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Foraminifera are unicellular eukaryotes. These protists have membrane-bound nuclei,
a microtubule-based cytoskeleton, intracellular membranous organelles, and anastamosing
granuloreticulose pseudopodia. The name derives from the combination of two neo-Latin
terms (“foramen”, meaning an opening, hole or passage; “fer”, meaning bearing), equating to
“hole-bearing”, referring to the presence of a hole in each chamber wall of the mineralized
shells observed by Alcide d’Orbigny, who coined the moniker in 1826 (Lipps et al., 2011).
The shell, formally called a “test”, is typically considered as protection to the foraminiferal
cell and commonly preserved in the geological record. Easily fossilized tests can be
composed of either calcium carbonate secreted by the foraminifer, or mineral grains that are
adhered with either organic or carbonate cement. Foraminifera with carbonate tests are
informally referred to as “calcareous”; those forms that bind inorganic grains are
“agglutinated”, most of which are multichambered. Some foraminifera such as the “thecate”
allogromiids and “naked” forms, have organic tests that do not fossilize well because of the
lack of mineralized test components. Most of these organic-walled forms are single
chambered, or “monothalamous”. These “soft-walled” forms have largely been overlooked
until recent decades. There are instances where monothalamid forms also have rigid
agglutinated tests (Bowser et al. 1995). For a recent classification of foraminifera, the reader
is directed to Pawlowski et al. (2013).

Foraminifera are nearly ubiquitous in the marine environment. To our knowledge,
more limited representation exists in freshwater and terrestrial habitats. Thecate forms are
generally marine while naked forms are generally freshwater or terrestrial. Three informal
groups may be differentiated among common foraminiferal forms, based according to their
habitats and life strategies: 1) planktonics, which live in the upper water column of the open
ocean, 2) large benthic foraminifera (LBF) living on the seafloor in warm shallow waters and

bearing photosynthetic symbionts, 3) “small” benthic foraminifera (SBF), which typically



lack photosynthetic symbionts and live in or on substrate such as unconsolidated “soft”
sediment or megafauna and megaflora (seaweed). We focus this special issue on the
ultrastructure of “small” marine benthic foraminifera (SBF); we do not extensively consider
small benthic freshwater or terrestrial foraminifera.

During the mid-1800s foraminifera became widely appreciated, with studies by
researchers such as Christian Gottfried Ehrenberg, William Benjamin Carpenter, and Henry
Bowman Brady. Due to their long and diverse fossil record, much early research on
foraminifera focused on biostratigraphy and paleoecology, eventually as a means to identify
source rocks for hydrocarbon reserves. The global H. M. S. Challenger Expedition (1872-
1876) collected hundreds of samples that received devoted study over decades by experts on
every marine life form, including foraminifera (e.g., Brady (1884), see also updated report by
Jones (1994)). Naturalists such as Ernst Haeckel popularized foraminifera at the turn of the
century by including them in their artistic scientific illustrations. Because foraminifera can be
abundant in shallow to deep waters from low to high latitude, their distribution and ecology
also received concentrated research efforts by investigators such as Joseph A. Cushman, in the
early to mid-1900s. Beginning in the middle of the last century, the chemical records of
foraminiferal carbonate tests were used extensively to decipher past oceanographic and
paleoclimate conditions (reviewed in Katz et al., 2010). For more thorough insights into the
history of foraminiferal research, the reader is directed to recent compilations and historical
perspectives (e.g., Bowden et al., 2014).

Due to the nineteenth century and twentieth century focus on fossil, relict and modern
foraminiferal remains, relatively little research was done on the living organism. Research of
the past few decades has revealed diverse foraminiferal adaptations, in the context of cell

biology and physiology, especially to chemocline habitats and additional “stressful”



environmental conditions. Such adaptations implicate their importance to biogeochemical
cycling.
A short history of transmission electron microscopy

A transmission electron microscope (TEM) uses an electron beam to pass (or transmit)
through a specimen, to produce an image that is dependent on the interaction of the beam with
the specimen; the image is subsequently magnified for viewing. Materials investigated by
TEM are typically very thin, either being a thin slice (<0.1 um) of a larger specimen or very
fine particles accumulated on an appropriate surface (i.e., grid).

The first functional TEM was designed, built, and operated in the early 1930s by Ernst
Ruska (Flegler et al., 1993). The development of the TEM was so influential that, in 1986,
Ruska was co-recipient of the Nobel Prize in Physics (Bozzola and Russell, 1999). With the
TEM, the use of an electron beam to image an item of interest allowed investigations at a
much higher magnification than light microscopy. The resolution of the electron microscope
was approximately three orders of magnitude higher than the light microscopes of the 1940s
(Flegler et al., 1993). This ability to view materials at a much higher resolution resulted in
unprecedented observations, opening entirely novel avenues of investigation. By the 1950s,
the TEM was being used in many scientific disciplines, including biology, medicine, geology,
and material sciences.

