High-magnification view of F1 showing the ventral flagellar vane (V) and associated hairs.
Scale bar: 500 nm. D. Cell with most of the plasma membrane removed revealing the underlying microtubules
and posterior position of the cytopharynx (Cy). Note the number of microtubules supporting the right side of
the gutter (G) is reduced near the termination of the hood (arrow on left side of the micrograph). Scale bar:
2 um. E-H. A series of images showing the engulfment of bacteria (Ba) through cytopharynx (Cy) located in
the posterior region of the gutter (G). Scale bars: 2 um.

Organization of the Flagellar Apparatus Overview: Four basal bodies were present in
most (interphase) cells; however, only two basal
bodies were observed in a few cells, presum-
ably newly formed daughter cells. The posterior
basal body, B1, and the anterior basal body, B2,

; ; . gave rise to F1 and F2, respectively, and were
applied a revised set of terms for the microtubular arranged almost perpendicularly with the proxi-
roots, basal bodies, and flagella of K. bialatabased a1 end of B1 almost abutting the side of B2

on_the original_proposals by Moestrup (2000) for a (Fig. 5A-D). B1 and B2 were connected to their
universal terminology for eukaryotes. associated flagella via transitional plates which

The overall organization of the flagellar apparatus
in K. bialata was similar to other CLOs studied
previously (Park et al. 2009, 2010; Simpson and
Patterson 1999; Yubuki et al. 2007); however, we
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Figure 3. Scanning electron micrographs (SEM) showing flagellar transformation in Kipferlia bialata. Arrow-
heads indicate the ventral vanes on F1 and F1*. A-B. SEMs showing two new flagella (arrows) emerging near
the two parental flagella (F1 and F2). The insertion point and presence of a longitudinal vane distinguishes
F1 from F2. C. SEM showing two shorter nascent flagella (F2a and F2b) and two longer flagella with vanes;
“F1*” refers to the parental F2 flagellum that has transformed into a new F1 flagellum. D. SEM showing a cell
with two ventral grooves (Gr) and two fully elongated F2 flagella, “F2a” and “F2b”. Flagella F1 and F1* both
have vanes (arrowheads). E. SEM of a cell in a late stage of cytokinesis showing the segregation of F1 and F2
flagellar pairings. One daughter cell receives F1 and F2a; the other daughter cell receives F1* and F2b. Scale

bars: 2 pm.

were ‘buried’ deeper within the cell than the flagel-
lar insertion points (Fig. 5C-D). Three microtubular
roots extended from B1, namely R1, R2, and a
singlet root (S) (Figs 5F, G, 6A-C). One root,
R3, originated from B2 (Fig. 5C-D). Three major
fibers were associated with R2, namely the A
fiber, B fiber, and | fiber while a comb-like “C
fiber’ and part of the B fiber were associated
with R1 (Figs 5F-G, 6B-C, 7A-C). Two auxiliary
basal bodies, B3 and B4, were positioned on the
left and right sides of the of B1/B2 axis, respec-
tively, and directed laterally (Fig. 6A-B). B3 was
positioned near microtubular root R3, and dorsal
to R1 (Figs 5H, 6A-B); B4 was situated within
the concave ventral face of microtubular root R2
(Figs 5E, 6B).

Root 1, and associated structures, and sin-
glet root: R1 originated from the left-ventral side
of B1 and extended posteriorly (Fig. 5). Up to six
microtubules were added to the left side of R1 as
it moved away from B1 (Fig. 5E-H). The C fiber
appears comb-like in transverse section and was
associated with the dorsal side of R1 from its ori-
gin (Fig. 5A-B, F-H). Each vane-like component of
the C fiber extended from the R1 microtubules and
joined together into one thick darkly stained sheet,
which connected up with the left end of the A fiber
(Figs 5F-H, 6B). The C fiber terminated near the
level of the F1 insertion (Figs 5A, 6C-D, 7B-D). The
B fiber (see below) connected to the ventral side
of R1 at its origin, and continued posteriorly with
R1 for some distance (Figs 5, 6A-D, 7). R1 and
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anterior part of the cell showing the nucleus (N) and the F1 flagellum viewed from the anterior side of the cell.
The hood (H) extends posteriorly. Both margins of the deep gutter (G) are within the ventral groove (Gr). Note
three microtubules split away from the right side of R1 (arrows). Arrowheads indicate the hairs on the vane
of F1. Scale bars: 1 um. C. Section through the anterior part of the cell. The inner root 2-associated dense
rod (IDR) supports the left margin of the gutter (G). Scale bar: 2 um D. High magnification view showing the
ventral flagellar vane on F1 and the associated hairs (arrowhead). Scale bar: 200 nm. E. Grazing section of F1
showing striation of the vane (arrow). Scale bar: 500 nm. F. Mitochondria-related organelles (MRO) preserved
by conventional chemical fixation. Scale bar: 250 nm. G. High magnification view of the MRO showing two

enveloping membranes (arrow). Scale bar: 50 nm.

