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Preface

Ever since the early observations of Antony van Leeuwenhoek, biologists have been
fascinated by the protozoa, including the flagellates. For many years, the protozoa were
treated for systematic and taxonomic purposes as a unified major animal group, but
with increasing knowledge, the introduction of new techniques in microscopy, and
recently the development of molecular genetics, the artificiality of this treatment has
been fully appreciated, and the flagellates are now regarded as a paraphyletic group.

The justification for a volume such as this on The Flagellates may therefore be called
into question, but we would argue that in spite of their diverse origins all flagellates have
much in common, and the study of flagellate cells of various kinds has contributed much
to our understanding of cell structure and function in general. Thus, the evolution of the
flagellum (or cilium) has been inextricably linked with, for example, the development of
the eukaryotic cell and its requirement for movement. This is true whether it is an individual
monadoid species, a reproductive or dispersal stage within a lifecycle, or a specialized cell
of a multicellular organism. Furthermore, flagellar basal and root systems have been
intimately associated with the evolution of mitosis in the eukaryotic cell.

As well as having diverse evolutionary histories, flagellates are ubiquitous and occupy
an infinite variety of habitats. They may, for example, be free-living and autotrophic, or
heterotrophic; symbiotic or parasitic. However, in spite of their great diversity, and
whatever their particular habit or niche, they are united by the ‘flagellate condition’.

This book sets out to examine flagellates from a multidisciplinary standpoint. Of
primary concern are the unifying structures, mechanisms and processes involved in
flagellate biology. We begin with a review of the complex history of flagellate studies
from the first use of microscopes in the mid-seventeenth century to the present, and
this is followed by a series of chapters on common aspects of flagellates. These include
a discussion of the problems inherent in being a flagellate, and reviews of the structure
and function of the flagellum itself, the cytoskeleton, surface structures and sensory
mechanisms.

The diversity of flagellates is recognized in the next series of chapters, which include
reviews of trophic strategies of both free-living and parasitic groups, and contributions
on ecology, biogeography and population genetics. The final chapters of the book are
concerned with the occurrence and loss of organelles, and other aspects of flagellate
evolution and phylogeny.



Preface xi

It should be noted that the emphasis of this volume is on flagellates rather than on
flagellates and ciliates. Flagellates and ciliates do have much in common, and many
of the features associated with the flagellate condition are also attributable to ciliates.
However, the latter have other properties peculiar to themselves, and the editors felt
that it was not possible within the scope of the present work to do justice to both
groups of protists.

While it is not a symposial volume, this book was a joint venture with a symposium
on ‘The Flagellates’ held at the University of Birmingham (UK) in September 1998.
We are very pleased, therefore, to acknowledge the invaluable support received from
the University of Birmingham, the Systematics Association, the British Section of the
Society of Protozoologists, the British Phycological Society and the Annals of Botany
Company. We are also very grateful to the referees for their time and expertise in
reviewing the various contributions.

Barry S.C.Leadbeater J.C.Green
Birmingham Plymouth
January 2000 January 2000






Chapter 1

The flagellates

Historical perspectives

Barry S.C.Leadbeater and Sharon M.M.McCready

ABSTRACT

Although references to flagellates en masse are apparently recorded in biblical and
other early texts, the earliest authenticated observations of individual flagellates
using a microscope are attributed to Antony van Leeuwenhoek during the second
half of the seventeenth century. Leeuwenhoek is credited with seeing, for the first
time, an impressive range of free-living and parasitic species. Otto Friderich Miiller,
in two major works dated 1773 and 1786, is one of the first authors to record
flagellates with formal (latinized) descriptions using the system of nomenclature
devised by his Scandinavian contemporary Carl von Linnaeus. Many of the taxa
that Muller described are still recognized today. The nineteenth century was a time
of great expansion in science and witnessed the publication of major works on the
protozoa in general, and the flagellates in particular. The monographs of Christian
Gottfried Ehrenberg, Félix Dujardin, Fredrich Ritter von Stein, William Saville Kent
and Otto Biitschli are of particular note. By the end of the nineteenth century an
ordered systematics of the protozoa was established and this remained in place,
with a few modifications, for the better part of a century. However, from the earliest
attempts to devise such a system for the protozoa, our understanding of the
evolutionary relationships between the many free-living and parasitic flagellates
has remained problematical because of the exceptional degree of paraphyly displayed
by these organisms.

The advent of electron microscopy, particularly from the 1960s onwards, has
provided valuable information which has helped to clarify systematic relationships
among the protists. However, it has been the contribution of molecular biology and,
in particular, the information gathered from sequencing of genes or gene products,
that has led to a major reappraisal of flagellate systematics. At the same time as these
advances have been made, and partly as a result of them, evidence has accumulated
which lends support to the hypothesis that organelles, such as chloroplasts and
mitochondria, have been acquired by endosymbiosis. At the time of writing, flagellate
systematics and our understanding of evolutionary relationships remain in a state of
flux. However, there is now a general feeling of confidence that the combination of
molecular studies supplemented by electron microscopy will continue to provide further
new and valuable insights into flagellate systematics for the future.
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I.1 Early history of flagellate studies

Excluding biblical and other early literary references to what are probably flagellates
en masse, the history of the study of flagellates spans a period of about 350 years. It
is important to remember that these years have seen vast changes in the technology of
science, in our understanding of life around us and, in particular, in evolutionary
theory. In the mid-seventeenth century, spontaneous generation was still in fashion; it
was just under eighty years until Carl von Linneaus (1735) developed a standard
system of nomenclature and nearly 200 years before Charles Darwin (1859) published
the The Origin of Species. The funding of science has changed dramatically during
this period of time. It is only in the last century that science has been funded from
public expenditure; from the mid-seventeenth to mid-nineteenth centuries scientific
study was the pursuit of the aristocracy, philanthropic entrepreneurs, or amateurs
who had access to instruments such as microscopes and, perhaps more important, the
time available for such work.

The history of flagellate studies, as for the protists in general, has been intimately
linked to the development of microscopy and, without exception, major developments
in microscopes have led to important advances in our understanding of the protists. By
general consent, Antony van Leeuwenhoek (1632-1723) is considered to be the father
of protozoology (Figure 1.2). In some ways it is surprising that a merchant draper from
Delft, Holland, who as a pastime developed a hand-held microscope, an unusual
instrument even by mid-seventeenth century standards, should have been so perceptive
as to have observed so many firsts in the fields of protistology and microbiology. His
keen powers of observation and his commitment to detail, so carefully recorded in his
letters to the Royal Society of London and elsewhere, make his contribution of the first
rank. Dobell (1932), who has faithfully pieced together the life and works of van
Leeuwenhoek, has attempted taxonomic identification of many of his illustrations and
descriptions for which there were no formal (latinized) names.

Leeuwenhoek’s observations on the free-living protozoa probably began with his
discovery of certain ‘very little animalcules’ seen in freshwater in 1674. In a letter to
the Secretary of the Royal Society of London he referred to:

These animalcules had divers colours...others again were green in the middle, and
before and behind white.... And the motion of most of these animalcules was so
swift and so various, upwards, downwards, and round about, that ‘twas wonderful
to see: I judge that some of these little creatures were above a thousand times
smaller than the smallest ones I have ever yet seen.

(Leeuwenhoek, 1674)

Dobell (1932) interprets these green and white animalcules as being Euglena viridis.

In a subsequent epistle to the Royal Society dated 9 October 1676, famously known
as the Letter on the Protozoa, Leeuwenhoek (1677) wrote at length about animalcules
that he observed in standing rainwater, sea water, pepper infusions and vinegar. Among
the flagellates, Dobell (1932) considers that Leeuwenhoek observed Monas sp.,
probably M.vulgata, and Bodo sp. Later, Leeuwenhoek (1700) recorded in detail a
description of Volvox colonies (Figure 1.1) and their reproduction. In 1702
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Leeuwenhoek provided descriptions of what Dobell (1932) considers to be
Chlamydomonas and Haematococcus with probably the first description of flagella:

their bodies seemed to be composed of particles that presented an oval figure;
therewithal they had short thin instruments which stuck out a little way from the
round contour, and wherewith they performed the motions of rolling round and
going forward.

(Leeuwenhoek, 1702)

Other seventeenth century microscopists who probably observed flagellates include
Christiaan Huygens, who in 1678 described Astasia, and John Harris, who in 1696
rediscovered Euglena (see Dobell, 1932).

By the beginning of the eighteenth century, minute animalcules were closely
associated with infusions of one sort or another which led to the introduction of the
popular term infusion animals by Ledermuller (1763). This was soon formalized to
the Infusoria by Wrisberg (1765). The first separate treatise on microscopic life was
by Joblot (1718). In the mid-eighteenth century, systematics and protozoology were
dominated respectively by two Scandinavian contemporaries, Carl von Linnaeus
(1707-1778) and Otto Fredrich Miiller (1730-1784). Linnaeus, a Swedish botanist,
devoted most of his efforts to the systematics of plants and higher animals and it was
not until the tenth edition of Systerna Naturae (Linnaeus, 1758), the starting date for
zoological nomenclature, that the flagellate Volvox was recorded. The contribution
of Otto Friderich Miiller (Figure 1.3), a Danish marine invertebrate zoologist, to the
taxonomy of protozoa is seminal. He observed and described many Infusoria giving
them distinctive generic and specific titles in line with Linnaeus’s then newly introduced
binomial system of nomenclature. In Vermium Terrestrium et Fluviatilium (Miiller,
1773), he was the first to recognize dinoflagellates (Bursaria (= Ceratium) hirundinella
and Vorticella (= Peridinium) cincta) which he included in the Animalium Infusonium.
In his later, posthumous work, Animalcula Infusoria Fluviatilia et Marina (Miller,
1786), he included within the Order Infusoria descriptions of many ciliates, flagellates

Figure 1.1 A Volvox colony containing seven daughter colonies
Source:  Reproduced from Fig. 2 of Leeuwenhoek’s letter 122 to Sir Hans Sloane, 2
January 1700. Philosophical Transactions of the Royal Society, 22 (261), 509
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and heliozoa that are still recognized today. In particular, Gonium and Monas are
flagellate genera originally named by Miiller (1786). In addition to Protozoa as now
construed, Muller’s Infusoria also included bacteria, diatoms, vinegar worms, planarian
worms, cercaria larvae, rotifers and other members of the subsequently instituted
Metazoa.

The nineteenth century was to see enormous advances in all branches of science. It
was also a time when many basic theories were established: in biology two of the
most important were the cell theory (Schleiden, 1838; Schwann, 1839) and evolutionary
theory, with the publication in 1859 of Darwin’s The Origin of Species. The
contribution of these theories was to bring together disparate observations in a unifying
and secure framework. However, at the time, matters were not plain sailing and
throughout the century major new insights were often bedevilled by countervailing
ideas based on flawed or inaccurate observations. Nevertheless, by the end of the
century the foundations of protozoology, that were set to dominate much of the
twentieth century, were securely established.

At the beginning of the nineteenth century the Infusoria comprised a vast array of
organisms spanning in size and complexity a range from bacteria to small invertebrates
including worms and Crustacea. In 1817 Goldfuss (1817) (Figure 1.4) introduced the
term Protozoa, without definition or explanation which might suggest that the term
had an earlier origin. This grouping (Goldfuss, 1820) included polyps, medusae,
infusoria and phytozoa (plant-animals) (Figure 1.14). By 1839 Schleiden (1838) and
Schwann (1839) had developed what became known as the ‘cell theory’ in which it
was acknowledged that the cell was basic to all organisms and therefore organisms
consisted of one or more cells. Following this discovery, matters moved fast with
respect to the infusoria. Meyen (1839) and Dujardin (1841) independently recognized
that many protozoa were single cells with a high level of internal organization
comparable to plant cells. Barry (1843), in a publication entitled The Infusoria
Compared with Cells, argued that Monas and other flagellates comprised single cells
that had a nucleus which corresponded to the cell nucleus of higher forms. Von Siebold
(1845) (Figure 1.5) formulated the doctrine of the unicellular nature of Protozoa. He
divided the Protozoa into two classes, the Infusoria and Rbhizopoda (see Dujardin
discussed later), the former being subdivided into two groups, the ciliates (Stomatoda)
and the flagellates (Astomata). The rotifers he removed to the Vermes, and the bacteria
and Volvox were placed in the plant kingdom.

In 1852 Perty instituted the Archezoa, equivalent to von Siebold’s (1845) Protozoa,
with the Stomatoda renamed the Ciliata and the Astomata (flagellates) renamed the
Phytozoida (plant-animals) (Perty, 1852). Cohn (1853) (Figure 1.6) is recognized as
the originator of the term Flagellata. He confirmed that the green colouration of
some flagellates was due to chlorophyll and that pigmented flagellates were

(left)

Figure 1.2 Antony van Leeuwenhoek (1632-1723)
Figure 1.3 Otto Friderich Miiller (1730-1784)
Figure 1.4 Georg August Goldfuss (1782-1848)
Figure 1.5 Karl Theodor von Siebold (1804-1855)
Figure 1.6 Ferdinand Cohn (1828-1898)

Figure 1.7 Karl Moritz Diesing (1800-1867)
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photosynthetic plants. This led to a conundrum that has taken many years to resolve,
namely that both plants and animals were contained within the Protozoa, and yet
they were also classified separately in the plant and animal kingdoms. Diesing (1866)
(Figure 1.7) instituted the name Mastigophora (meaning whip bearer) for flagellates,
and many subsequent classificatory systems have used this terminology.

Just as the studies on the Infusoria during the eighteenth century had been dominated
by the monographs of Otto Friderich Miiller, so in the nineteenth they were dominated
by the monographs of Ehrenberg, Dujardin, Stein and Kent. Christian Gottfried
Ehrenberg’s (1795-1876) (Figure 1.8) monumental monograph, entitled Die
Infusionthierchen als Vollkommene Organismen (The infusion animals as complete
organisms), published in 1838, established the Infusoria, including protozoa, bacteria,
diatoms, desmids and rotifers, as a major separate group of animals. Ehrenberg, a
native of Leipzig and trained in medicine, had great observational ability which is
manifest in the quality of his illustrations in this and other works. He was also interested
in micropalaeontology and described many fossils. However, his classification of the
single-celled Infusoria, including the flagellates, into the Polygastrica on account of
their many stomachs, and his belief that these organisms were organized in the same
way as higher animals, were to deflect his attention from a more fundamental
understanding of cell structure. Unfortunately, to everyone’s great loss, Ehrenberg
ignored evolution and cell theory but he opposed spontaneous generation. Nevertheless,
in spite of his ill-founded beliefs, he added a large number of new genera, including
Euglena, Bodo, and many diatom species to the literature, most of which are still in
valid use today (Schlegel and Hausmann, 1996; Williams and Huxley, 1998).

Félix Dujardin (1801-1860) (Figure 1.9), a Frenchman and contemporary of
Ehrenberg, was a physiologist, morphologist and taxonomist who concentrated his
attention on living foraminifera, amoebae and certain ciliates. He introduced the
term sarcode to describe the streaming cytoplasm of amoeboid cells. His observations
on cell structure, including feeding experiments involving pigmented granules,
convinced him of the error of Ehrenberg’s polygastrica theory and rapidly lead to the
theory’s demise. Dujardin’s (1841) treatise entitled Histoire Naturelle des Zoophytes,
like Miller’s and Ehrenberg’s before, is noted for the number of new genera and
species described and also for the quality of the illustrations. Dujardin was the first to
describe three types of free-living forms, les flagélles, les rhizopods and les ciliés. He
discovered the flagellate cells of sponges, although he did not observe their collars,
and held that they were nothing more than colonies of Infusoria. Dujardin’s (1841)
classification of the Infusoria into four orders according to the means of locomotion
established the system for classifying protozoans that was ultimately used throughout
the nineteenth and twentieth centuries.

(left)

Figure 1.8 Christian Gottfried Ehrenberg (1795-1876)
Figure 1.9 Félix Dujardin (1801-1860)

Figure 1.10Friedrich Ritter von Stein (1818-1885)
Figure 1.11 Ernst Haeckel (1834-1919)

Figure 1.12William Saville Kent (1845-1908)

Figure 1.130tto Bltschli (1848-1920)



Oriéws.

Figure 1.14 Georg August Goldfuss’s phylogenetic tree published in 1820
Source: Reproduced from Goldfuss, 1820
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Friedrich Ritter von Stein (1818-1885) (Figure 1.10), another in the spirit of
Miiller and Ehrenberg, working at the German-speaking University of Prague,
produced four beautifully illustrated volumes on free-living protozoa entitled Der
Organismus der Infusionthiere (Stein, 1859/83). Again he was the originator of
many names still in use today. He also became involved in controversy over the so-
called ‘Acineta theory’, the details of which now seem arcane. What is of lasting
importance is that, in spite of controversies at the time, so much of Stein’s work is
still of relevance today.

As we have seen, Dujardin (1841) laid the foundations for a classification of
the Protozoa. Dujardin considered the sponges to be colonies of Infusoria. However,
Haeckel (1869, 1878) (Figure 1.11) argued that sponges should be excluded from
the Protozoa, and in doing so identified himself with von Siebold’s (1845) view
that the Protozoa were unicellular animals. In 1878 Haeckel published his most
famous systematic generalization, the division of the animal kingdom into the
Protozoa and Metazoa. He gave the sponges independent status within the Metazoa
since, in his opinion, they more nearly approximated to the Coelenterata (Haeckel,
1878). A long, and at times acrimonious, dispute raged within the literature between
those who considered that the Sponges were a separate metazoan group (Haeckel,
1869, 1870, 1873) and those, including Carter (1871), James-Clark (1868) and
Kent (1880/2) (Figure 1.12), who considered the sponges to be closely related to
the Infusoria, and in particular the recently recognized choanoflagellates. The
heart of this argument is now somewhat esoteric, although it is still of importance
and has not fully been resolved a century later. Haeckel’s defense of the argument
involved his Gastraea theory, whereby he postulated that all Metazoa have a
common ancestor involving a gastrula stage. James-Clark (1878) and Kent (1880/
2) argued against the sponges having a gastrula phase in the sense in which Haeckel
interpreted it, and laid great emphasis on the morphological similarity between
the choanoflagellates and the choanocytes of sponges. The latter, by this time,
were fully recognized as having conical-shaped hyaline collars (James-Clark 1866,
1868, 1878). The discovery by Kent (1880/2) of Proterospongia, a colonial
choanoflagellate, appeared to settle the proximity of the relationship between
choanoflagellates and sponges, but in the light of recent information the closeness
of this relationship is still in doubt.

Kent (1880/2) considered that amoeboid forms were the progenitors of all other
groups of protozoa (Figure 1.15). The choanoflagellates were separated from the
remainder of the flagellates and were associated with the sponges. The ciliates were
separated from the Suctoria (Tentaculifera) and the opalinids. Kent omitted the recently
instituted Sporozoa (Leuckart, 1879) although he included some gregarines in his
overall scheme (Figure 1.15).

Otto Butschli (1848-1920) (Figure 1.13), the great architect of systematic
protozoology (Dobell, 1951; Corliss, 1978), also published a classification and
evolutionary arrangement of the Protozoa. The basis of his system at the class level
was still primarily the means of locomotion. Buitschli’s (1880/9) system instituted five
classes, namely the Sarcodina (amoebae), Mastigophora (flagellates), Infusoria
(ciliates), Sporozoa and Radiolaria. The flagellates occupied four orders (Flagellata,
Choanoflagellata, Dinoflagellata and Cystoflagellata) within the class Mastigophora.
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Figure 1.15 William Saville Kent’s phylogenetic tree published in 1880,/2
Source: Reproduced from Kent, 1880,/2



He grouped the ciliates and Suctoria within the class Infusoria and from this time
onwards the term infusoria has been restricted to the ciliates.

Biitschli’s (1880/9) system had the advantages of order and relative simplicity, and
probably for this reason has formed the basis of the systematics of Protozoa for the
better part of a century. However, from the outset there were uneasy compromises. In
the case of the Mastigophora, to try to justify the monophyletic status of flagellates
using such a fundamental (plesiomorphic) character as the flagellum proved to be
problematic even during Bitschli’s era. Biitschli tried, until his death in 1920, to
prove an evolutionary relationship between rhizopods and flagellates. He emphasized
the homology of flagella and slowly swinging pseudopods of some amoebae. In 1910
he devised the term undulipodium to emphasize the evolutionary origin of flagella
and pseudopodia from a common ancestral structure (see Hausmann and Hilsmann,
1996). However, with limited exceptions (Margulis ez al., 1990) this term has fallen
into disuse (Hiilsmann, 1992).

Following Biitschli, many general texts on protozoa have been published, the
majority of which have used Biitschli’s system as the basis of their particular systematic
treatments. In many cases the terms Flagellata and Mastigophora have been used
interchangeably. Hartog (1906) acknowledged the artificiality of the grouping within
the Flagellata. He distinguished flagellates from some sarcodines and sporozoans,
which have flagella-bearing stages in their life-cycles, by the relative permanence of
flagella on true flagellate cells. In Hartog’s (1906) scheme the Flagellata were subdivided
into two orders and ten classes, eight of which were autotrophic, equivalent to already
established algal classes, and two heterotrophic.

Doflein (1916) divided the flagellates into two subclasses, Phytomastigina and
Zoomastigina, based on their autotrophic and heterotrophic modes of nutrition
respectively. Similar systems were adopted by Wenyon (1926) and Kudo (1966).
However, on the basis that many amoebae had flagella-bearing stages in their life-
cycles and that some flagellates could become amoeboid, Grassé (1952) proposed a
union of the Flagellata and Rhizopoda to form a single subphylum, Rhizoflagellata,
with two super-classes namely, Flagellata and Rhizopoda. The Flagellata sensu Grassé
included eleven classes, ten of which comprised autotrophs. The eleventh contained
the zooflagellates which Grassé acknowledged at the time as being polyphyletic.

The union of the Sarcodina with the Flagellata (as Mastigophora) was also adopted
in the classification proposed by the Society of Protozoologists (Honigberg et al.,
1964). In this system the subphylum Sarcomastigophora is divided into two classes,
namely the Phytomastigophorea, for autotrophic flagellates, and Zoomastigophorea,
for heterotrophic flagellates. In the Levine et al. (1980) revision of the Honigberg et
al. (1964) classification, Sarcomastigophora is raised to the rank of phylum with
attendant upgrading to subphyla of the Mastigophora and Sarcodina, the former
retaining the two classes noted in the classification of Honigberg er al. (1964). The
classification of Levine et al. (1980) took note of information available at that time
from electron microscopy, but it was more a system of convenience and the authors
freely acknowledged that it did not ‘necessarily indicate evolutionary relationships’.
In fact, in spite of hoping that the scheme ‘would last for many years’, this attempt to
bring order to the Protozoa essentially marked the end of the traditional (classical)
system of classification based on Biitschli’s (1880/9) scheme, and was outmoded even
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as it was being constructed. Other forces, including advances in electron microscopy
and molecular biology, were to revolutionize conventional thinking on protozoan
classification and systematics.

1.2 Parasitic flagellates

According to Dobell (1932), Antony van Leeuwenhoek is credited with the first
descriptions of parasitic flagellates. Bearing in mind that Leeuwenhoek did not attempt
to name the organisms he observed, and we only have his descriptions occasionally
accompanied by sketches or drawings, it is difficult to be certain what he did, in fact,
see. However, he is generally credited with being the first to observe Opalina (really
an opalinid species of the genus Cepedea (according to Corliss, 1975)), Chilomastix,
Giardia and Trichomonas sensu lato. In 1683 Leeuwenhoek reported:

In the month of June, I met with some frogs whose excrement was full of a
innumerable company of living creatures, of different sorts and sizes.... The whole

excrement was so full of living things that it seemed to move.
(Leeuwenhoek, 1683)

Otto Friderich Muller was the first to recognize an oral trichomonad (under his genus
Cercaria) from humans. Donné (1836), a physician, described the parasite Trichomonas
vaginalis in the genital secretions of humans.

It was not until late in the nineteenth century that the involvement of protozoa in
diseases of animals and humans was established. With respect to protozoan parasites of
the blood, the first mention of the disease known as sleeping sickness was recorded in
1841. Valentin (1841) found flagellates (Trypanoplasma) in the blood of salmon. Soon
after, Gluge (1842) and Gruby (1843) discovered trypanosomes in the blood of frogs,
for which the latter author instituted the genus Trypanosoma (T.sanguinis) (Gruby,
1843). In 1880 Evans, a veterinarian working in India, showed that Surra, a disease of
horses and camels, was associated with infection of the blood by a trypanosome that
subsequently came to bear his name, T.evansi (Evans, 1880). However, it was not until
Bruce’s (1895) work on the trypanosmatid disease, nagana (cattle trypanosomiasis),
was published, that the links between a flagellate blood parasite T.brucei, its transmission
by tsetse flies and the abilty of game animals to act as a reservoir of infection for
domestic animals was fully appreciated (Vickerman, 1997). The end of the nineteenth
century saw the unravelling of numerous multiphasic life-cycles of human protozoan
parasites, including sleeping sickness, Chaga’s disease and malaria.

1.3 Protoctistology, protistology, protozoology

The kingdom system of living organisms—the Plantae (Vegetabilia) and Animalia
dates back to Linnaeus (1735). This system, with its implied rigid division of living
organisms into plants and animals (botany and zoology), has had a major effect on
subsequent ideas on classification and systematics throughout the nineteenth and
twentieth centuries. Although, as described earlier, eighteenth and nineteenth century
microscopists grouped diverse minute organisms together within the Infusoria, the
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direction of systematics in the nineteenth century was to delineate and separate groups
more precisely. Nevertheless, for a brief interlude in the mid-nineteenth century
attention focused on the possible evolutionary relationships between autotrophic and
heterotrophic microorganisms. In 1860, Hogg instituted the kingdom Primigenum as
a fourth kingdom (the others being plants, animals and minerals) comprising ‘all
lower beings—Protoctista (first created beings)—to include both the Protophyta and
Protozoa’ (Hogg, 1860). Haeckel (1866), from a slightly different standpoint, instituted
the kingdom Protista as a third kingdom between the animals and plants (Figure
1.16) comprising bacteria (Moneres), cyanobacteria (Myxocystoda), diatoms,
flagellates, rhizopods, myxomycetes and sponges (prior to separating the latter into
the Metazoa (Haeckel, 1869, 1873)). The terms Protoctista and Protista were given
little recognition at the time and fell into disuse. The convention for the rest of the
nineteenth century was to separate autotrophs from heterotrophs. Occasional reference
to the protists (for example Copeland, 1956; Whittaker, 1959; Corliss, 1984) was
made during the first three quarters of the twentieth century only to be quickly forgotten
(see fuller historical accounts in Rothschild, 1989; Lipscomb, 1991; Ragan, 1997;
Corliss 1998a, b).

A number of major unrelated developments occurred during the latter part of the
twentieth century that were to culminate in a dramatic change to conventional thinking
about protistan systematics and evolution, and these heralded a revival of the ‘protist
concept’ (Corliss, 1986). These developments included, first, the systematic separation
of prokaryotes from eukaryotes, second, the advent of electron microscopy to
descriptive protistology, third, the concept that certain organelles evolved by symbiosis
(symbiogenesis) and fourth, the application of molecular analytical techniques to
protistan systematics.

1.3.1 Separation of prokaryotes from eukaryotes

The separation of prokaryotes was first suggested by Chatton (1925) and later
developed and formalized by Stanier and colleagues (Stanier and van Niel, 1962;
Stanier et al., 1963). Although this separation is now fully acknowledged, it took
some time for Chatton’s work to be generally accepted. Corliss (1986) attributes this,
in part, to botanists and phycologists resisting the removal of the cyanobacteria from
algal classificatory systems.

Although the recognition of the Prokaryota was not directly related to the
subsequent systematic fate of the flagellates, nevertheless the formal recognition of
the Prokaryota focused attention on the need to re-examine the evolutionary
relationships among all forms of life. Furthermore, it focused attention on the
significance of the discontinuity between prokaryotes and eukaryotes, and the
apparent absence of intermediates.

1.3.2 Advent of electron microscopy

The use of electron microscopy started as early as the 1930s. Use of electron
microscopes for biological studies in the 1940s was limited to a few laboratories, and
the first whole mount preparations date from this period (for example, Schmitt et al.,
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1943). Whole mount reconstructions of the flagellum date from the late 1940s and
early 1950s (see later in this chapter). The first thin sections were cut and viewed in
1954 (Fawcett and Porter, 1954). However, it was not until the early 1960s that the
great refinements in electron micrsocopes and fixation procedures, involving the use
of aldehydes, made possible the widespread use of electron microscopy.

The literature on electron microscopy of protists is so enormous that it is impossible
to summarize it here. From the point of view of protistan classification and systematics
details relating to flagellar systems, cytoskeletal structures, nuclear division patterns,
appearance of mitochondria, chloroplasts and endomembrane systems have been of
key importance (Patterson, 1994). Initially the impact of these studies on evolutionary
relationships was greater on autotrophic flagellates, but more recently attention has
focused on heterotrophic flagellates (Patterson and Larsen, 1991). Among other
matters, these studies have led to the acceptance that the flagellates, including both
autotrophs and heterotrophs, are an extreme example of paraphyly.

1.3.3 Symbiotic origin of organelles

By the end of the nineteenth century, symbiosis was an acknowledged phenomenon
and had been well described for a number of organisms including lichens (de Bary,
1879). However, it was the Russian school of scientists, and in particular Merezhkovsky
and Famintsyn, who first suggested that some cell organelles might be derived from
other free-living organisms in a symbiotic union. Merezhkovsky (1905, 1906), while
studying diatoms, came to the conclusion that chloroplasts were capable of division
and did not arise de novo when the cell was exposed to light. He considered that the
great self-sufficiency and functional independence of chromatophores from the nucleus
of the cell supported the hypothesis that they were of symbiotic origin. Merezhkovsky
(1905) attempted to isolate chromatophores, rather like zoochlorellae, but was unable
to grow them outside the host cell. Nevertheless, he considered that they were derived
from symbiotic cyanobacteria. Comparison of volume, size, inner structure and method
of reproduction showed the great resemblance between chloroplasts and cyanobacteria.
Merezhkovsky (1909) introduced the term symbiogenesis which he defined as ‘the
origin of organisms through the combination and unification of two or many beings
in symbiosis’.

With regard to mitochondria, it was the American biologist Wallin (1925a, 1925b)
who first suggested that mitochondria were bacterial symbionts. This idea was based
on the similar staining properties of bacteria and mitochondria. Again, all attempts
to isolate mitochondria and grow them like bacteria outside the host cell were
unsuccessful.

In the 1970s, a reappraisal of the origin and evolution of chloroplasts and
mitochondria arose out of electron microscopical, biochemical and molecular studies.
The similarities in the genome structure and ribosomes between chloroplasts and
mitochondria on the one hand, and prokaroytes on the other, gave fresh impetus to
the ‘symbiosis theory’. Suddenly it seemed that symbiosis might explain the sudden
change from the prokaryote to eukaryote pattern of organization without any obvious
intermediates. Subsequently, biochemical and molecular biological studies have
demonstrated further the similarity of chloroplasts and mitochondria to prokaryotes,
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and now it is accepted wisdom that these organelles were probably acquired as a
result of symbiotic events. According to Corliss (1986), 1975 marks the watershed
when the concept of protistology was revived. The debate has now moved on from
whether symbiosis occurred, to how frequently the organelles evolved and by which
mechanism (Margulis, 1970, 1993; Taylor, 1974; Margulis et al., 1990; Patterson,
1994; Cavalier-Smith, Chapter 17 this volume).

1.4 Flagella

Antony van Leeuwenhoek is generally credited as the first person to have seen and
recorded the presence of cilia on minute animalcules. In a letter to the Royal Society
Leeuwenhoek (1677) described what Dobell (1932) considers to be a ciliate as having
‘little paws...which were many in number, in proportion to the animalcule; and
also a much bigger animalcule which was furnished with little legs’. It would appear
that Otto Friderich Miiller (1786) was the first to use the word cilium, meaning a
hair, which probably reflects the fact that rows of cilia on ciliates resembled eyelashes.
The term flagellum (a whip) was introduced later and is generally attributed to
Dujardin (1841).

By 1835 cilia and flagella had been observed widely and the first reviews on these
structures were written by Purkinje and Valentin (1835) and Sharpey (1835).

1.4.1 Substructure of flagella

The essential elements of the flagellar apparatus, namely the axoneme of longitudinal
fibrils, a basal body and the flagellar root, were recognized by the end of the nineteenth
century, although the combination of these parts was not recorded together for one
organism until much later.

As early as 1881, Englemann (1881) reported the existence of fibrils within cilia.
However, it is Ballowitz (1888) who is generally regarded as the first to illustrate
indisputably the longitudinal fibrils that comprise the flagellar axoneme. His drawings

(right)

Figure 1.17 Flagellum of Euglena viridis treated with bacterial stain showing a single array of long
flagellarhairs.Magnificationxc. 5000

Source: Reproduced from Fischer, 1894

Figures 1.18 and 1.19 Two Monas cells stained with bacterial stain showing a bilateral array on the flagellum.
Magnification x 3000

Source: Reproduced from Hoeffler, 1889

Figure 1.20 Dismembered sperm tail of fowl showing eleven longitudinal fibrils

Source: Redrawn after Ballowitz, 1888

Figure 1.21 Dismembered sperm tails of chicken showing eleven longitudinal fibrils; nine of the fibrils (L-
fibrils) are thicker and encircle the two central fibrils (M-fibrils) which are thinner and more
delicate. Magnification x c. 20,000

Source: Reproduced from Grigg and Hodge, 1949

Figure 1.22 Dismembered flagellum of Dryopteris villarsii showing periodic projections on fibrils which
probably represent linkages. Magnification x c. 30,000.

Source: Reproduced from Manton and Clarke, 1952

Figure 1.23 Reproduction of Manton and Clarke’s (1952) diagrammatic reconstruction of the arrangment
of fibrils (microtubules) within the axoneme of the flagellum of Sphagnum
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of dismembered sperm tails of fowl are exquisite in their detail, and in one illustration
he actually records eleven fibrils (Figure 1.20), with some variation in width. Sperm
tails appear to dismember with relative ease when dried on to slides, subjected to
osmotic shock or treated with mild digestive agents. With the advent of electron
microscopy and its early use for the observation of dried whole mounts, animal and
plant spermatozoids made ideal subjects for investigation. Frayed axonemes of sperm
tails allowed precise counting of the eleven component fibrils (Schmitt et al., 1943;
Pitelka, 1949). Grigg and Hodge (1949) recognized the difference between nine thicker,
more robust fibrils which they termed L (lateral) fibrils and the two thinner, more
delicate, M (middle) fibrils (Figure 1.21). The L fibrils appeared to form a lamellar
sheet that was rolled around the two thinner fibrils which formed the axis of the
axoneme. Transverse striations were present on the fibrils, which Grigg and Hodge
(1949) interpreted as being similar to the banding seen on structural proteins such as
collagen, but which probably represent linkages between the various components of
the axoneme.

At almost the same time as Grigg and Hodge (1949) were observing dismembered
animal flagella, Manton and her co-workers were studying the frayed flagella of plant
spermatozoids. In 1950 Manton (1950) illustrated spermatozoids of Dryopteris villarsii
with dismembered flagella viewed with ultraviolet microscopy. Subsequently, from
1950 to 1952, Manton and co-workers published electron micrographs of the
dismembered spermatozoid flagella of many crypytogams (Manton, 1952). In these
publications they also noted the difference in width between the outer nine and inner
two fibrils and observed various types of periodic striations and projections (Figure
1.22). The culminating achievement of this burst of activity was the publication by
Manton and Clarke (1952) of a reconstruction of the 9+2 axoneme (Figure 1.23),
which in most respects anticipated the details that were to be revealed later by sectioning
(Fawcett and Porter, 1954). The subsequent development of negative staining
techniques and improvements in fixation for electron microscopy in the 1960s and
onwards made possible observation of great structural detail in flagella and cilia.
This, together with advances in biochemistry and molecular biology, has led to a
burgeoning of information on flagella and flagellar movement, summarized in early
review articles by Dryl and Zurzycki (1972) and Sleigh (1974) and later ones by
Warner et al. (1989), Bloodgood (1990) and others.

The similarity of ciliary bases to centrosomes was recognized by Henneguy (1898)
and von Lenhossek (1898), and ciliary roots were observed by Schuberg (1891) and
Maier (1903).

Flagellar appendages were first reported by Loeffler (1889), who observed Monas
in a mordant stained preparation of bacteria. The stain accumulated around the
flagellar hairs, thereby enlarging their size and making them visible with the light
microscope (Figures 1.18, 1.19). Fischer (1894), using a modification of Loeffler’s
staining technique, viewed a variety of flagellates, including Monas. He confirmed
Loeffler’s (1889) earlier observations and found that the flagellum of Euglena bore a
single row of hairs (Figure 1.17). Fischer (1894) introduced the terms Flimmergeisseln
(ciliated flagellum) and Peitschengeisseln (whip flagellum) for hairy and smooth flagella
respectively. In general, these terms have fallen into disuse, although the word flimmer
is still used by some authors today.
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Of the many workers who have observed flagellar appendages subsequently, only
four require mention. Petersen (1929) reported the presence of hairs on the flagella of
many flagellates. He observed combinations of smooth and hairy flagella on single
cells and in the case of the choanoflagellate Salpingoeca a single flagellum that bore
hairs in the proximal region and was smooth distally. Deflandre (1934) introduced
the name mastigoneme (whip (flagellar) thread) and a suite of other terms to describe
the location and organization of mastigonemes on the flagellum. Terms such as isokont,
anisokont and heterokont, the latter introduced by Adolph Luther (1899), came into
common usage, and subsequently the term heterokont has taken on a specific meaning
in referring to a combination of a forwardly directed flagellum with two rows of
tripartite hairs and a second flagellum without these appendages.

1.4.2 Flagellar movement

Historically, views about flagellar and ciliary movement have been greatly
influenced by concurrent studies on other contractile structures such as muscle
cells. Thus from an early time the association of fibrils with contractile structures
has been established for both flagella and muscle cells (Engelmann, 1881; Ballowitz,
1888). Much time and space were devoted to trying to establish whether the
undulation of flagella resulted from a force initiated at the base of the structure,
or whether movement was generated along the length of the flagellum (Fauré-
Fremiet, 1961). Gray (1928), in his book on ciliary movement, argued on a number
of counts that the flagellum is an active organelle with the ability to generate a
mechanical force along its length. Theories concerning the mechanism of flagellar
movement ranged from hyaloplasm flowing into and out of a curved hollow
outgrowth (Grant, 1835) to rhythmic contraction of the flagellar membrane
(Heidenhain, 1907). The suggestion of Sharpey (1835) that cilia possess internal
contractility was a precursor of what we understand today. Studies of isolated,
permeabilized flagella demonstrated that flagellar movement was brought about
by a process within the axoneme (Brokaw, 1961; Bishop, 1962). That this
movement might result from an ATP-induced sliding of non-contractile filaments
in the axoneme, analogous to the sliding mechanism of muscle contraction, was
recognized by Afzelius (1959). However, it was the analysis of microtubules within
the ciliary tips of the mussel Eliptio by Satir (1965, 1968) that ultimately revealed
that the outer doublets do slide with respect to one another during ciliary bending,
and that they do not undergo contraction. Furthermore, ATP treatment of
glycerinated models resulted in iz vitro movement.

1.5 End of the old order and the beginning of the new

The 1970s saw the eclipse of the old order which had served for the better part of a
century. While it had been recognized that the traditional systematics of Protozoa,
based on the system of Biitschli (1880/9), was a scheme of convenience rather than
reflecting in any real sense evolutionary relationships, nevertheless it had brought a
much appreciated degree of order and security. However, with the daily acquistion of
new EM information together with novel molecular data, the system became untenable
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except as a convenience for teaching purposes. The domination of microscopy, and
thus morphology, in influencing our views on protist evolution had, after more than
300 years, yielded to other technologies. As Corliss so aptly summarized the situation
that still exists today:

at the present time we are in a state of flux—we are frustatingly trapped between
existing classifications of protists that are recognized to be faulty and some future
schemes not yet available. The latter, hopefully closer to the ideal natural system
long awaited, probably will not be ready for at least several years, perhaps not
until the turn of the century.

(Corliss, 1994)

The major area of expansion in the past fifteen years has been the contribution of
molecular biology to our understanding of protistan systematics. The advantage of
molecular information over morphological characters is that it overcomes the problems
associated with the comparison of phenotypic traits with their often complex genetic
backgrounds (Schlegel, 1991). Instead, the genes themselves, or secondary gene
products, the proteins, are the characters of importance. Molecular markers have the
advantage of being either present or absent without gradual transitions. This is
particularly true of DNA sequences, which can usually be studied independently of
inner (physiological) or outer (environmental) influences. They are referable to a defined
gene locus and their investigation is not complicated by recessive or dominant modes
of inheritance which may complicate comparative studies using other characters
(Schlegel, 1991). More important, molecular characters evolve, in the vast majority
of instances, independently of other characters and under different circumstances.

Molecular markers are not without their disadvantages, such as the occurrence of
back mutations and the possibility of lateral gene transfer. Phylogenetic relationships
can be inferred from sequence data only if two conditions are met, namely that the
sequences compared must be homologous and orthologous (Schlegel, 1991). Also
while the sequences of bases obtained can be absolutely correct, the models of
relatedness generated from them do not carry the same degree of certainty. Alignment
of molecules prior to comparisons has a subjective component, homology cannot
unambiguously be differentiated from analogy, and algorithms which seek to identify
the best tree are unable to evaluate every option (Patterson, 1994). Nonetheless, there
has been broad agreement between morphological and molecular approaches.

The first molecular markers used in the study of protistan phylogeny were amino
acid sequences of proteins such as cytochrome c, ferredoxins and superoxiode
dismutases (Schlegel, 1991). All are widely distributed, highly conserved, polymeric
molecules. In the late 1970s and early 1980s emphasis shifted to studies of universal,
conservative and manageable nucleic acids such as the RNA molecules of ribosomes.
Initially, information was gained for 5s rRNAs with about 125 nucleotide bases, but
as technology improved the small subunit rRNA, 16s for prokaryotes and 18s for
eukaryotes, became the molecule of choice. The latter, because of its large size, ranging
from 1,200-2,300 nucleotide bases, and the occurrence of both highly conserved and
partially conserved sequence elements, has permitted the study of both close and
distant relationships. Many phylogenetic comparisons have now been made on the
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basis of 18s rRNA data. The result of these studies has been to revolutionize completely
our understanding of protist relationships and, in particular, those of the flagellates
(Cavalier-Smith, 1993, 1998).

What now emerges is that the ancestor (cenancestor in Cavalier-Smith’s terminology,
Chapter 17 this volume) of all extant eukaryotes was almost certainly a flagellate,
even if it was an amoeboflagellate. There is some agreement between the different
protagonists on the sequence in which various cell components appeared (Patterson,
1994, Sleigh, 1995; Cavalier-Smith, Chapter 17 this volume). Corliss (1998a) rightly
sums up the current situation as being ‘in a state of flux rather than in a state of
chaos’. The problem is how the protists can be conveniently treated. Corliss (1998a,
1998b) makes five specific suggestions: one is to consider the protists as representing
a separate kingdom, as Margulis (for example Margulis ef al., 1990; Margulis and
Schwartz, 1998) and a few others have persistently done. But, as Patterson points
out, ‘protists are still paraphyletic—there are no traits that unify all protists to the
exclusion of all other eukaryotes. The protists cannot be defined and their composition
remains open to dispute’ (Patterson, 1994).

Another possibility is to disperse the protists among diverse eukaryotic kingdoms,
a view especially supported by Cavalier-Smith (1993, 1998) and Corliss (1994, 1998a,
1998b). This has attracted certain favour but implies the recognition of several to
many eukaryotic kingdoms. A third possibility is to recognize the protists as merely
an evolutionary grade or level of structural organization on the way to the evolution
of other eukaryotes. A fourth possible solution would recognize a number of
independent evolutionary lines or phylogenetic clades without expressing explicitly
their possible taxonomic interrelationships. Finally, the protists might be amenable to
classification purely on ecological grounds, again, however, irrespective of their high-
level conventional taxonomy.

This is a story without an ending, and it is sure to extend well into the twenty-first
century. However, in contemplating the 350 years that have passed since Antony van
Leeuwenhoek (1674) first observed his ‘very little animalcules’, we may reflect that it
has been necessary to undergo the trials and tribulations experienced here in order to
delineate and separate protist groupings so that in the end, knowing the building
blocks, we can construct the evolutionary schemes of the future.
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Chapter 2

The flagellate condition

J.A.Raven

ABSTRACT

Flagellates comprise a taxonomic diversity of unicellular and colonial organisms (or
flagellate stages in life-cycles) in the size range 2-2000 pm which are predominantly
free-swimming in a very wide range of free-living and symbiotic situations. They
variously exhibit photolithotrophy and the phagotrophic and saprotrophic
manifestations of chemoorganotrophy, as well as combinations of these modes, in
addition to associations with other organisms in symbiosis sensu lato. Flagellates
compete with organisms having the same range of trophic modes, but with alternative
life forms, such as non-motile or gliding unicellular or filamentous (including mycelial)
organisms in sediments, and non-flagellate organisms in the plankton. In comparison
with these other life forms occupying similar habitats we can identify costs of the
flagellate condition and benefits which presumably outweigh the costs in extant
flagellates. Identifiable costs of flagella are those of construction of flagella (energy,
C, N, P), of flagellar operation (energy, with an upper limit on energy cost imposed by
the maximum catalytic capacity for energy transformation by the measured content
of dynein ATPases, and a lower limit imposed by the minimum energy dissipated
against drag forces) and of flagellar maintenance. There does not seem to be a
measurable cost of the flagellate condition in reducing specific growth rate relative to
comparable (in size and phylogeny) organisms under either resource-saturated or
resource-limited conditions.

The benefits of flagellar activity are not always easy to express in the same units as
those of the costs; this is especially the case for reproductive benefits, such as dispersal
and sex. The benefits in terms of resource acquisition and retention are more readily
related to costs. Benefits in resource acquisition terms include the capacity to allow
photolithotrophs to reach the ‘optimal’ position in the light and in the dark in opposing
vertical gradients of light and nutrients in unmixed waterbodies, and to allow
phagotrophs to maximize particle extraction from the medium for both swimming
and attached flagellates as well as allowing attached phototrophs to maximize inorganic
C uptake. In terms of resource retention flagellar mobility can help to avoid predation
and avoid damage caused by high fluxes of photosynthetically active radiation and of
UV-B. At the risk of being Panglossian, it appears to be possible to explain some at
least of the occurrences of flagellates in various habitats, either as the dominant phase
in the life-cycle or a temporally restricted phase in the life-cycle, in terms of cost-
benefit analyses. However, agreement between cost-benefit prediction and what
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happens in the real world needs further investigation in terms of causal evolutionary
(inclusive fitness) terms.

2.1 Introduction

The presence of flagella gives ecological and hence evolutionary opportunities to
organisms, but also imposes certain constraints. This contribution aims to describe,
and where possible to quantify, the costs and benefits of the flagellate condition in the
hope of providing some evolutionary rationale for the phylogenetic and ecological
occurrence of flagella. In pursuing this end there will be brief consideration of
alternative means of achieving some flagellar functions.

The occurrence of flagella appears to be ancestral in the eukaryotes, and flagella
(sometimes in their ciliary manifestations) are widespread among the eighteen phyla
of the kingdom Protozoa (Cavalier-Smith, 1993; cf. Margulis et al., 1994). Flagella
are also common in the kingdom Viridiplantae, but are absent from the Biliphyta (red
algae) and all extant seed plants except Ginkgo and the cycads (Cavalier-Smith, 1993,
1996). Flagella are commonly found in metazoa as ciliated epithelia and as sperm
propellants, and also in the ‘lower’ fungi sensu stricto as well as in the oomycetes
which are heterokont Chromista (Cavalier-Smith, 1993). The evolution, structure
and mechanism of energizing bacterial and archaeal flagella are very different from
the eukaryotic flagella, and they will only be mentioned in connection with constraints
in certain organisms which are imposed by the presence of eukaryotic flagella which
do not apply to Bacteria or Archaea (e.g. volume regulation in fresh water).

This contribution deals mainly with flagellates in the sense of flagellate cells or
colonies in the size range 2 um—2 mm as the main phase in the life-cycle, but also
considers the occurrence of flagella in the vegetative or trophic part of the life-cycle of
larger organisms, and in reproduction and dispersal of such organisms (Fagerstrom et
al., 1998; Grosberg and Strathmann, 1998).

2.2 The occurrence and putative roles of flagella in
relation to nutrition, life-cycle and habitat of
organisms

2.2.] Nutritional range of flagellates

The range of flagellate organisms depends on photolithotrophy and both the
saprotrophic and the phagotrophic variants of chemoorganotrophy. There are also
mixotrophs which combine various of these modes of nutrition (see for example Raven,
1995, 1997a; Sleigh, Chapter 8 this volume), and a number of chemoorganotrophic
flagellates are obligate or facultative anaerobes (Fenchel and Finlay, 1995). These
different modes of energy metabolism are very largely dependent on the endosymbiotic
incorporation of other organisms into the flagellate. Thus, the capacity for aerobic
chemoorganotrophy depends on an (endo)symbiosis involving an ancestral flagellate
and a B-proteobacterium capable of tricarboxylic acid cycle and oxidative
phosphorylation. This symbiont subsequently became genetically integrated by loss
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of some of the bacterial genes needed for independent existence, and transfer of most
of the genes, required for functioning of the endosymbiont as a mitochondrion, to the
flagellate nucleus. The hydrogenosomes (where, in all but one reported case, all
symbiont genes have been lost or transferred to the host nucleus: Akhananova et al.,
1998) of some obligately anaerobic flagellates probably shared a common origin with
the mitochondrion, and the perceived likelihood that any extant flagellates are
primitively amitochondrial has diminished over the last few years (see Martin and
Miiller, 1998; Brugerolle, Chapter 9 this volume).

The plastids which give many flagellates their capacity to photosynthesize are also
genetically integrated products of (endo) symbiosis, in this case of a primary
endosymbiosis involving a cyanobacterium (Chlorophyta and the non-flagellate
Rhodophyta) or a secondary endosymbiosis involving a eukaryotic photosynthetic
unicell resulting from a primary symbiotic event in the case of the Euglenophyta, the
Chlorarachniophyta and (the not now phototrophic) apicomplexians (endosymbiosis
of a unicellular member of the Chlorophyta) and the Chromista (Heterokontophyta,
Cryptophyta and Haptophyta) and (?) Dinophyta (endosymbiosis of a unicellular
member of the Rhodophyta) (Martin et al., 1998; Roberts et al., 1998).

In addition to genetically integrated photosynthetic organelles, some flagellates
(and ciliates) are photosynthetic by virtue of a photosynthetic apparatus which has
only recently (within one or a few generations) been acquired (Raven, 1997a). Thus,
the occurrence of both mitochondria and plastids as genetically integrated organelles
in eukaryotes may have resulted from phagotrophy by flagellate ancestors (Martin
and Miiller, 1998). In the case of genetically chemoorganotrophic flagellates these are
generally kleptoplastids, which are derived from phagotrophically ingested food items;
since many of the genes needed for their synthesis and maintenance are in the food
item genome rather than host flagellate genome, these kleptoplastids cannot function
for more than days or weeks (which is a long time in terms of the minimum generation
time of most flagellates).

There is no reason why the ingested food item yielding the kleptoplastids cannot
itself be a flagellate. Ingestion of a flagellate is the rule in those marine invertebrate
(Cnidaria, tridacnid bivalves) and protistan (Foramenifera, Radiolaria) photosynthetic
endosymbioses involving the dinoflagellate Symbiodinium. This flagellate is ingested
anew in each host cell generation except in those cnidarians in which the symbiont is
transferred between generations in the eggs of the host. Symbiodinium is capable of
independent existence.

2.2.2 Flogello in life-cycles

The ‘mission statement’ of this article (as stated at 2.1) is to deal mainly with the 2
um—2 mm (equivalent spherical diameter) cells and organisms which are flagellate
for all or most of their life-cycle, although there may be encysted, non-flagellate stages
which permit the organism to survive circumstances inimical to survival of the flagellate
phases (Raven, 1982). There are flagellate cells that are stages in the lifecycle of
organisms which are non-flagellate during the major phases of nutrient acquisition
but produce flagellate cells involved in assexual and/or sexual reproduction and
dispersal. This is the situation in, for example, centric diatoms (male gametes), brown
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algae and oomycetes (assexual spores and gametes), male gametes of many metazoa,
and zoospores and male gametes of many green algae as well as male gametes of
bryophytes, pteridophytes, cycads and Ginkgo.

2.2.3 Functioning of flagella in relation to habitat

Here (Table 2.1) we deal with flagellar functions in an ecological context. Flagellar motility
of unattached cells or organisms can increase resource acquisition by photolithotrophs,
saprotrophs and phagotrophs in a relatively homogenous (over the scale of the organism)
environment. Photolithotrophic cells and organisms can rotate by flagellar activity, allowing
a more equal distribution of photons to chromophores in an organism in a vector light
environment. Many photolithotrophic flagellates show such rotation as they swim with
frequencies which could permit constructive variations in the photon supply to different
parts of the photosynthetic apparatus, that is, give photosynthetic rates in excess of that
found if the cell was not rotating while swimming in the same radiation field (see Raven,
1994b). Furthermore, Harz et al. (1992) propose that rotation during swimming by
chlamydomonad green algae integrates the vectorial light signal, providing information
on the light direction for phototactic responses. The cells orient themselves such that
modulation of the light signal detected with the eyespot during rotation is minimal, ensuring
that swimming occurs either away from or toward the light.

For acquisition of chemical resources there are also advantages in movement
relative to a homogenous (but growth rate-limiting) resource supply, including being
stationery (benthic) and causing a flow of resource-containing water over the
organism. These stimulatory effects are generally more important for particle capture
in phagotrophy than for the uptake of dissolved material in photolithotrophy and
saprotrophy in small (< 200 um) organisms (Fenchel, 1987; Pahlow et al., 1997;
Sand-Jensen et al., 1997). However, in larger organisms (for example, symbiotically
photosynthetic sponges) the water currents induced by flagellar activity may be
important in supplying inorganic C for photosynthesis (Section 2.3.3a).
Flagellastimulated particle ingestion by the host cells also provides them with those
photobionts which are capable of independent life and which are acquired anew in
each host generation, and also kleptoplastids with an even shorter potential life-
span in the host (Section 2.2.1). Phagotrophy combined with phototrophy
(mixotrophy) can help to provide an organism with a more nearly optimal ratio of
resources (energy, C, N, P) in a given environment than would chemoorganotrophic
phagotrophy, or photolithotrophy, alone (Raven, 1981, 1997a; Haustrom and
Riemann, 1996; cf. Barbeau et al., 1997).

A further potential benefit of the flagellate condition is found in heterogenous
environments in which the resources are not equally available in all parts of the habitat.
Here flagellar motility can, in theory, permit the organism to be positioned so that the
organism can obtain as near as possible to an optimal (for its growth and maintenance)
ratio of resources. In the case of planktonic photolithotrophs there is usually a gradient
of photosynthetically active radiation (highest near the surface) in the opposite direction
to the gradient for (inorganic) nutrients (highest at depth, where regeneration by
chemoorganotrophic activities exceeds photolithotrophic consumption). Here the
optimal ratio of resource availabilities over a twenty-four-hour diel cycle can be
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Table 2.1 Benefits of flagella

Benefits of flagella and restrictions
on their applicability

Alternatives to flagella in
providing the benefits supplied

References

by flagella and restrictions on
their applicability

(1) Rotation of cells during mobility

environment, e.g. where resource
gradients are in opposite

Rotation occurs naturally

organisms, can occur despite
large vertical water

Raven (1994b)

can help to constructively alternate (thermal motion or Section 2.3.3
the (limiting) photon flux density = microturbulence) at

incident on different parts of the  ‘constructive’ frequencies in

photosynthetic apparatus in cells less than a few pym

phototrophs. Limited to vector in diameter, although such

radiation fields, organisms large small cells may not have

enough to have a significant self-  enough self-shading to benefit

shading effect. from this rotation.

(2) Movement through a Larger free-swimming animals Pahlow,
‘homogenous’ environment rely on muscular activity. Riebesell
increases nutrient availability by and Wolf-
decreasing diffusion boundary Gladrow
layer thickness (only significant (1997)
for larger organisms) and hence Section 2.2.3
increasing uptake of dissolved
nutrients from growth-rate-
limiting concentrations for
phototrophs and saprotrophs.

More quantitatively important
for phagotrophy by flagellates.
Particles can contribute
information (genes) as well as

matter and energy
(endosymbiosis).

(3) Movement of water over, or ‘Passive’ flow due to currents, Vogel (1981)
through, benthic organisms waves, relative to attached Section 2.3.3
(e.g. sponges) aided by flagella organisms with no flow-
activity aids uptake of solutes, generating flagella or muscles;
particles. actomyosin driven pumping in

wall-less organisms.

(4) Flagellates can maximize Muscle-based movements can Raven and
acquisition of resources from also provide positioning in the Richardson
a spatially heterogeneous water column which, for large (1984)

Raven (1997¢)
Walsby (1994)

directions in waters with little movements. Muscle-based and Section 2.3.3

vertical water movement, pseudopodial (also actomyosin-

photosynthetic flagellates can based) movements can occur

position themselves with near- in sediments, as can gliding

optimal light availability motility, all at velocities

in daylight but deeper, in high adequate to move through

nutrient concentrations, at night.  the opposing gradients to

Can work in free water bodies appropriate day and night

and in sediments/soils, but limited positions. ‘Passive’ movements

to where vertical water movement related to buoyancy variations

is slower than speed of swimming. occur in cephalopods, teleosts, /continued
cyanobacteria and diatoms. overleaf
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Table 2.1 (continued)

Benefits of flagella and restrictions Alternatives to flagella in References
on their applicability providing the benefits supplied

by flagella and restrictions on

their applicability

(5) Flagellar mobility may help to Other (e.g. actomyosin-based, Gordon (1987)
remove motile organisms from ‘passive’ buoyancy-related, Hader and
physiochemically or biotically gliding) can be involved in Hader (1988)
damaging environments, although  avoiding damaging Raven (1988)
the flagellar apparatus is more environments. Raven (1991)
sensitive to UV-B than many cell Chrysophyte trichocysts Section 2.3.3
functions, and movement from a (as offensive/defensive
damaging radiation environment ‘ballistic missiles’) are only
using flagella depends on effective over a few pm even
appropriate water movement with a muzzle velocity of
regimes. 260 m s°!;‘cruise missiles’

(flagella-powered ‘torpedoes’)
would have a longer range.

(6) Dispersal and sexual reproduction Passive (borne on water Van der Haage
involves flagella in organisms currents) fertilization and (1996)
which are flagellate throughout dispersal is an important Serrdo et al.
their life as well as many of those adjunct to flagellar motility (1996)
which spend most of their time as of zoospores, flagellate sperm. Raven (1998a)
non-flagellate unicells or as Aquatic organisms with male Section 2.3.3

multicellular organisms with few gametes lacking flagella (red
or no flagellate cells. Limitations algae; pollen grains of

as for resource acquisition and seagrasses) can achieve
avoidance of damaging submerged external
environments; only works in water fertilization. Ballistic’ dispersal
or water films on terrestrial (fertilization) procedures much
organisms, or in internal more effective in aerial than
fertilization. aquatic habitats, especially on

a scale which is competitive
with flagellar activity.

achieved by diel vertical migrations such that the organisms are closer to the surface
in the daytime but deeper in the water body where nutrient concentrations are higher
at night (Raven and Richardson, 1984; cf. Rivkin et al., 1984). This will be considered
later (2.3.3b), but for the moment we note two further significant points. First, the
observed diel vertical migrations are sometimes in the ‘wrong’ direction (according to
the analysis earlier). Second, the execution of these diel migrations, and indeed of any
positioning of a flagellate relative to the surface, depends on the vertical movement of
water being slower than the speed at which the flagellate can swim.

The gradients of resources are much steeper in another major flagellate habitat,
that is, the surface of submerged and (moist) soils (Fenchel, 1987; Fenchel and Finlay,
1995). Here photosynthetically active radiation gradients found over metres or tens
of metres in the water body are found over millimetres in sediments. Flagellates in
these circumstances can also show diel migrations, modified by responses to tidal
cycles in marine and estuarine sediments (Round, 1981).

In addition to positive tactic (or phobic) responses to resources present in quantitles
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which are insufficient to saturate growth, there are also negative tactic or phobic
responses permitting flagellate organisms to move from environments with an excessive
level of a resource, for example, photosynthetically active radiation (Hader and
Griebenow, 1988; Raven, 1989). In many cases the environmentally correlated, and
damaging rather than nutritional, UV-B radiation acts to inhibit flagella activity, thus
preventing movement of the organism from the damaging UV-B and photosynthetically
active radiations (Hader and Hider, 1988; Raven, 1991).

Flagellar function is especially prone to damage by UV-B since it is impossible to
screen UV-B by sacrificial UV-B-absorbing materials on the medium side of the flagellar
plasmalemma (Raven 1991). The flagellar movements described so far in this section
are nutritional, although with genetic overtones in the acquisition of photobionts.
Motility using flagella also has a very obvious genetic role in those organisms which
have flagellate gametes and thus involve flagella motility in syngamy in essentially
full-time flagellates (for example Chlamydomonas spp.) as well as macroscopic
organisms with gametes (sometimes with assexual zoospores) as the only flagellate
stage in the life-cycle (see 2.2.2).

As with the specifically nutritional responses, the functioning of flagella in sexual
reproduction and in the location of physically and chemically appropriate places for
settlement of zoospores of benthic (attached) organisms are dependent on a
hydrodynamic environment which does not involve water movements at speeds greater
than those which can be countered by flagellar motility. Serrao et al. (1996) report an
important behavioural response in the brown alga Fucus vesiculosus; gamete (motile
flagellate spermatozoa; non-motile eggs) release is delayed until water movement is
not so fast as to eliminate pheromone-directed flagellar movement of sperms to eggs.

A concomitant of these different roles of the flagella in nutrition, dispersal and
sexual reproduction is that the flagellate organism or stage in the life-cycle must have
some sensor for environmental cues which permits it to perceive aspects of the physics
and chemistry of its environment, and in particular to perceive gradients in these
physicochemical properties, and to have a signal transduction pathway which yields
appropriate tactic or phobic responses. These responses involve cues such as
electromagnetic radiation (Hader, 1979; Hader and Griebenow, 1988), gravity (Hader
and Griebenow, 1988), (geo)magnetism (Torres de Araujo et al., 1986) and dissolved
chemicals including nutrient solutes (Amsler and Neushul, 1989) and (sex) pheromones
(Maier, 1995).

2.2.4 Alternatives to flagella

So far in section 2.2 the roles of flagella have, as is appropriate in this volume, been
described as a prelude to discussing (section 2.3) the costs and benefits of the flagellate
condition. However, there are alternative means of achieving many of the outcomes
of flagellar activity; these can also be subject to cost-benefit analysis.

First, the role of flagellar motility in rotating photolithotrophs as they swim, with
the consequent possibility of photosynthesis-enhancing fluctuations in photon supply
from a vector radiation field to different parts of the photosynthetic apparatus can be
(indeed, must be) mimicked for very small (picoplankton) cells by small-scale turbulence
causing rotation at the appropriate frequencies (Raven, 1994b). However, in these
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cases the small size of the cells means a very low absorptance even with the maximum
possible pigment content so that the gradient of light absorption across the cell diameter
in a vector light field is small, so the potential gain in terms of intermittency effects
enhancing photosynthesis are also small (Raven, 1994b).

Second, enhancement of chemical resource uptake by movement of the organism
relative to its environment can be also achieved for planktonic organisms by sinking
(or rising) relative to the surrounding water via density differences between the
organism and its environment (Raven, 1986, 1997¢; Walsby, 1994; Pahlow et al.,
1997) without the need for flagella.

Third, movement of water over the nutrient-absorptive surface of a benthic organism
as a means of preventing depletion of the local part of the bulk phase and/or disrupting
boundary layers which limit the rate of nutrient uptake (including respiratory and
photosynthetic gases, and particles) occurs by means of natural water movements
over attached organisms, and can even lead to ‘internal’ ventilation of macroscopic
multicellular organisms such as sponges (Vogel, 1981; Raven, 1993). Metazoa also
have the possibility of muscular (acto-myosin) activity in bringing about such
movements (see Raven, 1993).

Fourth, positioning organisms vertically in an aqueous environment with limited
vertical fluid flow, including the case of diel vertical migration, can also be accomplished
by muscular activity in larger metazoa (larger than a few mm) where the limitations
on the size of the organism which can be thus positioned and the vertical water
movement regime in which a given position can be maintained are both greater than
for the flagellar motility case (Section 2.3). Regulation of density relative to that of
the medium via gas vesicles (in prokaryotes), low-density solutions in aqueous vacuoles
or extracellular spaces (in marine eukaryotes), or gas bladders in teleosts, as a means
of reducing overall density, and solid or dissolved ballast as a means of increasing
overall density is a further means of achieving a given vertical position in a water
body (Raven, 1997c; Walsby, 1994).

Fifth, for wet soils and sediments, vertical positioning can be achieved by gliding
motility (on the solid surface by some bacteria, including cyanobacteria, and
eukaryotes, including many desmids and pennate diatoms) in the same size range as
those with flagellar motility. Although gliding motility typically gives movement rates
which are one to three orders of magnitude lower than flagellar motility, the distances
through which movement occurs in achieving a given fractional change in resource
availability are correspondingly smaller in the much steeper gradients in particulate
habitats (Fenchel, 1987; Fenchel and Finlay, 1995; Raven, 1993, 1997); non-motile
(filamentous) organisms in or on soil or sediment can compete with motile cells (Carlile,
1994; Raven, 1981).

Sixth, reproductive (sex, dispersal) roles of flagella are replaced by a number of
other mechanisms in organisms which lack flagella. Amoeboid gametes (those motile
via an actomyosin-based mechanochemical transducer) characterize several taxa with
gamete transfer via a conjugation channel between walled cells (for example oomycetes,
conjugalean green algae) and in some organisms where gametes are not constrained
by walls at the time of syngamy (for example, pennate diatoms). Here motility is
constrained relative to that of flagellate gametes by the need for a solid surface (provided
by the inside surface of cell walls in oomycetes and conjugalean algae) and by the
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slow speed of amoeboid movement which, like gliding motility (see point five), is at
least an order of magnitude lower than that of typical flagellar motility.

The Rhodophyta (like the conjugalean charophyceans) lack flagella, and their male
gametes and spores (tetraspores and carpospores) are dispersed by water currents as
are the pollen grains of seagrasses (van der Haage, 1996; Raven, 1998a) The limited
data on fertilization success in these organisms suggest that it is not lower than for
macroalgae with flagellate iso- or aniso-gametes, or male gametes, in similar habitats

(Table 2.1).

2.3 Cost-benefit analyses of the flagellate condition

2.3.1 Background to cost-benefit analyses

Measurements, or failing that quantitative estimates, of the benefits accruing from
the production, maintenance and operation of a given structural or functional trait
can help to evaluate the possible evolutionary significance of that trait in cost-benefit
analyses. Such analyses ultimately depend on assumptions related to optimal allocation
of resources in the organism, that is, that any allocation of resources other than the
one observed in a given environment means a lower inclusive fitness for the organism
(Dennett, 1996). More immediately, the cost-benefit analysis depends on the cost(s)
and the benefits(s) being expressible in the same units. This is particularly problematic
when the costs are in energy or chemical resource units while the benefit is in terms of
dispersal or genetic recombination. The analysis is complicated (or even vitiated) if
some costs are neglected and/or some benefits are not identified. In the case of multiple
benefits the question of weighting the various benefits is also a significant problem.
Undeterred by these considerations, Section 2.3.2 considers costs of flagella while
2.3.3 aims to quantify some benefits.

2.3.2 Costs of flagella

Consideration of the costs of flagella includes the resource costs of producing,
maintaining and operating flagella, the resource costs of necessary corollaries of
flagella such as the contractile vacuoles of freshwater flagellate cells, and the growth
and maintenance costs of flagellate as opposed to non-flagellate cells (Table 2.2).

Capital costs

The resource costs of producing flagella are discussed by Raven and Richardson (1984)
in the context of the overall resource costs of cell synthesis discussed by Raven (1982;
cf. Raven and Beardall, 1981). For a dinophyte cell of 25 um effective spherical radius
and with a total flagella length of 250 um, the energy, C, N and P needed to synthesise
the flagella is not more than 10-3 that of synthesis of the rest of the cell (Raven and
Richardson, 1984). These calculations take into account the genetic costs of flagella
in the sense of the cost of replicating and maintaining, as well as of transcribing and
translating, the genes associated with the flagella.
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Table 2.2 Costs of flagella

Costs of flagella

Costs of alternatives to flagella

References

Q)

()

(3)

Capital costs

Flagellar apparatus (including
basal bodies) for a 25 ym
equivalent spherical radius cell
costs not more than 10-3 of
synthesis of rest of cell in
carbon, nitrogen, phosphorus,
or energy terms.

For freshwater organisms, a
contractile vacuole mechanism
of volume regulation (active water
efflux) is needed; this again
costs less than 10-3 of the rest of
the cell in C, N, P or energy
terms for its synthesis.

Running costs

Minimum work done against
viscous drag for a 25 pm
equivalent spherical radius cell
moving at 500 pm s-! uses less
than 10-4 of energy consumed

in growth. Maximum mechanistic
cost based on dynein content
and a specific reaction rate of
100 s-! is still less than 10-3 of
energy consumed in growth at a
specific growth rate of 8.10-¢ s-!I.

Maintenance costs

Replacement of damaged proteins
in flagella for a 25 pym equivalent
spherical radius cell with 250 pm
of flagella costs less than 10-3 that
of protein ‘repair’ of the rest of
the cell; a similar argument can

be made for the costs of
recouping solute leakage through

membranes.

The cost of operating the
contractile vacuole apparatus in
freshwater flagellates may be as

Costs of amoeboid or eukaryotic
‘gliding’ motility on a surface

are less readily quantified than
are costs of the flagellar
apparatus, but costs are

unlikely to be significantly less
than thoseof flagella.

The same applies to muscular
mechanisms of motility in a
bulk water phase, or a solid
surface or in flying.

‘Passive’ means of adjusting
buoyancy (e.g. gas vesicles/
ballast of prokaryotes; aqueous
vacuoles of marine phyto-
plankton) not less than costs
of flagella.

For freshwater organisms
amoeboid movement at least
also involves contractile vacuoles.
Capital costs of all walls as
volume-regulating organelles cost
two orders of magnitude more
than contractile vacuoles in
energy and carbon terms.

Minimum work done against
viscous drag for an organism
of a given size moving at a
given speed is the same
regardless of the means of
mechanochemical conversion.

Mechanistic cost depends on
the effectiveness of coupling
of the molecular water to
macroscopic mechanism of
movement.

Replacement of damaged
components of other material
proteins (mainly actomyosin)
and associated skeletal
elements in amoeboid and
muscular movement is likely
to be at least as costly as in
the case of flagella.

The cost of operating the
volume-regulating contractile
vacuole apparatus in amoeboid
freshwater organisms is similar

Raven (1982)
Raven and
Beardall
(1981)

Raven and
Richardson
(1984)
Walsby
(1994)
Section 2.4.1

Raven (1982)
Raven and
Beardall
(1981)
Raven and
Richardson
(1984)
Section 2.4.1

Raven (1982)
Raven and
Beardall
(1981)

Raven and
Richardson
(1984)
Section 2.4.1
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Table 2.2 continued

Costs of flagella

Costs of alternatives to flagella

little as 10-4 of the energy used in
growth of a specific growth rate
of 6.10-8 s-! when considered on
a minimum thermodynamic cost
basis, while a mechanistic
estimate is 2.10-3 of the energy
used in growth at the maximum
specific growth rate, using a very
low estimate 10-'5> m s-! Pa-! for
the plasmalemma. Even with a
higher 10-'4 m s-! Pa-! estimate of

to that of flagellates, as is that
of operating the volume-
regulating system of freshwater
metazoa.

Cell walls as volume regulators
in non-flagellate organisms (and,
in flagellates, cells, as structures
without the possibility of
volume regulation) have low
maintenance costs relative to
those of contractile vacuole

hydraulic conductivity the function.
minimum thermodynamic and

mechanistic estimates are only

10-3 and 2.10-2 respectively of

the energy used in growth at

the maximum specific growth rate.

Running costs

The resource costs of operating the flagellar apparatus were approached by Raven and
Richardson (1984) by computing both the minimum energy input needed to overcome
viscous forces to yield movement at the observed velocity, and the maximum energy
which can be dissipated if the mechanochemical conversion apparatus (tubulin-dynein) is
operating at its most likely maximal rate. For the model dinophyte considered in the
capital costs section, moving at the relatively high rate of 500 pm s the work done
against viscous forces is 1.19.10-3 W per cell, which is less than 0.1 of the computed
power output as ATP in maintenance respiration for an otherwise similar non-motile cell,
and less than 104 of the maximum mechanistic power consumption in growth at a specific
growth rate of 8.10 s (Raven and Richardson, 1984). For the maximum mechanistic
power requirement for motility based on the content, and specific reaction rate, of the
dynein ATPase, Raven and Richardson (1984) computed a power consumption in flagellar
activity, with a dynein specific reaction rate of 100 s1, of 1.38.10-12 W per cell for the
model dinophyte cell discussed in the section on capital costs. This value is equal to the
energy output of maintenance respiration rate of a non-flagellate cell, but is still less than
10-3 of the maximum mechanistic power consumption in growth at a specific growth rate
of 8.10 s (Raven and Richardson, 1984). Motility has, of course, no direct running
costs in terms of consumption of resources such as N and P, but uses C in the sense of
producing carbon dioxide in respiratory processes energizing maintenance.

Maintenance

The maintenance of flagella (even in the absence of flagellar operation) also has
energy costs, in that flagella become damaged and must be replaced. Furthermore,
the flagellar plasmalemma leaks solutes and water when these are maintained out
of energetic equilibrium across the membrane, with energetic costs of maintaining
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these gradients via energized fluxes countering the leakage fluxes, as well as costs of
protein turnover.

The model dinophyte considered in the section on capital costs has less than 10-
3 of its total protein in the flagella, so that if the protein damage (and hence
resynthesis) rate is the same for flagellar proteins as for the mean of total cell proteins,
then the maintenance energy costs of flagellar protein ‘repair’ are less than 10-3 of
the total protein resynthesis costs for an equivalent non-flagellate cell. A similar
argument can be made for solute leakage, since the flagellar plasmalemma area of
the model dinophyte is only 2.102 of the total plasmalemma area. However, the
occurrence of functional flagella in freshwater organisms dictates that the necessarily
higher internal than external osmolarity and the attendant tendency for water to
enter cannot be constrained by a rigid cell wall which permits turgor generation
and volume regulation (Guillard, 1960; Raven, 1976, 1982, 1993); the need for
movement of part of the plasmalemma relative to another part in flagellar motility
means that a turgorresistant wall is not compatible with motility. These
considerations also apply to actomyosin-based motility, whether this involves
amoeboid movement of single cells or muscular activity in metazoa, and to centrin
(spasmoneme)-based movement in certain ciliates. Here the whole plasmalemma
area of the cells is involved, and not just (in the case of flagellates) the plasmalemma
of the flagella. We note that the frequent flagellar correlate of phagotrophy is not
obviously compatible with the occurrence of a cell wall covering the whole cell with
the exception of the flagellar axes, although Raven (1993) points out that multiple
entry symbionts into walled higher plant cells occurs many times in the ontogeny of
individual plants with intracellular N,-fixing symbionts.

Raven (1982) has computed the minimum and mechanistic energy costs of
operation of the contractile vacuole mechanism of water expulsion in freshwater
flagellates. Raven (1982) deals with spherical flagellate cells of 5 um and 10 um
radius. Applying these computations to the model dinophyte considered earlier and
in Raven and Richardson (1984) shows that with L, (hydraulic conductivity of the
plasmalemma) of 10-1* m s Pa! and a driving force for water entry of 2.105 Pa
(Raven 1982) the water influx is 1.57.10-17 m3 per second in a 50 um equivalent
spherical radius cell. The minimum rate of energy consumption in water expulsion
is then the rate of water influx (= rate of water efflux in the steady state) of 1.57. 10
17.m3 per second per cell times the driving force for water entry (2.105 Pa=2.105 N
m2=2.105 ] m3) or 3.14.10-12 W per cell. Since the power consumption in growth
of 4.89.10° W per cell for a growth rate of 8.10-¢ S (generation time of twenty-
four hours), contractile vacuole operation uses a minimum of 6.42.10-+ of the energy
used in growth.

Turning to a mechanistic estimate of the energy costs of water expulsion, the
estimates of Raven (1982) must be considered in relation to recent findings that the
contractile vacuole membrane is energized by a V-type H* ATPase (Heuser et al.,
1993; Robinson et al., 1998) with a presumed H+: ATP of 2. This H+ ATP
stoichiometry would permit the KCI: ATP stoichiometry of 1 proposed by Raven
(1982), so that the ATP cost of water expulsion by a mechanism of KCI secretion
(with water) into the contractile vacuole with subsequent KCI resorption (without
water) and water expulsion is 100 mol ATP per m3 water expelled. With 55 k] per
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mol ATP hydrolyzed this involves an energy consumption of 5.5 M]J per m3 water
expelled; with 1.57.10-17 m3 water expelled per second per cell (see above) the power
required is 8.66.10-1' W per cell, or 0.018 of the mechanistic energy requirement for
growth at a specific growth rate of 8.10-¢ s, and significantly more than the energy
available from maintenance respiration in a comparable non-flagellate cell. Raven
(1982) points out that the L_ value of the plasmalemma of freshwater flagellate and
amoeboid cells may be as low as 10-15 m s-! Pa-l, presumably involving the absence
of aquaporins (Maurel, 1997), reducing the energy costs for water expulsion by an
order of magnitude to 3.14.10-13 W per cell as the minimum energetic cost and
8.64.10-12 W per cell as the mechanistic cost, respectively 6.42.10-5 and 1.8.10-3 of
the energy used in growth at 8.10-6 s-1.

The mechanistic considerations by Heuser ef al. (1993) of contractile vacuole
operation, suggesting that water may be excreted as a NH,* HCO, solution isoosmotic
with the cytosol using excretory products of chemoorganotrophic metabolism
(respiratory CO,, and NH,) is not readily related to the metabolism of photolithotrophs
(Robinson et al., 1998; cf. Raven, 1997b). At all events the energy cost of the mechanism
of water excretion (iso-osmotic with cytosol) of Heuser et al. (1993) might, at its
most efficient, be half that suggested by Raven (1982). However, the operation of the
contractile vacuole system would still be significantly more energetically expensive
than the operation of the flagella. Such considerations would also apply to actomyosin-
or centrin-based motility systems in freshwater protists.

A final consideration here is the occurrence of cell walls. Raven (1976, 1982)
pointed out that cell walls could not act in turgor resistance in flagellates, since
there must be (flagellar) plasmalemma not covered by cell wall if the flagella are to
function in motility. It is also clear that cell walls (and the looser-fitting loricas) of
flagellates cannot grow by plastic extension driven by turgor (see Harold et al.,
1995, 1996; Pickett-Heaps, 1998). Computations in Raven (1982) show that the
capital resource cost of volume regulation by cell walls (which have no running
costs) exceeds the capital and running resource costs of water excretion in unicells
growing at high specific growth rates, but that similar cells with slow, or no, growth
have lower energy costs of volume regulation by cell wall synthesis than by water
excretion. This resource costs argument could help explain the occurrence of walled
cysts as resting stages in some flagellates (chrysophytes sensu lato; dinophytes)
(Raven, 1982).

The multiple functions of cell walls could help to explain in selective terms their
occurrence in some flagellates, for example Chlamydomonas spp. (Chlorophyceae)
where protection could be a cell wall role, and in Dinobryon spp. (Chrysophyceae)
where the lorica not only acts in protection but also alters the hydrodynamics of
swimming cells and increases the chance of phagotrophy, albeit at the expense of
increasing drag during swimming. In concluding this consideration of cell walls and
flagella motility, we return to a point presaged in Section 2.1. This concerns the
prokaryotic flagella of Bacteria and Archaea. These function in motility of walled
cells using proton or sodium free energy gradients across the plasmalemma by acting
as ion channels; since these channels do not conduct water to a significant extent they
can and do function in walled, turgid cells. Similar considerations probably apply to
the case of gliding motility in prokaryotes.
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Summation of costs in terms of growth and survival

The measured and (more usually) estimated costs discussed in this section should be
detected in terms of growth rates or survival times measured under conditions in
which the benefits of flagella (sections 2.2, 2.3.3) are not expressed. For growth the
conditions which eliminate the benefits of flagella are clearest when all resources are
present in optimal supply, so that any role of flagella in stimulating resource acquisition
is discounted. Here the diversion of resources to producing, operating and maintaining
flagella might be expected, using optimal allocation arguments, to reduce the maximum
specific growth rate to that of an otherwise comparable non-flagellate organism (Raven,
1986, 1994a). For resource-limited growth the resource whose supply is limiting growth
must not be one whose supply is enhanced by flagella activity; an example is light
limitation with fluctuations in photon flux density at the frequency of rotation during
flagella motion (section 2.2.3). In the case of survival under conditions in which growth
cannot occur, there is little possibility that flagella activity could enhance resource
supply to an extent that would increase the potential for energy-requiring maintenance
processes.

The available data on growth rates of flagellate and the most directly
(phylogenetically) comparable non-flagellate organisms do not yield any obvious
differences in maximum specific growth rate between flagellates and non-flagellates
(data in Raven, 1986, 1994a, 1994c, 1998b, 1999; Strom and Morello, 1998).
However, no studies seem to have been conducted which set out to compare the
maximum specific growth rate of flagellates and non-flagellates. There seem to be no
data available which fulfil the criteria set out above for comparisons of resource-
limited growth rate and survival of non-growing conditions of flagellates and of closely
comparable non-flagellates. Further work is clearly needed here, bearing in mind
constraints on the resolution of differences in growth rate between otherwise similar
flagellate and non-flagellate cells, as a result of genetic variation in the specific growth
rates among clones of the same morphological species isolated from the same water
body (Brand, 1981). The ratio of minimum/maximum growth rates varies among
species from 0.3-0.8 with a coefficient of variation ranging from 3-13 per cent (Brand,

1981).

2.3.3 Benefits of flagella

This attempt to quantify the benefits of flagella does not attempt to cover all of the
benefits of flagella mentioned in a qualitative context in Section 2.2. The emphasis
here is on the benefits which can be most readily expressed in terms of the costs of
flagella production, maintenance and activity, that is, energy, C, N, and P. Accordingly,
the first cases considered concern the benefits of flagellar activity in acquisition of
resources in, respectively, media which are (at the spatial scale of a benthic organism)
homogenous with respect to the resource under consideration (i), and media which
are (at the spatial scale of the planktonic organism’s capacity to move in space)
heterogeneous with respect to the resources under consideration (ii). After this there
is a brief consideration (iii) of the benefits which are less readily related quantitatively
to the costs of the flagellate condition.
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(i) This consideration of the quantitative benefits of flagella in resource acquisition by
benthic organisms in what is, at the scale of the organism, a homogenous resource
supply environment takes as an example benthic photosynthetic flagellates (Sand-
Jensen et al., 1997) and sponges. For marine sponges with cyanobacterial photobionts
(Cheshire and Wilkinson, 1991; Wilkinson et al., 1988; Wilkinson, 1992) it is likely
that the flagella-driven flow of seawater through the colony is required to supply
inorganic carbon from seawater to the cells containing cyanobacteria at the rate
required to account for the observed rate of photosynthesis (Raven, 1993; Raven and
Cheshire, unpublished). Furthermore, the energy costs of flagellar synthesis,
maintenance and operation are less than the benefits from increased rates of light
energy acquisition in photosynthesis as a result of the flagella-enhanced inorganic
carbon supply in natural light environments (Raven and Cheshire, unpublished). The
nutritional benefits of flagella activity for benthic organisms in a homogenous
environment can also be obtained, probably for similar resource costs, by
actomyosinbased amoeboid and muscular movements (see Raven, 1981, 1993) for
phototrophs, saprotrophs and phagotrophs.

(ii) The quantitative benefits of flagellar motility on resource acquisition from a spatially
heterogeneous resource supply environment in relation to the costs of flagella activity
have been considered by Raven and Richardson (1984; see Lieberman et al., 1994)
for planktonic flagellates. As was pointed out earlier (Section 2.2.2 ) the diel vertical
migrations of photosynthetic flagellates could only yield resource acquisition benefits
in excess of costs when vertical water movements are slower than the swimming
speed of the motile organisms.

This analysis (Raven and Richardson, 1984) shows that the resource (energy,
nitrogen, phosphorus) acquisition benefits of diel vertical migrations can exceed
the resource costs (energy, nitrogen, phosphorus) of producing, maintaining and
operating flagella (Table 2.1). This conclusion is based on the observed rates and
extents of diel vertical migrations in natural populations, the attenuation of
photosynthetically active radiation down the water column, and the concentration
gradient of available nitrogen and phosphorus sources from the deeper, high-nutrient,
predominantly chemoorganotrophic deeper waters to the low nutrient,
predominantly phototrophic surface waters (Raven and Richardson, 1984). The
conclusions from this analysis apply to freshwater as well as to marine flagellates
despite the necessary resource costs of contractile vacuoles and their operation in
freshwater flagellates, and also to flagellates in the steeper light and nutrient gradients
in soil and aquatic sediments.

As with the discussion under (i), it is desirable, and to some extent possible, to
compare the benefits and costs of motility induced by non-flagellar mechanisms with
those of motility involving other mechanisms. For organisms in open water, the
alternatives for diel (or longer-periodicity) vertical migrations are gas vesicles (in
cyanobacteria) and aqueous vacuoles containing a low-density solution which occupy
a large fraction of the volume of the protoplasts (in large-celled eukaryotes, a
mechanism which can only function in higher-density salt waters). Walsby (1994) has
shown that the resource costs of the production of gas vesicles in cyanobacteria exceed
that of flagella in eukaryotes, a conclusion which stands even when resource costs of
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flagellar operation are considered. Nevertheless, the resource acquisition benefits of
vertical migrations related to gas vesicle operation can exceed the resource costs of
their production (and of carbohydrate ballast production) (Walsby, 1994). The
resource-acquisition benefits of vertical migrations related to (aqueous) vacuolar density
changes can also exceed the costs (Raven, 1997c¢).

In soil or sediments the alternatives to flagella motility in maximizing resource
acquisition on a twenty-four-hour basis by diel vertical migration are gliding motility
and amoeboid movement over a solid (sediment) surface. Here the steep gradients of
light and of nutrients means that the slow speeds possible with gliding and amoeboid
movements are adequate to permit diel vertical excursions of a few mm, which spans
the whole of the depth sediment with sufficient light for net photosynthesis, and a
substantial nitrogen and phosphorus gradient while the minimum energy cost of
movement deduced from minimum energy expended in overcoming friction is similar
to that of flagellar movement. Thus, the resource acquisition benefits of motility exceed
the resource costs in certain environments for gliding as for flagellar motility (Raven,
1983; Raven and Richardson, 1984; Table 2.1).

(iii) For the potential benefits of flagellar activity which do not involve the acquisition
of resources which can be expressed in the same units as the costs of flagellar motility,
quantitative cost-benefit analyses are more difficult. No such quantitative analysis
will be attempted for the reproductive (sex; dispersal) advantages of flagellar motility.
However, such analyses can be performed for the avoidance of damage to the
photosynthetic apparatus by high flux densities of photosynthetically active or UV-B
radiation by flagellar (or other) motility. In the case of UV-B, the use of motility to
move the organism to a lower flux density of UV-B is, as was shown in 2.2.2, reduced
to the extent that motility is very sensitive to UV-B damage. For photoinhibition by
photosynthetically active radiation, the sort of cost-benefit analysis performed by
Raven (1989, 1994d) for the leaf-folding mechanism of the terrestrial flowering plant
Oxalis spp. can be applied to motility by flagellates or to gliding motility. Such an
analysis yields similar results in terms of a net energy gain from motility as from the
avoidance reaction, that is, the cost of producing and operating the motility mechanisms
can be less than the benefit of reducing the amount of foregone photosynthesis due to
photodamage or thylakoid-level avoidance mechanisms. The requirements for a net
energy gain by this motility-dependent mechanism of limiting photoinhibitory energy
costs relative to the absence of motility includes the speed at which the organisms can
move relative to the photosynthetically active radiation attenuation coefficient of the
environment and the rate of increase of surface photon flux density, and the frequency
with which such rapid increases of photon flux density occur. In view of the much
greater light attenuation relative to the speed of swimming in sediments, the motility
option for minimizing the effects of photoinhibition may show a higher benefit:cost
ratio than it would in open water.

This consideration of the cost-benefit analysis of avoidance of photoinhibitory
damage returns us to the problem (section 2.3.1) of multiple benefits of a given cost.
In this case the cost is that of flagella production while the benefits are the optimization
of resource (photons, nitrogen and phosphorus) acquisition over a twentyfour-hour
period including, in this case, the benefit of maximizing net energy acquisition by



The flagellate condition 43

motility-related avoidance of photoinhibition. Here the additional benefit of
photoinhibition avoidance can be regarded as an extension (in the same resource
units) of the original cost-benefit analysis.

2.4 Flagellate opportunities and limitations

2.4.1 Opportunities

The wide range of functions of flagella discussed in Section 2.2, and the quantitation
of some of the benefits relative to costs in 2.3, show that flagella have contributed to
a great diversity of functions in eukaryote evolution, and that in some cases the
evolutionary fitness of the functions can be, at least in part, rationalized in quantitative
cost-benefit analyses.

2.4.2 Limitations

There are constraints on the range of sizes of flagellate organisms which can live as
self-motile organisms. Thus, there is an upper limit on the size of free-swimming
flagellates (including ciliates) in the form of ctenophores which are much smaller
than the largest muscle-driven motile organisms (blue whales). For photosynthetic
organisms, regardless of their mechanisms of mechanochemical transduction, there is
an upper limit on size related to the area for photon absorption for motile
photolithotrophs or ‘solarmobiles’ (Grassmann, 1988).

There is also a minimum size of flagellate related to the fixed diameter of the
axoneme and the minimum length of axonemes which is functional in generating
motility as a function of the size of the rest of the cell (Raven, 1986). This imposes a
lower size limit not much smaller than the smallest known flagellates (Raven, 1998b,
1999; Sieburth and Johnston, 1989). Phagotrophic flagellates may have a lower size
limit imposed by predatorrprey size ratio considerations, and the smallest size cells
which could be prey (Hansen et al., 1997; Raven, 1998b 1999); other phagotrophs
(for example, amoebae) would be similarly constrained.

2.4.3 Limitations and opportunities: the case of Volvox

Kirk (1998) has produced a scholarly account of the ecology, evolution, development
and molecular cell biology of the polyphyletic genus Volvox, the largest motile
phytoplankton organism, distinguished by predominantly motile spheroids of a
thousand or more chlamydomonad cells at least 1 mm in diameter swimming at 1
mm per second or more and executing diel vertical migrations of up to 18 m. The
distinction between ‘mortal’ somatic cells and ‘immortal’ germ cells in the asexual
reproductive cycle of Volvox spp. has important evolutionary and developmental
implications. Kirk’s (1998) account puts these various aspects of the biology, ecology
and phylogeny of Volvox into the context of its flagellate condition, drawing
particularly on the work of Bell (1985), Koufopanou (1994) and Koufopanou and
Bell (1993; see also Bell and Mooers, 1997): see Raven (1998c¢).
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It is clear that the volvocines are dependent on their flagella in their natural
environment, and there is reasonable evidence that the possession of flagella whose
basal bodies act as centrioles in cell division in a walled cell whose ecology is based on
continuous flagellar function favoured the evolution of multiple fission (a way to
multicellular organisms), and also favours a germ/soma distinction, keeping the organism
motile during cell division (Kirk, 1998). Clearly colonial motile photosynthetic flagellates
are common not only among the Chlorophyceae but also in the Haptophyceae
(Corymbellus) and the Chrysophyceae sensu lato (that is, including Synurophyceae),
where Uroglena (Chrysophyceae sensu stricto, in gelatinous colonies up to 150 pm
diameter) and Synura (Synurophyceae, lacking gelatinous material between cells, colonies
up to 100 pm diameter), although there are larger planktonic non-photosynthetic
choanoflagellate colonies (Patterson, 1996; van den Hoek et al., 1995). However, none
of these colonies achieve the size of Volvox, nor are they differentiated into soma and
germ. Furthermore, their cell division involves binary fission, flagellar basal bodies do
not function as centrioles, so even when there is a rigid cell covering (for example the
loose-fitting lorica of Dinobryon), swimming is not necessarily prejudiced by cell division.

2.5 The flagellate condition: conclusions

The flagellates are major primary producers and phagotrophs (and significant
saprotrophs) in the 2 um—2mm size range in many habitats with a continuous aqueous
phase. Their key feature of motility away from a solid surface (and of causing water
motion over cells and over or through multicellular organisms) has important resource
retention, resource acquisition and reproductive benefits (Section 2.2) which, in some
cases, can be shown to exceed very significantly the direct and indirect costs of flagellar
motility as shown by quantitative cost-benefit analyses (Section 2.3). Such cost-benefit
analyses are more readily conducted for benefits (energy, C, N, P) which can be easily
expressed in the same units as the direct and indirect costs of flagella synthesis,
maintenance and operation.

Flagellates cannot have a cell wall which is functional in turgor generation or in
protecting the whole of the plasmalemma from physical or biotic damage. The absence
of a cell wall is prerequisite for phagotrophy, although a lorica (Dinobryon) or collar
(choanoflagellates) can aid phagotrophy by modulating flagella-induced feeding
currents. Mixotrophy (photosynthesis by phagotrophs) is common among free
swimming flagellates (and ciliates), where it can be a result of kleptoplasty or
maintenance of microalgal food items as endosymbionts by essentially
chemoorganotrophic phagotrophic flagellates, as well as by phagotrophy by
photosynthetic flagellates with (genetically integrated) plastids. Mixotrophy can help
to achieve a balanced resource input (energy, C, N, P) in habitats where phagotrophic
chemoorganotrophy or photolithotrophy alone cannot.

Some of the benefits of the flagellate condition can be achieved in other ways.
Examples are motility, buoyancy regulation and muscular activity in causing motility
in open water, and of gliding and amoeboid movement over surfaces and particulate
environments, and phagotrophy by amoeboid cells. Where quantitative comparisons
are possible of costs and benefits of flagellar operation with that of the alternative
means of attaining similar ends, it appears that the flagellates have no greater costs
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per unit benefit, and sometimes lower costs, than in the case of the alternative
mechanism of motility. To some extent the superiority may be a result of comparing
the performance of flagellates with other organisms under flagellate-optimized
conditions (for example of organism size).
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Chapter 3

Mechanisms of flagellar propulsion

Michael E.J.Holwill and Helen C.Taylor

ABSTRACT

Flagellar bending is caused by the action of molecular motors—dyneins—distributed
internally along the length of the organelle. The basic internal structure of eukaryotic
flagella is the axoneme, which consists of a set of nine doublet microtubules arranged
cylindrically around a pair of single microtubules. A computer model of axonemal
structure has been generated, based on electron micrographs of flagella prepared in
different ways, and is being used to evaluate the relationships between features of the
axoneme. Flagella can adopt a wide range of bend patterns, both two-and three-
dimensional, with different degrees of asymmetry. Application of objective methods
shows that planar bends on both smooth and hispid flagella iz vivo consist of circular
arcs separated by straight regions, suggesting that the bend shape is an intrinsic
characteristic of the axoneme. The interaction of a flagellum with its liquid environment
produces propulsive forces which are dominated by viscosity. Calculations of the
propulsive thrust yield velocities in reasonable agreement with observation. The energy
dissipated against external viscous forces can be calculated and used in assessments
of motor action. During bend formation and propagation, the motor molecules, which
are arranged along each doublet in two rows of composite structures known as inner
and outer dynein arms, undergo cyclic activity to cause microtubule sliding. The outer
dynein arms appear to control beat frequency while the inner arms influence bend
symmetry. Complete arms and individual motor molecules extracted from flagella
can be distributed on a glass surface and activated to transport isolated microtubules.
Dynamic computer modelling is used to study the activity and mutual interaction of
arms in assemblies for comparison with these in vitro preparations. Theoretical
predictions based on separate models incorporating either random or co-ordinated
arm action are in accord with experimental results, and more experimental data are
needed to differentiate between them. Development of the computer models will allow
the incorporation of mechanical parameters, such as the forces generated by the motors
and the elastic properties of the microtubules, with the ultimate goal of constructing
a functional model of the flagellar axoneme.

3.1 Introduction

The most characteristic and visible attribute of a eukaryotic flagellum is its oscillatory
movement, which takes the form of a succession of bends propagated more or less
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regularly along the organelle. Flagellar bends may be two- or three-dimensional,
with successive bends propagated with different phases and amplitudes, giving rise
to movements ranging from symmetric waves to a highly-asymmetric breast-stroke
action. In most flagella, bends are propagated only from the flagellar base; in some
cells, however, bend propagation from the flagellar tip is normal, with reversal of
the propagation direction being a common feature of the motion. Although flagellar
bend patterns show considerable variety from one species to another, the basic
structure of all flagella is the same, consisting of an assembly of nine microtubule
doublets (bearing the motors and other significant structures) surrounding a pair of
single microtubules and associated structures; this familiar 9+2 arrangement of
microtubules, with a diameter of about 0.2 pm, is the flagellar axoneme. Since
activity of the same arrangement of motors and other structures gives rise to a
range of bend patterns, the motor mechanism itself must be controlled in different
ways in different organisms.

In this chapter we will examine the propulsive forces which arise from interactions
between the bending flagellum and its liquid environment and which cause either
the locomotion of the flagellate or the generation of a liquid current flowing past
the organism. Flagellar bending is the result of relative sliding between the
microtubule doublets caused by the action of molecular motors distributed along
the doublets as two rows of inner and outer arms; axonemal structures restrict the
sliding in a controlled way to generate bending. We will discuss how detailed
quantitative knowledge of flagellar bend patterns provides information about the
in vivo activity of the motors and their interaction with other axonemal structures.
In vitro studies of motor action will be described, and we will show how they may
be interpreted by static and dynamic computer-modelling techniques to contribute
to our understanding of motor action; these techniques allow us to predict
conformational changes in an individual motor. The use of these and related
techniques, suitably developed and combined with appropriate critical experimental
observations, will help in the elucidation of the functions performed by the various
structures within the axoneme.

3.2 Patterns of flagellar movement

Since flagellar beating results from the action of molecular motors in the axoneme,
the macroscopic bend patterns provide information about the activity of the motors,
their interaction with other structures to deform the axoneme and their control in
bend propagation. The propulsive forces produced by flagella can be estimated by
examining their hydrodynamic interaction with the fluid environment; to do this a
detailed knowledge of the beat characteristics is needed. It is appropriate to summarize
first the different beat patterns observed and then to consider the information that
can be derived from a critical evaluation of the motion.

The range of flagellar beat patterns recorded for the flagellates is wide, with
both two- and three-dimensional bend propagation being common. Beat frequencies
are generally in the range 5 Hz to 100 Hz, with bend amplitudes commonly between
2 um and 5 pm. In most species, bends are initiated at the flagellar base and propagate
distally; exceptions are cells in the Trypanasomatidae, where the forward motion
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consists of waves propagating proximally from the flagellar tip. Under certain
conditions, the Trypanasomatidae reverse their swimming direction by propagating
bends from the base; occasionally bends have been observed propagating in both
directions simultaneously on different regions of the same flagellum (Holwill, 1965).

While many of the Trypanasomatidae have undulating membranes which obscure
the characteristics of flagellar bending, the proximally-directed bends on Crithidia
oncopelti can be symmetric. By contrast, flagella of many cells execute asymmetric
two-dimensional beat patterns; for example the biflagellate Chlamydomonas
propagates mirror-image asymmetric bends distally along its two flagella to give the
appearance of a ‘breast-stroke’ action (Holwill, 1966). The two flagella on some
organisms, such as the dinoflagellates, have different individual beat characteristics,
with, for example, one flagellum propagating planar bends and the other executing a
three-dimensional movement.

It is likely that all flagellates have avoidance or tactic responses involving a change
in flagellar action, demonstrating that the cells can exert considerable control over
the movement of their flagella. The response takes different forms for different species.
In the Trypanasomatidae the direction of wave propagation is reversed, the bends
become more asymmetric and are generated at a lower frequency than during normal
locomotion. In other species, the direction of bend propagation remains unchanged,
but the flagella are reoriented and the bends have an altered waveform compared to
that of normal motion (for example Holwill, 1994).

3.3 Bend shapes

Flagellar bends are formed and propagated by the action of the internal motor
machinery. The precise shapes of bends therefore provide information about the motors
and their interactions with structures in the axoneme. In early analyses (for example
Machin, 1958) the waves were assumed to be sinusoidal, but Brokaw and Wright
(1963) used visual curve-fitting to suggest that the waves on the longitudinal flagellum
of the dinoflagellate Ceratium are composed of circular arcs joined by straight sections.
Such a bend shape may imply that the motor mechanism responsible for bending the
flagellum is capable of rapid conformational change, to give the transition between
straight and curved flagellar regions, and also predicts that the relative sliding between
doublets should be evenly distributed through a bend. A variation of this shape, the
gradient curvature model, in which the curvature changes linearly with distance in
the central region of a bend, has been considered by Eshel and Brokaw (1988). Bend
initiation by a sinusoidal oscillator can produce a sinegenerated curve, which has also
been studied (Hiramoto and Baba, 1978; Eshel and Brokaw, 1988). The meander, a
curve that minimizes elastic potential energy for bending systems under certain
conditions, has been considered by Silvester and Holwill (1972). All these curves have
a similar appearance (Figure 3.1), though each is distinguished easily from the cosine
wave. These bend shapes do not form an exclusive set, and others, such as the catenary,
are potential members. The subtle differences between the curves cannot be detected
easily by eye and yet, as implied above, each has a particular significance for flagellar
motor mechanisms. The bend shape also provides a critical test of the modelling
procedures to be discussed in section 3.5. It is therefore of value to have an objective



52 Michael E.J.Holwill and Helen C.Taylor

1.5

0.5

Figure 3.1 Comparison of arc-line and meander bend shapes; the cosine wave is included for comparison. The sine-
generated curve is indistinguishable from the meander. The arrow on the arc-line curve indicates the
transition from arc to line

technique for distinguishing between the wave shapes and thereby establishing the
precise shape of a flagellar bend. One analytical approach is based on Fourier synthesis
of the wave form and examines the relative amplitudes of the harmonics (Silvester
and Holwill, 1972). For a particular bend shape, the set of coefficients is unique.
Coefficients derived from flagellar images can be compared with those calculated for
known analytical curves.