Over the years, the instrumentation has seen vast improvements and modifications that
are beyond the scope of this short introduction. In sum, transmission electron microscopy has
evolved to include a wide range of instrumentation, including High Voltage EM (HVEM),
Low Voltage EM, Cryo-TEM, and Scanning TEM (STEM). These instruments can be paired
with additional equipment such as an energy dispersive X-ray spectroscopy detector for
elemental mapping and chemical characterization. Information on these methodologies is also

beyond the scope of this contribution.



Use of the TEM relies not only on the instrumentation, but also on specimen
preparation. Because most electron microscopes require a vacuum, and biological specimens
are composed mostly of water, preparing specimens properly is crucial to successful TEM
investigations. Different biological materials demand different preparation procedures. For
example, even within the foraminifera, different protocols are required to adequately remove
the test, if necessary. While this special issue includes information on foraminiferal

preparations for TEM, the reader is directed to the primary literature for further details.

Brief history of foraminiferal TEM studies

To our knowledge, the first TEM investigations of foraminiferal cells were in the
1960s (e.g., Walfarth-Bottermann, 1961). In 1965, Lee et al. (1965) described for the first
time in the literature the general ultrastructure of two planktonic (calcareous) foraminifera. In
1967, Robert Angell published two works on the calcareous benthic Rosalina floridana, being
the first to document foraminiferal calcification and chamber addition using the TEM (Angell
19673, b). Beginning in the late 1960s, several authors used the TEM to study the
ultrastructure of soft-walled foraminifera (Table 1). The 1970s, 1980s and early 1990s saw
numerous investigations into benthic foraminiferal reticulopods, extensively reviewed by

Travis and Bowser (1991) and Bowser and Travis (2000).

Between 1974 and 1990, the number of publications about the ultrastructure of LBF
and planktonics, and their photosynthetic symbionts, increased markedly (e.g., Lee et al.,
1974, Anderson and Bé, 1976a, Lee and Bock, 1976, Muller-Merz and Lee, 1976, Lee et al.,
1979, 1980a, b, Schmaljohann and Réttger, 1978, McEnery and Lee, 1981, Bé et al., 1982,
Leutenegger, 1977a, b, 1983, 1984, Hemleben et al., 1985, Spero, 1987, Faber et al., 1988,

1989, Lee, 1990, Lee and Anderson, 1991).



Reviews of foraminiferal biology and cell structure exist mainly on planktonic
foraminifera and LBFs. In 1977, important reviews were published by Leutenegger (19774, b)
on the ultrastructure of LBFs and planktonic foraminifera and their photosynthetic symbionts.
Anderson and Bé (1978) and Anderson and Lee (1991) both describe the main organelles and
features observed in foraminiferal cells (e.g., nuclei, ribosomes, endoplasmic reticulum,
Golgi, lysosomes and digestive vacuoles, peroxisomes, mitochondria, fibrillar bodies,
cytoskeletal structures) but the source of all their TEM images except for one was planktonic
foraminifera or LBF. Hemleben et al. (1989) and Schiebel and Hemleben (2017) thoroughly
described the cytology of planktonic foraminifera.

A published review presenting the ultrastructure of SBF does not exist, to our
knowledge. Here we present a compilation of representative publications that present at least
one micrograph of smaller benthic foraminiferal ultrastructure (Table 1). Using information
from Table 1, we note that before 1990, most of the major published studies with the TEM
micrographs of SBF ultrastructure were based on soft-walled species (Fig. 1) mainly studying
attributes to the cell membrane and/or test wall, especially reticulopods (Fig. 2). Starting in
the 1990s, increasingly more studies on calcareous SBF ultrastructure were published (Fig. 1)
and, while these often focused on specific organelle type(s), some also focused on functions
such as reproduction (Fig. 2). Also, in the 1990s, an interest to study cellular adaptations to
specific environmental conditions increased. Much of this interest was and is presently
focused on the response of foraminiferal ultrastructure to oxygen-depletion in either natural or
laboratory-controlled experimental settings. In the 2010s, many correlative investigations are
combining innovative methodologies with the TEM.

In general, multilocular (multichambered) agglutinated foraminifera are not well
studied by TEM methods (Fig.1) generally due to the added complexities of removing their

test. Even large agglutinated foraminifera, such as the Xenophyophores and komokiaceans,



have rarely been the subject of a TEM study (e.g., Lecroq et al. 2009), presumably due to the

issues with recovery of deep-water materials.

