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Abstract

Microbial eukaryotes encompass the majority of eukaryotic evolutionary and cytoskeletal 

diversity. The cytoskeletal complexity observed in multicellular organisms appears to be an 

expansion of components present in genomes of diverse microbial eukaryotes such as the basal 

lineage of flagellates, the Excavata. Excavate protists have complex and diverse cytoskeletal 

architectures and life cycles – essentially alternative cytoskeletal “landscapes” – yet still possess 

conserved microtubule- and actin-associated proteins. Comparative genomic analyses have 

revealed that a subset of excavates, however, lack many canonical actin-binding proteins central to 

actin cytoskeleton function in other eukaryotes. Overall, excavates possess numerous 

uncharacterized and “hypothetical” genes, and may represent an undiscovered reservoir of novel 

cytoskeletal genes and cytoskeletal mechanisms. The continued development of molecular genetic 

tools in these complex microbial eukaryotes will undoubtedly contribute to our overall 

understanding of cytoskeletal diversity and evolution.

Protists – not the more commonly studied multicellular eukaryotes such animals and plants – 

reflect the lion's share of eukaryotic genetic and cytoskeletal diversity [1,2]. These 

evolutionarily and morphologically diverse eukaryotes belong not to one specific 

evolutionary lineage, but instead are found in at least six main “supergroups”: Opisthokonts 

(animals, fungi, protists), Amoebozoa, Archaeplastida (e.g. plants and green algae), 

Rhizaria, Chromalveolata, and the Excavata [3-5]. Each of these supergroups contains 

microbial eukaryotes that have two morphological forms, amoeboid and flagellated, with 

conserved microtubule- and actin-associated proteins.

Because structural homologs of actin and tubulin are present in bacteria and archaea [6], it is 

clear that the cytoskeleton was present in the common ancestor of all cellular life. Elaborate 

cytoskeletal structures and dynamic regulation of the cytoskeleton arose during early 

eukaryotic evolution, however [7]. Comparisons of cytoskeletal structure and composition 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Cell Biol. Author manuscript; available in PMC 2016 June 29.

Published in final edited form as:
Curr Opin Cell Biol. 2013 February ; 25(1): 134–141. doi:10.1016/j.ceb.2012.11.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between diverse eukaryotes can thus inform our understanding of cytoskeletal evolution. 

While some functions of the cytoskeleton are conserved across eukaryotes in diverse 

supergroups (e.g., motility and mitosis), the molecular components and pathways underlying 

these mechanisms (particularly those involving the actin cytoskeleton) have extensive 

variation in less well studied eukaryotic supergroups like the Excavata [8].

The Excavata is one of the primary evolutionary lineages of protists [3,9], and is proposed to 

be one of the deepest branching groups, closest to the common ancestor of all eukaryotes 

[10,11]. The evolutionary diversity within the Excavata represents genetic distances perhaps 

as large as those between plants and animals and fungi [3]. All excavates are flagellated or 

have flagellated stages, and, as a group, are defined by the presence of posteriorly directed 

flagella and flagellar root structures associated with the basal bodies [9]. Molecular 

phylogenetic support for this grouping is controversial, however [12]. Excavate biology is 

quite varied, and is represented by free-living, commensal, and common human parasitic 

forms of the following types of protists: Fornicata (diplomonads, oxymonads and 

retortamonads), Parabasalia, Euglenoza (both euglenids and kineoplastids), Heterolobosea, 

and the Jakobida and Preaxostyla. Based on their evolutionary distances and the complex 

composition of their diverse cytoskeletal structures, excavate protists may represent an 

undiscovered reservoir of novel cytoskeletal genes and cytoskeletal mechanisms.

 Unique interphase cytoskeletal arrays in excavate protists

The broad evolutionary diversity of free-living and parasitic Excavata is reflected in the 

diversity of their interphase cytoskeletal structures – many of which are associated with 

flagellar axonemes [13-16]. These unique interphase arrays are used in a variety of cellular 

functions: feeding, motility, and/or attachment to surfaces. Novel excavate cytoskeletal 

arrays include: the paraflagellar rod and subpellicular corset microtubules in trypanosomes 

like Trypanosoma brucei [16-18], the flagellar-associated axostyle and costa [19] and stable 

microtubule ribbons of the pelta in parabasalids such as Trichomonas vaginalis [20,21], and 

the ventral disc, caudal complex, marginal plates in the diplomonad parasite Giardia lamblia 
(see Figure 1 and recent reviews [13-16]). Many excavate protists can use these dynamic 

cytoskeletal arrays to facilitate cytological transformations between complex multi-stage life 

cycles [22,23]. The members of one group of excavates – the heteroloboseans – transform 

from actin-rich amoeboid cells to microtubule-rich flagellates upon environmental stress 

(see Naegleria gruberi, Figure 1 and [7]). This is an indication that the eukaryotic common 

ancestor likely had well-articulated actin and tubulin-based cytoskeletons [7]. T vaginalis 
also has the ability to transform from a flagellate to an amoeboid form upon interaction with 

host epithelial cells, although the molecular details of this transformation are unknown [21].

