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Abstract 
The cytoplasm of the Caribbean agglutinating foraminiferan Spiculidendron 

corallicolum Rutzler and Richardson, 1996, consistently contains gram-negative, 
non-photosynthetic bacteria that show ultrastructural similarities to marine 
nitrifying bacteria. In some micrographs, bacteria occur in densities as high as 21 
cells per 60 µm3 of cytoplasm, indicating that an individual foraminiferan may 
contain as many as 2.2 x lQ9 bacterial endosymbionts. The bacteria are free-living 
in the cytoplasm, spherical to ovoidal in shape (-0.6 x 0.7 µm), and devoid of 
extracellular structures. Ultrastructurally, the bacteria are characterized by a 
discrete fibrillar nucleoid, a carboxysome-like electron dense inclusion (100 nm), 
and intracytoplasmic lamellae (100 nm x length of the cell). The presence of dividing 
individuals within the cytoplasm and the absence of this group within the 
foraminiferans' digestive vacuoles, indicate that the bacteria are endosymbionts and 
not ingested food organisms. The discovery of prokaryotic endosymbionts in what 
has been considered to be a basal foraminiferal clade, indicates that endosymbiosis 
may have played a more significant role in the evolution and diversification of 
foraminiferans than has previously been suspected. 
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1. Introduction 

The foraminiferan Spiculidendron corallicolum Riitzler and Richardson, 
1996, is a large arborescent foraminiferan that lives attached to hard 
substrates in shaded fore-reef habitats throughout the Caribbean (Rutzler and 
Richardson, 1996). The species constructs its test from siliceous sponge spicules 
held together by a dense fibrillar organic cement that exhibits ultrastructural 
similarities to spongin (Rutzler and Richardson, 1996). The organism cements 
itself to a hard substrate at the base of the test and builds an undivided (non 
septate) tubular, branching test that may extend into the water column up to 6 
cm from the base (Rutzler and Richardson, 1996) (Fig. 1). Live individuals 
have a distinct, but diffuse yellowish-brown coloration to their cytoplasm and 
were observed to extrude an intricate web-like pseudopodia! net that hangs 
suspended between the distal branches of the test (S. Richardson, personal 
observations, August 1995). 
While many foraminiferans are known to harbor algal endosymbionts, only 

one species, Buliminella tenuata, has been shown to possess bacterial 
endosymbionts (Bernhard, 1996). Examination of the cytoplasm of 5. 
corallicolum by transmission electron microscopy (TEM) has revealed that this 
species is consistently associated with an intracellular gram-negative, non 
photosynthetic bacterium that shows ultrastructural similarities to marine 
nitrifying bacteria. ·The purpose of this paper is to describe this association 
and discuss its evolutionary implications for foraminiferans. 

2. Material and Methods 

Live specimens of Spiculidendron corallicolum were collected by SCUBA 
from 20- to 23-m water depths on South Reef, located near the Smithsonian's 
Coral Reef Field Station at Carrie Bow Cay, Belize, Central America, in 
August 1995. Individuals were pried off coral rock with pieces of the substrate 
still attached and returned to shore immersed. in sea water. In the laboratory 
on Carrie Bow Cay, specimens were examined with a Wild M3 stereo 
microscope, then preserved for transmission electron microscopy (TEM) 
following a protocol modified from Leys (1995) and Travis and Allen (1981). 
Prior to fixation, specimens were submersed in calcium-free seawater (MBL 
Formula 134: Bidwell and Spotte, 1985) for approximately one hour at room 
temperature. Specimens were initially fixed for approximately 30 minutes in 
2% glutaraldehyde + 1 % osmium tetroxide + 5 µM EGT A + 10% sucrose in a 
sodium acetate buffer (pH 6.4) at room temperature, then transferred to fresh 
fixative (on ice) for approximately 2.5 hours. Specimens were then rinsed twice 
with buffer and dehydrated in a graded ethanol (EtOH) series to 70% EtOH. 
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Figure 1. Living individual of S. corallicolum of approximately 5-cm height, attached to 
coral rock substrate. Underwater photograph by Paul Human. 