Why this special issue?

Of course all foraminifera have similar overall cellular ultrastructure, including
organelles typical to most eukaryotic cells. Additionally, the cellular ultrastructure of
symbiont-bearing planktonic foraminifera and LBF are highly similar because both
predominantly host photosynthetic symbionts. As noted, published reviews of foraminiferal
ultrastructure are based on TEM micrographs of LBF (e.g., Leutenegger, 1977b) and
planktonic foraminifera (Hemleben et al., 1989); a compilation of studies presenting TEM
micrographs of SBF does not exist. This special issue is intended to fill the gap in existing
reviews of SBF ultrastructure in a general context.

To improve our knowledge of the role of foraminifera in biogeochemical cycling and
ecosystem functioning, it is imperative that we understand their physiology, metabolism and
ecology. Such information is also critical to understanding foraminiferal biomineralization
and geochemical signatures. One powerful means to better understand foraminiferal
physiology, metabolism and ecology is to return to cell-scale studies, using transmission
electron microscopy in combination with additional state-of-the-art imaging approaches.

This special issue includes the following contributions. An overview of typical smaller
benthic foraminiferal ultrastructure and organelles is presented in LeKieffre et al., which also
includes observations on some fine-scale structures of unknown function. An overview and
synthesis of the observed associations between smaller benthic foraminifera and prokaryotes,
as symbionts or parasites, is presented by Bernhard et al. A synthesis regarding a type of
specialized “symbiosis” involving chloroplast sequestration is presented for shallow-water

smaller benthic foraminiferal species (Jauffrais et al.). High-pressure freezing and freeze



substitution (HPF-FS) were used to document the ultrastructure of the chloroplast-
sequestering Haynesina germanica (Goldstein and Richardson); this contribution also
includes some comparisons between conventional chemical fixation and the HPF-FS
approach. The ultrastructural response of Ammonia spp. to anoxia is presented by Koho et al.
Similarly, the ultrastructural response of selected smaller benthic foraminifera to heavy metals
is presented by Frontalini et al. Finally, an overview of methods that merge the TEM with

additional powerful analytical tools is presented in Nomaki et al.

Acknowledgments

The idea for this Special Issue of Marine Micropaleontology resulted from the
“Foraminiferal Ultrastructure Workshop” organized by the FRESCO (Foraminiferal Research
Consortium) project in conjunction with The Micropalaeontological Society’s Foraminifera
and Nannofossil Groups Joint Meeting 2016 held at the University of Angers. For this
introductory review, we gratefully appreciate the insights from Sam Bowser and Sue
Goldstein for their vast knowledge of the subject and extensive reprint collections as well as
Charlotte LeKieffre for sharing her knowledge of planktonic foraminiferal ultrastructure. We
also thank the Marine Micropaleontology Editors, Ric Jordan and Frans Jorissen for their
support in our efforts to create this special issue. JMB acknowledges support from the WHOI
Robert W. Morse Chair for Excellence in Oceanography and The Investment in Science Fund

at WHOI.



References

Alexander, S.P., Banner, F.T., 1984. The functional relationship between skeleton and
cytoplasm in Haynesina germanica (Ehrenberg). Journal of Foraminiferal Research
14, 159-170.

Altin, D.Z., Habura, A., Goldstein, S.T., 2009. A new allogromiid foraminifer Niveus flexilis
nov. gen., nov. sp., from coastal Georgia, USA: fine structure and gametogenesis.
Journal of Foraminiferal Research 39, 73-86.

Altin-Ballero, D.Z., Habura, A., Goldstein, S.T., 2013. Psammophaga sapela n. sp., a new
monothalamous foraminiferan from coastal Georgia, U.S.A.: fine structure,
gametogenesis, and phylogenetic placement. Journal of Foraminiferal Research 43,
113-126.

Anderson, O.R., Bé, A.W.H., 1976a. The ultrastructure of a planktonic foraminifer,
Globigerinoides sacculifer (Brady), and its symbiotic dinoflagellates. Journal of
Foraminiferal Research 6, 1-21.

Anderson, O.R., Bé, A.W.H., 1976b. A cytochemical fine structure study of a phagotrophy in
a planktonic foraminifer, Hastigerina pelagica (d’Orbigny). Biological Bulletin 151,
437-449.

Anderson, O.R., Bé, A.W.H., 1978. Recent advances in foraminiferal fine structure research,
in: Foraminifera. Hedley R.H., Adams C.G., Academic Press, New York, pp. 122—
202.

Anderson, O.R., Lee, J.J., 1991. