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Summary. The flagellar apparatus of Epipyxis pulchra (Chrysophy- 
ceae) and its role in phagotrophy is described. Prior to feeding, the 
cell elongates forming a basal stalk, and the flagellar apparatus moves 
away from the contractile vacuole/nucleus complex. In feeding cells 
the flagellar apparatus consists of a striated rhizoptast, cytoplasmic 
microtubules nucleated from the short flagellum basal body, three 
mierotubular roots (R~, R3 with tubules a-f, R4) and cytoplasmic 
microtubules nucleated from RI and R3 roots. The microtubules of 
the R 3 root split forming a small and a large loop under the short 
flagellum; the a microtubule forms the inner, smaller loop and the 
f microtubule forms the outer loop. After looping under the short 
flagellum, the a and f microtubules join and extend deep into the 
cell along a complex layered structure involving microtubules, the 
rhizoplast and a mitochondrion. When a food particle is captured 
between the flagella, the cell forms a feeding cup to engulf the particle. 
The rim of the developing cup forms as the distal end of the f 
microtublfle slides up the complex layered structure, increasing the 
size of its loop under the short flagellum. Vesicles fuse between the 
loops of the a aud f microtubules, increasing the surface area and 
depth of the cup. When the cup is fully formed, the food particle is 
moved into the cup. The f tubule returns to its normal position, 
closing the cup and forming a food vacuole. 

Keywords: Cytoskeleton; Ftagettar apparatus; Microtubular roots; 
Morphogenesis; Phagocytosis. 

Introduction 

Phagotrophy in ehrysophyte algae has been known for 
over one hundred years. Early light microscopy studies 
describe flagellar mot ion drawing food particles to the 
cell surface where a large bubble-like vacuole forms to 
capture the prey (James-Clark 1867, Cienkowsky 1870, 
Saville-Kent 1880, Stokes 1885). Pascher (1910) ob- 

* Correspondence and reprints: Bigelow Laboratory for Ocean Sci- 
ences, West Boothbay Harbor, ME 04575, U.S.A. 

served that  Epipyxis (= Hyalobryon) was not strictly 

autotrophic but feed on bacteria and small blue-green 

algae. Phagotrophic chrysophytes play an important  
role in microbial food webs, often recycling or min- 
eralizing carbon, phosphorous,  nitrogen and other eco- 
logically important  elements (see Sanders and Porter 

1988). However, despite the long record of  its occur- 
rence and the recognition of  the important  ecological 
role it plays, the cellular mechanism for chrysophyte 
phagotrophy has not been described. 
The chrysophycean alga Epipyxis pulchra supplements 

its energy derived from photosynthesis by phagocytiz- 
ing bacteria. The flagella of  Epzpyxis capture and select 
prey, a process described using image enhanced video 

microscopy (Wetherbee and Andersen 1992). To sum- 
marize that  process briefly, the flagetlar beat creates 
water currents that draw food particles to the cell where 
they are captured and held between the flagella. A 
feeding cup forms quickly, the flagella " toss"  the food 
particle into the cup, and the cup closes to engulf the 
food particle. The feeding cup forms near the base of  
the flagella. This led us to hypothesize a possible rote 
of  the flagellar roots in the formation and closure of  
the feeding cup. We investigated the ultrastructure of  
feeding cells, and in this paper  we show that the feeding 
cup forms as the result o f  a precise movement  of  a 
specific flagetlar root  microtubule as it interacts with 
microtubular and fibritlar roots of  the basal apparatus.  

Materials and methods 
Epipyxis pulchra Astound et Hiltiard was collected, isolated and 
brought into culture (Provasoli-Guillard Center for Culture of Ma- 
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rine Phytoplankton, clone CCMP-382)I Cells were grown in DYIII 
medium (Lehman I976) enriched with soil water extract at approx- 
imately 15-20 ~ with a 14:10 h light:dark cycle using an illumi- 
nation of about 50 gE/cm 2 of cool white fluorescent light. Cells were 
fixed using several Wotocols: (i) Cells were collected from the air- 
water interface using a glass rod, rinsed into a fixative cocktail 
consisting of 2% glutaraldehyde and 1% osmium tetroxide in 0.05 M 
cacodylate buffer (pH 7), rinsed in distilled water, prestained in 
0.05% uranyl acetate overnight, dehydrated through an ethanol se- 
ries and two changes of propylene oxide, and embedded in Spurr's 
resin (Figs. 3 a and b, 4 d, 5 a-k, 7 c, and 11 a~t); (2) cells were placed 
on a microscope slide and observed, when most cells were extended 
and feeding, 0.5% osmium tetroxide in 0.1 M cacodylate buffer was 
squirted by pipette onto the cells. The cells were quickly rinsed from 
the slide using 2% glutaraldehyde and fixed for 25 rain. Fixed ceils 
were rinsed with buffer, dehydrated in a graded series of ethanol 
followed by two changes of propytene oxide, and embedded in 
Spurr's resin. Cells were stained overnight with uranyl acetate (1%) 
at the 70% ethanol dehydration step (Figs. 3 c, e, and f, and 4 a-c, 
e, and f); (3) cells were fixed as in (2) but without glutaraldehyde 
(Fig. 9 a-h). 

Cytoskeletons were isolated by mixing cold cells (on crushed ice) 
with cold 0.1% Triton 100 in MT buffer (30raM HEPES, 5mM 

MgSO 4 �9 7 H20 , 25 mM KC1, 5 mM EGTA at pH 7) for 5 rain. The 
preparation was rinsed twice with cold MT buffer and the cytoskel- 

etons were fixed with 2% paraformaldehyde. Whole cells were fixed 
with 0.25% osmium tetroxide, 2% glutaraldehyde or 2% paraform- 
aldehyde. Cytoskeletons and cells were prepared for immunological 

study by rinsing with phosphate buffered saline CPBS), treating with 

sodium borohydrate for 30 min, and rinsing with PBS. They were 

placed on polylysine coated coverslips, incubated I h at 37 ~ with 

the primary antibody, rinsed with PBS, incubated 1 h at 37 ~ with 
the secondary antibody, and mounted onto microscope slides using 

MoviaI mounting medium. The primary antibodies were a mono- 

clonal anti-tubulin (courtesy Dr. David Asai), a monoclonal anti- 

actin (Amersham Corp.), and a polyclonai anti-centrin (courtesy Dr. 
J. Salisbury). The secondary antibodies were a goat-anti-mouse an- 

tibody labeled with FITC and a sheep-anti-rabbit antibody labeled 
with Rhodamine. ApedineIla, an organism known to react with all 

three primary antibodies (Koutoulis etal. 1988), was used as a con- 

trol. 
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Fig. 1 Fig. 2 

Fig. 1. a A nonfeeding vegetative cell lacking a stalk. The x-axis passes through the contractile vacuole and nucleus while the y-axis passes 
through the flagellar basal bodies and nucleus, b A cell undergoing morphogenesis to the feeding state, showing stalk formation and early 
stages of flagellar apparatus relocation, e A feeding celt showing the fully formed stalk and relocated flagellar apparatus. The x- and y-axes 
are the same as described in a. d A feeding cell that contracted into the lorica by coiling its stalk; the flagellar apparatus and chloroplast do 
not change positions 

Fig. 2. Diagrammatic: illustration of the flagellar base region showing the microtubular roots and rhizoplast. The a tubule of the R 3 microtubular 
root is identified; tubules b--file sequentially adjacent to the a tubule. Cytoplasmic microtubules extend from the RI microtubnlar root and 
the R 3 cytoplasmic microtubutes extend from the R 3 microtubutar root, The long flagellum is directed anteriorly, the short flagellum is 
directed ventrally, and the right side is towards the reader 
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Results 

Morphogenesis to the feeding state 

The nonfeeding cell resides deep within the scaly lorica; 
its chloroplast is compactly spiral and the eyespot lies 
adjacent to the short flagellum (Fig. 1 a). The cell un- 
dergoes a substantial change in morphology as it con- 
verts to the feeding mode. The cell elongates, forming 
a short, broad stalk (Fig. 1 b). Within 5 to 10rain the 
cell is fully elongate, a long narrow stalk is present and 
the cell extends slightly beyond the lorica opening 
(Fig. 1 c). At irregular intervals during this change in 
shape morphogenesis, the cell jumps and contracts in- 
side the lorica. Once the cell is fully extended, it retains 
the ability to contract. For example, if a cell is disturbed 
by bumping the microscope, it instantly contracts into 
the lorica, facilitated by the coiling of the stalk 
(Fig. 1 d). However, the ceil does not return to the mor- 
phological state of the nonfeeding celt, and if the per- 
turbation is temporary, the cell returns to the extended 
feeding state within about 30 s by straightening the 
stalk. 
The most obvious change during the feeding state mor- 
phogenesis is the relative displacement of the flagella 
away from other organelles, especially the contractile 
vacuole, nucleus, chloroplast and eyespot. By drawing 
two axes, one through the flagellar bases and the nu- 
cleus and the other through the contractile vacuole and 
nucleus, the distribution of organelles in nonfeeding 
and feeding cells is readily apparent (Fig. 1 a and c). 
Another obvious difference between nonfeeding and 
feeding cells is the position of eyespot relative to the 
short flagellum. 
The ultrastructural changes from the nonfeeding to the 
feeding state are not described here, but it is necessary 
to mention these differences because usually the stalks 
of the elongate feeding cells contract and coil during 
fixation. By determining the position of the flagella 
relative to the eyespot and contractile vacuole, feeding 
cells that contract during fixation are distinguishable 
from nonfeeding cells. 

FlageIIar apparatus in feeding cells 

The basal root apparatus consists of a large fibriltar 
root (rhizoplast), three microtubular roots, and micro- 
tubules nucleated from the microtubular roots and 
from the short flagellum basal body. The flagellar ap- 
paratus has one absolute configuration and the celt 
surfaces are named according to convention (Fig. 2). 
The three microtubuiar roots are labeled R1, R3, Re, 
the R2 root that occurs in many flagellates is absent in 

Epipyxis. The shortest is the R 1 root, being only about 
600 nm long (Fig. 3). It consists of five stacked micro- 
tubules (Fig. 3 c) that lie dorsal to the long flagellum 
basal body (Fig. 3 a, b, e, and f). Microtubular organ- 
izing centers (MTOCs) along the root nucleate cyto- 
plasmic microtubules (Fig. 3 a-c and e-f) that splay out 
and extend to the posterior of the cell. Additional cy- 
toplasmic microtubules are nucleated from the short 
flagellum basal body (Fig. 3 a and f). 
The R3 root originates on the right side of the basal 
bodies and has six microtubules (a-J) organized as a 
U-shaped trough at its proximal end (Fig. 3 d-f). Tu- 
bules b through e are short; the b tubule is approxi- 
mately 500 nm in length, the e tubule approximately 
1.5 gin, and tubules c and d are intermediate in length. 
Tubules a and f are much longer and play a dynamic 
role during feeding cup .formation. 
The a and f tubules loop anticlockwise around and 
under the short flagellum (Fig. 3 a, b, and f). After 
forming separate loops under the short flagellum, the 
a and f tubules come together, pass under the basal 
bodies and extend deep into the cell (Fig. 4 d) where 
they are components of a complex layering of organ- 
eltes (see below). The a andftubules are heavily coated 
throughout their length, sometimes having a striated 
periodicity of 20-25 nm (Figs. 4 d-f  and 9 a). 
The proximal end of the R3 root contains a MTOC 
and nucleates several (9-11) microtubules, here termed 
R3 cytoplasmic microtubules (R3CM) (Fig. 4 c) that ex- 
tend posteriorly along a mitochondrion (Fig. 4 c and 
d, also Figs. 4 b and 5 e, f, and h-j). The R3CM are not 
interconnected in our preparations, and serial sections 
through several cells show that the arrangement is not 
precise or consistent, although the majority of the 
R3CM are adjacent to the mitochondrion surface 
(Fig. 5 e and f). 
The R4 root is a single microtubule that originates on 
the surface of the short flagellum (Fig. 3 b). It curves 
clockwise around and under the short flagellum 
(Fig. 4 a) and terminates (Fig. 3 a). On the left side of 
the cell the R 4 root and the a and f tubules of the R 3 
root are closely associated (Figs. 3 a, b, f, 4 a, and 5 b), 
and this is important for feeding cup formation (see 
below). On the right side, however, there is always a 
space between the a and f tubules (Figs. 3 a and b, 4 b 
and e, and 5 b). 
At the level of the basal bodies, tubules a and f are 
ventral to the short flagellum (Fig. 5 c and d). Posterior 
to the basal bodies the a and f tubules are associated 
closely with the left surface of the rhizoplast (Fig. 5 e). 
As the a and f tubules extend toward the nucleus, the 
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Abbreviations used in figures: a-t" a-r~ microtubules of the R3 root, respectively, B bacterium, E eyespot, L longitudinal llagellum, M 
mitochondrion, N nucleus, P plastid, R rhizoplast, S short flagellum, SB short flagellum basal body, X extra basal body, 1 R~ microtubular 
root, 3 R3 microtubular root, 3 a a tubule of the R3 microtubular root, 4 R4 microtubular root 

