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FIGURE 2-2 Eukaryotic cell structure. Relationship of centrioles and mitotic spindle fibers (astral and
Interzonal microtubules) to flagellar basal bodies and cytoskeleton (corset microtubules).

the endoplasmic reticulum, then modifies and releases them
in vesicles for transport elsewhere, often to the surface of the
cell. Lysosomes are Golgi-derived, membrane-bound vesicles
that contain enzymes for intracellular digestion.

Unlike prokaryotes (bacteria), which support themselves
with a cell wall, the eukaryotic cell has a cytoskeleton of protein
filaments of different types and diameters. The most common
of these are actin filaments (6 nanometers [nm] in diameter,
also called microfilaments) and microtubules (15 nm in diame-
ter; Fig. 2-2). Microfilaments are polymers of monomeric actin
and microtubules are cylindrical polymers of the protein
tubulin. The cytoskeleton typically has the form of a three-
dimensional network and is responsible for the maintenance of
cell shape. Often, it is well developed just below the cell mem-
brane, where it strengthens the cell surface. The cytoskeleton,
however, is not always a static or permanent fixture, but rather
can be dynamic and temporary. Because polymerization of the
cytoskeleton is reversible, the filaments or tubules can be locally
assembled or disassembled to provide scaffolding for special

structures, such as the transient spindle apparatus associated
with mitosis (Fig. 2-2) or the outgrowth of semipermanent cilia
and flagella from the cell surface (Fig. 2-1, 2-5).

T'he eukaryotic cytoskeleton is also essential for cell motility.
As is true of other skeletons (see Chapter 4), the cytoskeleton
can transmit force from one part of the cell to another, resulting
in cell movement, or its filaments can serve as tracks along which
vesicles and other structures are transported. In either case, the
force for movement 1s generated by socalled motor molecules,
such as myosin and dynein, which change shape in the presence
of ATP. Typically, a motor molecule that is attached securely to
one structure attaches temporarily to the cytoskeleton and
llexes, moving the structure with respect to the skeleton
Hig 25). The motor molecule then withdraws from its original
dtachment site, forms another attachment at a new position,
s Hlexes once again. Repetition of this cycle is reminiscent

of walking on a treadmill, and is referred to as treadmilling.
Dynein, the motor molecule associated with microtubules, is
important for the movement of cilia and flagella as well as for
shuttling vesicles inside of the cell. Myosin binds to actin as well
as to other structures and is responsible for ameboid movement
(discussed later), streaming, and cyclosis (cytoplasmic circula-
uon, also discussed later), cell division (cytokinesis), and muscle
contracuon in metazoans (Chapter 6).

The organelles and cytoskeleton of the eukarvotic cell
are surrounded by a fluid cytoplasm. Cytoplasm, in turn, is
enclosed by the cell membrane, a phospholipid bilayer that
separates the internal environment of the cell from the
externior (Fig. 2-3). In doing so, it regulates the biochemical
conditions of the cell’s interior for the processes of life. The
cell membrane controls what may enter and leave the cell. the
responsiveness of the cell to external stimuli, the selectiveness
with which the cell binds to other cells or to a substratum, and
the maintenance of cell shape. The bilayered structure of the
cell membrane results from the opposing phospholipids that
compose it (Fig. 2-3). Proteins are also important membrane
consttuents and may span it or be attached to the inner or
outer surfaces. The exposed outer surfaces of membrane
proteins and lipids may have attached to them carbohydrates
that radiate into the surrounding medium like tails. Together,
these tails and especially their extracellular peripheral pro-
teins form a surface coat, or glycocalyx, outside the cell. The
glycocalyx is an important physiological barrier: it forms
a template on which the exoskeleton is secreted and regulates
binding to signal molecules and to surfaces, such as other
cells. Membrane proteins may receive and transmit signals o
the interior of the cell and serve as points of anchorage fos
cytoskeletal fibers. The cell membrane itself can also pla
a skeletal role. If the membrane lipids are largely unsaturated.
like some vegetable oils used in cooking, the membrane
I‘tlat.i\'t‘l}' fluid and flexible. If, on the other hand, the lpads
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lier stage and those behind are in a later stage (Fig. 2-7A
inset). This phase shift is seen as waves, called metachronal
waves, that pass over the surface of the cell like wind passes in
waves over a wheat field.

UPTAKE BY CELLS

Substances enter the cells of protozoans and other eukaryotes
in a variety of ways. The protein channels of the cell membrane
provide for the passive diffusion of water, ions, and small
molecules, such as sugars and amino acds. Some function as
energy-requiring pumps, actively transporting certain molecules
Or moving ions in or out against their concentration gradient.

Some extracellular matenials enter a cell in minute pits on
the cell’s membrane that later pinch off internally—a process
called endocytosis (Fig. 2-8). Micropinocytosis is 2 nonspe-
cific form of endocytosis in which the rate of uptake is in sim-
ple proportion to the external concentration of the material
being absorbed (Fig. 2-8A). Water, ions, and small molecules
may be taken in by micropinocytosis. Macropinocytosis brings
in proteins and other macomolecules at a rate greater than
predicted by the concentration gradient. These substances
may or may not bind to, and be concentrated on, specific
membrane receptors before they are internalized in vesicles,
which are coated with a protein called clathrin (Fig. 28B).
Larger particles, such as bacteria and protozoans, are taken up
in large vesicles (food vacuoles) by phagocytosis (Fig. 2-8C).
Phagocytosis requires binding of a particle to membrane
receptors and dynamic alteration of the cell membrane involv-
ing the actin cytoskeleton.

,-.-‘I-

INTRACELLULAR DIGESTION

Once food enters the cell, Iysosomes fuse with the endocytic
vesicles or food vacuoles. Lysosomes are membraneenciosed
organelles that originate from Golgi bodies and conmain acids
and hydrolytic enzymes {(Fig. 29). Release of those biomole-
cules into the food vacuole initates digestion. Evenanllx. the
products of muracellular digestion diffuse across the vacuole
membrane into the cvtoplasm of the cell. where they mav
be used in metabolism or stored, after undergoing smthesis,
in forms such as giycogen and hpids. Indigesuble marerial is
released from the cell to the extenior by fusion of the residual
vacuole with the cell membrane in a process called exocytasis
(Fig. 2.9).

CIRCULATION IN CELLS

Some protozoans have a definite cvtoplasmic arculagon. In
general, arculatory systems are required when the ‘Suﬁ‘h'\
of a substance by simple diffusion cannot keep pace with the
metabolic demand for it. This limit is often reached as an
organism becomes large, regardless of whether that resulcs
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INSect exoskeleton). Chitin and its associated proteins are

€xocytosed at the surface of the cell, where they assemble
Into the exoskeleton.

CELL COMMUNICATION

Protozoans respond to chemical and physical cues in ways
that enable them to avoid adverse conditions, locate food, and
find mates. In this sense, each protozoan cell must be both
receptor and effector, In their receptiveness (0 environmen-
tal stimuli, protozoans resemble the sensory nerve cells of
animals,

L.ikc animal sensory receptor cells, protozoans often
receive external stimuli as signal substances that bind to spe-
cific membrane molecules. Binding can cause a specific ion
channel to open, allowing ions (often Na' and K*') to flow
down their concentration gradients (Na® in, K* out). Because
the resting cell membrane is polarized with respect to the dis-
tribution of these ions, the opening of the ion channels depo-
larizes the membrane. (Depolarization can be measured as
a change in electrical potential, or voltage, using electrodes
and a voltmeter.) When the membrane is depolarized, Ca**
channels open and calcium ions enter the cell. The entering
calcium triggers other changes, such as a reversal in the ciliary
beat, which causes the cell to withdraw from the disturbance.
Paramecium, for example, has at least nine different ion chan-
nels, some of which are localized at the front and others at the
rear of the cell. Such localized receptor fields differentiate
“head” from “tail” and are thus analogous to the localization
of receptor cells and organs in many metazoans. Intercellular
chemical signaling (pheromones) in protozoans, in fact, often
involves signal molecules, such as serotonin, B-endorphin,
acetylcholine, and cycliccAMP, which in animals function as
neurotransmitters and internal messengers.

SYMBIOSIS BETWEEN CELLS

Animal-like eukaryotic cells (heterotrophs) often establish
an endosymbiotic relationship with photosynthetic cells (au-
totrophs) to the benefit of both partners. The photosyn-
thetic partner may be either a eukaryote or a prokaryotic
cyanobacterium. When the photosynthetic symbionts are
green unicellular algae or diatoms, they are referred to as
zoochlorellae (both os in zoo- are pronounced), but the most
commonly occurring symbionts are yellow or brown and are
known as zooxanthellae (Fig. 7-11). These zooxanthellae are
a nonmotle stage of flagellated protozoans called dinofla-
gellates, which will be described in Chapter 3. The photo-
synthetic member of the partnership is generally located
intracellularly within a vesicle in the host cytoplasm, although
in a few metazoans, it is found between cells.

This symbiosis has its evolutionary origin in the phagocy-
tosis of photosynthetic cells by heterotrophic cells. Delayed
digestion by the larger cell may have resulted in the captured
cells continuing to live and photosynthesize, Use of any excess
photosynthate by the larger partner would have created a posi-
tive selecuve pressure for it to maintain the autotroph alive

within its cytoplasmic vesicle. This symbiosis evolved numer-
ous tmes, considering the different sorts of autotrophs and
their symbiotic partners.

Evolutionary Origin of Pukaryotic Cells 19

The benefits of this symbiosis are probably similar wherever
it occurs, The autotroph provides excess organic carbon from
photosynthesis to the larger partner, which in return provides
certain nutrients, such as CO,, nitrogen, and phosphorus,
as well as protection, to the autotroph, Rarely does the proto
zoan or metazoan rely entirely on its autotrophs for nutntion;
typically, the benefits of symbiosis supplement heterotrophic
nutrition Lo varying degrees,

EVOLUTIONARY ORIGIN
OF EUKARYOTIC CELLS
(INCLUDING PROTOZOA)

Our best hypothesis is that life began on an anoxic Earth some
3 billion years ago with the evolution of prokaryotic cells, Fach
of these tiny bacterium-like cells was enclosed in a membrane,
but lacked internal membranes (organelles). In the absence of
organelles, compartmentalization resulted from functional
aggregations of biomolecules, Their food (energy for mainte-
nance and reproduction) consisted of simple organic molecules
that entered the cell and were distributed throughout by simple
diffusion. In the absence of O,, their central metabolic pathway
was anacrobic (glycolysis), which resulted in limited ATP produc-
ton and release of the energyrich waste products, such as
ethanol and lactic acid. As the competition for a limited supply
of organic molecules intensified, some taxa evolved photosynthe-
sis and were able to use sunligat energy to synthesize food from
atmospheric CO, and N;. The appearance of photosynthesis pro-
vided a new and renewable supply of organic molecules. The
first photosynthetic microbes probably obtained the electrons to
reduce CO, to carbohydrate from H,S, the waste byproduct
being elemental sulfur (S). Later, in taxa such as Cyanobacteria
(bluegreen bactena), electrons were obtained from H,0, result-
ing in the release and accumulation of O, in the atmosphere
(Fig. 2-12). This newly available atmospheric O, set the stage for
the evolutionary adoption of aerobic respiration, which enabled
the complete breakdown of food for maximal ATP production
and the release of the waste products CO, and H,0.

E'lu‘karyutic cells evolved about 1.5 billion years ago, nearly
2 billion years after the first prokaryotes and 1 billion years
before the first animals. How did cukaryotic cells evolve from

an ancestral prokaryote? As already noted, the small cells of
prokaryotes lack internal membranes, except for the photosyn-
thetic membranes of cyanobacteria and a fingerlike invagina-
tion of the cell membrane called a mesosome, (0 which the
DNA is attached (Fig. 2-1A). In general, the cells of eukaryotes
are 10 times larger than those of prokaryotes and may have
required another level of compartmentalization to operate
effectively. That new level, beyond the organized cytoplasm, was
the organelle. What was the evolutionary origin of these or-
ganelles? Some seem to have evolved by modification of
preexisting prokaryotic structures and others from entire
prokaryotic cells that were engulfed by another cell and became
permanent residents. The establishment of one cell inside of
another, for their mutual benefit, is called an endosymbiosis
(Fig. 2-13). A possible scenario for the endosymbiotic origin of
eukaryotic organelles follows.

As oxygen was liberated by photosynthesis on the early
Earth, the anaerobic prokaryotes presumably were faced with
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Pt to the presence of Oy or face extinction.
some found anoxic refuges, perhaps deep
gged sediments, while others, through variaton
and natural selection, evolved aerobic respiration and took
:{d}*amage of the newly available O,. At this point, the compe-
tuon between aerobes and anaerobes may have been intense,
with the advantage going to the aerobes as O, levels rose.
Perhaps during this time, some anaerobic cell with the capacity
for phagocytosis engulfed an aerobic prokaryote that was
not digested, but rather was permanently sequestered as an
endosymbiont. The host cell retained its cytoplasmic anaero-
bic pathway (glycolysis), providing the end products (lactate,
pyruvate) to the symbiont as food. Using aerobic respiration,
the symbiont then converted that food-energy into ATP,
which was shared with the host. eventually releasing CO, and
H50O as waste products. The aerobic endosymbiont, of course,
eventually became the mitochondrion (Fig. 2-13). Phagocyto-
sis of a photosynthetic prokaryote, followed by the evolution of

4 mutualism, probably established the chloroplast.

The evidence for these hypotheses stems from several
sources. One is that both mitochondria and chloroplasts are
enclosed by two membranes. If the endosymbiotic hypothesis is
correct, then the outer membrane should represent the mem-
brane of the original phagocytic vesicle while the inner mem-
brane should correspond to the original cell membrane of the
prokaryote. In support of the hypothesis, the biochemistry of
the outer membrane of mitochondria and chloroplasts resem-
bles that of a eukaryotic cell membrane whereas the inner
is similar to a prokaryotic cell membrane. Pharmaceutical evi-
dence provides further support, as both mitochondria and
chloroplasts are susceptible to antibacterial antibiotics. Mito-
chondria and chloroplasts also have DNA and ribosomes that
are similar to those of prokaryotes. Further support is provided
by Pelomyxa palustris, a large ameba that lacks mitochondria but
has aerobic endosymbiotic bacteria that carry out oxidative
metabolism. Although Pelomyxa is not the actual intermediate
between the ancestral, mitochondria-free eukaryote and its
descendants with typical mitochondria—it’s an example of an
evolutionary parallelism—it nevertheless indicates the plausi-
bility of the endosymbiotic scenario.

Similar to mitochondria, the eukaryotic cell nucleus also
is surrounded by a double membrane, but this does not
seem to indicate an endosymbiotic origin for the nucleus.
Instead, both nuclear membranes resemble a eukaryotic cell
membrane. Perhaps the evolutionary origin of the nuclear
membranes was by modification of one or more mesosome-
like infoldings of the ancestral cell’s surface (Fig. 2-13), If
50, the blind ends of these infoldings may have expanded
around the centrally located DNA, forming the nuclear

envelope, while the infoldings themselves became a rudi-
mentary endomembrane system from which the

mic reticulum, Golgi bodies, and other structures
differentiated.

endoplas-
eventually

At present, a model for the evolution of eukaryotic cells is
incomplete. Few plausible hypotheses, for example, have been
formulated for the origin of the cytoskeleton and related
structures. It is generally assumed, however, that the evolution
of the microtubular mitotic spindle, including its centrioles, is

closely linked with the origin of cilia and flagella, which use
centrioles as basal bodies.
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http://cas. bellarmine.edu/tietjen/images/ongin_of milochondra i
eukary. htm (Concise description of ideas and Facts regardin
the evoluuon of mitochondria.)
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Lhe great cliversity ol protosod necessnrily restricts covey
\1':-:‘:11."'.::

‘ _ N known as infusoria ot animalonles, protosoans Ape e this chapter o (he rost corminen and sigifi M,I' hlf -.1;.
T motle, eukarvotic. uniceluka onganisms. Unitedd by the water, mariine, and parisiie tasa Omitled wre many '
COTImON possession of motlity an attribute that undoubtedly xa that other blologists consider o he protozoans. This
ﬂ:u‘:m‘i mdependently i many RIDUPS, protosod s o poly Chapter's goals are to provide an overview ol protozonn dived
?-7'*“_'-'31:1{ Gxon with an unclea h'-;uul.u\; Histortcally, protosoa iy o examine the functional adaptations o cells s org '”_
:.:1';'“&?; eaKly every Lroup of what we now consider rotista - ISINN, nllul (o ltltl'nllil;. |h-il:n l mm|,lnl: ¥ 111-Il how !-I:I.ln:r-,r_;::r:rn:l-;
ung@ushike,  animaldike. ke, ¢ W e . et have evolved into thiose mdpeefilar crea ‘ :
culanvotes. The n.un:;ﬁs:;:i::t:l;ﬁ “::::lt .1::1'1::1.1.."1::::5.‘:1::':: unﬁ\mh. One of the best maodels to flustrate thal "‘"'l'_'“””'” /
aral for earh t‘i\\&\;qiﬂs o Sek’ the. aiicesttr e Metasdd tansitton 18 Voleox and s relatives Althomigh the moadtie el
_i'-"li'-'i‘--il*‘ rom among the frecanoving protists. But it has now Vodvox i clearly a green alga velated o Tand plants andl thus
ocen ‘“ﬂ%‘t\lﬂit\i th.‘tt onh one [‘ll\'lh\ﬂ\i\“ LANOI. the t‘ﬂ“dl“l"il- I“,-',“-h[rq uuh' 1] lnlln“l‘l l'\.lll1|||l‘ Fer the o volutbon of malteel
Hagellates (Choanoflagellata), is the sister tavon of Metazoa lularity, (it s fncluded o this chapter becatise of its casy avail
And wulv qualifies as the “Hirst animal® The remaining proto- ability tor sty

foan wxa are either unique Lroups with no significant multi-

‘THuAr Gescendants or they are related closely to plants or

-
& LRl

2g. Remarlably, one protozoan taxon, Myxozoa (formerly

Myxosporidia)., s actually a group of antmals related to cnidari- FORM AND I U NCTI()N

4R (anemones and jellyfishes). Thus protozos is the name for a2
a

:_":"&dc‘ within a scheme of mgunimﬁgn_ a loose contederation The body ol most protozoans conssts of a single cell, although

Of eukaryotic taxa, rather than for a monophyletic taxon, many species form colonies. Cell size ranges from appros

Proass exhibit astounding diversity and play a signiticant mately 10 wm, as in choanollagellates, to several centimeters
ecological role. The nearly 215,000 described species equal in in some dinoflagellates, forams, and amebas

number the vascular plants and are 10 times more plentiful than The protozoan body is usually enclosed only by the cell
the number of bacterial and viral species combined. Of the total membrane. The vigidity or Hexibility of the body and s shape

number of protst spedies, shighty less than halt (around 92,000) are largely determined by the cytoskeleton, which typically s
4re protozoans, onequarter of which live as symbionts of other located just below the cell membrane, The cytoskeleton and
organisms. Protozoan parasites, for example, have an enormous cell membrane together lorm the pellicle, a sort o protozoan
mpact on humans: Millions of people die yearly from malaria “body walll” The eytoskeleton olten is composed of protem hila
and other parasitic protozoans, and protozoans that sicken and ments (acun, tor example), microtubules, vesicles (such as alve
il Lvestock. poulay, fish, and wildlife cost economies several oli), or combinations ol all three, The protein Glaments may

hundred million dollars annually. But the other face of proto-
zoan ecology is benefical. The mutualism between photosyn-
thetic protozoans and corals underlies the coralreef ecosystem,
one of the most diverse on earth. Mynads occupy aquatic
environments and soils and play essential roles in food chains,
including the control of bacterial populations and the recycling
of nutrients. The prousts as a whole, including the photosyn-
thetic protozoa, account for 40% of global primary productivity.

form a dense mesh in the outermost eytoplasm (Fig 3 1TA) as i,
lor example, Euglena, More conspicuous cytoskeletal stroetires
are pellicular microtubules that occur in fHagellates, apicom
plexans, and ciliates, They can be aranged as a microtubulas
corset (KFig. 3-1B) or, as in some flagellates, the microtubiules
can originate on the flagellar basal bodies and radiate e
ward to the opposite extremity of the cell as a sort of axial skele
ton  (axostyle: Fig. 31C). Such microtubules resemble the

"
i

B Microtubular corset  C Micmlubhlur axial
skelaton of Hlagellates
(axostylo)

FIGURE 8-1 Protozoa: Cytoskeletons of actin

microfilaments, microtubules, and alveoll, Examples

= Alveoli with A, amebas, euglenoids; B, euqlenolds; €, axostylates
nlﬂlﬂﬁ ol cellulose D, heliozoans, E, Clllates, apit omplexans,

F, dinoflagellates

4
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(.ltﬂlﬂt.f!r 1 l"lf.i“.i.u"'".lal

e g "
I JH.IIJI!II ) Hf A FHVINE L )i '-_I,”,.p“,-__ |;'|.”, h wTiirr IIHIH i ““I“h N

waratus (Fiyg. 272y, In anhes [ aliatina,
.IIH eal I,Hfin[.ill.ul‘: *TiT} I..r]u,n,,”,rg_ h””l“l s il
Il'iltllnluhlllr*: radlate from a centroplast (an MTOC) at the
”“ S center and the n extend o and Wit W l-!]“h" [riiy
jecnon ol the cell’s surface Gaxopod; Fi, %115, The ¢4 H“'”l-"l'“'
and s microtdles rescmble the starhike asters that form
around centrioles a1 th proles of the ot E;;“H"I'

; .
Vesicles, known as alveoll, ocour immediat ly helow 1he £ I
membrane in R

and form the TR A
sich as the J

PEOLGZanans, sl h A !illlufldgi ”HII"-'-:
:'I’"”"llill'l'--lll‘m_ and ciliates I’lnp}r thie I'HHIHHH the ﬂlh‘l'”lallel}-
Empty” alveoli, like those that oceur in ciliates, may he targid
and help 1o support the cell, but they also store Ca'", which
can be released 10 trigger cellular responses (Kig, 1K),
In some dinoflagellates. plates of cellulose secreted into the
alveolar vesicles form a rigid endoskelewon (Fig, 3-17).

Protozoan skeletons, like those of metazoans, can also be
endo- or exoskeletons, A skeleton that forms a more or less
complete covering, whether internal or external, is called
4 test (or a lonca, theca, or shell),

The prowzoan locomotor organelles may be flagella, cilia,
or Hlowing extensions of the cell known as pseudopodia

(described in Chapter 2), The undulatory waves of flagella
pass from base o tip and drive the organism in the oppo-
site direction (Fig. 26). The flagella of many protozrans
bear fine lateral “hairs” called mastigonemes (Fig, 52), The
mastigonemes cause the flagellum o pull rather than push
as the flagellar waves pass from base to tp, Flagellar, ciliary,
and pseudopodial specializations characlerize many of the
Prolozoan taxa.

All types of nutrition occur in prolozoa, Some prolozura
rely on photosynthesis, others absorb dissolved organic mater-
ial from the environment, and many digest food particles or
prey intracellularly in food vacuoles, Food enters the vacuole
by phagocytosis, often at a definite cell mouth, or eylostome.

The vacuole then may be shuttled to the interior along a spe-
cialized microtubular tract called a cytopharynx. Macromole-
cules enter by micro- and macropinocytosis, which may occur

bmage courtesy of Si™ote Assacates

FIGURE 3.2 Protozoa: Flagellar mastigonemes, Phytoflagellate

with one short smooth flagellum and one long flagellum bearing
mastigonemes.

| ’;;L ‘1"‘ T
el the entine siitface A e ). Wiy

w A

Vs ) il stiidhiedd 1y mihii7as s i
ihﬂl‘. L feil)spern I p:,llﬂl.af [rn”‘l i
[Higestive speCraliZalicns A cates Wil
thiis c hiagnier

“l”rlh‘!r“ (B lHr’ﬂHi‘-lhl‘ IFH e tiiay !4
&R WIeErinti

!;..F i

svans and may e 1he 6
I'”H" 'uninﬂmn: anifl (hieme wilhi MY,
e hanisins of internal (ransgprt. 1)y
oA Paramecium ECUNales, via i
(Vig. 200}, In Voativ andl A r A, VA,
o vesiches OCenrs on Wacks o4 1A
slender Iﬂ;-mlnjﬂﬂlmm

Maomi i”r;luﬂmh: AIE ALTINNS Njat jo )
up!;ih' oA rygen and rele f“f L)
however, are obligate anactones, (s
symbicnits 1 the digestve tract o
assoclated with Aeconngrrming (it
tive anacrobes, using rygen wiier,
capable of anaeroie respiration, 1n
availability of food and orygen assiaie s
results i a4 successional sequence o
Because of thelr shorl generalion 1
structure changes raghdly with environ,
be used 1o monitor agquatic systerns ior (7,

Many freshwaler provszara sy
waler (volurme lr;.:u[ﬂﬁin” anad 14,
and proportions of their mnternal o,
Excess water enters by osmionis whie
concentration exceeds that of thie
Honal water may enter with food i
vesicles, ¥or example, an amiela fed
imbibes, by macropinocytosis, a qu
fﬂllf'lhifl’] f:f ij:; l‘;f,.r]y -,r”h“”p

Osmoregulation is accomplished |
the cell membrane andd by a systerm of
organelles called the contractile vacun!:
The f-"Jlllph'x I8 H:m[ﬂnrrl ol a4 larys
contractile vacuole proper—and, surre,
cytoplasmic vesicles or tubules 1eried
spongiome collects fluid from the o1
o the contractile vacuole, The contrar
tracts and discharges the fluid 1o the o
through a temporary o permane !
discharge depends on the osmotic cone
lIH| ll‘jl‘.‘fﬁllnl. f"ﬂrumrnum cavdalum, whis!
can complete a cycle of vacuole filling an
A% l."'u'l'lj( 68 and l'x[H'| 4 volume equiIvall
every 15 min, The basis for contraction
groups of protozoans, In dinoflagellaie:

brane Hes Lo form a contractile sheath are

a
.

]

Paramecium, microtubules provide a scallol
uole (Fig. 3-3), but actin and myosin or «
in the stretched vacuolar membrane s
CONLraction,

Freshwater protozoans excrete a hypot
the mechanism of contractile vacuol
understood, it is likely that ons ar
cytoplasm into the spongiome rohoales, o
gr:u!irnt, f.j.lupl.nnm waler cnic
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LS SRS AN SN

FI'GUII:EH Protozoa: Diagram of four types of contractile vacucies. Types A and B are from cliates, in whch e
m:md““ﬂﬁ%““ﬂ“hmﬂ
mH'umgmumM_ﬂummummm
mﬁmMMhﬂMMMHhh
vacuole, as ocours m Paramecum. C Typical of flagefiates and small amebas, the spongiome contains small vesicies
and tubules. D, Arrangement found in large amebas. (Afer Putiron, D | 1550 Comtractil vacsoles ond asocted

& ey Mo A
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Clonal (asexual) reproduction by mitosis occurs in most
protozoa and is the only known mode of reproduction in some
speaes. Division of the parent into two or more daughter cells is
called fission. When this process results in two similar
cells, it is termed binary fission; when one progeny
the parent into more than two daughter cells is known as
fission in which repeated divisions of the nucleus precede the
cell divisions. With few exceptions, clonal reproduction involves
some replication of organelles before or after fission.

during mitosis as the chromosomes condense and attach to the

ﬂmqnthtdnhmi&nl Bevaae the
nucicar membrane breaks down, this form of mitoss & ad o

have an open spindle. Lazer in mitosis, after the Chromosomnes

have separated. a new nucikear membrane & ascembled arownd
“MMmd‘&tﬂmhm‘!hm

during mitosis and the spindie forms within the nuckews el \s
the ¢ OSOMES separate, the maact nuckew soveches and then
nets, pinching off two new macier. Prowsoans with tha
amangement have a closed spindie. The closed e »
regarded & the prmitve form of mitoss I cukanuva ool
mm closexd and open spandies occur i chioro
(Chlmydomonas, Vodvax) and apscompiexans. In these tana
the nuclear membrane remaaims kanged intact, dat breaks ovow
that allow cvtoplasia spandie mn rotuduaes w0 enter he ke
and attach to the chromosomes.

Sexual reproducton i widespread but not unnversal m prose
acans, and hife avcles are diverse. Many wellstudied prowosaan
lack sexual reproduction entirely. In some species this abreane
_’hM.WHIMHMham\W\ hoss
mpﬂvplmﬂbq&mhntbﬂmﬂhw:ahv
m(N)WWMh'mmedwh\uﬁ

The migﬁ forms of sexual life cycles in pro
ozoaAns hapload dominance, djpkﬁl dOmInance, L

- 2 : hfe oWk
haploid-diploid codominance. A haploid-dominant
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Pr'fltry ¥ . .
s #0a may be dispersed over long distances in either the
- = U - » - T -
' €ncysted stages. Water currents, wind, and mud and

debris . 1 F |
: on the bodies of waterbirds and other animals are
COommon means of rlispcrs;t]*

DIVERSITY OF PROTOZOA
EUGLENOZOAP

Euglenoidea®

I'he euglenoid species of Peranema and FEuglena are among the
_mn:al.familia_r of all flagellates. The body is elongate with an
invaginaton, the reservoir, at the anterior end (Fig. 3-5). The
cytostome lies at the base of the reservoir and joins a cytophar-
ynx. A contractile vacuole discharges into the reservoir in
frESh.WEIEI‘ species, and two flagella, each bearing a row of
masugonemes, arise from the reservoir wall.

e

Paraflagellar Locomotory
bod ‘
Y flagellum
Eyespot
Reservoir

_ Second (nonemergent)
flagellum

= Contractile vacuolar region
Basal bodies

Phospholipid
vesicles

A\l Chromosomes

\ 4 Nuclear
envelope

- Nucleolus

~Nucleus

Paramylon in
pyrenoid of chloroplast

Free paramylon granule
(stored carbohydrate)

\ © J’ Chloroplasts
SIZ
@

A

Leading
flagellum

Flagellar
resevoir
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In Euglena, one flagellum is very short and terminates
at the base of the long flagellum (Fig. 3-5A). A pigmented
eyespot, or stigma, shades a photosensitive bulge, the parafla-
gellar body, at the base of the long flagellum. In the cnlorle:ss
heterotroph Peranema, both flagella are long, but one trails
backward and can be used to catch food or temporarily attach
to something (Fig. 3-5B). The long ]ncumm{)r}'.ﬂagellum 1S
thickened, up to five times the normal flagellar diameter, and
stiffened along most of its length by a paraxial rod lncau':d
to one side of the axoneme (Fig. 3-5B,C). Only the mobile
terminal end of the flagellum lacks the rod. ‘

Seen in cross section, the euglenoid pellicle is thrown 1nto
rounded ridges alternating with narrow grooves, which
together wind helically around the cell. The ectoplasm has
a dense skeletal mesh of fibrous proteins. Pellicular micro-
tubules situated below this mesh may be responsible for the
peristaltic movements of the cell known as euglenoid move-
ment (or metaboly). '

Approximately two-thirds of the 1000 species of the marine
and freshwater Euglenoidea are colorless heterotwophs and

Nucleus of Euglena

Anterior end of Euglena
In cytopharynx of
Peranema

Rod organ
of cytopharynx

Basal body

Nucleus of Peranema

Trailing flagellum

Paraxial rod

Axoneme

FIGURE 3-6 Euglenozoa: Euglenoidea. A, Structure of the photosynthetic Euglena gracilis. B, The colorless
heterotroph Peranema swallowing a Euglena. C, Cross section of leading flagellum of Peranema showing

paraxial rod. (A, From Leedale, G. F, 1967, Euglenoid Flagellates. Prentice-Hall, Inc. Englewood Cliffs, N.J.; B, Modified

after Chen)
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28 Chapter 3  Protozoa

Cmdcrotubule |'llll|l“l'h} and other intrace 1l

15T

one-third are green photoautotrophs, such as  the species

Euglena. The chloroplasts of photosynthetic species  contain vanes,” (Luglena has o rudimentary rod o,
L : ! . . B,
chlorophylls a and b. Photosynthetic euglenoids rotate around s heterowraphic ancestry,) Paanems Caeds
. s . = .. | . - ' : i ! N .
their longitudinal axis as I:I'It) swilm  toward !I}:{III. As long as living Organisms, including Luglena, and f,,.
they maintain this nnc[‘}ullll_l!l. t!m |]|1nlu~ft:llsllw{‘ |ulliil|l;lgff||ilt‘ preatly distended 1o PErmil phiagos YLOSIS )] |
body receives constant illuminatuon. But il they deviate from leeding, the rod organ is prowuded, wiracte.
N " ¥ g .k . . ] . 1 y E i it
their ht.‘.i:id-(?n nppm.::r:h o a hghlt source, the rowmting eye- then retracts, pulling the prey into 1h YL,
spot penodlﬁlj.[} shades the parml ..lgvll.u body ‘unrl :.-I!ntn il ynx, (Fig, 3:6B), The prey is swallowed (ph
cn'ur.s':e: m:rrecu{m. Tht‘ l}ﬂt‘l"ﬂl!'ﬂ[)hl[" mode of nutrition s and digested in a food vicuole
primiuve in euglenoids. Chloroplasts were acquired seconda- Sexual reproduction hus not been o
T - - . . 3 - s r ; ' A8 o RTEF
iy “';Ithm the taxon and independently of othel photosynthetic but clonal reproduction oceurs by longid
flagellat : o (Fig, 3-6). The two flagella and their 1, .
E & . ) Y ¢ ¥ . ¥ - =
I'h green, photosynthetuc Species such as I',Hg‘fmn store the IIIH‘II‘HH, n*[rhr;ll:- bhelore the cell Jiself o

food energy as a unique starchlike carbohydrate called
parnmylnn.' Paramylon is synthesized in a specialized region,
the pyrenoid, of the chloroplast, but stored as free granules in Kinetoplastida“

the cytoplasm (Fig. 3-53)_- The large paramylon granules may Kinetoplastid (lagellates are colorless beio,,
a!sa f_lave a sl::elﬂtal function, as in Cyclidiopsis acus, whose lon- the 600 species are free living, but maos .,
gitudinally aligned granules form an intracellular “backbone.” sites, All share the flagellar paraxial rod
The chloroplasts of euglenoids are surrounded by three mem- relatives, but uniquely have a conspicuous |
branes, not two as in green algae and plants. For this reason, a kinetoplast, located within a single, 14
euglenoids are believed to have acquired their chloroplasts by (Fig. 3-7D). Most of the kinetoplast HNA
phagocytosis of an entire eukaryotic algal cell, probably the morphogenesis of mitochondria, 11
a chlorophyte (discussed later), which then became an en- genome probably is related o the cyclical .
dosymbiont. If so, the outermost membrane of the euglenoid regression of mitochondria as parasite |
chloroplast may correspond to the cell membrane of the their energy metabolism o alternating .
chlorophyte cell, or the cell membrane fused with the bic host environments, The one or two
membrane of the phagocytic vesicle. a reservoir-like pit, which bears a cyrosio
Food for the colorless heterotrophs consists of organic a cytopharynx. Their basal bodies are oo
compounds absorbed from the surrounding water, bacteria, kinetoplast mitochondrion,
and other protozoan cells. Peranema seizes prey with a unique Species of the free-living biflagellate /10
rod organ associated with its cytopharynx and cytostome. The monly are found in brackish and fresh ware,

rod organ (Fig. 3-5B) consists of two stiff, parallel rods they feed on bacteria. The trypanosom:

‘ Canal

Contractile
vacuole

Basal
body

Nucleus

Nucleolus

—_—

I

A B C D

interphnd”

FIGURE 3-6 Euglenozoa: Euglenoidea. Clonal reproduction by longitudinal fission (symmetrogenic division) in Euglena. A ﬁ;” 'r’l:‘r A
with two flagella and two basal bodies. B, A premitotic cell: Two new basal bodies have formed adjacent to the parental basal bo

mitosis: The parental basal bodies separate, each becoming associated with one new basal body. All four basal bodies bear a 1l;
of the nucleolus indicates the onset of nuclear division. Unlike mitosis of animal cells, the euglenoid nuclear membrane r{?fn.un: K
spindle) during the entire division cycle and the flagella do not regress. D, Late mitosis: Each separate pair of flagella ::fm-.nt', r:} | o
and a daughter basal body. The nucleus is dividing by constriction, the contractile vacuole has divided, and the reservolr {qll“" |
division. E, The anterior end is dividing following duplication of organelles. (Modified and redraun from Rateliffe, 1927, and Triems

wasnw. bifescrrulgers.edu/~triemer/ flagellar_appt/flagellarapparatus. html)
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Cytopharynx
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A \
Antenor flagetium with
mastigonemes
5 Undulating
. membrane
¥,
Ve l
i ok
Illl..||I -
¥ \ Traling flagelium

FIGURE 3-7 Euglenozoa: Kinetoplastida. A, Skin lesion on a boy's wrist, one of the symptoms of kala-azar
mwwmmmmmwmmmm.mmmmmmm
cgmw:mqmmmmxww\umﬁmmumgymm “sieeping sickness.”

m D.Mm.mmmamwmm‘mdmwmww
WI&M (B, From Siagh M. A, 1973, The Biology of Protooa. Fdward Arnold, [ ondon p Il
G Modifiad after Bruocker from Farmer | N. 1980 The Protecoa: Introduction to Protezoclogy. C. V. Moshy Ca., St Lowis, p. .

gut parasites of insects and blood parasites of vertebrates. Usu-
ally only the anterior flagellum is present (Fig. 37C), the
second flagellum being represented only by a basal body.
Commonly, the flagellum trails and is joined to the side of the
bodvbyan-lduhthguulhlm.'lhcptllick has a thick giy-
cocalyx, whose protein composition is conuolled by up o
I{Illgcmmngh}_vm&thcteﬂ‘sh:grnuck—argcnm
(120 chromosomes in Trypanesema brucei). Differential gene
expression  (and protein  synthesis) during the various
mfecuve stages changes the antigen signature of the glvcoca-
vx, enabling the parasite 1o elude the host’s immune svstem

Species of the uypanosome genera Leiskmania and Try
pancsema are agents of numerous diseases of humans and

domesticated animals in subtropical and uopical regions of
the world Part of the life cycle is passed within or attached 1o
gut cells of bloodsucking insects, mosthy various kinds of flies.
and another part of the eycle s spent in the blood plasma o
w0y white blood cells and hvmphoid celis of the vertebrate hos

occurs when the parasits
Hl\.ﬁh'ﬂ tlu‘ Tive ] trh v I
] rufersernimma  Bavg. v Rl

\"1‘1 " LE \I' L | :' --',‘l LRl | 1‘..' § N

accounted for Darwin's chrone
of the Beagle, s caused by Ty

by bloodsucking bags Fyue
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although other tissues may be invaded. Intracellula
are aflagellate, but during the life cyele, motile, ex:
flagellated stages occur in the vertebrate bloodstrea
the invertebrate host (Fig. 3-7B.C)
Leashmania is the agent of the widesprea
related diseases of Furasia, Africa, and the
cause skin lesions (Fig. 37A) and interfers
responses, among other effects
sand flies or no-see-ums (( CTALOPx
sucking insect host of this protosan
\rrret b
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FIGURE 3-9 Choanoflagellata.
Choanoflagellates have one flagellum
surrounded by a collar of microvilli.
A, A stalked colonial species. The stalk is an
extension of the vaselike test that surrounds
/ ; each cell. B, Proterospongia, a colonial
== } species with cells united in a gelatinous

matrix. C, Proterospongia choanojuncta

has both a sessile and planktonic stage.

(A, From Farmer, [. N. 1950. The Protozoa.
Introduction to Protozoology. C. V. Mosby Co.. St
Louts.; B and C, From f.-'r_:r:'.";f-z.*r-r, B 5C 1983

Mol fe-hi [
. r:;;e _ f-gr‘-hu;'un' and ultrastructure of @ W MaArtne
= ong'a CLES ' :
- g spectes of Proterospongra. Jour. Mar. Biol Assoc.

UK. 63:155-160.)

r::a:s:gurifrrr.f:-.u_.::: Nizments and is surrounded by a cylindrical RETORTAMONADAP AND

collar of microvilli (Fig. 4-24). This synapomorphy, along with
support provided by rDNA sequences, unites the choanofla- AXOSTYLATAP

IF"F::'.‘. 'r;‘i. = = - Fis - " - - | - T - r

gCilalls alil InelaZoans as sister waxa 1n 4 lnnllnph}]rllt taxon These two Laxa ol ht‘lt'l'u[ruphif (lagellates h
(see Chaprer | for cladistic terms and method). i

| ‘ ave from four to
thousands of tlagella organized in functional groups. A few of

The 6000 species of ch " :
frecies o choanoflagellates are mostly tiny and 4 e e TR , ' _
INCONSICUOUS | v not i : {10 o I ' the 700 spedies are free ll'hllig.f, (Hexamita) i anoxic habitats,
TN tLUIUD, LAy ) I €EXCCSS O I " o (g e v lnctins - _
(Fig. 39 4]9A R 4.1% | Huan diameter but most live anacrobically in the guis ot vertebrates and
g 79, F1ZA.B, 3-13A). While feeding, the flagellum creates insects, especiall | ) .
2 Sk atr _ Create: seCls, especially wood roaches and termites. Because thev
ter current from which the collar filters bacteria and live in oxveen-fiee env , Siac biden sives eithar
Organic paruculates. Bactenia 1 i | Il & civitonments, mitochondria are either
- . al il : 3 JaC leerna Apped . - . . o . . S 3 ;
o b rilirtacer P i the collar  are absent on atvpical, the cells being spectalized tor glveolysis
il sLIC v [Dld; S (LY EY _ _ . : : i ; el S
Chiciasia .,I’ ¥ i rather than acrobic respiration. Even when mitochondria are
idllllagellales 1114y - - T o : : . : . : .
‘ . 4 M aulitul} (] {ulnnl.il, attached o .lh\t'lll. AN 1N inmnhm cercun mitochondnal genes and prﬂ-
free SWITIITHUNE. SOume sessile speaies are attached by Ak - : : }'. S
s o i : ‘ attach woa stalk, teins do occm, suggesting that the lack of mitochondria is
[ d A\ - Y - -4 { ’ 2 ; :
pors oy 8 tw'il € test (Fig. 39A). The test is compaosed ol secondary vather than primary.
interconnected, extracellul: , G s | - , _
lonial ]“1 ' {H“” Hular, siliceous rods. The mdmvaduals of Retortamonads, such as Giardia lamblia, have four flagella,
coloniz ank - o . . . ; ,
PRSI IR forms, such as speaies ol Mroterospongna, are one of which trails behind the leading three and the cell body,
;“””—‘-d by a jellvlike extracellular matrix or by ther collars (Fig. and Lack Golgi bodies as well as mitochondna. Giardia lamblia,
< " E} 1 - E e ) o . - . X ¥
d‘ plate, with all of the collars and flagella located on the same parasite in the United States. Tt frequently occurs in quf{i"‘h
side, or a sphere on which the flagellated collars radiate from and child-care workers, but also can be acquired by drull [g
- (Fi e B - : - - o - axostylate
the surface (Fig. 412A). The marine Proterospongia choanojuncta from scemingly pristine mountain Streams. T{IE a i
-, - = . a i g . : ettt Wil ur antc
was found to include both a colonial planktonic stage and Trichomonas vaginalis is a small parasitc with h_::; | ot of
a solitary, aflagellate attached stage (Fig. 3-9C). flagella (Fig. 3-10A) that inhabits the urogenital U

o
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Dinoflagellatas®

Appmxinhurh' onchalft of the 4000 marine and freshwater
species of -:Iirmllagrll.nm have chloroplasts and are nmportant
priman producers, cspeaallv m the sea The anthophdl pig
ment P(‘l"idlnin rﬂh\ﬁ. ll‘ll"‘lﬂ nnl-hn“\'n (Rl ;{nlulrn hrown Then
fhlﬂn‘lpl.uh AC sunovunded v thiree membranes and have
chlorophvlls a and . but lack ¢hlovophndl b Dimoltlagellate
chloroplasts are diverse. having ongmated as endossimbionts

from at least thiee difterent taxa of photoanthetic celle Tet-

crotrophic dimoflagellates lack plastide and amre colmiess Tike
cugienmds, 1‘11!11111.1;.:1‘11.111*& ongnated as colorless IH"It"IHIal'I“i
that ndependenth acginred  chioroplasis v endossmbiosis,
probabh more than onee A few dimoflagellates are rmlnp.nn-
ares of other protozoans, crustaceans, and hishes, The cell nu-
deus  contains permanenth condensed  (thickened)  chromo-
SOIMCs h:n':n; claoveh  gnall amounts of pnﬂrin. and each
chromosome 1 permanenth attached to the nuclear membrane.
Tyvpical dinoflagellates have two flagella. One s attached
a short distance behind the nuddle of the body, is directed pos-
terrorh. and bes in a longimadinal groove (suleus) (hig. 3-11B).
In surface 1 smooth or it mav have two rows of mastigoncemes.
The other flagellum 1 ransverse and located in a groove (cin-
gulum) that cither nngs the bodv once or forms a spiral of sev-
eral turns. The transverse flagellum, which bears a unilateral
row of masugonemes, causes both rotation and forward move-
ment. The longitudinal flagellum  drives water posteriorly
and contributes 10 forward mouon. The dinoflagellate contrac-
ule vacuole. called a pusule, opens to the extenior near the
bases of the flagella. The pusule is surrounded by contractile
mMMNvONCemes
Dimoflagellates have a complex skeleton, or theca, which
often contains deposits of skelewal cellulose in alveoli. Where
the theca 1s thin and flexible, as in the common freshwater
and manne genus Gymnuodimum, the dinoflagellate is said to
be unarmored, or nakhed (Fig. 3-11A). Armored dinoflagel-
lates have a thick theca u:lllpuard of a few 1o several plﬂ[ES
(Fig. 5-11B) formed by cellulose-filled alveol. Frequently the
armor is sculptured, and often long projections or winglike
eXiensions protrude from the body, creating bizarre shapes
‘Fig. %11C). The large, colorless, and aberrant Noctiluca
(Fig. 3-11D) and manv smalles species are the principal con-
tributors 1o plankwnic bioluminescence. At mght on a quiet
sca, their greensh light sparkles in the wake of a boat or as
starded fish streab away like sHooung stars.
Duoflagellates are enther pigmented photoautorophs or

3 - —_
{‘Jh.’flrh:‘. hrlr!u[!u_pl'n. tut Slie plguu‘lllrd .':[u‘l s rxhihu

both modes of nutnuon. The Preyoas usually captured with

ps-t'udup;djn and mgested lhluugh a1 oural u|.n'niug assoclated

with the longitudinal Hagellan groove. Nudduca 1s 4 |J|rthillu'

that uses a !:u:glr Contac le tena le, l.UIHdiHIIIH HIYOHCHIeS,

10 calch prey and convey it wois cell mouth (Fig. 3-11D).
Among the symbion dinollagellawes, the

thellae of corals, without which the
ably would not exist, are primarily
Sjmbmd:'mum mucroadriaticum.

mutualistie zooxan-
COtal1eet e osystein prob-
One iiiuuﬂagrllalr SPCCIes,

Myriad dinoflagellates occur in marine Plankion as tpor-
ant contnibutors 0 oceani promary production, especially
in the tropics. Marine species of the genera Gymnodinium,
Gonyaulax, and others are responsible for outhreaks of the
socalled red tudes (Fig. 3-11E). Under ideal environmen-
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tal conditions and perhaps with the presence nf a growth-
promoting wsibstance, populations of certain species increase
astronomically Red tides. however., are not alwawvs red. The
water may he vellomw, green, or bhrown. drp{'n{iing on the
predominant prigments of the blooming organisms. Concen-
trations of taoxee alkalonels pnrrhurri by the dinoflagellates can
reach sueh high levels that other manne life mav be killed.
Fhe 1972 red tiedes off the coasts of New England and Flonda
killeel thoncands aof hireds. fish, and other animals and wreaked
havoe on the shellfish industry by infecting clams and ovsters
that fed on the diinaoflagellates

f‘!!fih’”r] ;rnuﬂ-‘hr, the fF'” frfnrb ”F".I. IS the *"!iﬁﬂﬂdzf‘nal{‘
I{"-‘LIHHHIhIE' for hsh kills 1n FtlIATIES ﬂ!-,r;g '[h[' Tﬂ_ldd]t‘
Atlant ane sontheastern coasts of the 1 nited States Under
conditions of organic ennchment, either from human pollu-

tion or the feces of schooling fish., the normallv nontoxac
cells release a waterborne toxin that causes skin lesions In
fish. The dinoflagellates then attack the sares and consume
the fish. Pfirsteria is a colorless heterotroph that feeds

phagocytosis on a variety of organisms. When feeding on
unicellular algae, 1t can digest the prev—cell but retan s
chloroplasts intact and then use them to provide iwself wath
photosynthate. The Pfiestemia life cvcle includes several

These

include a benthic ameba and encvsted stages. as well as

stages besides the typical biflagellated planktonic cell

a planktonic form that superficiallv resembles a heliozoan
(see Heliozoa later in this chapter).

Ciguatera food poisoning in humans is caused bv 2 mann
dinoflagellate that lives attached to multicellular algae. Cigua-
toxin is acquired by grazing herbivorous fish thar concentraze
the toxin in their tissues and pass it up the food chain. The
toxin can reach such high levels in the nssues of cammvorous
fish that, when eaten by humans, it produces senous poisonin

and even death. In additon o gastrointesunal ssmptoms such
as diarrthea and nausea, there mayv be respiratory probiems,

Y

muscle weakness, and long-lasting, strange skin sensations.

Dinoflagellates undergo longitudinal binan fission. Cysss are
formed in many tlagellate groups, including dinotlagellates. In
addition to the ameboid torm of Pnestena already noted. some
dinoflagellates can adopt the form of a naked. nontlagellared
ball called a palmella. Fission often transforms the unicellular
palmella into a cluster of cells. The cinotlagellates that inhabit
corals as zooxanthellae do so in the palmella stage

Ciliophora*®

Ciliophora s a monophyletic txon of animated and engaging
cell-organisins. Most seem like diminutve animals because
of thew sophisticated cellular organelles and the complexity
of then behavior: Many animal tssues and organs, such as
muscle and gut, have analogs i the cellular anatomy of
Ciliates. The 83000+ described spectes are widely distributed in
tresh water, the sea, and i the water nhin around soil particles.
All cihates are hewerotophs, but about one-third of them are

CClo- or endod Hlllllu'ih.il‘u il p.il;tnllt's.

FORM AND FUNCTION

; . e i spite their
Diverse body torms occur among the ciliates and, despite o
. y : - s " 1 ’ & (- ;15 =
motlity and hixed antenor-posternton {]ﬂl;ll’l‘t}‘ oSt 1f‘ satiiE
metnic. A lew, however, are radiadly svmmetric with an an

——#
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FHGUNE B 1R Alveslsta Clhiaphara. Proroadon, a radially symmetrical
Cihste  (Afie ) awrd Prowigd from Cavlins, 1979)

the ot Jegiom Distribmation o 'H’df cilla varies between
cpecien Do sonne, Cllia cover the entire cell and are arranged in
longitudinal rows, e h called a Hnﬂy fﬁ'- 3"!2,, but in more
spaed dalized Laxa the cilin are restnicted 1o ﬂ"“k}lll ol the hf.tlly’
(Fig. %15, 1N)

A kinety s a row of lrlﬂ!luﬂ‘ Mdl. cach liﬂmpfilillu
a Cilinm, asal body, and associated fibers (Fig, %14). One of

Coll ety ane

(el alveclid Ml ane

el mlvesclar
I LT v

Kinetodesma
Sinated rootlet
Hasal body

VIGUIE 114 Alveolatal Clliophora, The pellicle of Paramecium, (After Ehvet and |

{Yoversiey o Prorersn 25

...........

FIGURE 313 Alveciata: Chophora Tintinnopses, 3 marnne olate
(Urvtinnid) vith a test composed of foreugn particies Note conspeCus
potykinetids (rmemiranelies) and tentaCe-lke crganelies mismpered
between them., (Afier Fauré Fromue from Cartizs, 1979

the fibers attached 10 the basal body 5 2 swtrawed roodet
which is oriented anteriorly. The rootier fibers from 2 basal
bodies in a row may combine, like wires in 2 cable, w form
a single kinetodesma, which runs the length of the rowm F
3-14). The other fibers associated with cach basal body are

ribbons of microtubules. A posiciliary micrombular nbbon
extends posteriorly from ecach basal body. A tanswense

TrichoCcysi

yowers from Corliss, 1 979)

-
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Microtubular ribbon extends from the left side of each basal
b_‘:‘d)’- All kinetid fibers are thought to be skeletal in function,
cither for ciliary anchorage or maintenance of cell shape.

' The unitary kinetid described in the preceding paragraph
s called .a monokinetid (Fig. 3-14). In some ciliates, the
monokinetid is doubled into a dikinetid and the cilia occur in
pairs along the Kinety. In polykinetids, multiple cilia funcuon
together in a compound unit. If that unit is a tuft, it is called
a crrus (plural, cirri) (Fig. 3-18B), and if it is a short row,
then the paddlelike unit is known as a membranelle (Fig.
3-18A,B,F). Kinetids typify all ciliates, even groups such as the
Suctoria, which lack cilia as adults but retain the intracellular
components of the kinetids.

The ciliate body is typically covered by a complex pellicle.
Below the outer cell membrane is a single layer of small mem-
branous sacs, the alveoli, each of which is moderately to
greatly flattened (Fig. 3-1E, 3-14). Cilia emerge from between
adjacent alveoli, as do trichocysts and other extrusomes dis-
cussed later (Fig. 3-14). Alveoli have a skeletal function and
also store Ca?* jons. Following an appropriate stimulation of
the cell, these ions are released into the cytoplasm, where they
can initiate changes in ciliary beat or discharge of extrusomes.

Extrusomes are secretory bodies specialized for rapid
release at the surface of the cell. In Paramecium and other
ciliates, bottleshaped extrusomes, trichocysts, alternate with
the alveoli (Fig. 3-14). In the undischarged state, a trichocyst is
perpendicular to the body surface. At discharge, the trichocyst
rapidly ejects a long, striated, threadlike shaft surmounted by
a barb (Fig. 3-15). The shaft is not evident in the undis-

charged state and probably polymerizes during discharge.

&
|

By Jﬂm aﬂHﬂ 1945. Biol. Bull 91:141-144,

Didinium. A toxicyst discharges a long ;.

Trichocysts appear to function in defens,. .
Toxicysts are extrusomes found in the pellic

ir
base containing a toxin. Toxicysts are useq (,
capturing prey- They are commonly restricte, |
the ciliate body that contact prey, s,

ostome in Didinium Or the anterior bogy . .
(Fig. 3-16). Mucocysts arc arrangﬁq o
and discharge a spray or network of mucoj (-
may function in the formation of protective
sticky surface for prey capture. They occy;
including Didinium.

LOCOMOTION

The ciliates are the fastest protozoans, achie,;,
the range of 0.4 to 2 mm s ! (or APProximar,
lengths s~ for a typical Paramecium). The fuq., |

Site of toxicysts

Cytostome
Cytopharynx

Macronucleus

Contractile vacuore

FIGURE 3-15 Alveolata: Ciliophora. Discharged trichocysts of

Paramecium (electron micrograph). Note golf-tee-shaped barb and
part of long striated shaft.

F:IFURE 3-16 Alveolata: Ciliophora. DileptVs “ %
ciliate with a long row of toxicysts in front of the -

Sleigh, M. 1989. Protozoa and Other Protists. Edw'@
London. p. 198)
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Metachronal waves (Chapter 2 and Fig. 2-7A) pass over the
surface of acuve ciliates, approxmmately 10 waves at any
mﬂm[tnt on the l}lifi'}' ol o Paramecium. The mctachronal
mﬂr_dmaliﬂn of cilia is thought to he controlled by water
mouon. The water movement created by one cilium i.lliliil'[{‘ﬁ
nmw:?l‘nrm i the next cthum, hLike o sequence ol falling
dominoes. The Kinctodesmal fibers are not regarded as a
conducting svstem in ciliary-beat coordination.

In genera such as Paramecium, the direction of the ciliary
cﬂ:::niw sStoke is oblique o the long axis of the body
(Fig. 3-17A). This causes the cithate (o swim in a spiral course
and ﬁinmh;ﬂwnmh' (O rotate around its longitudinal axis. To
change direction. Paramecium nstantancously reverses the
direction of cihary beat, retreats, stops, turns, and then pro-
ceeds forward in a new direction (Fig. 3-17B). This turning
sequence is known as an avoidance reaction. Mechanical stim-
uli mayv be detected by long, stiff, nonmotile (sensory) cilia.
The direction and mtensity of the beat are controlled by

changing levels of Ca?* and K- ions released from alveolar
stores in the pellicle.

Diversity of Protozoa :

The highly specialized stichotrichs and hypotrichs, such
Urostyla, Stylonychia, and Euplotes (Fig. 3-18A,B). have bodi
differentiated into distinct dorsal and ventral sides. Cilia ha
largely disappeared except on localized ventral areas that be
cirri. The cilia of cach cirrus are synchronized and the cirr
beats functionally as a single large, forceful unit

Some ciliates, such as the elongate karvorelicuds that li
between sand grains on marine beaches or common  sessi
species of Vorticella or Stentor, are highly contractile and wit
draw rapidly from potential predators. Contracton results fro
the shortening of striated protein fibers called myoneme
Stentor shortens its entire body with pellicular myonemes, but
Vorticella and the colonial Carchesium, the mvonemes exter
into the stalk as a single large, spiral fiber, the spasmonen
(Fig. 3-18C,D). This spasmoneme contracts rapidly, in a fe
milliseconds, presumably as an escape response. Re-extensic
of the spasmoneme is slow and mav result from the clast
recoiling of the extracellular sheath around the stalk and th
beating of the oral cilia. Mvonemes are not composed of acd
and myosin, as in animal muscle, but rather of another protei
called spasmin that requires Ca**, but apparently not ATP. fc
contraction.

NUTRITION

Free-living ciliates may be detritivores. bacteriovores, herb
vores, or predators. Predators may be raptonal, acuvely purst
Ing their prey, or ambush predators that lie in wait for thei
quarry. The predators feed on other protozoans. includin,
other ciliates, and even small animals such as rodfers. Man
small ciliates move in search of food —bacteria. diatoms

detritus—and Ingest it after making contact. Others. usuall
larger-bodied species, may use their bodv cilia to suspensior
teed on similar foods. The preoral cilia of suspension feeder
s usually complex, whereas ciliates that feed bv direct inter
cepuon have less complex oral regions,

Most ciliates have 2 CYtostome, a dedicated endocvtic are:
of the cell membrane that s tree of cilia, infraciliature. and
alveoli. In some groups the cyvtostome is anterior (Fig. 3-12),
but in most ciliates it has been displaced more or less posteri-
fi-rl}’ (Fig. 3-16, 3-19). In its least complex form. the cvtostome
lies directly over 1 cvtophanny, a ovlinder of microtubules
located in the cvtoplasm (Fig. 3-16). Food is ingested at the
cytostome by phagocviosis and the nmph.lnnxﬁ convevs the
food vacuole inward.

The oral structares mav consist soleh ot the cvtostome and
cytopharyanx  (Fig. 3-16, 3-18F), but in most ciliates the
cytostome s preceded by g preoal chamber that aids in food
capture and manipulation. The preoral chamber, called a
vestibule, may be lined onl with sumple cilia derived from
somauc cilias In other, more complex ciliates, the preoral
chamber difters trom a vestibule by containing compound

FIGURE 3-17 Alveolata: Ciliophora. Locomotion in Paramecium.
A. Metachronal waves in Paramecium during forward swimming.
Wave crests are shown by diagonal lines (dotted on ventral surface),
and their direction is shown by the small solid arrows. Rotational
forward movement of the ciliate indicated by large arrow. B, The
avoidance reaction of Paramecium. When Paramecium contacts an
object, the cell membrane s depolarized, allowing an influx of

Ca’* into the cytoplasm, which causes reversal of the ciliary beat.

As Ca?* pumps are reactivated and Cytoplasmic Ca‘’ levels begin to
drop, the ciliary beat becomes uncoordinated and the cell turns as

a result. When cytoplasmic Ca?- levels reach their normal level,
forward motion resumes. The alveoli are the sites of Ca’" uptake,
storage, and release. (A From Machemer H. 1974 Ciliary activity and
metachronism in Protozoa. In Slewgh, M. A. (Ed. ): Cilia and f*?r;grh‘ﬁ ..-lrmfnmr

Press, London. p. 224. B, After Hyman, I.. H. 1940 The Invertebrates, Vol. ].
McGraw-Hill Book Co., New York )

cithary organclles (polvKkineuds) mstead of simple cilia and 1s
then designated a buccal cavity (or peristome; Fig. 3-18A.D).
In Paramecium. the preoral chamber is divided into an outer
vestibule and  an mner  buccal cavitv  (Fig. 3-19). ﬂ.“:
polykinetids of its buccal cavity create a current that transports
bacteria or small protozoans into Lllf:_ Gavity. .
Among predators, species of Didinium have been c.l? -
studied. These barrelshaped ciliates feed on other cihates.
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FIGURE 3-19 Alveolata: Gliophora. Structure of Paramecium. (Afier
Mast from Dogiel; B, Afier Clakins from Hyman; C and D, from Sleigh, M. A.
1973. The Biology of Protazoa. Edward Arnold Publishers, Londom. . 64.
Based om micrographs of Rud-inska, Bardels, and Grell )
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particularly Parawmecys (Fig. 3-20A). When Dadomrum artacks
a2 Paramecium, it discharges toxicysts mio the Porgmecum and
the terminal cytostome, which can open almost as wade as the
dmameter of the body. Once seized, the Poremeoum 1s ingested
by phagocytosis.

The freediving members of the Suctoria are ambush
predators that resemble tiny, camivorous sundew plants (Fig.
3-20B). Unlike other aliates, suctorians lack clia, except in
immature stages. Suctorians are sessile and most are attached
by a stalk to the surface of manne and freshwater inverte-
brates. Saff tentacles radiate outward from the body and may
be knobbed at their tips or shaped like long, pointed spines
(Fig. 3-20B). Each tentacle is supported mternally by a ovlin-
der of microtubules and bears specal attachment extu-
somes called haptocysts at the tentacle tps (Fig. 3-20CD).
When prey organisms, including other aliates, strike the ten-
tacles, the haptocysts are discharged into the prey, anchoring
it to the tentacles. The contents of the prey are then
“sucked” mto the tentacle, entering a long food vacuole that
evenmally extends into the body of the suctorian. “Suction”
is actually a rapid phagocytosis, accelerated by the micro-
tubular cylinder, which functions as a cytopharynx in the axis
of each tentacle.

Suspension feeders typically have 2 buccal cavity. Food is
brought to the body and into the buccal cavity by the compound
aliary organelles. From the buccal cavity the food particles are
driven through the cytostome and into the cytopharynx. When
the particles reach the cytopharynx, they are collected in 2 food

FIGURE 3-20 Alveolata: Ciliophora. Predatory ciliates. A, Four Didinium attacking one Paramecium. B, Acineta
a suctorian. C, A single undischarged haptocyst below the surface of a tentade cell membrane. D, Several i
haptocysts in a tentacle tip; the two lines below the haptocysts are a section through the microtubular cylinder

in the tentacle. (A, Afier Mast from Dogiel; B, Afier Clakins from Hyman, 1940; C and D, From Sleigh, 1973)

Scanned by TapScanner




; Neolata Ciliow!

Scannd by TapScanner




\I.\"H 'q.:-"\‘\\b

SOOI N RN N NNV W
VIR N S RSN

NN

NS B VONSIEL B TR A TR RN NIV

© IR AR AR R h i SRR S RN
NN Wk N Wae s AN

BNRRAN NN NN

nm;xm“u\m-mw'hWWN N
o SENUR NN O 0 R . A

ANCONANL N S
k nﬁhh;“ .

RN S & R o

TORAR S BN IR RN
- SS

e u\%mﬂ'ﬂm*m*m'w :
RS e e R b o R—" p
TRRUTINNG W e i SeniRaR &
T el ) W A

S 5 B secwibh o $he conpios and aumoToNs
STl e 3
ST The Soge saoranadion of Peameien & o
T S I S and See "

T —————

AR 08 Diainiesn Al

1]
[ (|

PROURK R0 Ahealata CHmpiors A, Wansvere fasii, (5 whis
I PR DT WHVAV VTS A T8 b eiies B Db bl bl sof
L URRIATRN ) Ve Nebe e wnall meiile

PNREORDRRRIAAL (A AR i 100 A A ot pow Hyman, | 940,
O AR Nowt o Hyman, | ™40)

B T e S N T T R T R T spinelle
AV OF T AN B it anst s anially s e
Wy

Dy
Wﬂh\h MWRER sl i i bet aie P i
COMBING 4% & atiglo Doty bt e diviling

SEXUAL REPRODUCTION

SONUAL OPEOANCON 1 ciliates (& vt OxL e of geies
WAOWE TG packaging them in eliher VM O APt s ells 1o

SECOMPISA N, v sexually compatible cillates fuae along o
shared sweface, the membiane Weel them disappears,
A Al exchange of genes DECU (Mg, 22940 ) . This

PIOVesSs iy Known ay COnfIgation and the two fused « iliates we
called conjuganis, Conjugants wmay be blisstully fused for
several howrs, Only the micronuclel fune UON I conjugation;
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FIGURE
. 3-23 .
With one Macro Alveolata: Ciliophora. Con

Thired division

of micronuclous micronucieus (M)

.’".t;-ﬂinr-.:ir-; TCCONLUC e

(rmitatic) Micyrar

L f

Jugation (sexual reproduction) in Paramecium cavudaturm, a species

: Nucleus an
Micronucleys o d one micronucleus, A, Two individuals are united in conjugation. B-D, The

Migrant micron
Micronucleys of the
mMembrane does not

¢ight nuclei. Four become micronuclei and four become
macn.::r{uclei. Three of the micronuclei degenerate. The
Femaining micronucleus divides during each of the two subse-
quent cell divisions and each of the four resulting offspring
cells receives one macronucleus and one micronucleus. In
those species that have numerous nuclei of both types, there is
no cell division; the synkaryon merely divides a sufficient num-
ber of times to produce the appropriate number of macronu-
clei and micronuclei.

‘ In some of the more specialized ciliates, the conjugants are a

little smaller than nonconjugating individuals, or the two mem-
bers of a conjugating pair are of strikingly different sizes. Such
gonochoric macro- and microconjugants occur in Vorticella (Fig.
3-22C) and are an adaptation for conjugation in sessile species.
The macroconjugant remains attached while the small bell of
the microconjugant breaks free from its stalk and swims about.
On contact with an attached macroconjugant the two bells
adhere. A synkaryon forms only in the macroconjugant from
one gametic N nucleus contributed by each conjugant. The
conjugal bond is permanent and fatal to the microconjugant,
which degenerates after contributing its gamete nucleus. In the
sessile attached Suctoria, conjugation takes place between two
adjacent individuals that lean together like lovers on a park
bench.

The frequency of conjugation varies from once every few
days to not at all (or not yet observed). In some species a
period of “immaturity,” in which only fission occurs, precedes
a period during which individuals are capable of conjugation.
Numerous factors, such as temperature, light, and food sup-
ply, are known to induce or influence conjugation.

In some ciliates, sex is rejuvenating and necessary for
additional bouts of clonal fission. For example, some species of
Paramecium are limited to only 350 clonal generations and die
out in the absence of conjugation. Sex restores asexual
capacity.

Most ciliates are capable of forming resistant cysts in
response to unfavorable conditions, such as lack of food

UE;:?;:”;:E::: ur:jd;rgnes three divisions, the first two of which (B and C) are meiotic. E,
opBEIe cn?: etween conjugants. F, The migratory nucleus fuses with the stationary
break OO ]duug:nt to form a synkaryon, or “zygote nucleus.” Note that the microncioss
Ng meiosis (or mitosis) in Paramecium (or other ciliates).

or desiccation. Encystment enabie
or dry periods and provides 2 1o,
attachment to animals.

DIVERSITY OF CILIOPHORBA

Karyorelictea“: Freshwater /...
Gelewa, Remanella, and Trachslor--
Macronuclei and micronci.
dikinetids.

Spirotrichea® Ciliates with ora -~
that wind clockwise to the cvioe
polykinetids. Includes Hetero:
phanrisma, Folliculina, Spirostomoun
tntnnids, Halteria with soma:
ventral cirm, such as the dors
(Fig. 3-18B); Hypotrichia*
on the ventral surface and
(MT) nbbons, such as bacte
(Fig. 3-18B).

Litostomatea®: Somatic mo:
tostomal dikinetids form baske:
transverse nbbon of M 1s I
ally directed kinetodesmal
mostly predators with lateral, s
and toxicysts, Didinium, Dilept
biotic dinoflagellates); and Inch
the gut of ruminants that assist 1

Balantidium and Entodimaum.
Prostomateacz Oral region -at}:’.':.-:i |
but some polykinetids are i’i!‘-f_'_ P
monokinetids with radially 25"
cytostome at the anterior f’:ﬂﬁ:( _*{r;- :
mon. Marine and ffffﬁhl‘.':a[ﬁ'r r{

Phyllopharyngea®: Leafii T00.

longitudinal pundles of ¥*

\- gomalll ’
cytopharynx (cyrtos); 5O ]
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gia'", of which Chilodonella is flattened, ciliated ventrally, and
found in sewage; Chonotrichia®®, which are sessile, noncili-
ated filter feeders with a spiral oral end that attach to crus-
taceans; Suctoria*®, which are sessile, ciliafree predators with
P”-'}’-calching tentacles, resemble miniature sundews and
iInclude Allantosoma (in horse colon), Ephelota, Heliophrya,
Tokophrya. Marine and fresh water.

Nassophorea®: Transverse MT ribbons tangential to the
basal bodies; well-developed kinetodesma; MT bundles form
a complex, basketshaped cytopharynx (nasse); somatic
mono- or dikinetids. Peniculida® has an oral apparatus that
is an elastic slit and three oral membranelles (peniculus) on
its left side and an undulating membrane on the right; a
nasse is absent; includes the slipper ciliate, Paramecium.

Oligohymenophorea®: A few oral polykinetids, usually three,
on left side of the cytostome; somatic monokinetids with MT
nbbons that radiate from the basal bodies. Hymenos-
tomatia®, oral apparatus like that of Nassophorea. The best-
Known ciliate is the freeliving Tetrahymena; Ichthyophthirius,
the cause of “ich” disease of freshwater fishes; Pleuronema,
Uronema. Peritrichia®, a ciliary ring on its oral rim that winds
helically counterclockwise to the cytostome and then splits
into three membranelles; somatic cilia are reduced; often
have contractile stalks (or bodies) and are mostly sessile and
attached, but some can detach and swim: Carchesium, Epistylis,
Inchodina, Urceolana, Vorticella.

Colpodea®: Kidney-shaped cells with spiral kineties and
somauc dikinetids: Bursaria, Colpoda.

Apicomplexa*f (Sporozoa)

The some 5000 species of apicomplexans are widespread and
common parasites of such animals as worms, echinoderms,
insects, and vertebrates. Depending on the species, they may
be extra- or intracellular parasites or both at different stages of
the life cycle. Apicomplexans also are responsible for malana,
the numberone parasitic disease of humankind, as well as
similar debilitating diseases of livestock.

Apicomplexans are so named because motle infective
stages (sporozoites, merozoites) bear an anterior apical com-
plex that attaches to or penetrates into host cells. A fully
developed apical complex consists of an anterior conoid, one
or two polar rings, 2 to 20 flaskshaped glandular structures
(rhoptries), and numerous membranous Golgi-derived tubules
(micronemes) (Fig. 3-24). The conoid is open at both ends
and encircled by the polar rings, which link to subpellicular
microtubules. The micronemes contain enzymes presumably
used for hostcell penetration, but the functions of the other
components are unclear. Apicomplexans lack cilia, but fla-
gella occur on their microgametes. Pseudopodia also are
absent. Infective stages move by gliding, which may result
from microscopic undulations of the pellicle. One or more
feeding pores, called micropores, are located on the side of
the body (Fig. 3-24). The apicomplexan pellicle consists of
the outer cell membrane and two additional membranes
below it. The two inner membranes are actually the outer and
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The extraordinary life cycles of apicomplexans achieve
mind-challenging complexity in species that infect more than
one host. The basic life cycle, however, is reasonably straight-
forward. Its sexual and clonal stages are haploid, except for
the zygote (haploid-dominant cycle; Fig. 34D). The moule
infective stage is called a sporozoite. The haploid sporozoite
enters the body of the host, takes up host nutrients, grows, and
differentiates into a gamont, or gamete-producing cell. Gener-
ally, male and female gamonts pair, become enclosed in a com-
mon envelope (cyst), and each produces many gametes via
multiple fission within the cyst. Once full grown, these gametes
fuse to form diploid zygotes, each of which secretes a protec-
tive extracellular capsule and is then called a spore. Within the
spore, the zygote nucleus undergoes meiosis to restore the hap-
loid chromosome number and then mitosis to produce eight
cells, which differentiate into sporozoites. The encapsulated
sporozoites are liberated from the spore after it is ingested by a
host. In this life cycle, gamogony, the production of gametes,
refers to the period from the pairing of the gamonts to the
fusion of gametes. Sporogony, the production of spores, refers
to the period beginning with meiosis of the zygote to the differ-
entiation of sporozoites within the spore.

The basic life cycle is illustrated by the gregarine (Gre-
garinea) Monocystis lumbrici, which parasitizes seminal vesicles
of the earthworm, Lumbricus terrestris (Fig. 3-25). Worms
become infected when they ingest soil containing spores.
Within the earthworm'’s gizzard, the spores hatch and release

Polar ring
Conoid

Rhoptries
(paired organelles)

Microneme

'\f Rhoptries
\\ :
Alveolus ;é:::-‘lw \ Golgi body
( =N Nucleus
e
Endoplasmic Mitochondrion
reticulum

Posterior ring

Site of exocytosis

inner walls of a flattened alveolus, which completely encloses
the subpellicular cytoplasm except for breaks anteriorly (api-
cal complex), laterally (micropores), and posteriorly (site of

€XO0Cytosis).

FIGURE 3-24 Alveolata: Apicomplexa. Lateral view of a generalized
sporozoan. The polar ring, conoid, micronemes, and rhoptries are parts
of the apical complex. (From Farmer, J. N. 1980. The Protozoa: Introduction
to Protozoology. C. V. Mosby Co., St. Louis. p. 360)
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sporozoites that penetrate into the circulatory system, eventu-
ally entering the seminal vesicles. Here they penetrate and
enter sperm-forming cells in the vesicle, wall, parasitizing them
at the expense of the developing spermatocytes. The enlarged
sporozoites then emerge from the host cells, enter the cavity of
the vesicle, and transform into gamonts (trophozoites) approx-
imately 200 wm in length. Male and female gamonts attach to
the funnels of the worm’s sperm ducts, pair, and encyst. Within
the cyst, multiple gametes of each sex are produced. Each
gamete-pair fuses to form a zygote that becomes encapsulated
as a spore. Eventually, eight sporozoites are generated in each
spore. Either the cyst or liberated spores exit the host’s sperm
ducts and are deposited in the soil where they await a feeding
worm, the next host,

Other gregarines are extracellular or intracellular parasites
of the gut and other organs of invertebrates, especially annelids
and insccts. Some reach 10 mm in length. The body of a feed-
ingstage gregarine (trophozoite) is elongate and the anterior
part sometimes bears hooks, one or more suckers, or a simple

filament or knob for anchoring the parasite into the host's cells.

Compared with gregarines, the malaria-causing Plasmodium

and relatives (Hematozoea and Coccidia) are small cells, and

sexual reproduction typically occurs within a host cell. For a

given Epﬂﬂi_ﬂ--r there may be only one host, as in gregarines, but
many require two hosts to complete the life cycle. |

T.heug pmmtea a‘dd.-._ﬁn_g Oor more rounds of multiple fission
(schizogony) to the basic life cycle described above (Fig. 3-26).