this leftwards extension of the B fiber supported
the base of the left side of the hood near the F1
insertion. The microtubules of R1 split away indi-
vidually from its right side to support the left side
of the ventral groove (Figs 4A-B, 7D-l, 9). The sin-
glet root (S) originated from alongside the dorsal

side of B1, near the dorsal/left face of R2 and
ran along the ventral groove toward the posterior
end of the cell (Figs 5F-H, 6B-F, 7), immediately
to the right of the microtubules that originated
from R1 (Figs 4A-B, 7F-1). The loose band formed
by the R1-derived microtubules and S continued



Ultrastructure of Kipferlia bialata (Fornicata, Excavata) 429

A

o #
= " : -

Figure 5. Transmission electron micrographs (TEM) of Kipferlia bialata showing root 1 (R1), root 3 (R3) and
the C fiber (C). Scale bars: 200 nm. A-D. Non-consecutive serial sections viewed from the left anterior side
of the cell. A. A grazing section of the comb-like C fiber on R1. B. A section showing traces of the C fiber
and R1. C. A dense fiber runs along R3 and originates from the dorsal side of basal body 2 (B2). Note B1
and B2 are arranged perpendicularly. D. R3 originates from the dorsal side of B2. The arrowhead indicates
the transitional region between the flagellum and the basal body. E-H. Non-consecutive serial sections viewed
from the anterior side of the cell. E. Two microtubules of R1 can be seen at the proximal area of B1. R3 runs
under the cell membrane and is closely related with an electron dense fiber. F. Three microtubules of R1, with
a comb-like C fiber elements extending from each R1 microtubule. G. TEM showing four microtubules of R1,
and four comb-like extensions and dark layer of C fiber. The B fiber is also associated with the ventral side of
R1, and the A fiber extends from the C fiber to R2 on the dorsal side of B1. Internal microtubules are positioned
behind B1 and R2. H. TEM showing six microtubules of R1 and six comb-like extensions of the C fiber. Note
that the dark layer associated with the C fiber and R3 is connected to the auxiliary basal body 3 (B3).
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Figure 6. Transmission electron micrographs (TEM) of Kipferlia bialata showing root 2 (R2), the A fiber (A), and
the I fiber (I). All images are viewed from anterior end of the cell. A-D. Non-consecutive serial sections. Scale
bars: 200 nm. A. The B fiber stretches from right to left along the groove on the ventral side of B1. B. The A fiber
links to the dorsal side of R2, B1 and the C fiber. B3 is located to the dorsal side of the C fiber, and B4 is located
on the concave face of R2. R3 is close to B3. C. The width of the A fiber is reduced toward R2. D. The A fiber is
positioned on the left side of R2. E-l. Non-consecutive serial sections. Note the A fiber is located on the dorsal
side of iR2 as a dense body, and oR2 has short dorsal projections on each microtubule. Scale bars: 100 nm.
E. TEM of a cell prior to the separation of R2. F. R2 is split into two bands: six microtubules form the inner
band (iR2) and 11 microtubules form the outer band (0R2). The outer root 2-associated dense rod (ODR) is
located on the ventral side of iR2. G. The oR2 includes 12 microtubules. Two left microtubules (arrowheads) are
disassociated with oR2. The I fiber is cross-linked with the ventral side of oR2. H. TEM showing 15 microtubules
of oR2. The gutter (G) invaginates between the inner root 2-associated dense rod (IDR) and the ODR. Three
microtubules (arrowheads) from oR2 support the wall of the gutter. . TEM showing 16 microtubules of oR2,
including four (arrowheads) that support the wall of the gutter (G).

posteriorly for most of the length of the cell and
terminated in association with the forming cytophar-
ynx (see Fig. 2D).