Specimens were transported from the field station to New Haven, CT, in 70% 
EtOH. 
In the laboratory at Yale University, specimens were first decalcified in 2% 

ascorbic acid (in 70% EtOH) to remove the coralline algae which commonly 
encrust the basal portion of the test, then desilicified in 4% hydrofluoric acid 
(in 70% EtOH) to dissolve the sponge spicules used by the organism to construct 
its test. Specimens were then dehydrated in a graded ethanol series and 
embedded in Spurr's resin. Ultrathin sections were stained in uranyl acetate 
(saturated alcohol solution), and examined with a JEOL 1200 EX microscope 
(Department of Invertebrate Zoology, Smithsonian Institution, Washington, 
DC). 

3. Results 

General observations 

The cell ultrastructure of S. corallicolum is characterized by a highly 
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Figure 2. S. corallicolum cytoplasm showing bacteria (B), bacterial nucleoid (nu), 
inclusion body (ib), foraminiferan nucleus (N), and lysosome fusing with 
enlarged bacterium (L). Note: pair of bacteria in upper part of photo undergoing 
division by binary fission. Electron micrograph, scale bar = 1 µm. 

vacuolated cytoplasm that is comprised of multiple interphase nuclei (1-1.5 
µm); a golgi apparatus; small (-0.5 µm), roughly spherical mitochondria with 
vesicular cristae; digestive vacuoles (phagosomes or phagolysosomes); 
lysosomes; elongated vesicles containing a fibrillar substance; coated vesicles; 
microtubular arrays; and numerous non-photosynthetic gram-negative bacteria 
(Fig. 2). Based on observations that bacteria occur in densities as high as 21 
cells per 60 µm3 of cytoplasm, a single, 30-mm high individual of S. 
corallicolum is estimated to contain between 1.4 x 109 and 2.2 x 1Q9 
endosymbiotic bacteria. 

In TEM micrographs, the bacteria appear round to elliptical in cross-section 
and measure approximately 0.6 x 0.7 µm (average dimensions, n=24). Extra 
cellular structures, e.g., flagella, pili or fimbrae, capsules or slime layers, were 
lacking. At least three pairs of individuals (25% of the individuals censused) 
are undergoing division by binary fission (Fig. 2). The mode of division, a 
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Figure 3. S. corallicolum cytoplasm showing bacteria (B), inclusion body (ib ), intra 
cytoplasmic lamellae (la), foraminiferan nucleus (N), mitochondrion (rn), and 
digestive vacuole (V) containing debris and unidentified bacterium (b). Electron 
micrograph, scale bar = 500 nm. 

constrictive process inside a rigid wall, was described by Beveridge (1989) as 
characteristic for gram-negative bacteria. 
The bacteria were not observed to be enclosed in vacuoles, but appear to be 

free-living in the cytoplasm of the host cell. Nor were they found amongst the 
contents of the foraminiferans' digestive vacuoles, an indication that the 
bacteria are endosymbionts and not ingested food particles. Digestive vacuoles 
were observed to contain the remnants of another unknown bacterium, in 
addition to diatom frustrules and unidentified debris (Fig. 3). Occasionally, a 
lysosome appears to be fusing with the outer member of an enlarged bacterial 
cell (Fig. 2). We interpret this as the mechanism by which the host cell 
removes dead or dying endosymbionts, as it is known that lysozyme hydrolyzes 
the peptidoglycan layer that is an integral part of gram-negative bacterial 
walls (Beveridge, 1989). Host digestion of endosymbionts has been observed in 
numerous invertebrate-prokaryote endosymbioses; the endosymbionts, it is 
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hypothesized, comprise a significant source of organic material for the host 
organisms (Fisher, 1990; Childress and Fisher, 1992; Streams et al., 1997). 