Using this approach the bends on the flagella of Crithidia oncopelti and Ochromonas
danica have been shown to match the arc-line pattern (Johnston et al., 1979; Holwill,
1996). It might be expected that the mechanical loading on a flagellum would affect
its shape, but this does not appear to be the case, since the smooth flagellum of Crithidia
bears a quite different distribution of load from the hispid flagellum of Ochromonas
(Figure 3.2 and section 3.4); for example, the tangential stress on the flagellum near a
wave crest will be high in Ochromonas but low in Crithidia. This indicates that wave
shape is an intrinsic property of the axoneme itself. For a given flagellum, an increase
in viscosity, and therefore a change in the viscous loading, produces a change in the
wave parameters, causing the amplitude and wavelength to decrease. The ratio of
amplitude to wavelength remains essentially constant, although in some spermatozoa
an increase in viscosity may cause the bend angle to change (Brokaw, 1966).

These observations suggest that the axonemal structure determines a minimum
radius of curvature which, in normal circumstances, is always reached, and may be
due primarily to inner arm action (see section 3.5). The bending moment provided by
the motor mechanism is applied rapidly, so that throughout the bend no change in
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Figure 3.2 Showing the action of mastigonemes on the Ochromonas flagellum. Waves are propagated distally. Curved
arrows indicate motion of mastigonemes; heavy arrows show direction of cell movement and of wave
propagation

curvature is observed; the regions of changing curvature occur at the leading and
trailing ends of a bend.

Eshel and Brokaw (1988) used curve-fitting procedures to show that the flagella of
certain sea-urchin sperm conformed to a gradient curvature model. These flagella are
longer than those of Crithidia and Ochromonas, and it is possible that viscous loading
has a more significant effect than for the shorter organelles; for instance, viscous
bending moments would be expected to reduce curvature in the leading part of a
bend and increase it in the trailing element, as is observed for the sea urchin sperm.
The studies of Johnston et al. (1979) also revealed changes in curvature as a wave
propagated, but with no clear behavioural pattern.

3.4 Interactions with the liquid environment

A moving flagellum elicits propulsive thrust from the liquid environment. From
knowledge of the beat pattern and the properties of the liquid, hydrodynamic theory
can be used to estimate the magnitude of the thrust and of the hydrodynamic energy
dissipated. This energy, together with energy needed to overcome internal resistance
provided by, for example, the elastic properties of flagellar structures, must be supplied
from chemical sources within the cell.

It is well established that the forces used to propel flagellates are dominated by
viscosity (for example Holwill, 1994). Forces generated by a bending flagellum have
been predicted using two distinct approaches, the resistive force theory (Gray and
Hancock, 1955), which is based on slender body theory (Hancock, 1953), and the
boundary element method (Ramia, 1993). These techniques evaluate liquid flow and
flagellar thrusts by considering mathematical singularities (for example, stokeslets)
distributed along the flagellum; in resistive force theory the singularities are distributed
along the flagellar centreline, while boundary element theory represents the system
more appropriately by considering singularities associated with the flagellar surface.
Ramia (1993) gives a detailed comparative account of the different approaches, while
Lighthill (1996) has given a general review of the status of hydrodynamic theory in
relation to flagellar propulsion. For most situations, the motion is not known in
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sufficient detail to warrant the detailed and complex calculations involved in
determining the singularity distribution. For example, in microscopic observations,
the cell will be swimming at variable, and unknown, distances from a surface, which
will have a considerable effect on the motion.

It is usually sufficient to use the approximate approach of resistive force theory, in
which force coefficients, C and C,, relating to a moving cylinder are calculated; it is
generally easier to perform the calculations using resistive force theory than using the
singularities. The viscous force generated by a cylinder of length / moving with velocity
V. in the direction of its axis is -C,v,l, with a similar expression involving C for
motion normal to the axis. The thrust produced by a bending flagellum is found by
integrating the effects of these forces along the flagellum. Because there are no inertial
effects, this thrust is balanced at every instant by the resistance to motion offered by
the cell body, which is approximated by a sphere or ellipsoid, for which analytical
expressions of resistance are available. Thus, if the shapes of flagellum and body are
known, analytical or numerical techniques can be used to predict the hydrodynamic
behaviour of the system (for example, Holwill and Miles, 1971; Holwill and Coakley,
1972; Brokaw, 1965; Chwang and Wu, 1971; Lighthill, 1996). For many organisms,
the calculation of the resistance to motion is further complicated by the oscillation
imposed on the cell by the flagellar undulations.

The direction of propulsion relative to that of wave propagation depends on the
ratio C,/C; of the force coefficients. For a smooth cylinder, the limiting value of this
ratio is 2; using the values proposed by Lighthill (1976) a value of approximately 1.7
is obtained. Theory predicts that if C,/C,; >1, the direction of propulsion is opposite
to that of wave propagation, in agreement with observation.

Cells of Ochromonas and other similar flagellates move flagellum-first with waves
propagating from flagellar base to tip, that is the propulsive thrust is in the direction
of wave propagation. The reason for this is the presence of mastigonemes, invisible in
the light microscope but revealed by the electron microscope to be cylinders a few
micrometres long and 10 to 20 nm in diameter. The action of the mastigonemes can
be understood by consideration of Figure 3.2. In this diagram, the mastigonemes lie
in the plane of the beating flagellum, and remain normal to the flagellar surface during
movement. Mastigonemes at the crest of the wave move like oars, providing thrust in
a direction opposite to that of the flagellar shaft. If this opposing force is greater than
that provided by the shaft, the cell will move in the direction of the wave, as observed.
In terms of the resistance coefficients, theoretical considerations show that the ratio
C,/C, must be <1. The ratio is about 0.5 for the arrangement of mastigonemes on
Ochromonas (Holwill and Sleigh, 1967; Holwill and Peters, 1974), and Holwill and
Peters (1974) confirmed experimentally that the fluid flow pattern around the
Ochromonas flagellum corresponds to that expected from the arrangement and motion
of mastigonemes shown in Figure 3.2. If the mastigonemes lie in planes perpendicular
to that of the beat, thrust reversal will not occur.

Theoretical analyses have been used to predict successfully the propulsive velocities
of a wide range of flagellates. Expressions to estimate the hydrodynamic energy
dissipated in maintaining a flagellar wave have also been derived. Calculations indicate
that the power required to propel the cell is less than 1 per cent of that needed to
maintain the oscillations (Purcell, 1997). For an individual flagellum the power
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requirement is of the order of 10 fW. This power is provided by dephosphorylation of
ATP (see later); the efficiency with which the flagellum converts the chemical energy
into mechanical energy lies in the range 40 to 90 per cent (Holwill and Satir, 1987). In
reaching these values for the efficiency, the energy dissipated in overcoming elastic
forces was assumed to be of the same order as that dissipated hydrodynamically.

3.5 Motor mechanisms

3.5.1 The sliding microtubule basis of bend formation

Omoto (1991) has summarized the evidence which leads to the conclusion that the
axonemal microtubules slide relative to each other during flagellar bending. Since
Satir (1965) provided the first evidence to support the microtubule sliding hypothesis
of flagellar motion, relative sliding has been observed of doublets extruded from
demembranated and reactivated axonemes of cilia (Sale and Satir, 1977) and various
spermatozoa (Summers and Gibbons, 1971, 1973; Takahashi et al., 1982; Woolley
and Brammall, 1987). In these experiments components which maintain the integrity
of the axoneme, presumably including the interdoublet links, the radial spokes and
the basal body, are damaged or destroyed by the preparative procedures. Sliding
between peripheral doublets in less damaged axonemes has been observed to initiate
flagellar bending (Shingyoji et al., 1977; Yeung and Woolley, 1984). More recently
Brokaw (1989) has attached small gold beads to different microtubules in
demembranated axonemes and has recorded bead movements during bending that
are consistent with doublet microtubule sliding. Sale and Satir (1977) and Woolley
and Brammall (1987) used optical and electron microscopy to show that sliding is
unidirectional, with the dynein motors on one microtubule pushing the neighbouring
microtubule tipwards. In a recent study (Yamada et al., 1998), the directional
characteristics of motor action have been investigated by monitoring fluorescence-
labelled brain microtubules moving over rows of dynein exposed by sliding
disintegration of sea urchin sperm axonemes. In the presence of ATP the motor action
is polarized in the same sense as in the disintegrating axoneme, with the microtubule
being driven towards the end of the doublet associated with the flagellum tip. Recent
reports (Mimori and Miki-Noumura, 1994; Ishijima et al., 1996) indicate that, under
certain conditions, the action of dynein can be bi-directional; if this proves to be a
property of in vivo motors, it will have important implications for the operation of
the motor mechanism.

3.5.2 Action of inner and outer dynein arms to produce sliding

The hypothesis that dynein is responsible for generating the force required to slide the
microtubules has been confirmed by a comprehensive series of experiments involving
the gliding of microtubules over a substrate of dynein molecules. I vitro motility
assays of purified dyneins from both rows of axonemal motors have demonstrated
that microtubules can be transported not only by the intact outer dynein motors (Sale
and Fox, 1988; Vale and Toyoshima, 1989; Hamasaki ez al., 1991, 1995) but also by
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many of the individual dynein isoforms from both rows of motors in Chlamydomonas
axonemes (Sale and Fox, 1988; Moss et al., 1992a, 1992b; Kagami and Kamiya,
1992; Sakakibara and Nakayama, 1998). The outer dynein motor often consists of
three dynein heavy-chain molecules a, B and ?. Experiments have shown that the a
subparticle alone cannot transport microtubules (Moss et al., 1992a), but when it is
combined with the B subparticle, translocation occurs readily (Sakakibara and
Nakayama, 1998). Microtubule gliding experiments have revealed differences between
the motile characteristics of the outer dynein subparticles. For instance, though
microtubule gliding occurs over an activated substrate of Chlamydomonas B motors
(Sakakibara and Nakayama, 1998), faster gliding rates are observed when the 8 motor
from sea urchin sperm is associated with intermediate chain 1 (Sale and Fox, 1988).
These faster velocities are also greater than the gliding rates produced by a substrate
of the intact sea urchin outer dynein from which the fraction is derived (Sale and Fox,
1988). The ? subparticle also shows motor action (Sakakibara and Nakayama, 1998)
but is absent from outer motor complexes of some species, including sea urchin sperm.
At present it is not clear whether the properties of the motors depend on the species
from which they are derived.

The situation is more complicated for the inner dynein motors. At least seven
different isoforms of inner dynein have been identified in Chlamydomonas (Piperno,
1995; Gardner et al., 1994) and in vitro motility assays of seven of these isoforms
have been studied (Kagami and Kamiya, 1992). These studies revealed that all isoforms
but one are capable of translocating microtubules, and of these six, five can also
cause microtubule rotation. The ability of many of the inner dynein subparticles to
exert torque on the microtubule may reflect a key difference in function between the
two rows of dynein motors. Sliding experiments involving the disintegration of mutants
of Chlamydomonas have demonstrated that without outer motors the sliding velocity
is reduced significantly, while missing inner arm components leave the velocity
unchanged (Kurimoto and Kamiya, 1991). Examination of the ability of the mutant
flagella to beat and disintegrate by sliding led Kurimoto and Kamiya (1991) to suggest
that though the inner motors do not control the beat frequency, they may be required
to initiate bending, and hence to control the bend shape.

3.5.3 Experimental and computer studies of outer arm motor activity

In the gliding and sliding experiments discussed earlier, dynein motors were identified
as the force-generating structures responsible for translocating the microtubule. These
motors undergo a cycle of activity known as the mechanochemical cycle. As discussed
by Omoto (1991), it has proved difficult to establish the detailed coupling between
the chemical cycle, that is, the ATPase activity, and the mechanical cycle, that is, the
conformational changes observed. Several research groups have obtained micrographs
showing that the outer dynein motor changes configuration under different chemical
conditions (Goodenough and Heuser, 1982, 1984; Avolio et al., 1986; Burgess et al.,
1991; Burgess, 1995). Although there are no confirmed images of a motor during its
force-producing phase, perhaps because this phase appears to occupy a small fraction
(about 1 per cent) of the entire cycle time (but see later comments), attached arms are
observed on rigor axonemes. Based on its evidence, each research group has proposed
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a cycle of activity. The cycles have some features in common but also show significant
differences. Variations in interpretation arise in part because each of the variety of
techniques used to prepare the specimens has its own individual characteristics and
artifacts.

Sugrue et al. (1991) have used computer modelling to formulate a cycle of outer
dynein activity based on micrographs from Goodenough and Heuser (1982) and Avolio
et al. (1986). In this mechanical cycle (Figure 3.3, animated in Holwill ez al., 1998a),
the three globular heads (a, B and ? dynein heavy-chains) observed in the micrographs
are mounted on top of each other so that they bridge the interdoublet gap. The
intermediate chains are folded to form a cape-like structure which links the heavy chains
to the microtubule (N) on which they are mounted. During the conformational change,
the heads alter their orientation such that one attaches to the neighbouring doublet
(N+1). At this point (1, Figure 3.3) the arm produces a force that translocates doublet
N+1 by a distance known as the step size, after which it disconnects (2, Figure 3.3) and
returns (3, 4, 5, Figure 3.3) to a position from which the cycle can be repeated. Information
relating to sea urchin sperm dynein, which lacks the ? heavy chain, indicates that, in
vitro, the B particle makes transient contact with doublet N+1 and generates the sliding
force, while the a particle is bound to microtubule N (Moss et al., 1992a, 1992b).

The various stages of the mechanochemical cycle have been considered in more
detail by Barkalow et al. (1994). The function of thin structures known as B links,
which project from the dynein heads, has not yet been established, but recent evidence
(Gee et al., 1997) indicates that they bind to microtubules. A complete understanding
of the mechanochemical cycle requires that the various stages of the enzyme reaction
be correlated with the phases of the mechanical cycle; several authors (for example
Brokaw and Johnson, 1989; Satir, 1989; Moss et al., 1992b) have contributed towards
this goal, but a complete correlation of the two cycles has yet to emerge. To understand
the implications of the animated cycle shown in Holwill et al. (1998a) the time that
the arm spends attached to the neighbouring doublet microtubule, that is, the duty
phase, requires consideration.

A kinetic analysis of the results of an in vitro motility assay of intact outer arms
translocating various lengths of microtubules at different velocities (Hamasaki et al.,
1995), has predicted that the duty phase could occupy just 1 per cent of the total cycle
time of dynein activity. However, such a short duty phase is not supported by a recent
experiment in which microtubules are transported by single arms attached to an
extruded axonemal doublet (Shingyoji et al., 1998). One implication of this experiment
is that two heads of an individual arm interact with the translocating microtubule in
such a way that continuous contact is maintained between the arm and the microtubule.
The dynein motor can be considered to ‘walk’ along the microtubule in the manner of
cytoplasmic dynein or kinesin. Further studies are needed to resolve the apparent
discrepancy between the results of these experiments.

3.5.4 Co-ordination of outer arm activity

Although both inner and outer rows of dynein motors can translocate microtubules,
in the axoneme each row performs a different task, with outer arms collectively
controlling beat frequency and the inner row controlling the bend shape (Brokaw and
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Figure 3.3 Mechanical cycle of the outer dynein arm. The arm is shown mounted on a section of microtubule which
is modelled by a cylindrical arrangement of rows of small spheres representing tubulin monomers. The
three dynein heavy chains are modelled by the larger spheres, with the lighter-shaded one interacting with
the neighbouring microtubule, which would lie between the viewer and the arm. The cape is represented
by the trapezoidal structure. The arm attaches to the neighbouring microtubule at stage 1 and produces
a force which pushes the microtubule tipwards; the arm detaches at stage 2. Stages 3 to 5 prepare the
motor for its next active phase

Kamiya, 1987; Kurimoto and Kamiya, 1991). The way in which these two rows of
motors use the same mechanism (doublet translocation) to control different aspects
of motility requires an understanding of the co-ordination of the arms in any one row.
The availability of appropriate structural and experimental data has allowed us to
investigate outer motor co-ordination. In a recent study (Taylor et al., 1999), we have
generated structures for the inner arms which reconcile previously disparate
interpretations; this study, together with experimental studies of inner arm action,
will allow us to investigate the co-ordination of the inner motors. In one in vitro
motility assay of intact outer motors, dynein is laid down on a glass slide to give a
random distribution of intact motors (Hamasaki et al., 1995). Microtubules are
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dropped onto the dynein substrate and the system activated by adding ATP, whereupon
the microtubules are transported in linear paths along the microtubule axis. The initial
conditions suggest that the dynein motors are activated randomly, i.e. with no
systematic co-ordination, to produce microtubule gliding.

In our laboratory, we (Holwill et al., 1998a, 1998b; Taylor and Holwill, 1999)
have developed computer simulations of the collective behaviour of outer motors in
this experimental system. Using reasonable assumptions, we calculated the velocity
of microtubule translocation as a function of microtubule length for a random, or
stochastic, activation of the dynein arms. The simulation of stochastic activity shows
the same trend as the experimental data, in that the microtubule velocity increases
with microtubule length, and approaches a maximum value asymptotically. If the
step size of the dynein motor is taken to be 16 nm, as suggested by Hamasaki et al.
(1995), the magnitude of the maximum simulation velocity is considerably greater
than that in the experiment. Simulations with different values for the step size and
duty phase are being studied, and the indications are that the velocities predicted will
be reasonably close to those observed experimentally.

The experimental data shows a high degree of scatter. By repeating the stochastic
simulation several times at all microtubule lengths, the predicted velocities are also
scattered, but to a significantly smaller extent than the experimental values (Holwill
et al., 1995). Preliminary investigations indicate that the scatter of the simulated data
would be increased if the motors did not all drive the microtubule through the same
distance in one cycle. In terms of motor action, this could be achieved by assuming
that the angle between microtubule axis and the force generated by the dynein is
variable. Given the experimental situation, this is not an unreasonable expectation.
However, the linear movement of the microtubule suggests that the driven microtubule
can control the dynein activity so that only the component of force along the axis is
actually applied.

Feedback between the driven microtubule and the dynein motor could lead to
coordinated, rather than random, motor activity. In one scenario, the motors are
stimulated sequentially to give a wave of activity sweeping across the substrate beneath
the microtubule. To simulate this situation, the system was set up to generate a constant
phase difference, equal to the time occupied by the duty phase, between the cycles of
neighbouring arms. With assumptions and magnitudes similar to the random case
described above, the results show the same trend as that in the experiment, but as for
the random simulation, the maximum velocity predicted is about an order of magnitude
greater than that actually observed. By changing the step size to 8 nm, a value suggested
by measurements on the other microtubule molecular motor, kinesin (Svoboda et al.,
1993), the maximum velocity is reduced by half. The other parameter required to
predict the gliding velocities is the proportion of the cycle time occupied by the duty
phase. Its value is determined from experimental data which show considerable scatter,
and is therefore subject to uncertainty. If a value of 10 per cent, rather than 1 per cent,
is assumed, the predicted maximum velocities for step sizes of 16 nm and 8 nm lie
closer to the experimental range (Figure 3.4). The effects of varying other parameters,
such as the phase difference between activity of successive arms, is currently under
examination.

Within the intact axoneme it is reasonable to suggest that the activity of motor
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assemblies is co-ordinated systematically so that the arm action can produce a
progressive bend. However, calculations show that only a small fraction of the dynein
arms available is needed to achieve the microtubule sliding necessary to form a flagellar
bend (for example Satir, 1998). It is therefore possible that arm activity is a random
phenomenon in the axoneme, although the energy requirements also need to be
considered carefully. Experiments to distinguish between these possibilities involve
the disintegration of demembranated axonemes (Takahashi ez al., 1982) and limited
data are available relating the distance of microtubule sliding to time in this situation.
These data indicate that sliding occurs at a constant velocity, although one of the
plots suggests that the behaviour becomes non-linear as the microtubule overlap
decreases significantly. Simulations of motors activated randomly under these
conditions produce an intermittent motion of the microtubule (Holwill et al., 1998a,
1998b). This behaviour would not be detected with the temporal and spatial resolution
of the experiments. In simulations of co-ordinated action, a linear relationship is
observed between the distance moved by the microtubule and time (Holwill et al.,
1998a). When the overlap region was reduced to a length shorter than the activation
wavelength, the microtubule movement occurred in a stepwise fashion; some
experimental evidence supports this behaviour (Takahashi et al., 1982), but more is
required to allow an unequivocal interpretation to be made.

Studies of flagellated cells moving in media of increased viscosity indicate that the
behaviour of dynein is load-dependent (Minoura and Kamiya, 1995; Brokaw, 1996).
In wild-type Chlamydomonas, Minoura and Kamiya (1995) report that the force
produced by intact flagella increases by 30—-40 per cent on raising the viscosity of the
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environment from 0.9 mPa s to 2 mPa s, but decreases with further increase in viscosity;
the cells stop moving when the viscosity approaches 6 mPa s. The initial increase in
force is not observed in cells which have been demembranated and reactivated with
ATP, suggesting that the feedback mechanism responsible for the effect in the living
flagella is removed by the preparative procedures used to demembranate the cells.
Experiments with mutant cells demonstrate that the force produced by the outer
dynein motors varies as the external viscous load is changed, whereas force generation
by the inner dynein motors remains essentially constant under the same circumstances.
These observations suggest strongly that the action of the outer motors is load
dependent, whereas that of the inner motors is not. Such an interpretation fits well
with the idea that the outer motors control beat frequency while the inner motors
determine bend shape. In the earlier discussion of bend shape (Section 3.2), the inner
motors are presumably responsible for the load-independent effects observed.

3.6 Conversion of sliding into bending

In the intact axoneme, interconnecting structures prevent free microtubule sliding so
that the action of the dynein motors generates flagellar bending. At the proximal end,
the doublet microtubules become triplets and form, with interlinking structures, the
basal bodys; it is generally assumed that no microtubule sliding occurs in this region.
Forces developed by the dynein motors in more distal parts of the flagellum could
then cause bending, even if there were no additional links between the doublets.
Observations that fragments of flagella isolated from Crithidia oncopelti by laser
microbeam (Goldstein et al., 1970) or by micromanipulation (Holwill and McGregor,
1974) are able to propagate bends indicates that the basal body is not essential for
bend initiation and propagation. Fragments isolated using the laser were able to reverse
the direction of propagation, as in the living cell, whereas those amputated by
micromanipulation could not, and sustained waves which propagated either proximally
or distally depending on the situation at the moment of amputation. The different
behaviour may be associated with the different state of the exposed end produced by
the two amputation procedures; the laser amputation is likely to weld the microtubules,
so that no sliding can occur at the exposed end, whereas amputation by
micromanipulation probably produces a cut which allows sliding to occur.

The fact that waves are formed and propagated in a coherent way along flagella
indicates that sliding and the resistance to it occur in a controlled way. The observations
on amputated Crithidia flagella, described in the preceding paragraph, demonstrate
that the control mechanism resides in the flagellum itself. With two rows of motors
on each doublet, and the inner and outer rows having significantly different structures
and functions, the co-ordination required within each row, between the rows, and
with other axonemal structures is likely to be sophisticated. The computer simulations
described in section 3.5, together with integrated experiments, are directed towards
understanding the nature of the co-ordination.

The absence of doublet sliding at the flagellar base leads to the phenomenon of
synchronous sliding which occurs simultaneously with the asynchronous local sliding
that is associated with the propagation of a bend (for example Gibbons, 1982). These
two types of sliding can be understood by considering the behaviour of microtubules
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in a flagellum initially containing a single, plane bend (A, Figure 3.5) of angle f,. If the
microtubules do not twist along the axoneme, the amount of relative sliding between
neighbouring doublets is d,, where d is the separation of the doublets parallel to the
bend plane (Holwill et al., 1979) As the next bend (B, Figure 3.5, angle ), forms at
the base with the opposite curvature to bend A, relative sliding occurs between the
microtubules in the opposite direction to that Which formed bend A, which is assumed
to propagate without change in shape, and therefore in angle. Since the microtubules
are fixed at the base, if the original bend (A) is to maintain its shape, the sliding df;
required to form the new bend (B) must occur through the established bend at the
same time as the local asynchronous sliding which is geometrically required for bend
propagation. Since this sliding occurs along the length of the flagellum beyond the
developing bend, it is known as synchronous sliding.

Bends on some sea urchin sperm flagella appear to be initiated in pairs with opposite
curvature (Goldstein, 1975), so that a situation with no synchronous sliding could be
envisaged; however, other cases have been analysed where synchronous sliding is
clearly present (for example Brokaw, 1993, 1996). Brokaw (1993) analysed the
distribution of synchronous and asynchronous sliding in sperm flagella, and concluded
that bend initiation and bend propagation are independent and separable processes.
The synchronous and asynchronous sliding are geometric consequences of the shape
of developing and propagating bends. A mechanism whereby active dynein-microtubule
interactions are responsible for bend propagation, while allowing simultaneously
microtubule sliding in the direction opposite to that needed for bend propagation,
has not yet been formulated, and will require an understanding of how the two sliding
patterns can arise at the same time.

The observation that dynein arm action is polarized has implications for doublet
sliding in the axoneme. To form a bend in one direction, the dynein arms on the
doublets in only one half of the axoneme, to one side of the bend plane, are required
to be active. The arms on doublets in the other half of the axoneme must be passive to
allow relative basewards sliding to occur. These considerations, which are based on
bend geometry, led Satir (1985) to suggest that arm activity must switch from one
half of the axoneme to the other to produce coherent bend propagation. Support for
such a mechanism comes from observations that Elliptico gill cilia can be arrested in
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one of two configurations depending on the ionic environment (Wais-Steider and
Satir, 1979; Satir, 1985) and can be forced to switch between the two by altering the
ionic concentrations of calcium or vanadate. Vanadate is a potent ATP poison which
has been used to inhibit flagellar motility in a range of experiments, while calcium
sensitivity is a common feature of flagellar motion, with this ion being implicated in
some of the avoidance responses already described (section 3.2).

The concept of a switch point is appropriate for two-dimensional flagellar bending,
if the microtubules do not twist along the axoneme. As noted earlier, many flagellates
propagate three-dimensional bends; such bends can be formed by dynein activity
between only one pair of doublets. Bend propagation would then involve the
progression of arm activity from one doublet to its neighbour continuously around
the axoneme.

The smooth propagation of two- or three-dimensional bends along a flagellum
requires control of the motor mechanism so that relevant torques to bend the organelle
are applied with appropriate timing along its length. It is implicit that the control will
include the operation of the switch, either from one half of the axoneme to the other,
or from one microtubule to the next. Such control is most effectively provided through
a mechanism which feeds back information about the mechanical state of the bending
to the motor apparatus. One possibility is that the motors are activated by a change
in curvature of the flagellum, an hypothesis proposed and developed by Brokaw in a
range of papers (for example Brokaw, 1985). The principle of the mechanism is that
bending in one region of a flagellum causes a change in the curvature of a neighbouring
region, which is then stimulated to bend actively; this feedback is a passive process,
mediated by the elasticity of the axoneme. Other control processes, which could be
passive or active in nature, could rely on microtubule sliding, stimulating activity
through its magnitude or velocity (for example Brokaw, 1996).

Lindemann (1994a, 1994b) has proposed a mechanism—which he refers to as the
‘geometric clutch’—based on the transverse forces exerted between microtubules by
the dynein arms. In a region where the dynein arms between a pair of microtubules
are active, these forces will tend to draw the microtubules together, thereby favouring
the attachment of further motors in the neighbouring region; the situation will progress
along the pair of microtubules, resulting in propagated activity. In an extensive review,
Lindemann and Kanous (1997) discuss the properties of the geometric clutch, and
show that it is compatible with other suggested propagation mechanisms, as well as
predicting that a flagellum will be sensitive to mechanical and other stimuli. They
show how the mechanism can be used to explain both symmetric and asymmetric
flagellar bending. Such an explanation is both valuable and necessary, since, as noted
earlier, individual flagella are able to generate and sustain more than one type of bend
pattern. The different types of movement usually occur in response to external stimuli,
which may be chemical or mechanical, and it is difficult to avoid the conclusion that
some form of active control system exists to change the beat form. Once the form of
beat is changed, propagation could be maintained by a passive mechanism, such as
the geometric clutch.

In our discussion, we have made no attempt to identify unequivocally those
structures which restrict the sliding along the flagellar shaft. The interdoublet or nexin
links are well placed to fulfil this role, and observations by Warner and Satir (1974)
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show that the radial spokes change their orientation in a way that is strongly correlated
to bending. Biochemical studies linked to microtubule sliding velocity measurements
have led Habermacher and Sale (1995) to conclude that inner arm dynein activity is
regulated by signals transmitted by the spokes, which may therefore form an element
of a mechanochemical feedback process. Another feature which has not been considered
in detail is the role that might be played by the torsional strain which appears to be a
property of microtubules isolated from some axonemes. In avian sperm, isolated groups
of microtubules form helical ribbons (Vernon and Woolley, 1995), the pitch of which
could be changed, and the change propagated on addition of ATP. The significance of
this for flagellar motion is not clear, but the microtubules could be a source of elastic
energy in the intact organelle.

3.7 Concluding remarks

Although we have concentrated on the behaviour of the flagellates, a considerable
amount of information relating to the activity of the axoneme and its components has
been derived from studies of cilia and sperm flagella. While there are some differences
of detail, the axonemal structure remains remarkably constant across species and
through evolution, indicating that it is well-fitted to perform its function of liquid
propulsion. Just why an assembly of nine microtubules with their associated inner
and outer dynein motors should be so well conserved and effective in producing a
wide range of motility patterns has not yet been explained. Interdisciplinary research,
some of which we have described in this paper, involving structural, biochemical,
physical and computer-modelling studies, is directed towards understanding the
mechanisms of motility, and may provide the answer to this question.
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Chapter 4

The flagellate cytoskeleton

Introduction of a general terminology for
microtubular flagellar roots in protists

@jvind Moestrup

ABSTRACT

The cytoskeleton of protists may consist of a few microtubules beneath the plasma
membrane in small and apparently reduced organisms. In other species, however, it
may comprise highly complex systems of microtubules and fibrous components. The
9+2 flagellum/cilium is believed to have arisen only once during the evolution of the
eukaryotic cell. The thesis of the present paper is that not only the 9+2 axoneme and
the 9x3 basal body but also other structures of the flagellar apparatus are homologous.
A common feature of most eukaryote cells is the presence of microtubular roots,
believed to play a range of functions in the cell. Roots associated with different flagella
are usually different. However, the discovery of flagellar transformation, a process
during which a flagellum passes through a maturation process before taking up its
final position in the cell one or more generations later, has made it possible to identify
the mature (final) position of each flagellum. This allows comparison of roots associated
with mature flagella in different organisms. Using such information, a comparative
study of the microtubular roots has been made on representatives from the major
taxonomic groups of protists. It has resulted in the proposal of a common numbering
(identification) system for microtubular roots, which may hopefully replace the many
labelling systems presently in use in the different groups of protists.

4.1 Introduction

The cytoskeleton of eukaryotic cells comprises highly diverse systems of microtubular
and fibrillar structures. Such structures occur almost universally and also in the few extant
species thought to be related to the oldest eukaryotes. Cytoskeletal structures therefore
probably arose early during evolution of the eukaryotic cell. The diversity of the cytoskeleton
is a serious difficulty for determining which of the many structures are homologous.

Flagella and cilia of eukaryotes are based on a common 9+2 axonemal structure
and the flagellar basal bodies on a common 9x3 configuration. Due to their complexity,
flagella and basal bodies are considered as having evolved only once during evolution
of the eukaryotic cell.

Since all cilia/flagella and basal bodies in eukaryotes appear to be homologous it
is likely that this applies also to some of the structures attached to the axoneme and
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the basal body doublets/triplets. By identifying such homologous structures it becomes
possible to determine whether organelles attached to the structures occupy
homologous positions. This is a prerequisite for determining whether the structures
themselves are homologous, that is, they arose only once. For example, do eyespots
of dinoflagellates and green algae occupy homologous positions? Are flagellar hairs
on the long flagella of cryptomonads and tripartite hairs of heterokont protists
homologous?

The major taxonomic groups of eukaryotes are presently defined by a combination
of biochemical, ultrastructural and sometimes genetic features. Determination of
homologous structures in the different groups is difficult, however. Recently a process
known as flagellar transformation has been detected which is widespread in
eukaryotes and which offers a possiblity of identifying homologous flagella in
different organisms (Wright et al., 1980a; review in Beech et al., 1991). During
flagellar transformation in a biflagellate cell, one flagellum (the immature state),
for example the hairy flagellum of heterokonts, changes in the next generation into
another state (the mature state), in this case the smooth flagellum. The process,
now discovered in many different groups of eukaryotes discussed later, enables
determination of the mature state of any flagellum, provided the cell undergoes cell
division (exceptions being gametes or other non-dividing cells, but see later). The
situation is more complex in species with several flagella but eventually all flagella
for example in a quadri/octoflagellate green alga take up the final, mature position
(Moestrup and Hori, 1989) which is termed the number 1 position. The immature
flagellum in a biflagellate protist occupies the number 2 position and, in cases of
more flagella, these occupy the number 3, 4, etc. positions. The flagellar apparatus
in some organisms consists of two or more copies of the same unit, for example in
diplomonads (two apparently identical systems arranged symmetrically). This
situation has been taken to its extreme in ciliates.

Organelles are not arranged randomly in the cell but take up a fixed and
characteristic position in relation to the flagellar apparatus. Indeed, formation of new
flagella is among the first visible processes in cell division, followed by duplication of
organelles and, eventually, cytokinesis. During flagellar replication and transformation,
complex processes take place, including reorganization of the flagellar roots. Roots
belonging to the two flagella of a pair take up different and characteristic paths in the
cell and the flagellar root systems must therefore undergo major changes when the
flagellum changes from the immature to the mature state. Cytokinesis is completed
when the duplicated sets of organelles rearrange relative to the replicated and
transformed components of the flagellar apparatus.

In this chapter I will be discussing one of the characteristic components of the
cytoskeleton, the microtubular flagellar roots. Data on flagellar root structure have
accumulated since application of electron microscopy to the study of protist cells in
the late 1940s, and after the finding of flagellar transformation we are now approaching
a stage which allows identification of homologous cell structures in both in distantly
related organisms. This is based on the assumption that the mature state of flagella in
different organisms is homologous, which appears likely.

Protists in which flagellar replication has been studied include many of the main
taxonomic groups and these will discussed separately.
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Before proceeding further it is perhaps useful to mention that I will be using few
‘formal’ names of classes, divisions, and so on, this is due to the present flux in
classifications caused by the ongoing combination into a single classification of groups
formerly classified as plants (algae and fungi) and animals (protozoa).

4.2 Some general considerations

Numbering of individual flagella and naming of the components of the flagellar
apparatus has over the years been made independently and often more or less
arbitrarily in the different taxonomic groups. The aim of the present exercise has
been to develop a general numbering system which may be used for most and
eventually all protists. This obviously means that some of the systems presently in
use will have to change.

During many years of work with the flagellar apparatus of algae I have become
struck by the fact that individual flagella of many taxonomic groups possess two, and
only two, microtubular roots, attached to opposite sides of the basal body. The presence
of only a single root per flagellum is also relatively common, but more than two roots
is exceptional. This fact may not be apparent at first sight (for example Sleigh, 1988:
fig. 3) thus the flagellar apparatus of dinoflagellates was at first thought to contain
only a single flagellar root, associated with the longitudinal flagellum basal body.
However, in the 1980s Keith Roberts discovered that the transverse flagellum very
commonly possesses two one-stranded roots, attaching to opposite sides of the basal
body. Very recently Gert Hansen found a second root, also one-stranded, on the
opposite side of the basal body of the longitudinal flagellum in certain thecate
dinoflagellates. Two microtubular roots associated with each basal body therefore
also applies to many dinoflagellates.

In cryptomonads the flagellar apparatus reconstruction offered by Roberts et al.
(1981) and Roberts (1984) at first sight seems difficult to interpret. However, Perasso
et al. (1992, fig. 7) showed very clearly that two microtubular roots are formed on
opposite sides of the new flagellar basal bodies. They subsequently change somewhat
in morphology when the immature flagellum transforms into the mature state. One
root transforms only slightly, the other becomes more difficult to recognize.

While roots associated with opposite sides of each basal body are the rule in
numerous organisms, euglenoids, bodonids and ciliates have two roots associated
with the mature flagellum, but only a single root with the immature one. When the
immature flagellum matures, two roots emerge, associated with the basal body. These
findings prompt me to postulate that the bi-rooted condition arose early during
eukaryote evolution and I use this as a basis for the nomenclature suggested.

The suggestions are as follows:

The mature flagellum is the number 1 flagellum (Heimann et al., 1989; Moestrup
and Hori, 1989).

The two roots associated with flagellum 1 are named root 1 and 2, those with
flagellum 2 are named roots 3 and 4.

The roots are (usually) named in a clockwise fashion, looking down the basal body
from the outside of the cell. During flagellar transformation root 3 develops into root
1 or, alternatively, root 3 is absorbed and root 1 develops in its place. Similarly root 4
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develops into root 2, or root 4 is resorbed and root 2 develops in it place. In other
words, root 1 and 3 are homologous, and root 4 and 2 are homologous.

The nomenclature may perhaps be extended to defining the ventral and dorsal
sides of a cell, something which is sometimes done more or less arbitrarily. Thus
flagellum 1 in cryptomonads is located close to what is presently called the ventral
side (Perasso et al., 1992) and the same applies to euglenoids. However, the opposite
applies to cercomonads (discussed later). The new system may also be used to identify
homologous triplets of different basal bodies. This requires identification of the triplets
to which the MTOC-organizing centres responsible for root formation are attached.
In the prasinophycean green alga Pyramimonas octopus these have been identified as
triplets numbers 7—-8 on one side of the basal body and triplet 3 on the other (Moestrup
and Hori, 1989) (Figure 4.9). Considering that some rearrangements of the roots may
take place after formation of the roots, identification may require that root ontogeny
is studied in detail in each group.

This chapter is not to be considered as a complete review but as an interim report
to be completed when more information becomes available.

4.3 The individual groups of protists

4.3.1 Haptophytes

The new numbering system agrees with that used for prymnesiophycean haptophytes
(Green and Hori, 1994). Eikrem and Moestrup (1998) have recently discussed the
flagellar root structure in this group and it will only be repeated briefly here.

The haptophyte protists may be grouped into two classes, the Prymnesiophyceae
and the Pavlovophyceae. In the Prymnesiophyceae each flagellum typically possesses
two microtubular roots (Figure 4.1).

Root 1 is often large and directed towards a chloroplast, on its way associating
with a mitochondrion close to the flagellar apparatus. In coccolithophorids and a few
others, R1 nucleates a ‘crystal’ believed to function in mitosis, perhaps as a source of
tubulin for the mitotic spindle.

Root 2 is few-membered. In many species it is reduced or almost absent. In others,
however, for example Pleurochrysis and many other coccolithophorids, it also nucleates
a ‘crystal’ of microtubules believed to serve in mitosis. Near the origin at basal body
1, R2 often forms a trough, for example in Pleurochrysis (Inouye and Pienaar, 1985:
fig. 18).

Root 3 is few-membered, usually four-stranded, with microtubules in two tiers.

Root 4 is 1-stranded and after leaving the flagellar apparatus joins R3. This
combined root is one of the distinctive features of the Prymnesiophyceae. The two
roots proceed together along the plasmalemma, reaching the second chloroplast
typically present in prymnesiophyceans.

As was mentioned earlier, one of the prerequisites of the new labelling system
suggested here is that R3 and R1 are homologous or occupy homologous positions
and that R2 and R4 are homologous or occupy homologous positions. None of the
published micrographs known to me show the early stages of root replication in
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haptophytes. However, the orientation of the newly replicated flagella in Pleurochrysis
carterae (Beech et al., 1988: fig. 29) strongly indicates that what I have called R3 does
indeed develop at the R1 position in the transforming flagellar apparatus, and similarly
with R4 and R2.

The arrangement of the roots is notably different in the Pavlovophyceae (Figure
4.2). A comparison of Green (1980: figs 30, 31: Pavlova pinguis) and Eikrem and
Moestrup (1998, figs 19-25: Chrysochromulina scutellum) indicates that the posterior
flagellum in the Pavlovophyceae is the equivalent of flagellum 1 in Chrysochromulina

Abbreviations

1,2 flagellum | and 2
e eyespot

h haptonema

rl—r4 roots 1-4

Figure 4.1~ Semi-diagrammatic reconstruction of the flagellar apparatus in prymnesiophycean haptophytes

Source: Modified after Green and Hori, 1994

Figure 4.2 The flagellar apparatus in the pavlovophycean haptophytes

Source: After Green, 1980, labelling modified

Figure 4.3 The flagellar apparatus of heterokont protists, represented by the Oomycetes (left, after
Andersen, 1989) and the eustigmatophyte Vischeria stellata (right, after Andersen, 1991 and
Santos and Leedale, 1991), labelling modified
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(see also Figure 4.2), and Beech er al. (1991) reached the same conclusion. The anterior
flagellum of pavlovophyceans therefore probably changes into the posterior one at
cell division. Two microtubular roots associate with the posterior flagellum 1 in Paviova
while anterior flagellum 2 lacks microtubular roots altogether. The orientation indicates
that R1 is the narrow (two-stranded) root, and the broad root is R2. This is the
opposite of the situation in the prymnesiophyceans in which R1 is the broad root. R1
of Pavlova passes deep into the cell in a way not seen in any root of the
Prymnesiophyceae.

A fibrillar structure extends into the cell from flagellum 2, another feature by
which members of the Pavlovophyceae differ from the Prymnesiophyceae. The
differences in the flagellar apparatus support the inclusion of the Pavlovaales group
as a separate class of protists.

4.3.2 Heterokont protists

The structure of the flagellar apparatus has been reviewed several times (for example
Barr and Allan, 1985; Barr and Désaulniers, 1989; Preisig, 1989; Andersen, 1991).
Flagellar transformation was studied by Wetherbee et al. (1988) and Beech and
Wetherbee (1990). The anterior hairy flagellum, carrying two opposite rows of tripartite
hairs, transforms into the smooth flagellum at cell division, that is, flagellum 1 is the
smooth flagellum, the hairy flagellum is number 2.

Microtubular flagellar roots are very uniform in heterokonts, two roots attaching
to each basal body (Figure 4.3).

Numbering of the root system was done by Andersen (1987), before the process of
flagellar transformation was known. Andersen’s system was extended to other protists
by Sleigh (1995). This was done without taking flagellar homology into consideration.
Andersen labelled as roots 1 and 2 the two roots associating with the anterior flagellum.
Unfortunately the anterior flagellum has now been found to be the number 2 flagellum.
The numbering therefore has to change as follows.

R1 is the old R4 root, a few-membered root passing under the plasmalemma, and
it is sometimes absent (for example hyphochytrids: Barr and Allan, 1985; Barr and
Désaulniers, 1989).

R2 is the old R3 root which in many phagotrophic heterokonts functions in feeding
(Andersen, 1991; Andersen and Wetherbee, 1992). It often forms a U-shaped trough
near the basal bodies, two of the microtubules subsequently extending into a loop
that serves as a feeding basket. In non-phagotrophic algae it may be reduced or absent.
In heterokont fungi this root is often well developed, forming a trough, for example
in the thraustochytrid Thraustochytrium aureum (Barr and Allan, 19835: fig. 22).

In Epipyxis pulchra R2 was seen to serve as a microtubule-organizing centre, new
microtubules extending on the surface of a nearby mitochondrion. The eyepot was
located on the other side of the microtubules (Andersen and Wetherbee, 1992).

Flagellar root transformation has not been studied in heterokonts, and owing to
the relative arrangement of the basal bodies to each other it is not entirely clear which
of the two roots associated with basal body 2 is homologous with R1. The two basal
bodies are often arranged at right or even larger angles (Barr and Allan, 1985; Andersen,
1991) which makes interpretation difficult. Species with parallel or almost parallel
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basal bodies have modified flagellar roots (Synurophyceae: Andersen, 1985) or they
appear to lack microtubular roots (pedinellids and silicoflagellates: Zimmermann ef
al., 1984; Moestrup and Thomsen, 1990). However, the finding of the ‘x’ and ‘y’ bars
in Mallomonas may be useful for identification of homologous roots (Beech and
Wetherbee, 1990: fig. 72). The x and y bars appear to be identical, one extending
from basal body 1, the other from basal body 2. Rotation of one basal body 180
degrees brings the x bar to cover the y bar. In other words the two basal bodies are
probably rotated 180 degrees with respect to each other. If this applies also to other
heterokonts it identifies the R3 and R4 roots: R3 is the old R1 root, known to serve as
a microtubule-organizing root in many chrysophytes, oomycetes, thraustochytrids,
xanthophytes, raphidophytes and brown algae. R4 is usually few-membered. In the
hyphochytrids Rbizidiomyces and Hyphochytrium the one- or two-stranded R4
nucleates microtubules (Barr and Allan, 1985; Barr and Désaulniers, 1989).

There is some variation in the structure of the flagellar apparatus in heterokonts.
Thus in Pelagomonas (Pelagophyceae) all signs of a second flagellum are lacking
(Andersen et al., 1993). The only flagellum present is the hairy anterior one. This
creates the unusual situation that during cell division the flagellum is not transformed.
It disappears without leaving any trace while two new hairy ones (number 2 flagella)
grow out (Heimann et al., 1995a).

The situation is more difficult to interpret in the Synurophyceae. The three- and
four-stranded fibres described by Andersen (1985) extend from the rhizoplasts, not
the basal bodies. The nature of the three-stranded root in Mallomonas splendens was
resolved by Beech and Wetherbee (1990), who demonstrated that the three-stranded
roots form along a newly formed basal body and later move down to take up their
position on the rhizoplast surface. Andersen (1985) interpreted the roots as R1 and
R3, using the old terminology (that is R2 and R3 in the terminology introduced here).
Because the new three-stranded roots form on the newly forming basal bodies, they
belong to basal body 2. They nucleate numerous microtubules, making it likely that
they represent R3 (new terminology). There is no information on the attachment of
the other microtubular structure to the basal bodies.

4.3.3 Cryptomonads

Flagellum 1 of cryptomonads is the ventral, short flagellum, which carries a single
row of short flagellar hairs. Flagellum 2 is the dorsal one, lined by two opposite rows
of longer hairs (Perasso et al., 1992). The root arrangement in cryptomonads is at
first sight somewhat difficult to interpret, but the elegant work of Perasso et al. (1992),
describing transformation of the flagella and the fate of the flagellar roots during
transformation, has left no doubt about the identity of the three main microtubular
roots (Figure 4.4). The two roots associated with flagellum 2 emerge from the
transforming flagellar apparatus in a way recalling the orientation of flagella in many
other eukaryotes, for example green algae and the R3/R4 roots of haptophytes. The
two roots appear to be homologous with R3 and R4 of these organisms.

R3 is the broad root, comprising four microtubules in Cryptomonas ovata (Roberts,
1984) but twelve microtubules in Chilomonas paramecium (Roberts et al., 1981).

R4 is the 2-stranded ‘Cr’ root of both Chilomonas and Cryptomonas.
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Figure 4.4  The cryptomonad Cryptomonas ovata, showing a diagrammatic reconstruction of the flagellar
apparatus (left) and some details of flagellar replication and transformation (right)
Source: After Perasso et al., 1992, labelling modified

Perasso et al. showed clearly that the R3 root during flagellar transformation in
Cryptomonas ovata develops into the ‘SRm’, a complex comprising a five-stranded
microtubular root and a transverse fibre. This is therefore the R1 root.

There is, however, some doubt about the identity of R2. The obvious candidate is the
rhizostyle, a row of microtubules which in some species are associated with vanes or
wings. The rhizostyle takes up slightly different paths in different species. In Chilomonas
it passes deep into the cell, terminating near the posterior end of the cell, on the way
bypassing the nucleus. In Cryptomonas ovata it also extends backwards but closer to the
cell surface and without establishing any contact to the nucleus (Roberts et al., 1981;
Roberts, 1984). The two sets of figures reproduced as figures 4-6 and 7-9 by Roberts
(1984) show the rhizostyle microtubules in an orientation which indicates homology to
the R2 root. In Proteomonas sulcata, Hill and Wetherbee (1986) found differences in the
flagellar apparatus of the two stages of the organism. The haplomorph was simpler than
the diplomorph and there was no rhizostyle. In its place a two-stranded microtubular
structure (‘pr’) extended from basal body 1 towards the nucleus. This structure is more
like a normal flagellar root, strengthening the idea that the rhizoplast is a modified R2.

It would be interesting to examine also the ultrastructure of cryptomonads
considered to be closest to the ancestral form (for example Goniomonas).

4.3.4 The alveolates: | Dinoflagellates

Flagellar transformation studies have shown that the transverse flagellum is abscissed
or retracted during cell division and that the basal body grows out as a new longitudinal
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flagellum. Two new transverse flagella are produced: that is, the mature state (the
number 1 flagellum) is the longitudinal flagellum, while the transverse flagellum is
the number 2 flagellum (Heimann ef al., 1995b).

In the 1960s John Dodge and co-workers described the broad microtubular root
associated with the longitudinal flagellum of dinoflagellates (generally known as the
longitudinal microtubular root, LMR), and the striated fibre or root (TSR) emanating
from the basal body of the transverse flagellum (literature reviewed in Moestrup,
1982; see also Figure 4.5). These structures have subsequently been found to be
characteristic features of dinoflagellates, and they occur even in aberrant forms such
as Oxyrrhis marina (Roberts, 1985). Subsequently, however, Keith Roberts discovered
that the transverse flagellum carries two one-stranded roots, emanating from opposite
sides of the flagellar base. One is always associated with the transverse striated fibre,
while the other is microtubule-nucleating (Roberts 1991). Very recently it was
discovered that in some gonyaulacoid and peridinioid dinoflagellates the longitudinal
flagellum carries not only the LMR, but an additional one-stranded microtubular
root is present on the opposite side of the basal body (Hansen et al., 1997; Calado et
al., 1999). Both flagella of these dinoflagellates thus carry two microtubular roots.

Naming of the individual roots is clearest in species with almost parallel flagella,
for example Prorocentrum (Roberts et al., 1995: fig. 8). R1 is the LMR root, while
the single-stranded root associated with the posterior flagellum in the thecate
dinoflagellates mentioned above is R2. The microtubule-organizing root is R3, and
R4 is the single-stranded root associated with the transverse fibre (TSR). During
transformation of flagellum 2 into flagellum 1, R3 and R4 are resorbed. A new R1
(LMR) grows out on the side of the basal body previously taken up by the microtubule-
organizing root, identifying the latter as R3 (Heimann et al., 1995b: Prorocentrum).

Oxyrrhis marina, which in many respects deviates from typical dinoflagellates,
also differs in the detailed architecture of the flagellar apparatus. R1, R3 and R4
roots are present, R1 and R3 somewhat modified, however. Additional structures
such as a curved band of microtubules have no equivalent in other dinoflagellates
(Roberts, 1985).

4.3.5 The alveolates: Il Perkinsids

An undescribed genus of perkinsids has recently been found and the opportunity was
taken to examine the ultrastructure of the flagellar apparatus of this small group of
organisms (Norén et al., 1999), which presently comprises one genus of free-living
species, Colponema (Simpson and Patterson, 1996), in addition to Perkinsus, a parasite
in oyster.

The new genus, a parasite of marine dinoflagellates, possesses two orthogonal
flagella inserted laterally in grooves near the front end. The anterior flagellum carries
unilateral very thin flagellar hairs in groups and the basal body is associated with two
one-stranded microtubular roots that attach to opposite sides of the basal body. The
roots extend along the anterior flagellar groove. The posterior flagellum associates
with a single four-stranded root, extending posteriorly along a groove in which the
short posterior flagellum is located. The arrangement of the flagellar roots indicates
affinity to dinoflagellates, the anterior flagellum being homologous to the transverse
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flagellum in dinoflagellates, that is the number 2 flagellum, and the posterior flagellum
being the number 1 flagellum.

The four-stranded posterior root is R1 (LMR) and the two one-stranded roots are
R3 and R4, respectively. A very thin cross-banded fibre extending along R4
undoubtedly represents a homologue of the usually much more prominent transverse
striated fibre of dinoflagellates (TSR). I am not aware of any studies describing in
detail the flagellar root systems in apicomplexans, the other group to which perkinsids
show similarity.

4.3.6 The alveolates: Il Ciliates

Based on information from Pitelka (1974), Sleigh (1988) produced a drawing showing
ciliary replication in Paramecium (Figure 4.6). In a dikinetid ciliate the basal body
carrying the striated root (the posterior basal body) is the number 1 cilium (flagellum).
It has two microtubular roots while the number 2 cilium has a single microtubular
root. The posterior cilium is therefore the homologue of the longitudinal flagellum of
dinoflagellates. Lynn (1988) illustrated a generalized ‘kinetid’ of a ciliate. This bears
two microtubular roots associated with each basal body, as in many dinoflagellates
and perkinsids.

Using the new numbering system for microtubular roots, R1 is the PT fibre (‘the
posterior transverse microtubular ribbon’, the LMR in dinoflagellates), R2 is the PPc
(‘posterior postciliary microtubular ribbon’), R3 is Apc (‘postciliary microtubules’)
and R4 is AT (‘anterior transverse microtubular ribbon’).

A feature of ciliates not found in other alveolates is the ‘kinetodesmal fibre’, a
striated root extending from one of the basal body triplets. It does not associate with
a microtubular root, in contrast to the transverse root of dinoflagellates and perkinsids
(TSR). Cilium 2 in Lynn’s drawing lacks a cross-banded root, indicating that this
structure develops during ciliary transformation. In other words it is a feature of the
number 1 position. In species with single rather than paired basal bodies (monokinetids)
Lynn (1991: figs 3, 4) drew the basal bodies with a kinetodesmal fibre, that is they all
represent basal body 1.

4.3.7 Cercomonods

Flagellar replication has not to my knowledge been studied in cercomonads.
However, Cercomonas, Heteromita and a few other flagellates form a natural
group together with protostelid and other myxo ‘mycete’ protists, and flagellar
replication has been studied in the myxomycete Physarum. The idea of a

(right)

Figure 4.5 Reconstruction of the flagellar apparatus in the dinoflagellate Alexandrium catenella

Source: After Hansen and Moestrup, 1998, labelling modified

Figure 4.6  Flagellar replication in ciliates

Source: After Sleigh, 1988, labelling modified

Figure 4.7  The flagellar apparatus in the cercomonad Cercomonas (Ce) and the protostelid myxomycete
Cavostelium (Ca)

Source: After Karpov, 1997, modified
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phylogenetic relationship between cercomonads and myxomycetes is based on
ultrastructure of the flagellar apparatus but is not supported by 18S rRNA data
(Cavalier-Smith, 1995). All members of these groups are biflagellate (sometimes
with a barren posterior basal body). In Physarum polycephalum the anterior basal
body remains as such in the next generation while the posterior basal body develops
into an anterior one (Wright et al., 1980a). Extra centrioles known as procentrioles
first develop into posterior basal bodies and in the next generation into anterior
ones. In other words, the anterior basal body is number 1, the posterior one number
2. This sequence of events is unusual. In all other heterotrophic groups studied so
far except the choanoflagellates, the anterior flagellum develops into a posterior
one at cell division.

The cercomonad/myxomycete group is characterized by the ultrastructure of its
flagellar apparatus. However, I have found no micrographs illustrating flagellar root
replication. As the cytoskeleton is highly complex, numbering of the roots is therefore
slightly uncertain.

The anterior basal body, basal body 1, was drawn with two opposite microtubular
roots in Cercomonas (Karpov, 1997; see Figure 4.7). Root 1 is apparently the ‘dorsal
root’ of Heteromita sp. (Karpov, 1997). It possesses two microtubules in this species
and extends to the anterior end of the cell, apparently nucleating a microtubular
cytoskeleton. Root 2 is the ‘ms’ of Heteromita sp., a row of eight microtubules
subtended by a very thin plate on the side towards the basal body (Karpov, 1997: fig.
8). This resembles the complex semicircle of microtubules illustrated in the myxomycete
Physarum polycephalum (Wright et al., 1980b: fig. 13, ‘band 2’). In Physarum the
band contains numerous microtubules, forming an outer cone around the flagellar
apparatus (band 2 in Wright et al., 1979 and Spiegel, 1981). In Heteromita root R2
extends posteriorly, running parallel to the microtubular root R3 (see below) that
extends from the posterior basal body (Karpov, 1997).

Identification of the cercomonad homologue of ‘band 3’ in Physarum (Wright et
al., 1980b: fig. 13) is not clear.

The posterior basal body of cercomonads and myxomycetes (flagellum 2) possesses
one or two microtubular roots. When two are present they associate with opposite
sides of the basal body. The roots extend posteriorly in the cell, in the protostelid
Protosporangium supporting a furrow in which the short posterior flagellum is located
(Spiegel et al., 1986).

Root 3 (number § in the old terminology) comprises a few microtubules only. In
Physarum they were illustrated to originate as two separate groups which subsequently
join into a single structure. The two-stranded part opposite R4 corresponds in its
placement to a Root 3, while the identity of the additional one or two microtubules
that originate on a triplet near Root 4 is uncertain.

Root 4 is a broad root associated with an unusually complex structure of parallel
plates known as the ppks (‘posterior para-kinetosomal structure’). It was particularly
well illustrated in the protostelid Protosporangium articulatum (Spiegel et al., 1986).
Fibrillar material associated with this root in cercomonads is considered by Karpov
(1997) to represent the ppks.

One of the most conspicuous components of the flagellar apparatus in the cercomonad/
myxomycete cluster is the striated fibre which emanates from the base of the anterior
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flagellum (sometimes with a branch from the other basal body as well). It extends as a
cone in the opposite direction of the anterior flagellum and terminates in a MTOC
(microtubule-organizing centre). Numerous microtubules emanate from the MTOC
over the nuclear surface. Together with R2 this structure indicates phylogenetic
relationship between cercomonads and myxomycetes. Mir et al. (1984) concluded that
the MTOC of Physarum may represent the interphase state of the mitotic centre, the
microtubules (perhaps in part) contributing to the mitotic spindle.

4.3.8 Euglenoids and kinetoplastids

These groups are of particular interest, since 18S rRNA data have indicated that they
originated before the major, so-called crown groups (for example, Sogin et al., 1986),
that is, the cytoskeleton probably originated very early. The groups will therefore be
treated in more detail here. Kinetoplastids comprise the trypanosomes and the bodonids
which, based on molecular evidence, appear to be sister groups (Montegut-Felkner
and Triemer, 1997). Together they form a sister group to the euglenoids (Montegut-
Felkner and Triemer, 1997).

Euglenoids

All euglenoid flagellates examined possess three microtubular roots (for example
Moestrup, 1982; Farmer and Triemer, 1988; see also Figure 4.8). Two of these associate
with the flagellum commonly known as the ventral flagellum: the short flagellum in
autotrophs such as Euglena and Colacium (Surek and Melkonian, 1986; Willey and
Wibel, 1987), the trailing flagellum in heterotrophs such as Entosiphon (Solomon et
al., 1987). One root associates with each side of the flagellum, and they have been
termed the ventral and intermediate roots, respectively (Surek and Melkonian, 1986;
Solomon et al., 1987). The third, dorsal, root associates with the outside of what is
known as the dorsal flagellum (for example Farmer and Triemer, 1988). This represents
the long flagellum of Euglena and Colacium and the anterior flagellum of Entosiphon
(Surek and Melkonian, 1986; Solomon et al., 1987).

Based on flagellar transformation studies, Farmer and Triemer (1988) concluded
that the dorsal flagellum develops into a ventral flagellum at cell division, that is, the
ventral flagellum is flagellum 1. Farmer and Triemer (1988) and Brugerolle (1992)
both concluded that during flagellar transformation a new root develops de novo on
flagellum 2, opposite the dorsal root. For a short period each basal body is therefore
associated with two roots. Brugerolle showed that the new root develops into a ventral
root when the flagellum transforms into a flagellum 1. This identifies the dorsal root
and the intermediate roots as being homologous.

Using the new terminology, the ventral root is R1, the intermediate root is R2 (as
in Hilenski and Walne, 1985) and the dorsal root is R 4 (Figure 4.7). Root 3 seems to
be missing in all species examined.

All three roots pass along the plasmalemma of the reservoir.

Root 1 extends to the reservoir pocket, a shallow structure opening into the
reservoir near the transition between the reservoir and the canal. The reservoir
pocket has been found in both autotrophic and heterotrophic species (Willey and
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Wibel, 1985; Surek and Melkonian, 1986; Triemer and Farmer, 1991). In dividing
cells, R1 extends into the strip separating the two new reservoirs, perhaps serving in
cell division (Mignot et al., 1987).

Root 2 appears to terminate on the reservoir surface and is not known to
associate with any other structures (Cryptoglena: Owens et al., 1988). However,
in Euglena additional microtubules are added to the three-stranded root 2, and
the root subsequently splits into pairs passing underneath the canal (Surek and
Melkonian, 1986). R2 sometimes (always?) nucleates a set of microtubules that
extend ventrally.

Root 4 terminates near the eyespot. On its way it passes very close to the main
component of the reservoir/canal cytoskeleton, the so-called dorsal band (Owens et
al., 1988). Surek and Melkonian (1986) suggested that the dorsal band may be
nucleated by R4. The two structures form a slight angle at the level where they pass
each other, later becoming parallel. The dorsal band microtubules split into pairs near
the transition between reservoir and canal, and the doublets subsequently extend
beneath the pellicular strips (probably as microtubules 2 and 4: Mignot et al., 1987).
Another set of microtubules is located at right angles to the dorsal band in the canal
region, encircling the canal.

Striated roots are known to extend from the flagellar apparatus to the rod organ in
Peranema trichophorum but apparently without being associated with any of the
microtubular roots (Hilenski and Walne, 1985). A striated root extending along the
plasmalemma was also seen in Eutreptiella eupharyngea (Moestrup, 1978).

Bodonids

Members of this group are very similar to euglenoids, possessing three microtubular
flagellar roots arranged as in euglenoids (Brugerolle et al., 1979; Nohynkova, 1984;
Surek and Melkonian, 1986). R4 nucleates a set of dorsal microtubules and, very
interestingly, R2 also nucleates a band of microtubules, these microtubules extending
ventrally. Root 1 passes along the cytostome, and a striated root is in contact with
R1 (Nohynkova, 1984; Brugerolle, 1985; Surek and Melkonian, 1986). From the
drawing by Brugerolle (1985) it appears that the anterior flagellum of the bodonid
Rhynchobodo is flagellum 2, and the recurrent flagellum is flagellum 1 (the root on
the outside of the recurrent flagellum basal body extends towards the cytostome,
that is, it represents R1).

Trypanosomes

The single emergent flagellum is homologous with the anterior flagellum of
bodonids (Vickerman 1990); that is, it is flagellum 2, and the barren basal body is
flagellum 1. The cytoskeleton comprises a manchette of evenly spaced microtubules
beneath the plasmalemma. However, fig. 11 of Vickerman (1969: Trypanosoma
congolense) shows a four-stranded root said to originate at the basal body of the
emergent flagellum. Judged from its position it could be the R4 root. Further
investigations of the trypanosomatid flagellar apparatus may reveal the presence
of additional roots.
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4.3.9 Glaucophytes

Only Cyanophora paradoxa has been examined. Heimann et al. (1989) described the
two new flagella formed as short anterior flagella, that is the long posterior flagellum
is the number 1 flagellum, and the short anterior is the number 2 flagellum.

I have been unable to label the individual roots from the published electron
micrographs (Mignot et al., 1969).

4.3.10 Green algae

Green algae (including primitive forms belonging to the Pedinophyceae and
Prasinophyceae) nearly always possess two microtubular roots associated with each
basal body, a few-membered root (often comprising two microtubules) and a broad
root (Figure 4.9). Green algae typically show a 180° rotational symmetry of the basal
body apparatus, that is, if one basal body is rotated 180° it covers the second basal
body, including its microtubular roots. In cells with more flagella, only the two central
ones (numbers 1 and 2) carry microtubular roots. The 180° rotational symmetry is
not exact as homologous roots of the two pair of basal bodies extend to different
organelles in the cell.

Flagellar transformation was initially found in the prasinophyte Nephroselmis.
Members of this genus are anisokont, that is, the two flagella of the biflagellate cells
differ in length, and Melkonian et al. (1987) found that the short anterior flagellum
increases in length prior to cell division, while two new short flagella appear. The
long flagellum remains long. In other words, the long flagellum is number 1, the short
flagellum number 2. Nephroselmis is unusual in having only one microtubular root
associated with flagellum 2, and this root extends to the eyespot, probably determining
the position of the eyespot underneath the short flagellum. Other prasinophytes lack
the association between the stigma and a microtubular root, and the position of the
eyespot in the cell differs, even among species belonging to the same genus. In more
advanced green algae the eyespot always associates with a microtubular root, but this
root extends from the opposite side of flagellum 2, compared with Nephroselmis;
that is, it represents a different root.

Using the new terminology for microtubular roots, R1 is the (typically
twostranded) root associated with flagellum 1. In a few prasinophytes this root is
multistranded and associates with the opening of the scale reservoir, perhaps
regulating scale release. In some prasinophytes (Cymbomonas, Pterosperma and
close allies), the root associates with the pouch. This structure probably served in
food uptake in the heterotrophic ancestors of the green algae, and it may still do so
in Cymbomonas (Moestrup, Inouye and Hori, unpublished observations). The root
comprises an MLS in Mesostigma, Cymbomonas, Pterosperma and its allies, similar
to the MLS of higher plants and bryophytes. The root also commonly associates
with a cross-banded fibre.

R2 is a broad root extending along the plasmalemma. R3 is the two-stranded root
extending from basal body 2. In Nephroselmis this root interconnects the flagellar
apparatus and the eyespot. In another prasinophyte, Mesostigma, both R1 and R3
possess an MLS. R4 is the broad root from basal body 2 to the eyespot in the advanced
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Figure 4.8 The flagellar apparatus of the euglenoid flagellate Cryptoglena pigra

Source: After Owens et al., 1988, labelling modified

Figure 4.9  The flagellar apparatus of the prasinophycean green alga Pyramimonas octopus
Source: After Moestrup and Hori, 1989, labelling modified

Figure 4.10 The flagellar apparatus of the charophycean green alga Coleochaete pulvinata
Source: After Sluiman, 1983, labelling modified

non-charophycean green algae (Chlorophyceae, Ulvophyceae, Trebouxiophyceae). This
very characteristic feature, not found in any prasinophycean flagellates, is likely to
have arisen in the common ancestor of the advanced non-charophycean green algae.

Identification of individual flagella in charophyceans is not simple as this advanced
group of green algae includes no true flagellates, only zoospores, and gametes and
flagellar replication therefore does not take place. Only one of the two flagella has
microtubular roots, a broad one (which may contain numerous microtubules) and, at
least in some species, a few-membered one (Figure 4.10). Melkonian (1984, 1989)
interpreted the root-bearing flagellum in charophyceans as the number 1 flagellum.
Thus the broad, MLS-bearing root of the Charophyceae would represent R1, and the
few-membered root would be R2. The basal body interpreted as basal body 2 lacks
flagellar roots. There is, however, no definite proof of which flagellum in charophyceans
represent flagellum 1.

The uniflagellate green algae are unusual, as flagellar transformation takes place
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in two different ways. Monomastix and Pedinomonas both possess a single emergent
flagellum and a second, barren basal body. In Monomastix, a species of very uncertain
taxonomic affinities, the long flagellum transforms into the barren basal body during
cell division: that is, the emergent flagellum is the number 2 flagellum (Heimann et
al., 1989). Very surprisingly, however, in Pedinomonas of the class Pedinophyceae
(Moestrup, 1991), the exact opposite happens. The long flagellum remains unaltered
during cell division, and the barren basal body grows out into a new long flagellum
(Pickett-Heaps and Ott, 1974, fig. 13; confirmed by light microscopy, Heimann et al.,
1989). This is an exceptional situation, and presently the only known case within the
algae where a barren basal body forms a flagellum during cell division, that is, the
emergent flagellum is the number 1 flagellum.

4.3.11 Choanoflagellates

Some information on flagellar replication in Monosiga ovata was published recently
by Karpov and Leadbeater (1997). The single emergent flagellum disappears prior to
cell division. Two new basal bodies appear, one next to each of the old ones, but
initially of a narrower diameter. The ring of microtubules surrounding the basal body
of the emergent flagellum seems to be retained at cell division. This identifies the
emergent flagellum as flagellum 1. During separation of the two pairs of basal bodies
prior to mitosis, a second ring develops around one of the basal bodies. Karpov and
Leadbeater (1997) interpreted this basal body as the barren basal body of the interphase
cell. It was therefore basal body 2 before cell division.

The microtubular system associated with the two basal bodies of choanoflagellates
is unlike those of most other protists. In Monosiga the basal body of the emergent
flagellum is surrounded by rings of opaque material, and radiating microtubules emerge
from the innermost ring. They extend under the plasmalemma and apparently make
contact with the fibrillar bundles that support each of the tentacles. The barren basal
body apparently has no associated structures, its sole function may be to grow into an
emergent flagellum in the next generation.

In Codosiga botrytis, examined in detail by Hibberd (1975), large numbers of
microtubules radiate from the flagellar basal body, grouped in blocks. It is not possible
to homologize the microtubular system of choanoflagellates and the microtubular
roots of other protists. The ring of microtubules is probably a specialization of
choanoflagellates, developed in connection with formation of the collar tentacles.
Details of this process must await the discovery of related groups with a less derived
flagellar apparatus.

4.4 Some flagellates in which flagellar replication
is unknown

Numbering of flagella and associated microtubular roots is usually possible only if
flagellar replication has been studied, or if the organism is closely related to a taxonomic
group in which details of flagellar replication are known. From published micrographs
it is, however, sometimes possible to get an idea of the identity of flagella and roots.
Some examples will be given here.
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Proteromonads

In Proteromonads (Brugerolle and Joyon, 1975) the presence of a helix-like structure in
the flagellar transition region has been taken to indicate phylogenetic affinity to the
heterokonts (Patterson, 1985, 1989). There are, however, few other similarities between
the two groups, and the idea needs further support. If accepted, however, the relative
orientation of the two flagella in Proteromonas suggests that the posterior flagellum is the
homologue of the smooth flagellum in heterokonts, that is, flagellum 1. In both
Proteromonas and Karotomorpha this flagellum carries two microtubular roots, shown
clearly to arise on opposite sides of the basal body (Brugerolle and Joyon, 1975: fig. 32).
Judging by the orientation of the basal body triplets, ‘ft1’ is R1 and “ft2” is R2. They join
into a ‘rhizostyle’ when leaving the flagellar apparatus, a structure suggested to be associated
with (nucleating?) the extensive peripheral cytoskeleton in Karotomorpha. Flagellum 2 in
Proteromonas bears a microtubular root that joins up with the combined R1/R2, forming
a rhizostyle of three microtubular roots, a very unusual feature. The identity of the R2-
associated root is not certain, indeed some of the published micrographs indicate that two
microtubular roots are associated with the anterior flagellum of Proteromonas (ibid., 4).

Archamoebae

In a phylogenetic context Archamoebae is one of the potentially important groups.
The few known members lack mitochondria, and the group may date back to before
mitochondria developed endosymbiotically from bacteria. The flagellar apparatus is
very unusual in several respects (Figure 4.11). There is only a single flagellum and no
extra basal body (Brugerolle, 1991), an exceptional situation paralleled only in the
heterokont Pelagomonas and in the zooflagellate Phalansterium digitatum (Hibberd,
1983). Perhaps flagellar transformation does not take place: the single flagellum
probably disappears during cell division to be replaced with two new ones, which
then distribute to each daughter cell. In Pelagomonas the single flagellum is the number
2 flagellum, which disappears at cell division (Heimann et al., 1995a).

The single flagellum in mastigamoebids may therefore be a number 2 flagellum
(cell division has not been studied). It has only a single microtubular root attached,
which apparently nucleates numerous microtubules on the nuclear surface. It would
be very interesting to study cell division in mastigamoebae. Mastigamoebid flagella
do not beat normally, and in some genera are non-motile.

Flagellar transformation has not been studied in other mitochondria-lacking
flagellates such as diplomonads, retortamonads, and parabasalians.

4.5 Some groups in which flagellar transformation
does not take place

Plasmodiophoromycetes

The plasmodiophoromycete zoospore is so unusual that it deserves a comment. Barr
(1981) and Barr and Allan (1982) described the root system in Polymyxa graminis
(Figure 4.12). Each of the exceptionally long basal bodies carries two slightly different
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opposite roots. Most unexpectedly, however, the two pairs of roots are identical. One
root consists of two microtubules that extend to and form an indentation into the
plasmalemma. The other is initially one-stranded, becoming two-stranded and finally
three-stranded. The microtubules extend to and subsequently run beneath the
plasmalemma. This combination is unlike any other protist known to me. It somewhat
resembles the arrangement of microtubular roots in green algae, but other details of the
flagellar apparatus are different and it appears likely, as pointed out by Barr and Allan
(1982), that the plasmodiophoromycetes have their relatives in some protozoan group.

Chytrids

These form another unusual group. Due to the large number of high quality
investigations by Donald Barr and his colleagues we are better informed about the
flagellar apparatus of this group than about that of most other protists. The four
orders of chytrids all have uniflagellate motile cells, in which a second flagellum is
represented by a very short basal body (Barr, 1981; see also Figure 4.13). In the
Chytridiales a single bundle of microtubules is associated with the long flagellum
basal body. Remarkable differences exist between the different orders, more so than
in other classes of protists. At first sight the root system is very unusual, but the
Monoblepharidales may offer a clue to the phylogeny of the chytrids. In
Monoblepharella illustrations of the emergent flagellum basal body illustrate a series
of rings around the basal body, and instead of the single bundle of microtubules, 270°
of the periphery around the basal body is covered by microtubules extending from
the basal body (Figure 4.13). The arrangement is, at least superficially, strongly
reminiscent of the basal body and associated rings/microtubules in choanoflagellates
(for example Fuller and Reichle, 1968: fig. 3). This is important since many different
sequencing data have indicated a phylogenetic relationship between the ‘true’ fungi
(at the base of which are the chytrids) and the choanoflagellates/metazoa.

Some members of the spizellomycetalean chytrids possess an MTOC located a short
distance from the emergent flagellum basal body and attached to the basal body with
thin fibres. Microtubules extend from the MTOC to the nuclear surface. This recalls
the MTOC of the cercomonad/myxomycete line, although the details are somewhat
different, and it may not reflect a phylogenetic relationship. The most aberrant flagellar
apparatus is that of the Blastocladiales. Nine groups of three microtubules extend from
the basal body over the nuclear surface. This type of flagellar root was derived from the
spizellomycetalean type by Barr (1981). 18S rRNA data have indicated, however, that
the Blastocladiellales is only distantly related to other chytrids (for example Nagahama
et al., 1995), and chytrids may not comprise a monophyletic group.

If the relationship between the choanoflagellates and the Monoblepharidales is
true, then the emergent flagellum of chytrids is probably the number 1 flagellum and
the single root is R1.

4.6 Concluding remarks

As the information given has shown, the two-rooted basal body is a very common
feature in protists. In some taxonomic groups, flagellum 2 possesses only a single
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Figure 4.11  Reconstruction of the front end of the archamoeba Pelagomonas

Source: After Brugerolle, 1991

Figure 4.12 Diagrammatic reconstruction of the flagellar apparatus in the plasmodiophoromycete Polymyxa

Source: After Barr, 1981

Figure 4.13 The flagellar apparatus of selected chytrids, represented by the order Chytridiales (top pair)
and the order Monoblepharidales (central pair, lower pair).The lower pair represents
Monoblepharella

Source: After Barr, 1981
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microtubular root and the second root develops de novo at cell division. When two
microtubular roots are present, the roots belonging to different basal bodies are
usually different, and transformation of the roots therefore takes place when the
roots of flagellum 2 develop into the roots of flagellum 1. In several taxonomic
groups the flagellar apparatus appears modified, hampering identification of the
microtubular roots. This may at first sight appear to contradict the thesis that two
microtubular roots formed early during evolution of the eukaryotic cell. However,
modifications of the root systems have also taken place within the major lineages of
organisms, for example, the synurophyceans within the heterokonts. Is the
exceptionally high diversity in the root structure of chytrids associated with the
lack of flagellar transformation in this group? The functional significance of flagellar
transformation is still unknown. It is notable, however, that very little variation
occurs in the axoneme of protist flagellates, while sperm cells of metazoa may deviate
considerably from the 9+2 structure. This is the more remarkable since the protist
groups are significantly older than the metazoans. No transformation of flagella
takes place in sperm and zoospores, and one may speculate that flagellar
transformation causes a constraint that keeps variation of the flagellar apparatus
within limits. Flagellar and root transformation are very complex processes, and
faults encountered during the process may result in poorly functioning or moribund
cells. We are still very poorly informed about the function of flagellar transformation
today, eighteen years after its discovery.

When the data presently available are considered, the protists fall into two groups,
based on the way flagellar transformation takes place. In all algal flagellates examined
except one, the anterior (dorsal) flagellum transforms during cell division into a
posterior (ventral) flagellum. The same applies to some protozoa, for example ciliates.
However, in the cercomonad/myxomycete and the choanoflagellate groups the opposite
occurs. In the former group, the posterior flagellum develops into an anterior one
during flagellar transformation. In choanoflagellates, the barren basal body develops
a microtubular cone during cell division, indicating that it will subsequently grow out
as the emergent flagellum. Very surprisingly the same happens in a single alga, the
green flagellate Pedinomonas. The significance of this dualism is not clear, but it
supports the idea that the pedinomonad green algae are related in some unknown
way to other green algae.

Future research should address flagellar transformation in additional groups of
protists. Also, the MTOCs on the basal bodies from which the roots develop should
be identified and examined to answer questions such as, first, what the chemical
composition is of the MTOCs on opposite sides of a basal body, second, which genes
are responsible for formation of the microtubular roots, and so on.
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Chapter 5

Molecular aspects of the centrin-based
cytoskeleton in flagellates

Peter E.Hart and Jeffrey L.Salisbury

ABSTRACT

The small calcium-binding protein, centrin, is ubiquitious among flagellates and ciliates,
and appears to play significant roles in flagellar behaviour, feeding and cortical patterning.
In this chapter, we present a current review of the molecular aspects of centrin. Numerous
flagellate and ciliate centrin cDNAs have been identified that encode homologous proteins
of ~20 kDa. All of these centrin proteins consist of four calcium-binding EF-hand
domains, a highly variable amino terminal domain that is rich in hydrophobic and
positively charged residues, and a short carboxy terminus. Only a few centrin genes
have been characterized in lower eukaryotes. In general, centrin genes are similar to
other genes in a given species with regard to codon bias, the presence of introns, the
length of the untranslated regions, and the presence of internal eliminated sequences.
However, the number of centrin-encoding genes varies greatly between species, raising
the intriguing question as to the role of centrin microdiversity in some flagellates and
ciliates. Also, the position of introns is highly variable in centrin genes, and does not
conform to the boundaries of the functional EF-hand domains; this suggests a complex
evolutionary history for centrin. Phylogenetic analysis demonstrates the existence of
three distinct centrin clades: an algal clade, a ciliate clade and a distantly related clade
consisting of yeast and one of the Giardia sequences. The phylogenetic data, taken
together with the structural data and genomic analysis, indicate a high level of centrin
diversity. Understanding this centrin diversity will be critically important to elucidating
the mechanisms of flagellar behaviour, feeding, and cortrical patterning in flagellates
and ciliates. Furthermore, understanding these processes in lower eukaryotes should
contribute significantly to an understanding of centrosome function in higher eukaryotes.

5.1 Introduction

Complex fibre systems organize and anchor the flagellar basal apparatus in unicellular
flagellates (Pitelka, 1969; Brown et al., 1976; Melkonian, 1980; Goodenough, 1989).
Certain of these fibres show contractile properties, and in many cases contraction is
induced by elevated cytoplasmic levels of free Ca2+ (Melkonian, 1989). Contractile
fibres associated with the flagellar apparatus function to orient basal bodies, position
the flagellar basal apparatus relative to the nucleus or cortical cell structures, and in
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certain cases to sever or break microtubules (McFadden er al., 1987; Salisbury et al.,
1987; Sanders and Salisbury, 1989, 1994). In some ciliates and flagellates, such as
Paramecium and Holomastigotoides, cortical fibre systems function in contraction of
the cell body (Klotz et al., 1997; Lingle and Salisbury, 1997). There is a considerable
variety in architecture and organization of these contractile fibre systems (Figure 5.1).
Nonetheless, centrin, a small calcium-binding protein has emerged as a common feature
of many contractile fibres associated with flagellar basal bodies and the cell cortex in
flagellates and ciliates. Centrin was first identified as a component of flagellar roots
in the marine green alga Tetraselmis (Salisbury and Floyd, 1978; Salisbury et al.,
1984). Subsequently, centrin has been identified in unicells of diverse phylogenies, as
well as in pericentriolar material of centrosomes and mitotic spindle poles of animal
cells (Salisbury et al., 1986; Salisbury, 1995, 1998).

5.2 Centrin: protein structure comparisons

Centrin is a small (~20 kDa) calcium-binding protein (Salisbury et al., 1984) consisting of
four EF-hand domains (Kretsinger, 1975), a highly variable amino terminal region, and a
short carboxy terminus. For unicellular flagellates and ciliates, centrins range in size from
161 to 181 amino acids, with most of the differences attributed to a variable amino-
terminal domain (Table 5.1, Figure 5.2). All centrins show an overall acidic isoelectric
point which is due to the preponderance of negatively charged residues in the EF-hands.
Common features unique to the centrin subfamily include the pattern of hydrophobic and
charged residues in the amino-terminal region, and a potential phosphorylation site and
penultimate F or Y residue at the carboxy terminus. Centrins also characteristically (yeast
and Giardia centrins are exceptions) contain no histidine, cysteine or tryptophan residues.

5.2.1 The calcium-binding EF-hand domains

The most notable feature of the centrin molecule is the calcium-binding EF-hand
domain that is present in four copies. EF-hands are helix-loop-helix structures (the
helices are denoted E and F) first identified in parvalbumin by Kretsinger (Kretsinger,
1975) as the canonical Ca?*-binding domain of cytoplasmic calcium-binding proteins.
Each EF-hand consists of thirty amino acids with the first nine residues comprising
the e-helix, the last nine residues comprising the f-helix and the intervening twelve
residues making up the loop (Moncrief et al., 1990). Calcium ion binding is thought
to be coordinated within this loop, directly or indirectly via water molecules, by oxygen
atoms located on the side chains of residues, or in some cases the carbonyl oxygen
(Moncrief et al., 1990). 4Ca2+ overlay and gel-shift assays directly demonstrated that
centrin is capable of calcium-binding (Salisbury et al., 1984; Baron et al., 1992).
Furthermore, biochemical studies of recombinant algal centrin suggest that all four
of the EF-hands bind calcium, albeit with different affinities for the ion (Weber et al.,
1994). Analysis of the crystal structure of EF-hand calcium-binding proteins and
molecular modeling of centrin (Figure 5.3) suggests a dumbbell-shaped molecular
configuration. This configuration consists of two globular domains, each with two
EF-hands, separated by a flexible central helix region composed of the e-helix of the
second EF-hand and the f-helix of the third EF-hand (Kretsinger et al., 1986; Babu et



Figure 5.1

Source:

Centrin-containing contractile fibres show a diverse range of architecture and structure in
flagellates and ciliates. Several examples of indirect immunofluorescence of centrin localization
areillustrated here. A) A collage of three distinct stages of Ca*-induced flagellar root contraction
in Tetraselmis striata is shown in this image. B) Basal body, descending fibres, and fimbria of the
centrin-based fibre system of Chlamydomonas is shown here. C) Five flagellar bands of the
termite gut endosymbiont Holomastigotoides sp.spiral just beneath the plasma membrane. One
of the bands has released from the cell apex and is being drawn toward the distal half of the
cell. D) Paramedum centrin is localized in a complex infraciliary lattice, as well as in basal bodies
and in the cord, a filamentous structure associated with the oral apparatus

Figure 5.1D courtesy of Professor Janine Beisson
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Table 5.1 Summary of the properties of predicted centrin proteins. All sequences are full-length with
the exception of the Paramecium ICLIb and ICLIc centrins

Full-length protein Amino terminal region
Organism Amino MW (Da) pKa Amino hydrophobic (+)charged

acids acids residues residues
Chlamydomonas 169 19,459 4.52 28 7 7
Dunaliella 169 19,397 4.64 28 6 8
Scherffelia 168 19,334 4.57 27 7 7
Naegleria 172 19,608 4.99 32 6 6
Giardia lamblia 176 20,236 4.53 34 12 8
Giardia intestinalis 161 18,685 4.49 20 6 5
Paramecium ICLIa 181 20,298 4.28 40 18 5
Paramecium ICLIb >|81 >20,336 ~4.28 >40 >|7 >5
Paramecium ICLIc >182 >20,437 ~4.28 >4| >17 >5
Paramecium ICLId 181 20,312 4.28 40 18 5
Yeast 161 18,748 4.22 23 6 3

al., 1988; Heidorn and Trewhella, 1988). Analysis of centrin mutations in
Chlamydomonas demonstrates that the flexible central helix region is critically
important for centrin function (Taillon e al., 1992). A G-to-A point mutation
converting residue 101 from glutamic acid to lysine imposes a positive charge at this
site, and results in a failure of the assembly of centrin-based fibres, and in an
inappropriate basal body segregation phenotype (Taillon et al., 1992).

A model explaining the calcium-sensitive behaviour of centrin-containing fibres
can be proposed, based on these studies and others on centrin, calmodulin and troponin
C (Heidorn and Trewhella, 1988; Persechini and Kretsinger, 1988; Putkey et al., 1988;
Seeholzer and Wand, 1989; VanBerkum et al., 1990; Mehler et al., 1991). In this
model, calcium binding within the loop of the EF-hands results in the presentation of
hydrophobic pockets at the ends of the central linking helix. The normally dynamic
thermal bending of the central helix region becomes constrained when centrin-centrin
or centrin-target protein interactions become stabilized by intermolecular interactions
involving these hydrophobic pockets. Compaction of the overall molecular structure
follows (Wiech et al., 1996). Because each of the molecular components of the
contractile fibres has yet to be identified, the precise mechanism of contraction remains
unclear. However, ultrastructural investigations suggest that twisting and ‘supercoiling’
of centrin-containing fibres themselves operate in the fibre shortening process (Salisbury
and Floyd, 1978; Salisbury, 1998). Centrin-target protein interactions have been
identified in yeast where a calcium-dependent interaction between CDC31p and
KAR1p has been shown to be required for spindle pole body duplication (Biggins and
Rose, 1994; Vallen et al, 1994; Geier et al., 1996).

5.2.2 The amino-terminal region

The amino-terminal regions of centrins from different species share little sequence
homology, and vary in length from twenty to greater than forty amino acids (Table
5.1). None the less, the amino terminal region does share a conserved pattern of
positively charged and hydrophobic residues. Although no role has been attributed to
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131+ . LHVAKEIGE?] .- .EL. .M. . 1D. AR T
KISIKNLRRVAKELGETLTDEELRAMIEEFDLDGDGEINENEFIAICTDS
KISFKNLKKVAKELGENLTDEEIQEMI DEADRDGDGEINEEEFLRIMRRTSLY
RISLKNLRRVAKELSENISDEELLAMIQEFDRDGDGEIDEEDFIATLRSTSAFS
TITIKDLRRVAKELGENLTEEELQEMIAEADRNDDNEIDEDEFIRIMKKTSLE
FITLKNLKRVAKELGENLTDEELQEMI DEADRNGDGQIDEDEFYRIMKKTSLE
FITFANLKRVAKDLGENMT DEELREMI EEADRSNQGQTSKEDFLRTMKKTNLE
KISFKNLKRVAKELGENMT DEELQEMI DEADRDGDGEVNEEEFFRTMKKTSLE
VVTLKDLRKVAKELGETMDDSELQEMI DRADSDGDAQVTFEDFYNIMTKKT FA
VITLKDLRKVAKELGETMDDSELQFMI DRADSDGDAQVT FEDEYNIMTKKTFA
VITLKDLRKVAKELGETMDDSELQEMI DRADSDGDAQVT FEDFYNIMIKKTEA
VITLKDLRKVAKELGETMDDSELQEMI DRADSDGDAQVTFEDFYNIMTKKTEA

Figure 5.2 Protein sequence alignment of full-length flagellate centrins. The following centrin sequences
are considered: Saccharomyces cerevisiae CDC31 (M14078), Giardia intestinalis (U59300),
Giardia lamblia (U42428), Chlamydomonas reinhardtii (X12364), Dundliellla salina (U53812),
Scherffelia dubia (X69220), Naegleria gruberi (U21725), and Paramedum tetraurelia ICLIb
(U35397) and ICLIc (U35396).The nearly full-length Paramedum ICLlIa (U35344) and ICLId
(U76540) centrins are also included. Conservative substitutions are represented as follows:
(-)=negatively charged residues (D and E), (+)=positively charged residues (K, R, and H),
(=hydrophobic residues (I, L, A,V, P, M, F, and W), (2)=uncharged /polar residues (S, T, Y,
C, G, Q, R, and N), and (3)= hydroxyl-containing residues (S, T, and Y). EF-hands are
indicated (helices are underlined and loops are double underlined)
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Figure 5.3 Molecular model of centrin protein structure based on a comparison with other calcium-
binding proteins and computer modelling. The model illustrates a protein consisting of two
calcium-binding globular domains and a central flexible connecting helix. The sites of four
bound Ca* ions are represented by black dots

the amino-terminal region, these conserved features suggest preservation throughout
evolution of common functional properties for this part of the protein. The four centrins
of Paramecium possess the most divergent amino-terminal regions. The aminoterminal
regions of Paramecium centrins are particularly long, and are unique with regard to
the presence of numerous proline and glutamine residues. In Paramecium, multiple
centrins showing microheterogeneity may be required to generate the complex
geometry of the infraciliary lattice (Madeddu et al., 1996; Klotz et al., 1997; Ruiz et
al., 1998).

5.2.3 The carboxy terminal region

Centrin was first identified as a phosphoprotein, and phosphorylation was correlated
with centrin-fibre extension (Salisbury et al., 1984; Martindale and Salisbury, 1990).
Centrins display sequence conservation in their extreme carboxy terminus, which
often contains the consensus [K/R] [K/R] TSL [F/Y]. This sequence conforms to a
consensus for protein kinase A (PKA) phosphorylation with the serine serving as the
phosphoacceptor. We have previously identified this serine as a bona fide
phosphoacceptor for human centrin (Lingle ef al., 1998). Variations of the carboxy-
terminal sequence, that resemble the consensus but lack the serine residue, are found
in Naegleria (KKTNLF), and Paramecium (KKTFA) centrins. It is possible that the
threonine residue may serve as a phosphoacceptor in these proteins. Interestingly, one
of the Giardia sp. centrins contains the consensus (RRTSLY) while the other Giardia
sp. centrin contains a relatively divergent carboxy terminus (STSAFS). None the less,
the putative phosphoacceptor serine is retained in both Giardia sp. centrins. We have
preliminary immunological evidence that Giardia centrin is phosphorylated at the



Centrin-based cytoskeletons 101

RRTSLY carboxy-terminus site during mitosis and excystment (unpublished
observations Lingle, Gillan, and Salisbury). The yeast CDC31p shows the most
divergent carboxy-terminal sequence, lacking this phosphorylation site.

5.3 Centrin: gene and cDNA sequence comparisons

Centrin cDNAs have been sequenced for yeast (Baum et al., 1986, 1988), mammals
(Lee and Huang, 1993; Ogawa and Shimizu, 1993; Errabolu et al., 1994;
Middendorp et al., 1997), plants (Zhu et al., 1992), and the following ciliates and
flagellates: Chlamydomonas reinhardtii (Huang et al., 1988), Dunaliella salina
(Ko and Lee, 1996), Micromonas pusilla (Steinkoetter and Melkonian, 1996),
Tetraselmis striata (Bhattacharya et al., 1993), Spermatozopsis similis
(Bhattacharya et al., 1993), Scherffelia dubia (Bhattacharya et al., 1993),
Pterosperma cristatum (Steinkoetter and Melkonian, 1996), Naegleria gruberi
(Levy et al., 1996), Paramedum tetraurelia (Madeddu et al., 1996; Vayssie et al.,
1997), Giardia sp. (Meng et al., 1996), and Entodinium caudatum (Eschenlauer
et al., 1998). Several of these sequences are partial, but all of the cDNA sequences
available minimally encompass the four EF-hands.

All of the full-length flagellate sequences (Naegleria, Dunaliella, Chlamydomonas,
Scherffelia, Paramedum and Giardia) begin with ATG methionine codons with
Naegleria, Dunaliella and Chlamydomonas having the consensus translation
initiation sequence (that is, an A at -3) (Kozak, 1986). The stop codons vary:
Naegleria, Dunaliella and Chlamydomonas have TAA stop codons while
Paramedum, Giardia and Scherffelia have TGA stop codons. Among the ciliates
and flagellates, multiple centrin cDNAs have only been identified for Paramedum,
Entodinium and Giardia sp., while among mammalian species multiple centrins
appears to be the norm (mice and humans each contain at least three centrin genes)
(Lee and Huang, 1993; Errabolu et al., 1994; Middendorp et al., 1997). Therefore,
individual ciliate and flagellate species may, first, only posses a single centrin (as
does yeast); second, show restricted expression of centrin(s) during specific
developmental stages (as is the case for Naegleria); or third, have multiple centrin
genes (as seen in Paramedum). It is unknown why some species contain multiple
centrins. Do different centrins have distinct functions, or are centrins functionally
redundant? The yeast centrin, along with mouse and human centrin 3 (Middendorp
et al., 1997), appear to be quite divergent from the centrins of most flagellate species.
It may be that the unique structural properties of basal bodies/centrioles and
contractile fibres requires distinct centrins.

The function of centrin, and its analogues spasmin and calmyonemin, in ciliate
and flagellate species remains unclear, but several systems may provide some clues as
to the diversity of centrin function. Calcium-modulated centrins fibres appear to have
been adapted for use in a variety of structures requiring contractile behaviour, including
flagellar excision, basal body positioning, and feeding. In Chlamydomonas, centrin-
based fibres play a role in the excision of flagella in response to physiological stress
(Sanders and Salisbury, 1994), and in the positioning of basal bodies within the cell
(Wright et al., 1989). In Paramedum, centrin is an essential component of the
infraciliary lattice, a structure involved in the control of basal body distribution in the
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epiplasm (Klotz et al., 1997). Recently, Vigues and co-workers (1999) have identified
centrin-like filaments closely associated with the microtubulebased cytopharyngeal
apparatus (feeding basket) of the ciliates Nassula and Furgasonia. It has been suggested
that centrin filaments in Nassula and Furgasonia, and possibly Entodinium, are
involved in the contraction of the cytopharyngeal apparatus that is required for the
ingestion of food (Vigues et al., 1999; Vigues and David, 1994). It is also possible that
distinct centrins possess unique functions during discrete developmental stages. For
example, the centrin analog, spasmin, has been identified as a major protein of the
contractile spasmoneme in the trophont stage of some peritrich ciliates such as
Vorticella and Carchesium (Ochiai et al., 1988; Buhse, 1998). Additionally, expression
of centrin is restricted to the differentiating flagellate stage of the life history of
Naegleria (Levy et al., 1998). It should also be pointed out that particular centrin
species may show cellular functions distinct from those associated contractile fibre
systems (Paoletti et al., 1996).

Paramecium may represent a particularly useful system to investigate centrin
function. Four centrin genes have been identified in Paramecium, but as many as
twenty genes may exist (Madeddu et al., 1996). Paramecium may require multiple
centrins of subtly different structure in order appropriately to assemble the complex
architecture of the infraciliary lattice. The four known centrin genes are co-expressed
in Paramecium. Microinjection of high copy number of plasmids containing only the
coding region of one centrin gene into the Paramecium somatic macronucleus leads
to a marked reduction in the expression of the corresponding endogenous gene(s)
(Ruiz et al., 1998). Clonal descendents of microinjected cells show complete or partial
disruption of infraciliary lattice structure. These experiments provide the first evidence
that the members of the centrin gene family in Paramecium are required for assembly
of the infraciliary lattice and that they are not functionally redundant (Ruiz et al.,

1998).

5.3.1 Structural features of centrin genes

Among the ciliates and flagellates, centrin genomic sequence information has only
been reported for Chlamydomonas, Paramecium and Giardia. While they contain
many features common to eukaryotic genes in general, the centrin genes of the
different species share few specific structural features. Lee and co-workers (Lee et
al., 1991) were the first to identify and characterize the genomic sequence for
Chlamydomonas centrin. This gene contains seven exons (106, 36, 50, 167,42, 75,
and 508 bp in length), separated by six introns that, as is generally the case for
calcium-binding protein genes, do not occur at the boundaries of the EF-hand
encoding sequence (Table 5.2). The intron/exon boundaries are consistent with the
eukaryotic consensus, and conform to the GT/AG rule (Mount, 1982) (Table 5.2).
The 5’-untranslated region (UTR) is 59 bp in length while the 3’-UTR is 184 bp in
length and contains a TGTAA polyadenylation signal. The sequence immediately
upstream of the translation start site contains an element that shares structural
features with the canonical Hogness-Goldberg TATA box, and could serve as a
RNA polymerase II recognition site. A CCAAT box typically located upstream of
the TATA element is not present in this gene.
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Table 5.2 Summary of centrin gene intron properities

Organism Intron Class Size Position Splice site sequence
(bp)
Chlamydomonas | Il 117 E-helix of EF-hand | CCT/GTAGGT...ATGCAG/C
2 0 231 loop of EF-hand | AAG/GTACGC...TAACAG/G
3 0 503 E-helix of EF-hand 2 GAG/GTGAGA...CCTCAG/A
4 0 Il loop of EF-hand 3 AAG/GTGAGC...TCACAG/G
5 | 144 linker of EF-hand CTG/GTGAGT...ACGCAG/A
3 and 4
6 Il 155 F-helix of EF-hand 4 CCG/GTGAGT...CAACAG/G
Paramecium ICLla | 1] 23 loop of EF-hand | CGG/GTATTT...ATCCAGG/C
2 0 26 E-helix of EF-hand 3 TAA/GTATAT...TAATAG/A
Paramecium ICLIb | 1l 25 loop of EF-hand | TGG/GTATAA... TATTAG/T
2 0 28 E-helix of EF-hand 3  TAA/GTACAT...TTCTAG/A
Paramecium ICLIc | 1 25 loop of EF-hand | TGG/GTATGT...TCTTAG/T
2 0 28 E-helix of EF-hand 3 CAA/GTATCT...CATTAG/A
Paramecium ICLI1d | Il 24 loop of EF-hand | CGG/GTATTA...ATTAAG/C
2 0 26 E-helix of EF-hand 3  TAA/GTATAA...TAATAG/A

Giardia intestinalis Intronless
Giardia lamblia Intronless

Note: All flagellate centrins for which genomic sequence data are available are considered. Class
refers to the position of the introns as defined by Sharp (1981). Class O introns lie between
codons, class 1 introns lie between the first and second base of a codon, and class 11 introns
lie between the second and third base of a codon. The eukaryotic consensus for intron splice
site sequence is [A/CJAG/GT[A/G]AGT...[T/C][T/C]N[T/CIAG/G

The genome of Paramedum contains a relatively large centrin gene family; it is
estimated that up to twenty centrin genes may exist in this organism (Madeddu et al.,
1996; Vayssie et al., 1997). Thus far, four centrin genes (ICL1a, b, ¢, and d) have been
identified in the transcriptionally active macronucleus of Paramedum tetraurelia
(Madeddu et al., 1996; Vayssie et al., 1997). The macronuclear genes, ICL1a, b, and
¢, and the micronuclear gene, ICL1d, each contain two introns that are conserved
between the four genes with respect to their location, but vary slightly in size (Table
5.2) (Madeddu et al., 1996). The sequence of the intron/exon boundaries of the first
and second introns contain a high degree of conservation between genes, and show
partial conservation with the general eukaryotic consensus (Table 5.2).

All four Paramedum centrin genes, have been identified in the macronucleus as well
as the germline micronucleus suggesting that the diversity of centrin genes is derived
from gene duplication events, and not from the gene rearrangements that occur during
macronuclear differentiation (Vayssie ez al., 1997). The micronuclear ICL1b gene contains
a 75 bp germline-specific internal eliminated sequence (IES) inserted in the second intron
(Vayssie et al., 1997). Furthermore, the IES in ICL1b is flanked by TA dinucleotides,
and contains conserved inverted terminal repeats (5’- TAYAGYNR- 3’) as defined by
Klobutcher and Herrick (Klobutcher and Herrick, 1995).

In contrast to ICL1b, the micronuclear ICL1d does not contain an IES within the
coding sequence. However, a 28 bp IES is located 1,057 bp upstream of the coding
sequence (Vayssie et al., 1997). The codon usage observed for ciliates is also conserved
in the macronuclear centrin genes (for example, TAA and TAG are stop codons in
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mammalian system, but encode glutamine in Paramecium). The Paramedum centrin
genes also conform to the trend in ciliate genomes of being A+T rich with coding
sequences having a relatively lower A+T content (for example, the coding sequence of
ICL1d is 65 per cent A+T and the surrounding genomic sequence is 78.5 per cent
A+T) (Prescott, 1994).

Two Giardia centrin genes (reported as G. intestinalis and G. lamella) have been
identified (Meng et al., 1996; Sanchez and Muller, 1996, Accession U59300), and
both genes are intronless. The G. lamblia centrin appears to be a single copy gene,
and contains a 486 bp open reading frame, a 1 or 2 bp 5’>-UTR, and a 27 bp 3>-UTR
(Meng et al., 1996). The predicted size of the transcriptional unit is consistent with
northern blots demonstrating a transcript of ~0.6 kb (Meng ez al., 1996). The 3’-UTR
contains a polyadenylation signal (TGTAAA). The 5° promoter region of the gene
contains a palendromic octet (TAAATTTA) at -2 to -9 and an AT rich region at -20
to -42. These features have been previously described for Giardia genes and may
serve regulatory roles (Holberton and Marshall, 1995). The intronless nature of the
gene, the short UTRs, and potential regulatory motifs in the sequence upstream of the
initiation codon are all features that appear to be characteristic of Giardia genes, and
these features are not unique to Giardia centrin genes.

5.3.2 Phylogenetic analysis

We have used parsimony analysis (PAUP* 4.0d64 by David Swofford) to determine
the phylogenetic relationships of the ciliate and flagellate centrins. Figure 5.4 is a
cladogram based on the protein sequence of the flagellates for which full-length
sequences are available; the analysis also includes two Paramecium sequences that
are nearly full-length. We have also analyzed protein sequences based on the amino
acids spanning the four EF-hands, and found essentially the same features seen in
Figure 5.4. Several phylogenetic relationships are evident. First, the algal centrins
form a distinct clade. Second, the Paramecium centrins form a separate clade with the
Naegleria and G. intestinalis centrins being closely related. This indicates that centrins
of ciliate species are distinct from those of flagellate species. Within the Paramecium
centrins, ICL1a and ICL1d appear to be most related, and ICL1b appears to be most
divergent. Third, the G. lamblia centrin and CDC31p form the most divergent clade,
which also includes mouse and human centrin 3 (Middendorp et al., 1997). Given
that CDC31p is the only centrin in the genome of S. cerevisiae, this divergent group
of centrins may delineate the modern representatives of an ancestral centrin. Finally,
the Giardia centrins appear to be relatively divergent from each other; this divergence
may indicate a functional difference between centrins in Giardia.

5.4 Conclusion

Centrin is a component of contractile-fibre systems of diverse flagellate species. The
identification of centrin encoding cDNAs from numerous flagellates has allowed the
description of some common physical properties as well as several conserved sequence
features of the molecule. Characterization of centrin encoding genes has only appeared
for a few flagellate species.
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Naegleria
Paramecium (a)
Paramecium (d)
Paramecium (c)
Paramecium (b)
Chlamydomonas
Dunaliella
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calmodulin

Figure 5.4 Cladogram illustrating parsimony analysis of relationships between flagellate centrins based
on amino acid sequences

Outstanding questions that a number of laboratories are currently investigating
include the following. What precisely is the molecular organization of centrin-
containing contractile fibres? What is the nature of the contractile mechanism? What
is the role of phosphorylation in regulating centrin-fibre contraction and extension?
What are the distinguishing features of centrin associated with basal bodies and
centrioles versus contractile fibre and the pericentriolar lattice? Does centrin have
functions that are not tightly linked to centrosome and flagellar apparatus behaviour?
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Chapter 6

The cell surface of flagellates

Burkhard Becker

ABSTRACT

An overview on the structure and function of flagellate cell surfaces is presented. Cell
surfaces can be simple, that is, consisting only of the plasma membrane. However, in
most cases cell surfaces are complex and consist of a plasma membrane and associated
extracellular and/or intracellular material. A new classification scheme for cell surfaces
of flagellates is presented and illustrated with various examples, and the evolution of
the various cell surface types is discussed.

6.1 Introduction

The cell surface forms the border between the living and the non-living. The simplest
cell surface consists of a single biomembrane, the plasma membrane (PM) which is
involved in many basic functions of a cell. For example, the PM represents a
permeability barrier for many solutes and it is therefore the site of uptake and excretion/
secretion of various compounds. Other functions often associated with the plasma
membrane are cell signalling and cell-cell interaction.

Many organisms have developed complex cell surfaces: in other words, additional
intra- and/or extracellular material is associated with the plasma membrane. For these
complex systems, additional functions can be attributed to the cell surface. It is often,
together with the cytoskeleton, responsible for the shape of the cell, and cell walls
allow cells to survive in hypertonic media without special water secretion systems. In
addition, cell surfaces protect cells against pathogens, mediate cell adhesion, and can
be a storage place for various compounds.

All functional aspects mentioned so far have been studied in various groups of
flagellate organisms. The following is an incomplete list of examples:

1 Endocytosis, secretion and plasma membrane transporters have been studied in
various groups of flagellates (for example, endocytosis in kinetoplastids: Duszenko
and Seyfang, 1993; glucose transporter in the PM of kinetoplastids, Tetaut et al.,
1997; secretion in diplomonads, kinetoplastids, ciliates and chlorophytes was
reviewed by Becker and Melkonian, 1996, exocytosis in ciliates, Glas-Albrecht ez
al., 1991).

2 Cell signalling has been studied in many groups (see Kawai and Kreimer, Chapter
7 in this volume, for light perception as an example); osmosensing has been studied
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in Dunaliella (for example Zelasny et al., 1995). Cell-cell interactions have been
studied in kinetoplastids (for example, host-cell interactions, see Chapter 10 by
Vickerman, this volume) and Chlamydomonas (mating, for example, Wilson et
al., 1997).

3 The role of extracellular material as a storage compartment has been addressed in
Emiliania, where coccoliths can function as a source of dissolved inorganic carbon
for the cells (Sekino et al., 1996).

A special problem of flagellate cells is that every type of cell covering should not
affect cell motility. A complete rigid covering of the entire cell including the flagella
would obviously interfere with flagella-mediated cell motility. The development of
cell walls, forming a rigid, homogenous but porous extracellular matrix, therefore
requires holes to allow the flagella to protrude into the medium. In addition, these
holes have to be exactly positioned so that cell motility is effective. This is obviously
difficult to achieve, since a cell wall like structure is only found twice among flagellates.!

In many organisms the flagellate cell is not the major life form, but is restricted to
certain stages of a life-cycle, often involved in sexual (gametes) or asexual (zoospores)
reproduction. In this review I will restrict myself to the cell surfaces of organisms
where the flagellate form is the major life form.

It is difficult to define which parts of a cell constitute the cell surface. In its literal
meaning, the term cell surface describes just the border area between a cell and the
environment. However, even many intracellular structures have been considered
historically to be part of the cell surface. In the context of this review, I define the cell
surface as the border between the living and the non-living (permeability barrier),
which consists of the plasma membrane and associated intra- and/or extracellular
material. Not discussed in this review in detail are some intracellular structures with
a fixed spatial relationship to the cell surface, such as the cytoskeleton, peripheral ER
and extrusive organelles. Specialized cell surfaces of flagellates like the flagellar or the
haptonematal surfaces are also not dealt with.

6.2 Nomenclature

The terminology and nomenclature used to describe cell surfaces is confusing.
Homologous structures have been given different names by protozoologists,
phycologists and mycologists (for example amphiesma, alveolus and inner membrane
system have been used to describe flattened vesicles underlying the plasma membrane
in ciliates, dinoflagellates and apicomplexans respectively), whereas the same name
(such as theca) has been applied to unrelated structures (theca of, for example,
dinoflagellates, diatoms and some prasinophytes).

A collection of terms used to describe the cell surface of protists can be found in the
excellent review by Preisig et al. (1994), who collected 100 terms including thirty-
four synonyms. These authors also made recommendations to avoid these problems.
However, their definitions of glycocalix and extracellular matrix are not in agreement
with the ones used in the biomedical literature (for example Cooper, 1997; Lodish et
al., 1995). In the following, I will use both terms as in the biomedical literature:
glycocalix is a carbohydrate coat covering the cell surface, formed by the carbohydrate
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side chains of the plasma membrane glycoproteins and glycolipids; and extracellular
matrix is the material surrounding the cell, which can consist of polysaccharides,
glycoproteins, proteoglycans, and also inorganic components. ‘Extracellular matrix’
defined in this way includes every extracellular covering of a cell.

6.3 Basic types of cell surfaces

Cell surfaces can be grouped into a few different basic types. In the following I
introduce a new classification scheme (Figure 6.1) and present some examples for
each cell surface type. Terms defined by Preisig et al. (1994) are given in italics. The
natural occurrence of the various types is also given. In some groups, more than one
type of cell surface is present. For instance although most green algae possess an
extracellular matrix, the cell surface of a few green flagellates consists only of a
plasma membrane, for example Spermatozopsis similis (Preisig and Melkonian,
1984). Such organisms I consider as exceptions of the general surface type accounted
in a given group of organisms.? Only the major cell surface types of any particular
group are presented. In addition, many species secrete large amounts of mucilage
which can form a kind of extracellular matrix (for example the euglenophyte
Trachelomonas is enclosed by a mineralized lorica made of mucistrands impregnated
with manganese (West and Walne, 1980)), or stalks, which the cells use to adhere
themselves to a substratum.

6.3.1 Type I: simple plasma membrane (Figure 6.1)

The type I cell surface consists of a simple or modified plasma membrane, which
can be covered with a thick glycocalix forming a fuzzy coat visible after staining in
the transmission electron microscope. Type 1 cell surfaces can be found in various
groups of organisms. As an example, Figure 6.2A shows an electron micrograph of
a Trichomonas cell. The plasma membrane is clearly visible, and no type of additional
intracellular or extracellular material can be observed. In some protists like
Trypanosoma, however, the PM is covered by a thick (15nm) glycocalix. In
Trypanosoma the glycocalix is made of glycosyl-phosphatidyl-inositol anchored
glycoproteins (see Vickerman, Chapter 10 this volume).

This type of cell surface occurs in many flagellates, which are most often placed in
today’s phylogenetic trees at the root of the eukaryotic cell evolution.? Included are
pelobionts, retortamonads, diplomonads, oxymonads, parabasalians, kinetoplastids,
pseudociliates, opalinids and raphidophytes.

6.3.2 Type lI: cell surfaces with additional intracellular material (Figure 6.1)

Only one eukaryotic group possesses a type II cell surface. In the euglenoids the
PM is underlayed by internal protein complexes ordered in tile-like overlapping
stripes (epiplasm, membrane skeleton: see Figure 6.2B). The membrane skeleton
is associated with cisternae of ER and microtubules which form together the cell
cortex or membrane skeleton complex. This type of cell surface is called pellicle.
The pellicle of Euglena has been characterized in some detail (Bouck and Ngo, 1996).
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Figure 6.1 Schematic drawing of basic types of cell surfaces among flagellates

The major plasma membrane protein of Euglena (IP39) functions as the membrane
anchor for the two major epiplasmic proteins (articulin 80 and 86) which are probably
embedded in an epiplasmic matrix, consisting of proteins crosslinked by disulphide
bridges (Bouck and Ngo, 1996).

6.3.3 Type lll: cell surfaces with additional extracellular material
(extracellular matrix) (Figure 6.1)

In many groups of organisms (part of the so-called crown group of eukaryotic cell
evolution) an extracellular matrix is present. These organisms belong to the heterokont
group (chrysophytes, dictyochophytes, bicosoecids, proteomonads), and also include
the prymnesiophytes, pseudodendromonads, thaumatomonads, chlorophytes and
choanoflagellates. Extracellular matrices occur in various forms and include cases,
cell walls, coccoliths, costae, loricae, mucilage, scales, sheaths and thecae of
prasinophytes. Figure 6.3 shows some examples for type III surfaces.

Usually the extracellar matrix consists of carbohydrates, for example prasinophyte
scales (Becker et al., 1994) or prymnesiophyte cellulose-containing scales (Brown and
Romanovicz, 1976), but inorganic material (calcium carbonate or silica) and
glycoproteins are also present. In some cases, inorganic material or glycoproteins can



Figure 6.2

A The cell surface of Trichomonas vaginalis (scale bar=1 um)

Source: Courtesy of G.Brugerolle

B The pellicle of Euglena mutabilis, large arrow plasma membrane, small arrow epiplasm, arrow
head microtubule (scale bar=0.5

Source: Courtesy of M.Melkonian

(right)

Figure 6.3 Type lll cell surface
Aand B Synura petersenii

A Thin section showing the cell case and several intracellular scales residing in vesicles can be
seen (scale bar=1 um)

B Whole mount of isolated scales (scale bar=1 um)

C Thin section showing the cell surface of Nephroselmis olivacea (scale bar=0.5 um). The

different scale types on the flagellar and body surface can be seen
D The case (arrow) of the choanoflagellate Monosiga (scale bar=1 pm)



General abbreviations:

n nucleus

f flagellum

Sources: A, B and D courtesy of G.Brugerolle
C courtesy of M.Melkonian
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account for most of the extracellular material. For example, coccoliths consists of
calcium carbonate crystallized on a polysaccharide matrix (Faber and Preisig, 1994),
the scales of Mallomonas consists of silica deposited on a glycoprotein matrix (Ludwig
et al., 1996), and the cell wall of Chlamydomonas is made entirely of glycoproteins
(Adair and Snell, 1990).

6.3.4 Type IV: cell surfaces with additional intracellular
material in vesicles (Figure 6.1)

In alveolates and glaucocystophytes, just internal to the plasma membrane is a system
of flattened vesicles, which is sometimes underlain by epiplasm. The cisternae are called
alveoli in ciliates, amphiesma vesicles in dinoflagellates, and inner membrane complex
in apicomplexans. Plasma membrane, alveoli and epiplasm are called together cell cortex
in ciliates (Figure 6.4). Whether the structurally similar lacuna system in
glaucocystophytes is a homologous or analogous structure cannot be decided at present.
Thecate dinoflagellates contain one or several cellulose plates in the amphiesmal vesicles
(Morrill and Loeblich, 1983). Similarly, some ciliates have plates in the alveoli, which
can consist of glycoproteins, polysaccharides or calcified organic material (for example
Kloetzel, 1991; Williams et al., 1989), and in Cyanophora paradoxa (glaucocystophytes),
scales (plates) are present in the lacuna system (Heimann et al., 1997)

6.3.5 Type V: cell surfaces with additional intracellular and extracellular
material (Figure 6.1)

Type V cell surfaces are made of the plasma membrane with additional proteinaceous
intracellular and extracellular material. The periplast of cryptomonads represents the
only example for this type of cell surface. The stiffness of the periplast is derived from
nearly gapless protein-containing plates accompanying the plasma membranes on
both sides (Brett et al., 1994) (Figure 6.5A). In most cases the plates have a hexagonal
or rectangular appearance (Figure 6.5B). Roundish or polygonal intramembranous
particles anchor the plates to the plasma membrane. In addition, extracellular fibrillar
material and rosette scales (Santore, 1983) can be present. Recently, the surface periplast
component of Komma caudata was shown to self-assemble from a secreted high-
molecular mass protein (Perasso et al., 1997).

6.4 Relationships between the various types of cell surfaces and
evolutionary trends

What are the relations between the various types of cell surfaces? It is very difficult to
draw some definite conclusions. However, every non-cytoplasmic structure is a product
of the secretory pathway, and the intracellular membrane system of the alveolates
and the glaucocystophytes can be considered as non-discharged secretory vesicles. It
is therefore not surprising that these “Vesicles’ occasionally contain typical secretory
products like glycoproteins and polysaccharides (for example cellulose). It is much
more difficult to determine whether the intracellular materials used to strengthen the
cell surface (epiplasmins) by various flagellates are related. However, recent molecular
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Figure 6.4 The cell cortex of the ciliate Paramecium tetraurelia. pm plasma membrane, a alveolus,
arrow epiplasm, c cilium, m mitochondrion, (scale bar=0.5 pym)
Source:  Courtesy of G.Brugerolle

data on some articulins (epiplasmins) of euglenoids and ciliates might be a first
indication that this is the case (see later).

Cell surfaces show a great variety among the flagellates, and it is difficult to
determine trends in the evolution of cell surfaces within the eukaryotes. However,
when the data is put into a phylogenetic context a non-random distribution is
observed. Figure 6.6 shows the distribution of the types of cell surfaces among
flagellates. The upper part of the diagram shows the topology of the phylogenetic
tree obtained by 18S RNA sequence comparisons (Sogin, 1997). For simplicity some
minor groups of organisms have been omitted. With the exception of the euglenoids
which possess a type Il surface, simple surfaces (type I) are present in the early lines
of eukaryotic cell evolution. This could reflect the original eukaryotic condition. In
almost every scenario of the evolution of eukaryotes, the ‘ureukaryote’ had a simple
surface. This is considered to be necessary for the phagotrophy required for the
uptake of bacteria, which later became mitochondria and chloroplasts (Cavalier-
Smith, 1991, 1993; Margulis, 1996). It is considered either that this ‘ureukaryote’
is a flagellate, or that flagella evolved very soon (Cavalier-Smith, 1991, 1993; Knoll,
1992; Margulis, 1996; Vellai et al., 1998).

The other types of cell surfaces (types III, IV and V) are found only among crown
group organisms (Figure 6.6). As has been indicated, all alveolates are characterized
by a type IV cell surface, which suggests that this type of surface was already developed
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Figure 6.5 The cell surface of cryptomonads

A Chilomonas paramaecium thin section (scale bar=1 pum; arrows indicate the periplast plates)
Source:  Courtesy of G.Brugerolle
B Cryptomonas sp., whole-mount stain of detergent extracted cells showing the hexagonal

pattern of the periplast (scale bar=1 pum)
Source:  Courtesy of K.Hoef-Embden

in the last common ancestors of the various alveolates. In contrast, within the
heterokonts, green algae and choanoflagellates, type T and type III cell surfaces are
found. This might indicate that type III surfaces evolved several times independently
in these groups. Heterokonts and green algae acquired chloroplasts during their
evolution, which changed the host cell metabolism considerably. Carbohydrates became
an abundant organic material, which might have allowed the development of type III
surfaces as protection against pathogens. Remarkably, only few algal viruses seem
able to penetrate a cell wall (Lee et al., 1998) and infect naked spores or gametes.’ In
addition, many polysaccharides derived from algal extracellular matrices were shown
to possess antiviral activity (Witvrouw and de Clerq, 1997). Thus an extracellular
matrix might have been developed to protect cells against viruses or other pathogens.

Based on the current phylogenetic trees, green algae, glaucophytes and cryptophytes
are sister groups, but all three evolutionary lines possess different types of cell surfaces.
This could indicate that the three types of cell surfaces evolved after the last common
ancestor of these organisms.

(right)

Figure 6.6  Evolutionary trends of types of cell surfaces among flagellates

Above: The topology of an 185 RNA phylogenetic tree

Source: Modified from Sogin, 1997

Below: The major type of cell surface present in various flagellate groups is indicated with an+or the
name used for the structure. The grey shade indicates crown groups and the white windows
heterokont protists and alveolates, respectively.

In some flagellate groups additional types of cell surfaces are found (e.g. a lorica is

present in the euglenophyte Trachelomonas (West and Walne, 1980)) which are for simplicity
not included in the table
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However, are these considerations correct? Most bacteria and Archaea possess a
plasma membrane covered by extracellular material, and most flagellates are capable
of forming cysts in which the protoplast is covered by an extracellular matrix, thus
forming a complex cell surface. For example, the diplomonad Giardia forms cysts where
the protoplast is covered by a cell wall consisting of carbohydrates and protein
components (Lujan et al., 1997). Other examples are chrysophytes which form
endogenous cysts, covered by a wall predominantly made of silica (Hibberd, 1977),
and the cysts of cryptophytes, which possess a cell wall most likely made of
polysaccharides (Lichtlé, 1979). The hypnospores and zygotes of dinoflagellates develop
by shedding large parts of the amphiesma, yielding a structure called pellicle (Morrill
and Loeblich, 1983; Hohfeld and Melkonian, 1992). The structure and the development
of the pellicle of the dinoflagellates is still controversial (Morrill and Loeblich, 1983;
Hohfeld and Melkonian, 1992), but in both models, extracellular material covers the
plasma membrane. According to Hohfeld and Melkonian (1992), the plasma membrane
is reinforced by an epiplasmic layer, which is missing in the model of Morrill and Loeblich
(1983). In Euglena the cells do not form real cysts. However, resting non-motile cells
can secrete large amounts of mucilage, which covers the total surface (Triemer, 1980).
Thus it seems possible that organisms reflecting the various types of cell surfaces have
the intrinsic capability to produce an extracellular matrix.

Furthermore, recent results indicate that the cell surfaces in euglenoids,
trypanosomes, ciliates and dinoflagellates might be related in both structural and
molecular terms (Bouck and Ngo, 1996). For example, epiplasmic components, which
are used to strengthen the cell surface in euglenoids, ciliates and dinoflagellates, are
immunologically related. Sequence information available on articulins from Euglena
(Marrs and Bouck, 1992) and the ciliate Pseudomicrothorax (Huttenlauch et al.,
1995) indicates that both might form a new protein family. In a recent study,
Huttenlauch et al. (1998) showed that epiplasmins and articulins are two different
protein families, which can both be found in the epiplasm of Euglena gracilis, the
dinoflagellate Amphidinium carterae, and various ciliates. Glycosyl-
phosphatidylinositol-linked variable surface antigens are present in ciliates and
trypanosomes (Bouck and Ngd, 1996) and a surface associated membrane system
(alveoli in the case of alveolates, cortical ER in euglenoids and trypanosomes) functions
in the storage of calcium (Bouck and Ngo, 1996). If these cell surfaces are really
homologous structures, this might have great implications for our understanding of
the evolution of the cell surfaces of flagellates.

Interestingly, the assumption that the ‘ureukaryote’ had no cell wall has recently
been challenged by Vellai e al. (1998). These authors argue that the energy metabolism
of free living bacteria and archaebacteria requires a cell wall. Therefore, complete
loss of a cell wall could not occur before the endosymbiosis between an a-purple
bacterium, which became later the mitochondrion, and the ‘ureukaryote’ was
established (Vellai ez al., 1998). Furthermore, whether the amitochondriate eukaryotes
like microsporidia, Giardia and Trichomonas are early branching eukaryotes has been
questioned (Embley and Hirt, 1998). Recent phylogenetic analysis using data sets
other than small-subunit ribosomal RNA indicated that these amitochondriates are
related to different crown groups, rather than being deep branching as depicted in
trees based on small-subunit RNAs (Embley and Hirt, 1998).
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Currently, we have not enough information to develop a conclusive model for the
evolution of eukaryotic cell surfaces. However, progress in our understanding of the
molecular components of the cell surface will help to reveal this topic. Important
questions to be addressed are, for example, do articulins from ciliates and Euglena
really form a protein family, and how widely are articulins distributed within flagellates
and other eukaryotes? Cellulose is used by various eukaryotic groups and bacteria
(Delmer and Amor, 1995), but did the capacity to synthesize cellulose evolve
independently in the various groups, or was it derived from a common ancestor?
Only work on such questions might finally lead to a conclusive model of the evolution
of eukaryotic cell surfaces.
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NOTES

1 Whether the theca of prasinophytes and the chlamys of chlamydomonadalean taxa are real
cell walls can be questioned, since not the whole cell is surrounded by the cell wall and they
do not confer osmotic stability to the cell.

2 Based on phylogenetic analysis S. similis lost its extracellular matrix during evolution, thus
the simple surface type is a secondary development (M.Melkonian, personal
communication).

3 The classification and nomenclature of eukaryotes in this review is based on the Handbook
of Protoctista (eds. Margulis et al., 1990). Phylogenetic trees are based on ssu ribsomal
RNA sequences.

4 The crown group is an unresolved assemblage of mitochondriate eukaryotes in phylogenetic
trees (based on 18S rRNA), including animals, fungi, green plants, red algae, alveolates
and heterokonts. The term crown group was introduced by Knoll (1992).

5 Atleastin brown algae, viruses do not penetrate a cell wall, and the penetration of the host
wall by the Chorella virus has been discusses as an exception (Lee et al., 1998). Viruses
have been frequently observed in other algal groups too; however, the mode of infection
was in most cases not established.
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Chapter 7

Sensory mechanisms

Phototaxes and light perception in algae

Hiroshi Kawai and Georg Kreimer

ABSTRACT

Most photosynthetic flagellates have evolved various photo-orientation mechanisms
after the acquisition of chloroplasts. For phototactic responses, eyespot apparatuses
(EAs) are usually involved in light perception. As the endosymbiosis of chloroplasts
occurred multiple times, the EAs are polyphyletic. We classified known EAs of algae
into the following types considering the phylogenetic origins and the fine structural
features: first, Chlorophyte type; second, Cryptophyte type; third, Euglenophyte type;
fourth, Phaeophyte type; fifth, Eustigmatophyte type; sixth, Dinoflagellate type (five
subtypes). In addition we discuss and summarize aspects of signalling elements and
flagellar responses involved in photoresponses in the green algae.

7.1 Introduction

A large proportion of flagellates, including some non-photosynthetic flagellates, zooids
of some fungi, and other protists, show various kinds of photo-orientation responses,
movements induced by light stimulation (Doughty, 1991; Kuhlmann, 1998 for reviews).
For these organisms, it is essential to detect strong UV irradiance and escape from it
to avoid lethal damage. Moreover, for photosynthetic flagellates and motile
reproductive cells of benthic algae, it is also essential to detect the direction and intensity
of the irradiation in order to move to places where favourable light conditions for
photosynthesis are available.

Light-induced responses are generally classified into the following three types (Diehn
et al., 1977): first, photokinesis; second, photophobic or photoshock response; third,
phototactic response (true phototaxis).

Photokinesis is a response in which the rate of movement or the frequency of
directional changes is affected by the absolute magnitude of the stimulating light.
Photokinesis is known in a number of photosynthetic flagellates; however, detailed
investigations are mainly restricted to gliding movements of non-flagellate cells (Hader
and Hoiczyk, 1992). In most cases, action spectra of photokinetic responses imply
that photosynthetic pigments (for example chlorophyll a, B-carotene and phycobilins)
are involved in photoreception. Therefore, the photokinetic responses are generally
considered to have evolved along with the differentiation of photosynthetic pigments.

124
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Photophobic responses are caused by a rapid change in light intensity, irrespective
of the direction of light. Typical responses consist of a stop response followed by a
change of the direction of movement. The photoreceptive pigments of photophobic
responses are generally not photosynthetic pigments, but carotenoids and flavins
common to the phototactic responses (discussed later).

In phototaxis, in contrast to photokinesis and photophobic response, the orientation
of the movement is affected by the direction and intensity of the stimulating light. An
orientation of the cell towards the light is classified as positive, and away from it as
negative, phototaxis. As the origin of photosynthetic protists is polyphyletic
(Bhattacharya et al., 1992; Melkonan, 1996), the origin of their photoreceptive
structures and photoreceptors also reflects numerous parallel evolutionary processes.
Whereas in some groups phototactic and photophobic responses are most likely
initiated by excitation of a single photoreceptor (for example green algae; Kroger and
Hegemann, 1994), others use presumably several different photoreceptors for these
responses. This review will be focused on the diversity and mechanisms of the
phototactic responses in flagellate algae.

7.2 Diversity of action spectra and photoreceptive pigments

The first element involved in photo-orientation responses is a receptor with its
chromophoric group, which absorbs the light and initiates signal transduction events
leading finally to the movement response. In elucidating the receptor mechanisms
and identifying the photoreceptive pigments, action spectroscopy is a primary technique
(Lipson, 1995). The action spectrum (relative effectiveness of each stimulating light
wavelength for the response rate) theoretically agrees with the absorption spectrum
of the photoreceptive pigment. Therefore, comparison of an action spectrum with the
absorption spectrum of known pigments can reveal candidates for photoreceptive
pigments of a particular photomovement. However, distortion of the spectra by
screening pigments accumulated in the photoreceptive structures may occur (Foster
and Smyth, 1980). Thus in some cases, threshold action spectra are necessary to
identify the photoreceptive pigments.

Watanabe (1995) classified the reported action spectra of photomovements and
photomorphogenetic responses into the following five types (Figure 7.1): first, ‘UV-B
C type’, for which the pigment(s)/receptor(s) are not yet identified; second, {(UV-B C),
UV-A, Blue type’, for which flavins and pterins are discussed as plausible chromophores
of the putative receptor(s); third, ‘Green Yellow type’, for which rhodopsins are
established as the photoreceptors; fourth, ‘Red/Far-Red type’, for which phytochrome
is the photoreceptor; and fifth, high irradiance responses (‘HIR type’), where the
involvement of phytochromes is also suggested.

Although there remain some major algal groups from which no action spectrum
data are available (for example Haptophyta, Chlorarachniophyta), the published
data suggest the following characteristics. First, in the cyanobacteria most of the
classified types are observed. Second, most algal groups exhibit ‘(UV-B C), UV-A,
Blue type’ responses. Third, ‘UV-B C type’ responses are currently only reported
for Prasinophyceae, a class of the Chlorophyta. Fourth, ‘Green Yellow type’
responses occur in Chlorophyta and Cryptophyta, although the latter have peaks
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at longer wavelengths (yellow) than the former (blue to green). Fifth, ‘Red/Far-
Red type’ responses are known in some Chlorophyta and Dinophyta. However,
Euglenophyta also show sensitivity in this wavelength range in their
photomorphogenesis responses (Watanabe, 1995). As the ‘(UV-B C), UV-A, Blue
type’ responses (often also described as blue-light responses) are seen in most
groups, they are considered as a universal photoreceptive system that evolved in a
very early stage of evolution. However, parallel evolutionary processes cannot be
excluded until all receptors of this type are identified on a molecular basis. In
contrast, ‘Green Yellow type’ responses and ‘Red/Far-Red type’ responses are
probably due to more recently evolved receptor systems, possibly as a consequence
of the chloroplast-acquisition by endosymbiotic events in some lineages. Since
red/infrared light hardly penetrates in underwater habitats beyond a few metres
depth, this type should have evolved in the algal groups that entered shallower
water areas.

7.3 Structural diversity, classification and function of eyespot apparatuses

The structures used for photoreception in phototaxis include at least one photoreceptor
in a well-defined location, often in conjunction with light-modifying structures. When
combined, these are termed eyespot apparatuses (EAs). EAs are diverse in both structure
and function, reflecting the independent evolution of a variety of advanced
photoreception systems.

7.3.1 Basic functional demands

In general, EAs must operate over a wide range of light intensities and incidences,
and they must discriminate sufficiently between the wavelengths used by the
photoreceptor(s) and the fluctuating, diffuse background illumination. EAs can
be regarded as optimized directional antennas, which take advantage of basic
physical principles such as absorption, interference reflection, and polarization,
to enable the cells to determine the ambient light conditions. The light-modifying
structures of the EA (the eyespot sensu stricto, discussed later) are mainly used for
contrast enhancement at the location of the photoreceptor. Structures with high
refractive indices and good light-absorbing properties such as pigmented lipid
globules are apparently widely utilized for such functions. A close match between
the spectral properties of the eyespot and those of the photoreceptor(s) is thus a
prerequisite for the performance of these optical devices (Foster and Smyth, 1980;
Kreimer, 1994; Hegemann and Harz, 1998).

(left)

Figure 7.1 Major types of photomovement action spectra

Q) UV-B C type

) (UV-B C), UV-A, Blue type

3) Green, Yellow type: a, with major peak in green region; b, with major peak in yellow region
©) Red/Far-Red type: c and d indicate reversible major peaks

Source: Simplified after Watanabe, 1995. The HIR type in Watanabe’s classification has been omitted
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As linear progression in most flagellate algae is combined with simultaneous
rotation, the mechanisms used must also be compatible with the actual displayed
motility pattern; that is, signal generation, processing, response, and return to a new
excitable state must occur within the time window determined by the rotational speed
of the cell during locomotion. Most flagellate algae appear to take advantage of cell
rotation to generate a periodically modulated light signal, which is ultimately used to
obtain directional information from the regular scans of the environment. Both the
shape of the modulated signal and the duration of light/dark periods depend on several
parameters (Hegemann and Harz, 1998). This concept of periodic shading/illumination
of the photoreceptor in conjunction with helical movement was proposed early by
several authors (Foster and Smyth, 1980; Nultsch and Hader, 1988).

What are the characteristics common to most algal EAs, which therefore appear to
be essential for the outlined minimal functional demands? The following attributes
are observed in the majority of the EAs.

First, carotenoid-rich lipid globules form the most conspicuous part of the
EA, and are commonly termed the stigma or eyespot. Their arrangement varies
from irregularly packed to highly ordered hexagonal domains forming the eyespot
sensu stricto.

Second, usually they are single structures in peripheral positions, most often oriented
roughly perpendicular to the axis of the swimming path. When more than one EA is
permanently present, an array with a common directionality is formed.

Third, their location is exactly defined with respect to either the flagellar apparatus
or the plane of the flagellar beat. Pronounced associations between the EA and
microtubules or microtubular roots/bands during interphase are well documented,
and apparently ensure consistent EA localization.

7.3.2 Classification, ultrastructure and function in signal modulation

The grouping and classification of EAs has been conducted on the basis of various
characteristics: for example, first, the nature of photoreceptive pigments and/or types
of action spectra; second, the functional properties of the eyespot sensu stricto; and
third, ultrastructural features. As the range of photobiological chromophores in nature
is small and conservative (Lipson and Horwitz, 1991), a grouping based on the putative
chromophores results in only three major lineages: those which use either
photosynthetic accessory pigments, retinal pigments, or cryptochromes (Foster and
Smyth, 1980).

In addition, three major lineages have been recognized on the basis of eyespot
function in light signal modulation (Kreimer, 1994). This grouping refers to the
absorbing and reflective properties of the eyespot sensu stricto. Dodge proposed two
ultrastructural classification systems, one applied for all algal groups (Dodge, 1973),
and the other only for dinoflagellates (Dodge, 1984).

The evolution of different EAs probably has occurred after the acquisition of
chloroplasts by endosymbiotic events (primary and secondary) in each algal
phylogenetic lineage. Based on current knowledge, such endosymbioses took place
several times, and hence EAs are apparently polyphyletic. Probably they also reflect
different intracellular adaptive requirements after acquisition of photosynthesis. Thus,
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in principle, any grouping of EAs based on superficial similarities cannot reflect
phylogenetic relationships. Here we modify Dodge’s classification of EA types
considering the features mentioned and the evolutionary backgrounds. The basic types
are: first, Chlorophyte type; second, Cryptophyte type; third, Euglenophyte type;
fourth, Phaeophyte ype; fifth, Eustigmatophyte type; and sixth, Dinoflagellate type
including five subtypes.

Chlorophyte type (Figure 7.2A)

This type corresponds to the “Type A’ of Dodge (1973), but excludes the cryptophycean
type. These EAs are not closely associated with a flagellum. The functional EA consists
of one to several, usually highly ordered, layers of carotenoid-rich lipid globules within
the chloroplast, and specialized, intramembrane particle-rich areas of the chloroplast
envelope and the plasma membrane overlying the globules (the eyespot membranes
(Melkonian and Robenek, 1984)). The retinal-based photoreceptor is most likely
located in the plasma membrane patch of the EA (Deininger ef al., 1995). The eyespot
membranes are often attached to each other by a fuzzy fibrillar material. The globules
are laterally tightly associated and are hexagonally close-packed. This association is
even maintained to a high degree in isolated EAs (Kreimer et al., 1991a). The average
globule diameter varies between 80 and 130 nm. They are enriched in specific
carotenoids (Grung et al., 1994). Depending on the number of globule layers, it is
possible to differentiate single, double and multilayered eyespots. The spacing of the
layers is extremely constant. As will be outlined shortly, the fixed position of the
photoreceptor relative to the eyespot, the absorption properties and the spacing of
the eyespot layers are important for the contrastenhancing mechanism. Each globule
layer is usually subtended by a thylakoid. Several subtypes have been introduced
based on globule-layer arrangement and association with thylakoids (Melkonian and
Robenek, 1984).

The shape of the chlorophyte EA can range from ovoid (most common) to
comma-shaped, and its area ranges from about 0.3 um?2 to 10 pm? in different
species. EAs exhibit different surface geometry and can cause a slight protrusion
of the cell surface. They are located at the cell surface in the anterior, median
(most often) or posterior half of the cell. Although the EA can be positioned in the
plane of the flagellar beat, a clockwise displacement by 20-45° from this plane is
more common. Prominent associations with the flagellar root system are well
known (Melkonian and Robenek, 1984).

Cell rotation in conjunction with light absorption by cellular constituents leads,
depending on the deviation from the light source, to a periodically modulated
photoreceptor excitation. The modulation pattern is strongly affected by different
parameters such as EA position and the scan and tracking angles (Foster and Smyth,
1980; Hegemann and Harz, 1998). The eyespot greatly enhances the precision of the
phototactic orientation by increasing the front-to-back contrast (Morel-Laurens and
Feinleib, 1983; Kreimer et al., 1992). Determination of the threshold for
rhodopsintriggered photocurrents established total contrast values of up to eight (Harz
et al., 1992). The pigment compositions of isolated EAs and highly purified globules
underline these shielding properties (Grung et al., 1994; Backendorf and Kreimer,
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unpublished results). High contrast is achieved by the eyespot through its combined
function as absorbance screen and interference reflector. The exactly-spaced alternating
layers of high and low refractive indices are the basis for its function as a quarter-
wave interference reflector (Foster and Smyth, 1980). Light intensity and illumination
time at the location of the photoreceptor are increased by positive interference reflection
for phototactically active light striking the EA from outside. Reflection thus extends
the sensitivity to lower fluence rates. Maximal reflection for green light is observed
when the EA surface is roughly perpendicular to the light source, and reflection
decreases with changing angles of light incidence. For light falling through the cell on
the EA, absorption by cell constituents and the eyespot, as well as back reflection,
will largely suppress excitation of the photoreceptor.

These properties have been analyzed by confocal reflection microscopy in different
green algae, and the results confirmed the theory of Foster and Smyth (Kreimer and
Melkonian, 1990; Kreimer et al., 1992; Kreimer, 1994). Eyespot reflection peaks at
540 to 550 nm (Schaller and Uhl, 1997). This coincides well with the EA absorption
properties (discussed earlier).

An intact eyespot is important for the overall spectral characteristics and reflectance
of the directional antenna (Kreimer et al., 1992). General reflectance of the EA is also
affected in a complex manner by a series of additional parameters, for example the
overall geometry of the EA, the angle of light incidence, and the pitch angle of the
helical swimming path. The latter itself is affected in some species by the light intensity.
The pattern of reflectance changes has recently been calculated for some of these
parameters, and points to interesting properties of the eyespot under these conditions
(Hegemann and Harz, 1998). Of special importance are the calculated effects on
colour modulation at low angles of light incidence. Briefly, reflectance with a good
colour match to rhodopsin was calculated for perpendicular light incidence. However,
at low angles the eyespot reflectance is predicted to exhibit a blue shift, whereas the
reflectance of light of increasing wavelengths should be reduced. As was suggested by
these authors, the results may well explain both the prominent blue-side peak as well
as the sharp red drop in many action spectra of C. reinhardtii. Colour modulation is
thus of importance for action spectroscopy. It may, however, also be important for a
photocycle of the receptor (Kreimer, 1994). If a cycle is indeed present, it must

left)

Figure 7.2 Various types of eyespot apparatuses (EAs)
Chlorophyte type

Cryptophyte type

Euglenophyte type

Phaeophyte type

Eustigmatophyte type

Dinoflagellate types:

i Woloszynskia coronata type

ii Chromophyte-symbiont type

i Peridinin-containing-group type

iv. Warnowia type

v Gymnodinium natalense type

Dotted arrows indicate stimulation lights (reflecting in A, D and E, and shading in C)
Arrowheads indicate eyespot globules
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apparently be coupled both to the rotational speed of the cells and to the light-modifying
properties of the eyespot.

Cryptophyte type (Figure 7.2B)

This type of EA is found only in some members of the Cryptophyta, although
members without EAs are also phototactic (Erata et al., 1995). The EA of the
Cryptophyceae is located in a conical lobe of the chloroplast (Dodge, 1973). The
thylakoids in the eyespot are oriented perpendicular to the globule layer. It has been
suggested that the photoreceptor in Cryptophyceae is a phycoerythrin and/or a
phycocyanin (Watanabe and Furuya, 1974; Foster and Smyth, 1980), but additional
pigment(s) appear to be involved in their photoresponses (Erata et al., 1995).
Experimental data about the exact mechanisms by which these EAs function are
lacking. However, rotational motion of the cells is again essential for the reaction
pattern (Watanabe and Furuya, 1982).

Euglenophyte type (Figure 7.2C)

The EAs of Euglenophyta are composed of a paraxonemal body (PAB) and
carotenoid-rich eyespot globules located in the cytoplasm. The eyespot globules are
membrane-bound. No hexagonal packing of the globules is observed. Their diameters
range between 240 nm and 1200 nm (Rosati ez al., 1991). The exact position of the
eyespot globules is somewhat variable among species, but is invariably roughly
opposite the PAB. The PAB is usually located on the emergent locomotive flagellum,
2-3 pum above the flagellar base, and appears to be fixed by filaments of the
paraxonemal rod (Rosati ef al., 1991). It has an ovoid shape and forms hook- or
nose-like projections, with a unique orthogonal paracrystalline organization
composed of monoclinic or slightly distorted hexagonal unit cells. The PAB shows
dominant fluorescence compared to the flagellum (Benedetti and Checucci, 1975;
Sineschekov et al., 1994).

Indications for a photocycle of a pigment in the PAB have recently been obtained
(Barsanti et al., 1997). The photoreceptor(s) under discussion are flavins/pterins and
a rhodopsin (Kreimer, 1994). The eyespot globules of all euglenoids analyzed so far
do not significantly reflect blue-green light, whereas the PAB weakly reflects light
(Kreimer, 1994). The receptor for phototactic orientation is most likely located in the
PAB. However, different locations for additional photoreceptors must also be
considered, because colourless euglenoids missing a PAB also exhibit phobic responses.
Also in euglenophytes, complex interactions between the EA and the flagellar/basal
body apparatus and associated microtubular roots are thought to be involved in the
organization and positioning of the cytoplasmic globules (Dodge, 1973; Rosati et al.,
1991).

Phaeophyte type (Figure 7.2D)

This type corresponds the type B EAs of Dodge (1973) found in Chrysophyceae,
Xanthophyceae and the motile reproductive cells of many Phaeophyceae. Similar
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structures are also found in some Haptophyta (Prymnesiophyta), and they have been
classified in the same group by previous authors (Dodge, 1973; Kreimer, 1994). The
presence of flagellar fluorescent substances in one of the isokont flagella in Haptophyta
might support their close relationship (Kawai, 1988, 1992). However, considering
the distant phylogenetic relationships revealed by recent molecular data (Bhattacharya
et al., 1992), the EAs of Haptophyta (Prymnesiophyta) might have a different
phylogenetic origin.

The eyespot is found within a chloroplast in close association with a flagellum
(Dodge, 1973; Kawai, 1992). It is usually the shorter posterior flagellum that bears a
PAB. The PAB is either positioned in a depression in the eyespot or located together
with the eyespot in a groove in the cell surface. Its dimensions and that of the eyespot
depression point to a relatively tight fit of both structures. This spatial relationship
lends support to the idea that both structures form the functional EA.

The phototactic zoospores and gametes of Phaeophyceae exhibit a green flagellar
fluorescence in the posterior flagella throughout its length (Muller et al., 1987
Kawai, 1988, 1992). Similar fluorescence occurs also in the corresponding flagella
of many Chrysophyceae, Xanthophyceae (exceptionally in both anterior and
posterior flagella in Botrydiopsis intercedens), Synurophyceae and Haptophyta
(Kawai and Inouye, 1989).

Microspectrofluorometry of detached flagella of phaeophycean zooids showed that
both flavin and pterin-like substances are localized in the PAB (Kawai et al., 1996).
Analysis of isolated flavins from Scytosiphon lomentaria (Phaeophyceae) revealed
the presence of 4°,5’-Cyclic FMN (Riboflavin-4’,5’-cyclic phosphate) and a still
unidentified photochemically unstable flavin (Yamano et al., 1996). In Ochromonas
danica (Chrysophyceae), Walne et al. (1995) reported the presence of retinal material
in isolated PAB preparations. Although the photoreceptor has not yet been conclusively
localized in these algae, the autofluorescence data strongly suggest the PAB as its
most probable location.

Typically the eyespot is composed of a single layer of carotenoid-rich globules
situated directly underneath the chloroplast envelope of a normal or reduced
chloroplast. Association with microtubules/microtubular bands and roots occurs, and
it has been suggested that this is involved in correct eyespot positioning (Maier, 1997a).
No pronounced hexagonal packing is observed, and the globule diameter varies (100
to 500 nm). As in the chlorophyte type, the chloroplast envelope and plasma membrane
are closely attached in this area. The PAB contains granular material. This material is
neither highly ordered nor paracrystalline. In some Chrysophyceae it is, however,
clearly layered. In male gametes of Ectocarpus siliculosus (Phaeophyceae) the PAB is
asymmetrically structured (Maier, 1997a). Some members (Synurophyceae) possess
two PABs and lack an eyespot. Here, however, only the PAB of the non-mastigoneme-
bearing flagellum exhibits autofluorescence and contains electron-dense material
(Andersen, 1987; Kawai and Inouye, 1989)

Whereas the shape of the PAB is relatively uniform in the Xanthophyceae and
Phaeophyceae and the thickest part faces the eyespot, round to wedge/anchor-shaped
PABs are found in the Chrysophyceae. Again, peculiar reflective properties have been
reported for some of these EAs (Kawai et al., 1990; Kreimer et al., 1991b; Kreimer,
1994). However, due to the presumably dispersed location of the photo-receptor in
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the PAB of a freely movable flagellum, eyespot function can not relate to quarterwave
interference reflection. Here a strong focusing of the reflected light on the PAB by the
concave eyespot surfaces has been observed. Signal strength and shape are again
strongly affected by the angle of light incidence. Partial engulfment of the PAB in the
depression of the eyespot surface probably results in an additional increase of EA

directivity. Phaeophycean zooids require cell rotation for normal phototactic responses
(Kawai et al., 1990).

Eustigmatophyte type (Figure 7.2E)

Eustigmatophyceae are members of the Chromophyta sensu stricto based on
molecular phylogenetic data (Andersen et al., 1998). However, the flagella and EAs
of their zoospores have unique features (Hibberd, 1990). Although the EA has
morphological similarities with the euglenophyte type, clear differences in the
structure of the eyespot and the PAB exist between the two types. In the
eustigmatophycean zoospores the eyespot is prominent and occupies almost the
whole anterior part of the cell. The PAB is always located at the very base of the
long flagellum, and has a T-shaped appearance in transverse sections. Numerous
eyespot globules of variable diameters (not membrane-bound) are located in the
cytoplasm. There is a large D-shaped globule in the middle of the globules, and its
crescent surface faces toward the large surface of the T-shaped PAB. The bulk of the
eyespot globules do not reflect blue/green light. Only signals presumably originating
from the D-globule were observed. Confocal microscopic analysis supports the view
that the concave surface of this globule focuses the light on the PAB. Reflection here
also is thus presumably used for enhancement of photoreceptor illumination (Santos
et al., 1996). The photoreceptor is not yet known, but its location is very likely the
PAB. The PAB contains layered electron-dense material with a paracrystalline
appearance at the large surface. This material is completely shielded by the D-globule
and the other globules. In some species, this region of the PAB/eyespot shows a
weak green autofluorescence (Hibberd, 1990; Santos et al., 1996). No further
functional analyses are currently available on this type.

Dinoflagellate types (Figure 7.2F)

EAs are not common, but are found in certain species of Dinophyta. In contrast to
those of the algal groups already discussed, the EAs of the Dinophyta show
considerable variation. The presence of multiple EA types is most likely due to the
fact that the dinoflagellate cells inherited the eyespots from various photosynthetic
symbionts having different types of eyespots (Dodge, 1984). However, despite
considerable morphological variations, their EAs also show similarities. They are
usually located on the ventral side adjacent to the sulcus, or the junction of it with
the girdle, just beneath the base of the longitudinal flagellum. The position within
the sulcus is somewhat variable. A PAB is missing and the location of the
photoreceptor is not yet known. However, the longitudinal flagellum and the eyespot
are always in close proximity, suggesting that either the flagellar base and the eyespot,
or the overlying plasma membrane and the eyespot, form the functional unit. The
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EAs reveal structural similarities to the eyespot types already described, and can be
subdivided into five types.

WOLOSZYNSKIA CORONATA TYPE (FIGURE 7.2F I)

This type of EA is found in Woloszynskia coronata (Crawford and Dodge, 1974) and
a species of Glenodinium (Kreimer, 1994). Here densely packed carotenoid-rich
globules are located in the cytosol in close association with large microtubular strands.
The globules are not membrane-bound. Their function has not been studied.

CHROMOPHYTE-SYMBIONT TYPE (FIGURE 7.2F II)

This type of EA is so far found only in the dinoflagellates with a chromophyte
(perhaps diatom) endosymbiont (Dodge and Crawford, 1969; Tomas and Cox,
1973; Dodge, 1984; Horiguchi and Pienaar, 1991, 1994a). They are independent
structures outside chloroplasts, and are surrounded by a triple-membrane
envelope. The globules show a somewhat variable hexagonal packing density
with an average diameter of 70 to 100 nm. The eyespot of Peridinium foliaceum
is double-layered. However, multiple layers are often formed due to the peculiar
eyespot structure. In P. balticum, multiple layers are generally observed. The
eyespot surface is concave towards the flagellum. Consequently a strong focusing
on the base of the longitudinal flagellum is observed (Kreimer, 1999). Regarding
the origin of this type of EA, it is suggested that the Peridinium cells originally
had a peridinin-containing-group type of EA (discussed later) within a normal
chloroplast. After acquisition of a new endosymbiont of chromophyte origin,
the original chloroplasts became reduced, and only the eyespot-containing part
was retained and further reduced (Dodge, 1984; Horiguchi et al., 1999). In favour
of this hypothesis is the observation that this type of eyespot is surrounded by
three layers of membranes, like the chloroplasts possessing the peridinin-
containing type eyespot.

PERIDININ-CONTAINING-GROUP TYPE (FIGURE 7.2F III)

This type of EA is more or less common in dinoflagellates, and has morphological
similarities with the chlorophyte type. It is found in some species of Gymnodinium
(Schnepf and Deichgraber, 1972) and Woloszynskia (Dodge, 1984; Kreimer, 1994).
Here a single layer of somewhat smaller lipid globules (30-110 nm), subtended by a
thylakoid, is situated directly underneath the chloroplast envelope. Also here a close
hexagonal packing is observed. These eyespots reflect blue/green light and probably
use interference reflection in conjunction with absorption for signal modulation
(Kreimer, 1994).

WARNOWIA TYPE (FIGURE 7.2F IV)

EAs of this type are complex organelles often also called ocelli, and are found in
members of the family Warnowiaceae, oceanic heterotrophic dinoflagellates. As
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a unique exception among the algal EAs, they possess a simple refractive lens
system (hyalosome), which presumably acts as a focusing system for light
collection on the melanosome. A detailed structural description is given by Greuet
(1987).

GYMNODINIUM NATALENSE TYPE (FIGURE 7.2FV)

This type of eyespot was recorded relatively recently in a tide pool dinoflagellate,
Gymmnodinium natalense (Horiguchi and Pienaar, 1994b). It consists of several layers
of hemi-cylindrical sheets including regularly arranged crystalline bricks. Each sheet
is membrane-bound. Although no functional aspects are known, the ultrastructure of
this eyespot is extremely regular, and suggests a function as reflector. It may focus the
light on the flagellum. Analysis of the eyespot ontogeny has revealed that the major
components are synthesized in the chloroplast and are transported towards their final
position in the sulcal region. Also here a broad microtubular band is observed in front
of the eyespot. A similar eyespot was recently recorded in Amphidinium lacustre,
however, in the latter the chloroplast is not involved in the formation of the bricks
constituting the eyespot (Calado et al., 1998). Their phylogenetic relationship and
the function are still unclear.

7.4 Signal transduction elements and flagellar responses

Signalling elements and flagellar responses are currently best studied in the green
algae. We therefore here restrict our review to this group. In contrast to the flagellar
signalling machinery (Witman, 1993), the molecular characterization of elements
expected to facilitate and regulate such a finely tuned and highly adaptable response
as phototaxis is in its infancy. However, various recent approaches allow a preliminary
assessment of this cascade(s).

7.4.1 Flagellar responses

Green algae respond to various external stimuli with well defined changes in the
beat pattern of their flagella. Differences in the responses, however, exist between
unicellular and colonial forms. Here only unicellular green algae are considered.
For recent review of the multicellular Volvocales see Hoops (1997). Light signals
are processed rapidly (< 140 ms) and, depending on the intensity, lead to two basic
differential responses (Witman, 1993). Taxis is based on subtle differences in the
normal asymmetric, breaststroke-type beat pattern of the flagella. In contrast, the
stop or shock response is characterized by a transient switch to a symmetrical,
undulating waveform that causes the cell to move backward. Both beat changes
and general motility strongly depend on extracellular Ca2+ and thus finally on
transmembrane Ca2+ fluxes.

The presence of voltage-gated Ca2+ channels in the flagellar membrane of unicellular
green algae has been shown by the suction-pipette technique on whole cells. Upon
photoshock at least two inward-directed flagellar currents, carried mainly by Ca?,
are triggered in an all-or-none manner by the preceding currents induced by activation
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of the rhodopsin. These channels appear to be evenly distributed along the flagella.
As can be deduced from effects of Ba?+, at least one of these channels appears to be
regulated down by increased flagellar matrix Ca?+ (see for example, Litvin et al.,
1978; Beck and Uhl, 1994; Yoshimura, 1996; Hegemann, 1997). The link between
these currents and the photoshock response was established by simultaneous current
and optical analysis on single cells (Holland et al., 1997). Effective triggering of flagellar
beat reversal by electrical stimulation indicates that the channels involved in this
response are voltage-gated (Yoshimura et al., 1997). Whereas the shock response
lasts for about 500 to 1000 ms, dim flashes trigger only changes in flagellar beat
amplitude and frequency for 20 to 80 ms (Holland et al., 1997). Recording of flagellar
currents under these conditions is not yet possible. Apparently only very few flagellar
channels are activated under low light conditions.

Only recently the first green algal flagellar channels have been characterized at
the single channel level (Hill et al., 2000). A dominating low conductance, Ca2+-
permeable channel is probably involved in the peculiar mechanoshock response
previously characterized for Spermatozopsis similis (Kreimer and Witman, 1994)
and not in the photoresponses. In addition to voltage, its open probability is
controlled by Ca?. Recently, four Chlamydomonas mutants (pprl to 4), which
appear to be defective only in channel(s) involved in generation of the flagellar
currents observed during photoshock, have been isolated. These mutants are not
affected in respect to currents originating from the eyespot region or in the
phototactic response (Matsuda et al., 1998). This observation further supports
the view that different flagellar channels are activated during tactic and shock
responses. Hill et al. (2000) also briefly reported reconstitution of other flagellar
ion channels. Future analyses of these channels in conjunction with the analysis
of phototaxis mutants like p#x 2 and p#x 8, which are probably affected in the
activation of voltage-gated flagellar Ca2+ channels (Pazour et al., 1995) and the
ppr-mutants, will help to further unravel ion channel function within the flagellar
regulatory network.

During undisturbed forward swimming of most green algae, the flagella move in
an asymmetric, breaststroke-type beat pattern consisting of an effective and recovery
stroke. In free-swimming cells of C. reinhardtii, in the absence of a stimulus, the
beat frequencies of both flagella are similar. Cells captured with micropipettes,
however, exhibit slightly slower (25-40 per cent) frequencies of the cis flagellum,
that is, the flagellum close to the EA. Analysis of permeabilized cells and isolated
axonemes have shown that a differential Ca2+-sensitivity of the axonemes is the
basis for this behaviour. At elevated free Ca2?+ concentrations (107 to 10-¢ M) the
frequency of the cis axoneme is slower, whereas at resting Ca?* levels (10-8 to 10
M) the cis axoneme dominates (Kamiya and Witman, 1984; Riiffer and Nultsch,
1987; Holland et al., 1997). A part of the frequency differences is caused by
components of the outer dynein arm (Takada and Kamiya, 1997). Upon illumination,
C. reinbardtii responds with waveform and frequency changes in opposite ways for
the cis and trans flagella. Periodic illumination of the EA during cell rotation thus
produces a signal, presumably Ca2+-based (see later), that leads transiently to a
more powerful stroke of one flagellum. The flagellar responses to step-up or step-
down stimuli are complementary in such a way that they allow the cells a smooth
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phototactic steering towards or away from the light source (Riffer and Nultsch,
1991). Thus the developmental difference between the flagella—the cis flagellum is
usually the immature one—is reflected in a differential sensitivity towards one of
the most central signalling molecules in cells.

Often cells exhibit both positive and negative phototactic responses; that is, they
must switch the response of the flagella depending on the stimulus intensity.
Moreover, some strains of C. reinhardtii show, at a constant light intensity, positive
taxis for the first few seconds and then switch to negative phototaxis (for example
Zacks et al., 1993). It is not yet understood how cis/trans flagellar responses are
reversed. Adaptational phenomena might be involved in the reversal. It has been
shown that the sign of the phototaxis can be reversed from positive to negative by
red background illumination, probably by affecting the membrane excitability
(Takahashi and Watanabe, 1993). In addition, Riffer and Nultsch (1991)
demonstrated that step-up/step-down responses of the flagella, which are widely
accepted as forming the basis of phototactic steering, could be reversed by pre-
illumination treatments.

The main Ca2+-sensitive elements responsible for the change in flagellar bending
and beat frequency differences are components of the axoneme (Kamiya and Witman,
1984; McFadden et al., 1987). Some elements involved in regulation of the differential
axonemal activity have been identified. In the Chlamydomonas mutant pix1, cis/
trans axonemal differentiation is missing. The p#x1 mutant is defective in phototaxis
but not photoshock, and lacks two 75 kDa axonemal proteins (Horst and Witman,
1993; Riiffer and Nultsch, 1997). Asymmetrical phosphorylation of a 138 kDa
component of the f dynein complex may represent an additional Ca2+-sensitive element
involved in phototactic turning (King and Dutcher, 1997). In the model suggested by
these authors, Ca2+-regulated phosphorylation/dephosphorylation of f dynein would
only occur in the trans flagellum. Different Ca*-modulated type-1 and calcineurin-
like phosphatases necessary for this model are present in axonemal preparations (Tash,
1989; Habermacher and Sale, 1996). Other Ca?*-binding proteins such as calmodulin
and centrin are also present in flagella (Witman, 1993). Their functions within the
light-induced flagellar responses are, however, still not elucidated. Because Ca?* is
also intricately involved in regulating the adaptation and sign of phototactic behaviour
(Morel-Laurens, 1987), highly linked signalling cascades can be expected. Several
phototaxis mutants that are probably defective in the flagella Ca? responses (Pazour
et al., 1995) will help to further elucidate these signalling pathways.

7.4.2 Signal transduction elements in the EA region

Following rhodopsin excitation, opening of ion channels in the EA region is triggered,
which in turn initiates signal spread towards the flagella and the different flagellar
responses. In most studies, high-intensity flash excitation has been used to analyze the
electrical processes downstream of the photoreceptor. It is well established that the
electrical events differ with light intensity. The first detectable inward current originates
from the EA region and is called the photoreceptor current (P current). This current is
graded with light intensity and is mainly carried by Ca?+. Other ions, however, also
contribute (Litvin et al., 1978; Holland et al., 1996). High light intensities trigger the
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P current extremely rapidly. This has led to the suggestion that rhodopsin and the ion
channel form a complex (Sineshchekov et al., 1990) or even that the rhodopsin itself
forms the ion channel (Deininger et al., 1995).

However, the situation appears to be different in response to low light stimuli.
Here existence of a presumably biochemically-amplified current component saturating
at low intensities has been deduced from a biphasic dependence of the current
amplitudes (Sineschekov and Govorunova, 1999). Recent kinetic analysis of
photocurrents in C. reinbardtii under low light conditions supports this view. These
data point to the possibility that bleaching of a single rhodopsin may activate more
than one Ca?channel in the eyespot region (P.Hegemann and R.Uhl, personal
communication). However, it is not yet possible to differentiate between direct
rhodopsin-channel interaction and the involvement of additional signalling elements.

The presence of heterotrimeric G-proteins in EA preparations of both C. reinhardtii
and S. similis has been reported. In S. similis, different approaches point to the coupling
of green light and Ca?-modulated heterotrimeric G-proteins to the rhodopsin
(Hegemann and Harz, 1993; Calenberg ez al., 1998). In analogy to other visual systems,
G-proteins might thus represent good candidates for such a coupling. Alternatively,
they also may be involved in light adaptation by direct control of open probabilities
of ion channels, a mechanism known in many systems. For example, some types of
voltage-gated Ca?*-channels are inhibited by G-proteins. However, they may also be
involved in other rhodopsin-controlled processes. Thus the postulated biochemical
amplification cascade under steady-state low light conditions (Kreimer, 1994;
Sineshchekov and Govorunova, 1999), although gathering increasing experimental
support, still awaits further conclusive experimental evidence.

Signalling processes initiated by flash excitation of the rhodopsin now turn out to
be more complex than was initially suggested (Harz et al., 1992). Evidently in the
region of the EA, rhodopsin activation triggers additional current components, as can
be seen in some published current traces. In addition, Braun and Hegemann (personal
communication) have recently identified a new long-lasting current component. This
current, following the fast inactivating P current, also originates in the eyespot region.
It is not caused by a decrease in the intracellular pH, although it was only resolved
after acidification of the bath solution. Its function is not yet clear.

Present current analyses are mainly limited to high-intensity flash excitation, which
triggers the shock response. Thus no conclusions about signalling cascades under low
light conditions can be drawn from these studies. Although flash excitation represents
a rather artificial system, periodic stimulation of the photoreceptor at low intensities
and frequencies of about 1-2 Hz could mimic the light signal received by the
photoreceptor in a free-swimming cell. Only a few measurements have yet been
conducted under the more complex situation of continuous illumination (Sineshchekov
and Govorunova, 1999).

Future analysis of the signalling cascade of phototaxis should therefore include not
only P current analysis under low intensities, but also current analysis under continuous
illumination. However, as green algal photoresponses are affected in a complex manner
not only by many extracellular factors, but also by intracellular processes such as
photosynthesis and the stage of the cell cycle (Nultsch, 1979; Takahashi and Watanabe,
1993), the analysis will be extremely complex.
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Assignment of signalling elements to the cascade initiated by excitation of the
rhodopsin is further complicated by complex adaptational processes present in the
green algae. Rapid adaptation occurs to bright flashes as well as to longer stimuli
(Sineshchekov et al., 1990; Zacks et al., 1993; Zacks and Spudich, 1994; Govorunova
et al., 1997) and is also known for flagellar responses induced by mechanical
stimulation (Kreimer and Witman, 1994; Yoshimura, 1996). Again the mechanisms
involved are not yet known. Govorunova et al. (1997) showed that light-induced
desensitization is a consequence of reduced membrane excitability rather than of
photoreceptor bleaching. These authors point to the importance of depolarization-
activated K+ efflux as an effective way for controlling the cell’s photosensitivity.
Ca2+ appears to be involved in a complex manner in the overall control of the cells
photosensitivity.

The kinetics of desensitization by preillumination point to two competitive
processes: a light-induced decrease in sensitivity, and a mechanism by which
sensitivity is maintained (Zacks et al., 1993). Recovery of full photophobic sensitivity
from a completely adapted status is slow and has a t0.5 of about one minute (Zacks
et al., 1993). In contrast, adaptational mechanisms to changing light conditions
that do not trigger a photophobic response are rapid (Zacks and Spudich, 1994).
Mechanisms involved in desensitization to phobic stimuli under continuous
illumination probably involve modifications of either the receptor and/or ion channels
involved in signal transmission. In vertebrate vision, Ca2+ plays a central role in
adaptational processes; for example, Ca2--modulated phosphorylation/
dephosphorylation of rhodopsin is one of the key elements in this process. It is not
yet known whether there are similar mechanisms involved in green algal light
adaptation. Rapid and strong changes in protein phosphorylation occurs upon
changes in the concentration of free Ca2+ between 10-8 and 107 M in isolated EAs
(Linden and Kreimer, 1995). Functional analyses were, however, not conducted in
this study.

What signalling elements from the EA region are known at the molecular level?
Currently, the gene of the photoreceptor is the only characterized element. A series of
analyses from different laboratories, initiated by the work of Foster et al. (1984), has
finally lead to the identification of a rhodopsin as the photoreceptor in green algae.
The rhodopsin genes from Chlamydomonas reinhardtii and Vischeria carteri are very
similar in structure (Deininger et al., 1995; Hegemann, 1997). Biochemical and
molecular biological analyses also point to the presence of a similar protein in
Spermatozopsis similis (Calenberg et al., 1998; Rupprich Jakubzik and Kreimer,
unpublished results). No homology is observed with the halobacterial opsins. Only
the chromophore used (all-trans, 6-S-trans retinal) and the light-induced isomerization
(13-trans to cis) resemble the archaebacterial system. In some regions of the sequence,
homologies to motifs of invertebrate opsins are evident. However, the overall homology
is very low, and the two known green algal opsins are characterized by principal
differences from all other known opsins. They are highly charged, truncated at both
termini, and only four transmembrane domains can be clearly identified (Deininger et
al., 1995; Hegemann, 1997).

Although, as was discussed earlier, strong biochemical evidence points to
coupling of a G-protein to the rhodopsin, the algal opsin sequences do not allow
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any clear conclusion with respect to putative reaction partners. All eukaryotic
opsins so far known belong to the group of G protein-coupled receptors (GPCR).
They possess a DRY/ERY consensus motif involved in G-protein binding. This
motif is missing in green algae. However, in other subfamilies of GPCRs this
motif is also absent (Birnbaumer and Birnbaumer, 1995). Thus lack of this motif
per se does not exclude interactions with G-proteins. Also, in the sequence of
the first identified putative plant GPCR, only the arginine residue is conserved
of this motif (Plakidou-Dymock et al., 1998). Clearly more information is needed
about the different components of the signalling cascade initiated upon rhodopsin
activation, to provide further insights into this early-developed rhodopsin-based
visual system.
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Chapter 8

Trophic strategies

Michael A.Sleigh

ABSTRACT

Flagellates display all of the basic trophic strategies seen among both autotrophic and
heterotrophic eukaryotes. Photoautotrophic flagellates employ a diversity of different
pigment combinations in energy capture for photosynthesis. Their wide size range
enables them to exploit habitats that are rich or poor in mineral nutrients. Autotrophic
members of several groups have established successful and important symbiotic
relationships with other protists and higher animals. Many of the studied examples of
photosynthetic flagellates are auxotrophs, depending on an external supply of one or
more vitamins.

Heterotrophic flagellates are mostly phagotrophs, but osmotrophs are found
in several groups, especially among parasites and other symbionts. The organic
requirements of osmotrophs vary widely from only a simple energy source to a
long list of molecules representing a wide range of the main groups of compounds
used in living cells. An osmotrophic flagellate may use active processes to transport
food molecules across its surface membrane, either over the general body surface
or at a restricted area; uptake of larger soluble molecules by pinocytosis may
likewise occur over the whole body surface or only at a specialized site. Phagotrophs
may catch and ingest living prey, or feed on debris or fragments of other living
organisms.

The main classes of living prey are bacteria, protozoa and algae, including diatoms
and motile flagellates. The different methods used to capture these prey include passive
diffusion feeding, which depends on movement of the prey, and active interception
processes, in which either the predator moves around seeking individual prey items,
or the predator collects suspended particles from a water current which it has created.
Prey capture often involves the use of extrusive organelles.

Many flagellates are mixotrophs combining photoautotrophy with some form of
heterotrophy. The availability of mineral nutrients determines the success of autotrophs,
while the availability of suitable prey or dissolved organic molecules determines the
distribution and success of heterotrophs. The response of flagellates to fluctuating
nutrients varies; both autotrophs and heterotrophs may produce cysts when nutrients
are scarce, but other forms may sharply reduce metabolism and produce small cells to
survive periods of shortage.
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8.1 Introduction, terminology and general
principles of flagellate nutrition

Living organisms require energy to drive the chemical reactions necessary for
maintenance, growth and other activities characteristic of life. This energy is
obtained by two routes, autotrophy and heterotrophy. Light energy is absorbed
by photo-autotrophic organisms, and is used to drive reactions in which inorganic
molecules are combined to make energy-rich organic molecules in the process of
photosynthesis. These molecules may later be broken down to provide the energy
needed to power the cellular processes of these organisms. Certain bacteria, known
as chemo-autotrophs, gain energy for synthesis of organic molecules from the
promotion of inorganic chemical reactions. Heterotrophic organisms take in
organic molecules that have been synthesized by autotrophs and break them down
to release the energy they need for living. Flagellates may employ either photo-
autotrophy or heterotrophy or both of these methods of obtaining energy, and are
second only to bacteria among all groups of organisms in the diversity of variant
ways used to obtain energy.

Flagellates that are pure autotrophs require no organic molecules from their
environment because they are able to synthesize all of the classes of organic molecule
needed for their metabolism and growth from simple inorganic molecules and mineral
ions, with the aid of energy from photosynthesis. In many cases, however, photo-
autotrophic flagellates have found it possible to gain from their environment one or
several members of certain classes of essential organic molecules such as vitamins,
which are only required in small quantities, and have given up synthesis of these
molecules. Autotrophs with such needs for trace quantities of specific organic molecules
are referred to as auxotrophs.

Some heterotrophs are able to synthesize most of the molecules they need, but the
majority of heterotrophs can synthesize few if any of the smaller organic molecules
which form the building blocks of larger molecules involved in their metabolism and
in the formation of cell structures. These are therefore dependent on the uptake from
their environment of many classes of organic molecule, for use in synthesis of their
body structures and enzymes, as well as for the energy needed both for this synthesis
and for other essential processes of life. Many flagellates ingest particles of food,
including other whole organisms, into internal vacuoles, within which the particles
are digested enzymically to release small organic molecules that can be absorbed into
the cell cytoplasm. This process of ingestion and subsequent digestion is known as
phagocytosis, and organisms which perform it are phagotrophs. Other heterotrophic
flagellates live in environments which contain soluble small organic molecules that
can be taken in through the cell membrane without further digestion. Organisms that
absorb such small molecules from their external environment practice osmotrophic
(or saprophytic/saprozoic) nutrition, and organisms using this method of food uptake
are osmotrophs (or saprotrophs).

It it often difficult to determine whether an organism is a phagotroph or an
osmotroph, for example if it feeds on larger soluble organic molecules that are digested
in small (pinocytotic) vacuoles that are not easily seen. It is likely that almost any
flagellate may be an opportunistic osmotroph, if suitable molecules are present in its
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environment, but some are capable of very active uptake by use of specialized transport
systems in their membranes. Many flagellates practice both autotrophy and
heterotrophy (either phagotrophy or osmotrophy), simultaneously or at different times,
and are referred to as mixotrophs.

The cells of all living organisms must contain proteins constructed from about
twenty amino acids, carbohydrates based on various hexose and pentose sugars,
lipids in which a range of fatty acids attach to specific linking molecules and nucleic
acids in which purine and pyrimidine bases are combined with phosphate and ribose
sugars, as well as smaller amounts of compounds required as co-factors for enzymes
or other molecules. A phagotrophic heterotroph which ingests other whole organisms
should obtain all of the classes of small molecules in this list from the food it eats;
an ability to synthesize any of them will therefore not be required by such an
organism. It is true that the small molecules in the food may not be in the proportions
it requires, so that some ability to interconvert molecules within a class can be
important. The range of dissolved organic molecules available to an osmotroph
may be less balanced, or even quite restricted, and such heterotrophs may show a
capacity to synthesize a greater range of small organic molecules, even approaching
that shown by autotrophs.

It is the purpose of this chapter to survey the ways in which flagellates exploit
these various methods of satisfying their needs for energy and nutrients: their trophic
strategies, both physiological variants associated with nutrition, and ecological variants
associated with maximizing the use of resources in particular environments. The main
modes of nutrition will be considered first, and then some consideration will be given
to ecological features that relate to these. Certain aspects of the trophic strategies of
flagellates are discussed in other chapters in this book, notably changes adopted by
flagellates which have become parasites (Vickerman, Chapter 10), grazing and
mixotrophy practiced by flagellates involved in the microbial loop (Laybourn-Parry
and Parry, Chapter 11) and links between feeding activities and exploitation of
ecological niches by flagellates (Arndt, Chapter 12).

8.2 Autotrophic nutrition among flagellates

The driving force for the process of photosynthesis is the absorption of light energy
by a selection of chlorophyll and other pigments, molecules of which are embedded
in, or associated with, the thylakoid membranes of photoautotrophs. These pigment
molecules are grouped into light-harvesting (or antennal) complexes arranged around
reaction centres. The energy possessed by photons of light absorbed by these pigment
molecules is passed to a molecule of chlorophyll at the reaction centre, and is there
used to energize electrons at one of two stages of photosynthesis. In photosystem II
reaction centres, electrons derived from water are given sufficient energy to reduce
intermediate electron acceptors. Some of the energy of these electrons is used to drive
processes which phosphorylate ADP to ATP as the electrons are passed through a
chain of cytochrome molecules, before their energy is boosted at a reaction centre of
photosystem I to a level sufficient to reduce NADP molecules. The reduced NADP
and ATP are used in the ‘light-independent’ stages of photosynthesis to fix carbon
dioxide in the synthesis of carbohydrate molecules.
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Electromagnetic radiations fall into a wide range of wavelengths. A narrow band
of wavelengths between about 400 nm (violet) and 700 nm (red) constitutes the
spectrum of light visible to the human eye. Photons with shorter wavelengths have
higher energy; infra-red radiation, at say 1000 nm or longer, has too little energy to
drive biological reactions, while ultra-violet radiation, at say 300 nm or shorter, has
so much energy that it can be intensely damaging, but solar radiation in this range is
fortunately mostly absorbed by molecules in the earth’s atmosphere. Different
photosynthetic pigments absorb light photons most strongly at different wavelengths,
and the range of pigments present determines the active spectrum of the process in a
particular organism. A single pigment may have only one or two narrow peaks of
absorption (Table 8.1), but by combining several pigments together in each light
harvesting complex, it is possible to make use of energy available over a wider range
of the spectrum.

All flagellates contain chlorophyll a, but different groups of flagellates vary in
their associated pigments (Table 8.2); the green chlorophytes and euglenids contain
chlorophyll b, while the brown chrysophytes and dinoflagellates have chlorophyll ¢
instead. Light harvesting complexes of photosystem I also have carotene molecules,
while those of photosystem II have xanthophylls (oxygen-containing carotenoids);
again, different flagellate groups have different members of these pigment classes.

The flattened thylakoid sacs, within whose membranes chlorophyll and most
related pigments are incorporated, occur in the cytoplasmic matrix of prokaryote
cells. In flagellates, as in all other eukaryotes, these thylakoids are enclosed within
chloroplast membanes, reflecting the generally accepted ancestry of chloroplasts
from symbiotic prokaryotes (see Farmer and Darley, Chapter 15, this volume). A
few flagellates are photo-autotrophs because they live in association with
cyanobacteria such as Glaucophytes (see Kies, 1980). Other flagellates may establish
rather temporary symbiotic associations with ingested photosynthetic eukaryotes,
or their chloroplasts (see Gaines and Elbrachter, 1987; Laybourn-Parry and Eccleston-
Parry, Chapter 11 this volume). Most photo-auto trophic flagellates belong to groups
which have long-established chloroplasts, derived either from prokaryote symbionts

Table 8.1 Wavelengths of characteristic absorption peaks of some photosynthetic pigments
found in flagellates

Type of pigment Solvent Wavelength(s) of peak(s) (nm)

Chlorophyll a diethyl ether 420 662
Chlorophyll b diethyl ether 455 644
Chlorophyll ¢ diethyl ether 444 626
a-carotene hexane 420 440 470

B-carotene hexane 425 450 480

lutein ethanol 425 445 470

fucoxanthin hexane 425 450 475

phycoerythrin (cryp) water 274 310 556
phycocyanin (cryp) water 270 350 583 625 643

Notes:

Peaks may shift somewhat on extraction in organic solvents
cryp denotes cryptophyte

Source: Data mainly selected from Govindjee and Braun, 1974
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(where there are two enclosing chloroplast membranes) or from eukaryote symbionts
(where there are four, or sometimes three, membranes) (see Farmer and Darley,
Chapter 15 this volume).

Chloroplasts differ not only in the types of pigments they contain and the number
of surrounding membranes, but also in the arrangement of the thylakoids within the
chloroplast. Phycobilic proteins (phycoerythrin and phycocyanin), characteristic of
cyanobacteria, but also present in red algae and cryptophyte flagellates, are
watersoluble pigments, and are confined within small vesicles called phycobilisomes
associated with the thylakoids. In prokaryotes and red algae the phycobilisomes are
found on the surfaces of the single, separate thylakoid sacs, but in cryptophytes the
thylakoids occur in pairs with phycobilisomes in the cavity within the thylakoids. In
other flagellates all of the pigments are lipophilic and occur within membranes, the
thylakoids being grouped in threes in most cases, but in chlorophytes they are found
in larger stacks resembling the grana within chloroplasts of land plants.

Light energy absorbed by pigments and used as described above to synthesize ATP
and reduced NADP in the chloroplast cytoplasm around the thylakoids is subsequently
stored as chemical bond energy in larger molecules. Although it is usual to consider
that the primary result of the fixation of carbon dioxide in the cytoplasmic stroma of
the chloroplast by the Calvin cycle is the formation of hexose sugars, various
intermediates in this cycle can be siphoned off and used in the synthesis of amino
acids, fatty acids and other components needed to fulfil the needs of the autotrophic
cell for structural, storage, genetic and enzymic or other molecules involved in
metabolism.

It is likely that many autotrophic flagellates that synthesize all of the required
major classes of organic molecules are in fact auxotrophs which make use of external
sources of certain minor organic molecules (vitamins), usually one or more of vitamin
B,,, thiamine and biotin (Droop, 1957; Provasoli and Carlucci, 1974). A pure autotroph
can be grown in a simple inorganic medium axenically, in the complete absence of
any other organism, including any parasitic or symbiotic prokaryote. The nature of
the organic molecule(s) required by an auxotroph which grows axenically in pure
culture has to be determined by trial and error. Thus, the chlorophyte Chlamydomonas
moewusii and the dinoflagellate Peridinium inconspicuum are pure autotrophs with
no requirement for any organic compound, but Euglena gracilis and Peridinium
foliaceum are auxotrophs whose only organic requirement is vitamin B,,, Peridinium

Table 8.2 Principal photosynthetic pigments typical of some flagellate groups

Group Chlorophyll ~ Carotene Xanthophylis etc.
Euglenophyta ab b Diadinoxanthin (Neoxanthin)
Cryptophyta a,c a,(b) Alloxanthin (Diatoxanthin)

Phycocyanin, Phycoerythrin
Dinophyta a,.c b Peridinin (Diadinoxanthin, Dinoxanthin)
Chrysophyta a,c b Fucoxanthin, Diatoxanthin
Xanthophyta a.c b Diadinoxanthin, Diatoxanthin,
Heteroxanthin
Chlorophyta a,b b Lutein, Violaxanthin, Neoxanthin
Prymnesiophyta a,c b Fucoxanthin, Diatoxanthin
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limbatum needs only thiamine, and Ampbhidinium carterae needs vitamin B,,, biotin
and thiamine (Provasoli, 1958; Holt and Pfiester, 1981).

In general, members of the Chrysophyta, Cryptophyta, Dinophyta and
Euglenophyta are more commonly auxotrophs, and members of the Chlorophyta
and Xanthophyta are more commonly pure autotrophs (Cox, 1980). The vitamin
most commonly required by auxotrophic flagellates is B,,.

While the fixation of carbon dioxide can lead to the formation of carbohydrates
and fatty acids without additional nutrient input, nitrogen compounds, usually nitrate
or ammonium ions, are required by phototrophs to synthesize amino acids, and
both nitrogen and phosphorus compounds to synthesize nucleotides. Iron limitation
has been shown to control rates of phytoplankton production and biomass in the
Pacific Ocean (Martin et al., 1994), and it has been found that grazing protozoa
may play a role in making refractory forms of iron available to phytoplankton
(Barbeau et al., 1996). Other elements like sulphur, magnesium and zinc are required
in small amounts for metabolic purposes, and some flagellates need silica for skeletons
or loricas.

The need for mineral nutrients, particularly N and P, has a strong influence on the
distribution and abundance of different flagellates. In eutrophic waters, such as those
enriched with nutrients by upwelling or pollution, it is possible for the flagellates,
even the large species, to multiply and form blooms. For this to happen, there must be
a seeding of the bloom-producing organism into the nutrient-rich water from cysts or
through transport by currents, and the autotrophs must multiply more quickly than
any grazing microzooplankton that prey upon them. In general, the predators of
small flagellates can respond more quickly than predators of large flagellates to an
increase in numbers of their prey, so the blooms of larger forms may be long-lasting.

However, the production of toxic products by some bloom-forming species may
also give them an advantage in competition with other species. The ‘red-tides’ of
various dinoflagellates are probably the most spectacular and best known of blooms
caused by flagellates (Taylor and Seliger, 1979; Steidinger and Baden, 1984; Taylor
and Pollingher, 1987). Extensive blooms of prymnesiophytes such as toxic species of
Chrysochromulina or the glutinous colonial Phaeocystis also develop in coastal waters,
and massive, long-lived blooms of the coccolithophorids Emiliania huxleyi or
Coccolithus pelagicus can occur at rather lower levels of nutrients (see for example
Tarran et al., 1999).

At the other end of the nutrient scale, in the oligotrophic tropical oceans, the minute
cyanobacterium Prochlorococcus dominates the primary producers in surface waters,
but the larger cyanobacterium Synechococcus and a number of species of
picoeukaryotes, mostly flagellate chrysophytes (such as Pelagophyceae, only 2-3 um
in size: Andersen et al., 1993), chlorophytes, prasinophytes and prymnesiophytes,
tend to occur in deeper water where they contribute to the ‘deep chlorophyll maximum’
and can take advantage of nutrients moving upward from the ocean depths, in spite
of the very low light levels. These small cells have a large surface-to-volume ratio, and
so compete effectively for scarce nutrients with any larger cells. The smallest known
eukaryote cell is a prasinophyte (Ostreococcus taurii), found in nutrient-deficient
Mediterranean tide pools (Courties ef al., 1994), which measured only 0.97 x 0.70
um by electron microscopy, and is of a size likely to be found in extremely oligotrophic
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waters. The oligotrophic oceans also contain phototrophic flagellates which gain
mineral nutrients by virtue of another special adaptation: those (principally
dinoflagellates) which live in symbiosis with heterotrophs such as radiolarians,
contributing energy-rich carbon compounds to the host, but gaining recycled N and P
from it.

Autotrophic flagellates from several groups are found within the cells of a wide
diversity of animal and protist groups (see review in Smith and Douglas, 1987). The
most widespread of these symbionts are dinoflagellates of the marine genus
Symbiodinium, usually referred to as S. microadriaticum (see Trench, 1987). These
occur in many radiolarians, foraminiferans, ciliates, hydroids, sea anemones, corals
and clams, although the dinoflagellates in some radiolarians, cnidarians and a
flatworm have been found to be species of Ampbidinium (Taylor, 1974) or
Zooxanthella. These dinoflagellates usually live within endocytic vacuoles within
host cells, where they are somehow recognized and protected from attack by host
cell enzymes, although in clams the symbionts are found in haemal spaces.
Photosynthetic activity of the dinoflagellate produces an excess of photosynthate
which is released as organic compounds like glucose, alanine or glycerol that are
taken up by the host; in return the flagellate gains N and P, principally as ammonium
and phosphate ions, from the host (Trench, 1987). The symbionts living in cells of
corals and foraminiferans are believed to enhance the deposition of calcium carbonate
in the coral skeleton/shell of the host when they remove carbon dioxide for
photosynthesis (Goreau, 1961).

Symbiotic flagellates of other groups have received less attention, but include
prasinophytes which have been found in the marine flatworm Convoluta
roscoffensis (Holligan and Gooday, 1975) and in some radiolaria, and some
acantharians have been reported to contain prymnesiophyte symbionts. The
planktonic ciliate Mesodinium (Myrionecta) rubrum contains a well-integrated
cryptophyte symbiont, whose photosynthetic activity is very high, with the result
that ciliate ‘red tides’ are frequent in coastal locations in summer (Lindholm,
1985; Stoecker et al., 1991).

8.3 Osmotrophic flagellates

Some flagellates grow in media containing only the very simplest organic molecules
(Droop, 1974), and can certainly take these in through their surface membrane without
the need for vacuole formation. Thus the volvocid flagellate Polytoma uvella is like a
colourless chlamydomonad; its energy needs are satisfied by organic molecules as
simple as acetate, and it does not use organic sources of nitrogen or vitamin-type
molecules, so that it retains an almost complete synthetic machinery, except for
photosynthesis. The colourless cryptophyte flagellate Chilomonas paramedum can
be cultured in a medium whose only organic components are acetate and thiamine,
although it can use a range of organic acids, including fatty acids and ethanol, as
energy sources, and amino acids as a nitrogen source, if available. While these, like
the euglenid acetate flagellate Astasia, are obligate osmotrophs, facultative osmotrophy
is probably much more widespread, being found both among forms which are primarily
phagotrophic and among mixotrophs that use osmotrophy as a supplement or
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alternative to photosynthesis. Thus, various strains of Euglena gracilis, which can be
fully functional photo-autotrophs, can alternatively survive on ethanol, acetate or
even some carbohydrates as an organic energy source, and can use but do not require
amino acids; they have a requirement for vitamin B, in either nutritional mode.

It is interesting that some phototrophic flagellates require acetate as a carbon source
because they are unable to assimilate carbon dioxide (Droop, 1974). Chrysophyte
flagellates like Poteriochromonas malbamensis grow osmotrophically on sugars rather
than on acetate (Moestrup and Andersen, 1991). Among dinoflagellates,
Crypthecodinium cobnii has been cultured axenically on histidine, acetate, biotin and
thiamine (Provasoli and Gold, 1962) and Gyrodinium lebourae has been grown in
seawater containing glucose, galactose and acetate (Lee, 1977).

Obligate osmotrophic flagellates may be assumed to require fairly high
concentrations of the organic molecules which provide their energy source. To capture
such molecules from their environment they are likely to be in strong competition
with bacteria, whose much higher surface-area-to-volume ratio, diverse exo-enzymes
and specialized permease uptake systems give them a substantial advantage. The
decomposition of organic matter promoted by bacterial exoenzymes, from whose
products many bacteria may have selected the larger and more attractive organic
molecules, will produce large amounts of compounds like acetate and ethanol.
Flagellates like Polytoma, Chilomonas and Euglena gracilis inhabit, and may bloom
in, water containing decaying plant or animal remains, but such places usually provide
only transient habitats requiring dispersal to find new organically rich sites.

Parasitic flagellates, even if derived from phagotrophic ancestors, tend to become
osmotrophs if their parasitic habitats provide suitable organic molecules in plenty.
Thus the parasitic kinetoplastid flagellate Crithidia fasciculata, which lives in body
fluids of insects, derives energy from carbohydrate, and has a requirement for ten
amino acids, a purine and eight vitamin-type substances in order to synthesize its
other organic needs, but can absorb all of these through its surface membrane from
the gut fluids of the insect. It seems likely that other flagellate parasites have needs at
least as complex as these, whether they inhabit the gut, the circulatory system, tissue
fluids or are intracellular in vacuolar cavities or the cytoplasm of host tissues. The
uptake of organic molecules through the surface membranes of such flagellates involves
mechanisms similar to those used by the host cells themselves, including transporters
for sugars and amino acids (Zilberstein, 1993) and receptor-mediated endocytosis,
such as that localised within the flagellar pocket of trypanosomatids (De Souza, 1989;
Russell, 1994). Some parasitic flagellates also synthesize enzymes (such as the protease
gp63 (Russell, 1994)), which may be either bound to the surface membrane of the
parasite or secreted to break down host molecules extracellularly before absorption.
More details of mechanisms involved in osmotrophic nutrition of flagellate parasites
are given by Vickerman (Chapter 10, this volume).

The diversity of parasitic flagellates is probably most extreme among the
dinoflagellates, yet these are poorly known (Cachon and Cachon, 1987). Those which
attach to the outside of other plant or animal cells by some sort of stalk and quickly
suck out the contents are probably better regarded as phagotrophs (see Section 8.4);
these forms commonly retain chloroplasts and are presumably mixotrophic. Others
establish root-like contacts with host cells or tissues, and remain there, feeding through
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their stalk-like connection until they reproduce. Generally the original contact is made
by a tentacle or pseudopodium, emerging from the parasite’s sulcus region, which
penetrates the host surface (cuticle, egg-case or other protection), ramifies among the
host cells, and often goes on to penetrate the host cell membrane to have direct contact
with host cell cytoplasm. This parasite root system presumably extracts nutrients
from the host cells osmotrophically, although phagotrophic endocytosis of host cell
contents is not excluded. These dinoflagellates parasitize other protists, including
other dinoflagellates, cnidarians, annelids, crustaceans, appendicularians and even
fish, both eggs and epidermis, and can be economically important.

8.4 Phagotrophic flagellates

The ingestion of particulate food into food vacuoles and its subsequent digestion by
lysosomal enzymes before the soluble organic molecules released can be absorbed
into the cytoplasm is probably a primitive feature of eukaryote cells. Examples of
such phagotrophic nutrition remain in most flagellate groups, although some of
those whose ancestors acquired photo-autotrophic symbionts and became pure
autotrophs have developed cell walls which prevent phagocytosis, for example
chlorophytes.

Pinocytosis, involving fairly large molecules capable of passing through cell walls
but not through cell membranes, can presumably occur within cell walls of
chlorophytes, as in fungi. Many, if not most, flagellates without cell walls probably
also use pinocytosis to take up large soluble molecules, either over large areas of
naked surface or through specialized areas where the surface is covered by a pellicle.
Where pinocytotic uptake of larger soluble molecules is followed by digestion by
lysosomal enzymes, the process is not in principle distinguishable from phagocytosis,
although the food is not visible, and its intake may involve receptor mediated selection.
Pinocytotic nutrition is not easy to study; it has not received the attention from
researchers that it deserves, and much remains to be discovered about its extent and
importance, although it is clear that many parasites, particularly, depend on it (see
Vickerman, Chapter 10 this volume).

The types of food particle ingested by phagotrophic flagellates range from large
insoluble molecules and cell fragments, through bacterial and protistan cells of all
types, to fragments of animal and plant tissues. Protists, and in particular flagellates,
play major roles in both herbivory and bacterivory in pelagic food webs (Sherr and
Sherr, 1994). The smaller free-living forms are generally bacterivores, although many
of them will also take small algae or other protists. The larger forms mostly feed
upon protists, and are more usually algivorous herbivores than predators on
protozoa. The nature of the food within this wide range of diets determines which
feeding strategy and which of the different mechanisms can be used to capture and
manipulate the food. These strategies are probably best considered by describing
the main classes of feeding mechanisms (Laybourn-Parry, 1984; Fenchel, 1987,
Sanders, 1991).

The particles which form the food of phagotrophic flagellates may be either
suspended in water or associated with surfaces, and particles in either category may
be alive and actively moving or inactive, though not necessarily dead. Actively moving
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prey organisms, usually swimming ones, may be captured on adhesive surfaces of
stationary flagellate predators, by a mechanism described as ‘diffusion feeding’
(Fenchel, 1984, 1986). More commonly, activity of the flagellate either creates ‘feeding
currents’ of the water in which prey are suspended, so as to bring food particles into
contact with the body (‘suspension feeders’), or moves itself around to make contact
with food particles (‘hunting feeders’ or raptors). These two forms of ‘interception
feeding’ (Fenchel, 1984, 1986) are here regarded as the principal categories of flagellate
feeding.

Among larger organisms it is often practicable to subdivide interception feeding in
a slightly different way into two subclasses: filter feeding by mechanically straining
suspended particles which are typically considerably smaller than the predator, and
(raptorial) direct interception by capturing relatively larger particles, often after active
pursuit. Such subdivision is less easy in flagellates. Interception of suspended food
particles from a water current flowing around a flagellate cell may take place at a
restricted site or over much of the cell body, which may be extended into projecting
tentacles to increase the surface for interception. Whether there is ever well-defined
filtration, of the type found in such invertebrates as bivalve molluscs and in ciliate
protozoa, remains to be proven among the flagellates. The diversity of feeding
mechanisms will be illustrated with a selection of examples. The capture of prey by
interception or diffusion feeders, but especially in raptors, is often aided by the release
of the contents of extrusomes, varying from simple glutinous adhesive to complex
anchoring devices (Hausmann, 1978).

Where prey numbers are high, and flagellate predators are able to reproduce
rapidly, it is possible for the populations of phagotrophic flagellates to achieve
concentrations comparable with those of the blooms of autotrophic forms. These
‘blooms’ of phagotrophs tend to be short lived in most habitats, because various
competing predatory species (as well as ciliates and some metazoans) usually replace
one another in succession. The feeding/growth strategies of the flagellate predators
themselves are also interesting. On encountering a rich food supply, many flagellates
will feed quickly and grow to many times their usual biomass before dividing (for
example Cafeteria: Zubkov and Sleigh, 2000). If enough food is still available they
will continue to feed and grow actively, keeping the body size above that of the
original flagellate. Once food concentrations fall below a critical level, some flagellate
species will multiply several times to produce numerous small flagellates which can
disperse in search of more food, or may encyst; Paraphysomonas is an example of
this type (Zubkov and Sleigh, 1995). Starved Ochromonas have been shown to
produce small cells whose respiration is only 2-5 per cent of that of growing cells
(Fenchel, 1982b). Small cells of many dinoflagellates produce gametes, and the zygote
resulting from fertilization often forms a resting cyst (Pfiester and Anderson, 1987).
These species are particularly well-adapted to the feast-and-famine existence
experienced by microbes (Koch, 1971; Fenchel, 1987). Other flagellates, like
Pteridomonas or Bodo, are better equipped to exploit the steady background levels
of prey normally present in the environment, since they are able to continue feeding
at lower prey concentrations (Zubkov and Sleigh, 1995, 2000); they can still grow
and multiply in times of plenty, but only outcompete those forms capable of very
rapid multiplication when food is less plentiful.
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8.4.1 Motile raptors and other bulk feeders

Feeding in which the predator hunts for its prey by moving around occurs in both
the pelagic realm and on surfaces. Well-known examples of pelagic predators are
found among dinoflagellates. Oxyrrhis is an unusual dinoflagellate in various aspects
of cell structure, but moves its two flagella in a manner that is fairly typical of the
group, with one longitudinal flagellum directed posteriorly and a transverse one
which winds around the body, though not in a prominent groove. The transverse
flagellum sweeps through a large volume of water as it undulates, and in doing so it
makes contact with prey organisms which adhere to the flagellum. These prey may
be bacteria or algae. If algal cells like Isochysis or Dunaliella are caught, the Oxyrrhis
rotates actively to draw the flagellum close to the body surface, and the prey cell is
engulfed into a food vacuole in the posterior half of the body (Tarran, 1991). The
ingestion of bacteria probably only occurs when many prey are adhering to the
flagellum.

Larger prey such as diatoms or ciliates may be ingested through the sulcus region
of more conventional dinoflagellates like Gymnodinium or Gyrodinium, often with
the aid of a lobed pseudopodium (Biecheler, 1952; Popovsky, 1982). Even some thecate
dinoflagellates are capable of engulfing whole cells, for example Peridinium gargantua
ingests other thecate dinoflagellates (Biecheler, 1952). The large naked dinoflagellate
Noctiluca enjoys a more varied diet, since it captures bacteria, algae, protozoa and
even small metazoa using a prehensile tentacle, and engulfs its prey into the vacuolated
cytoplasm through a well-defined cytostome (Uhlig, 1972, cited by Elbrachter, 1991).

Planktonic algae, generally diatoms, also form the food of the thecate dinoflagellate
Protoperidinium (Gaines and Taylor, 1984; Jacobson and Anderson, 1986). In this
case the prey may be larger than the predator. A suitable diatom, or even a diatom
filament, encountered by the protruding ‘peduncle’ of the dinoflagellate is held by the
peduncle, which expands to form a fine cytoplasmic veil, or pallium, which is extended
around the prey. This forms a food vacuole within which the cytoplasm of the diatom
is digested. Species in a number of other genera feed in a similar manner (Gaines and
Elbrichter, 1987)

A comparable peduncle is used by Katodinium fungiforme to predate upon algae
larger than itself using a different mechanism called myzocytosis; in this case the
predator sucks fluids from the prey through the tubular, microtubule-lined peduncle
into food vacuoles within the cell body of the dinoflagellate for digestion (Spero,
1982). Dinophysis has been found to feed on tintinnid ciliates in the same way
(Elbrachter, 1991), and Protoodinium sucks cytoplasmic materials from the cells of
cnidarians through a ‘hollow tube’ supported by sheets of microtubules (Cachon and
Cachon, 1987). These and other variants of phagotrophy in dinoflagellates feeding
on motile and filamentous protists, as well as upon metazoa, have been reviewed by
Gaines and Elbrachter (1987) and Elbrachter (1991).

A feeding structure with superficial similarity to the peduncle of some
dinoflagellates, and which digests material outside the cell body of the predator, is
found in several species of Pirsonia which penetrate a diatom cell with a
pseudopodium to digest host cell cytoplasm iz situ (Schnepf and Schweikert, 1997).
Pirsonia was once regarded as a dinoflagellate genus (for example by Elbrachter,
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1991), but ultrastructural features suggest that they are heterokont (stramenopile)
flagellates (Schweikert and Schnepf, 1997).

On a rather different scale, there are pelagic predators among the prymnesiophytes
(haptophytes), perhaps better called ‘fishing feeders’ than hunting feeders! Here the
cells swim using two anterior homodynamic flagella, from between which extends
another filiform appendage called the haptonema. This is supported by a bundle of
microtubules having a different arrangement to those of the flagellar axoneme. The
haptonema is often quite long, and its name reflects its adhesive properties. Food
particles have been observed to adhere to the mobile haptonema of Chrysochromulina
hirta and to be moved along the surface of this organelle to accumulate with other
particles before being passed to the posterior pole of the cell, where they are engulfed
into food vacuoles (Kawachi er al., 1991). The types of food particle reported to be
ingested by haptophytes include bacteria, small chrysophytes, diatoms, green algae
and a red alga (Green, 1991).

There are various frequent pelagic flagellates which are believed to catch their
food while swimming in the open water, but which have seldom been studied alive,
so that their feeding mechanism is uncertain. The biflagellate Leucocryptos looks
superficially like a cryptophyte, but has been observed with cyanobacteria
(Synechococcus) lodged in its presumed cytostome and ingested within food vacuoles
(Zubkov, personal communication). Another pelagic biflagellate of uncertain
affinities, Telonema, which swims by being pushed along by its two flagella, is a
phagotroph which feeds on bacteria, algal cells and other flagellates (Tong, 1997),
apparently ingested using anterior pseudopodia (Patterson and Zolffel, 1991).
Cryptaulax marina, whose structure suggests that it is probably a euglenozoan, is
an active predator on nanophytoplankton in Southampton Water, where it has been
found to ingest centric diatoms, chrysophytes, cryptophytes, dinoflagellates, the
euglenid Eutreptiella marina and haptophytes, as well as other Cryptaulax cells
(Tong, 1997).

The capture of food particles from the fluid contents of the gut by flagellates
endobiotic in insects is probably more like a pelagic situation than a surface-creeping
one. The hind-gut of termites and wood-roaches provides a habitat for numerous
parabasalian flagellates, both trichomonads and hypermastigids, as well as oxymonads.
The anaerobic requirements of these flagellates probably explains our limited
physiological knowledge about them; it seems likely that they are mostly osmotrophs,
but some large hypermastigids like Trichonympha and Joenia certainly engulf wood
fragments into food vacuoles at the naked posterior end of the body. The free-living
trichomonad Pseudotrichomonas keilini ingests bacteria into food vacuoles at the
general body surface, and pinocytosis also occurs here (Brugerolle, 1991). Parasitic
trichomonads such as Trichomonas vaginalis also contain food vacuoles enclosing
bacteria and host cells, which appear to be formed at almost any part of the cell
surface (Rendon-Maldonado et al., 1998). Parasitic kinetoplastids spend part of their
life in the gut of insects, as well as within circulating fluids and often within cells of
their hosts; pinocytosis appears to take place in the flagellar pocket region, and if
phagocytosis ever occurs in these forms it presumably also takes place in this region
(Vickerman, Chapter 10 this volume).

Surface-inhabiting predatory flagellates which actively hunt for their prey
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during gliding migrations are found among the Euglenozoa, both euglenids and
bodonid kinetoplastids (Triemer and Farmer, 1991a). Structural features
associated with phagotrophy in euglenids were described by Triemer and Farmer
(1991b). Food particles are taken into the cell at an anterior or ventral cytostome.
The mouths of bacterivorous forms range from a simple pocket reinforced with
microtubules in Petalomonas, to a complex ‘siphon’ supported by three large
bundles of microtubules in Entosiphon. Peranema is a large euglenoid predator,
familiar for its gliding motion and for the large rod-like ingestive organelles
that enable it to eat other protists like Euglena, which may be only a little smaller
than itself, as well as smaller eukaryotes and bacteria. Several species of Bodo,
which are also familiar for their characteristic form of gliding, ingest single
bacteria through a cytostome which is similar to that of Petalomonas (Triemer
and Farmer, 1991a; Vickerman, 1991). The lips of the cytostome are often
extended onto a rostrum or proboscis (Burzell, 1973), which enables such
bodonids as Rhynchomonas to pick single bacteria from surfaces. Caecitellus
(Patterson et al., 1993) is a flagellate of uncertain affinities which inhabits
sediments and particle surfaces; this small cell ingests bacteria ventrally at a
lateral mouth enclosed in a microtubular band, which appears to be lowered
over individual bacterial prey on surfaces (Tong, 1997).

Various mastigamoebids move over surfaces and through sediments, some of them
more by amoeboid than flagellar locomotion, and ingest bacteria, algae and detritus
from surfaces by the formation of food vacuoles at almost any part of the cell surface—
apparently in the uroid region in Pelomyxa palustris (Mylnikov, 1991). An amoeboid
form of ingestion, at a naked ventral region which is capable of pseudopod formation,
is apparently also used by such surface-dwelling flagellates as Cercomonas (Patterson
and Zolffel, 1991), and is probably usual in thaumatomastigids (Tong, 1997).

