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Summary of Recent Advances

Flagellar movement in Giardia, a common intestinal parasitic protist, is critical to its survival in
the host. Each axoneme is unique in possessing a long, cytoplasmic portion as well as a
membrane-bound portion. Intraflagellar transport (IFT) is required for the assembly of membrane-
bound regions, yet the cytoplasmic regions may be assembled by IFT-independent mechanisms.
Steady-state axoneme length is maintained by IFT and by intrinsic and active microtubule
dynamics. Following mitosis and prior to their segregation, giardial flagella undergo a
multigenerational division cycle in which the parental eight flagella migrate and reposition to
different cellular locations; eight new flagella are assembled de novo. Each daughter cell thus
inherits four mature and four newly synthesized flagella.

Introduction

Giardia intestinalis is a widespread zoonotic intestinal parasite and is one of the ten major
parasites known in humans. Outbreaks of acute giardiasis occur commonly in areas with
inadequate water treatment. An estimated one billion people are currently infected with
Giardia worldwide, primarily in developing countries [1,2] where infection rates
approaching 100% have been observed [3]. Despite the fact that giardiasis represents a
global health concern, basic questions remain regarding the mechanisms of giardial invasion,
attachment, cell division and pathogenesis. Giardia has two life cycle stages: a swimming,
flagellated trophozoite form that attaches to the intestinal microvilli, and an infectious cyst
form that persists in the environment [4,5]. Cysts are ingested from contaminated water or
food, and may excyst in the small intestine of the animal host to become the flagellated
trophozoite. Following excystation, trophozoites colonize the proximal small intestine,
attaching to the intestinal villi using a unique microtubule (MT) structure termed the ventral
disc [5,6]. Trophozoites that reach the colon encyst based on environmental cues and are
released to infect new hosts [7].

Flagellar movements are important for giardial survival; specifically, for the initiation and
maintenance of giardial infection. Giardia uses flagellar motility to find suitable sites for
attachment to the intestinal villi [8]. Flagellar beating is also required for G/ardiato
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complete cell division and cytokinesis [9,10], and may be necessary for encystation/
excystation. Giardiais bilaterally symmetrical with a flattened teardrop shape (~15 um long
by 5 pm wide and 5 pm thick) and a complex internal ultrastructure [11]. The trophozoite
has eight motile flagella (*9+2” microtubule arrangement) and complex axoneme-associated
structures [12]. Although Giardiais well described in terms of disease, little is known about
the assembly, division and functioning of the flagella and associated structures. The
conservation of giardial flagellar structure and assembly mechanisms [13] illustrates the
ancient evolution of flagellar axonemes and the mechanisms of motility, assembly and
maintenance of flagellar length.

Flagellated protists comprise a significant fraction of eukaryotic diversity [14], and were
likely among the first microbes visualized using a microscope. The discovery of Giardia, -
and perhaps the discovery of flagella — is attributed to Antonie van Leewenhoek [15] who in
1681 observed Giardia from his own stool: “... Their bodies were somewhat longer than
broad, and their belly, which was flattish, furnished with sundry little paws, wherewith they
made such a stir in the clear medium and among the globules, that you might even fancy you
saw a woodlouse running up against a wall; and albeit they made a quick motion with their
paws, yet for all that they made but slow progress.” More than 300 years since that
description, our understanding of giardial flagellar biology remains rudimentary, and
advances have primarily involved improved cytological descriptions and more recently,
genomic comparisons to other flagellated protists (reviewed in [16]), including the free-
living amoeboflagellate Naegleria gruberi[17]. This review highlights both conserved and
novel features of the giardial flagella and underscores the clinical and basic biological
relevance of the study of flagellar assembly and division biology in Giardia.