Fig. 3. a and b Adjacent thick serial sections showing the R~ microtubular root adjacent the long flagellum basal body, the origin of the R3 
microtubular root near the basal bodies and the R4 microtubular root above the short flagellum basat body. The a and f tubules  of the R3 
root form a loop around the short flagellmn. The R4 termination is indicated in a. e The five stacked microtubules that make up the R~ 
root. 13 ~ tilt. d A diagram illustrating the labelling for the microtubules of the R3 root. e and f Adjacent tt~n serial sections showing the 
proximal end of the R3 root. 10 ~ tilt. e The six microtubules of the R3 root folaza a semicircular profile in cross section, lying near the short 
flagellum basal body and the mitochondrion. The R1 root is nucleating several cytoplasmic microtubules including one passing by the 
mitochondrion, f Microtubules a and f of the R3 root and the single mierotubule of the t~  root lie on towards the ventral surface. Bar: 
500 nm in a, b, and f; 200 nm in c and e 
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a tubule is closer to the dorsal surface of the celt while 
the f tubule lies closer to the ventral surface (Fig. 5 f). 
A large, straight and long rhizoplast extends posteriorly 
from the basal bodies (Fig. 4 c and d), and it is closely 
associated with the mitochondrion (Fig. 5 e and f). The 
distal ends of the a and fmicrotubules of the R 3 root 
lie along the left surface of the rhizoplast (Figs. 4 d and 
5 e and f). The R 3 C M  lie between the rhizoplast and 
the mitochondrion (Figs. 4 c and 5 f and g). The com- 
plex layered structure consisting of the a andftubules,  
the rhizoplast, the R3CM and the mitochondrion, is 
illustrated in Fig. 6; it passes next to the eyespot in 
feeding cells (Fig. 4 c and d). 
The a and f tubules of the R 3 root do not terminate 
at the same place, even in potentially feeding cells that 
are not actively forming feeding cups. The distal end 
of the f tubule is approximately 1 gm anterior to the 
distal end of the a tubule (Fig. 5 g-i). The a tubule 
terminates very near the nucleus (Fig. 5j). 
Using a primary antibody active against a-tubulin, fla- 
gellar and cytoplasmic microtubules are evident in 
whole cells (not illustrated) and in isolated cytoskele- 
tons (Fig. 7 a and b). The a andftubules of the R 3 root 
can be discerned in the loop region. The R3CM appears 
as a dense band extending from the basal bodies to the 
cell posterior. The cytoplasmic microtubules nucleated 
from the R1 root and the short flagellum basal body 
form the surface topology for the cell (Fig. 7 a and b) 
and converge in the ceil posterior, perhaps with the 
R g C M  , t o  form the stalk (Fig. 7 c). 
Immunostaining, using antibodies active against actin 
(monoclonal) and centrin (monoclonal, polyclonal), 
fails to demonstrate the presence of actin or centrin in 
the rhizoplast; a positive centrin reaction occurs on or 
very near the basal bodies and inconsistently in the 
loop region along the R3 microtubules (not illustrated). 

