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Foraminifers as epibionts, predators, commensals, and parasites

Fissurina marginata kak
aKTonapasuTt Ha popamMmnHmndepax
Discorbis spp. (Le Calvez, 1947,
ap.). Hukorga He KynsTMBMpoOBanach
6e3 xo3snHa.




Rosalina carnivora 6bina onncaHa kak
KOMMeHcar, KOTopbi BbiCBEPrINBaET
AMbl Ha MOBEPXHOCTU pakoBUHbLI Acesta
(Lima) angolensis. ABTop He Ha3blBana
doopamMnHndepy UCTUHHBIM NapasnToMm
(Todd, 1965)

Floresina amphiphaga
preying upon Amphistegina.

Planorbulinopsis parasita
SIBMSAETCS napasuTtoM apyrnx
dopamuHndep (Alveolinella
quoyi) (Banner, 1971).

|
c“) 1"
|




Flogilos Malia/Greecs

recent

Hanzawaia strattoni B Hopme xuBeT Ha Notocorbula operculata, Ho He
cuMTaeTcsa napasmTtom, ckopee kommeHcanom (Bock, Moore, 1968).




Stilapex montrouzieri (Eulimidae) attached to a large brittle
star (Macrophiothirx sp), Moorea, French Polynesia

[MnepnapasuTunyeckne
doopamunHndepsl
nopaxarT pakoBUHY
ractponogsl Ophiolamia
armigeri, kotopad
ABNAETCA NapasuTom
3MeexBOCTKMU
Ophiomusium armigerum

Ophiolamia armigeri parasitic on
Ophiomusium armigerum. The two
males are considerably smaller than the
females. The apex of the left male is
distorted by a parasitic foraminiferid.

"~ Diameter of the ophiuroid 11.2 mm

(Waren, Carney, 1981) .




Foraminifers as epibionts
on brachiopods

‘;‘- . = - - 2
R s D
= Cemb BU0B hopaMUHUGEp KUBET
N | ] )
o Ha Opaxuomnozae Tichosina
N . .
y SN floridensis. Toku BoxpL,
N . p o o
CO3/1aBaE€MbIE 3TOU 3BEPIOIIKOH,
VCTIOIB3YIOTCS JJI TATAHUS
= 3 N 3 camoil hopamuHudepoi
h
; ﬁa. i A, Tichosina fioridensis with foraminifera attached. Scale bar--

1 cm; B-D, Homotrema rubrum front and side views showing 90
deflection of growth, placing its apertures in the path of the
brachiopod's feeding currents, scale bar =1 mm; E, Biarritzina
sp., scale bar = 1 mm.



PEDICLE . .
Foraminifers as epibionts

on brachiopods

Seven species of foraminifera aggregate near the commissure of the
brachiopod Tichosina floridensis Cooper. Aggregation near the
commissure and pronounced ecotypic response of the foraminifera to
the feeding currents of the brachiopod suggest that these epizoic
foraminifera derive benefits from brachiopod currents. The
brachiopods do not appear to be affected by the epizoa, implying a
commensal rather than a parasitic relationship. The density of
individuals along the commissure was not significantly different
between the incurrent and excurrent regions, suggesting similar
resource availabilities. On this relatively deep water (100-200 m)
brachiopod, epizoic foraminifera benefit both from a hard substrate
and increased trophic resource availability (Zumwalt, DeLaca, 1980).

® Biarritzina sp.

A Carpenteria balaniformis

A Cibicides refulgens

x Homotrema rubrum Distribution of seven species of foraminifera on the valves of T. fioridensis. Solid lines delineate the
O Rosalina floridensis ontogenetic trace of the deflection marking the exhalent commissure. a= exhalent and b = inhalent
® Sporadotrema cylindricum commissure

o Carpenteria monticularis




Hyrrokkin sarcophaga as a parasite

J
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Hyrrokkin sarcophaga 6bina nssectHas
nog pasHbIMW MeHaMu, Nno3xe Bce Obin
cBefieHbl B OOMH BUA, NapasuTol
moruTtockoB 1 rybok (Cedhagen, 1994).




Hyrrokkin sarcophaga as a parasite

— T

Fig. 8. Microspheric speci-
men of Hyrrokkin sarco-
phaga specimen (Hs) at-
tached to Lophelia pertusa,
(Sample No. 21). Scale bar
| = 500 pm

Variations of Hyrrokkin sarcophaga test
morphology (A: microscopic image, B-
H: SEM). A Umbilical side of H.
sarcophaga on Lophelia pertusa
(Pos228-200-3). B SEM image of A
accents the distribution of apertures. C
Close-up of B showing numerous pores.
D Close-up of the larger test apertures,
where the protoplasm exits to form the
‘whip’-shaped canals in the substrate. E
Test from L. pertusa, irregular substrate
morphologies influence the shape of the
foraminifer (P0s228-200-3). F Test from
geodiid host (POS228-201).

(Beuck et al., 2008)




Hyrrokkin carnivora and H. sarcophaga as parasites

K

Recent Hyrrokkin spp. from various hosts show a high morphological variability, depending on their substrate topography (A-B:
Hyrrokkin carnivora, Mauritania; C-N: Hyrrokkin sarcophaga, mid-Norway; upper side and umbilical side pictured adjacent;
the same scale bar applies to all specimens). A-B H. carnivora (specimen from Fig. 41), host Acesta excavata. C-D Host Lophelia
pertusa (P0s228-228). E-F Host Caryophyllia sarsiae (M61-3-603-1). G-H like C-D, note the brown organic residuals skirting the
test. I-J Host A. excavata (VH95-168). K-L Host geodiid sponge (POS228-201). M-N like 1-J



Isops phlegraei

Hyrrokkin sarcophaga as a

parasite on sponges

(Cedhagen, 1994)
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ment of a large Isops phlegraei specimen. p

(see Sample No. 4).
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Lophelia pertusa