Endosymbiont ultrastructure 

The bacterial cells were surrounded by an outer membrane with a knobby or 
undulating surface characteristic of the lipopolysaccharide membranes of 
gram-negative bacteria in electron micrographs (Moriarity and Hayward, 
1982; Beveridge, 1989). A periplasmic space of approximately 18 nm occurs 
between the outer membrane and the inner bacterial membrane. Within the 
bacterial cytoplasm, there exists a discrete fibrillar nucleoid that may occupy 
up to 40% of the cross-sectional area of the cell. The nucleoid is segregated from 
the darker, more electron dense, ribosome-containing region of the cell by a 
distinct boundary (Fig. 2). 
Several of the bacterial cells contain a rounded to subhedral inclusion, of 

moderate electron-density, and approximately 100 nm in diameter. The 
inclusion body is often situated in close proximity to the stacked lamellae and 
resembles the carboxysomes described from nitrifying bacteria, cyanobacteria, 
and thiobacilli (Shively, 1974; Westphal et al., 1979). 
The most distinctive feature of this bacterium is the presence of a bar-like 

array of stacked lamellae that protrudes into the cell cytoplasm (Figs. 3 and 4). 
These stacks measure up to 100 nm in height and appear to extend the entire 
length of the cell. The lamellae are similar, both in ultrastructure and location 
within the cell, to the intracytoplasmic membranes of the marine nitrifying 
(ammonia oxidizing) bacterium Nitrosoccocus oceanus, a motile, free-living 
bacterium (Watson, 1965; Murray and Watson, 1965). N. oceanus can be 
distinguished from the bacterial endosymbiont in S. corallicolum by its larger 
size (2 µm), multiple flagella (1-22), and unusually thick cell wall comprised 
of four layers (Remsen et al., 1967; Watson and Mandel, 1971). 

4. Discussion 

Our previous work indicated the presence of potential dinoflagellate 
endosymbionts in the cytoplasm of S. corallicolum (Riitzler and Richardson, 
1996, Fig. 3g). These results, however, have not been duplicated in the present 
study. Results from the examination of the cell ultrastructure of different 
individuals collected in 1995, in addition to the reinterpretation of earlier 
micrographs (e.g., Riitzler and Richardson, 1996, Figs. 3b and f), indicate that 
S. corallicolum is the host to an unidentified species of gram-negative 
bacterium that exhibits ultrastructural similarities to marine nitrifying 
bacteria. 



BACTERIAL ENDOSYMBIONTS INS. CORALLICOLUM 305 

Figure 4. S. corallicolum cytoplasm showing bacteria (B), bacterial nucleoid (n), intra 
cytoplasmic lamellae (la), and digestive vacuole (V). Electron micrograph, scale 
bar=500nm. 

Gram-negative bacteria comprise not only the majority of prokaryotic 
endosymbionts documented in other protists (Ossipov et al., 1997), but the 
majority of bacteria dwelling in marine sediments (Moriarity and Hayward, 
1982; Austin, 1988). While definitive identification of the bacterial 
endosymbiont in S. corallicolum awaits further study, it nevertheless exhibits 
affinities with known species of marine nitrifying bacteria at both the light 
and ultrastructural level. Free-living nitrifying bacteria are gram-negative, 
aerobic chemolithoautotrophs that require CO2 as their carbon source and 
ammonium or nitrite as their energy source (Schlegel, 1993). Although the 
densities of free-living nitrifying bacteria in the marine environment are 
unknown, in culture maximum densities range from 2 x 107 to 2 x 108 cells per ml, 
depending on the culture medium utilized (Watson, 1963). In comparison, the 
bacterial endosymbiont in S. corallicolum is estimated to occur at a maximum 
density of 3.5 x 108 cells per ml, indicating that the foraminiferal cytoplasm 
may provide optimal growth conditions, such as an adequate supply of 
ammonium and CO2 and an optimum pH. Likewise, the endosymbionts may 
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function to breakdown the nitrogenous waste products of the host and provide 
the foraminiferal cell with a supplementary, endogenous source of nutrients. 
All species of marine nitrifying bacteria identified to date possess 

cytochromes a, b and c, which impart to their colonies a yellowish-brown color, 
similar to the cytoplasmic coloration observed in S. corallicolum. Experimental 
evidence shows that nitrifying bacteria have a widespread photosensitivity to 
light in the near-ultraviolet range (Guerrero and Jones, 1996a and b), a fact that 
is consistent with observations that the preferred habitat of S. corallicolum is 
in semi-shaded localities at 20-35 m water depths (Rutzler and Richardson, 
1996). 