Root 2 and associated structures: R2 was the
major cytosekeletal element supporting the ven-
tral groove. It originated against the dorsal side
of B1, and near its origin consisted of a single
row of 15-16 microtubules that curved rightwards

(Figs 5E-G, 6A-D). The right portion of the A fiber
was associated with the dorsal side of the ‘inner’
portion of R2, thus linking the R2 and C fiber around
the dorsal side of B1 (Figs 5E-G, 6B-D). The | fiber
was a latticed structure with an distinct sheet-like
ventral face that was cross-linked with the ventral
face of R2 (Figs 5E-H, 6, 7). The ventral face of
the | fiber was associated with the auxiliary B4



(Fig. 6A-B). Near the F1 insertion, the microtubules
of R2 split into two different branches: an inner R2
(iR2) of 5-6 microtubules and an outer R2 (oR2)
with the remaining ~10 (Figs 6E-1, 7A-B). The thick
portion of the A fiber continued with the right portion
of iR2 for a short distance before terminating, while
the | fiber continued with oR2 only (Figs 6D-I, 7A-
G). Remnants of the A fiber were associated with
the dorsal side of the proximal portion of oR2,
appearing as short projections from each micro-
tubule (Fig. 6F-I).

As they diverged, the region between iR2 and
oR2 formed a deep gutter (G) (Figs 6G-I, 7D-F).
The margins of this gutter were framed by similar,
non-microtubular fibers about the same size as an
individual microtubule — the inner root 2-associated
dense rod (IDR) and the outer root 2-associated
dense rod (ODR) (Fig. 6D-l). Both IDR and ODR
originate against the inner/left/ventral edge of iR2
(Figs 5H, 7C, F) and ODR at least is likely homolo-
gous to the RDR of Carpediemonas membranifera
(Simpson and Patterson 1999). The left side of the
gutter was supported by the iR2 and IDR (Figs 6H-
[, 7D-I). The right side of the gutter was supported
by the ODR, plus the left edge of oR2 and the con-
nected | fiber (Figs 6F-1, 7D-I).

The two margins of the gutter were clearly
visible under the SEM, especially in cells with
the plasma membrane removed (Fig. 2A-B, D-H).
The IDR extended all the way to the cytophar-
ynx (Figs 2D, 8). The ODR terminated seemingly
before the origin of the cytopharynx (though see
description of the ‘composite fiber below). Several
microtubules from the left side of oR2 disassociated
with one another to reinforce the walls and ‘floor’
of the gutter (Figs 6G-I, 7D-I). Approximately five
extra microtubules were added consecutively, one
by one, to the right side of oR2 until the total number
of oR2 microtubules reached at least 16 (Fig. 6l).

The B fiber supports the hood: The B fiber
arched around the ventral side of B1 and connected
with R1 on the left side of the groove, and with the
| fiber and the left side of R2 on the right (Figs 5E-
F, 7A-C). The B fiber was extended in width to
cover a wide area as a thin sheet with a thickened
edge and ultimately formed the main support for
the hood. The B fiber and hood extended posteri-
orly to (initially at least) reinforce both margins of
the ventral groove (Figs 4A-C, 5, 7), with the thick-
ened edge of the B fiber supporting the margin of
the hood, especially on the right side of the groove
(Fig. 4A-C). As noted above, the left extension of
hood was relatively short.

Root 3 and the associated fiber: R3 consisted
of a single microtubule and originated from the
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anterior side of B2 (Figs 5C-H, 6A-D). R3 was
closely associated with a dense fiber along its entire
length and extended toward the left side of the
cell in the vicinity of B3. R3 was not associated
with additional microtubules or a distinct dorsal
fan. However, a number of individual microtubules
originated from near the base of B2 and B3, and
extended dorsally and posteriorly, with some of
them apparently supporting the dorsal cell mem-
brane (Fig. 5 E-H).

Cytopharynx

In the posterior portion of the ventral groove the
deep gutter extended to form the cytopharynx,
which was also supported by microtubules and
fibers derived from R2 (Figs 2A-B, D, 8A-B). About
three quarters of the way down the cell there was
a marked change in the structure of the right side
of the ventral groove: The right branch of the hood
terminated, while the dense portion of the ‘compos-
ite fiber’ (see below) arose from near the end of the
base of the hood (Figs 2A-B, D, 8C-H). It was pos-
sible, but not demonstrated, that this dense portion
was a thickened extension of the ODR. At about
the same point the striated portion of the compos-
ite fiber originated on the cytoplasmic side of the
leftmost oR2 microtubules (Fig. 8C-H). More pos-
teriorly the dense portion angled leftward to join up
with the striated portion, and as it did so, the right-
most majority of the oR2 microtubules terminated
against the dense portion (Figs 2D, 8C-F). The
remaining oR2 and iR2 microtubules supported the
posterior region of the cytopharynx (Fig. 8G-O),
and became associated with the composite fiber,
which specifically supported the right side of the
cytopharynx (Fig. 8A-l). The IDR and iR2 contin-
ued to support the left edge of the cytopharynx;
these fibers reinforced the outline of the cytophar-
ynx and were visible with the SEM (Fig. 2A-B,
D). The number of microtubules in oR2 decreased
gradually toward the posterior end of the ventral
groove, which became narrower as the cytopharynx
curved toward the left (Fig. 8K-O).