Ha kopanne Lophelia pertusa
BCTpeYaoTCs NpeacraBmTenu

Acesta excavata
Norway, Nordland, Lofoten Islands
NMR 35834. Actual size 136 mm

HECKONbKNX BUAOB BECNO3BOHOYHbIX:
OBYyCTBOpYaTHbIE Monmocku Acesta
excavata, Delectopecten vitreus,
MOpCKue xenyam Verruca stroemia n
dopamuHundoepa Hyrrokkin sarcophaga

Delectopecten vitreus
North Sea, English Klondike
NMR 38951. Common size 15 mm




Hyrrokkin sarcophaga as a parasite on corrals

Microscopic images of Recent (A-D) and fossil
(E-F) Lophelia pertusa samples. A. Hyrrokkin
sarcophaga colonising dead framework in
association with the brachiopod Terebratulina
retusa, epizoic bryozoans and serpulids (P0s228-
200-3). B. Two Hyrrokkin sarcophaga tests
colonised by bryozoans and other foraminifers;
note the partial embedding of the left individual
(top) by the coral (JH5-99-4); image with
courtesy of K. Kaszemeik. C. Hyrrokkin
individuals preferentially colonise upper calyx
portions (P0s228-200-3). D. Hyrrokkin groove on
recently dead skeleton (L194-163). E. Fossil,
Last Glacial L. pertusa with numerous potential
Hyrrokkin traces (CS96-64). F. Same coral as in
E with potential Hyrrokkin groove in vicinity to
the polyp; note the well preserved coral surface

(Beuck et al., 2008)




Sea Corn Hyrrokkin sarcophaga as a parasite on corrals
Primnoa resedaeformis b

Zigzag coral
Madrepora oculata



Hyrrokkin sarcophaga as a parasite on corrals

Overview images of Caryophyllia
sarsiae samples from the Porcupine
Seabight; samples M61-3-603-1 (A-D)
and M61-3-603-2. (E). A. Live
Caryophyllia sarsiae on dead Lophelia
pertusa framework with live Hyrrokkin
sarcophaga at the polyp’s basal edge;
note the brownish organic residue
skirting the foraminiferan test. B.
Sample cleaned from organic remains
and the Hyrrokkin test, now exposing
Kardopomorphos polydioryx igen. n.,
isp. n. C. The ‘backside’ of the corallite
is free from foraminiferal traces. D.
Close-up of the shallow pit showing
that the protoplasm seems to form a
shallow depression (left) apically to the
latest chamber. E. Sample M61-3-603-
2. Abandoned attachment scar of
Hyrrokkin sarcophaga on a dead
Caryophyllia sarsiae, exposing a
central canal (white arrow)

(Beuck et al., 2008)




Hyrrokkin sarcophaga as a parasite on bivalves

Acesta excavata
Norway, Nordland, Lofoten Islands
NMR 35834. Actual size 136 mm




VLG ee]slglaga as a parasite on bivalves

.

Acesta excavata
Norway, Nordland, Lofoten Islands
NMR 35834. Actual size 136 mm

Fig. 6. Thin section of a pit (p) and a canal (c) . : ; :
made by Hyrrokkin sarcophaga sp. n. in the shell i —————— i pPa
of Lima (Ace\“a) excavala. (Sample No. 32, SMNH Fig. 9. Section of Hyrrokkin sarcophaga specimen (Hs) sitting on Lima (Acesta) excavata. The pseudo-

No. 4587). Scale bar = 1 mm. podia attack the tissues of the bivalve. pa = pallium, = pallial epithelium, s :
) S = excreted residues (Sample No. 32). Scale b‘:xr =1 mp;. e PRSI PO = PrUowracim, ‘et

(Cedhagen, 1994)




Hyrrokkin sarcophaga as a parasite on bivalves

Delectopecten vitreus
North Sea, English Klondike
NMR 38951. Common size 15 mm

ig. 11. A living Hyrrokkin sarcophaga specimen (Hs) sitting on a dead Delectopecten vitreus speci
en. ¢ = callus, p = pit, pt = penetration without a callus, (see Sample No. 45). Scale bar = 1 mm.

(Cedhagen, 1994)



Hyrrokkin sarcophaga as a predator

\* f .’ .

OHH [UTAOTCS MOIMXETAMH Placostegus Fig. 13. Hyrrokkin sarcophaga parasitizing a Lima
tridentatus, Serpula vermicularis, Apomatus (Acesta) excavata specimen and simultaneously
similis, Spirorbis sp., KonoHHsIME MIIAHOK preying on a Spirorbis sp. specimen but not affect-
DR EERIEIVER TN EEEUEQT=N G CIamng a Dendrophrya erecta specimen nearby. (Sample

sources). . 27). Scale bar = 1 mm.
(Cedhagen, 1994)




Hyrrokkin spp. as parasites

Hyrrokkin spp. and its traces on Acesta spp. and the
bivalve's callus formation. A. Three attachments on
the inner side of A. patagonica (Beagle Channel)
with two in situ tests; note the retracted mantle
precipitates and the partial embedding of the test to
the right. This is the only sample with Hyrrokkin
being attached to the internal side of Acesta. B. H.
carnivora close to the margin of A. excavata
(Mauritania). C. Irregular callus resulting from a
retracted mantle, due to H. sarcophaga close to the
margin of A. excavata (ALK232-BG-1066). D. H.
sarcophaga scars on a Late Pleistocene A. excavata
(COR2-8). E-F. Varying scar morphology depending
on the penetrated mineralogical layers in A. excavata
(E: calcite, F: calcite and crossed-lamellar aragonite
underneath, COR2-39. G. Inside of D with callus
pinnacles. H. Recent callus in A. excavata at the
pallial line, note the sealed central canal (ALK232-
1066-BG)

(Beuck et al., 2008)




Hyrrokkin spp. as parasites

Overview images of Hyrrokkin substrates. A.
Numerous individuals of Hyrrokkin
sarcophaga (see white arrow) infesting a
geodiid sponge, which has overgrown a dead
Lophelia pertusa branch (L194-163). B.
Submersible image of a filtering Acesta
excavata with a large H. sarcophaga
specimen attached close to the valve margin
(Sula Ridge, Norway). C. Juvenile A.
excavata with a large H. sarcophaga
specimen (P0s228-215). D. QOuter surface of a
Last Glacial Mediterranean A. excavata shell
(COR2-39); note the high amount of grooves.
E. Inner side of D showing the protuberances
as reaction of the bivalve against infestation
(aragonitic callus formation). F. Recent A.
excavata (Mauritania) with a multitude of
attachment scars produced by Hyrrokkin
carnivora. G. Inner side of F, equivalent
callus formation as observed for Norwegian
A. excavata infested by H. sarcophaga. H.
Close-up of F showing high attachment scar
densities and part of a H. carnivora test.

(Beuck et al., 2008)



A Foraminiferal Parasite on the Sea Urchin Echinocorys:
Ichnological Evidence from the Late Cretaceous
(Lower Maastrichtian,Northern Germany)

(Neumann_Wisshak, 2006)

A. Oral side of
Echinocorys perconicus
(MB.E. 5424)
exhibiting 19 circular
attachment scars (traces
numbered clockwise).
B. Detail of trace 1 t0 6
illustrating the
morphological range of
the trace with absent (3)
to pronounced rim (2),
and the absence or
presence (5) of a central
boss. C. Two traces, the
left one

of which (9) with no,
the right one (10) with
slight regeneration
texture. D. Trace with
pronounced
regeneration pattern (6).



‘ Melosls Haplold \

Diplold

Gametogenesis

Outline of the formainieral life cycle which classically includes a regular alternation between a haploid, uninucleate, megalospheric gamont, and a
diploid, multinuclaeate, microsphereic agamont. Meiosis occurs in the agamont as part of multiple fission, and gametes are produced by mitosis. In
some species, the life cycle also includes a schizont which is produced from the agamont and reproduces asexually. It can interject numerous
successive asexual cycles. Meiosis typically occurs in the aganont. However, the type of nuclear divisions in the schizont have not been documented
for any species (Goldstein, 1999).




Other foraminifers as commensals or parasites

® "BAFECP, Université d'Angers"
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Cibicides refulgens, Rosalina globularis
OCANalOT Ha PaKOBHHY JOBYCTBOPKU
Adamussium  colbecki, mpu  3TOM
NpeANnOYNTArOT CaAUTHCA Ha BCPXHIORO
CTBOPKY. OHM TIPOCBEPIUBAOT PAKOBUHY
ABYCTBOPKH 151 IMATAKOTCA MATKUMHU
tkansasmu xo3suHa (Mullineaux, Delaca,
1984; Alexander, DeLaca, 1987).

Cibicides spp., Acervulina
inhaerens, Paromalina
coronata, - gyacto
oOHapyKMBAIOTCS HA
PaKOBHUHE MOJIJIFOCKOB, HO
HUKOI'Id HC BBI3BIBAKOT
KOPPO3HUIO CTBOPOK.




Cibicides spp., Acervulina inhaerens, Paromalina coronata as commensals on bivalves

Delectopecten vitreus
North Sea, English Klondike
NMR 38951. Common size 15 mm

Fig. 12. Delectopecten vitreus with a Paromalina coro-
nata specimen (Pc) on the inner edge of its shell,
causing the bivalve to build an additional, internal
shell (ic), d = detritus collected by the foraminiferan
(Sample No. 58). Scale bar = 1 mm.




Cibicides refulgens as a parasite
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Oblique view of the dorsal valve of A. colbecki with attached C.
refulgens and associated agglutinated tubes reaching into the
overlying water. Vertical tubes may extend to 5 mm and exhibit three
orders of branching. Scale bar= 5mm.
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Adamussium colbecki
(Alexander, Del aca, 1987)

 refulgens

70pm




Feeding adaptations of the
goraminiferan Cibicides refulgens
living epizoically and parasitically

on the antarctic scallop
Adamussium colbecki

2. Juvenile Cibicides refulgens attached to surface of A. colbecki
dorsal valve. A rudimentary peripheral agglutinated tube has

i been built (white arrow). Vertical tubes are not present. Two

4 juveniles have been removed to show the shallow surface
etching of the shell (black arrows). Scale bar= 163 mkm. 3. Plan
view of an attached adult with a well developed agglutinated
tube system (large arrows) and net of pseudopodia on the scallop
shell surface (small arrows). Scale bar =200 mkm. 4. Oblique
view of specimen in Figure 3. Pseudopodia (small arrows) can
be seen traversing the space between the agglutinated tubes
(large arrows) and the substrate. Scale bar = 143 mkm. 5. Detail
of Figure 3 showing composition of agglutinated tubes and the
presence of a fine pseudopod (arrows) radiating away from the
foraminifer, across the shell surface. Scale bar = 102 mkm. 6.
Oblique view of two attached adult Cibicides refulgens. An
agglutinated tube can be seen clearly raised away from the
scallop shell surface (arrow). Scale bar = 154 mkm.

(Alexander, Delaca, 1987)



Cibicides refulgens attached to the shell of Adamussium colbecki. with
pseudopodia deployed from agglutinated structures. (Not to scale.)

(Alexander, DelLaca, 1987)
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Feeding Adaptations of the
Foraminiferan Cibicides Refulgens
Living Epizoically and Parasitically

on the Antarctic Scallop
Adamussium colbeckii

3
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12. Aresin cast of the central portion of a substrate pit formed
by an adult Cibicides refulgens; the raised central area
represents channels within the scallop shell which were
originally occupied by foraminiferal cytoplasm. Scale bar =20
mkm. 13. Irregular etching of calcite at the pit edge. A bored
hole in upper calcite layer (X) has been undercut by
subsequent dissolution of lower layers (arrow). Scale bar = 31
mkm. 14. Peripheral area of a deep substrate pit showing
transition from scallop shell surface (bottom right) to
extensively etched pit base (top left) and a circular vertical
boring (X). Scale bar = 18 mkm. 15. Transition from normal
scallop shell surface (left) to a deep pit (right) eroded by a
large adult Cibicides refulgens. Removal of the foraminifer
has torn away the uppermost calcite layer, exposing unetched
laminae beneath and canals penetrating deeper into the shell
material (arrows). Part of the agglutinated peripheral tube
remains secured to the shell surface (large arrowheads).Scale
bar =36 mkm. 16. Detail of Figure 15 demonstrating the
distinct canal borings (X) in shell material beneath the
attached foraminifer. Scale bar = 6.7 mkm.

(Alexander, DelLaca, 1987)




17. Thick cross section through a resin-embedded adult Cibicides refulgens attached to e "‘-ﬁ.‘,‘jp ;
Adamussium colbecki. Groups of canals are discernible originating from the base of the pit IAEN

and passing through most of the shell thickness (arrows). Scale bar = 200 mkm. M

18. Detail of Figurel7 showing the canals to be continuous through to the inner-most ¥ et
laminae of the scallop shell (arrows). Scale bar = 480 mkm.

(Alexander, DelLaca, 1987)




Foraminiferans as parasites of chitons

Photograph and line drawing of
Leptochiton arcticus specimen
heavily infested with epibiotic
foraminifers, with anterior at top.
White spots on line drawing indicate
foraminifers or bioeroded scars
caused by foraminifers; light grey
areas indicate posterior margins of
intermediate valves that have been
completely broken away by the
bioerosion of epibionts. Scale barl0
mm.

Hyrrokkin sarcophaga,
Cibicides refulgens,
Cibicides lobatulus,
Cibicides wuellerstorji

(Sigwart, 2009)

Leptochiton arcticus
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Vampyrellidae
Rhizaria, Cercozoa

Vampyrella lateritia

http://ameba.i.h
osei.ac.jp/BIDP/
amoeba/QuickE
ate/




Vampyrella lateritia

Life history stages and morphological traits of Vampyrella lateritia. A. Advancing
trophozoite. DIC. B. Large trophozoite likely a result from cell fusions. DIC. C.
Membranosomes moving along the pseudopodia. DIC. D. ‘pin-like’ pseudopodia,
arrowheads: membranosomes. DIC. E. Numerous vacuoles in the cell periphery. F.
Large, bulky plasmodium. DIC. G. Attached Vampyrella cell ingesting algal cell
content. Brightfield. H. Ingestion pseudopodium (arrow) emptying an algal cell.
DIC. I. Immobile Vampyrella cell with retracted pseudopodia and spiny surface
turning into digestive cyst. DIC. J. Green motile cell after food uptake. Brightfield.
K. Early digestive cyst stage with greenish contents. Brightfield. L. Mature digestive
cyst with delicate outer cyst envelope (arrowhead). Brightfield. M. Digestive cyst
with progeny after cell divisions in characteristic arrangement, arrowhead: outer cyst
envelope. Brightfield. N. Digestive cysts at various stages in different colours. Dark
field. O. Resting cyst with four envelopes (arrowheads). DIC. Scale bars: A, B, H, 1,
O=10 mm; C-E =5 mm; F =50 mm; G, J-M =20 mm (Hess et al., 2012).

Ao R Vampyrella
N e o pendula

¢ = B o

Trophozoites and digestive cysts of Vampyrella pendula. A & B. Advancing
trophozoites. Brightfield. C. Trophozoite and digestive cyst on a filament of
Oedogonium. Brightfield. D. Trophozoite with clear pseudopodia lacking
membranosomes. DIC. E & F. Trophozoite producing claviform pseudopodia
(arrows). DIC. G. Early digestive cyst stage. DIC. H. Mature digestive cyst. DIC.
I. Remaining digestive cyst envelopes with food remnant. DIC. Asterisk = very
faint outer sheath, hollow arrows = outer cyst envelope, hollow arrowheads =
delicate strands between outer and intermediate cyst envelope, arrowheads =
central stand running from innermost cyst envelope through stalk. Scale bars: 10
mm (Hess et al., 2012).




Hyalotheca dissilens is attacked by Hyalodiscus rubicundus.

15125
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Siemensma, F. J., Microworld, world of amoeboid organisms. World-wide electronic publication, Kortenhoef, the Netherlands.
https://www.arcella.nl.




This very instructive and beautiful video was made by Norbert Hiilsmann and shows the development and mode of nutrition in Vampyrella
lateritia, with following comment: "There are three strains of Vampyrella lateritia which are known to feed on green algae. One attacks
Spirogyra, a second Closterium and the third Mougeotia. V. lateritia bores a hole through the algal cell wall and surrounds the protoplast with
an ingestion pseudopodium. Vampyrella encysts after phagocytosis has been completed. Vegetative swarmers are subsequently released from
the cyst.“ (Siemensma, F. J., Microworld, world of amoeboid organisms. World-wide electronic publication, Kortenhoef,
the Netherlands. https://www.arcella.nl.)



Vampyrellidae: Lateromyxa gallica

Attack of an invaded
trophozoite of Leptomyxa
gallica against the cross wall of
an Oedogonium cell. x 800. Bar
9 mkm. The invader fills the
lumen (*) of the upper
(vanished) Oedogonium cell
and exhibits again small and
short filopodia. Left. The front
is in intimate contact with the
cross wall (arrow). Right. An
approx. 6 mkm operculum of
the cell wall (seen in optical
cross section) opens into the
cytoplasm (circle) (Hiilsmann,
2007).

g
v

Lateromyxa gallica has been isolated several times from two lakes
in central France between September 1973 and August 1989 and
cultivated for several months or years under laboratory conditions.
No essential variations of feeding behaviour were found over the
time; all isolated strains invade the trichomes of the green alga
Oedogonium and move, divide and encyst inside the vanished plant
cells. Penetration is performed by attacking the cross walls and only
primary attacks are directed against the lateral cell walls of the
algae. These findings contrast with the behaviour, life cycles and
fine structure of all known species of the genera Vampyrella,
Hyalodiscus, Arachnula and Gobiella (Hiilsmann, 2007).

~ Leptomyxa gallica. Late stage
~ of food uptake and the
~ morphological aspects of cysts
inside Oedogonium cells. Left.
The plant cytoplasm is
engulfed by a protruded bell-
shaped ingestion
pseudopodium. The leading
edge of the pseudopodium
(optically longitudinally
sectioned) is marked by
arrowheads. Right. Empty
digestive cyst (CW), digestive
cyst (C) and two ovoid resting
cysts each inside digestive
cysts (RC). Egesta remaining
outside resting cysts are
marked by asterisks. Bar = 10
mkm (Hiilsmann, 2007).



Vampyrellidae: Lateromyxa gallica

Schematic presentation of the life cycle of Leptomyxa gallica. (1) Beginning of a lateral attach against intact Oedogonium cells. The
attach is preceded by secretion of a cyst-like envelope. After invasion, larger syncytia divide into smaller ones (2) which undergo further
divisions during migration (3) through the algal trichome leading to the terminal and obligatory formation of digestive cysts (4) or
digestive-multiplicative cysts (5). Excystation is combined with leaving the trichome (6) and starting again at (1) or by attacking the
cross walls of adjacent Oedogonium cells (7 and 3). Formation of resting cysts (8) sets out from digestive or muliplicative cysts (4, 5)
and coincides with the excretion of debris and with the secretion of an additional internal cystic wall (Hulsmann, 2007).




Vampyrellidae
Theratromyxa weberi

N
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¢ RESTING STAGH

Lifo Stages of

LIFE CYCLE Theratromyxa webderl

2 AMOEBA ATTACHEID
TO LARVAL

3 LARVA BIING
INGESTID

4 LARVA COILED IN A
DIGESTIVE CYsT

Sayre 1973 ] Nematol Sayre & Wergin 1989 Can ] Microbiol

Life cycle of Theratromyxa, involving predation on food a little too large for its
size followed by long-term digestion and slumber in cysts. Not a bad lifestyle
(Sayre, 1973).



Vampyrellidae

Theratromyxa weberi
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Theratromyxa: capturing a nematode. Image 6 shows quite nicely how Theratromyxa captures the
nematode. This looks rather similar in principle to the feedin veil of dinoflagellate Ptotoperidium.

Sometimes the amoeba can capture several nematodes at once. SEM shows amoeba enveloping a
nematode (Sayer, 1973; Sayer, Wergin, 1989).






Number of described
extant species

Phyl ny of Eukaryota
yloge y O. ; Y Gromiida @ @ Haptophyta
(the taxa described in Protista I, II, III Haplosporidia @ , . Centrohelida
are highlighted) Plasmodiophorea @ / / | @ Kathablepharida >100 000 '
Paramyxea ®/// @ Cryptophyta Rhodophyta 10 000—100 000
S Chlorarachnida ® / / // | |, .
Dimorphida ¢ | / /// | 1000—10 000 @@
v Desmothoraci.da ® | | /// | | / , FIRtyopityia 100—1000 @
Cercomonadida &\ [ 1/// / & / . Charophyta
Pansomonadida e \ \ |/ E’," . Chloro hyta 10—100 @
Cryomonadida @ ™\ \ | //// k3 phy <10 *
Spongomonadida e ~ O\ |/# £ J delplantae e
Thaumatomonadida @ — Y ég’ | o -".. cSr:;;zZpyrenida
Euglyphida ‘ — — : Cercozoa f o\ )< ® Eugicroidea
Phaeodaria @ \ Q@ f &2 Heterolobosea
® o | Vi 9 Kmetop!astldea
Acantharia == .
Polycystina @- - — == D_iscicristata CXCdVdld
Taxopodida e ) i ® Trichomonadida
Xenophyophorea @ _— % 1 # g renisdla=— 0' %rg;;ﬂ::;?;:a
.' g T ® Oxymonadea

Foraminifera ‘ 4

Komokiida @ \
: _® Pelobiontida

Ciliophora . — e ‘, 7 ~
Alveolata s = NN - _ @ Testacealobosia
. -~ / NN\ 45 @ Gymnamoebia Amoebo
Sporozoa (Apicomplexa S / X @ cy, y |
p (Ap F; " ).. Y ,,,e‘j’/:/uso,;zmo,,as Myxomycc;‘t‘es‘v. Protostelia
Calponsilea / \ ’hast’-gnad/da <@ Dictyostelia
Dinoflagellata ‘ N\ OD”Ora ® Myxogastria
Actinophryida e ~——4l 7 / / —
Bicosoecida @——. . 4 R P
Pseudodendromonadida ¢~ e T | Metazoa
Blastocystida @— _— 7/ /| \ ' Myxozoa
Opalinata @~ 1 \. > ® Choanoflagellata
Labyrinthomorpha @& . A Yol > Ichthyosporea
» a FUZ?' @ Rotosphaerida

» * Nucleariida
. ‘Chytridiomycetes”

Oomycetes @
Pedinellida @._

References: Chrysophyta @ ‘ L @ “Zygomycetes” O
Baldauf 2003 Science VA, Raphidophyta @ " . Microsporidia AR\
Adl et al. 2005 J Eukaryot Microbiol Nt apnidophy \ Of o
Keeling et al. 2005 Trends Ecol Evol ‘ Phaeophyta Ascomycetes :or}w(wopr:;ﬁ] by
- ot al 8 - S,
Shalchian-Tabrizi et ai. 2008 PLOS ONE Bacillarnophyta . . Basidiomycetes S Ka a0y
V. Zlatogursky

Hampl et al, 2009 PNAS
Howe et al. 2011 Protist




JHAOUUTOS3:

®daroruTapHble BO3MOXXHOCTH HEHTPO]MIIa 3aBUCAT OT €T0
CIIOCOOHOCTH Pacno3HaBaTh OAKTEPHIO 10 HATMYHMIO KOMILIEMEHTA
W/WIM aHTUTENa, IPUKPEIUIEHHOT0 K MUKPOOPTaHU3MYy.

O6o3nauenus: H,O, - nepekncs Bogopona, HOCI - ximopHoBarucrast
kucnora, MPO - muanonepoxcunasa, O, - aHuoH nepokcuaa, PLA2 -
¢dochonnnaza-A2. HelTpoh sl B3aMMOICHCTBYIOT C
XEMOTaKCHYECKUMH areHTaMyu ¥ MUTPUPYIOT K MECTaM BHEIIPEHHS
Oakrepuid. JI7st 5TOr0 OHU MPOHMKAIOT B MOCTKAIMIUISIPHBIE BEHYIIBI
MHUKPOI'€MalMPKYJISITOPHOTO pycia B 00J1aCTH TIPOHUKHOBEHHS
Oaktepuid. TaM OHM 0OBEANHSIOTCS C MOJIEKYJIaMHU CEIIEKTHHOB,
CEKPETHPYEMBIX SHAOTEINOLUUTAMH BeHYNI. B3anmopeiicTBue OekoB-
penenTopoB HEUTPODUIIOB C CENEKTUHAMH DHIOTEINOLUTOB 3aITyCKaeT
npolecc NepeMeIleHNs HEHTPO(UIIOB K SHAOTEIUIO U CIIOCOOCTBYIOT
UX MEUICHHOMY NPOKATHIBAHHIO 110 BHYTPEHHEH IIOBEPXHOCTHU CIIOS
9HJIOTENHOLMTOB. B pe3ynbrare npokaThIBaHUs 00eCIIeYNBACTCS
TECHBI KOHTAKT MOBEPXHOCTH JICHKOIIUTOB C MTOBEPXHOCTSIMH
SHAOTEIUOLUTOB. JICHKOLUTEI CUHTE3UPYIOT U BBIBOJSAT UHTEPJICUKHHbI
Y KaXCKTUHBI, KOTOPBIE 3aITyCKAIOT BHIBEICHNUE DHIOTEINONUTAMH
XEMOKHHOB. XE€MOKHHBI aKTUBHPYIOT IIOTHOE NPUIHIIAHHAE
JIEUKOITUTOB K MOBEPXHOCTH 3HIOTENHUS. DHIOTEIUOUUTH CEKPETUPYIOT
Y BBIBOASAT MHTETPUHBI, KOTOPBIE CIIOCOOCTBYIOT BBIXO/Y JIEHKOLUTOB
13 MIPOCBETa KPOBEHOCHOTO KANMIIIPA B SKCTPAISIUTIOIIPHYIO
JKHJKOCTh COCANHHUTENLHOM TKaHH K MECTY NPOHUKHOBEHUS
MHUKPOOPTaHU3MOB. 3/1€Ch HEUTPO(UIBI BHIBOAAT JICHKOTPHEHBI,
3aITyCKAOI1e BOCTIAIIMTENBHBIN IPOLECC U HAUMHAIOT ()aroIuTo3.
Bragane o6pa3syercs darocoma, cozepxaniasi MUKPOOPTaHU3M.
I'maponuTrdeckue GpepMeHThl parocoMbl KATATU3UPYIOT PEAKIUU
pacIIenyieHrs: BeIECTB, COCTABIIAIONINX CTPYKTYpy MUKPOOPTaHU3MOB.
Kpome Toro, B parocome HEHTPOPHIOB C yyacTHeM psifa HepMEHTOB
00pa3yroTCsl peaKTUBHBIE COSAMHEHHS KUCIopoaa. [ uaponuTuyeckue
(hepMEHTBI 1 IEPEKUCHBIE COSTUHEHHSI HApYIIAIOT CTPYKTYpPHO-
(hyHKIMOHANBHYIO I[EIOCTHOCTh MUKpOOpranu3MoB. Ilocie
BBITIOJIHEHHS CBOETO IpeIHa3HAuCHUsI HEUTPO(UIIBI IIOTHOAIOT.
BemiectBa, 00pa3zoBaBmuecs OT pa3pylIeHHsI MUKPOOPTaHU3MOB, OT
MOTHOMINX HEUTPO(HIOB BMECTE C SKCTPALEIIIIONIIPHOM )KAIKOCTHIO
00pa3yroT B MECTE BOCIAJICHHUS THOM.

(Gartner L.P, Hiatt J.M. Color Textbook of Histology
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"Myzocytosis", a Kind of
Endocytosis with Implications
to Compartmentation in
Endosymbiosis

Paulsenella (Dinoflagellata) feeding on
Streptotheca (Bacillariophyta). a) Distal
opening of the feeding tube (above) within
the host cytoplasm (below) in oblique
section, containing a host chloroplast C cut
tangentially. 15000:1. b) Feeding tube
between epicingulum (above) and
hypocingulum (below) of the diatom
frustule. It contains rows of microtubules in
cross section and the food channel bounded
only by the parasite membrane. 43000: I. ¢)
Food vacuole (below) bounded only by one,
namely the parasite membrane. The
impression of a second membrane

(arrow) results from an association with the
membrane of a vesicle within the vacuole.
65000:1. d) Host chloroplast (right, note the
good preservation) within a food vacuole
(arrow: membrane of the food vacuole). 35

000:1 (Schnepf & Deichgraber, 1983)



Schematic drawing of a generalized motile dinoflagellate cell with theca
showing ultrastructural characteristics.

peridinin dino- C : \ trichocyst

chloroplast . ) part of the cell
with pyrenoid £ vacuome

pusules

transverse
flagellum

dinekaryon with

amphiesmal

vesicles
osomes

longitudinal
flagellum

typical motile
thecate cell

modified after Taylor 1980

M.Hoppenrath, J.F.Saldarriaga



Food Uptake and the Fine Structure of the Dinophyte Paulsenella sp.,
an Ectoparasite of Marine Diatoms

Cell K, about median-longitudinal. Feeding Fig. 5. Cell F, distal opening of the feeding tube (T) within the host cytoplasm, oblique-
tube (T) and flagella (F) detached. longitudinal, containing a host chloroplast cut tangentially. MTs in the feeding tube
Longitudinal flagellum abnormally situated cytoplasm, x 34,000.

between epi-(E) and hypocingulum (H). Fig. 6. Cell F, feeding tube with host mitochondria, oblique section. MTs in the feeding
Arrowhead: sphincter of the longitudinal tube cytoplasm, x 31,000

flagellum; arrow: basal body of the ring
flagellum, x 9,000.

(Schnepf & Deichgraber, 1985)



Fig. 7. Cell E, feeding tube, piercing the host plasmalemma and penetrating into the host cytoplasm (lower left corner). Arrowheads:
attachment of the host plasmalemma at the feeding tube plasmalemma. Asterisk: Furrow of the feeding tube filled with host cytoplasm.
x44,000. Fig. 8. Cell F, the same feeding tube as in Fig. 6, cross-section. Note the narrow internal diameter and the microtubular plates. ¢
87,000. Figs. 9-12. Cell L Series of sections through the feeding tube, containing the highly deformed host nucleus, numbered from distal to
proximal. Fig. 9, at the outer opening of the slit between epi- and hypocingulum; Fig. 10, at the region of the sphincters of the feeding tube
(arrows, left) and of the longitudinal flagellum (arrows, right); Fig. | 1, at the basis of the ring flagellum; Fig. 12, at the sphincter of the ring
flagellum (F). Big arrows: sphincter; small arrows: pellicle; arrowheads: microtubular plates; asterisk: end of the former outer part of the
amphiesma; short thick arrows: membrane of the food vacuole; P chloroplast within the food vacuole, x 26,000.

(Schnepf & Deichgraber, 1985)



Food Uptake and the Fine Structure of
the Dinophyte Paulsenella sp.,
an Ectoparasite of Marine Diatoms

Feeding Paulsenella cell, schematically. A,
ampullae of the pusule open towards the
common cavity (C) around the flagellar bases
[only the longitudinal flagellum (F) is drawn]
and the internal part (Ti) of the feeding tube, its
exits are surrounded by the flagellar sphincters
(FS). The outer part of the feeding tube (To)
merges into the cytoplasm of the diatom cell (D)
(frustule not drawn); at its entry into the cell
body the feeding tube sphincter (TS). G Golgi
apparatus, N nucleus, P cytoplasm and V food
vacuole of the Paulsenella cell. Cell covering
with amphiesmal structure: thick line; single
membranes: thinner line; microtubules of the
microtubular basket: very thin line.

(Schnepf & Deichgraber, 1985)




Pfiesteria shumwayae Kills fish by micropredation not exotoxin secretion (Vogelbein et
al., 2002. Nature, Vol.418, p.967-970)

Pfiesteria piscicida and P. shumwayae reportedly secrete potent exotoxins thought to cause
fish lesion events, acute fish kills and human disease In mid-Atlantic USA estuaries.
However, Pfiesteria toxins have never been isolated or characterized.

Membrane insert:
low protein binding
polycarbonate,

3.0 um pore size

Experimental design for the membrane insert study using larval Cyprinodon variegatus exposed to Pfiesteria shumwayae (Ps) and P. piscicida (Pp).



Pfiesteria shumwayae feeding by
myzocytosis (Vogelbein et al., 2002.
Nature, Vol.418, p.967-970)

'_ Nonpathogenic Pfiesteria piscicida and
pathogenic P. shumwayae (Mogelbein et
& 4 al., 2002. Nature, Vol.418, p.967-970)



Pfiesteria

Pfiesteria shumwayae Kkills fish by
micropredation not exotoxin secretion

Myzocytosis by Pfiesteria shumwayae on the epidermis of larval
Cyprinodon variegatus. a, Scanning electron micrograph (SEM) of
early epidermal erosion (0,5 min) with numerous attached dinospores
(arrows). b, SEM of single dinospore (D) attached to and feeding on
damaged epidermal cell (E). Note the distal end of peduncle (P)
exhibiting filopodial projections (F). ¢, Transmission electron
micrograph (TEM) of dinospore (D) attachment (arrow) and feeding on
epidermal cells. Note the epidermal cytoplasm and organelles within
the dinospore peduncle (P), and the cytoplasmic rarefaction and
nuclear degeneration of affected cells (arrowheads). Inset, TEM of
distal portion of an unattached peduncle showing filopodial extensions
and rod-shaped electron-dense granules (G). Scale bars: a, ¢, 10 mm; b,

5 mm; inset, 1 mm. )
(MVoglbein et al., 2002)



Do Suctoria really feed by suction?

contractile
vacuole

tentacles

i'

+ larvae stalk

pouch conjugating pair

(different Internet sources; Rudzinska, 1970)




The Mechanism of Food Intake in Tokophrya infusionum and Ultrastructural
Changes in Food Vacuoles during Digestion.

1. Longitudinal section thru internal (it)
and external (e) parts of tentacle in
Tokophrya infusionum. The former
extends deep into the cytoplasm and
consists only of the inner tube (i) while
the external part of the tentacle (e) has
an outer tube (o) also and is covered by
the plasma membrane and pellicle
which are continuous with the
membranes covering the body (arrow).
X19,000. 2. Section thru the scalloped
knob of the tentacle. The missile-like
bodies (mb) are located at the periphery
of the knob in the evaginations of the |
membrane covering the knob (at arrow).
X46,000. 3. Lateral section thru distal
part of tentacle with knob (k). The shaft
of the tentacle is covered by the pellicle
(p) and plasma membrane (pm), the
knob by a single membrane only 4 728 bS
(arrows). Most of the missile-like bodies i B
(mb) are seen in cross-sections. id
X46,000. 4. Knob (K) of feeding
tentacle embedded in cytoplasm of
Tetrahymena (T). In the lumen of the
tentacle is a mitochondrion (mi) from
Tetrahymena. Note that the pellicle of
the tentacle (p) is continuous with the
pellicle of Tetrahymena (pi). X38,000.