Flagellar structure and flagellar-based movements

Giardiabelongs to a phylogenetic group of protists termed diplomonads, whose defining
characteristics are eight flagella and two nuclei [18]. The MT cytoskeleton of Giardiais
quite complex. In addition to the eight motile flagella, there are several unique MT-based
structures — the median body, ventral disc, and funis [11]. Despite Giardia’s divergence from
many of the commonly studied flagellates, giardial axonemes possess the canonical structure
of the eukaryotic motile flagellum [19]. Each of the eight giardial axonemes has a motile
structure with radial spokes, dynein arms, and the nine outer doublet MTs and central
microtubule pair [20,21]. Not all flagellar pairs have characteristic flagellar waveforms,
however [8,22]. The eight flagella are organized into four bilaterally symmetrical flagellar
pairs: the anterior, the caudal, the posteriolateral and the ventral (see Figure 1). The flagellar
pairs differ in their cytological position within the trophozoite, the extent of their
cytoplasmic length, and their association with ancillary structures. The coordinated and
differential beating of Giardia’s eight motile flagella (Figure 2) results in complex
movements that are essential for motility, cell division, and possibly attachment ([8] and
reviewed in [11]).

Giardiais unique in that each axoneme has a long, cytoplasmic region before it exits the cell
body as a membrane-bound flagellum (Figure 1 and see [11]). The ratio of the length of the
cytoplasmic region to the membrane-bound portion varies between each flagellar pair (i.e.,
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over two-thirds of the length of the caudal axonemes is in the cytoplasmic region). The
conserved “9+2” structure is present in both the cytoplasmic and membrane-bound regions
(Figure 1). Eight flagellar basal bodies lie in between or in close proximity to the two nuclei,
and are generally arranged with the six basal bodies of the ventral, caudal and posteriolateral
axonemes positioned posteriorly below the two anterior basal bodies. The cytoplasmic
regions are not transition zones, as transition zones are restricted to small regions proximal
to the basal bodies [13].

Giardial flagellar architecture is also defined by the presence of novel structures that are
associated with, and thus distinguish, each flagellar pair ([23] and Figure 3). These
structures include the “marginal plate” that is associated with the anterior axonemes [23], the
fin-like structures extending from the ventral axonemes [24], the electron dense material
associated with the posteriolateral axonemes, and the MTs of the “caudal complex™ or
“funis” that both surround and extend from the caudal axonemes. None of these structures
are homologous to the paraflagellar rod (PFR) that is physically attached to the axoneme of
trypanosomes [25]. Extra-axonemal structures may confer on each flagellar pair a unique
structural identity and, likely, a unique functional role in motility or even attachment [8].

Upwards of 500 proteins comprise the eukaryotic flagellum [26-29], although some
flagellar components appear to be lineage-specific. Over eighty flagellar and basal body
proteins identified through proteomic [27,28,30] and comparative genomic methods [31,32]
are conserved in the giardial genome (see Supplementary Table 1). These include structural
components such as the protofilament ribbons (Rib43a and Rib72), the central pair (PF16,
PF20, and hydin), the radial spokes (rsp3 and rsp9), and nexin links (PF2). Basal body
associated proteins (e.g., centrin, delta-tubulin and epsilon tubulin) and components of the
BBSome are also present. Giardial homologs of flagellar genes involved in human ciliary-
based genetic diseases have also been identified [33—-35]. However, many flagellar and IFT
homologs, including some IFT proteins, are not readily identifiable in the genome (and thus
are not presented in Table 1). Some flagellar-associated proteins such as the annexins (e.g.,
alpha-giardins) appear specific to Giardia, although it is unclear whether they contribute to
flagellar function or structure [36]. Flagellar proteomics in Giardja could contribute to our
overall understanding of flagellar structure and evolution in eukaryotes.

Simultaneous IFT-dependent and IFT-independent assembly of giardial

axonemes?

Axonemes are generally assembled by extension and elongation at the distal tip. Because the
growing membrane-bound axoneme excludes ribosomes, complex and coordinated targeting
and transport of components synthesized in the cytoplasm is required to transport flagellar
building blocks to the distal elongating tip. Intraflagellar transport (IFT) ensures the delivery
of axonemal building blocks from the cell body to the distal flagellar tips through the
continuous and bidirectional movement of large proteinaceous particles (rafts) (originally
described in [37] and reviewed recently in [38,39]). Links between proper flagellar function
and human ciliary diseases such as polycystic kidney disease [40] and Bardet-Biedl
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syndrome [41] highlight the importance of understanding flagellar assembly dynamics in
diverse eukaryotes.