Discussion

Amending the Terminology for the
Excavate Flagellar Apparatus

The overall organization of the eukaryotic
cytoskeleton is highly conserved, so modifications
of cytoskeletal traits associated with the flagellar
apparatus distinguish major groups of eukaryotes
and inform protistan systematics (Andersen 1991;
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Figure 7. Non-consecutive serial TEM sections of Kipferlia bialata showing the B fiber and the hood. Arrow-

s XY TN

heads in D-I indicate microtubules that are derived from the right side of R1. Scale bars: 200 nm for A-F, and
500 nm for G-I. A-B. The B fiber arches from R1 to R2 against B1. C. TEM showing the transitional region
between B1 and F1. ODR originates near iR2. D. TEM showing the origin of the gutter (G). E. TEM showing
the origin of the hood (H). The B fiber supports the hood. F-G. TEM showing the B fiber associated with the
ODR on the right side of the gutter (G). H-l. The hood extends posteriorly down the right and left margins of

the ventral groove (Gr).

Beech et al. 1991; Moestrup 1982, 2000; Sleigh
1988). Moestrup (2000) proposed a universal
terminology for the basal bodies and flagellar
microbular roots of eukaryotes, focusing primarily
on algal groups. This account considered the

flagellar apparatuses of the Euglenozoa, which
includes euglenophycean algae, but did not con-
sider other excavates. Moestrup’s (2000) labelling
for euglenozoans, however, included what appears
to be an error; the identities for the microtubular
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Figure 8. Transmission electron micrographs (TEM) of Kipferlia bialata showing cytopharynx and supporting
structures. Arrows indicate composite fiber. A-B. Non-consecutive serial TEM sections of the cell. The curved
cytopharynx (Cy) is supported by the oR2, composite fiber, iR2 and IDR. Scale bars: 1 wm. C-l. Non-consecutive
serial sections of the cell. Scale bars: 500 nm. C-D. TEM showing the striated portion of the composite fiber
located behind oR2. E. TEM showing the the right part of oR2 terminating at the dense portion of the composite
fiber. The rest of the oR2 supports the wall of the cytopharynx. F-G. TEM showing the termination of the hood.
H-1. TEM showing the the right and left edge of the cytopharynx being supported by the composite fiber and IDR,
respectively. J-O. Non-consecutive serial sections of the posterior end of the cell. Scale bars: 200 nm. J. TEM
showing that the composite fiber and IDR are situated at the margins of the cytopharynx. K-L. TEM showing
the cytopharynx reducing in size. M-O. TEM showing that the oR2, iR2, composite fiber and IDR continue to
run under the cell membrane and curve toward the left.
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Figure 9. lllustration of the flagellar apparatus of Kipferlia bialata based on the electron micrographs in the
preceding plates. A. Detailed organization of the anterior area. B. Overall organization of the microtubular

cytoskeleton supporting the ventral groove.

roots for each basal body were inverted relative
to the other taxa considered in the comparative
study (see below). Simpson (2003) then attempted
to extend Moestrup’s universal terminology to
cover the flagellar apparatuses of all excavates,
but did so by comparison with the Euglenozoa,
and not other taxa. Unfortunately this propagated
the likely-incorrect terminology for the Euglenozoa
to all excavates. Furthermore, Simpson’s (2003)
comparison of ‘typical excavates’ to euglenozoans
was based almost entirely on comparisons of inter-
phase cells, whereas identification of homologies
according to Moestrup’s (2000) system ultimately
relies on developmental information associated
with the replication of the flagellar apparatus. An
examination of the highly derived diplomonad Giar-
dia demonstrated a developmental pattern in which
the posterior-most ‘caudal flagella’ represented
the ultimate stages (Nohynkova et al. 2006). Until
the current study, however, there has been almost
no data on flagellar apparatus replication in typical
excavates, aside from a brief textual account on
jakobids by O’Kelly (1993). Given these problems,
recent studies of CLO ultrastructure have reverted
to naming microtubular roots by position, for
example, with the major roots on the left side and
right side of the ventral groove being called the ‘left

root’, and ‘right root’ respectively (Park et al. 2009,
2010; Yubuki et al. 2007).

We have reviewed the universal terminology for
biflagellates proposed by Moestrup (2000, p. 71) to
characterize the excavates compared in this study:

(i) The older flagellum is identified as “flagellum
17

(ii) The younger flagellum is identified as “flagel-
lum 27;

(iiiy The two microtubular roots associated with
flagellum 1 are identified as “root 1” and “root
27

(iv) The two microtubular roots associated with
flagellum 2 (where present) are identified as
“root 3” and “root 47;

(v) The roots are identified in a clockwise fashion,
looking down the basal body from the outside
of the cell;

(vi) The following changes to the microtubular roots
occur during the transformation of the younger
flagellum 2 into a mature flagellum 1 during
cell division: root 3 becomes root 1, and root
4 becomes root 2. In other words, root 1 is a
derivative of root 3, and root 2 is a derivative of
root 4.



When applying these criteria to the Eugleno-
zoa, the “ventral or posterior flagellum” is indeed
F1 and the “dorsal or anterior flagellum” is F2
(Moestrup 2000). However, the “intermediate root”
in euglenozoans is root 1, the “ventral root” is root
2, and the single “dorsal root” is root 3. The trans-
formational homology of root 1 and root 3 (see
above) is consistent with the model of euglenid
cytoskeletal organization described in Yubuki and
Leander (2012). This labelling of the roots differs
from Moestrup (2000), where the Euglenozoan ven-
tral root is treated as root 1, the intermediate root
as root 2, and the dorsal root as root 4.

Our SEM data on dividing K. bialata provides the
first clear documentation of flagellar transformation
in a typical excavate. The posterior flagellum, F1,
is older than the anterior flagellum, F2. This is con-
sistent with the developmental pattern reported for
the non-typical excavate Giardia (Nohynkova et al.
2006). The posterior basal body 1 (B1) has two
microtubular roots (and a singlet root) and these
can now be identified with confidence: the ‘left root’
which originates from the left side of B1 is root 1
(R1), and the ‘right root’ which originates from the
right side of B1 is root 2 (R2). This is the reverse of
the identities in Simpson (2003). Similarly, the soli-
tary root associated with the anterior (and younger)
flagellum, F2, which originates from the anterior
side of basal body 2 (B2), is identified as root 3
(not R4, as in Simpson, 2003). This terminology can
be applied to all other excavates and will facilitate
more consistent and accurate comparative ultra-
structural analyses within the group and with other
eukaryotes.

Comparison of K. bialata with Related
Taxa

The general ultrastucture of Kipferlia bialata was
broadly similar to that of other CLOs. It showed the
‘typical excavate’ pattern of flagellar microtubular
roots, non-microtubular roots, and a vaned pos-
terior flagellum (Simpson 2003). In particular K.
bialata possessed an arched B fiber that extended
from R1 to R2 against B1, which is a synapomor-
phy for Fornicata that is shared by all fornicates
other than diplomonads (Park et al. 2009, 2010;
Simpson 2003; Yubuki et al. 2007). It also pos-
sessed rounded MROs without cristae, similar to
all other CLOs except Carpediemonas, in which the
MRO is elongate (Simpson and Patterson 1999).
Kipferlia bialata also displayed several distinc-
tive features. The markedly extended ‘hood’ has
never been observed in other CLOs, nor any other
typical excavate; the B fibres of Dysnectes and
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Ergobibamus are quite broad, but clearly do not
support a separate flap along the right side of cell
(Park et al. 2010; Yubuki et al. 2007). The hair-
like extensions on the ventral flagellar vane in K.
bialata have never been observed in any other CLO
so far, nor in other typical excavates. The absence
of a distinguishable dorsal vane is novel amongst
the CLOs and retortamonads studied to date. A
single ventral vane is present in the aerobic exca-
vate Malawimonas jakobiformis (O’Kelly and Nerad
1999), but this almost certainly represents a conver-
gence, since possession of a ventral vane seems
to be ancestral for the Fornicata (see below).

Of especial interest are features that Kipfer-
lia shares with some, but not all, other CLOs
and retortamonads, especially when those fea-
tures are considered in a phylogenetic context.
Molecular phylogenetic analyses using six protein
coding genes plus SSU rDNA sequences invari-
ably place K. bialata within a robust monophyletic
group otherwise consisting of diplomonads, the
CLO Dysnectes, and two clades currently both
identified as retortamonads (Takishita et al. 2012).
Retortamonads (Retortamonas and Chilomastix)
are either commensal or parasitic flagellates in
animal hosts. The flagellar apparatus of studied
retortamonads is similar in the general orien-
tation of basal bodies, associated roots and
paracrystaline material (Bernard et al. 1997;
Brugerolle 1973, 1977; Simpson and Patterson
1999). However, retortamonads apparently do not
form a monophyletic group in multigene phy-
logenetic analyses, with Chilomastix branching
among CLOs while an organism currently identi-
fied as a Retortamonas is sister to diplomonads
(Takishita et al. 2012). The free-living Dysnectes
forms the sister lineage to the diplomonad-
Retortamonas clade with strong statistical support,
but the analyses do not strongly resolve the
branching order among K. bialata, Chilomas-
tix, and the diplomonad/Retortamonas/Dysnectes
clade (Fig. 10).

Takishita et al. (2012) could not nominate
morphological traits that would reinforce the molec-
ular phylogenetic relationships among Dysnectes,
Retortamonas, diplomonads, other CLOs, and
Chilomastix. After examination of the ultrastructural
features reported here, it is still difficult to identify
traits uniquely shared by K. bialata, Chilomas-
tix, and the diplomonad/Retortamonas/Dysnectes
clade. Unfortunately, there is currently no overlap
in published TEM data and molecular phylogenetic
data for nominal species of Chilomastix and Retor-
tamonas; for instance, Chilomastix caulleryi has
been studied only within the context of multigene
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Diplomonads

‘Retortamonas’

Chilomastix
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Figure 10. A hypothetical phylogenetic framework
for understanding the relationships among forni-
cate lineages as inferred from available molecular
and morphological data. The cladogram is modified
from Takishita et al. (2012) and the thick branches
reflect robust statistical support from their phyloge-
netic analyses. Shaded lineages are CLOs. Trimastix
represents the outgroup. See text for discussion.

phylogenetic anlayses (Takishita et al. 2012), and
Chilomastix cuspidata, Chilomastix aulastomi and
Retortamonas agilis have been studied only at
the ultrastructural level (Brugerolle 1973, 1977;
Bernard et al. 1997). Nonetheless, several of the
ultrastructural features reported here in K. bialata
are reminiscent of those reported in C. cuspidata
(Bernard et al. 1997). In both species, the deep
gutter within the ventral groove separated oR2 and
iR2 (syn. “right microtubular band” and “hook-band”
in C. cuspidata, respectively). The right and left
ridges of the gutter were also supported by equiv-
alents of the ODR and an IDR that were closely
associated with oR2 and iR2, respectively (Bernard
et al. 1997). Deep gutters and structures similar
to the ODR and IDR were also imaged in both
C. aulastomi (where the equivalent of the ODR
supported the ‘lateral lamellum’ — see figs 10-12
and 21 in Brugerolle 1973) and in R. agilis (figs
8-10 in Brugerolle 1977). Nothing very similar has
been seen in other CLOs to date: Dysnectes has
a very small invagination between at the extreme
anterior ends of oR2 and iR2, but neither an ODR
nor IDR were observed, and there is no discrete
gutter present in the groove proper (Yubuki et al.

2007). A distinct cytopharynx is seen in retortamon-
ads and Hicanonectes. In Chilomastix cuspidata,
an oR2 (right band, RB) and iR2 (hook-band, HB)
support the cytopharynx (Bernard et al. 1997) as
in K. bialata. The presence of four basal bodies
has been reported in Hicanonectes, Ergobibamus,
Chilomastix spp., and Retortamonas (as exempli-
fied by R. agilis), while almost all diplomonads have
four basal bodies per mastigont (Bernard et al.
1997; Brugerolle 1973, 1977; Brugerolle and Muller
2000; Park et al. 2009, 2010). This contrasts with
the presence of three and two basal bodies typically
found in Carpediemonas and Dysnectes, respec-
tively (Simpson and Patterson 1999; Yubuki et al.
2007).

The comb-like structure on the C fiber in K.
bialata is reminiscent of the C fiber in Ergobiba-
mus, although the comb-like projections are less
conspicuous in Ergobibamus (Park et al. 2010).
K. bialata and Dysnectes are the only CLOs with
only one R3 microtubule and without a discrete
dorsal fan derived from R3 (Yubuki et al. 2007).
Carpediemonas has two R3 microtubules and a
dorsal fan; Hicanonectes and Ergobibamus have a
dorsal fan and have nine and six R3 microtubules,
respectively (Park et al. 2009, 2010; Simpson and
Patterson 1999). The A fiber in CLOs consists of
short projections associated with dorsal face of
oR2. In Ergobibamus, the A fiber is a thin element
that is also closely associated with iR2, (Park et al.
2010). In K. bialata, however, the A fiber is much
broader than in any other CLO and consists of a
dark round element associated with the iR2.

