














the basis of host range; for instance, the Lecudina-like
parasites of urochordates are classified within Lankesteria
(Figure 1d[v]; Box 1, Figure I, Step 5) [14,39]. Nonetheless,
the trophozoites of marine eugregarines are considerably
diverse in shape, and possess dense arrays of longitudinal
epicytic folds (Figure 1d; Figure 2g—k). This surface area
optimizes surface-mediated nutrition in intestinal environ-
ments, and explains the loss of an apical complex (and
myzocytosis) in eugregarine trophozoites and the develop-
ment of a more bulbous attachment apparatus or ‘mucron’
(Figure 1d; Figure 2g; Box 1, Figure I, Step 3). Unlike marine
eugregarines, the mucron has become considerably pro-
nounced and diverse in the septate eugregarines of insects
and is usually referred to as an ‘epimerite’ in these species.

The incremental increase in the number of epicytic folds
in eugregarines is correlated with the evolution of stiff cells
and a distinctive mode of gliding motility (Box 1, Figure I,
Step 3). In some eugregarines, the epicytic folds are
capable of undulations that push intestinal fluids over
the trophozoite surface (Figures 2j,k). Initially, this beha-
vior was interpreted to be the mechanism underlying
gliding motility across a secreted layer of mucilage
[40,41]. However, current evidence demonstrates that glid-
ing motility is instead facilitated by an actinomyosin sys-
tem organized beneath the longitudinal edge of each
epicytic fold (Figure 2h,i) [42]. Unlike archigregarines,
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eugregarine trophozoites do not possess layers of
microtubules beneath the inner membrane complex and
are not capable of bending, except near the mucron in some
species (Figure 2i—k). Accordingly, the actinomyosin-based
gliding in eugregarines is a key innovation that dis-
tinguishes members of this group from archigregarine
species (Box 1, Figure I, Step 3).

Most apicomplexans are adapted to intracellular
environments and have become smaller and more stream-
lined over time (e.g. Plasmodium and coccidians). By con-
trast, the trophozoites of eugregarines have adapted to
spacious extracellular environments by becoming giants
among single-celled organisms and by increasing cyto-
skeletal complexity. Although intestinal eugregarines
can be impressively large, the grandest and perhaps most
bizarre apicomplexans known are specialists of the coe-
loms of marine polychaetes.

Colonization of the coelomic microcosm

Traversal of sporozoites across the boundary formed by the
closely associated intestinal wall and visceral peritoneum
gave rise to a lineage of eugregarines that inhabit coelomic
spaces, namely urosporidians (Box 1, Figure I, Step 4)
[14,43,44]. The trophozoites of many urosporidians possess
surface crenulations, peristaltic motility and a bifurcating
shape with terminal digits (Figure 1le; Figure 3a—f)
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Figure 3. Electron micrographs of the cytoskeletal diversity in coelomic eugregarines (i.e. urospordians). (a) Scanning electron micrograph of a gamont pair of Pterospora
floridiensis in syzygy (color distinguishes individual cells) [43]. (b,c) Transmission electron micrographs of Pterospora floridiensis [48]. (d) High magnification scanning
electron micrograph of Pterospora floridiensis from a Gulf Atlantic bamboo worm [43]. (e) High magnification scanning electron micrograph of Pterospora schizosoma from
a Pacific bamboo worm [43]. (f) High magnification scanning electron micrograph of Lithocystis foliacea from an Atlantic heart urchin [47]. The longitudinal epicytic folds
and gliding motility of intestinal eugregarines have been replaced by convoluted cell surfaces with diverse morphologies and peristaltic and pulsating cell movements.
(a—e) reproduced, with permission, from Ref. [43]; (f) reproduced, with permission, from Ref. [47].
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[43,45-47]. Urosporidians also tend to lack attachment
structures and instead form gamont pairs that pulsate
freely within coelomic fluid (Figure 1e). Individual
gamonts in Pterospora, for instance, can be V-shaped or
Y-shaped, and accordingly, gamont pairs appear X-shaped
(Figure le; Figure 3a). The trunk of each gamont bifurcates
repeatedly into terminal digits, where the number of digits
differs in different species [43]. The terminal digits are
sequentially inflated and deflated as the cytoplasm is
pushed into and out of each trunk (Figures le, 3a). The
function(s) of this dynamic pattern of cellular deformation,
the exceedingly large cell sizes (e.g. 300 pm in length) and
the associated diversity of surface texture in urosporidian
trophozoites is unclear (Figure 3d—f). However, these fea-
tures correlate with coelomic habitats and other non-intes-
tinal environments, and presumably facilitate a poorly
understood mechanism for nutrient acquisition.