(Rudzinska, 1970)

5. Tokophrya (To) and Tetrahymena (T)
connected by tentacle (t). The knob (K)
of the tentacle is embedded in the
cytoplasma of Tetrahymena (T). X9,000.
6. Serial section of knob (K) to show at
higher magnification the beginning of
the invagination (at arrow) of the
membrane covering the knob. X37,000.
7. Cross-section of feeding tentacle. The
tentacle is covered by the pellicle (p)
and plasma membrane (pm). Below the
plasma membrane are microtubules (mt)
arranged in one row in groups of 3 and
4, and below them is a membrane (at
arrow). This membrane lines the inner
tube of the tentacle and is present only
in feeding tentacles. In the inner tube is
a mitochondrion (m1) and some other
structures from Tetrahymena. X46,000.
8, 9. Cross-sections thru non-feeding
tentacles. The inner tube (i) of the
tentacle in both sections is not lined by a
membrane as in 7. The wall of the inner
tube is composed only of microtubules
(mt), which are arranged in 2 rows. The
magnification of these tentacles is the
same as in 7. x46,000. 10. Longitudinal
section thru a feeding tentacle. The
inner tube (i) of the tentacle is lined by a
membrane (short arrows). Outside the
membrane are the microtubules (mt). A
mithochondrion (m1) and granular
material from Tetrahymena are in the
inner tube (i) of the tentacle. The
pellicle of the tentacle is folded in the
form of loops (long arrows). X45,000.
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Fig. 11. Section thru food vacuole (fv) in the stage of its formation still connected with the inner tube of the tentacle (i) . In the forming food
vacuole 2 mitochondria (ml) from Tetrahymena and some pieces of membranes are present; similar material is in the inner tube (i) of the tentacle.
The fibrils (at arrow) on the right side of the food vacuole are continuous with the microtubules of the tentacle; they are in fact microtubules as
seen in Fig.13 (mt). Several mitochondria (m) of Tokophrya are present in the cytoplasm. x 12,200. Fig. 12. Section thru a food vacuole (fv) most
probably still connected with the inner tube of the tentacle. The content is composed of membranous material, an indication that this is one of the
first food vacuoles. The food vacuolar membrane (vm) is clearly seen as well as the microtubules (mt) on the right side of the food vacuole. In the
cytoplasm of Tokophrya are several mitochondria (m) and round vesicles (v) some of which are in the close vicinity of the food vacuole (arrows).
x 12,700. Fig. 13. Higher magnification of right side of food vacuole in Fig. 12 to show the microtubules (mt) and their location outside the food
vacuolar membrane (vm). X 47,600.



A Microtubule Model for Ingestion and
Transport in the Suctorian Tentacle

Suctorian tentacle in non-feeding (a) and feeding (b)
state.

a, The tentacle shaft is composed of an outer tube (OT)
confined by the pellicle and an inner tube (IT), the
"wall" of which consists of an outer cylinder (OC) of
single microtubules and an inner cylinder (IC) of
microtubule ribbons. Two of the haptocysts (H) have just
made contact to the prey (P).

b, During feeding the microtubule ribbons protrude into
the knob, where they are, at times, arranged in a funnel-
like array. The membrane of the knob (M), with the
prey's cytoplasm (CP) adhering, is pulled in and
transported downward through the lumen of the
microtubular tube; a food vacuole (FV) is pinched off at
its proximal end. At the same time osmiophilie granules
(OG) move upward in the outer tube.

( Bardele, 1971, 1972)




A Microtubule Model for Ingestion and Transport in the Suctorian Tentacle
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In the mechanism proposed, ingestion and
transportation of the prey's cytoplasm
(dotted) are suggested to result from a
repeated sliding back and forth of the inner
microtubule ribbons, coupled with a cyclic
bridging- and release mechanism of small
projection between the microtubule ribbons
and the "growing" membrane of the knob
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( Bardele, 1971, 1972







DIVERSITY AND
EVOLUTIONARY
HISTORY OF
PLASTIDS
AND THEIR HOSTS

( Keeling, 2004)
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DIVERSITY AND EVOLUTIONARY HISTORY OF PLASTIDS
AND THEIR HOSTS

Endosymbiosis in the history of plastid evolution. All primary (top), secondary (middle), serial secondary and tertiary (bottom)
endosymbiotic associations are represented here. Cells are color-coded so that the cytoplasmic color matches the color of the supergroup
to which that eukaryote belongs (Cercozoa are yellow, plants are green, excavates are purple, and chromalveolates are blue). Plastids are
color-coded to distinguish the three primary plastid lineages (cyanobacteria and glaucophyte plastids are both blue-green, red algal
plastids are red, and green algal plastids are dark green). Primary endosymbiosis: At the top left, the cercozoan euglyphid amoeba
Paulinella takes up a Synechococcus-like cyanobacterium and retains two apparently permanent endosymbionts, losing its feeding
pseudopods. This may represent an independent primary endosymbiosis. At the top center, a cyanobacterium of unknown type is taken
up by an ancestor of the plant supergroup, the direct descendent of which are the three primary algal lineages, glaucophytes, red algae,
and green algae. Glaucophytes and red algae retain phycobilisomes, and glaucophytes retain the peptidoglycan wall. Plants are derived
from green algae. Secondary endosymbiosis: At the center right, two green algae are independently taken up by two eukaryotes, one
cercozoan (yellow) and one excavate (purple) giving rise to the chlorarachniophytes and euglenids, respectively. Euglenids have three-
membrane plastids, and chlorarachniophytes retain a nucleomorph. At the center, a red alga is taken up by an ancestor of the
chromalveolates (light blue), giving rise to cryptomonads, haptophytes, heterokonts, and alveolates (dinoflagellates, apicomplexa, and
ciliates). In cryptomonads, haptophytes, and heterokonts, the outer membrane of the plastid is continuous with the rough ER and nuclear
envelope, and cryptomonads also retain a nucleomorph and phycobilisomes (which are inside the thylakoid lumen rather than on the
outer surface). The presence of a plastid in ciliates is purely conjectural at present, and there is no direct evidence for this organelle.
Dinoflagellates have a three-membrane plastid (the peridinin-containing plastid) that has been replaced on several occasions by serial
secondary and tertiary endosymbiosis: At bottom right, a green alga is taken up by a dinoflagellate in a serial secondary endosymbiosis
giving rise to Lepidodinium and close relatives. At bottom left, three different dinoflagellates take up a cryptomonad, a haptophyte, and a
diatom, giving rise to Dinophysis, Karenia, and Kryptoperidinium, respectively. Each of these plastids has lost one or more membranes,
and how plastid targeting works is completely unknown. Kryproperidinium retains the diatom nucleus and also a three-membrane
eyespot, suggested to be the ancestral plastid.

( Keeling, 2004)