8.4.2 Suspension-feeding flagellates

Flagellates which intercept particles from water currents which they create by the
beating of their flagella are also found in both pelagic and benthic realms. The efficiency
of these feeding currents is enhanced if the cell is anchored to some larger structure
(Lighthill, 1976; Higdon, 1979), so most of the flagellates concerned attach themselves
by a secreted stalk to a particle of suspended or sedimented debris, or to another
organism, or secrete a substantial lorica which may serve the same function. The
hydrodynamics of direct-interception feeding have been considered recently by Monger
and Landry (1990).

The loricate acanthoecid choanoflagellates are important members of the true
marine plankton; members of the aloricate choanoflagellate families Codosigidae
and Salpingoecidae are also found in the plankton, and there are members of all
three families which live attached to substrata. All appear to be bacterivores. The
flagellum of these collar flagellates arises at the centre of the collar, and drives
water away from the cell as it beats. Many authors (such as Lapage, 1925; Sleigh,
1964; Fenchel, 1982a) have assumed that at least part of the water propelled by
the flagellum is drawn through the collar, which was believed to act as a filter to
extract bacteria from the water. However, the spaces between adjacent filaments



160 Michael A.Sleigh

of the collar are so narrow that it seems doubtful whether the flagellar current is
strong enough to overcome the viscous resistance that water would encounter in
passing through the collar (Leadbeater and Blake, personal communication). Food
particles intercepted by the cell are seen adhering on the outside of the collar (as
correctly illustrated in the colourful frontispiece of Saville Kent’s (1880)
monograph), and are carried down the collar filaments to the cell body, where
they are ingested near the base of the filaments.

The presence of mastigonemes on the (usually) longer flagellum of heterokont
flagellates reverses the flow of water around the beating flagellum and enables these
cells to draw a current of water down the flagellum towards its base (Holwill and
Sieigh, 1967). Different beat patterns are associated with somewhat different modes
of particle capture (Sleigh, 1964, 1991). Large amplitude waves are used to create a
broad current flow around the cells of the pedinellids Pteridomonas and
Actinomonas, and particles in the flow which make contact with one of the arms
may adhere to it, and be carried by a membrane-transport mechanism to the cell
body where they are ingested. Many particles that are intercepted by the arms,
especially any larger and more vigorous swimming organisms, fail to be retained;
the mesh of the ‘filter’ formed by the arms diverges to be much greater than the
typical size of the particles ingested.

Two types of flagellar beat pattern can direct particles in the water current to the
body surface near the base of flagella that bear mastigonemes. The flagellum of
Bicosoeca (Poteriodendron) petiolata carries many waves of small amplitude (Sleigh,
1964), and funnels a narrow stream of water towards a cytostome region of the cell
surface enclosed by a loop of microtubules derived from a flagellar root (Moestrup
and Thomsen, 1976). The small number of waves on the longer flagellum of
Ochromonas or Spumella increases in amplitude towards the tip and funnels a
converging stream of water towards the flagellar base (Sleigh, 1964, as Monas).
When a potential food particle makes contact with the flagella of such chrysophytes,
the longer flagellum generally stops beating briefly and the shorter flagellum
participates in trapping the food particle from the water current. Wetherbee and
Andersen (1992) described the way the two flagella of Epipyxis pulchra then hold
the particle for a short time, following which it is either rejected or held near the cell
surface for ingestion. In E. pulchra, trapped food particles are engulfed into food
vacuoles by means of a feeding basket formed within a loop of microtubules of the
type referred to above, which expands and contracts as the microtubules of the
flagellar roots slide along one another in response to particle capture (Andersen and
Wetherbee, 1992). In most of these forms, bacteria probably predominate among
the ingested food particles, but small flagellates and diatoms will also be taken by
many forms, as in the common genus Paraphysomonas (Caron et al., 1986); some
forms are cannibalistic (Fenchel, 1987).

While the methods of flagellar feeding just described are best suited to capturing
suspended particles from open water, similar methods of particle collection are seen
in a diversity of largely bacterivorous benthic flagellates which collect particles from
the water around and between sediment particles. Cafeteria is a small aloricate
bicosoecid, found on suspended particles as well as benthic surfaces, which attaches
itself to a substratum with one short flagellum, while the other short flagellum draws
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particles to a cytostome in a ventral depression (Fenchel and Patterson, 1988).
Flagellates belonging to various groups have two flagella (for example jakobids:
O’Kelly, 1993; the phagotrophic cryptomonad Goniomonas: McFadden et al., 1994)
or four (such as Percolomonas: Fenchel and Patterson, 1986), one or more of which
is closely associated with a ventral cytostomial groove into which particles are swept
by flagellar beating; the parasitic retortamonads are very similar (Brugerolle, 1991).
In Apusomonas the cytostome is at the rear of a ventral groove in the proboscis, but
is again associated with a flagellum which lies in this groove (Karpov and Zhukov,

1986).

8.4.3 Diffusion feeding

Diffusion feeding, in which passive organisms capture motile prey, seems to be rare
in flagellates. The flagellate example usually quoted is the pedinellid Ciliophrys
(Sanders, 1991). This organism has granular arms, like those of a centrohelid
heliozoan, but more numerous, and a single flagellum, but the flagellum is almost
always inactive or only very slowly moving. Bacteria and small protists which swim
into the array of arms adhere to them, and are carried to the cell body for ingestion
into food vacuoles. The dinoflagellate Noctiluca also has a technique for diffusion
feeding, which involves the secretion of strands of mucoid slime in which prey become
entangled (Paranjape and Gold, 1982). Sometimes swarms of the flagellates produce
a cloud of sticky slime which sinks slowly through the water entangling prey as it
sinks (Uhlig, 1983); the Noctiluca later ingest slime and captured prey together into
food vacuoles.

8.5 Conclusions

Flagellates exhibit the full range of trophic strategies seen among eukaryotes,
albeit at a microscopic scale. These strategies help these versatile protists to exploit
all of the main moist habitats on earth available to either free-living or parasitic
organisms. In doing so they contribute substantially to primary production of the
planet, both as free-living and endosymbiotic photoautotrophs. They play a major
role in carbon flux through the first stages of aquatic food webs, and through
their feeding and metabolism recycle significant amounts of mineral nutrients in
soils, freshwater and the seas. They live as ectoparasites and endoparasites in
plants and animals, and in the latter they may occupy the gut, tissue spaces, cell
vacuoles and even the cytoplasm itself, causing important diseases of man and his
domestic animals.
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Chapter 9

Amitochondriate flagellates

Guy Brugerolle and Miklos Miiller

ABSTRACT

Amitochondriate organisms are present in several eukaryotic lineages and usually
inhabit anoxic and hypoxic environments. They are free-living, symbiotic or parasitic.
Several lineages of flagellates comprise exclusively amitochondriate species:
metamonads (retortamonads, two genera; diplomonads, ten genera; and oxymonads,
eleven genera), pelobionts (five genera), and parabasalids (trichomonads, forty-six
genera; and hypermastigids, thirty-four genera). Some other groups contain the
occasional amitochondriate species. The ultrastructure of many species has been well
explored. Such studies have defined the characteristic features of each group, but
many genera remain to be studied. No organelles of energy metabolism have been
recognized in metamonads and in pelobionts, while parabasalids have hydrogenosomes.
Metabolic biochemistry has been studied only in a few, primarily parasitic, species of
amitochondriate flagellates. Amitochondriate energy metabolism is either not
compartmentalized, as in diplomonads (type I), or shows a hydrogenosome/ cytosol
compartmentation, as in trichomonads (type II). It remains to be established whether
other amitochondriate flagellate groups also belong to these types. Molecular studies
indicate that the absence of mitochondria in diplomonads and trichomonads is
secondary. Phylogenetic reconstructions based on ribosomal RNA (rRNA) and certain
protein sequences are in agreement with a monophyly of diplomonads and
parabasalids. The status of the other amitochondriate flagellate groups has not been
resolved yet. The evolutionary emergence of amitochondriate groups in eukaryotic
phytogeny remains an open question.

9.1 Introduction

Although mitochondria are considered as universal attributes of eukaryotic cells,
protists of several lineages lack morphologicaly recognizable mitochondria and can
be regarded as amitochondriate. Among flagellates some lineages are entirely
amitochondriate with or without hydrogenosomes. Other lineages contain occasional
species with hydrogenosomes or modified mitochondria.

Individual lineages of amitochondriate flagellates are characterized by diverse sets
of cytological features. Particularly important is the flagellar apparatus consisting of
the flagella, their basal bodies and associated roots, which together form the flagellar/
basal body cytoskeleton. Some of these structures consist of proteins also found in
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other eukaryotes while other structures and their proteins are restricted to the groups
considered here.

Most amitochondriate protists are sensitive to oxygen and are found predominantly
in anaerobic or hypoxic ecosystems, either free-living in the bottom layers of various
water-bodies or as parasites in anaerobic sites in their hosts, for example certain parts
of their digestive system.

The absence of mitochondria raises the question of energy production in these
organisms and of the existence of metabolic features necessary for adaptation to
their anoxic habitats and for survival at low pO,. Our knowledge of the
hydrogenosome and its relationships to mitochondria has considerably progressed
in the last years.

In studies on the molecular phylogeny of protists, rRNA and proteins provided
significant information complementary to morphological data helping to establish
the evolutionary relationships of individual groups within the major lineages. Molecular
studies also raised the hope that they will decypher the order of emergence of the
different amitochondriate flagellate groups in the eukaryotic tree and resolve the
interesting question whether these flagellates are primitively amitochondriate and
descended directly from the first eukaryotes before the a-proteobacterial endosymbiosis
gave rise to mitochondria.

9.2 Groups, features and intragroup relationships

9.2.1 Groups

Amitochondriate flagellates include genera of the metamonad grouping,
(retortamonads (Order Retortamonadida), diplomonads (Order Diplomonadida) and
oxymonads (Order Oxymonadida)), of the parabasalid lineage (trichomonads (Order
Trichomonadida) and hypermastigids (Order Hypermastigida)) and of the pelobionts
(Class Pelobiontidea) as well as some genera which belong to known mitochondriate
flagellate groups (Figure 9.1; Table 9.1, page 181) (Brugerolle, 1991a, b; Cavalier-
Smith, 1993, 1999).

9.2.2 Features

Metamonads

This taxonomic grouping is based on few shared morphological characters such as an
arrangement of basal bodies/flagella in two pairs with a recurrent flagellum.
Mitochondria and developed Golgi stacks are consistently absent (Brugerolle, 1991a).
They are probably not monophyletic, but molecular phylogeny should help in resolving
this question.

The retortamonads comprise two genera (Figure 9.1), Chilomastix, which has four
basal bodies with flagella, and Retortamonas, which has four basal bodies of which
only two develop a flagellum. Both parasitic and free-living, they capture their prey by
a cytostome/cytopharynx containing a modified flagellum (Figures 9.2 a, ¢) (Brugerolle,
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1991a). Major features of the group established from EM studies of several parasitic
species are essentially confirmed by a recent EM study of the free-living Chilomastix
cuspidata (Bernard et al., 1997). A corset of interlinked microtubules underlies the cell
membrane. The four basal bodies are grouped in two pairs: the posterior one corresponds
to the basal body of the modified recurrent flagellum located in the cytostomal groove
(Figures 9.2 a, b). Two microtubular roots originate from basal bodies and reinforce the
cytostomal lips; the right one is associated with a striated or paracrystalline structure.

The diplomonads (about ten genera, Figure 9.1) have either a single flagellar apparatus
composed of four flagella/basal bodies associated with the nucleus (Enteromonadina:
Trimitus, Enteromonas) or have two nuclei each of which is associated with a flagellar
apparatus (Diplomonadina: Trepomonas, Hexamita, Spironucleus, Octomitus, Giardia).
They take up food through a cytostome/ cytopharynx (Hexamitinae: Trepomonas,
Hexamita, Spironucleus) or by pinocytosis (Giardiinae: Octomitus, Giardia) (Figure
9.3a). Most species of the genera Trepomonas, Hexamita are free-living but some
Trepomonas and Hexamita are parasitic. All species of Giardia, Octomitus and
Spironucleus are parasitic and some of them are pathogenic. Major features of the
group were revealed by EM studies (Brugerolle, 1991a and Figure 9.3).

In each set of flagella, basal bodies are arranged in two pairs and one gives rise to
the recurrent flagellum. Three microtubular roots are attached to basal bodies: a
supranuclear, an infranuclear and a cytostomal fibre; the latter together with a striated
lamina forms the armature of the cytostome/cytopharynx when present, or
accompanies axonemes of the recurrent flagella (Figures 9.3 b, ¢, d, e). Recent
ultrastructural studies on Spironucleus of fishes, S. vortens, S. barkbhanus and S. torosus,
have confirmed previous studies (Sterud, 1998). Many free-living species of
Trepomonas, Hexamita and parasitic Spironucleus remain to be studied by EM.
Progress in cultivation of these genera such as Hexamita will make biochemical studies
possible. Giardia displays an unusual ventral disc whose cytoskeleton is composed of
microtubules and associated ribbons made of a, b, g isoforms of giardins (Figure 9.3

(left)

Figure 9.1 Genera of amitochondriate flagellate groups:
Retortamonadida (1 Chilomastix, 2 Retortamonas)
Diplomonadida (3 Enteromonas, 4 Trimitus, 5 Trigonomonas, 6 Trepomonas, 7 Hexamita, 8
Spironucleus, 9 Octomitus, 10 Giardia)
Oxymonadida (11 Monocercomonoides, 12 Saccinobaculus, 13 Pyrsonympha, 14 Oxymonas)
Parabasalia Trichomonadida:
Monocercomonadidae (15 Hexamastix, 16 Tricercomitus, 17 Monocercomonas, 18 Histomonas,
19 Dientamoeba, 20 Hypotrichomonas, 21 Pseudotrichomonos, 22 Ditrichomonos)
Trichomonadidae (23 Tritrichomonas, 24 Trichomonas, 25 Tetratrichomonos, 26 Pentatrichomonas,
27 Trichomitopsis, 28 Pentatrichomonoides)
Cochlosomatidae (29 Cochlosoma)
Devescovinidae (30 Devescovino)
Calonymphidae (31 Calonympha)
Parabasalia Hypermastigida (32 Lophomonas, 33 Joenia, 34 Kofoidio, 35 Staurojoenina, 36
Trichonympha, 37 Spirotrichonympha) Pelobiontida (38 Mastigamoeba, 39 Mastigina, 40 Pelomyxa)
the euglenoid Postgaardi mariagerensis
the percolozoan Psalteriomonas vulgaris
Trimastix convexa (of unknown affinity)

Sources:  Various (G.Brugerolle)
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Figure 9.2 Retortamonds
a Scanning EM view of Chilomastix, showing subapical insertion of the three flagella (1, 2,
3) and cytostomal opening (C).
b Basal bodies arranged in two pairs (1, 2) and (3, R); recurrent flagellum (R).
¢ Transverse section showing the striated fibres (Sf) bordering the cytostome, the modified
flagellum (R) and bacteria (B) being phagocytosed. Bar: 1 upm
Source:  G.Brugerolle

f) (Nohria et al., 1992). Centrin is present in Giardia (Meng et al., 1996). During cell
division the parental ventral disc of Giardia disintegrates before two new ones assemble
and separate, joining the two flagellar apparatuses in the sister cells (Kulda and
Nohynkova, 1995).

The oxymonads (about eleven genera, Figure 9.1) have four flagella separated in
two distant pairs and a crystalline axostyle, which is contractile in some species. All
are parasitic or symbiotic in the intestine of various animals. Some are present in
diverse hosts such as Monocercomonoides, others are restricted to lower termites and
wood-roaches. They take up their food by pinocytosis or phagocytosis. Features of
the group have been determined by EM studies of the less complex
Monocercomonoides, of several termite symbionts: Pyrsonympha, Streblomastix
(Brugerolle, 1991a) and more recently of Oxymonas (Brugerolle and Konig, 1997)
(Figure 9.4). The two pairs of basal bodies lie separated and are linked to a preaxostylar
structure (Figures 9.4 a, b, €). They possess a crystalline axostyle composed of several
staggered rows of microtubules linked by two types of cross-bridges (Figure 9.4 f).

(right)
Figure 9.3 Diplomonads
a Organization and suggested phylogeny of the main genera based on proteins and rRNA
sequences (?=no sequence)
b Basal body and fibre arrangement close to the nucleus (N): basal body pairs (1-2) and
(3-R), microtubular roots: supra-nuclear (Snf), infranuclear (Inf, Inf), cytostomal fibre
(Cf) and striated lamina (SI)



Hexamitinae Giardiinae

¢ Cytostome of Trepomonas containing 3 flagella (F)
d Cytostomal channel of Hexamita (arrow) containing one flagellum (F)
e Recurrent axonemes (F) inside the cytoplasm in Octomitus
f Transverse section of Giardia ventral disc showing giardin ribbons (R)
Bar: 1 pm

Source:  G.Brugerolle
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One of these is dynein, which serves as the motor for these contractile axostyles.
Most of the termites species such as Pyrsonympha and Oxymonas possess an anterior
holdfast apparatus with which the parasite attaches to the lining of the host intestine.
This structure consists of rhizoids filled with microfilaments (Figure 9.4 c). The
Oxymonas cell extends into a long anterior rostellum of varying size containing many
microtubule ribbons and terminates by the holdfast (Figures 9.4 b, d).

Parabasalids

Parabasalids (about eighty genera, Figure 9.1) have hydrogenosomes and no conventional
mitochondria (Figure 9.6). This phylum comprises the trichomonads with less than six
flagella and the hypermastigids with numerous flagella (up to 1,000). They share a set
of characteristics: a typical arrangement of basal bodies, tubular axostyle, Golgi stack
supported by a fibre forming the parabasal apparatus, and division by pleuromitosis,
which is characterized by an external mitotic spindle (Figure 9.5). They feed by pinocytosis
and phagocytosis. Only few genera are free-living; most are intestinal parasites of various
animals or symbionts of insects, or live in the urogenital tract of humans and animals.

The Order Trichomonadida (about forty-six genera, Figure 9.1), comprising five
families, is defined on the basis of morphological characters: Monocercomonadidae
without a costa and an undulating membrane (UM), Trichomonadidae with a costa
and a UM, Devescovinidae with a cresta and a thick recurrent flagellum.
Calonymphidae correspond to a polymonad state of devescovinids. The trichomonad
affinities of the last family, the Cochlosomatidae, has been confirmed by ultrastructural
data (Pecka et al., 1996). While molecular phylogeny strongly supported the monophyly
of the trichomonads, it also has shown that some groups are artificial, such as
Monocercomonadidae which turned out to be polyphyletic.

The Order Hypermastigida (about thirty-four genera, Figure 9.1) comprises
flagellates parasitic or symbiotic in termites and wood-roaches. They have retained
the basic characters of trichomonads and they have multiplied the number of flagella,
axostyles, parabasal apparatuses and developed other structures which are as yet
incompletely described at the ultrastructure level. Some families, the Joeniidae,
Lophomonadidae and Rhizomastigidae show close relationships with Devescovinidae,
their putative trichomonad ancestors. Families of the two suborders Trichonymphina

(left)
Figure 9.4 Oxymonads
a Basal body and fibre arrangement in Monocercomonoides: the two pairs of basal bodies (1,
2) and (3, R) are separated by the preaxostylar lamina (Pax) from which arises the crystalline
axostyle (Cax)

b Oxymonas organization: holdfast rhizoids (R) attached to the gut cuticle (C), rostellum,
basal bodies and flagella (F), preaxostyle (Pax) and crystalline axostyle (Cax),
spirochaetes (S)

Microfibril rich holdfast rhizoids

Rostellum with ribbons of microtubules (Rmt) and axial free microtubules (Amt)
Preaxostyle (Pax)

Crystalline axostyle (Cax)

Bar: 1 um
Source:  G.Brugerolle
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and Spirotrichonymphina, however, are greatly modified as compared to trichomonads
(Hollande and Carruette-Valentin, 1971). Both ultrastructural and molecular
phylogenetic studies are handicapped by difficulties in cultivating these organisms or
in separating the species which occur as mixed populations of often more than five
genera in the same host.

Features of trichomonads are well known (Brugerolle, 1991a) (Figure 9.5 a). Basal
bodies 1, 2, 3 of the anterior flagella are typically arranged around the basal body R
of the recurrent flagellum. These four privileged basal bodies bear appendages such
as the sigmoid fibres (S) connecting basal body 2 to the peltaaxostyle non-contractile
microtubular root. Two striated parabasal fibres support Golgi stacks forming the
parabasal apparatus and the striated costa underlies the UM. Recently some genera
revealed unexpected structures. In Pentatrichomonoides the pelta-axostyle forms a
peripheral corset that is only open in the direction of the UM (Brugerolle et al., 1994).
EM study of Cochlosoma has revealed characteristic features of trichomonads and a
peculiar adhesive disc reminiscent of the ventral disc of Giardia, which is composed
of pelta microtubules associated with ribbons of tubular fibrils of 8 nm in diameter
(Pecka et al., 1996). In Pseudotrypanosoma the microtubules of the pelta are also
reinforced by similar ribbons but do not form a disc (Brugerolle, unpublished).

The protein composition of the striated parabasal and costa fibres of trichomonads
has been studied by immuno-biochemical techniques (Viscogliosi and Brugerolle,
1993a, 1994a; Brugerolle and Viscogliosi, 1994). Their main constituents are a
novel group of striated fibre-forming proteins of 100 to 135 kDa showing fibre-and
genus-dependent differences (Figure 9.5 c). Gene sequences of these proteins indicate
some homology with myosin II (Viscogliosi, unpublished). This brings to mind the
contractile costa of Pseudotrypanosoma and Trichomitopsis (Amos et al., 1979).
The sigmoid fibres consist of proteins of 45 and 55 kDa in Tritrichomonas species
(Figure 9.5 b) (Viscogliosi and Brugerolle, 1993b). The lamellar UM of Trichomitus
has been isolated and an antibody recognizes a protein of 25 kDa within it (Germot
et al., 1996) while several proteins have been revealed in the rail-like UM of
Tritrichomonas species (Figure 9.5d) (Viscogliosi and Brugerolle, 1993b). Striated

(left)
Figure 9.5 Trichomonads
a Basal body and fibre organization: arrangement of basal bodies (1, 2, 3) around the basal
body of the recurrent flagellum (R); sigmoid fibres (S), microtubules of the axostyle-pelta
(Ax, Pe), striated parabasal fibre (Pf) supporting the Golgi (G), costa fibre (C) associated
with the undulating membrane (UM) in Tritrichomonas. Bar: 10um
b Antibody decoration of sigmoid fibres
¢ Antibody decoration of costa
d Antibody decoration of UM
e Pleuromitosis in Trichomonas: centrosomal structure (C) linked to the flagella (F),
paradesmosis (D), kinetochore microtubules (K), nucleus (N). Bar: 1 um
f Antibody decoration of flagella, axostyle (a) and costa (c) in interphase cell
g Beginning of mitosis: parental axostyle breakage (a), short paradesmose (d)
h Elongation of paradesmosis (d) new axostyles (a, a’) and completion of flagellar apparatuses
Figure a inset Bar: 10 um; Figures b, ¢, d, f, g, h Bar: 5um
Sources: Figures a and e from G.Brugerolle; Figures b, ¢, d, f, g, h from E.Viscogliosi and
G.Brugerolle
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parabasal fibres of trichomonads have protein homologues in the parabasalids
Pseudotrichonympha and Holomastigotoides (Brugerolle and Viscogliosi, 1994).
Anti-centrin antibody labels microfibrillar links between basal bodies in
Holomastigotoides (Lingle and Salisbury, 1997). Actin has been identified as a
component of microfilaments present in pseudopods, phagocytic cups and adhesive
ectoplasm in Trichomonas vaginalis (Brugerolle et al., 1996). This species possess
about ten divergent actin genes encoding proteins similar in size and pl to muscle
actin (Bricheux and Brugerolle, 1997).

Division in parabasalids is pleuromitotic and characterized by a pole-to-pole bundle
of microtubules or paradesmosis and external kinetochore microtubules (Figure 9.5
e) (Brugerolle, 1991a). Morphogenesis of trichomonads monitored with antibodies
has shown that the parental axostyle disassembles from its anterior end and two new
ones arise around the two sets of partitioned basal bodies (Figures 9.5 f, g, h). The
parental costa in contrast seems permanent; a new one is formed in the sister flagellar
apparatus. Subsequent to the elongation of the paradesmosis, the parental flagella
separate in two sets while addition of new flagella completes each apparatus in the
sister cells (Viscogliosi and Brugerolle, 1994b).

A conspicuous double-membrane-bounded organelle present in all parabasalids
is the hydrogenosome of about 200-400 nm in diameter containing moderately
electron dense matrix (Miller, 1993; Benchimol et al., 1996) (Figure 9.6). Often a
dense spherical core is present in the matrix and between the membranes a flat,
membrane-bounded vesicle can be seen (Figure 9.6 b). No DNA has been detected
in these organelles. They multiply by division as suggested by frequently seen
dumb-bell shaped organelles (Figure 9.6 a), but recent observations indicate also
a multiplication by formation of intra-organellar septa. In certain species,
endosymbiotic prokaryotes (probably methanogenic archebacteria), can be seen
in close proximity of the hydrogenosomes indicating a syntrophic association
(Figure 9.6 ¢), and are frequently surrounded by glycogen particles (Figure 9.6 d)
(see Fenchel and Finlay, 1995; Martin and Miiller, 1998). Hydrogenosomes play a
significant role in energy metabolism (Miuller, 1993). The biogenesis of this
organelle is very similar to that of mitochondria (Bradley et al., 1997; Miiller,
1997a). Extensive molecular data are compatible with the notion that parabasalid
hydrogenosomes and mitochondria derive from a common a-proteobacterial
ancestor that arose from the original endosymbiotic event (see Biagini et al., 1997a;
Miiller, 1997a; Martin and Miller, 1998), although the origin of significant
metabolic and structural differences between the two organelles needs to be
elucidated.

Pelobionts

Pelobionts (about four genera, Figure 9.1) are also named Archamoebae
(CavalierSmith, 1993). Species of these amoeboid protists bear one basal body/flagellum
associated with the nucleus by a cone of microtubules; they do not have mitochondria,
hydrogenosomes, or a developed Golgi apparatus (Figures 9.7 a, b) (Brugerolle, 1991a,
1991Db). The recent data on the ultrastructure of Mastigamoeba schizophrenia (Simpson
et al., 1997) are in conformity with this organization. The group comprises genera
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Figure 9.6 Hydrogenosomes of trichomonads
a Sections of hydrogenosomes around the axostyle (Ax) showing the two closely apposed
membranes (arrowheads)
b Peripheral lens-like bleb (arrowhead)
¢ Bacteria (B) intercalated between hydrogenosomes (H) in Monocercomonas lacertae
d Concentration of glycogen particles around hydrogenosomes in Tritrichomonas foetus
Bar: 1 um Figures a, ¢, d and 0.5 pm Figure b
Source:  G.Brugerolle

bearing one flagellum such as Mastigamoeba, Mastigina and Mastigella and a genus
which has multiple nuclei and flagella, Pelomyxa. They live in anoxic or microaerobic
water or are endocommensal such as Mastigina hylae. EM studies indicate that they
form a monophyletic lineage (Brugerolle, 1991a, 1991b).

Other amitochondriate flagellates

Some genera or species which belong to mitochondriate groups/lineages of flagellates
but have transformed mitochondria and live in microaerobic habitats need to be
mentioned here: the heterolobosean or percolozoan amoeboflagellate Psalteriomonas
(Broers et al., 1993), the euglenoid Postgaardi mariagerensis (Simpson et al., 1996),
and Trimastix convexa, a flagellate unrelated to any known group (Brugerolle and
Patterson, 1997) (Figure 9.1).

Ribosomal RNA sequence supports the heterolobosean or percolozoan
affinities of Psalteriomonas (Weekers et al., 1997), which suggests that
mitochondria can lose cristae and transform in hydrogenosome-like organelles.
Cytological features did not reveal clear relationships for Trimastix convexa
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Figure 9.7 Pelobionts
a Microtubule cone (Mt) arising at the base of the unique basal body /flagellum (F) covering
the nucleus (N) in Mastigina hylae
b Basal body triplets (arrowhead) and microtubule cone covering the nucleus (N) in
Mastigamoeba. sp.
Bar: 1 ym and 0.2 um
Source:  G.Brugerolle

(Brugerolle and Patterson, 1997), while Postgaardi mariagerensis (Simpson et
al., 1996) is a bona fide euglenid.

9.2.3 Intragroup relationships

Morphological, primarily electron microscopic (EM), data gave a seemingly solid
basis for elucidation of the relationships of genera within the major groups and led to
well-supplemented proposals of intragroup evolutionary relationships. The advent of
molecular phylogeny, primarily analysis of small subunit rRNA sequences, provided
an independent approach to this problem. While much of the information obtained
confirmed earlier notions, some aspects were put in a new light.

Among metamonads, there are no published sequence data for retortamonads, but
rRNA of Chilomastix, recently established in culture, is being sequenced. In
diplomonads, ribosomal RNA sequences are known from Giardia, Hexamita,
Spironucleus and Trepomonas, but not yet from Octomitus. Sequences of rRNA (Leipe
et al., 1993; Branke et al., 1996; Cavalier-Smith and Chao, 1996), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Rozario et al., 1996), but not of the elongation
factor EF-1a (Hashimoto et al., 1997), reveal a deep dichotomy with Giardia species
on one side and the series Spironucleus, Hexamita and Trepomonas on the other side
(Figure 9.3 a). This indicates that the lineage leading to Giardia, which lacks a
cytostome and has acquired a ventral disc structure adapted to the parasitic lifestyle,
has diverged very early. The three other genera seem to have conserved and
progressively developed a cytostome in relation to the prey capture and free-living
lifestyle. This scenario proposed on the basis of molecular data could represent true
relationships. The long branch leading to Giardia, however, might have placed this
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genus at the root artificially. Further data and analysis might resolve this contradiction.
These first molecular results show that phylogenetic relationships in this group are
more complex than suggested by a previous hypothesis of an evolution from free-
living genera to parasitic ones, with a progressive reduction of the cytostomal apparatus
(Brugerolle, 1991a; Siddall et al., 1992). The direction of the passage between the
monomonad state, represented by Enteromonas and Trimitus, and the diplomonad
state, is another intriguing but unresolved question.

Oxymonads are difficult to cultivate and there are few sequences available. The
sequence of the elongation factor EF-1a of Dinenympha (Pyrsonympha) has been
published (Moriya et al., 1998) but symbiotic species of termites can be screened and
rRNA sequences are currently obtained.

There are few sequences currently available to decide whether retortamonads,
diplomonads and oxymonads are monophyletic or closely related to each other and
whether the metamonad grouping must be conserved in systematics.

In parabasalids, new insights on the evolutionary relationships within this lineage were
given by sequences of rRNA (Viscogliosi et al., 1993; Berchtold and Konig, 1995;
Gunderson et al., 1995; Silberman et al., 1996; Dacks and Redfield, 1998; Ohkuma et al.,
1998; Keeling et al., 1998), GAPDH (Viscogliosi and Miiller, 1998) and superoxide
dismutase (Viscogliosi et al., 1996). However these results must be compared with
morphological studies to suggest a possible scenario of the cytoskeleton and protein
evolution in this group. The latest phylogenetic tree (Keeling er al., 1998), analyzing
thirty-six rRNA sequences of parabasalids comprising several sequences of hypermastigids,
is the most complete (Figure 9.8). We must notice that many sequences are not assigned to
known species and that thirty-four genera of hypermastigids are only represented by
Trichonympha and probably by Spirotrichonympha and Joenina. This analysis reveals a
large cluster named Trichomonadidae comprising all trichomonads which have a lamellar
UM and a costa with a mesh-like (B type) structure, such as Trichomonas and close
relatives Tetratrichomonas, Pentatrichomonas, Pseudotrypanosoma and
Pentatrichomonoides, and trichomonads which have a lamellar UM but no costa such as
Pseudotrichomonas and Ditrichomonas. Possibly Trichomitus and Hypotrichomonas will
belong to this group too, as well as Cochlosoma which has a lamellar UM and a similar
costa. Remarkably Tritrichomonas and Monocercomonas are not part of this cluster.

A dichotomy into Trichomonadidae, separating Tritrichomonas from other members
of the trichomonadidae family, has been noted by both morphological and molecular
phytogeny (Viscogliosi et al., 1993). Another cluster named Devescovinidae/
Calonymphidae is evident, and confirms morphological observations that
calonymphids are devescovinid polymastigotes. This cluster also contains a symbiont
of Porotermes which is probably a joeniid, Joenina pulchella.

EM studies have shown the existence of a ‘missing link’ genus Projoenia between
the Devescovinidae and Joeniidae (Lavette, 1970). This is one of the evolutionary
links between trichomonads and a first group of hypermastigids such as Joeniidae,
Lophomonadidae, Rhizomastigidae and genera such as Deltotrichonympha and
Koruga which have a morphology and a morphogenesis close to that of trichomonads
(Hollande and Carruette-Valentin, 1971; Brugerolle, 1999). The Trichonymphidae
cluster comprises Trichonympha and their close relatives, spirotrichonymphids. This
bodies/flagella and attached fibres, is the most distant from the trichomonads. This
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Tritrichomonas
N Dientamoeba
Joeniidae
Calonymphidae
Devescovinidae Trichonymphidae
Trichomonadidae Spirotrichonymphidae

Figure 9.8 Broad phylogenetic relationships of parabasalids based on rRNA sequences analysis by Keeling
et al., 1998 (modified by G.Brugerolle). Three main clusters were seen: Trichomonadidae,
Devescovinidae/Calonymphidae to which a first group of hypermastigids comprising joeniidae
could be associated, and Trichonymphidae/Spirotrichonymphidae the second group of
hypermastigids. Several genera such as Tritrichomonas and Dientamoeba do not cluster with
these major groups second group of hypermastigids that divides symmetrically, conserving
their basal

cluster could accomodate most of the trichonymphids and spirotrichonymphids
(Hollande and Carruette-Valentin, 1971).

The major difference from the earlier evolutionary hypothesis based on morphology
is the splitting of the Monocercomonadidae to which trichomonads with a simple
flagellar apparatus were assigned. Many of these genera, such Dientamoeba, have
lost their flagellar apparatus or fibres such as costa and UM, for example
Monocercomonas (Viscogliosi et al., 1993). Obviously the family
Monocercomonadidae is not monophyletic, and a revision of the taxonomy is necessary,
but this will only be possible after information has been obtained from most of the
genera representing the different families. Surprisingly, hypermastigids such as
Trichonymphidae, considered as the highest level of the evolution in this parabasalid
lineage, emerge at the base of the tree. The phylogeny of this lineage of about eighty
genera, if ever completed, could present more surprises.

Ribosomal RNA sequences of several pelobiont genera have been obtained, but
phylogenetic relationships within this group are not resolved yet.

9.3 Habitats/ecology

Free-living and parasitic amitochondrial flagellates live in anaerobic or microaerobic
habitats. Most species perish in fully oxygenated environments but some tolerate
media containing dissolved oxygen or can even multiply in them (Table 9.1).

9.3.1 Free-living forms (Table 9.2)

They are found in niches with little or no oxygen and/or in sites rich in organic matter,
such as sediments of stagnant reservoirs, water treatment plants, soils fertilized with
manure, anoxic ponds and fjords. Most of the free-living genera have been described
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Table 9.1 Comparison of oxygen affinities and O, inhibition thresholds in amitochondriate flagellates,
‘anaerobic’ ciliates and amoebae

Organism Habitat In situ O, Apparent 0, inhibition
(uM) Kn O, (uM)  threshold (uM)

Diplomonads Free-living 0-30 12.97 100

Hexamita sp. limnic

Giardia lamblia Human small 0-60 6.4 80
intestine (lumen)

Giardia muris Mouse small ? 2.0 )
intestine

Parabasalids

Trichomonas vaginalis Human vagina 13-56 3.2 19

Tritrichomonas foetus Bovine uro-genital ? 1.6 ?
tract

Entamoebids

Entamoeba histolytica Human small 0-60 5.5 16
intestine (lumen)

Ciliates

Eudiplodinium maggii Rumen <0.25-3.2 5.2 5

Plagiopila frontata Marine sediment <2.6 2.6 <10

Source: simplified from Biagini et al., 1997b

before (see section 9.1) and their anaerobic ecosystems/habitats have been extensively
studied (Fenchel and Finlay, 1995). A detailed study (Fenchel ez al., 1995) of an anoxic
fjord showed the presence of amitochondrial flagellates such as the retortamonad
Chilomastix cuspidata, the diplomonads Trepomonas agilis and Hexamita inflata,
the pelobiont Mastigamoeba sp. and the euglenoid Postgaardi managerensis. They
were found in the anaerobic zone of the water column between 15 to 26 m in depth,
where CH,, S* and were present. The living conditions of the free-living diplomonad
Hexamita sp. have been studied in some detail (Biagini ez al., 1997b). This organism
has been isolated from a lake, was cultivated in the presence of bacteria, and finally
established in axenic culture in a medium used for parasitic trichomonads. Hexamita
consumes O, and tolerates O, under a threshold of 100 uM. A comparison of various
‘anaerobic’ protists, including Giardia, several trichomonads, rumen ciliates and
‘anaerobic’ free-living ones as well as Entamoeba histolytica, shows Hexamita sp. to
be the most aerotolerant (Table 9.1).

9.3.2 Parasitic groups (Table 9.2)

They comprise more genera than the free-living ones and usually occupy anaerobic
sites in their hosts. Most species are endocommensal, some can be qualified as symbiotic
(termite flagellates), and some are pathogenic parasites (some trichomonads and
diplomonads) (Grassé, 1952; Kulda and Nohynkova, 1978). Many live in the hindgut
of animals that have an extended bowel, where bacteria, protozoa and fungi together
establish thriving fermentative ecosystems (McBee, 1977) which make significant
contributions to the nutrition of the host. The hindgut of fishes, amphibia, reptiles
and birds accommodates endocommensal retortamonads, diplomonads, oxymonads
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Table 9.2 Distribution of amitochondriate flagellates between free-living and parasitic life styles

Retortamonads Diplomonads Oxymonads Parabasalids Pelobionts
(2 genera) (10 genera) (I genera) (80 genera) (4 genera)
Free- Chilomastix Trepomonas Pseudotricho- Mastigamoeba
living Hexamita monas Mastigina
Trigonomonas Ditricho- Mastigella
Gyromonas!? monas Pelomyxa
Parasitic Chilomastix Giardia all genera e.g. 78 genera e.g.  Mastigina
Retortamonas Spironucleus Polymastix Trichomonas Mastigamoeba
Octomitus Monocer- Tritrichomonas

Trepomonas comonoides Monocer-
Hexamita ? Saccinobaculus comonas
Enteromonas Pyrsonympha Histomonas
Trimitus Streblomastix Dientamoeba
Caviomonas? Oxymonas Joenia
Trichonympha

and trichomonads. The caecum of Equidae and rodents, for example the guinea-pig,
hamster, marmot, ground squirrel and many others, also contains numerous
amitochondriate flagellates. Many insects harbour amitochondriate flagellates in their
hindgut, for example the mole-cricket accomodates retortamonads, many plant-eating
melolonthoid larvae (Cetonia, Oryctes) contain oxymonads (Monocercomonoides,
Polymastix), and the tipulid and some trichopterid larvae harbour retortamonads
and trichomonads.

The most successful ecosystem that contains amitochondriate flagellates is found
in lower termites (Grassé, 1952; Honigberg, 1970) and wood-roaches (Cryptocercus)
(Cleveland et al., 1934). All termite families, except Termitidae, accommodate bacteria
and symbiotic flagellates, mainly oxymonads and parabasalids, in a paunch of the
hindgut and rely on them for cellulose fermentation. Flagellates can represent up to
16 per cent of the total body weight. The hindgut content is anaerobic and the flagellates
are highly sensitive to aerobiosis. Termites can be defaunated by twenty-four-hour
exposure to a 100 per cent oxygen atmosphere. Termite flagellates have no cytostome
and feed by phagocytosis and pinocytosis (McBee, 1977). The cytoplasm of most of
them is filled with vacuoles containing pieces of wood in various stages of digestion.
Digestion of cellulose has been demonstrated in cultures of certain flagellate species
with the formation of acetate, carbon dioxide and H, as fermentative endproducts.
Acetate in turn serves as a nutrient for the termite (Honigberg, 1970; Odelson and
Breznak, 19835).

The rumen is another well-studied anoxic ecosystem composed of prokaryotes
(both archebacteria and bacteria), protists and fungi (Bauchop, 1977). Among
protozoa, ciliates are dominant but amitochondriate flagellates, such as retortamonads
(Chilomastix), diplomonads (Octomitus), oxymonads (Monocercomonoides), and
trichomonads (Monocercomonas) are also present. The redox potential of the rumen
fluid is between -250 to -400mV, reflecting anaerobiosis, and its pH is between 6 to 7.
Dissolved gases represent major end-products of the metabolism: 60-70 per cent CO,
and 30-40 per cent CH,. The rumen serves as a fermenter, in which cellulose,
hemicelluloses and pectins are degraded to glucose, further metabolized via glycolysis
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to pyruvate and volatile fatty acids; this process is accompanied by ATP formation
(Thivend et al., 1985). Flagellates represent only a small portion of the biomass
compared with prokaryotes, ciliates and fungi (Bauchop, 1977), thus their contribution
to this ecosystem, so far not studied, might be small.

Some amitochondriate flagellates are much-studied pathogenic parasites. In view
of their excellent coverage in the literature, we mention only the most important
species. These include the diplomonads, Giardia spp. in humans, wild and domestic
animals (dogs), Spironucleus muris in mice (Kulda and Nohynkova, 1978, 1995),
and Hexamita/Spironucleus of salmonids (Sterud, 1997). Among the intestinal
trichomonads only the bird parasites Trichomonas gallinae and Histomonas melea-
gridis are pathogenic (Honigberg, 1978). Trichomonas vaginalis and Tritrichomonas
foetus are pathogens of the human and bovine genito-urinary tract respectively
(Honigberg, 1978). Most of these flagellates form resistant cysts, which serve as
transmission forms. Some pathogenic trichomonads such as Trichomonas vaginalis
do not form cysts and are directly transmitted from host to host. The termite flagellates
are mainly transmitted by proctodeal feeding (Grassé, 1952; Honigberg, 1970).

9.4 Energy metabolism

Although much information is available on the biology, ecology and morphology of
diverse amitochondriate flagellates, their metabolic biochemistry has been explored
only in a handful of diplomonads (free-living Hexamita spp. (Biagini et al., 1997b)
and parasitic Giardia lamblia) and parabasalid (several parasites) species available in
axenic cultures. Pelobionts remain essentially unexplored in this respect
(ChapmanAndresen and Hamburger, 1981).

ATP production is dependent on glycolysis and also on amino acid catabolism
(Coombs and Miiller, 1995; North and Lockwood, 1995; Miiller, 1998). In the
absence of mitochondrial energy conservation, these pathways provide only a few
moles of ATP for each substrate molecule catabolized, thus these organisms are
rather profligate in their substrate utilization. Pyruvate is formed via classical
glycolysis, and is further metabolized in the cytosol, or in type II amitochondriates
also in the hydrogenosomes (Figure 9.9). In diplomonads the main metabolic end
products are acetate, ethanol and alanine. The nature of end products is taxon-
dependent in parabasalids; in Trichomonas vaginalis they are glycerol and lactate,
formed in the cytosol, and acetate and H, formed in the hydrogenosomes. The
proportion of the end products formed is affected by pO, of the medium (Ellis ez al.,
1992; Paget et al., 1993). Under anaerobic conditions the more reduced products,
ethanol or lactate predominate, while the presence of ozone favours acetate
production. The maintenance energy, that is, the amount of energy needed for all
cellular functions save the increase in biomass, approaches 50 per cent in
Trichomonas (ter Kuile, 1994), an exceptionally high value.

The amino acid arginine is also an important energy substrate in Giardia and in
parabasalids, since they have the ATP-producing arginine dihydrolase pathway (North
and Lockwood, 1995).

Besides the absence of mitochondrial energy conservation, the amitochondriate
protists share a number enzymatic characteristics (Miiller, 1998). Pyruvate is oxidized
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Figure 9.9 Schematic representation of carbohydrate catabolism in Type | (Figure a) and Type |l
(Figure b) amitochondriate flagellates: acetate (OAc-), ethanol (EtOH), adenosine
triphosphate (ATP)

Source: Martin and Miiller 1998, reproduced with the permission of the publisher

by an iron-sulphur enzyme, pyruvate: ferredoxine oxidoreductase (PFO) and not the
mitochondrial type pyruvate dehydrogenase complex. This enzyme is linked to
additional iron-sulphur proteins. Furthermore, inorganic pyrophosphate (PPi) replaces
ATP as phosphoryl donor in the phosphorylation of glucose-6-phosphate by PPi-
linked phosphofructokinase. This reaction enhances the meagre ATP yield of glucose
fermentation (Mertens, 1993). Type I and type Il amitochondriate metabolism is defined
by the absence or presence of hydrogenosomes (Muller, 1998; Figure 9.9). In
parabasalids, pyruvate oxidation takes place in this organelle, with the formation of
molecular hydrogen catalyzed by Fe-hydrogenase (Muller, 1993). Such a reaction is
unusual for eukaryotes. The fate of acetyl-CoA from pyruvate oxidation is also different
in the two types of organisms. In Giardia it is converted to the end products, ethanol
and acetate by unusual enzymes (Sdnchez and Miiller, 1996; Sanchez, 1998) found
only in one other protist, Entamoeba and in various prokaryotes. End-product
formation in parabasalids, both in hydrogenosome and cytosol, is catalyzed by enzymes
that occur in mitochondriate eukaryotes as well.

Although amitochondriate protists clearly lack the energy-conserving function of
mitochondria, this trait is probably not ancestral but represents secondary adaptations.
Increasing evidence suggests that the ancestors of these organisms did encounter in
their past the endosymbiotic event leading to the development of mitochondria. A
number of genes of likely endosymbiotic origin, indicating a probable mitochondrial
ancestry, have been detected in the nuclear genome of amitochondriate protists (see
for example Katz, 1998; Miiller, 1997a, 1997b; Rosenthal et al., 1997), with several
of these genes sharing a most recent common ancestor with their mitochondrial
homologues. Losses during evolution are frequent, thus a disappearance of
characteristic mitochondrial functions and components can be attributed to adaptations
to life in anoxic environments (Fenchel and Finlay, 1995; Martin and Miiller, 1998).
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Common features of amitochondriate and mitochondriate organisms probably derived
from their common ancestor (Martin and Miiller, 1998).

The origin of enzymes that differentiate beween the two groups of organisms is
also a puzzling question (Miiller, 1998). Some of these probably have been inherited
from the common organellar ancestor that arose in the original endosymbiotic event
(Martin and Miiller, 1998), but others could have been acquired by the eukaryotic
cell from other prokaryotes at various stages of their history (Brown er al., 1998;
Rosenthal et al., 1997; Doolittle, 1998).

9.5 Mutual relationships of the major lineages

Ultrastructural studies have revealed a multiple of clearly distinguishable organizational
types among protists, but in essence no synapomorphies that would permit a
hierarchical arrangement of these. The result has been an increasing proliferation of
independent major taxa (Patterson and Sogin, 1992) but no natural taxonomy. As
was shown earlier, each of the major groups of amitochondriate protists discussed
here could be recognized as having sufficiently well-defined morphology to assume
their monophyletic status. Morphology, however, provided no clues to their relative
taxonomic position, just as it did not for the rest of the groups. Information on
macromolecular sequences has raised the hope that sequencing homologous macro-
molecules from a sufficient number of representatives of each group will give us a
clear picture of large-scale phylogenetic relationships. The greatest stock has been put
into the gene for the small subunit ribosomal RNA, with a spectacular number of
protist species sequenced in the past decade and half (Sogin, 1991). More recently,
protist databases for various proteins have also started expanding. In parallel with
accumulation of data there has been a constant improvement in methods for sequence
analysis and phylogenetic reconstruction. All this effort has provided a wealth of
important and useful information, and has led to diverse phylogenetic inferences.
However, in essence, the place of the amitochondriate flagellate groups on a global
phylogenetic tree of the eukaryotes, and thus their relationship to other protist lineages
remains unresolved (Philippe and Adoutte, 1998; Embley and Hirth, 1998; Philippe
and Laurent, 1998; Katz, 1998).
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Chapter 10

Adaptations to parasitism among
flagellates

Keith Vickerman

ABSTRACT

Adaptations are usually regarded as the material products of natural selection acting
on differential reproductive success. For a parasite, reproductive success depends not
only on its survival and multiplication within a given host, but also on its ensuring
transmission to a new host. Adaptations relating to transmission and niche selection
within the host are discussed using Giardia lamblia and Trypanosoma brucei as
examples of an intestinal parasite transmitted by cysts through the faeco-oral route
and a blood parasite transmitted by vector, respectively.

The flagellum may function not only in important migratory movements within
the host, but also in attachment mechanisms securing the parasite in a particular site.
Studies on trypanosomatid parasites have provided some of the best illustrations of
adaptation to parasitism in two different hosts. In T. brucei, the ability to switch
patterns of energy metabolism adaptively with a change of host by repressing and
activating the single mitochondrion has been investigated extensively, as has the
parasite’s ability to evade the mammalian host’s immune response by repeatedly
changing the glycoprotein antigen composing the parasite’s surface coat. Subversion
of host defences by manipulation of the activities of the macrophage host cell by the
leishmanias is also discussed. These adaptations for survival depend upon
preadaptations developed in the previous host. Some caution is necessary, however, in
identifying adaptations to parasitism in the absence of knowledge of the free-living
forebears of parasitic flagellates which may have been preadapted to a parasitic role.

Caution is also advised in discussing parasite adaptations when extrapolating from
observations on in vitro or in vivo models to the parasite in nature. Most worrying of
parasite adaptations are those that appear to have developed in parasites going
nowhere, that is, dead-end stages of the life-cycle. It is possible that some of these
adaptations may be the result of division of labour and the operation of kin selection
within the parasite population, but some mysteries, such as the dead-end behaviour of
the facultatively parasitic amoeboflagellate Naegleria fowleri in the human brain, are
still in need of a plausible explanation in evolutionary terms.

10.1 Introduction

Many of the major taxonomic groups of flagellates contain organisms that live in
partnership with another of an entirely different species (Table 10.1). Parasitism is a
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Table 10.1 Occurrence of parasitic and free-living forms in flagellate taxa. Traditional classification
based on Corliss (1994)

Phylum Order/family Representative genera
Free-living Parasitic
Metamonada Diplomonadida Hexamita*, Trepomonas*  Giardia, Spironucleus
Oxymonadida none Saccinobaculus, Notila
Retortamonadida  Chilomastix* Retortamonas
Parabasala Trichomonadida Pseudotrichomonas Trichomonas, Histo-
monas, Dientamoeba
Hypermastigida none Trichonympha, Barbu-
lanympha
Percolozoa Schizopyrenida Percolomonas,
Naegleria*
Euglenozoa Euglenida Euglena, Colacium*, Hegneria# Euglenomorpha#
Peranema, Rhynchopus*
Kinetoplastida
Bodonidae Bodo, Dimastigella* Ichthyobodo, Cryptobia
Trypanoplasma
Trypanoso- none Trypanosoma, Crithidia
matidae Phytomonas, Leishmania
Dinozoa Dinoflagellida Peridinium, Ceratium Blastodinium, Symbiodinium,
Gymnodinium,Oxyrrhis Amoebophrya
Syndiniida none Syndinium, Hematodinium

Notes:
*  Genera with parasitic as well as free-living representatives
" These genera are old and unconfirmed records. There are no recent records

way of life in which one partner, the parasite, is dependent for its survival on at least
one gene of the other partner, the host. If genetic dependency operates in both directions
we speak of mutualism rather than parasitism or more commonly, this side of the
Atlantic, of symbiosis. In practice, the distinction is often a difficult one to draw. For
example, the hindgut of the lower termites is packed with diverse flagellates, some of
which digest cellulose and lignin for the host, but whether they all do is debatable
(that is, some could be regarded as parasites), and whether the host is dependent
upon all species is questionable.