The diversity of urosporidians demonstrates intermedi-
ate character states associated with the evolutionary
transformation of trophozoites following the colonization
of coelomic environments. Some urosporidians have a
dense packing of sinuous epicytic folds and glide along
the inner coelomic wall (e.g. Urospora) [47]. The vermiform
trophozoites of some Lithocystis species have retained
widely spaced epicytic folds, but have replaced gliding
for peristaltic motility [47]. Other urosporidians (e.g. Pter-
ospora) combine peristalsis with complex patterns of sur-
face ridges and pits (Figure 3b—f) [43,47,48]. Molecular
phylogenies have confirmed that urosporidians are nested
within marine intestinal eugregarines and have trans-
formed ancestral epicytic folds and gliding into surface
crenulations and peristalsis (Box 1, Figure I, Step 4)
[14]. As such, urosporidians represent some of the largest
and most bizarre apicomplexans known and, by all stan-
dards, are the antithesis to any notion of ‘primitiveness’.

Concluding remarks

Literature on gregarines reflects a great deal of taxonomic
work based on only a few characters, and it is widely
scattered in different languages and obscure journals,
making familiarity with gregarine research challenging
[1,2,38,44]. Moreover, few gregarines have been examined
using electron microscopy, and even fewer have been stu-
died at the molecular level. Improved understanding of
gregarine diversity will provide significant insights into
the molecular, cellular and life history properties of api-
complexans and provide the comparative data necessary
for understanding the early evolution of intracellular para-
sitism in the group. Molecular phylogenetic studies on
gregarine diversity, particularly archigregarines, are also
expected to help pinpoint the closest living relatives of
Cryptosporidium and elucidate the ancestral condition
from which these important parasites evolved [9,15,49—
52]. Current molecular evidence is consistent with the
hypothesis that archigregarines and Cryptosporidium
are among the earliest diverging lineages within the Api-
complexa (Box 1).

The perception that gregarine apicomplexans as a
whole are ‘primitive’ is grossly misleading, however. Gre-
garine diversification produced some of the most evolutio-
narily specialized apicomplexans known, and tracing
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behavioral and ultrastructural characters onto a current
phylogenetic framework illustrates compelling cases of
character evolution within the group. For instance, gre-
garine variation reflects the properties of specific host
compartments (e.g. intestines, coeloms and reproductive
vesicles) and demonstrates novel, albeit poorly under-
stood, ways in which these parasites have solved basic
biological problems, such as locomotion and nutrition.
Hopefully, the comparative approach outlined here will
stimulate new awareness and research on the phylogeny,
cell biology and evolution of this important and captivat-
ing group of parasites.

Acknowledgements

This work was supported by grants from the National Science and
Engineering Research Council of Canada (NSERC 283091-04) and the
Canadian Institute for Advanced Research, Programs in Evolutionary
Biology and Integrated Microbial Biodiversity.

References
1 Levine, N.D. (1971) Taxonomy of the Archigregarinorida and
Selenidiidae (Protozoa, Apicomplexa). J. Protozool. 18, 704-717
2 Levine, N.D. (1976) Revision and checklist of the species of the aseptate
gregarine genus Lecudina. Trans. Am. Microsc. Soc. 95, 695-702
3 Grassé, P-P. (1953) Classe des grégarinomorphes (Gregarinomorpha n.
nov.; Gregarinae Haeckel, 1866; Gregarinidea Lankester, 1885;
grégarines des auteurs). Traité de Zoologie (Vol. 1) (Grassé, P.-P.,
ed.), pp. 590-690, Masson
4 Perkins, F.O. et al. (2002) Phylum Apicomplexa. The Illustrated Guide
to the Protozoa (Vol. 1) (Lee, J.dJ. et al., eds), pp. 190-304, Allen Press
5 Hebert, P.D.N. and Gregory, T.R. (2005) The promise of DNA barcoding
for taxonomy. Syst. Biol. 54, 852859
6 Deng, M. et al. (2004) Host intestinal epithelial response to
Cryptosporidium parvum. Adv. Drug Deliv. Rev. 56, 869884
7 Ralph, S.A. et al. (2001) The apicoplast as an antimalarial drug target.
Drug Resist. Updat. 4, 145-151
8 McFadden, G.I. and Roos, D.S. (1999) Apicomplexan plastids as drug
targets. Trends Microbiol. 7, 328-333
9 Leander, B.S. and Keeling, P.J. (2003) Morphostasis in alveolate
evolution. Trends Ecol. Evol. 18, 395-402
10 Cavalier-Smith, T. and Chao, E.E. (2004) Protalveolate phylogeny and
systematics and the origins of Sporozoa and dinoflagellates (phylum
Myzozoa nom. nov.). Eur. J. Protistol. 40, 185-212
11 Vivier, E. and Desportes, I. (1990) Phylum Apicomplexa. In The
Handbook of Protoctista (Margulis, L., ed.), pp. 549-573, Jones and
Bartlett Publishers
12 Théodoridés, J. (1984) The phylogeny of the Gregarinia. Origin. Life 13,
339-342
13 Cox, F.E.G. (1994) The evolutionary expansion of the sporozoa. Int. <J.
Parasitol. 24, 1301-1316
14 Leander, B.S. et al. (2006) Phylogeny of marine gregarines
(Apicomplexa) — Pterospora, Lithocystis and Lankesteria — and the
origin(s) of coelomic parasitism. Protist 157, 45—-60
15 Leander, B.S. et al. (2003) Molecular phylogeny and surface
morphology of marine aseptate gregarines (Apicomplexa): Lecudina
and Selenidium. J. Parasitol. 89, 1191-1205
16 Leander, B.S. (2007) Molecular phylogeny and ultrastructure of
Selenidium serpulae (Apicomplexa, Archigregarinia) from the
calcareous tubeworm Serpula vermicularis (Annelida, Polychaeta,
Sabellida). Zool. Script. 36, 213-227
17 Kuriyama, R. et al. (2005) Dynamic organization of microtubules and
microtubule-organizing centers during the sexual phase of a parasitic
protozoan, Lecudina tuzetae (Gregarina, Apicomplexa). Cell Motil.
Cytoskeleton 62, 195-209
18 Cavalier-Smith, T. (2004) Only six kingdoms of life. Proc. Biol. Sci. 271,
1251-1262
19 Moreira, D. and Lopez-Garcia, P. (2003) Are hydrothermal vents oases
for parasitic protists? Trends Parasitol. 19, 556558
20 Takishita, K. et al. (2007) Genetic diversity of microbial eukaryotes in
anoxic sediment of the saline meromictic lake namako-ike (Japan):