The only non-photosynthetic prokaryotes known to possess intracytoplasmic 
membranes, such as those seen in the endosymbionts of S. corallicolum, are 
nitrifying bacteria and methanotrophic bacteria (Beveridge, 1989; Schlegel, 
1993). While only free-living species of nitrifying bacteria have been 
described from the marine realm (Murray and Watson, 1965; Watson, 1965; 
Watson et al., 1971; Koops et al., 1976; Jones et al., 1988), methanotrophic 
bacteria have been identified as endosymbionts in deep-sea sponges, mussels 
and gastropods found living in close proximity to hydrothermal vents and 
hydrocarbon seeps (Childress et al., 1986; Cavanaugh et al., 1987; Fisher, 1990; 
Vacelet et al., 1996; Windoffer and Giere, 1997). 
Foraminiferans are known to host a diverse array of intracellular 

photosynthetic eukaryotic endosymbionts (Lee and McEnery, 1983; Leutenegger, 
1984; Lee and Anderson, 1991); however, bacterial endosymbionts have only 
been documented in one other foraminiferan, the calcareous species Buliminella 
tenuata, the cytoplasm of which has been shown to contain intracellular rod 
shaped bacteria with ultrastructural affinities to magnetotactic bacteria 
(Bernhard, 1996). West (1995) also predicted the existence of such an 
association based on the many ultrastructural similarities she found between 
nitrifying bacteria and the fibrillar bodies observed in the cytoplasm of 
planktic foraminiferans. Previously, the occurrence of bacteria in the cytoplasm 
of foraminiferans has been interpreted as ingested food (Nyholm and Nyholm, 
1975b; Angell, 1980) or degenerating mitochondria (Nyholm and Nyholm, 
1975a). Bacteria have also been found associated with calcareous 
foraminiferans inhabiting low-oxygen environments; for example, the species 
Nonionella stella has been observed to have bacteria living outside the 
cytoplasm, but within the organic lining of the last-formed chamber of the test 
(Bernhard and Reimers, 1991; Berhard, 1996; 1993). Potential cyanobacterial 
endosymbionts have also been reported in two species of "large," calcareous 
foraminiferans already known to harbor dinoflagellate_endoS-y-mbionts-{Leeet 
al., 1997). 

The phenomenon of intracellular endosymbiosis in foraminiferans is usually 
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considered to be restricted to a polyphyletic array of derived calcareous taxa, 
both planktonic and benthonic (Hemleben et al., 1989; Lee and Anderson, 1991). 
The documentation of intracellular symbionts in S. corallicolum, a primitive, 
non-septate, tubular, agglutinated living species indicates therefore, that 
endosymbiosis may be a plesiomorphic character for the entire group of 
foraminiferans, and not just a homoplasic condition that has independently 
arisen in specialized groups. 

Many of the life history characters which have been invoked to explain the 
acquisition and maintenance of endosymbionts in calcareous taxa (Lee and 
Anderson, 1991), are also widely distributed throughout the entire clade of 
Foraminifera. For example, all foraminiferans are characterized by the 
possession of granuloreticulose pseudopodia and the ability to ingest food 
particles by phagocytosis (Bowser et al., 1985; Lee, 1990; Tendal, 1990). 
Phagocytotic modes of feeding are believed to mediate endosymbiont 
acquisition in many unicellular eukaryotes (Taylor, 1983; Jeon, 1995, 1983; 
Silverstein, 1995). Likewise, the cytoplasmic transmission of endosymbionts 
from parent to progeny may be facilitated by life cycles that encompass asexual 
modes of reproduction. Reproduction by asexual multiple fission (agametic or 
ameiotic), binary fission, plasmotomy or fragmentation and regeneration, have 
been described in the life cycles of numerous basal taxa as well as the 
morphologically complex "larger" calcareous foraminiferal species 
(Richardson, 1993; 1994). 
Symbiosis has been shown to be an important mechanism of evolution, not 