The typical presence of four basal bodies, a
comb-like projection from the C fiber, and a ventral
cytopharynx in several CLOs and/or retortamonads
is especially noteworthy because these features
are also found in the free-living excavate Trimas-
tix (Brugerolle and Patterson 1997; O'Kelly et al.
1999; Simpson et al. 2000). Trimastix and oxy-
monads together are the closest relatives of the
Fornicata aside from parabasalids (Hampl et al.
2005, 2009) (Fig. 10, position 1); however neither
oxymonads nor parabasalids have the excavate
feeding groove, and their flagellar apparatuses are
relatively derived (although see Simpson et al.
2002). Trimastix instead has the ‘typical excavate’
morphology that is more similar to most Fornicata.

Hypothetical Framework for Fornicate
Character Evolution

Detailed ultrastructural data on Kipferlia,
Carpediemonas, Dysnectes, Ergobibamus
and Hicanonectes combined with molecular



phylogenetic relationships inferred from multi-
gene analyses provide a framework for mapping
the evolution of ultrastructural traits within the
Fornicata (Takishita et al. 2012) (Fig. 10). The
main clades within this framework consist of (1)
diplomonads, Retortamonas, and Dysnectes; (2)
the diplomonads/Retortamonas/Dysnectes clade,
Kipferlia, and Chilomastix; (3) Hicanonectes and
CL2; and (4) the Fornicata as a whole (Fig. 10).

Using Trimastix as an outgroup, we infer that
the last common ancestor of Fornicata and Tri-
mastix (i.e., of Metamonada) had the following
features: a free-living mode of life in low oxygen
environments, a ventral feeding groove, two vanes
on F1, four basal bodies, reduced and rounded
MRO without cristae, a robust R1, a robust oR2,
and a dorsal fan that originates in association with
R3 (Fig. 10, position 1). R3 was probably rel-
atively small (~4 microtubules or fewer). Based
on the likely interrelationships amongst CLOs,
diplomonads and retortamonads, parsimony sug-
gests that the most recent common ancestor of
the Fornicata was a small biflagellate that lived
in marine environments and that possessed an
arched B fiber originating from R1 and positioned
against the ventral side of B1 (Fig. 10, position
2).
The lineage of Carpediemonas saw acquisition
of a lateral vane on F1 (independently of Retor-
tamonas agilis — see below), loss of one of the
interphase basal bodies, a switch from rounded
MROs to a more elongate form, and a reduction
in the number of microtubules associated with oR2
(Fig. 10, position 3). It is most parsimonious to
infer that the dorsal vane on F1 was substantially
reduced in the most recent common ancestor of the
remaining fornicates (Fig. 10, position 4), though if
so, the extended form of the dorsal vane must have
evolved again in a common ancestor of true retor-
tamonads, represented by Chilomastix (and with
the Retortamonas agilis lineage also developing a
lateral vane, if R. agilis proves to be related to Chilo-
mastix). The number of microtubules in R3 may
have increased in a common ancestor of Ergobiba-
mus, Hicanonectes, and CL2, if these taxa prove to
form a clade (Fig. 10, position 5).

In the absence of sufficient ultrastructural data
from Chilomastix and from the organisms studied
as Retortamonas, we are unable to find shared
traits for the clade consisting of Kipferlia, Dys-
nectes, retortamonads and diplomonads and for
the clade consisting of Dysnectes, Retortamonas
and diplomonads (Fig. 10). The hood and a sin-
gle flagellar vane with terminal hairs on F1 (i.e.,
complete loss of the dorsal vane) are features that
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evolved in K. bialata (Fig. 10, position 6). In Dys-
nectes, the number of basal bodies was reduced to
two (Fig. 10, position 7). Kipferlia, Dysnectes and
diplomonads lack distinct dorsal fans (Brugerolle
1991; Simpson 2003), whereas the ultrastructure
of Retfortamonas, the sister lineage to diplomon-
ads, is unknown. Therefore, it is possible that the
loss of dorsal fans is a synapomorphy for one of
the main subclades within the Fornicata. Takishita
et al. (2012) inferred that Hicanonectes and CL2
share a common ancestor with a similar swim-
ming behavior, an inconspicuous ventral feeding
groove, and a curved cytopharynx. Because K.
bialata, C. cuspidata, and Trimastix also possess a
curved cytopharynx, the origin of this latter feature
likely predates the divergence of the Hicanonectes-
CL2 clade (Fig. 10, position 5). The phylogenetic
hypotheses discussed here can be tested and
refined as more ultrastructural data from CL2,
Chilomastix, Retortamonas, and more undiscov-
ered isolates from the Fornicata become available.