Membrane-bound regions of giardial axonemes are assembled by IFT ([42] and Figure 4).
The kinesin-11 heterotrimeric complex [43] powers the anterograde movement of IFT
proteinaceous rafts along the outer doublet of axonemes. The retrograde movement of rafts
toward the cell body is mediated by cytoplasmic dynein 1b [44]. Giardial homologs of both
the retrograde and anterograde IFT complexes (A and B), IFT complex B associated
components (DYF-1, DYF-3, DYF-11 and DYF-13), the kinesin-1I heterotrimeric complex
and IFT dynein are present in the genome (Supplementary Table 1). Giardia does not contain
homologs of the homodimeric OSM-3 complex found in both metazoans and ciliates. IFT
complex A (IFT140) and complex B (IFT81) components and kinesin-2 motors localize to
both the cytoplasmic and membrane-bound regions of axonemes, forming foci at the eight
distal flagellar tips and the flagellar pores [13]. There is no significant localization of
kinesin-2::GFP to the eight basal bodies. Giardial IFT81 and IFT140 GFP fusions also
localize to cytoplasmic regions of axonemes, mainly to the posteriolateral pair. The basal
body/transition zone region has been suggested as a docking site for the organization of IFT
particles [45,46]; however, in Giardiaboth the IFT motors and raft particles likely dock on
cytoplasmic portions of the axonemes, and accumulate at the flagellar pore regions ([13] and
diagrammed in Figure 4). In contrast to trypanosome flagellar pockets, there is no evidence
for localized endocytosis at the flagellar pore regions. IFT particle movement on both
cytoplasmic and membrane-bound regions of axonemes has not been imaged in live Giardlra,
yet it is possible that the flagellar pores and distal tip regions of giardial axonemes represent
the respective beginning and endpoints of the IFT pathways [13].

Cytoplasmic regions of giardial axonemes are not segregated from the site of protein
synthesis. Is IFT required for assembly of these regions? While IFT motors and raft
components localize to the cytoplasmic regions of axonemes, evidence suggests IFT-
mediated assembly is required only for assembly of the membrane-bound portions.
Disruption of the functioning of the anterograde IFT motor kinesin-2 results in severe
inhibition of flagellar assembly in diverse eukaryotes, and flagella do not extend beyond the
transition zone of the basal bodies [47,48]. Two studies recently investigated the role of
kinesin-2 in IFT-mediated flagellar assembly in Giardia using two different methods to
disrupt kinesin-2 function — interfering morpholinos and the overexpression of a dominant
negative kinesin-2 [13,49]. Cytoplasmic axoneme length was unaffected using either
strategy, yet a statistically significant decrease in the length of membrane-bound regions of
six axonemes was observed. Interestingly, the anterior axonemes were not as affected
[13,49]. Furthermore, anterior flagellar length was also less affected by MT drugs than the
other flagellar pairs [50], which suggests the anterior flagella have a different rate of
assembly than the other pairs. IFT then seems required for the assembly of membrane bound
regions, yet not necessarily for the cytoplasmic regions of giardial axonemes. It is also
possible that the different axonemes, such as the anterior pair, assemble at different rates.
Thus, both IFT-mediated and non-IFT mediated assembly may occur simultaneously, as has
been proposed in other eukaryotes [42,51]. IFT-mediated assembly is required in Drosophila
for the assembly and maintenance of sensory neurons, but not for the assembly or function
of Drosophila sperm flagella [51]. IFT particles and motors might assemble on cytoplasmic
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regions of axonemes rather than at basal bodies in Giardia. Future work should assess the
initiation and maintenance of giardial infections in the mouse model of giardiasis using
mutants that lack flagella.

Active and intrinsic flagellar length maintenance and dynamics

Eukaryotic flagella are dynamic structures with a continuous turnover of tubulin subunits at
the distal flagellar tips [52]. Steady-state axonemal length is essentially controlled by the
equilibrium between length-dependent rates of assembly, and length-independent rates of
disassembly [52,53], as has been postulated in the “balance point model”. Thus, as in other
flagellates, equilibrium flagellar length in Giardiais maintained by a balance of various
hierarchical levels of flagellar length regulation. These include intrinsic microtubule
dynamics, active IFT-mediated assembly (see above), and active axonemal MT disassembly
by kinesin-13.

Assembly and maintenance of flagellar length requires IFT to provide building blocks to the
distal tips of the giardial membrane-bound axonemes. Both active and intrinsic MT
dynamics also contribute to steady-state axoneme length in giardial trophozoites. Intrinsic
microtubule dynamics may make a more pronounced contribution to axonemal length in
Giardia, however, than in other flagellates. In general, MT destabilizing drugs, such as
nocodozole, sequester tubulin subunits and limit MT assembly. Nocodazole treatment has
noticeable effects on the length of giardial axonemes, and effectively slows the IFT-mediated
assembly of giardial axonemes. Thus nocodazole shifts the dynamic equilibrium flagellar
length in favor of axonemal disassembly, resulting in shortened flagella [13]. Conversely,
stabilization of axonemal MTs by Taxol increases the average length of giardial axonemes
by 30-60%; thus, Taxol stabilization of MTs shifts the dynamic equilibrium flagellar length
in favor of IFT-mediated axonemal assembly. As each flagellar pair has a different
cytoplasmic and membrane-bound length, it is unclear how differences in lengths between
flagella are maintained.

Disassembly of giardial axonemes is also actively regulated. Members of the kinesin-13
family regulate microtubule dynamics in interphase and mitotic arrays, particularly the
establishment of proper kinetochore-microtubule attachments and mitotic progression [54—
56]. Kinesin-13 is present at the distal tips of the giardial axonemes [50], as has been
reported in trypanosomes [25]. Overexpression of a dominant negative kinesin-13 in Giardia
results in significantly longer flagella [50]. Active MT destabilization by kinesin-13 at the
distal axonemal tip may promote MT disassembly and turnover of tubulin subunits (Figure
4). Because the ultrastructure as well as the structural and regulatory molecular components
of flagellar axonemes are conserved, active regulation of microtubule depolymerization at
the flagellar tip by kinesin-13 may be a widespread and evolutionarily conserved mechanism
important for flagellar length determination in many flagellates [25].

Kinesin-13 may be recruited to the distal flagellar tips by EB1, an evolutionarily conserved
plus end MT binding protein (+TIP) that may modulate MT dynamics. EB1 could recruit
proteins to the distal flagellar tip, promote dynamic MT instability, or mediate the transition
from anterograde to retrograde IFT [57]. In Chlamydomonas, EB1 accumulates at the
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flagellar tips and at basal bodies [45,58]. In G/ardia, EB1 also localizes to the distal tips of
all eight flagella, and may aid in the localization of kinesin-13 to the microtubule plus ends
at the distal flagellar tips. Kinesin-13 localization at distal flagellar tip could also be
regulated by aurora kinase. Aurora kinases are known to localize and regulate the activity of
kinesin-13 at the inner domain of the centromere [59]. In Chlamydomonas, an aurora Kinase
localizes to distal flagellar tips where it regulates microtubule disassembly [60]. Further
studies in Giardia should elucidate the details of the mechanism of kinesin-13 localization
and post-translational regulation.