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

On the detection of anaerobic or anoxic-tolerant lineages of eukaryotes.
Protist 158, 51-64

Schrével, J. (1971) Observations biologique et ultrastructurales sur les
Selenidiidae et leurs conséquences sur la systématique des
grégarinomorphes. J. Protozool. 18, 448-470

Schrével, J. (1971) Contribution a I'étude des Selenidiidae parasites
d’annélides polychétes. II. Ultrastructure de quelques trophozoites.
Protistologica 7, 101-130

Simdyanov, T.G. and Kuvardina, O.N. (2007) Fine structure and
putative feeding mechanism of the archigregarine Selenidium
orientale (Apicomplexa: Gregarinomorpha). Eur. J. Protistol. 43, 17-25
Schrével, J. and Vivier, E. (1966) Etude de l'ultrastructure et du role de
la région antérieure (mucron et épimerite) de grégarines parasites
d’annélides polychétes. Protistologica 2, 17-28

Schrével, J. (1968) L’ultrastructure de la région antérieure de la
grégarine Selenidium et son intérét pour 'étude de la nutrition chez
les sporozoaires. J. Microscopie 7, 391-410

Dyson, J. et al. (1994) The apical complex of the gregarine Digyalum
oweni (Protozoa, Apicomplexa). J. Nat. Hist. 28, 1-7

Kuvardina, O.N. and Simdyanov, T.G. (2002) Fine structure of syzygy
in Selendium pennatum (Sporozoa, Archigregarinida). Protistology 2,
169-177

Kuvardina, O.N. et al. (2002) The phylogeny of colpodellids (Eukaryota,
Alveolata) using small subunit rRNA genes suggests they are the free-
living ancestors of apicomplexans. J. Eukaryot. Microbiol. 49, 498-504
MacGregor, H.C. and Thomas, P.A. (1965) The fine structure of
two archigregarines, Selenidium fallax and Ditrypanocystis cirratuli.
J. Protozool. 12, 438-443

Schrével, J. (1970) Contribution a I’étude des Selenidiidae parasites
d’annélides polycheétes. I. Cycles biologiques. Protistologica 6, 389—426
Vivier, E. and Schrével, J. (1964) Etude, au microscope électronique,
d’une grégarine du genre Selenidium, parasite de Sabellaria alveolata
L. J. Microscopie 3, 651-670

Vivier, E. and Schrével, J. (1966) Les ultrastructures cytoplasmiques
de Selenidium hollandei, n. sp. grégarine parasite de Sabellaria
alveolata L. J. Microscopie 5, 213-228

Leander, B.S. (2006) Ultrastructure of the archigregarine Selenidium
vivax (Apicomplexa) - a dynamic parasite of sipunculid worms (Host:
Phascolosoma agassizit). Mar. Biol. Res. 2, 178-190

Gunderson, J. and Small, E.B. (1986) Selenidium vivax n. sp. (Protozoa,
Apicomplexa) from the sipunculid Phascolosoma agassizii Keferstein,
1867. J. Parasitol. 72, 107-110