only in the evolution of the eukaryotic cell, but also in the diversification of 
major eukaryotic clades (Margulis, 1981; 1991; Maynard Smith, 1991; Sogin et 
al., 1996). The discovery of prokaryotic endosymbionts in what has been 
considered to be a basal foraminiferal clade (Loeblich and Tappan, 1988; 
Tappan and Loeblich, 1988), indicates that endosymbiosis may have played a 
more significant role in the evolution and diversification of foraminiferans 
than has previously been suspected (West, 1995). Photosynthetic symbioses 
have been hypothesized to drive the evolution of a number of ecologically 
specialized crown groups, both planktic and benthic, that dwell in shallow 
marine waters of the photic zone (Lee et al., 1979; Lee and Hallock, 1987; 
Hallock, 1985; Lee and Anderson, 1991; Norris, 1992). Living foraminiferans, 
however, occupy a number of ecologically diverse habitats in the present-day 
oceans. For example, in the deep sea, foraminiferans have been found not only 
living in restricted microhabitats within the sediments (Corliss, 1985), but 
dwelling in proximity to hydrothermal vents (Van Dover et al., 1988; Jonasson 
and Schroder-Adams, 1996), and encrusting manganese nodules (Mullineaux, 
1988; 1989) and phosphate hardgrounds (Resig and Glenn, 1997). Future studies 
using molecular techniques and examination of ultrastructure may reveal that 

t 



308 S.L. RICHARDSON AND K. RUTZLER 

the ability of foraminiferans to exploit these habitats depends on their ability 
to form endosymbiotic associations with diverse prokaryotic and eukaryotic 
tax a. 

Acknowledgements 

This research was supported by a grant from the Smithsonian Institution's 
Caribbean Coral Reef Ecosystems (CC.RE.) Program. We would like to extend 
special thanks to Karen Koltes (National Biological Survey) and John 
Tschirky (The Nature Conservancy) for collecting live specimens of 
Spiculidendron corallicolum in the field for this study. Mike Carpenter 
(National Museum of Natural History) provided invaluable assistance during 
fieldwork in Belize. We are grateful to Andrea Blake Brothers for TEM 
sectioning and micrographic work. Lynn Margulis and an anonymous reviewer 
kindly made helpful suggestions on the text. This is CC.RE. Contribution No. 
552. 

REFERENCES 

Angell, R.W. 1980. Test morphogenesis (chamber formation) in the foraminifer 
Spiroloculina hyalina Schulze. Journal of Foraminiferal Research 10: 89-101. 

Austin, B. 1988. Marine Microbiology. Cambridge University Press, Cambridge and New 
York, 222 p. 

Bernhard, J.M. 1993. Experimental and field evidence of Antarctic foraminiferal tolerance 
to anoxia and hydrogen sulfide. Marine Micropaleontology 20: 203-213. 

Bernhard, J.M. 1996. Microaerophilic and facultative anaerobic benthic foraminifera; a 
review of experimental and ultrastructural evidence. Revue de Paleobiologie 15: 261- 
275. 

Bernhard, J.M. and Reimers, CE. 1991. Benthic foraminiferal population fluctuations 
related to anoxia, Santa Barbara Basin. Biogeochemistry 15: 127-149. 

Beveridge, T.J. 1989. The structure of bacteria. In: Bacteria in Nature, Volume 3, Structure, 
Physiology and Genetic Adaptibility. J.S. Poindexter and E.R. Leadbetter, eds. Plenum 
Press, New York, pp. 1-65. 

Bidwell, J.P. and Spotte, S., eds., 1985. Artificial Seawaters: Formulas and Methods. Jones 
and Bartlett, Boston and Woods Hole, 349 pp. 

Bowser, S.S., McGee-Russell, S.M., and Rieder, C.L. 1985. Digestion of prey in foraminifera 
is not anomalous: a correlation of light microscopic, cytochemical, and HVEM technics 
to study phagotrophy in two Allogromiids. Tissue & Cell 17: 823-839. 

Cavanaugh, CM., Levering, P.R., Maki, J.S., Mitchell, R., and Lindstrom, M.E. 1987. 
Symbiosis of methylotrophic bacteria and deep-sea mussels. Nature 325: 346-348. 

Childress, J.J. and Fisher, C.R. 1992. The biology of hydrothermal vent animals: Physiology, 
biochemistry, and autotrophic symbioses. Annual Review of Oceanography and Marine 
Biology 30: 337-441. 