Feeding cup formation 

Figure 8 is an illustration of a feeding cup reconstructed 
from a serially sectioned cell. Thin sections show a 
wider separation between the a and f tubtdes in the 
loop region of the R3 root in cells with a cup forming 
(Fig. 9 a-c) than occurs in cells without feeding cups 

(Figs. 3 a and b and 4 a and b). Thef tubule  forms the 
rim of the feeding cup, and its circumference, deter- 
mined from the reconstructed model, is approximately 
3.2 gin. The f tubule has a striated coating (Fig. 9 a) 
that was not observed in cells lacking cups. The distal 
end of thef tubule  is near the level of the basal bodies 
(not illustrated) while the distal end of the a tubule is 
approximately 4 gm beneath the basal bodies (Fig. 9 b-  
h). Because theftubule terminates approximately 1 pm 
anterior to the a tubule in cells without a feeding cup 
(Fig. 5 h-j), an anteriorly directed sliding of theftubule 
for approximately 3 ~tm (the increased circumference 
of the f tubule loop) accounts for the 4 gm distance 
between the distal ends of the a and f tubules in this 
cell. Furthermore, this cell was embedded on a glass 
slide and it was photographed before it was mounted 
for sectioning; the rim of the feeding cup measured 
1 gm in diameter, or 3.14 gm in circumference. There- 
fore, the feeding cup rim forms as the f tubule slides 
anteriorly. 
Such carefully controlled displacement of a microtu- 
bute is not limited to the f tubule, however. During 
feeding cup formation, the a tubule is seen displaced 
from the complex layered structure and towards the 
plasma membrane (Fig. 9 d-h; compare to Fig. 5 e-j). 
The a tubule has a striated coating, apparently resulting 
from associated strands of the rhizoplast that peeled 
away from the main body of the rhizoplast. No other 
microtubular movements associated with feeding cup 
formation were detected. A schematic diagram of the 
microtubular movements is illustrated in Fig. 10. 
The surface area of the feeding cup increases as it forms, 
requiring additional membrane material. Two types of 
vesicles are present in the area of the forming cup, and 
one or both probably play a role in membrane growth. 
Type 1 vesicles are spheroid and empty in appearance 
(Fig. 11 c). Type 2 vesicles are elongate and sausagelike 
in shape and contain numerous beadlike inclusions 
(Fig. 11 d). Type 1 vesicles appear to fuse at the bottom 
of the feeding cup (Fig. 9 a-c) and provide depth to the 
developing feeding cup. Type 2 vesicles are often as- 
sociated closely with the R3 microtubules in the loop 
region (Fig. 11 d), but they also occur elsewhere in the 
cell. 

Fig. 4. a and b Nonadjacent serial thin sections showing the position of the a and f tubules of the R 3 root mad the R4 microtubute. The 
R3CM are indicated by the arrowhead, lying between the mitochondrion and rhizoplast, b 10 ~ tilt, c The R3 root (arrow) nucleates the R3CM 
(arrowheads) that pass between the mitochondrion and rhizoplast; the chloroplast eyespot is closely associated, d Thick section showing the 
origin of the a and f tubules on the right side of the short flagellum and their distal ends passing the left side of the short flagellum and 
extending deep into the cell between the chloroplast and the complex layered structure (see text for details). The R3CM are shown at the 
arrowhead, e and f Adjacent serial thin sections showing the striated appearance of the a and f tubules of the R3 root. Bars: 500 nm 
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3f 3 a 

Fig, 6. A diagrammatic illustration of the complex layered structure. 
R~ cytoplasmic microtubules are at the top, R3 cytoplasmic micro- 
tubules (R3CM) lie between the mitochondrion and the rhizoplast, 
and the a andftubuIes of the R3 root are at the bottom of the figure 

Bacteria and other food particles are engulfed as the 
cup closes to form a food vacuole (Fig. 11 a and b). 
The food vacuole becomes larger than the food cup by 
the continued fusion of vesicles. Furthermore, cells do 
not always engulf an obvious food particle, forming 
food vacuoles with no bacterium or other prey 
(Fig. 1 t a). The cause of these empty vacuoles may be 
a failure to engulf the food particle or a cellular decision 
to reject the food particle after the food cup forms. 