This remarkable cytoskeletal complexity sometimes masks the unifying cytoskeletal features 

of the flagellated excavates –a feeding groove and flagellar roots associated with the basal 

bodies [9]. It remains unclear whether the flagellar roots and various flagellar associated 

structures of other excavates (e.g. the axostyle in parabasalids and paraflagellar rod in 

trypanosomes) have a common evolutionary origin. As more excavates are discovered and 

characterized, we may determine whether the molecular compositions of flagellar roots and 

the feeding groove have been retained across diverse excavates, providing additional and 
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convincing phylogenomic support for excavates as a coherent group. The lack of such 

support would imply that these cytoskeletal structures are convergent, rather than 

homologous.

One example of a particularly elaborate and novel cytoskeletal organelle is the ventral disc 

in Giardia. While excavate trypanosomes, parabasalids, and some free-living diplomonads 

have retained the characteristic excavate feeding groove [24], the prevalent parasitic 

diplomonad Giardia lacks (and presumably has lost) this structure [24,25]. Giardia's 

cytology is instead dominated by the presence of a “suction-cup”-like microtubule organelle 

– the ventral disc – that enables strong extracellular attachment to the intestinal microvilli 

[8] to resist peristaltic flow. The ventral disc (Figure 2) is a left-handed spiral array of 

parallel microtubules and tightly associated trilaminar structures, or “microribbons”, 

connected by “crossbridge” structures [9]. Cryo-electron tomography of the ventral disc has 

revealed many novel protein complexes associated with the microtubules and the 

microribbons [26]. The composition of these densities remains unknown, but over thirty 

disc-associated proteins localize to the ventral disc or lateral crest (a fibrillar structure 

surrounding the ventral disc [27]). The disc likely evolved from the invention of novel 

cytoskeletal components, as most “disc-associated proteins”, or DAPs, lack any homology to 

known cytoskeletal proteins, or in fact to any protein, including proteins in other excavates.

Another unifying feature of excavates is the presence of one or more motile flagella, and 

excavate flagella generally retain the canonical “(9+2)” architecture. Trypanosomes have 

one recurrent flagellum, Trichmonas has four flagella, and all diplomonad protists, including 

Giardia lamblia, have eight flagella. Diplomonad flagella differ from those of other 

flagellates, however, in that each axoneme has an extended, non-membrane bound, 

cytoplasmic portion as well as a membrane-bound portion outside the cell body (Figure 1 

and [13]). Intraflagellar transport (IFT) is required for the assembly of membrane-bound 

regions, but the cytoplasmic regions may be assembled by IFT-independent mechanisms 

[28]. In addition to the ventral disc and the eight flagella, Giardia also has another semi-

organized interphase microtubule array of unknown function – the median body.

 Discovering novel proteins associated with the microtubule cytoskeleton 

in the Excavata

Comparative genomic analysis is a powerful approach to identify conserved cytoskeleton 

proteins and to explore the genetic basis of structural and functional variation in cytoskeletal 

structures. A wide phylogenetic span of eukaryotic genomes in comparative genomic 

analyses enables deep studies of cytoskeletal conservation and evolution. Several excavate 

genomes have now been sequenced (see Table 1), and the availability of these diverse 

genomes, combined with the development of molecular genetic tools is facilitating better 

evolutionary and functional analyses of the cytoskeleton in excavates [7,11,29,30]. The 

number of sequenced excavate genomes is still a small fraction of the total number of 

sequenced eukaryotic genomes, however. Recent advances in sequencing technology and 

computational tools provide a fantastic opportunity to link excavate genomic information 
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with classic morphological descriptions, highlighting cytoskeletal adaptations to various 

excavate lifestyles, such as parasitism.

As with all eukaryotes, excavate protists have lost or gained conserved cytoskeletal genes 

and have retained cytoskeletal genes lost in other eukaryotic lineages. Comparative genomic 

analyses support that the majority of well-studied microtubule-associated cytoskeletal 

proteins occur in the excavates, including the structural components of flagella [31], kinesin 

and dynein microtubule motor protein families (Table 1 and [32,33]), and proteins involved 

in microtubule dynamics such as EB1, XMAP215, and katanin [7]. Generally, however, a 

large proportion of excavate genes lack homology to any gene in another eukaryotes (e.g. 

hypothetical genes); thus, there is still a need for more genomes and moleculr genetic tools 

in free-living excavates to ascertain the role of these novel proteins in excavate cytoskeletal 

structure and function (Table 1).

All lineages of eukaryotes are characterized by both expansions of specific cytoskeletal 

genes and gene families, as well as the loss of homologs of specific cytoskeletal genes and 

gene families (e.g., the loss of many kinesin families in yeasts [33]). The presence of a 

cytoskeletal gene family in multiple eukaryotic supergroups supports the idea that that 

cytoskeletal gene family was present in the common ancestor. Cytoskeletal gene families 

(e.g. kinesins, dyneins, and myosins) are conserved in most eukaryotes and are well 

represented in excavates, indicating these cytoskeletal gene families are ancient [32-34]. 

Myosins are lacking in Giardia and Trichomonas (see below), yet myosins are present some 

other excavates, however. Some novel types of cytoskeletal motors such as the kinesin-16 

family may be ancestral, as they are conserved in diverse protists and not retained in fungal, 

metazoan or plant genomes [33]. Excavate protists also have novel types of dyneins and 

myosins [32,34], and the function of these novel classes of cytoskeletal genes remains 

understudied. Other novel motor gene families appear to have expanded in specific excavate 

lineages; for instance, both the diplomonads and Euglenozoa (e.g, euglenids and 

kinetoplastids) have expanded and novel kinesin and dynein family genes (Figure 1 and 

[32,33]). Members of the Euglenozoa and the Heterolobosea are proposed to be distantly 

related [24], and this relationship is reflected in the conservation of novel excavate-specific 

kinesin [7] and myosin subfamilies [34] in both groups. Homologs of the novel excavate 

kinesins and myosins might still be present in other eukaryotes that have not been 

sequenced, which would suggest that they have been lost in more well-studied eukaryotes.

Strong conservation of the protein components of a particular cellular structure (e.g. the 

ribosome [35]) across diverse organisms suggests a common evolutionary ancestry and 

evolutionary constraints on the function and assembly of that cellular structure. The 

eukaryotic flagellum is one such a cellular feature with conserved structure and conserved 

protein components [36-39] in diverse flagellated eukaryotes. Flagellated protists are found 

in the Excavata and every other eukaryotic supergroup, thus flagellar motility is undoubtedly 

an ancestral feature of eukaryotes [40]. The genome of the amoebo-flagellate excavate 

Naegleria gruberi retains an inventory of 173 flagellar structural genes including those 

required for basal body assembly, flagellar beating, and intraflagellar transport. In a 

comparative analysis of genomes primarily from free-living eukaryotes that included 

Naegleria and other excavates, 36 candidate flagella-associated genes were also identified 
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[7]. In Giardia, genes encoding over eighty flagellar and basal body proteins that were 

previously identified through proteomic [37,38,41] and/or comparative genomic methods 

[42,43] are present in the genome [44]. Components of the BBSome and other basal body 

associated proteins (e.g., centrin, delta-tubulin and epsilon tubulin) are also present in 

excavates. Excavate homologs of flagellar genes involved in human ciliary-based genetic 

diseases have also been identified [45-47]. Thus comparative flagellar proteomics in diverse 

excavates could contribute to our overall understanding of flagellar structure and evolution 

in eukaryotes, and of the mechanisms of ciliary-based diseases.

Due to the conservation of flagellar structure, excavate flagellar biology informs general 

studies of eukaryotic flagellar structure and assembly. Investigations leading to one 

important discovery — how the kinesin-13 motor protein actively regulates flagellar length 

— were in fact initiated in excavate protists. The kinesin-13 family regulates microtubule 

dynamics in interphase and mitotic arrays, particularly the establishment of proper 

kinetochore-microtubule attachments and mitotic progression [48-50]. Recently kinesin-13 

was reported to be present at the distal tips of the giardial axonemes [51]; this observation 

has been confirmed in trypanosomes [52] and in the green alga Chlamydmonas [53]. Active 

microtubule destabilization by kinesin-13 at the distal axonemal tip may promote 

microtubule disassembly and turnover of axonemal tubulin subunits. Because the 

ultrastructure as well as the structural and regulatory molecular components of flagellar 

axonemes are conserved in Giardia [28], trypanosomes and green algae [53], the active 

regulation of microtubule depolymerization at the flagellar tip by kinesin-13 appears to be a 

widespread and evolutionarily conserved mechanism important for flagellar length 

determination in many flagellates [52].