Flagellar migration, duplication and maturation

Initial studies of giardial cell division indicated a lack of mitotic spindles or proposed novel,
unprecedented mechanisms of chromosome segregation or nuclear division [61,62].
However, two extranuclear spindles have recently been reported in Giardia[63]. Giardiahas
a “semi-open” mitosis [64] with internal (presumably kinetochore) microtubules extending
only a few microns into the nucleus from regions at the spindle poles, near the chromatin in
late stage (anaphase B) nuclei. As Grardiais binucleate, the eight axonemal basal bodies are
inherited by each daughter cell during a mitotic division that includes two spindles and four
spindle poles. The eight flagella and basal bodies are not resorbed prior to cell division;
instead, they are involved in the organization and positioning of the two spindles. Flagellar
motility is also required to complete cell division, cytokinesis and possibly encystation/
excystation [9,10].

In some flagellates, such as Chlamydomonas, flagella are resorbed at the onset of mitosis
and the basal bodies (as centrioles) are recruited to function as part of the mitotic spindle
poles [65]. Chlamydomonas flagellar basal bodies then organize the spindle microtubules in
a bipolar array that may contribute to spindle positioning [66,67]. At the completion of
mitosis and cytokinesis, each daughter cell inherits one basal body-daughter complex that
functions as the flagellar basal bodies in the new cells [68,69]. This association of basal
bodies with spindle poles may ensure equal segregation of basal body pairs to the daughter
cells [70,71]. Unlike Chlamydomonas, both centrin localization [72,73] and ultrastructural
studies [63] in Giardia indicate that all eight flagella are retained during mitosis, and the
flagella and their associated basal bodies migrate to the four spindle poles.

In giardial mitosis, chromosome segregation and nuclear partitioning is followed by the
duplication and repositioning of eight flagella in each of the daughter cells [10]. Dramatic
flagellar migration and rearrangements coincide with prophase nuclear migration [9]. The
migration of the nuclei to the center of the cell displaces the flagellar basal bodies that may
then nucleate the four spindle poles. Spindle MTs radiate from one of the flagellar basal
bodies near each spindle pole, forming a sheath around the nuclear envelope. Presumably
one basal body at each pole acts as the central structural component of the MTOC of the
mitotic spindles. It is unclear, however, which flagellar basal body nucleates each particular
spindle pole. Gamma tubulin is most likely part of the spindle pole complex and has been
detected at basal bodies both before and after nuclear division [74]. The association of
flagellar basal bodies with spindle poles may also establish and maintain cell polarity in
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each generation. Specific combinations of two axonemes and associated basal bodies at each
pole could confer a unique positional identity to each of the four spindle poles [63].

This process of flagellar migration and reorganization during mitosis has not been
investigated at the molecular level, but likely involves microtubule motors such as kinesins
and dyneins to generate forces for the repositioning of organelles during cell division.
Flagellar motility and proper assembly is also required for the completion of cytokinesis, as
daughter trophozoites complete division by swimming away from each other. Both
morpholino knockdowns and dominant negative kinesin-2 mutants have defects in cell
division, resulting in significant proportions of dividing cells in the “heart-shaped” or pre-
cytokinetic phase of cell division [13,49].

Giardia flagella also have been proposed to undergo a multigenerational division cycle in
which the parent flagella migrate and transform to different flagellar types and new flagella
are assembled de novo prior to their segregation in daughter cells [9]. Flagella of some
protists are known to undergo a similar maturation process that takes more than one cell
cycle to complete [75], mirroring the behavior of centrioles in metazoans (reviewed in [76]).
Based on immunostaining with a polyglycylated tubulin antibody to visualize parental
axonemes and an acetylated tubulin antibody to visualize daughter axonemes, eight parental
(old) flagella are retained and eight new flagella are synthesized each cell division cycle [9].
Before mitosis is completed, flagellar and basal body duplication occurs [9,63]. Flagellar
regeneration begins in anaphase with short flagella (presumably the new ventral and
posteriolateral pairs) emerging from the spindle poles [9,63]. While specific molecular
markers have not been used to track each flagellar pair to confirm their identity during
division [9], the full length parental anterior axonemes are proposed to become the right
caudal axonemes in the new daughter cells. Parental right caudal axonemes are then
proposed to become the left caudal axonemes. Thus each daughter cell inherits a full
complement of eight flagella each generation — four parental flagella (old) and four newly
duplicated flagella [9,63].