Discussion 

We do not know why an Epipyxis cell changes from 
the nonfeeding to the feeding stage. Feeding is wide- 
spread among the Chrysophyceae (Moestrup and An- 
dersen 1991) and we assume feeding provides energy 
that supplements photosynthesis. For species such as 
Ochromonas or Chrysosphaerella where feeding does 
not require a complex morphogenesis, food uptake 
could be viewed as opportunistic. However, for Epi- 
pyxis, the relatively tong and elaborate morphogenesis 
to the feeding state implies that feeding is not oppor- 

tunistic but a predisposed "behaviour" that is under 
an elaborate cellular regulation. 
The feeding apparatus in chrysophytes has constant as 
well as unique features. Many taxa appear to have an 
R 3 root that splits into two parts, the inner and outer 
loops: Poterioochromonas (Schnepf et al. 1977, Robin- 
son and Quader 1980), Chrysosphaerella (Andersen 
1990), Dinobryon (Owen etal. 1990a), Uroglenopsis 
(Owen etal. 1990b), Epipyxis (this paper), and Och- 
romonas, Saccochrysis, and others (unpubl. obs.). In 
all of these, the R3 root consists of six microtubules at 
its proximal end. The a tubule forms at least part of 
the inner loop and the f tubule forms at least part of 
the outer loop. Also, the distal length of the f tubule 
passes under the basal bodies in all examined chryso- 
phytes. However, theftubule in Chrysosphaerella forms 
a coil of up to five gyres on top of the nucleus (Andersen 
1990) wNle in Epipyxis it is long and straight. The 
distal path of theftubule has not been determined for 
Dinobryon (Owen 1990 a), Poterioochromonas (Schnepf 
et al. 1977) and Uroglenopsis (Owen et al. 1990 b), but 
none of these appear to resemble either Chrysospha- 
erella or Epipyxis. 
Because of the structural differences among the genera 
which have been studied (see Andersen 1991), it is dif- 
ficult to formulate a unifying hypothesis for feeding 
cup formation among chrysophytes. Ochromonas and 
Chrysosphaerelta (Andersen t990) do not form an ob- 
vious feeding cup; instead, they form a "cave" or 
"pouch" where the two loops of the R3 root separate. 
Because Oehromonas and Chrysosphaerella are not sur- 
rounded by a lorica, they can form a feeding "pouch" 
rather than the more obvious feeding "cup" found in 
Epipyxis. In an old drawing of Dinobryon, another 
loricate organism, Stein (1878) illustrates a "loop" that 
is almost certainly a feeding cup. Not all loricas are as 
confining as those of Epipyxis and Dinobryon. Poter- 
ioochromonas has a lorica that does not occlude the 
anterior region of the cell. Its feeding mechanism has 
not been described using electron microscopy, but feed- 
ing cups were illustrated when the genus was first de- 

Fig. 5. a-f Selected serial thin sections showing the path of the a andftubules, a Cell cross section through cell anterior showing food vacuole; 
the flagella are broken off below this level, b An enlarged view of a showing the position of the microtubules, e Cell cross section at the 
level of the basal bodies, d An enlarged view of e showing the a andf tubules  passing near the short flagellum basal body. e and f Sections 
showing the a and f tubules lying near the rhizoplast; note the R3CM (arrowhead) between the mitochondrion and rhizoplast. The f tubule 
,is closely associated with the outer membrane of the chloroplast endoptasmic reticulum, f 10 ~ tilt. g and j Selected serial thin sections showing 
the termination of t h e f a n d  a tubules and the R3CM (arrowheads). g Whole ceil. h An enlarged view ofg showing the last section containing 
an f tubule; note the close association between the f tubule and the outer membrane of the chloroplast endoplasmic reficulum, i Adjacent 
section showing only the a tubule, j Last section containing the a tubnie; note the close proximity of the a tubule to the nucleus and the 
separation of the nuclear envelope, apparently due to a contraction of the rhizoplast. Bars: 1 gm in a, c, and g; 200rim in b, d-f, i, and j 
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Fig. 8. A threedimensional illustration showing the f tubule widely 
separated from the a tubule forming a feeding cup. The illustration 
is from a model reconstructed from a serially sectioned cell (see 
Fig. 9) 

scribed (Scherffel t901) and they are similar to those 
of Epipyxis. Thus, a lorica may obstruct prey capture, 
and loricate cells may have adapted by forming a feed- 
ing cup that extends farther from the cell body. 
Some of the mechanical features in feeding cup for- 
mation are simple and straight forward. We suggest 
that theftubule, probably interacting with the a tubule 
and the R4 root, slides up to form the enlarging rim 
of the cup. At the same time, vesicles fuse along the 
bottom and sides of the cup to increase its surface area 
and depth. How the cup closes, how the microtubules 
return to their pre-cup positions, and how the food 
vesicle changes size, shape and position after it is 
formed, is not yet determined. 