BACTERIAL ENDOSYMBIONTS INS. CORALLICOLUM 309 

Corliss, B.H. 1985. Microhabitats of benthic foraminifera within deep-sea sediments. 
Nature 324: 435-438. 

Fisher, J.J. 1990. Chemoautotrophic and methanotrophic symbiosis in marine invertebrates. 
Reviews in Aquatic Science 2: 399-436. 

Guerrero, M.A. and Jones, R.D. 1996a. Photoinhibition of marine nitrifying bacteria. I. 
Wavelength-dependent response. Marine Ecology Progress Series 141: 183-192. 

Guerrero, M.A. and Jones, R.D. 1996b. Photoinhibition of marine nitrifying bacteria. II. 
Dark recovery after monochromatic or polychromatic irradiation. Marine Ecology 
Progress Series 141: 193-198. 

Hallock, P. 1985. Why are larger foraminifera large? Paleobiology 11: 195-208. 
Hedley, K.W., Parry, D.M., and Wakefield, J.St.J. 1967. Fine structure of Shepheardella 

taeniformis (Foraminifera: Protozoa). Journal of the Royal Microscopical Society 87: 445- 
456. 

Hemleben, C., Spindler, M., and Anderson, O.R. 1989. Modern Planktonic Foraminifera. 
Springer-Verlag, New York and Berlin, 363 p. 

Jeon, K.W. 1983. Integration of bacterial endosymbionts in amoebae. International Review 
of Cytology Supplement 14: 29-47. 

Jeon, K.W. 1995. Bacterial endosymbiosis in amoebae. Trends in Cell Biology 5: 137-140. 
Jonasson, K.E. and Schroder-Adams, C.J. 1996. Encrusted agglutinated foraminifera -on 

indurated sediment at a hydrothermal venting area on the Juan de Puca Ridge, northeast 
Pacific Ocean. Journal of Foraminiferal Research 26: 137-149. 

Jones, R.D., Morita, R.Y., Koops, H.-P., and Watson, S.W. 1988. A new marine ammonium 
oxidizing bacterium, Nitrosomonas cryotolerans sp. nov. Canadian Journal of Microbiology 
34: 1122-1128. 

Koops, H.-P., Harms, H., and Wehrmann, H. 1976. Isolation of a moderate halophilic 
ammonia-oxidizing bacterium, Nitrosococcus mobilis nov. sp. Archives of Microbiology 
107: 277-282. 

Le Calvez, Y. and Cesana, D. 1980. Regarding the genus Hemisphaerammina Loeblich and 
Tappan (Foraminifera). Cushman Foundation Special Publication 19: 215-224. 

Lee, J.J. 1990. Phylum Granuloreticulosa (Foraminifera). In: Handbook of Protoctista. L. 
Margulis, J.0. Corliss, M. Melkonian, and D.J. Chapman, eds. Jones and Bartlett 
Publishers, Boston, pp. 524-548. 

Lee, J.J. and Anderson, O.R. 1991. Symbiosis in foraminifera. In: Biology of Foraminifera. 
J.J. Lee and O.R. Anderson, eds. Academic Press, New York, pp. 157-220. 

Lee, J.J. and Hallock, P. 1987. Algal symbiosis as the driving force in the evolution of larger 
foraminifera. In: Endocytobiology III. J.J. Lee and J.F. Fredrick, eds. Annals of the New 
York Academy of Sciences 503: 330-347. 

Lee, J.J. and McEnery, M.E. 1983. Symbiosis in foraminifera. In: Algal Symbiosis: A 
Continuum of Interaction Strategies. L.J. Goff, ed. Cambridge University Press, Cambridge, 
pp. 37-68. 

Lee, J.J., McEnery, M.E., Kahn, E.G., and Schuster, F.L. 1979. Symbiosis and the evolution 
of larger foraminifera. Micropaleontology 25: 118-140. 

Lee, J.J., Morales, J., Bacus, S., Diamant, A., Hallock, P., Pawlowski, J., and Thorpe, J. 1997. 
Progress in characterizing the endosymbiotic dinoflagellates of Soritid foraminifera and 



310 S.L. RICHARDSON AND K. RUTZLER 

related studies on some stages in the life cycle of Marginopora vertebra/is. Journal of 
Foraminiferal Research 27: 254-263. 

Leutenegger, S. 1984. Symbiosis in benthic foraminifera: specificity and host adaptations. 
Journal of Foraminiferal Research 14: 16-35. 

Leys, S. 1995. Cytoskeletal architecture and organelle transport in a giant syncytia formed 
by fusion of hexactinellid sponge tissues. Biological Bulletin 188: 241-254. 

Loeblich, A.R. Jr., and Tappan, H. 1987 (1988). Foraminifera/ Genera and their 
Classification. Van Nostrand Reinhold Co., New York, 1 (text): 900 pp. 

Margulis, L. 1991. Symbiogenesis and symbionticism. In: Symbiosis as the Source of 
Evolutionary Innovation. L. Margulis and R. Fester, eds. MIT Press, Cambridge, MA pp. 
1-14. 

Margulis, L.,1993. Symbiosis in Cell Evolution: Microbial Communities in the Archaean and 
Proterozoic Eons. W.H. Freeman and Company, San Francisco, 452 pp. 

Maynard Smith, J. 1991. A Darwinian view of symbiosis. In: Symbiosis as the Source of 
Evolutionary Innovation. L. Margulis and R. Fester, eds. MIT Press, Cambridge, MA, pp. 
26-39. 

Moriarity, D.J.W. and Hayward, A.C. 1982. Ultrastructure of bacteria and the proportion 
of gram-negative bacteria in marine sediments. Microbial Ecology 8: 1-14. 

Mullineaux, L.S. 1988. Taxonomic notes on large agglutinated foraminifers encrusting 
manganese nodules, including the description of a new genus, Chondrodapsis 
(Komokiacea). Journal of Foraminiferal Research 18: 46-53. 

Mullineaux, L.S. 1989. Vertical distribution of the epifauna on manganese nodules: 
implications for settlement and feeding. Limnology and Oceanography 34: 1247-1262. 

Murray, R.G.E. and Watson, S.W. 1965. Structure of Nitrosocystis oceanus and comparison 
with Nitrosomonas and Nitrobacter. Journal of Bacteriology 89: 1594-1609. 

Norris, R.D. 1996. Symbiosis as an evolutionary innovation in the radiation of Paleocene 
planktic foraminifera. Paleobiology 22: 461-480. 

Nyholm, K.-G. and Nyholm, P.-G. 1975a. Ultrastructure of monothalamous foraminifera. 
Zoon 3: 141-150. 

Nyholm, K.-G. and Nyholm, P.-G. 1975b. On the microtubules of some monothalamous 
Foraminifera, especially Cylindrogullmia alba. Zoon 3: 151-154. 

Ossipov, D.V., Karpov, S.A., Smirnov, A.V., and Rautian, M.S. 1997. Peculiarities of the 
symbiotic systems of protists with diverse patterns of cellular organisation. Acta 
Protozoologica 36: 3-21. 

Remsen, C.C., Valois, F.W., and Watson, S.W. 1967. Fine structure of the cytomembranes of 
Nitrosocystis oceanus. Journal of Bacteriology 94: 422-433. 

Resig, J.M. and Glenn, C.R. 1997. Foraminifera encrusting phosphoritic hardgrounds of the 
Peruvian upwelling zone: taxonomy, geochemistry, and distribution. Journal of 
Foraminiferal Research 27: 133-150. 

Richardson, S.L. 1993. A new framework for the life cycle of foraminiferans. Abstracts 
with Programs, Geological Society of America 1993 Annual Meeting, Boston, MA, 
October 25-28: A-429. 

Richardson, S.L. 1994. The alternation of haploid and diploid generations and its 
significance for foraminiferans. PaleoBios Supplement 16: 55. 



BACTERIAL ENDOSYMBIONTS INS. CORALLICOLUM 311 

Rutzler, K. and Richardson, S. 1996. The Caribbean spicule tree: a sponge-imitating 
foraminfer (Astrorhizidae). In: Recent Advances in Sponge Biodiversity Inventory and 
Documentation. P. Willenz, ed. Bulletin de l'Insiiiui Royal des Sciences Naturelles de 
Belgique 66 (supplement): 143-151. 