The division of the caudal axonemes and basal bodies also has notable implications for the
de novo nucleation and assembly of the daughter discs. After the daughter nuclei have been
partitioned and the caudal flagellar basal bodies have repositioned between the two nuclei
[9], two new dorsal daughter discs are assembled in telophase. The parental ventral disc is
not disassembled until later in the cell cycle. Thus the caudal basal bodies nucleate the
caudal axonemes and also determine the site of disc assembly, establishing the polarity of
the new daughter cells. The left caudal flagellum alone has been proposed to nucleate the
spiral MT arrays that form the basis of the ventral disc [23]; however, both caudal basal
bodies nucleate the ventral disc MTs_(see Figure 2). Live imaging using light microscopy is
required to confirm flagellar migration during cell division in order to ultimately
characterize the forces and mechanisms involved in flagellar maturation and daughter disc
nucleation. The timing and mechanism by which the extra-axonemal-associated structures
(e.g., marginal plate, caudal complex or funis) are assembled during cell division remains
unclear [13].
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Finally, flagellar movements or motility may be required for developmental transitions
during encystation or excystation in G/ardia. Flagella are internalized during cyst formation
through an unknown mechanism, but do not completely resorb. Notably, internalized
flagellar are known to continue to beat inside the newly formed cyst [77]. Flagellar motility
has also been suggested to play a mechanical role in the initial opening of the cyst during
excystation [78,79].

Conclusions

Flagellar functioning in Giardiais key to its survival in the host, and the eight flagella play
critical roles in motility and cell division, and likely in attachment and encystation/
excystation. Beyond cellular movement, the giardial axonemes create a stable scaffold for
cell shape, cell polarization, and possibly, for intracellular protein trafficking [6] or
chemotactic sensing [80]. Due to the conservation of flagellar structure in Giardia, giardial
flagellar biology can inform general studies of eukaryotic flagellar structure and assembly in
addition to parasitological roles of the flagella. Ultimately, molecular genetic analysis
[49,50,81] and protein tagging of axonemal proteins combined with live imaging will be
pivotal in assessing the role of giardial flagella in attachment, cell division, and encystation/
excystation. Further investigations of flagellar mechanisms should emphasize: 1) flagellar
motility in attachment; 2) flagellar biogenesis and nucleation of the ventral disc; 3) IFT-
dependent or IFT-independent assembly and maintenance of the cytoplasmic regions of
axonemes; 4) the high-resolution architecture and functioning of axoneme-associated
structures; 5) the precise nature of the flagellar maturation cycle; and 6) motility and
morphogenesis during encystation/excystation. IFT-mediated assembly of axonemes is a
particularly interesting question to study in G/ardia given the nature of the long cytoplasmic
regions of axonemes. With current advances in molecular tools and techniques for
microscopic investigations, Giardia’s “sundry little paws” are finally likely to receive more
experimental attention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A.

Figure 1. Giardial axonemes are characterized by long cytoplasmic regions
A ventral view of a Giardiatrophozoite, visualized using SEM, is shown in (A) (scale bar =

5 um). The characteristic teardrop shape and ventral disc (vd) as well as the four flagellar
pairs (afl = anterior, pfl = posteriorlateral, vfl = ventral, cfl = caudal) are visible; image
courtesy of Joel Mancuso, UC Berkeley. The distal flagellar tip (B) is shown in TEM and
demonstrates the continuation of the A and B tubules close to the tip. In panel C, electron
density around the flagellar pore (fp) region of the ventral axonemes is shown. A caudal
axoneme basal body (E) and associated axonemal cytoplasmic region (D) shows the

Curr Opin Microbiol. Author manuscript; available in PMC 2016 June 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dawson and House

Page 15

presence of the outer doublet MTS as well as the central pair MTs. Scale bars in B-E = 200
nm. The long cytoplasmic regions (F, G) and the membrane-bound portions (H) of all eight
axonemes are visible using DIC and tubulin-immunostaining (F = DIC; G = anti-tubulin
immunostaining, red; H = anti-alphal4-annexin which labels the membrane-bound
axonemes [82] in green, red = anti-tubulin, blue = DAPI; mb = median body). Scale bars =5
pm.