In this chapter I shall discuss as adaptations those features of organization of
flagellates that ostensibly make an efficient contribution to their ability to survive as
parasites. In evolution, adaptations are commonly believed to arise in response to
natural selection, so convincing demonstrations of adaptation should be geared to
proof of increased fitness, that is, differential reproductive success. For parasites an
important part of that reproductive success entails survival for transmission to new
hosts. In identifying adaptations to parasitism, the parasitologist has to be wary of
certain unjustified assumptions. For a start, parasitologists, like most biologists, tend
to assume that, as a result of the corrective feedback of natural selection, life forms
display the best available organization for their particular ecological niche. However,
a supposed adaptation to parasitism may also have been a feature of the free-living
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ancestor, and we know less about free-living than about parasitic protozoa. In addition,
parasitologists often study parasites as long-established laboratory-adapted strains
and tend to assume that the parasite’s behaviour in the laboratory parallels exactly its
conduct in the natural host. Laboratory descendents of wild parasites have inevitably
been subject to artificial selection, however, and may bear as much resemblance to
their ancestor as a chihuahua does to a wolf. Illustrative examples of these pitfalls
will be provided later.

Although it sounds like first-rank heresy, perhaps another assumption that might
be questioned is that all adaptations are moulded by natural selection. This query is
relevant to the practice of some parasitologists of constructing parasite life-cycles in
which some stages show undoubted adaptations to survival in the host, but these
apparently do not lead to infection of a further host, that is, they lead nowhere. How
can we possibly explain such adaptations in terms of their selective value? I shall
come back to this topic in my final discussion.

What sort of adaptations does a successful parasite need? First, it has to have
adaptations that enable it to secure entry to a host. Second, it has to adapt to changing
conditions within the host, in order to acquire nutrients for energy and growth, and
to be able to select appropriate niches within the host. Third, it has to avoid host
defence mechanisms in order to continue the infection. Last, it not only has to produce
progeny, it also has to ensure their transmission to another host.

10.2 Adaptations for transmission

In order to travel from host to host, a parasite must adopt a form that protects it from
the ravages of the outside world, or opt for a lifestyle that enables it to be transmitted
directly from one host to another without having to face life outside.

Flagellates and other protozoa that live in the alimentary tract of animals usually
pass from host to host in encysted form. The cyst wall is an adaptation that protects
the parasite from desiccation and destruction during its journey from the faeces of
one host to the food of the next. Giardia lamblia (Figure 10.1) of humans, is transmitted
in this way, as are most of the amitochondriate gut parasites (Brugerolle and Miiller,
Chapter 9, this volume). Some amitochondriate parasites may be transmitted directly
from one host to another, for example, Trichomonas vaginalis which is transmitted
venereally in humans, and the flagellate symbionts of social wood-eating insects which
are transmitted after moulting by direct consumption of the hindgut contents of a
fellow host (proctodaeal feeding).

Adaptation to transmission by vector is, however, the most frequent solution to
the problem of avoiding the hazards of the outside world: the parasite alternates
between two different kinds of host, the feeding habits of the vector being exploited
to arrange transmission. Such two-host life-cycles are characteristic of the trypanosomes
and leishmanias which are the most important flagellate pathogens of humans and
domestic animals. In the course of each life-cycle, the parasite has to adapt to a series
of changing environments, usually in both hosts. In these kinetoplastid flagellates,
changes in energy metabolism through cyclical activation and repression of the single
mitochondrion with its prominent kinetoplast (mass of mitochondrial DNA) may
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Figure 10.1 Scanning electron micrograph of trophozoites of Giardia lamblia in biopsy specimen from
human jejunum. Ventral view of flagellates showing ventral adhesive disc (VD) and fringed
ventrolateral flange (VLF). The edge of the helically-wound band of microtubules can be
seen within the disc. The ventral flagella have vane-like expansions, and their beating in the
ventral trough creates a suction pressure beneath the disc X 10,000 (Scale bar=1 pym)

Source: Micrograph: K.Vickerman

play a vital part in such adaptation, as also may changes in the character of the
parasite’s surface.

The sleeping sickness parasite, Trypanosoma brucei, multiplies in the blood and
the body fluids of humans and other mammals, and is transmitted by the bloodsucking
tsetse fly (Glossina spp.), undergoing multiplication and migration in the fly finally to
invade the salivary glands to be injected as the infective metacyclic form when the fly
takes a blood meal. Trypanosoma cruzi, causative agent of Chagas’ disease, multiplies
inside human/mammalian heart muscle (and other cells), then invades the bloodstream
to be taken up by bloodsucking bugs (Hemiptera, for example Rhodnius and Triatoma
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spp.), and undergo multiplication in the midgut, producing metacyclic trypanosomes
in the hindgut for deposition in faeces on the skin of the next host during feeding; the
metacyclics invade the host’s body via the skin. The various species of Leishmania
multiply inside macrophages of skin (causing dermal leishmaniasis) or viscera (causing
kala azar), and are taken up by the female sandfly (Phlebotomus or Lutzomya spp.)
during a blood meal to multiply and undergo development in the midgut (more rarely
hindgut), metacyclics swimming to the foregut so that they can enter the skin of a
new host when the fly bites. The trypanosomatid flagellates have the broadest host
range of any major group of protozoan parasites (Vickerman, 1994).

Another digenetic (two-host) life-cycle is exhibited by Phytomonas spp.,
trypanosomatids living in the latex and phloem of flowering plants and transmitted
by sap-sucking hemipterans after invading their salivary glands (Camargo, 1999).
Several trypanosomatids (Leptomonas, Crithidia, Herpetomonas, Blastocrithidia spp.),
however, have monogenetic (one host) life cycles, parasitizing the insect gut, especially.
Oddly, those gut trypanosomatids that parasitize terrestrial hosts are often transmitted
by desiccation-resistant cyst-like forms that lack a cell wall; how such seemingly naked
parasites survive between hosts is unknown (Reduth and Schaub, 1988).

10.2.1 Transmission and niche selection in a cysttransmitted
gut parasite: Giardia lamblia

The diplomonad Giardia lamblia (G. intestinalis) is the most commonly-reported
intestinal parasitic infection of humans (Figure 10.1). Its trophic phase is precisely
located in the jejunum (upper small intestine), where it undergoes binary fission
while adhering firmly to the sides of the villi; it is absent from the villar tips.
Transmission of the parasite occurs via the faeco-oral route, by means of quadri-
nucleate cysts formed by detached parasites in the lower small intestine. Giardia
lamblia is readily cultivated in vitro, where encystation and excystation can be
induced at will (for comprehensive review and references see Kulda and
Nohynkova, 1995).

Attachment in the jejunum is crucial for the parasite’s full exploitation of its host’s
digestive activities. It is secured by a ventral adhesive disc which is supported by a
gross spiral of microtubules reinforced by ribbons made up of giardin filaments
(Brugerolle and Miiller, Chapter 9 this volume). The host’s enteric epithelium is
constantly being renewed from dividing cells in the crypts; epithelial cells move up the
villus to be shed into the gut lumen at its tip. The parasite rides this villar escalator,
finding it necessary to detach before reaching the tip and reattach along the sides of a
villus; the eight flagella execute clumsy swimming movements during transfer. The
flagellate reattaches on a region of the villar epithelium where membrane-bound
digestive enzymes (disaccharidases, amino and carboxypeptidases) present maximum
activity. The parasite is then in an ideal position to mop up products of digestion:
glucose and amino acids. Beating of the flagella in the ventral groove (which emerges
from beneath the adhesive disc; Figure 10.1) is believed to cause the suction force for
adhesion of the parasite to the microvillar border, though contraction of myosin/
actin-based cytoskeletal elements in the ventrolateral flange surrounding the disc has
also been ascribed a role in attachment.
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Giardia encysts by secreting a tough cyst wall containing fibrillar acidic
leucinerich proteins with galactosamine as a major sugar component. The events
of excystation and encystation in the human intestine have been pieced together
from observations on in vitro-cultivated parasites on the one hand, and our
understanding of intestinal physiology on the other (Lujan et al., 1998).
Trophozoite emergence from the cyst in the small intestine is induced by stomach
acid. Cyst production can be initiated iz vitro in the presence of low concentrations
of bile salts under slightly alkaline (pH 7.8) conditions. Trophozoites need an
abundant supply of cholesterol, a condition best satisfied in the jejunum where
cholesterol and other lipids are absorbed by the host. Detached trophozoites that
travel further down the intestine encounter an environment poor in cholesterol
which triggers differentation of the cyst wall secretory pathway. Cholesterol added
to the lipid-deficient encystation medium blocks cyst production. The genes
responsible for two of the cyst wall proteins have been characterized, but the
relationship between reception of the stimulus (cholesterol depletion) and activation
of these genes remains to be determined. The packaging and release of cyst wall
proteins is associated with the de novo genesis of an identifiable Golgi apparatus
in the trophozoite. Nuclear division (to produce four nuclei) and dismantling of
the elaborate architecture of the adhesive disc precede maturation of the cyst as a
water-resistant body ready to endure the harsh conditions of the outside world.
Transmitting cysts are usually regarded as being a cryptobiotic phase in the life-
cycle, but amazingly G. lamblia cysts retain active respiratory activity (for energy
metabolism of Giardia, see Brugerolle and Miiller, Chapter 9 this volume), a
property that may account for their susceptibilty to desiccation.

Although many parasitic diplomonads appose their anterior ends to the microvillar
border of the gut epithelium, none has aspired to the extraordinary development of
the cytoskeleton found in the sucking disc of Giardia spp. in order to secure
attachment. Yet a sucking disc of similar structure occurs in the trichomonadid
Cochlosoma anatis of ducks (Pecka et al., 1996), a remarkable example of
evolutionary convergence.

10.2.2 Transmission and niche selection in vectortransmitted parasites:
Trypanosoma brucei and other digenetic trypanosomatids

Trypanosoma brucei is a parasite of game animals and livestock causing nagana in
the latter, but some genetic variants will infect humans, causing sleeping sickness. For
contrast with the faeco-orally transmitted gut parasites such as Giardia lamblia, T.
brucei will be used to illustrate adaptation to transmission by vector. A summary of
the life-cycle is shown in Figure 10.2. Allusion to other trypanosomatids and
comparison with other flagellate parasites will be made where appropriate, however.

The life-cycles of digenetic trypanosomatids are often characterized by extensive
migrations in the vector and adaptation to a series of habitats in one host. For T.
brucei, these habitats include blood, lymph, connective tissue and cerebrospinal
fluids in the mammal, gut and salivary glands in Glossina. Striking adaptive changes
occur in the surface membrane, mitochondrion and glycosomes, and in the
occurrence of receptor-mediated endocytosis, as the trypanosome passes through
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Figure 10.2 Schematic diagram of Trypanosoma brucei developmental cycle in mammal and tsetse fly,
showing changes in cell surface, mitochondrion, glycosomes and receptor-mediated
endocytosis, also in relative sizes of different stages. Stages possessing the variable antigen
(VSG) coat lie to the right, procyclin-coated stages to the left of the midline. The mitochondrion
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produced by some stocks only, and do not play an essential part in the life cycle.
* Stages in which division occurs.

In the wild, less than 10 per cent of fly infections will proceed as far as the salivary
glands. Genetical studies suggest that a sexual process involving meiosis and syngamy
occurs occasionally in the salivary glands. Mammal and most fly developmental stages are
diploid, and which stages act as gametes is not known, though the epimastigote or
premetacyclic seem likely choices. Migratory stages with varying morphology between
the mesocyclic and epimastigote stages (Van Abeele et al., 1999) have not yet been

characterized ultrastructually.
Source: Based on Vickerman, 1985
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its life-cycle (Vickerman, 1985): the preadaptation of the infective stages to the
next host, be it insect or mammal, is particularly noticeable. These changes are
summarized in Figure 10.2 and discussed in sections 10.3 and 10.4 of this chapter.
For the moment, I shall concentrate on the significance of flagellar activity in
such complex life-cycles.

In digenetic parasites, flagella may be important in migratory swimming movements
and habitat selection within a particular host. Flagellar beating often provides the
propulsive force for penetration of physical barriers during migration. Trypanosoma
brucei is extracellular throughout its life-cycle but has to penetrate the chitinous
peritrophic membrane surrounding the blood meal in the tsetse fly midgut, entering
and leaving the ectotrophic space during its forward migration in the vector. In its
mammalian host, penetration of blood vessel endothelium and choroid plexus
epithelium are necessary for invasion of connective tissue and brain from the circulation.
The marathon journey from tsetse midgut to salivary glands via the oesophagus,
mouthparts and salivary ducts represents a major swimming feat on the part of the
trypanosome (Van den Abeele et al., 1999). Our continuing lack of understanding of
the basis of the flagellum-based tropisms underlying such migratory activities is
regrettable and represents a major challenge for future researchers.

Flagella may also play a vital part in enabling the parasite to remain in a suitable
site within the host, by providing a mechanism for attachment to host surfaces. In
particular, attachment appears to be a prerequisite for differentiation of the infective
metacyclic stage in the vector (Vickerman and Tetley, 1990). Considerable
modification of the flagellar membrane and associated cytoskeleton occurs at sites
of attachment, with intraflagellar fibrils converging on hemidesomosome-like
attachment complexes where the substratum is insect cuticle (for example T. vivax
in mouthparts of tsetse, T. cruzi in rectum of Triatoma) or on punctate
desomosomelike complexes where binding of gross expansions of the flagellar
membrane (‘flagellipodia’) to living epithelium microvilli occurs, as in T. brucei in
the tsetse salivary gland (Figure 10.2). There is recent evidence that attachment of
the T. cruzi flagellum to Triatoma involves hydrophobic interaction with surface
waxes, not lectin binding to the chitin beneath (Schmidt et al., 1998), while the
attachment to living membranes is to proteins which act as ligands for flagellar
surface glycoconjugates, for example the lipophosphoglycan of Leishmania major
binding to Phlebotomus papatasi midgut microvilli receptors (Dillon and Lane, 1999;
see section 10.4.2). The additional flagellar cytoskeletal components include a 70kDa
protein as yet uncharacterized (Kohl and Gull, 1998).

This development of the flagellum as an attachment organelle appears to be unique
to the kinetoplastids and vital to completion of the life-cycle of many parasitic species,
but whether the mechanism of attachment is the same in all cases, and whether
attachment also occurs in free-living species, remain to be seen. More is known about
the cytoskeletal proteins (Kohl and Gull, 1998) involved in attachment (see Figure
10.3) of flagellum to body to form the ‘undulating membrane’, a prominent feature
of trypanosomes, and believed to be an adaptation of parasitic flagellates that gives
additional thrust to the flagellum in moving through viscous media (for example
blood, gut contents; Holwill and Taylor, Chapter 3 this volume).



Figure 10.3 Transmission electron micrograph of anterior region of procyclic Trypanosoma brucei
trypomastigote from established culture in glucose-containing medium. The mitochondrion
(m) shows the branched form typical of the procyclic stage, while the glycosome (g) has the
spherical form more typical of bloodstream trypomastigotes (see Figure 10.2) and contains
a crystalloid (c). An acidicalcisome (ac) contains heavy polyphosphate deposits. The macular
desmosome-like attachment between body and flagellum (f) is visible between arrowheads
X 10,000 (Scale bar=0.1 pm)

Source: Micrograph: K.Vickerman
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Trypanosoma cruzi and the leishmanias forgo a functional flagellum while they
are multiplying inside a host cell, though T. cruzi reacquires it before the resulting
progeny burst forth again into the extracellular world. Continuous flagellar beating
in T. brucei when it is being passively carried in the circulating blood, or when it is
attached to the salivary epithelium of the vector, is less obviously adaptive, however.
One possible explanation is that the beating flagellum exerts a rotary pump-like
activity, circulating the contents of the flagellar pocket which is the principal (if not
the only) site of endocytosis and exocytosis in this organism (Overath et al., 1997).
When flagellates are densely packed within host cavities—as in the T. brucei—packed
fly salivary gland, in the larval mosquito gut teeming with Crithidia, or in palm
phloem vessels choked with Phytomonas (Camargo, 1999), flagellar activity probably
serves to circulate the surrounding medium so that all organisms have access to
nutrients and oxygen. One of the most overpopulated habitats imaginable is the
paunch of wood-eating termites; it contains a seething mass of motile flagellates
(oxymonads, trichomonads, hypermastigids) and bacteria. They are not, however,
moving around aimlessly, but through their flagellar activity are maintaining

themselves in an environment optimal for redox potential and nutrient supply (Brune
etal., 1995).

10.3 Energy metabolism: mitochondrion and glycosome

One of the most spectacular examples of adaptation during the course of any parasite’s
life-cycle is the switch in energy substrate utilization by Trypanosoma brucei on passing
from mammalian to insect host. This switch is associated with cyclical repression and
activation of the single mitochondrion, and this cycle in turn is predicated upon an
intact kinetoplast, the massed mitochondrial DNA characteristic of the entire order
Kinetoplastida (for energy metabolism of amitochondriates see Brugerolle and Miiller,
Chapter 9 this volume).

Trypanosomes have no known storage carbohydrates and are largely dependent
upon a continuing exogenous energy supply. The long slender multiplicative stage
(LS) of T. brucei in the mammal obtains its energy from glycolysis which occurs in
the glycosome, a special type of peroxisome, unique to kinetoplastids and absent
from the related euglenids (Opperdoes et al., 1998). Compartmentalization of the
glycolytic chain enables the trypanosome to conduct this process more efficiently
than other eukaryotic cells (Clayton and Michels, 1996). Pyruvate produced by
glycolysis does not enter the mitochondrion, but is released into the blood. The
unbranched mitochondrion is repressed and lacks cristae (Figure 10.2). The LS
forms depend exclusively on substrate-level phosphorylation to generate ATP, yet
their oxygen consumption is high. In most eukaryotic organisms, mitochondrial
cytochrome oxidase catalyzes the interaction of the reducing equivalents produced
during respiratory oxidation reactions with atmospheric oxygen, but in
bloodstream T. brucei electron transfer to oxygen is carried out by a cyanide-
insensitive glycerol-3-phosphate oxidase (GPO), and not by cytochromes. Glycerol-
3-phosphate produced in the glycosome during the reoxidation of NADH is
oxidized by GPO which is located in the mitochondrial membrane (Tielens and
Van Hellemond, 1998).
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Figure 10.4 Pathways of glycolysis, proline oxidation and mitochondrial metabolism in Trypanosoma brucei
procyclic trypomastigotes. Glucose breakdown takes place largely in the glycosome. Malate
may be transformed into pyruvate by the malic enzyme in the cytosol (not shown).

Enzymes: 1, phosphoenolpyruvate carboxykinase; 2, malate dehydrogenase; 3, fumarase;
4, NADH-fumarate reductase; 5, succinate dehydrogenase; 6, glycerol-3-phosphate
dehydrogenase; 7, proline oxidase; 8, alpha-ketoglutarate dehydrogenase; 9, cytochrome
oxidase. The enzymes citrate synthase and isocitrate dehydrogenase appear not to be active,
so the Krebs’ cycle is incomplete

Source: Turrens, 1991

In the non-multiplicative short stumpy (SS) form derived from the LS in each
parasitaemic wave (section 10.4.1), the mitochondrion swells, acquires tubular cristae
and the ability to utilize proline and succinate as energy sources (Figures 10.2, 10.4).
This switch preadapts the SS to life in the tsetse midgut where a total switch occurs
from ultilization of glucose to utilization of proline as an energy source (Matthews,
1999). This switch is coincident with transformation to the procyclic (PC)
trypomastigote, expansion of the mitochondrion into a network, and acquisition of
plate-like cristae and a cytochrome chain for oxidative phosphorylation. Mitochondrial
repression is reinitiated in the tsetse fly’s salivary gland, where the multiplicative
epimastigote (EPM) mitochondrion reverts to tubular cristae, and transformation of
the EPM to the metacyclic stage is accompanied by the mitochondrial network
becoming an unbranched structure again. The more repressed mitochondrion of the
metacyclic stage may token preadaptation to life in the mammalian bloodstream
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(Vickerman, 1985). Admittedly nothing is known of the metabolism of the salivary
gland stages as, unlike the PC stage, these are difficult to cultivate in vitro.

T. brucei utilizes its host’s principal energy source, glucose in the mammalian
bloodstream, and the amino acid proline (used as a source of energy for tsetse flight)
after transformation to the PC form (Turrens, 1991). Much of our understanding of
the metabolism of PC T. brucei, however, comes from parasites serially cultivated in
vitro, rather than from the recently generated PCs. The possibility that
‘domestication’ has resulted from iz vitro selection of features not present in natural
procyclics must therefore be borne in mind. Such a feature may be glucose ultilization
by procyclics, with selection provided by serial cultivation in glucose-containing
media. Discussions of the energy metabolism of procyclics often portray glycolysis
and entry of pyruvate into the mitochondrion for oxidative decarboxylation, via a
fully active Krebs cycle, as proceeding alongside utilization of proline via a partial
Krebs cycle following its conversion to a-ketoglutarate (Figure 10.4). But glucose is
eliminated from the tsetse bloodmeal within fifteen minutes of ingestion (Vickerman,
1985), so this pathway can be of little importance in nature as opposed to the test
tube. Even more mystifying is the report that the serially-cultured procyclics have a
glucose transporter (THT2) encoded by a different gene from the bloodstream form
transporter (THT1), and that the expression of these genes is lifecycle stage-
dependent (Tetaud et al., 1997).

In the majority of trypanosomatids investigated, glycolysis plays a less important
role than in bloodstream T. brucei, and cyclical activation and repression of the
mitochondrion associated with a complex two-host life-cycle is less marked, owing to
the presence of a more or less well-developed cytochrome chain and modified Krebs’
cycle at all times. Interestingly, however, culture promastigotes (latex stages?) of
Phytomonas from the spurge Euphorbia characias exhibit a glycolytic energy metabolism
similar to that of T. brucei bloodstream forms (Sanchez-Moreno et al., 1992). Intracellular
Leisbmania amastigotes appear to be more dependent on the oxidation of fatty acids
than on that of carbohydrates (Hart ez al., 1981), but whether this oxidation is associated
with the glycosome rather than the mitochondrion is not yet known.

The glycosome appears to be a universal feature of kinetoplastids (Opperdoes et al.,
1998) but the glycosomes of free-living kinetoplastids have not been investigated yet, so
their comparison with those of parasitic forms is not possible. Another membrane-
bound organelle recently identified in trypanosomes and leishmanias is the acidocalcisome
(Docampo and Moreno, 1999), involved in the regulation of Ca++ and pH homeostasis,
possibly also in osmoregulation. It may prove significant in kinetoplastid energy
metabolism, as it contains abundant pyrophosphate (Figure 10.3) which may act as an
energy store. Similar organelles occur in the unrelated parasites Toxoplasma and
Pneumocystis, but whether acidocalcisomes have evolved several times as an adaptation
to parasitism, or are also present in free-living protists, is not yet known.

Much attention has been given to the significance of the kinetoplast (mitochondrial
DNA) in trypanosome respiratory adaptation, especially since the discovery of RNA
editing in these organisms. The impression has been created that both kinetoplast and
RNA editing are adaptations to parasitism (Maslov et al., 1994), but as both also occur
in the free-living bodonid kinetoplastids, this notion would seem unlikely to be true.
The kinetoplast (Shapiro and Englund, 1995) is a remarkable structure composed of
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Figure 10.5 Schematic representation of the cell surface of bloodstream form Trypanosoma brucei showing
the VSG coat as selective shield. The regularly spaced VSG dimers that form the surface
coat have their C-terminal regions attached to glycosylphosphatidylinositol (GPI) anchors in
the lipid bilayer. The dimensions of the VSG dimer are based on the crystal structure of the
N-terminal domain of the protein; those of the anchor are not yet known. A transferrin
receptor (involved in receptor-mediated endocytosis in the flagellar pocket membrane) is
also a dimer made up of two monomers each of proteins encoded by two ESAGs (expression
site-associated genes), E6 and E7Z.The ESAGs form part of a telomeric polycistronic
transcription unit that includes the VSG gene. The trypanosome needs host transferrin as a
source of iron. Membrane transporters (e.g. that for hexose sugars, depicted here) are
shielded from host antibody by the VSG coat.

Source: After Borst and Fairlamb, 1998; based on Overath et al., 1997

packed circular DNA molecules. In the Trypanosomatidae the circles are concatenated
to form a network which is physically connected to the flagellar base via the mitochondrial
membrane. During the cell cycle kinetoplast (kDNA) and nuclear DNA synthesis are
synchronous. Division of the kDNA network into two daughter structures occurs after
replication of the flagellar basal body and sprouting of a daughter flagellum. Division
of the kinetoplast precedes division of the nucleus. The daughter basal bodies are
associated not with the poles of the intranuclear mitotic spindle apparatus, but with the
separating kinetoplasts (Kohl and Gull, 1998). The kDNA circles are of two kinds: a
few large maxicircles (25-50 per kinetoplast, each 20-38 kb, depending on the species)
and a large number (~5,000-27,000, each 0.46-2.5 kb) of minicircles. Maxicircles,
which are similar to the mitochondrial DNAs of other eukaryotes, are homogenous in
nucleotide sequence. They contain genes essential for mitochondrial activation: genes
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that encode mitochondrial ribosomal RNAs and subunits of some proteins involved in
electron transport and ATP synthesis. When mechanically passaged repeatedly through
mammals, maxicircles may suffer deletions which result in non-transmissibility by the
tsetse fly, presumably through inability to activate the mitochondrion. Minicircles, on
the other hand, are heterogeneous in nucleotide sequence, but evolve rapidly, and in a
mechanically-passaged stock become homogenous in sequence.

For a long time, no better role could be found for the minicircles than holding the
maxicircles together in a network. In recent years, however, it has become plain that
the minicircles are transcribed into small RNA molecules (guide RNAs) that can
potentially serve as templates for guiding insertions and deletions of uridine nucleotides
in faulty maxicircle transcripts. This process of RNA editing (Alfonzo et al., 1997,
Sloof and Benne, 1997), correcting defects in the maxicircle genes for respiratory
enzymes, represents an alternative means of handling genetic information quite unique
to the kinetoplastids. There is evidence that editing is regulated to produce different
mRNAs under different conditions, so that RNA editing can be viewed as a primitive
way of changing the expression of genes

The bodonid kinetoplast is strikingly different. It may form a single multilayered
mass close to the bases of the flagella, as in Bodo, or may take the form of dispersed
kDNA masses within the mitochondrion, as in some Cryprobia spp. (Vickerman,
1990). It would appear that in both parasitic and free-living bodonids the kDNA
does not form a catenated network, and may consist of circles of a single size class
(Hajduk er al., 1986), though in Bodo saltans minicircles are undoubtedly present
(Blom et al., 1998). The adaptive significance of the catenated kinetoplast network
composed of two kinds of DNA circles in the all-parasitic trypanosomatids is
dumbfoundingly intriguing! Further studies on the construction of bodonid kinetoplasts
will be necessary before a meaningful comparison can be made, but stricter
bipartitioning of the kDNA at cell division would seem to be afforded by the network
of trypanosomatids through its close association with the flagellar basal bodies. In
bodonids the uncatenated DNA is presumably farmed out in a more uneven manner.

RNA editing has now been demonstrated in the kinetoplast of the common free
living kinetoplastid, Bodo saltans (Blom et al., 1998), so it is not linked to a parasitic
lifestyle. Indeed Cavalier-Smith (1997) has argued that RNA editing and glycosomes
evolved in facultatively anaerobic free-living bodonids. Prolonged anaerobic glycolysis
would allow the accumulation of harmful mutations in mitochondrial DNA, which
would disadvantage these organisms on return to aerobic conditions unless they had
by chance evolved RNA editing, and the origin of editing would be favoured in a
multigenomic organelle, such as the kinetoplastid mitochondrion. Nothing is known
about the metabolism of free-living bodonids, but their widespread ability to survive
under anaerobic conditions (Bernard ez al., 1999) lends some support to this hypothesis.

10.4 The parasite surface and evasion of host
defences

Parasite avoidance of host attack is of paramount importance in the evolutionary
arms race between host and parasite. The molecular structure of the surface membrane
which represents the host-parasite interface might be expected to make a vital
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contribution to this defence, and comparative studies on trypanosomatid parasites of
mammals amply confirm this view. The surface of these parasites is dominated by
glycoproteins and glycophospholipids that are rooted in the plasma membrane by
glycosyl-phosphatidylinositol (GPI) anchors (Ferguson, 1997).

The parasitological significance of these glycoconjugates in the life-cycles of
trypanosomatids is summarized in Table 10.2 (for details of chemical structure see
Ferguson, 1997). Of particular importance for extracellular parasites is avoidance of
the effects of activation of the mammalian complement system of serum proteins.
Following such activation, some complement components can cause opsonization of
parasites for phagocyte uptake, attraction of phagocytes to the site, or lysis of the
parasite through insertion of the pore-forming complement attack complex in the
surface membrane, resulting in disruption of ionic and osmotic control and in
programmed cell death. Of particular importance to intracellular parasites is avoidance
of oxygen radical-induced destruction. Two examples of defence strategies will be
discussed: antigenic variation by the extracellular parasite Trypanosoma brucei, and
subversion of the host cell’s endocytotic and killing mechanisms by the intracellular
leishmanias.

10.4.1 Evasion of the host’s humoral response by African trypanosomes

One of the best-characterized adaptations of a parasite to survival in the face of
host non-specific and specific defences is the antigenically-variable surface coat
of Trypanosoma brucei and other African trypanosomes. The parasite avoids
destruction by undergoing antigenic variation (for more detailed recent accounts
and references see Cross, 1996; Barry, 1997; Borst et al., 1997; Rudenko et al.,
1998). In its mammalian host the trypanosome population survives by sacrificing
at regular intervals of a few days the majority of its members to the host’s humoral
immune response (Vickerman, 1989). This serial sacrifice is evident in graphs
portraying the undulating parasitaemia of infected hosts. Each trypanosome carries
on its surface a homogenous monomolecular layer of variant specific glycoprotein
(VSG) which endows the parasite with a specific variable antigen type (VAT).
Avoidance of the sacrificial act depends upon the trypanosome’s ability to change
the VSG in its surface coat and so undergo a change of VAT. In each bout of
slaughter (parasitaemic remission) the dominant VATs are eliminated by the host’s
humoral (IgM) response, but the minority VATs, which have not yet provoked
production of VAT-specific antibodies, are unaffected and continue to divide,
replacing their dead comrades and giving rise to a recrudescence of parasitaemia.
Remission and recrudescence occur repeatedly. At each remission, in an act of
altruism, some members of the clone lay down their lives so that their fellows of
identical (or near identical—see later) genotype can continue the line. This serial
sacrifice prolongs the infection, in the case of the sleeping sickness trypanosomes
(T. brucei rhodesiense, T.b. gambiense) to several months or even years. The chronic
infection in the individual host increases the likelihood that that at some point a
hungry tsetse fly will ingest part of the population and eventually transmit it to a
new mammalian host.

Antigenic variation entails periodic replacement of the 12-15 nm-thick surface
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coat which covers body and flagellum with one of different antigenic specificity.
The coat is made up of ~107 copies of ~60kDa VSG arranged as a dense monolayer
of homodimers on the parasite surface (Figure 10.5). In the non-immune host it
acts as a macromolecular barrier, preventing insertion of the complement membrane
attack complex, while allowing the free diffusion of small nutrient molecules to
underlying trans-membrane transporter systems; it also acts as an antiphagocytic
capsule in that, in the absence of opsonizing VAT-specific antibody, macrophages
are not interested in the trypanosome. When the host produces a vigorous antibody
response to a population of trypanosomes carrying a particular VSG, parasites
belonging to that particular VAT are lysed (through activation of complement by
the classical pathway) or opsonized so that they are engulfed and destroyed by
macrophages of liver and spleen. In the meantime, however, some multiplicative
slender forms have switched to expression of a different VSG coat. Within forty-
eight hours of entering the vector the trypanosome has replaced its VSG with
another glycoprotein altogether: procyclin; but later in the salivary glands of the
fly, the parasites reacquire the VSG coat as they transform into metacyclic
trypanosomes (Figure 10.2). This acquisition preadapts the metacyclic to life in
the mammal.

Different VSGs owe their antigenic identity to extensive differences in primary
sequence of the N-terminal region. The only conserved features in this sequence are
cysteines that form disulphide bridges. Yet the VSGs appear to have a conserved
tertiary structure which allows them all to produce a monolayer barrier that prevents
host antibodies from recognizing the surface proteins. The main feature of this tertiary
structure is two long alpha helices per monomer that are perpendicular to the cell
surface and define the elongate shape of the VSG. Some non-VSG surface proteins
such as the transferrin receptor (Figure 10.5) have a similar tertiary organization,
suggesting that a master structure has evolved to allow a range of functions to be
developed during the course of evolution of the African trypanosomes (Borst and
Fairlamb, 1998).

New VATs are generated by a spontaneous switch in gene expression. The molecular
basis of VAT switching is interesting because it illustrates how, contrary to the intuitive
view of parasite evolution as progressive surrender of genes with increasing host
dependence, the parasite’s genome may be expanded substantially to ensure defeat of
host attack (up to one eighth of the trypanosome’s genes may encode VSGs). It also
illustrates how clonal organisms may have mechanisms for generating raw material
for natural selection to act upon, independent of recombination resulting from sexual
processes.

A clone stock of Trypanosoma brucei has a repertoire of VATs based on about a
thousand VSG genes. Only a small fraction of these (~25, M-VATs) are expressed in
the infecting metacyclic population, which is therefore heterogeneous with respect to
VAT. In order to be expressed, the VSG gene must come to lie in an expression site at
the telomere (end) of a chromosome. Chromosomes of trypanosomes have been
characterized by pulsed-field gel electrophoresis and similar techniques (Ersfeld et al.,
1999). Many VSG genes lie at the ends of chromosomes, and T. brucei has at least
100 mini-chromosomes (50-150 kb) whose sole function appears to be to carry
telomeric VSG genes, in addition to thirty or more intermediate size (200-700 kb)
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and larger (over 2000 kb) chromosomes which may house internal VSG genes and
carry M-VAT VSG genes at their telomeres. Only about twenty telomeres can act as
VSG gene expression sites, however, usually in a mutually exclusive manner (Rudenko
etal., 1998).

For the expression of the majority of VSG genes, a silent ‘basic copy’ must produce
an ‘expression-linked copy’ (ELC) of the gene which is transposed to a
transcriptionally active expression site, where it displaces the resident gene, causing
a switch in the VSG being transcribed and hence in VAT. What appears to happen is
that recombination between ELC and resident gene occurs in homologous sequences
of base pairs on each side of the VSG coding region. Sometimes partial gene
conversion occurs when the expressed gene is only partly replaced by the incomplete
ELC, through recombination occurring well within the coding region. A second
method of VSG gene activation occurs when a telomeric gene is activated iz situ, its
particular telomere suddenly becoming an expression site as the previously active
expression site is rendered inactive. The operational basis of this selective telomere
activation is unknown, but when an ELC displaces a telomeric gene which has been
activated in situ, VSG gene loss can occur and acquisition of new mosaic genes can
take place through a process of partial gene conversion, as outlined earlier. The
mechanism of antigenic variation therefore contains the seeds of VAT repertoire—
and therefore of genotype—evolution.

Although we now have a fair understanding of the molecular basis of VAT
switching, our view of the relationship between the switching event, at the level of
the individual trypanosome, and the population fluxes of different trypanosome
VATs in the blood, remains hazy. A host antibody does not induce switching, it
merely acts as a selective agent. Natural selection should adjust the rate of VSG
gene switching so that one new VAT is generated in each parasitaemic wave. A
lower rate than this would lead to immediate resolution of the infection; a higher
rate might be expected to lead to too many VATs growing and being responded to
simultaneously, so that the VAT repertoire might quickly become exhausted. Early
studies on the host’s immune response suggested that the parasite presents antigenic
stimulus to the host in a paced fashion. Antibodies to specific VATs arise in a time-
dependent succession, as shown by agglutination reactions (which identify major
VATs). In a given trypanosome stock, the major VATs appear to dominate the
bloodstream in a loosely-defined sequence, but the sequence is semi-predictable,
not a fixed linear series. At relapse, trypanosomes of a given VAT can give rise to
several new VATs. What determines the major VAT sequence, and why one of several
available minor VATs should be selected to become the next major sacrificial
population, is still being debated.

One possible explanation of the major VAT succession and paced stimulation of
the host’s immune response comes from a study of VAT switching rates (Frank, 1999;
Turner, 1999). Estimations of the frequency of VAT-switching in trypanosome
populations after transmission through the tsetse fly vector suggests a higher figure
(0.97-2.2 x 10-3 switches per cell per generation) than that previously obtained for
syringe passaged infections (10--10-7 switches per cell per generation) and, contrary
to expectations stated earlier, it now seems probable that most of the variable antigen
genes are expressed as minority VATs early in the infection. Instability of VAT is a
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feature of trypanosome clones derived from metacyclic trypanosomes. High switching
rates would have the obvious advantage of enabling the trypanosome population to
establish itself in a partially immune host. The early generation of a great variety of
VATs in the newly-infected host would ensure that the parasites evaded any immunity
resulting from previous infection with cross-reacting trypanosome VAT repertoires,
provided that they did not all stimulate an immune response. It is suggested that
marked differences in switching rates between particular pairs of VATs might well
account for the delay of growth of some VATs to antibody-inducing major VAT status
until later in the infection (see Frank, 1999, for mathematical model) and the pattern
of sequential dominance of VATs.

The selective advantage of high switching rates is, of course, that such rates could
promote the rapid evolution of the VAT repertoire through the mechanisms discussed
earlier, and such rapid change has been demonstrated in one Trypanosoma brucei
rhodesiense VAT repertoire over a twenty-year period (Barry, 1997). The occurrence
of multiple serodemes (VAT repertoires) within a trypanosome species, and the ability
of such serodemes to evolve rapidly, make the prospect of devising a vaccine against
African trypanosomiasis very bleak indeed.

The large number of minichromosomes would appear to be part of the parasite’s
adaptation to evade the host’s immune response, as the minichromosomes act as a
reservoir for a large number of telomeric VSG genes and are only found in the
African trypanosomes (T. brucei, T. congolense, T. vivax) and their descendents (T.
evansi, T. equiperdum). Although minichromosomes appear to be inherited faithfully
by daughter trypanosomes in binary fission, until recently the way in which the 200
or so daughter minichromosomes are partitioned at cell division was beyond
conjecture, because the minichromosomes lack centromeric sequences, and in electron
micrographs only enough kinetochores could be observed to account for partitioning
of the ‘housekeeping” megachromosomes. Now Gull’s group (Ersfeld et al., 1999)
have demonstrated that the daughter minichromosomes are segregated independently
of the large chromosomes on the overlapping microtubules of the central mitotic
spindle, probably several in a row, laterally stacked, each daughter being attached
to a microtubule of complementary polarity. Although clearly part of the parasite’s
extraordinarily complex adaptation to evasion of the immune response, this method
of segregating small DNA molecules may prove to be more widespread in eukaryotes.
Trypanosomes have often pointed the way to novel, more widespread, biological
phenomena.

Needless to say, antigenic variation is not the prerogative of African
trypanosomes. Among other protists, such variation is known in Plasmodium
falciparum and a few other malaria parasites, and, strangely enough, considering
that it is not a blood parasite and its infection runs an acute course of one or two
weeks, in Giardia lamblia (Nash, 1997). Its significance in this gut parasite is at
present obscure.

10.4.2 Subversion of macrophage activity by leishmania parasites

While Trypanosoma cruzi commonly invades cardiac and other muscle cells, both T.
cruzi and the leishmanias can survive and multiply inside the mammalian macrophage,
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a cell designed to destroy invading pathogens by phagocytozing and degrading them.
In addition to their direct microbiocidal activities, macrophages are charged with
orchestrating the acquired immune response by presenting microbial antigens to
lymphocytes. In order to sustain an infection, then, parasites have to gain entry to the
phagocytic cell, withstand or circumvent its killing and degradative functions, and
subvert macrophage accessory cell activities in order to prevent the development of
protective immunity. Both parasites multiply in the amastigote (unflagellated) form
inside the host cell, but whereas leishmanias undergo their intracellular development
within a parasitophorous vacuole which is part of the host cell’s lysosomal system, T.
cruzi escapes from the parasitophorous vacuole into the cytoplasmic matrix to multiply
there, and thus avoids destructive agents in the vacuole. Also, unlike leishmanias, it
reverts to the flagellate trypomastigote form in order to escape and invade another
cell. Parasite surface components play a vital role in all these goings-on and in the
host-parasite warfare that follows. For further information on T. cruzi see the spirited
account of its cell invasion by Andrews (1995).

Here I'shall try to show how Leishmania spp. have proved invaluable in investigating
mammalian defences against intracellular parasites, and conversely how these parasites
have exploited these defences to achieve their own ends (Alexander et al., 1999; Bogdan
and Rollinghoff, 1999).

Among the leishmanias, the early developmental stage (procyclic promastigote)
in the gut of the sandfly (Phlebotomus spp.) vector expresses on its surface abundant
lipophosphoglycan (LPG) and a metalloprotease, gp63. The LPG and gp63 molecules
project through a turf-like glycocalyx of glycoinositolphospholipids (GIPLs) covering
the lipid bilayer (Ferguson, 1997; see also Figure 10.6). These glycoconjugates
illustrate well the adaptation of the parasite at the molecular level to life in both its
hosts. Thus, gp63 is believed to protect the promastigote from digestive enzymes in
the vector gut, while LPG facilitates adherence of the flagellum to midgut epithelium
microvilli. In L. donovani, transformation from the multiplicative non mammal-
infective procyclic to the non-dividing mammal-infective metacyclic stage involves
a lengthening of the surface LPG molecules and upregulation of gp63 expression.
These changes allow the metacyclics to withstand activation of the complement
cascade when inoculated by the vector into the mammalian host. LPG activates
complement and in the mammal procyclics are lysed as a result of insertion of the
complement membrane attack complex (C5-C9) into the plasma membrane. In
metacyclics, however, the thickened glycocalyx, produced by LPG elongation through
an increased number of disaccharide repeat units, prevents insertion, and the complex
is later shed from the surface.

The leishmania parasite actually exploits macrophage complement receptors to
secure its binding to the macrophage surface, and then internalization. The protease
activity of Gp63 cleaves C3b to C3b1, and these complementary components on the
parasite’s surface bind it to the macrophage’s CR1 and CR3 receptors. Other
macrophage receptors (for example mannose-fucose and fibronectin receptors) may
also assist in parasite entry. Inside the macrophage, LPG and gp63 further protect the
parasite from destruction by oxygen radicals and microbiocidal nitric oxide killing
mechanisms. In gaining access to the host cell by the CR1 and CR3 receptors, the
parasites fail to trigger the macrophage’s respiratory burst that generates microbiocidal
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Figure 10.6 Schematic representation of the cell surface of Leishmania procyclic promastigote to show
postulated relationship of major glycoconjugates. All have GPI anchors and include: the Zn*™
metalloprotease with a molecular mass of 63kDA (gp63), lipophosphoglycan (LPG) a complex
glycolipid, and glycoinositolphospholipids (GIPLs).

The LPG has a tetrapartite structure consisting of the membrane anchor, a
phosphosaccharide core, phosphorylated oligosaccharide repeats and a terminal
oligosaccharide cap structure. The abundance of these molecules per cell is indicated

Source: Based on Overath et al., 1997

oxygen radicals. LPG transiently inhibits the fusion of acidified endosomes with the
parasitophorous vacuole and scavenges any oxygen radicals generated. It also
suppresses nitric oxide synthase (NOS) expression, and hence the production of nitric
oxide. The gp63 protease protects the parasite from host lysosome-mediated cytolysis,
and GIPLs also strongly inhibit NOS expression.

As the flagellated leishmania metacyclic transforms into the amastigote within the
parasitophorous vacuole, phagosome-lysosome fusion occurs, and the parasites are
able to survive in their acidic, hydrolase-rich environment. Transformation is
accompanied by downregulation of LPG and gp63 expression, leaving the amastigote
surface dominated by GIPLs. Amastigotes released from bursting host cells must
therefore use mechanisms for entry into fresh host cells different from those of
metacyclic promastigotes. One possibility is opsonization of amastigotes with antibody
from the developing humoral immune response of the host and exploitation of the
macrophage Fc (immunoglobulin) receptor to effect binding, but our understanding
of amastigote adaptations for host cell entry is still limited.

Protective immunity to leishmania infections depends upon T cell-mediated
responses rather than humoral (B cell-mediated) responses. In addition to adaptations
for survival in the macrophage of the non-immune host, leishmania parasites may
frustrate this cell-mediated immune response. Successful presentation of parasite
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antigens to T lymphocytes to induce an immune response is via Class I major
histocompatibility molecules (MHC) on antigen-presenting cells such as
macrophages. Such presentation induces expansion of interferon gamma-producing
(CD4, Th1 subset) lymphocytes, and interferon in turn induces NOS expression
and nitric oxide production in the host macrophage. In Leishmania amazonensis-
infected macrophages, Class Il MHC molecules reaching the parasitophorous vacuole
are endocytozed by amastigotes, and degraded both within the parasitophorous
vacuole and in the parasite itself by cysteine proteases of both host and parasite
origin. The induction of protective immunity against leishmaniasis is also dependent
upon the production of the cytokine IL-12 by the infected macrophage which induces
IFN production by Natural Killer cells and T cells. Leishmania metacyclic
promastigotes, but not procyclic promastigotes, are powerful inhibitors of
macrophage IL-12 production both in vitro and in vivo, though whether their
amastigote successors can suppress IL-12 production is doubtful. LPG, present on
metacyclics, but not on amastigotes, may be the regulatory molecule.

10.5 Parasites going nowhere: altruism and division
of labour

The construction of life-cycles that include dead-end stages has always been regarded
as suspect by orthodox Darwinians, for surely natural selection should not permit
such extravagance. However, it is not inconceivable that something like kin selection
— first invoked to account for evolution of sterile castes in the social insects—might
operate in unicellular organisms to explain the existence of parasites that go nowhere
(Vickerman, 1993).

Unicellular organisms were until relatively recently believed to lead somewhat
selfish lives, each for himself, so to speak. Division of labour between cells, social
cooperation, and some individuals laying down their lives so that others could
continue the species, were not for them. But suddenly evidence is accumulating fast
that this is not the case, and that many, if not all, individual protists may depend
upon others for their survival (Christensen et al., 1998). I have already mentioned
(in section 4.1) the social interactions that occur between bloodstream trypanosomes
during antigenic variation. A further opportunity to exhibit ‘altruism’ may occur in
the vector’s midgut, where trypanosome numbers appear to be controlled by some
members of the population undergoing programmed cell death (Welburn and
Maudlin, 1997). If confirmed, such population control measures may be looked
upon as adaptive, as they avoid exhausting the host’s resources, thus increasing the
parasite population’s chances of survival.

Division of labour, well exemplified among free-living protists by the cellular
slime molds where some amoebae become reproductive spores while others develop
into sterile stem cells in the fruiting body, may also occur among parasites. A possible
example may be seen in the development of Leishmania in the sandfly. In addition
to giving rise to metacyclic promastigotes that eventually infect the mammalian
host, some of the attached procyclic promastigotes of the vector midgut may give
rise to rounded paramastigotes attached to the culticularized foregut. These appear
to be a parallel development to the metacyclics and do not appear to give rise to
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mammal-infective forms, so what is their function? A possible answer to this question
comes from studies on what happens during transmission of leishmania parasites by
the bite of the sandfly.

In order to infect the mammal, metacyclics have to be expelled from the sandfly
gut through the food canal in the proboscis. But during biting, blood has to be ingested,
pumped into the midgut through the action of the pharyngeal and cibarial pumps;
this two-way movement occurs only in leishmania-infected sandflies, and the presence
of the parasites themselves appears to induce this abnormal movement. Schlein et al.
(1993) have suggested that chitinase secreted by the foregut-attached flagellates is
responsible for inflicting damage by lysing the soft inner layer of the cuticle of the
pumps. Closure of the cardiac valve is necessary to permit one-way flow of blood
through the pumps; in infected flies the valve remains open, so that suction exerted by
the pump acts in both directions. The result is that blood and midgut contents are
ejected and reingested during feeding, but some ejected metacyclics are able to initiate
infection of the mammalian host.

10.6 The great mystery of life

I began this discussion of adaptations to parasitism with a warning about the
adaptationist-selectionist approach, and I shall end by returning to it. Certainly one
of the great unanswered questions of biology (and therefore one of the great mysteries
of life!) is whether all adaptations can be explained in terms of Darwinian selection.
In this respect, some embarrassment to the ‘Darwin rules’ view of parasite evolution
can be caused by the facultatively pathogenic amoebae such as Entamoeba histolytica,
Acanthamoeba castellanii and Naegleria fowleri. As this is a volume on flagellates,
shall take as an example the amoeboflagellate Naegleria fowleri, causative agent of
primary amoebic meningoencephalitis in humans (see John, 1998, for review of
biology).

This amoeba is normally free-living in warm waters, preferring temperatures of
37-46°C and feeding on bacteria, but it can also invade the human body via the
olfactory epithelium during swimming. It migrates along the axons of the olfactory
neurons and the lymphatic spaces beside them to enter the meningeal spaces, adopting
a cytophagous mode of feeding as it does so. The inflammatory reaction which the
parasite induces in the meninges, and then in the brain itself, rapidly leads to the
death of the host, usually in little more than a week. Once the amoeba has become
invasive it ceases to produce the encysted stage which would enable it to endure
adverse conditions outside a host. Unlike Trypanosoma brucei, once the parasite is in
the brain it cannot leave (T. brucei can temporarily avoid host defences by exploiting
the host’s blood-brain barrier, but can re-enter the bloodstream). When the host dies,
the amoeba dies with it, as post-mortem changes in the brain will quickly render it
inviable. If the invasive amoeba is no longer capable of contributing to the infection
of future hosts, how are we to account for its adaptations to life in the brain, as the
entire parasitic phase would seem to be beyond the reach of natural selection? This
phase can be compared with the post-reproductive phase in senescent multicellular
animals, when deleterious genes may be freely expressed because thay cannot be
selected against, neither can beneficial genes be selected for (Medawar, 1952).
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Of course, one interpretation of the ‘one-way ticket’ invasive phase of N. fowleri is
that the human host is not the natural one (that is, the host in which the parasite
evolved), and that in the natural host infection does culminate in the production of
viable transmissive cysts, whereas in the non-natural host the life-cycle is incomplete.
Unfortunately the geographical distribution of the disease makes spotting a likely
candidate host difficult. Is it possible that in such cases as the tissue-invading amoebae,
preadaptation of the non-invasive form can reach such heights that opportunity is all
that is required for these organisms to switch from one lifestyle to another?
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