Fig. 7. a An FITC labelled cell using an anti-tubulin antibody showing the separate a andf tubule  loops at the cell anterior and the coalescence 
of cytoplasmic microtubules to tbrm the stalk, b A diagrammatic interpretation of a. c Thick section showing the coalescence of microtubules 
to form the stalk. Bar: 1 ~tm in a and b; 500 nm in c 
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Fig. 9 a-h. Selected serial thin sections of a cell fbrming a feeding cup, a The j tubule along the left rim of the feeding cup. Section 1, b The 
a and f tubules passing the short flagellum basal body. Section 10. e The a tubule just after the f tubule discontinued, The proximal end of 
the R4 root (arrow) is on upper surface of short flagellum basal body, Section 12. d-h The a tubule (arrow') as it becomes more widely spaced 
from the rhizoplast and finally lies along the cell surface, Note the heavy coating of rhizoplast-like material. Sections 17, 1%21, and 23, 
respectively, Bar: 500 nm 

The closure  o f  the cup to fo rm a food  vacuole  af ter  

cap ture  h a s  p roved  too  t rans ient  to d o c u m e n t  us ing 

e lect ron microscopy .  The  shor t  f lagel lum forms a sharp  

bend  as the  food  par t ic le  is m o v e d  in to  the cup (Weth-  

erbee and  Ander sen  1992). The  R 4 roo t  is a t t ached  

di rec t ly  on  the shor t  f lagel lum. The sudden  bend ing  o f  

the f lagel lum m a y  cause the R4 r o o t  mic ro tubu le  to  

d i s rup t  its in te rac t ion  with the a and  f tubules  o f  the 

R 3 root .  I f  these mic ro tubu les  are  separa ted ,  a con- 

t ract i le  e lement  cou ld  close the cup,  re turn ing  the mi-  

c ro tubules  to their  or ig inal  posi t ions.  

S t r ia ted  fibers resembl ing  those  o f  the rh izoplas t  occur  
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Fig. 10 a-e. A diagrammatic illustration showing the position of the a and f tubules before, during and after feeding cup formation, a The 
position of the a and f tubules before feeding cup formation, b and c The progressive anterior sliding of the f tubule to form the rim of the 
feeding cup. d and e The f tubule is returned to its original position and the feeding vacuole moves towards the left side of the cell and 
slightly posteriorly 

on the a tubule during feeding cup formation (Fig. 8 e- 
h). Also, the a and f tubules are coated with a peri- 
odically striated material (Fig. 4d-0 .  Rhizoplasts 
(= system II fibers) are known to contain centrin, a 
Ca + + sensitive contractile protein (Salisbury etal. 
1984, Salisbury 1989). We have been unable to con- 
sistently demonstrate an immunological reaction on the 
feeding cup using anti-centrin antibodies. However, if 
present, centrin may play a role in closing the feeding 
cup. 
Many questions still remain to be answered: What is 
the signal that initiates feeding cup formation? Is the 
mechanism ofmicrotubular sliding driven by molecular 
motors? How is the feeding cup closed? The search for 
answers to these questions may lead to a better un- 
derstanding of cellular regulation and function for 
other cells and systems. The complex yet distinctive 

features of the phagocytotic process in Epipyxis provide 
opportunities for dissecting cellular processes that are 
more obscure in other cells. 
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Fig. 11. a A cell with three food vacuoles. The middle vacuole contains particles but the other two vacuoles contain little or no obvious food 
particles; note the lorica scales on the right side. b A thick section showing a food vacuole containing a bacterium, the typical food item for 
this alga. Note the close association of the Type 2 vesicles near the lower left of the micrograph as well as several large Type 1 vesicles, c A 
thick section showing a row of Type 1 vesicles forming a chain below the area where the feeding cup forms, d A thick section showing the 
close association of the Type 2 vesicles with proximal end of the R 3 root, especially the a tubule. Two Type 1 vesicles lie between the a and 

f tubules.  Bars: 500 nm 
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