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Summary. The disruption and development of the siphon during 
division of Entosiphon have been followed by immunofluoresence 
with both an anti-cement MAb (IIID12) and an anti-tubulin MAb. 
(IVA10), by nuclear DNA labelling and by electron microscopy of 
serial section. The disruption of the parental siphon begins at the 
reservoir level where two new transversely orientated daughter si- 
phons arise. In the degenerating bundles the cement disappears, first 
liberating the microtubules which then depolymerize. The first struc- 
ture which surrounds the anterior part of the two young siphons is 
a loop of 5 microtubules linked to the reservoir membrane. From 
around this loop a row of perpendicular microtubules sink in the 
cytosplasm; they will form the primary row of microtubules in the 
definitive bundles. Inside the loop, reinforced microtubules are seen 
beneath the membrane, they will generate the future vanes, and also 
penetrate into the cytosplasm. Amorphous material surrounds the 
young siphons and may correspond to cement material. The growth 
of the siphons proceeds as they adopt a central longitudinal position 
in the cell. The cement material progressively condenses on structures 
such as the primary row of microtubules. The bundles, the supple- 
mentary plaque, and the scaffold. After flagellar partition each of 
the canals becomes distinct and cytokinesis occurs from the anterior 
end. These observations indicate that the microtubular loop could 
be the source of microtubule-organizing centre (MTOC) proteins 
initiating the assembly of the primary row of microtubules. Bundle 
microtubules start to assemble at the anterior end and extend back- 
wards. The microtubules of the loop could be linked to roots as- 
sociated with the basal bodies which double in number before di- 
vision. The cement later condenses, linking and stabilizing the struc- 
tures. Microfibrils play an important role in basal body and siphon 
separation and positioning. 
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Introduction 

A m o n g  the distinctive characteristics ofeuglenoid  flag- 

ellates are the presence o f  permanent ly  condensed chro- 

mosomes  and a special mitotic mechanism. Hence 

m a n y  studies, at bo th  the light and electron microscopic 

level have been concerned with nuclear division in this 

group (Leedale 1958, 1968; Sommer  and Blum 1965; 

Chaly et al. 1977; Pickett-Heaps and Weik 1977; Gillot 

and Triemer 1978; reviewed in Bertaux et al. 1989; Trie- 

mer  1985, 1989; Triemer and Farmer  1991 a, b). Fur-  

thermore the unique feature o f  the cortical skeleton 

being comprised o f  longitudinal strips, has posed an 

interesting morphogenet ic  problem of  strip replication 

during division. Morphologica l  studies using light and 

electron microscopy (Pochmann  1953, H o f m a n n  and 

Bouck 1976, Mignot  et al. 1987) have shown that  new 

strips develop between parental  ones: thus replication 
is intussusceptive and semi-conservative. The origin o f  

cortical microtubules which fo rm the strips, and their 

relationship to microtubular  roots  arising f rom the 

basal bodies have also been clarified by electron mi- 

croscopic studies o f  cells o f  Cyclidiopsis (Mignot  et al. 

1987), Euglena mutabilis (Surek and Melkonian 1986) 
and Colaciurn (Willey and Wibel 1985). 

As phagot rophic  euglenoids possess a huge feeding ap- 

paratus  the further question as to how this complex 
structure is replicated during cell division arises. Early 