Dyson, J. et al. (1993) The mucron of the gregarine Digyalum oweni
(Protozoa, Apicomplexa), parasitic in littorina species (Mollusca,
Gastropoda). J. Nat. His. 27, 557-564

Stebbings, H. et al. (1974) Microtubules and movement in the
archigregarine, Selenidium fallax. Cell Tissue Res. 148, 331-345
Mellor, J.S. and Stebbings, H. (1980) Microtubules and the propagation
of bending waves by the archigregarine, Selenidium fallax.J. Exp. Biol.
87, 149-161

Levine, N.D. (1977) Revision and checklist of the species (other than
Lecudina) of the aseptate gregarine family Lecudinidae. J. Protozool.
24, 41-52

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

Trends in Parasitology Vol.24 No.2

Levine, N.D. (1981) New species of Lankesteria (Apicomplexa,
Eugregarinida) from ascidians on the central California coast.
J. Protozool. 28, 363-370

Vivier, E. (1968) L’organization ultrastructurale corticale de la
gregarine Lecudina pellucida: ses repports avec l'alimentation et la
locomotion. J. Protozool. 15, 230-246

Vavra, J. and Small, E.B. (1969) Scanning electron microscopy of
gregarines (Protozoa, Sporozoa) and its contribution to the theory of
gregarine movement. J. Protozool. 16, 745-757

Heintzelman, M.B. (2004) Actin and myosin in Gregarina polymorpha.
Cell Motil. Cytoskeleton 58, 83-95

Landers, S.C. and Leander, B.S. (2005) Comparative surface
morphology of marine coelomic gregarines (Apicomplexa,
Urosporidae): Pterospora floridiensis and Pterospora schizosoma.
J. Eukaryot. Microbiol. 52, 23-30

Levine, N.D. (1977) Checklist of the species of the aseptate gregarine
family Urosporidae. Int. J. Parasitol. 7, 101-108

Landers, S.C. (1991) Pterospora demodendrion sp. nov. and Pterospora
clymenellae, acephaline eugregarines from coastal North Carolina.
Eur. J. Protistol. 27, 55-59

Landers, S.C. and Gunderson, J. (1986) Pterospora schizosoma, a new
species of aseptate gregarine from the coelom of Axiothella rubrocincta
(Polychaeta, Maldanidae). ¢J. Protozool. 33, 297-300

Coulon, P. and Jangoux, M. (1987) Gregarine species (Apicomplexa)
parasitic in the burrowing echinoid Echinocardium cordatum:
occurrence and host reaction. Dis. Aquat. Org. 2, 135-145

Landers, S.C. (2002) The fine structure of the gamont of Pterospora
floridiensis (Apicomplexa: eugregarinida). J. Eukaryot. Microbiol. 49,
220-226

Barta, J.R. and Thompson, A. (2006) What is Cryptosporidium?
Reappraising its biology and phylogenetic affinities. Trends
Parasitol. 22, 463-468

Carreno, R.A. et al. (1999) Cryptosporidium is more closely related to
the gregarines than to coccidia as shown by phylogenetic analysis of
apicomplexan parasites inferred using small-subunit ribosomal RNA
gene sequences. Parasitol. Res. 85, 899-904

Leander, B.S. and Keeling, P.J. (2004) Early evolutionary history of
dinoflagellates and apicomplexans (Alveolata) as inferred from hsp90
and actin phylogenies. J. Phycol. 40, 341-350

Leander, B.S. et al. (2003) Phylogeny of gregarines (Apicomplexa) as
inferred from SSU rDNA and beta-tubulin. Int. J. Syst. Evol. Microbiol.
53, 345-354

Leander, B.S. et al. (2003) Molecular phylogeny and surface
morphology of Colpodella edax (Alveolata): Insights into the
phagotrophic ancestry of apicomplexans. J. Eukaryot. Microbiol. 50,
334-340

Kopecna, J. et al. (2006) Phylogenetic analysis of coccidian
parasites from invertebrates: search for missing links. Protist 157,
173-183

Leander, B.S. and Ramey, P.A. (2006) Cellular identity of a novel small
subunit rDNA sequence clade of apicomplexans: Description of the
marine parasite Rhytidocystis polygordiae n. sp. (Host: Polygordius sp.,
Polychaeta). J. Eukaryot. Microbiol. 53, 280-291

Free journals for developing countries

In 2002, the WHO and six medical journal publishers launched the Health InterNetwork Access to
Research Initiative, which enabled nearly 70 of the world’s poorest countries to gain free or
reduced-cost access to biomedical literature through the internet. Currently more than 70
publishers are participating in the program, providing access to over 2000 journals.

Gro Harlem Brundtland, former director-general for the WHO, said that this initiative was ““perhaps

the biggest step ever taken towards reducing the health information gap between rich and poor
countries”.

For more information, visit www.who.int/hinari

67