Methods

The culture strain, Kipferia bialata NY0173: The strain of
Kipferlia bialata in this study was the same strain reported
by Takishita et al. (2007, 2012) and Kolisko et al. (2010) as
NYO0173. The culture was derived from a sample collected in
March 2006 during cruise no. NT06-04 from sea floor sedi-
ments at a cold seep site in Sagami bay (1174 m, 35°0'09”N,
139°13'51”E) using the ROV Hyper-Dolphin by JAMSTEC
(Japan Agency for Marine-Earth Science and Technology). Cell
cultures were maintained at 16°C in seawater with modified
TYGM-9 medium (final concentration 5%) under low oxygen
conditions. The modified TYGM-9 medium was prepared in
accordance with instructions from American Type Culture Col-
lection (ATCC) with two exceptions: the rice starch solution and
bovine serum were replaced by rice grains and horse serum,
respectively. The culture is deposited in the culture collection at
the National Institute for Environmental Studies (NIES, Japan)
as strain NIES-1968.

Light microscopy: Light microscopy was performed using
a Zeiss Axioplan 2 microscope equipped with a Leica DC500
digital camera.

Scanning electron microscopy: Cells of Kipferlia bialata
NY0173 were washed with anoxic seawater several times
before being mixed with an equal volume of fixative containing
2.5% (v/v) glutaraldehyde, 0.2 M sucrose or sorbitol and 0.1-1%
(w/v) osmium tetroxide in 0.2 M sodium cacodylate buffer (SCB)
(pH 7.2). The specimen was centrifuged at 500-650 g for 10 min
and mounted on glass plates coated with poly-L-lysine for 1.5h
on ice. The glass plates were rinsed with 0.2 M SCB contain-
ing 0.2 M sucrose or sorbitol and fixed in 1% osmium tetroxide
for 1h. The fixed cells were then rinsed with 0.2M SCB and
dehydrated with a graded ethanol series from 30% to abso-
lute ethanol. Samples were critical point dried with CO, using
a Tousimis critical point dryer. Samples were then coated with
gold using a Cressington 208HR high resolution sputter coater,
and observed with a Hitachi S-4700 field emission scanning
electron microscope.
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Transmission electron microscopy: For ultra-thin sec-
tions, cells were high-pressure frozen using a Leica HPM100.
Cells were freeze-substituted in 1% osmium tetroxide and 0.1%
uranyl acetate in HPLC grade acetone using a Leica AFS set to
-85°C for three days, warming to -20°C over 13 h and held at
-20°C for 8 h before warming to 4 °C over 12h. The cells were
washed in acetone, and then increasing concentrations of a 1:1
mixture of JEMBED resin diluted with acetone. The cells were
infiltrated with 100% resin at room temperature for 8 hrs. The
infiltrated samples were polymerized overnight in resin at 65 °C.

The images shown in Figure 4F and G were derived from
a second fixation, in which cells suspended in a mixture
of 5% glutaraldehyde and 0.2M sucrose in 0.2M SCB (pH
7.2) at room temperature for one hour. Cells were aggre-
gated into a pellet by centrifugation at 600 g for 10 min, then
rinsed with 0.2M SCB (pH 7.2). The suspension was then
fixed in 1% osmium tetraoxide in 0.2M SCB (pH 7.2) at room
temperature for one hour, followed by dehydration through
an ethanol series and substitution with acetone. The cells
were infiltrated with an acetone-resin (Epon 812) mixture and
ultimately embedded in absolute resin. The cells prepared
with freeze substitution were generally better fixed than the
chemically fixed cells, except for the membranes (e.g., mito-
chondria).

Serial ultra-thin sections were cut on a Leica EM UC6 ultra-
microtome and double stained with 2% (w/v) uranyl acetate
and lead citrate (Reynolds 1963). The ultra-thin sections were
observed using a Hitachi H7600 electron microscope or Tecnai
12 transmission electron microscope fitted with a goniometer
stage.
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