light microscopic studies, using haematoxyl in  staining 
(Dangeard  1901, Lackey 1929) showed most  o f  the 
morphologica l  events: the parental  s iphon breaks and 
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Fig. 1. Stages of development of the feeding apparatus or siphon (1-7) during division of Entosiphon sulcatum. A Immunofluorescence labelling 
with the anti-cement MAb IIID12, B anti-tubulin MAb IVA10 labelling of other cells, C nuclear DNA labelling (of the cells treated in B) 
with the fluorochrome Hoechst 33342, D diagrammatic representation of each stage. Stage h Breakage of the anterior part of the parental 
siphon (p) and development of two new siphons (n) at the reservoir level; four flagella 60 have already developed in this cell; chromatin 
around a central endosome in the nucleus (N). Stages 2 and 3: The parental siphon gradually disappears and the two newly formed siphons 
grow downwards. The mitotic spindle appears and elongates in the nucleus. Stages 4 and 5: The parental siphon is depolymerized and the 
two new siphons rotate, adopt a longitudinal position and continue their growth downwards; note the dumb-bell shape of the dividing nucleus 
and the interzonal microtnbules (Fig. 5 B). Stages 6 and 7: Completion of siphon development in the two separating daughter cells; note the 
extreme posterior positions of the nuclei 
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disappears while two new siphons appear at the res- 
ervoir level; they grow progressively and acquire a lon- 
gitudinal position before cytokinesis. Later electron mi- 
croscopic studies by Mignot (1966), and more recently 
by Triemer (1988) provided more detail on siphon re- 
placement and the progressive organization of devel- 
oping siphons. However, several questions remain un- 
answered. How does the old siphon degenerate? What 
initiates the development and position of the new si- 
phons? What is the temporal order of protein produc- 
tion and structure assembly? What is the relationship 
of the new siphon structure to the microtubular roots 
arising from the basal bodies? Is the replication of the 
basal bodies conservative or semi-conservative? What 
is the relationship of the basal bodies to the dividing 
nucleus? 
While our present study does not pretend to answer 
all these questions, it has made progress on several 
points. By using immunofluorescence staining with the 
anti-cement MAb IIID12 and anti-tubulin MAb 
IVA10, we followed the assembly and development of 
the cement and the microtubular structures. Thus the 
timing of the development and positioning of the new 
siphons is established. An electron microscopic study 
based on serial sections at different stages of cell di- 
vision has revealed new information on the construc- 
tion of the siphon and its positioning. Our results on 
the segregation of the basal bodies and their associated 
fibres will be published later. 

Materials and methods 
Cell culture 

Entosiphon sulcatum (from D. J. Patterson, Bristol, U.K.) was grown 
on a medium made with 1 wheat grain boiled in 10ml of mineral 
water (Volvic). 

Preparation of monoclonal antibodies 

The anti-cement MAb IIID 12 was obtained as described in Belhadri 
et al. (1992) and the anti-tubulin MAb IVA10 was obtained against 
the Tetrahymena tubulin, kindly provided by B. Vigu6s. 

Indirect irnmunofluorescence and DNA staining 

Entosiphon cells in division were permeabilized with 0.2% Triton X- 
100 in a stabilization buffer: 0.1M PIPES, 2.5mM GTP, l m M  
EGTA, 4% PEG (Kodak 1450), then fixed with 3% paraformal- 
dehyde in the same buffer. After two washes in the above buffer, 
and one wash in PBS, the cells were spread on slides precoated with 
polylysine. Fixed cells were saturated with 1% BSA in PBS, incubated 
for 2 h at 37 ~ with primary MAb, then washed three times with 
PBS and incubated for 1 h with a secondary fluorescein-conjugated 
antibody (Nordic Immunology) at 1/200 dilution. Following two 
additional washes in PBS, the slides were incubated for 2min in 
5 gg/ml Hoechst 33342 and washed in PBS prior to viewing under 
an epifluorescence microscope. 

Electron microscopy 

Cells in division were fixed in a glutaraldehyde-osmium solution 
containing 1% (v/v) glutaraldehyde, I% (w/v) osmium tetroxide, 
and 0.05 M phosphate buffer pH 7 for 1 h at room temperature. After 
dehydration in a graded series of ethanol-water mixtures, cells were 
embedded in epoxy resin. Ultrathin sections collected on copper grids 
were post-stained with uranyl acetate and lead citrate prior to ex- 
amination in a Jeol EX 1200 transmission electron microscope. 

Results 

The use of immunofluorescence staining with anti-ce- 
ment and anti-tubulin MAbs allowed us to follow the 
different morphogenetic stages of the feeding apparatus 
during cell division in Entosiphon. Figure 1 recapitu- 
lates these stages. 
First the parental siphon breaks down at the reservoir 
level, as shown by both anti-cement (Fig. 1 A1) and 
anti-tubulin labelling (Fig. 1 B 1). Near the region where 
the parental siphon is broken, two new siphons arise 
in the cytoplasm and are labelled by the anti-tubulin 
MAb only (Fig. 1 B1). Four flagella have already de- 
veloped and in the nucleus peripheral chromatin 
around a condensed central endosome is shown by 
DNA labelling (Fig. 1 C1). Disruption of the parental 
siphon then occurs along its major axis: the cement 
seems to disappear rapidly except at the head 

Figs. 2-5. Electron microscopy thin sections revealing depolymerization of the parental feeding apparatus arid early development of the new 

ones. Bars: 1 gm 

Fig. 2. The newly formed siphons (nFA) are transversely positioned at the reservoir level (R) near the region where the parental siphon (pFA) 
is broken in two. Four flagella (F) are present at the top of this cell 