Schlegel, H.G. 1993. General Microbiology (7th edition). Cambridge University Press, 
Cambridge and New York, 655 pp. 

Shively, J.M. 1974. Inclusion bodies in prokaryotes. Annual Review of Microbiology 28: 
167-187. 

Silverstein, S.C. 1995. Phagocytosis of microbes: insights and prospects. Trends in Cell 
Biology 5: 141-142. 

Sogin, M.L., Morrison, H.G., Hinkle, G., and Silberman, J.D. 1996. Ancestral relationships 
of the major eukaryotic lineages. Microbiologia 28: 167-187. 

Streams, M.E., Fisher, C.R., Fiala-Medioni, A. 1997. Methanotrophic symbiont location and 
fate of carbon incorporated from methane in a hydrocarbon seep mussel. Marine Biology 
129: 465-476. 

Tappan, H. and Loeblich, A.R. Jr. 1988. Foraminiferal evolution, diversification, and 
extinction. Journal of Paleontology 62: 695-714. 

Taylor, F.J.R. 1983. Some eco-evolutionary aspects of intracellular symbiosis. 
International Review of Cytology Supplement 14: 1-28. 

Tenda!, O.S. 1990. Why are Foraminiferida foraminifers? In: Palaeoecology, 
Biostratigraphy, Paleoceanography and Taxonomy of Agglutinated Foraminifera. C. 
Hemleben, M.A. Kaminski, W. Kuhnt, and D.B. Scott, eds. Kluwer Academic Publishers, 
The Netherlands, pp. 13-18. 

Travis, J.L. and Allen, R.D. 1981. Studies on the motility of the foraminifera. I. 
Ultrastructure of the reticulopodial network of Allogromia laticollaris (Arnold). The 
Journal of Cell Biology 90: 211--'221. 

Vacelet, J., Fiala-Medioni, A., Fisher, C.R., and Boury-Esnault, N. 1996. Symbiosis between 
methane-oxidizing bacteria and a deep-sea carnivorous cladorhizid sponge. Marine 
Ecology Progress Series 145: 77-85. 

Van Dover, C.L. 1988. Recruitment of marine invertebrates to hard substrates at deep-sea 
hydrothermal vents on the East Pacific Rise and Galapagos spreading center. Deep-Sea 
Research 35: 1833-1849. 

Watson, S.W. 1963. Autotrophic nitrification in the ocean. In: Symposium on Marine 
Microbiology. C.H. Oppenheimer, ed. C.C. Thomas Publisher, Springfield, IL, pp. 73-84. 

Watson, S.W. 1965. Characteristics of a marine nitrifying bacterium, Nitrosocystis oceanus 
sp. n. Limnology and Oceanography 10 (supplement): R274-R289. 

Watson, S.W. and Mandel, M. 1971. Comparison of the morphology and deoxyribonucleic 
acid composition of 27 strains of nitrifying bacteria. Journal of Bacteriology 107: 563- 
569. 

Watson, S.W. and Waterbury, J.B. 1971. Characteristics of two marine nitrite oxidizing 
bacteria, Nitrospina gracilis nov, gen. nov. sp. and Nitrococcus mobilis nov. gen. nov. sp. 
Archiv fiir Mikrobiologie 77: 203-230. 

West, 0.L.0. 1995. A hypothesis for the origin of fibrillar bodies in planktic foraminifera 
by bacterial endosymbiosis. Marine Micropaleontology 26: 131-135. 



312 S.L. RICHARDSON AND K. RUTZLER 

Westphal, K., Bock, E., Cannon, G., and Shively, J.M. 1979. Deoxyribonucleic acid in 
Nitrobacter carboxysomes. Journal of Bacteriology 140: 285-288. 

Windoffer, R. and Giere, 0. 1997. Symbiosis of the hydrothermal vent gastropod Ifremeria 
nautilei (Provannidae) with endobacteria - structural analyses and ecological 
considerations. Biological Bulletin 193: 381-392. 