/ FIGURE 3-25 Alveolats: Apicor

cycle of the gregarine Monagc ;.
a parasite of earthworm semin,
A, Spore containing a 2N Zygote .
undergoes meiosis and thern -,

1 N sporozoites. B, Sporozoites i ;..
C, Sporozoites emerge from th- ..
gizzard. D, Sporozoite enters ...
cell in the wall of the semin-

E. Sporozoite grows at the ey
developing spermatocytes (sm-
F, Sporozoite enters the cayir,
vesicle bearing remnants (t2i1

I sperm and transforms into a -

G, Gamonts pair. H, Paired - ;

Encysted gamonts mitm!cai .

and macrogametes. L, Game:

zygotes, each one enclosed i

and ﬂ.‘dfMﬁ'D’Mjﬂnmm ."- a

Foundations of Parasitology. ~

Co., NY, 688 pp.)

%f ) ':'1‘15 \
U (18

FIGURE 3-26 Alveolata: Apicomplexa. Life foi‘*?‘ el
haematozoen sporozoans. All stages are hapf'?' o :
which undergoes meiosis in the formation © eizﬂiffi e
The ability of merozoites to produce more F}e e -y
constitutes a clonal cycle within the sexualf ,:-‘m. Y
1985. Phylum Apicomplexa. In Lee, J. ], € al. (EaS-/

» KS. P 72)
Protozoa. Society for Protozoology, I awerence, KS- 1
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Each of these additional rounds, called merogony, results in
l.h.(: production of motile, reinfective merozoites. The typical
life cycle includes a sporozoite that infects a host cell, grows,
and transforms into an ameboid trophozoite. The trophozoite
undergoes merogony to form merozoites, each of which
rf:scrn_blf:s a sporozoite. The merozoites infect other host
cells in which they undergo another round of merogony
or transform into gamonts, initating gamogony. Each female
gamont transforms into one macrogamete, but a male
gamont, via multiple fission, produces many biflagellated
microgametes. After fertilization, the zygote undergoes sporo-
gony to produce sporozoites, which are encapsulated as an
00Cyst. This encysted zygote undergoes meiosis, then mitosis,
o I‘urm several encapsulated spores. Later, sporozoites differ-
entiate within each of the spores.

Thl‘ most notorious hematozoeans are four species of Plas-
modium that cause malaria, one of the worst scourges of
hunmrmkind. Onginally restricted to the Old World tropics,
111;1l.ir?a was introduced into the New World by European
cc?lmmls. Currently, about 300 million people (1 in 50) world-
wide are believed to be infected each year, and the annual
di::alh rate 1s about 1% of those infected. Left untreated, the
disease can be long-lasting, debilitating, and fatal.

Malania has played a major but often unrecognized role in
hll‘IT‘lﬂn history. The name means literally “bad air,” because
onginally the disease was thought to be caused by the fetid air
nl._ swamps and marshes. Although malaria had been recog-
nized since ancient times, the causative agent was not discov-
cred until 1880, when Louis Laveran, a physician with the
French army in North Africa, identified the parasite Plasmod-

3 Gamete

IN ANOPHELINE MOSQUITOES
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sum in the blood cells of a malarial pauent. In 1887, Ronald
Ross, a physician in the British army in India, determined that
a mosquito was the vector.

The malarial parasite is introduced into a human host by
the bite of Anopheles mosquitoes, which inject saliva and
sporozoites into the capillaries of the skin (Fig. 3-27). The
sporozoite is carried by the bloodstream to the liver, where it
invades a liver cell and becomes a feeding trophozoite. After
further development, the trophozoites reproduce clonally by
merogony to form thousands of merozoites. These merozoites
reinvade host liver cells and undergo another round of mero-
gony. After a week or so, merozoites leave the liver cells and
invade red blood cells. Within the red blood cell the mero-
zoites transform into trophozoites, which increase in size and
again undergo merogony to form yet more merozoites that
reinvade other red cells. After a few days, merozoite release
occurs in discrete pulses as their developmental cycles become
synchronized. The periodic release of the merozoites, along
with cell fragments and metabolic byproducts, causes chills
and fever—the typical symptoms of malaria. Serious damage
results from the blocking of capillaries by infected and less pli-
able red blood cells. While in the host’s red cells, the tropho-
zoites phagocytose protein (hemoglobin) at their micropores.

Eventually, some of the merozoites transform into gamonts
(gametocytes) within the red blood cell, but these do not unite
in pairs. Instead, each separately produces gametes only after
being ingested by the mosquito. Once the mosquito imbibes
infected blood, the gamonts are released from the red blood
cells and produce gametes in the gut lumen. After fertilization,
the zygote transforms directly into a motile cell (with apical
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gland

SEXUAL CYCLE Merozoites
(Further development ol 9
must take place o 90°%2,%¢
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complex) that penetrates and encysts in the gut wall, :‘Hpm 0
gony within the cyst eventually results in the I‘I“lt‘il!lt: of llm'll-
sands of sporozoites into the Mosquito’s hemocoel, The n[n;lu"
zoites migrate into the insect'’s salivary glands, I‘mm'whlrh they
will be injected into the next victim of the Mosquito's bite, |

Related parasites (Coccidia) cause diseases in tltllliruiifllfﬂf
animals. Species of the genus Eimeria, for example, allect
chickens, turkeys, pigs, sheep, and cattle,

Two other taxa of spore-forming parasites, the Microsporicia
and the Myxosporidia, were formerly considered to be close
relatives of the apicomplexans, Now, the microsporidians are
classified either with the fungi or placed near the base ol the
eukaryotes because they lack, and presumably never had, [la-
gella, mitochondria, and Golgi bodies. The myxosporidians,
currently called myxozoans, are multicellular organisms with
cnidae (stinging capsules) that are now classified with the meta-
zoan taxon Cnidaria (corals, anemones, and jellyfishes) and are
described in Chapter 7.

DIVERSITY OF APICOMPLEXA (SPOROZOA)

Gregarinea“: Life cycle with one host; multiple fission
by both male and female gamonts; constriction separates
gamont body into anterior protomerite and posterior
deutomerite, with epimerite (such as hooks) at tip of
protomerite; gamont cells unite (syzygy) before encystment
and move by gliding; most stages are extracellular parasites
of echinoderms, molluscs, annelids, and especially arthro-
pods. Species identification based on epimerite structure.
Gregarina, Monocysts.

Coccidia: Each macrogamont forms but one macrogamete;
gamonts encyst; most species are intracellular parasites of
invertebrates and vertebrates in one or two hosts. Cryp-
tosporidium, Eimenia (in poultry), Haemogregarina, Toxoplasma
(causes toxoplasmosis in cats and sometimes in humans).

Hematozoea™ Blood parasites that alternate between verte-
brate (intermediate) and arthropod (final) hosts; sporozoites
infect vertebrates and motile micro- and macrogametes are
transferred to arthropods; gamonts do not pair or encyst.
Haemoproteus, Leucocytozoon (causes turkey malaria), Plasmod-
tum (causes malaria).

AMEBOID PROTOZOA

The ameboid protozoans, traditionally placed in the taxon Sar-
codina (subphylum), have flowing extensions of the body called
pseudopodia. Included here are the classroom amebas as well as
many other marine, freshwater, and terrestrial taxa with
pseudopodia. Pseudopodia are used for capturing prey and, in
benthic taxa, also for locomotion. Ameboid movement may be
a primitive character of eukaryotic cells. If so, it is a symple-
siomorphy of the amoeboid protozoans that cannot unite them
in a monophyletic taxon. Within this paraphyletic or, more
likely, polyphyletic assemblage, some subgroups are mono-
phyletic and others are not. Taxon names with a superscripted
notation are probably monophyletic, while stand-alone names
are not.

Ameboid protozoa are mostly asymmetric, but some with

skelgmns exhibit radial symmetry. In general, small-bodied
species have one nucleus whereas large species have many

Kol (IHHHIIH), hl:il‘!ul-.n;,rrm, .

Y
Hl“l. i” one h.l'ﬂ* Feliative I

cillntes, Amehboid ",""fmm, e feld
organelles and in this respes .]”- AMOny 1,
The skeletal structures that occuy |
ver, reach a complexity .y,
ww other organisms. 1he th .,

ZON,
species, howe
surpassad by I

of ameboid pro | | ,
bhosa und Aumnhuam}, the forams (Foram,,
]

jolaria, Acantharea, and |{c),,

ozoa are the amebas (.,
actinopods (Rad

Amebas
Amebas (or amebae) may be naked or enc|
naked amebas, which include Amocha, Jive
water, and in the water film around soil
The shape, although ‘—"””‘""’””Y changing
different species, Some giants, such s /4,
Chaos carolinense, can be 5 mm in lengi
cleated cells, The cytoplasm in amebas -
clear, external ectoplasm and a more fluid .
(Fig. 8-28A). The pseudopodia adopt
forms. Lobopodia, which are typical of
wide and rounded with blunt tips (Fig
commonly tubular and composed of 1o
endoplasm. Filopodia, which occur in mz
slender, clear, and sometimes branched, 1)
not interjoin extensively to form nets (Fig
In shelled (testate) amebas, which are |
fresh water, damp soil, and mosses, cither
extracellular test is secreted by the cytop
organic matrix to which secreted siliceous
materials are attached. The ameba is att
strands to the inner wall of the test. Pseud
be either lobopods or filopods, protrude
in the test. In Arcella (Flg 3-29A,B), one o
freshwater amebas, the brown or straw-col
the shape of a squat dome with the apert
center. In Euglypha the organic test bears o
scales (Fig. 8-29C), Difftugia has a test co
particles that are first endocytosed, th
embedded in the organic matrix (Fig. 3-290)
Marine species commonly lack contrad
water species have one to several, and, at |
species, contractile vacuoles form and |
discharge at the trailing end of the cell.

DIVERSITY OF AMEBAS

Caryoblasta®: Cell has one to several nonmot™

with a basal body from which MTs radial

nucleus; mitochondria and Golgi hodies .|_~f“.-

tory organelles are endosymbiotic bacter™ ;
18 1 t0 5 mm in diameter with hundreds ' _' _'
ﬂagella; Mmtigamaeba and Mastigella have
one nucleus, In micro-oxic freshwatc! wl,..
tematists regard caryoblasts as premi! "
and thus among the most primitive of """
Heterolobosa®: Cells have an indu I"J"_"
WO to four functional flagella; lob pod
ing ameboid movement, Encystmen
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FIGURE 3-28 Amebas: Naked amebas. A, Amoeba. B,
Chaos carolinense, a large, multinucleate ameba moving with
a single lobopodium (the species is not strictly monopodial).
C, Penardia mutabilis, a freshwater ameba with branching,
anastomosing fillopods. (B and C, From Bovee, E. C. 1985, Class
lobosea and class filosea. In Lee, [. [., et al, (Eds.): Hllustrated Guide
to the Protozoa. Society for Protozoology, Lawerence, KS. pp. 162 and
230)

conditions. Freshwater and marine sediments. Naggleria (two
flagella; cause of primary amebic meningoencephalitis),
Tetramitus (four flagella). Contemporary systematists include
this taxon with the flagellates.

Amoebozoa: Polyphyletic taxon: cells with pseudopodia that
lack MTs. MTs are associated only with the mitotic spindle; fla-
gella and centrioles are absent; freshwater, marine, terrestrial,
and symbiotic habitats. “Lobosea,” with lobopodia, includes
the naked (atestate) amebas— Acanthamoeba, Amoeba, Chaos,
Entamoeba, Vannella—and the testate amebas— Areella, Difflu-
gia. “Filosea,” with rapidly forming filopodia, includes testate
and atestate species: Euglypha, Gromia, Vampryrella.

Foraminiferea”

The large taxon Foraminiferea (forams or foraminifers) is
primarily marine. The countless filiform pseudopodia, called
reticulopodia, actively branch and interconnect (anastomose)
to form a complex threadlike mesh, usually known as a reticu-
lopodial network (Fig. 3-30B). Each reticulopodium has an
axis of microtubules that shuttles vesicles bidirectionally to

Diversity of Protozoa 47

and from the cell body. The abundant vesicles confer a granu-
lar appearance on the reticulopods. Locomotion in creeping
forams, such as Allogromia, results from extension of the reticu-
lopodial network, anchorage on the substratum, and retrac-
tion of the net, which pulls the cell body forward. Movement
of the reticulopodial net involves lengthening and shortening
of the axial microtubules.

Forams construct an extracellular test of organic material,
cemented foreign mineral particles, or calcium carbonate
secreted onto the organic matrix. Calcareous tests are common
and well preserved in the fossil record; 40,000 of the 45,000
described species of forams are fossil species. The largest
furm;ns, members of the deep-sea Xenophyophorea, are several
centimeters in diameter (the size of a clenched fist).

A few foram species occupy a test of one chamber, but most
have multichambered calcified tests. Multichambered forams
t{egin life in a single chamber, but as the Organism increases in
size, reticulopods extend from the aperture of the original
chamber, arrange themselves in the appropriate shape, and
secrete the new chamber. This process continues throughout
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whereas nght-hand (dextral) coiling is assodated with high tem-
peratures. Thus, the coiling direction of cenain fossils provides
2 record of past cold and warm periods. The varying ratios
of oxygen isotopes in foram tests from deepsea sediments also

provide clues about global temperature change and glacial ice
accumulation.

DIVERSITY OF FORAMINIFEREA

Unul recently, Foraminiferea was included in Granuloretic-
ulosa, a2 phylum-evel taxon of three major subgroups—
Athalamida, Monothalamida, and Foraminiferida—all shanng
the character reticulopodia. In contrast o forams, however. the
other two taxa lack an alternation of generations in their life
cvcle. Athalamids lack a test and occur in fresh water
monothalamids have an organic or calcareous test of one

z wropscal planicionic foram with spines. E, Archaias sp., a common benthic foram of shallow tropical seas.
. Afier Brady B, drows form o photograph in Grell, K. G. 1973. Prote=oology. Springer-Veriag, Beriin, p. 285)

chan_lber and occur primarily in fresh water. although some
Speaes are manne. Recent molecular studies suggest that
athalamids are forams modified for life in fresh water. Here we
consider only taxa traditionally considered to be forams.

- CQ . ® =
Allogromiina®; Organic test is flexible and sometimes has
almchf:d ﬁ':c:rmgn matter. India, Myxotheca, Nemogullmia.
Textulariina®: Organic test made rigid by adding foreign

particles. Allogromia, Ammodiscus, Astrorhiza, Clavulina,
Textulana.

- B L ] Ct . -

Miliolina: Calcareous test resembles porcelain. Amphisorus
(mmeld S penny), Pyrgo (ooze former), Quingueloculina,
Sonites.

- C. = .
Rotaliina®: Calcareous test is glassy (hyaline) and has pores.

Bulimina, Discorbis, Globigerinoides (planktonic), Homotrema,
Lagena, Marginulina, Rotaliella.
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FIGURE 3-32 Acantharea. Acanthometra, with mineralized test of
radiating strontium sulfate spines. Note extraceliular astide endosing
cell and attached to spines. (From Farmer, |. N. 1980. The Protozon:
Introduction to Protozoology. C. V. Mosby Co., St Louss, p. 353)

and adherning to prey. The axopods are used for prey capture,

flotation, locomotion, and auachment to surfaces.

Most actinopods are enclosed in a perforated, organic,
extracellular test (central capsule). The actinopodia and

other types of pseudopodia emerge through the test pores.

A

Food vacuole

R WA ¥F T T T N

e ¢ R

z::::ﬂpoh 3 aitmrh zre ofecm TEDNIEDORSNCII
Slopodia or yacnolzsed pseRGopOGEs (50F ST *--_:‘ .
dhick shrond over the test This peeadopOcs SSroms = Cadars
the cortex (calvemma, or ecwopiasm) and She ©Cf DOSH s e
medalla (central capsulic, or endoplas= g 332 3504

RADIOLARIAC

=th a siliceous test that looks fike 2 arystal sarburst. radio-
larians are among the most clegant protozoans {(Fig. 3-31).
Entirely marine and primarily plankiomc, radidaﬁzns.zre
relatively large protozoa: A few solitary speces are milime-
ters in diameter. and some colonizl species anain 2 length of
up to 20 an (Collczoum). The radiolarian cell is usually spher-
ical and divided distinctly into medulla and cortex by 2 per-
forated organic test (Fig. 331A. 3-35C). Highlv specalized

Socimty 1or Protoroology, Lawienoe, KS p w0/

Class Hollorosa, In Lea, J J. & ol (Pds |

Fram Febie Chavaliol, C, 190%
Wustiated Guide 10 the Protoios

FIGURE 3-33 Heliozoa: Atestate heliozoans. A, A multinucleate heliozoan, Actinosphaerium eichorni.
B, A living, sessile, stalked heliozoan. Stalk extends toward the lower right corner. Medulla, cortex, and axopodia

are visible. (A, After Doflein)
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atilis wi . B, Heteroph
FIGURE 3-34 Heliozoa: Testate heliozoans. A, Pinaciophora fluviatilis with a test of scales pnrys

myTiopooa with cuticte-bearning spines. (A and B. After Penard from Hall)

perforavons (fusules) in the test allow for the passage of the
axopodia as well as vacuolated hlopodia and reticulopodia
that form the cortex. The cortex, sometimes highly vacoluated
(Fig. 3-31A), funcuons in flowton. prev capture, and intracel-
lular digesuon as well as often bearing symbiotic dinoflagel-
lates (zooxanthellae) or other photosynthetic protists. The
medulla. which is often vacuolated penpherally, contains one
1O many nucier and nuwiuonal reserves, such as lipid drops
(also used for buovanoy).

In addivon 10 the organic test, radiolarians also have an in-
racellular mineral test of silica (SiO,) synthesized in the retic-
ulopodial network of the cortex and sometimes also in
the medulla. The siliceous test itself is a network of slender,
mterconnected rods that resembles a geodesic dome, often
with radiaung spines (Fig, 3-31). In its more complex forms, it
can consist of o or three interconnected concentric spheres
of suiking symmeuy and beauty. In some radiolarians the
siliccous skeleton is rudimentary or even absent, but if

absent,
the Organic test is sull present,

The plankwonic radiolarians display a distinet vertical strat-
thcauon from the ocean surface down to 5000 1m depths, A
[t'hljlllf.rll} 1y the CHIONTNOLLS jﬂjljil[iililjll Iil‘lihilit'h Ol lll;lllklunil'
radiolarians is provided by the thick accumulation of their e
after death, on many parts of the ocean floor. In some of these
areas, where tests account for 30% or more ol sediment com-
position, the sediment is called radiolarian ooze., Stinilanly,

SUS,

foraminiferan ooze, from accumulated [

s tests, characterizes

other parts of the ocean floor. At depths below 4000 1,
the great pressure tends to dissolve the calcareous forun

Diversity of Radiolaria

however,
L LESLS.

solitary and colonial species, 30 m
Collozoum, Eucoronis, Thallasicola.
Phaeodarea® Taxon of deepsea rad.
siliceous test with hollow spines and in
matter. Central capsule has three
and two for axopods. Yellow-brown p::

odium) near the oral opening. As
Phaeodina.

| & L

aF Rilkw B

ACANTHAREAS

Acanthareans are planktonic manne acorotes
ficially resemble radiolarians (Fig. 332
Symmewic sphere from which project sk

10 to 20 stout skeletal spines. The ntrace

in the center ot the medulla, radiate our
beyond the peniphery of the cell. Myonemne s
spine bases and, on contracuon, expand the i
ol the spines. Acantharean SPINEs are COmpass
sultate and not the silica of vadiolarians H'.nl“:‘-li
soluble iy seawater and, atter ceil death, the W'-*I"
solves and leaves no trace cither as a boton &

¥ o
: : ] a M * * .' -[L"l'
tossil record. The cell is divided by a pertort

" i * "ﬂl."l\‘
o o medulla and vacuolated cortex. The ;tﬂn{
. , : Tl mednlk

with o tlexible extracellular cuticle. The me
cral nuclei and, olten, zooxanthellae.

HELIOZOAC

(s
Y G i s sy 1”:" "b o
The spherical actinopods called heliozod nd ¥

. L ' . . - AL
occur in the sea, in still bodies of fresh Wt

I“"ﬂl

Polycystinea®: Taxon contains the majority

of familiar

] : .
aquatic habitats, they may be floaung @ .

"
located in bottom debris. Some bentht

i

LT

radiolarians. All have perforated siliceous skeletons

and are

[ o radid
(Fig. 3-33B). Numerous slender axopodit!
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Organic test
(calcified)

Medulla

Siliceous scales

Cortex

Centroplast

FIGURE 3-35 Anatomy of forams, radiolarians, and heliozoans. A, A single-chambered foram;
B A multichambered foram with test pores; C, A radiolarian; D, A heliozoan. B-D, Partly hypothetical.

surface of the cell (Fig. 3-33A,B), but can shorten or even “melt”
as the axial microtubules depolymerize. Some heliozoan species
have long, delicate filopodia in addition to the axopodia.

A heliozoan cell, like that of other actinopods, is divided
into a cortex of vacuolated filopods and a medulla, but an
organic test is absent between the two regions (Fig. 3-33A).
Some heliozoans, however, secrete an extracellular cuticle
(gel) over the surface of the cortex, as do acanthareans and
perhaps some radiolarians. Discrewe skeletal structures are
attached to this cuticle in some species. These may be organic
or siliceous spicules or incorporated foreign materials, The
diverse siliceous spicules may be scales (Fig, 3-34A), spines that
radiate from the cell surface (Fig. 3-34B), or structures of other
shapes. Contractile vacuoles occur in the cortex of freshwater
species. The medulla contains one to many nuclei, the bases
of the axial rods, and sometimes symbiotic green algae
(zoochlorellae).

Diversity of Heliozoa

Actinophryida®: Axopodial MTs originate on the nuclear
membrane and form two intertwined spirals; uni- and
multinucleate species are capable of encystment; marine,

freshwater, terrestrial (peat). Actinophrys, Actinosphaerium,
Camptonema.

Desmothoracida®: Sessile, mostly stalked species; irregularly
arranged axopod MTS; filopodia are present. Clathrulina,
Hedriocystis, Orbulinella.

Ciliophryida®: Similar in form to actinophryids, but adult
bears a single flagellum with pinnate mastigonemes;
axopods with few MTS. Actinomonas, Ciliophrys, Ptendomonas.

Taxopodida®: Bilaterally symmetric with stout siliceous
spines in rosettes; axopodal MTS in a hexagonal pattern;
marine. Sticholonche.

Centrohelida® Numerous slender and long axopods arise
from a central point (centroplast); axopods bear extru-
somes used in prey capture; often have surface covering of
extracellular siliceous scales or spinelets; axopod MTs in

hexagonal or wiangular arrays. Acanthocystis, Gymnosphaera,
Hedraiophrys, Heterophrys.

Nutrition

Ameboid protozoa are heterotrophs. Their food consists of
small organisms such as bacteria, algae, diatoms, protozoans,
and even small multicellular animals, including rotifers and
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Opisthokonta Alveolata Green plants Stramenopila Euglenozoa

FIGURE 3-37 Phylogeny of Protozoa based on gene-sequence data and morphology. Morphological
characters: 1, Eukaryota: Nucleus is enclosed in a nuclear membrane. 2, Opisthokonta: Locomotory
flagellum is posterior on motile cells. 3, Alveolata: Alveoli are below the cell membrane, mitochondrial
cristae are tubular. 4, Green plants: Chloroplasts are enclosed in two membranes and include
chlorophylls a and b, starch is produced as a storage product, and a cellulose cell wall is present.

5, Stramenopila: Flagella have three-part, tubular mastigonemes. 6, Euglenozoa: One or two anterior
flagella emerge from a pit, a paraflagellar rod is present, and mitochondrial cristae are discoid.
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Apicomplexa

u*:r::-.xflz.x'mu'!.de*;"rnrridm/ (Life cycle of Eimena.)

W, hn_un. ohio-state.ed u/-pnrmrifr/pimmrxﬁ wm.html (Malaria page.)
un-micro. msb. le. ac.uk/ 224 /Bradley/Biolog)y. htm! (Another malana

page with animation and images.)

Amebas

http://micro.magnet.fsu.edu/m oviegallery/pondsc um/protozoa/a
(M_m‘it:s. of ameboid motion.)

wnww. microscopy-uk.org. uk/ intro/illu/dark.html (Images
Amoeba proteus.)

hfrj;:/. /taxa.soken.ac.jp/WW W/PDB/I mngrs/Sarmd ima/ap/
intactcell2.html (Images of living Amoeba.)

http://taxa.soken.ac. b/ WWW/PDB/Galleries/ Uruguayl999/A rcella/
(Color images of living Arcella.)

http://taxa.soken.ac.jp/ WWW/PDB/I mages/ Sarcodina/Difflugia/

(Images of Diffl ugia.)

moeba/

of living

Foraminiferea

hitp://cushforams.niu.edu/Forams. htm
and skeletons.)

(Images of living forams
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Radiolaria and Acantharea
o.radiolaria.org/ (1mMages and informato

larians.)

hitp://caliban. mpiz-koeln.mpg. de/
index. html (Ernst Haeckel's
olaria and Acantharea.)

ww.cladocera.de/protozoa/ rhizopoda/imgal_
iving colonial radiolarian.)

wun n on fossil radio-

_stueber/haeckel/ radiolanen;
1862 color Jlustrations of Radi-

radiolaria.html (Color

Heliozoa

www.biol. kobe-u.ac. jp/labs/s
page on contraction mec
wuw. cladocera. de/protozoa /rhizopod
ages of liing heliozoans.)
wuww. microscopyu.com/ moviegallery/ pondscum/protozoa /actinophrys/
(Movies of Actinophrys moving and feeding.)

u:aki/hffiwmeIimma*E-hrmI (Research

hanism of axopodia.)
ﬂ/imgﬂl_hfliﬂmﬂ-hhnf (Color 1m-

Phylogeny
http://tokweb.org/ tree?gmup=Eukar)*omiﬂ’cunrgmup = Life (Patterson

and Sogin’s Tree of Life page.)
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