Fig. 3. Longitudinal section showing the zone of depolymerization of the parental siphon (arrow) in front of the reservoir (R) 

Fig. 4 and 5. Transverse sections at the canal level just above the newly formed siphons. In the parental siphon the microtubular bundle 
nearest the canal (C) begins to disorganize, the disappearance of cement (Ce) is followed by the release of microtubules (arrow). Note the 
presence of four flagella in the canal. At a more advanced stage (Fig. 5) two of the three microtubular bundles have become totally disorganized 
leaving independent microtubules (mr) and amorphous material (~'). V Vanes 
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(Fig. 1 A2); the posterior half vanishes progressively 
(Fig. 1 B2-4). The cement appears in the two new si- 
phons (Fig. 1 A2 and A3) as the mitotic spindle emerges 
in the dividing nucleus (Fig. 1 B2 and B3) where two 
chromatin masses separate by late metaphase 
(Fig. 1 C3). 
The newly developed siphons rotate to a vertical po- 
sition and contin~ue their downward growth (Fig 1 A4, 
B4, A5, and B5). In the dumb-bell shaped nucleus the 
central spindle elongates and the two chromatin masses 
occupy opposite poles (Fig. 1 C4 and C5). The median 
constriction containing the central spindle (Fig. 1 B5) 
then breaks, giving two daughter nuclei (Fig. 1 C6). The 
heads of the new siphons are intensely labelled by the 
anti-cement antibody (Fig. 1 A5 and A6) while the si- 
phon trunk is strongly highlighted by the anti-tubulin 
antibody (Fig. 1 B6). 
The development of  the new siphons is almost complete 
(Fig. 1 B6 and C6) before separation of  the two daugh- 
ter cells has occurred. This is accomplished by cleavage 
which begins at the anterior end of  the cell and pro- 
gresses gradually downward, separating the two thin 
daughter cells each with a posterior nucleus (Fig. 1 A7 
and B7). 

Electron microscopy 

Different stages of  siphon development were examined 
ultrastructurally. At an early stage, as the parental si- 
phon begins to disorganize, two new siphons develop 
transversely at the reservoir level (Fig. 2). Note that 
the two new flagella have already developed (Figs. 2, 
4, and 6). Depolymerization of the parental siphon 
begins at the reservoir level, in front of  the region where 
the two new siphons form (Fig. 3). The microtubular 
bundle nearest the canal disorganizes first, the cement 

disappears allowing the release of microtubules which 
subsequently depolymerize (Fig. 4). Later the three mi- 

crotubular bundles disappear and a few isolated mi- 
crotubules in an amorphous matrix (Fig. 5) represent 
an intermediate stage of disassembly. 
The two new siphons are docked at the reservoir mem- 
brane opposite the parental siphon in a transverse po- 
sition (Figs. 6 and 7). The first fixed structure is a semi- 
circular loop of microtubules (Fig. 7) surrounded by a 
perpendicular row of  microtubules. This encircles cen- 
tral amorphous material and the reinforced microtu- 
bules at the origin of the vanes. The microfibrillar struc- 

ture is also linked to the loop (Fig. 7). A transverse 
section of  the loop shows it to consist of five micro- 
tubules on one side and about 20 microtubules on the 
other (Fig. 8). The external row of  microtubules arises 
close to the microtubules of the loop (Fig. 8). These 
will form the primary row of microtubules in the an- 
terior part or "head" of  the mature siphon. The rein- 
forced microtubules at the origin of the vanes beneath 
the membrane project into the cytoplasm (Fig. 8). As 
the new siphons grow, more amorphous material is 
supplied at the centre of  the loop (Figs. 8 and 9). 
At a more advanced stage, when the two new siphons 
are orientated vertically, the microtubules have formed 
three bundles with the four vanes in the centre (Fig. 10). 
The supplementary plaques have been developed and 
there is no other condensed cement matrix, but amor- 
phous material is abundant around the microtubules 
(Fig. 10). At a late stage preceding cytokinesis (Figs. 11 
and 12), the major components of a mature feeding 
apparatus have been acquired by the two new ones. 
The cement material has encircled the microtubular 
bundles, but the.layer is thinner than in the mature 
structure. This is also apparent in the supplementary 

Figs. 6-9. Developmental stages of the new feeding apparatus. Bars: 1 gm 

Fig. 6. Position of one new feeding apparatus (nFA) which is attached to the reservoir (R) membrane. Note the nucleus (N) under the basal 
bodies (bB) and the four flagella (F) 

Fig. 7. Transverse section showing the young feeding apparatus (nFA), four flagella in the reservoir (R) and one bundle of the parental feeding 
apparatus (pFA). In the young siphon a semi-circular loop of microtubules (L) is surrounded by perpendicular rows of microtubules (rot). 
Central amorphous material (.4) and a microfilamentous zone (my') are also present 

Fig. 8. Longitudinal section of a more developed siphon. The semi-circular microtubular loop (L) is sectioned at opposite sides, perpendicular 
microtubules (mt) originate from the external face of the loop. Note the central amorphous material (A), the dense structure of the future 
vanes (V) and the microfitamentous zone (mJ) in relation to the microtubules of the loop. pFA Parental feeding apparatus, R reservoir 

Fig. 9. At a more advanced stage the amorphous material (A) is present in addition to the microfilamentous zone (mJ) and the external layer 
of microtubules (mr). The anterior end of the depolymerizing parental siphon (pFA) is recognizable at the top of the figure, nFA Newly 
formed siphon, C canal 
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Fig. 13. Anterior cross-section of a cell undergoing cytoskinesis. The constriction between the two feeding apparatuses is marked by a few 
sub-membranar microtubules (rot) and by microfibrils (mJ) which also surround the canals and siphons. New smaller cortical strips are 
intercalated between the parental ones (arrows) 

plaque and particularly in the scaffold (Figs. 11 and 
12). Lumen-coated vesicles are abundant at the centre 
of the new siphons suggesting that they are already 
functioning. The basal bodies and flagella have been 
partitioned and two flagella are present in each of the 
independent reservoirs and canals (Figs. 11 and 12). 
The membrane cytoskeleton forming the strips has du- 
plicated in an alternating semi-conservative manner, as 
in other euglenoids (Fig. 13). Each new siphon is an- 
chored to the pellicle by microfibrillar bundles and 
rootlets (not shown) before cytokinesis. Ultimately the 
cleavage furrow cuts the cell vertically into two daugh- 
ter cells, beginning at the anterior end (Fig. 13). 

Discussion 

Early light microscopic studies (Dangeard 1901, Prow- 
azek 1903, Lackey 1929) and the later ultrastructural 
studies (Mignot 1966, Triemer 1988) into the division 
of Entosiphon provided a basic outline of siphon mor- 
phogenesis and nuclear division. All these studies re- 
ported that the conspicuous feeding apparatus of En- 
tosiphon disappeared during division and that two new 
siphons developed de novo. Nevertheless the complete 
morphogenetic process was not described in detail. We 
used an immunological approach with anti-cement and 
anti-tubulin MAbs to follow the different stages of 

Figs. 10-12. Transverse sections of two longitudinally orientated siphons at more advanced stages. Bars: 1 ~tm 

Fig. 10. Section of the anterior level showing three microtubular bundles (B), the supplementary plaque (sP) and the four central vanes (11). 
The definitive cement material is not yet recognizable but seems to be represented by amorphous material 