Curr Opin Microbiol. Author manuscript; available in PMC 2016 June 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dawson and House Page 16

A. Attached trophozoites

Flagellar motility

Lateral tail flexion

Dorsal tail flexion

B. Unattached trophozoites

Directional movement

R

t=15 829 ms

P W)

Figure 2. Flagellar contributions to complex movements in attached and unattached trophozoites
Each pair of giardial flagella (anterior = afl, posteriolateral = pfl, ventral = vfl, and caudal =

cfl, fn = funis) contributes specifically to various modes of flagellar motility through
differential movements and the action of axoneme-associated structures. In attached cells
(A), flagellar motility is primarily evident in the ventral (white arrow) or anterior flagella
(black arrow) (see Supplemental Movie 1). “Dorsal/lateral tail flexion”, or the lateral and/or
dorsal flexing of the posterior end of the cell, has been attributed to the bending of the funis
(i.e. caudal complex) that encircles the caudal flagella and may modulate their beating (see
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Supplemental Movie 2 and Supplemental Movie 3)[21,83]. Dorsal tail flexion has been
associated with detachment essentially by breaking the “seal” of the ventral disc on a surface
[84]. In unattached cells (B), left-right directional movement has been attributed to the
anterior flagella, and forward or downward movement to the anterior and ventral flagella
(see Supplemental Movie 3). Rotational or tumbling movement has been ascribed to anterior
and/or posteriolateral flagellar beating, although ventral flagellar beating is during tumbling
is also apparent and may contribute to these movements (see Supplemental Movie 4).
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Figure 3. Unique axoneme-associated structures in Giardia
Panels A and D show transmission electron micrographs of the marginal plate (mp) and

striated fibers (sf), repetitive structures of unknown function associated with the cytoplasmic
regions of the anterior axonemes (afl) that may modulate attachment via the ventral disc
(vd). In B, caudal axoneme basal bodies (cbb) are shown to nucleate the two spiral arrays of
the ventral disc (B). Electron dense structures, i.e., “fins” (black arrows) associate with the
membrane-bound portions of the ventral flagella (C); image courtesy of Cindi Schwartz, CU
Boulder. In panel E, the MTs and fibers of the funis (fn) are shown radiating from the caudal
axonemes toward the cell periphery (vfl = ventral flagella). The funis is proposed to
modulate caudal axonemal beating resulting in dorsal/lateral tail flexion (see Figure 2).
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Figure 4. Putative IFT-dependent and IFT-independent mechanisms of flagellar assembly and
maintenance

In terms of assembly of the membrane-bound axonemal regions, the anterograde kinesin-I1
complex likely assembles and loads on cytoplasmic axonemes rather than the basal bodies
(BB) or transition zones (TZ), accumulates at the flagellar pore region (FP), and transports
IFT raft particles (A and B complexes) as well as tubulin subunits to the flagellar tip.
Retrograde transport is mediated by IFT dynein. As in other organisms, the giardial
BBSome may be involved in linking the A and B raft complexes, and IFT-complex B
associated proteins may facilitate assembly or docking at the flagellar pores. Cytoplasmic
regions of axonemes may be assembled by IFT-independent mechanisms. The MT
destabilizing kinesin-13 is present at the distal tips and promotes depolymerization of
axonemes. Switching of anterograde to retrograde transport also occurs at the distal tip. EB1
is present at the distal tips and flagellar pores (and may mark microtubule plus ends and/or
recruit kinesin-13 to tips). An aurora-like kinase (AK) may regulate axonemal disassembly
through its regulation of kinesin-13 at the distal flagellar tips. Giardial homologs of IFT,
BBSome or IFT-complex B associated proteins are indicated.
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