 A dearth of proteins associated with the actin cytoskeleton in the 

Excavata

The actin cytoskeleton not only enables amoeboid motility but also cytokinesis, endocytosis, 

and the maintenance of cell morphology and polarity. Comparative genomic analyses have 

revealed that a subset of excavates — Giardia, Trichomonas, and Trypanosoma —lack many 

proteins [35] considered central to actin cytoskeleton function in other eukaryotes [11,17,29] 

including myosin and regulators of the arp2/3 complex. The profound lack of canonical actin 

binding proteins is most profound in Giardia as homologs of canonical actin binding 

proteins are completely absent [11]. Despite the lack of known actin binding proteins, actin 

still has a role in fundamental cellular processes in Giardia such as membrane trafficking, 

cytokinesis, and cellular morphogenesis [8]. Actin also has an often overlooked structural 

role in flagella [54], and has been observed in the flagella of both Giardia [8] and 

trypanosomes [55]. Have these “core regulators” been lost from these organisms or did 

excavate protists diverge from the other eukaryotes prior to the evolution of these proteins? 

Comparative genomics of more free-living excavates could help to resolve this question, and 

more functional studies of the actin cytoskeleton in excavates like Giardia could reveal either 

novel or ancient mechanisms of actin cytoskeleton regulation.
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Actin-based amoeboid locomotion is present in diverse eukaryotic lineages, and a 

phylogenomic approach associated with the Naegleria genome analysis identified 63 gene 

families conserved only in eukaryotes capable of amoeboid locomotion. This inventory does 

not include proteins that contribute to non-motile functions such as canonical actin, Arp2/3 

(which nucleates actin filaments) or other general actin components. Nineteen candidate 

genes of unknown function that are strongly implicated in actin-based motility were also 

identified.

What is the composition and the extent of the complexity of actin regulatory mechanisms in 

the excavates? With sequenced excavate genomes and comparative proteomic methods, one 

can define potentially novel actin-associated proteins in excavates. Studies of highly 

divergent but conserved actin-associated proteins from protistan non-model organisms have 

revealed unanticipated functions and are providing a new understanding of actin regulation. 

For example ADF of Toxoplasma and Plasmodium does not bind and sever F-actin but 

rather binds G-actin to both sequester and perform nucleotide exchange [56,57]. This is a 

fascinating case where a conserved actin-associated protein is performing an important but 

unanticipated function that could be more widespread in other eukaryotes.

 Conserved cellular processes with atypical mechanisms in the excavates

From comparative analyses, many protists lack what are commonly considered to be core 

components of conserved cellular processes such as mitosis, cytokinesis, and flagellar 

assembly. To ensure viability, cells must be able to divide the contents of their cytoplasm 

such that daughter cells receive both genetic and structural components (flagella and other 

organelles). Protists exhibit a diversity of mitoses with both internal and extranuclear 

spindles [58], and it remains unclear as to how conserved hallmark spindle-associated 

structures such as the kinetochore are in these organisms. A lack of conservation of such 

core cellular mechanisms could indicate a lack of constraints on these processes, and 

indicate that more variation in the mechanisms of mitosis and cytokinesis is tolerable to 

protistan cells.

Whether any excavate uses an actin-myosin contractile ring mechanism for cytokinesis 

remains unclear, as Trichomonas and the diplomonads lack myosin [11,29]. The actin-

myosin contractile ring could be a more recent adaption in eukaryotes, however, as plants 

have myosin, but do not employ a contractile mechanism for cytokinesis. Constriction and 

abscission also appear as distinct cytokinetic stages in eukaryotes using an actin-myosin 

ring. Further cytokinesis can occur in the absence of myosin II, the motor that drives 

contraction, under certain conditions [59,60]. The phragmoplast – an interdigitated 

microtubule array in plants – is an alternative to the purse string mechanism that delivers cell 

plate forming vesicles precisely between daughter cells. The spindle remnant known as the 

midbody in animals has some proteins in common with the phragmoplast [61], and appears 

to have analogous functions in cytokinesis.

Have excavates evolved novel mechanism of cytokinesis, or have they retained and expanded 

an underlying mechanism found in all eukaryotes? Although there are several conserved 

midbody components in the excavates, the well-studied members (Giardia, Trichomonas and 
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the Euglenozoa) all divide in a way that challenges the concept of a “midbody”. Mitosis and 

cytokinesis are uncoupled in the excavates as the spindle is dismantled before cytokinesis 

begins, thus there are no interdigitating microtubules to be found during cell scission. Rather 

it is thought that flagellar beating plays an important role in driving the final scission event 

[62]. A common feature of the excavate cleavage furrow is that it progresses from the 

anterior to the posterior and bisects cells on the anterior-posterior axis [63,64]. How the 

cleavage furrow is specified and subsequently driven toward the anterior remains unresolved. 

Despite this, the mechanism of cytokinesis in excavates likely involves membrane trafficking 

and the actin cytoskeleton [8] [65] [66]. Studying cytokinesis in eukaryotes such as 

excavates that lack a contractile ring and midbody/phragmoplast will lead to greater 

understanding of what underlies those prominent cytoskeletal arrays and perhaps which 

ancient cytokinetic mechanism that predates the divergence of plants and animals.

 Future perspectives

Are the novel excavate cytoskeletal structures built from novel cytoskeletal proteins that are 

not present in other organisms, or do these structures demonstrate that there are alternative 

ways to build the cytoskeleton using conserved components? As molecular tools including 

affinity and localization tags are available for many excavate protists, we can expect the 

identification of novel cytoskeletal proteins. Our identification of over 20 novel proteins 

associated with the Giardia ventral disc [27] raises the possibility that the ventral disc 

evolved by the invention of novel cytoskeletal proteins, rather than the modification of an 

existing structure. Thus, there is a high likelihood of discovering novel cytoskeletal-

associated genes, as well as uncovering novel functions of existing genes or expansions of 

existing gene families in diverse protists like excavates. The development of more functional 

genomic and reverse genetic approaches in more free-living excavates should provide an 

excellent opportunity to understand the composition, assembly and variation of cytoskeletal 

structures in these diverse eukaryotes across deep evolutionary time.

Comparative genomic and comparative cell biological analyses of excavate protists suffer 

from a lack of molecular genetic and genomic characterizations of free-living types; only 

one complete excavate genome is from a free-living protist, that of the heterolobosean 

Naegleria gruberi [7]. As is evident in the bacterial and archaeal domains, however, most 

microbes are free-living, and many phyla-level lineages of protists remain to be discovered 

[67-69]. Thus, a rich source of cytoskeletal gene novelty lies in the analysis of uncultivated 

microbial eukaryotic metagenomic data. With more environmental metagenomic and 

metatranscriptomic studies of microbial eukaryotes, we can expect to see environmental data 

from uncultured eukaryotes contributing to our understanding of cytoskeletal gene 

functional diversity.
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Figure 1. Evolutionary relationships of the Excavata
Diagram highlighting major groups within the Excavata [3-5] as well as major primary 

eukaryotic lineages: Opisthokonts (e.g., metazoans and fungi), Archaeplastida (e.g., plants), 

and groups composed primarily of protists (Amoebozoa, Chromalveolata, and Rhizaria). 

Representative images (right) of excavates and asterisks indicate those excavates with 

genomes discussed in this review. Scale bars = 1μm.
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Figure 2. Cytoskeletal complexity of the Giardia ventral disc
Schematic of the Giardia microtubule cytoskeleton (A) indicating the median body (mb), the 

ventral disc (vdMTs) and supernumerary (snMTs) microtubule spiral arrays, the overlap 

zone (oz) of the vdMTs, the lateral crest (lc), the eight basal bodies (bb), and the four 

flagellar pairs – ventral flagella, vfl; caudal flagella, cfl; posteriolateral flagella, pfl; and 

anterior flagella, afl. Actin localizes primarily to the axonemes and the cell periphery. The 

detergent extracted cytoskeleton SEM (B) highlights the spiral vdMT array, and the lateral 

crest (lc) as viewed from the ventral side. Associated with the ventral plasma membrane 

(pm), the ventral disc microtubules (mt), trilaminar microribbons (mr) are seen in cross-

section in the TEM (C), provided by Cindi Schwartz (CU-Boulder). Schematic 

representation of the ventral disc (D) shows the architecture of the primary elements of the 

ventral disc including the curved MTs with the associated microribbons (MR) and linked 

crossbridges (CB).
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