Figs, 11 and 12. Sections of the same cell at two levels with two separate canals (C) and fiagellar pairs at a final stage before cell partition. 
Cement (Ce) is apparent around the microtubular bundles but amorphous material is still present around the structures. The scaffold structure 
(S) is in place but thinner than normal (Fig. 11). Note the two finks (arrowheads) between the scaffold and the vanes (V) (Fig. 11). One large 
vesicle (Ve) is present between the four vanes (V) (Fig. I 1) and lumen coated vesicles (cV) are abundant in the central area (Fig. 12) suggesting 
the new feeding apparatus is functional 
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siphon development during division, and have exam- 
ined the ultrastructure of these stages to clarify struc- 
tural development. 
Thus we have observed that, during disorganization of 
the parental siphon, the cement begins to disappear 
liberating the microtubules which then depolymerize. 
This agrees well with the presumed role of the cement 
in linking and stabilizing microtubules. The breakdown 
of the cement is probably accomplished enzymatically 
since it is composed of tightly-bound proteins forming 
a condensed structure resistant to chaotropic agents 
such as KI (Belhadri et al. 1992). Conversely the cement 
material accumulates progressively and very late, al- 
though the anti-cement antibody is reactive in the early 
stages of siphon development. From the ultrastructural 
observations it seems that cement proteins form the 
amorphous material on the head and around the mi- 
crotubular bundles. This material condenses progres- 
sively to form compact cement material which links 
the anterior end of the assembled microtubules, ar- 
ranged in a precise array in the bundles. 
Although the precise origin of the new siphons is not 
well understood fresh observations have been made. 
Initially a microtubular loop appears close to the res- 
ervoir membrane that circumscribes the head of the 
new siphons. This microtubular loop has not been ob- 
served previously, although a remnant is present at the 
head of the mature siphon always associated with the 
microfilamentous zone. This loop of microtubules 
could constitute the source of a MTOC, since the pri- 
mary row of the bundle microtubules arises in close 
proximity with it. The successive rows assemble pro- 
gressively on the external side of this primary row. 
Three bundles then become distinct and grow by as- 
sembly and addition of new microtubules. MTOCs 
must also be linked to the primary row of microtubules 
to nucleate the additional rows of microtubules. Ob- 
servations on early stages suggest that the bundle mi- 
crotubules begin to assemble on the head of the siphon. 
This is presumably the ( - )  microtubule end. They grow 
distally towards the posterior extremity which is there- 
fore the (+ )  end. This type of assembly is inconsistent 
with that suggested by Mignot (1966), where new mi- 
crotubules are presumed to assemble in contact with 
the vanes. Our observations of initial stage have never 
shown vanes in contact with forming microtubules of 
the future bundles. Since cement proteins are deposited 
after the microtubular assembly a MTOC function is 
very unlikely for them. 
In the earliest stages observed, it seems that the major 
structures of the mature siphon (the loop microtubules 

finked to the microfilamentous zone, the primary row 
of microtubules at the origin of the three bundles and 
the reinforced microtubules at the origin of the four 
vanes) are already present. Nothing is known about 
the origin or determination of the location of the new 
siphons, however several hypotheses can be made. Be- 
fore the cell enters division the basal bodies duplicate, 
as do the three microtubular roots attached to them 
(Solomon et al. 1987, Farmer and Triemer 1988; Brug- 
erolle unpubl, obs.). Two pairs of basal bodies and 
flagella with their roots have already been formed but 
are not partitioned when the new siphons arise. Since 
the microtubular roots maintain their position on the 
reservoir membrane they could be linked to the new 
siphon structures and initiate them. We are trying to 
test this hypothesis and to determine the mode of par- 
titioning of the basal bodies and flagella. 
Positioning of the siphons at their definitive sites is 
accomplished gradually in concert with flagella and 
canal partition. 
When morphogenesis in Entosiphon is compared with 
cytoskeleton development in other protist groups sev- 
eral conclusions can be drawn. The extremely complex 
siphon has to disintegrate or disassemble at division. 
Division of this organelle nor conservation in one of 
the daughter cells is possible, whereas the development 
of cortical strips is semi-conservative (Mignot etal. 
1987). This is relatively unusual in protists, for example 
in ciliates, the parental oral apparatus is generally con- 
served in the proter while a new one is formed in the 
opisthe (Tuffrau 1984, Lynn and Corliss 1991). How- 
ever, oral morphogenesis in Ciliates is very complex 
and there are many differences between the various 
subgroups. For example in Tetrahymena oral filaments 
and some microtubule elements are resorbed in the 
anterior (old) oral apparatus and reformed in syn- 
chrony with the posterior (new) oral apparatus (Bak- 
owska etal. 1982, Williams etal. 1986, Williams and 
Honts 1987). In Nassula, where the nemadesm units of 
the cytopharyngeal basket closely resemble those of 
Entosiphon (Tucker 1968, 1970a), the proter basket 
breaks down completely and disassembles while a new 
one is reformed in the same region, in synchrony with 
the opisthe basket (Tucker 1970b). Among the flag- 
ellates, the Euglenozoa and particularly the Bodonids 
(Brugerolle et al. 1979) and Stephanopogon (Patterson 
and Brugerolle 1988) each have a feeding apparatus 
but complete studies on division and cytoskeleton de- 
velopment are not available. In the trichomonad flag- 
ellates the microtubules of the axostyle depolymerize 
at division although the striated roots such as the costa 
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are retained in one sister cell (Grass6 1952). Several 
studies on the development of the flagellar apparatus 
during the cell cycle in chlorophytes and chromophytes 
have been reviewed by Beech et al. (1991) and indicate 
variation in the behaviour of microtubular and fibrous 
roots during mitosis and flagetlar transformation. 
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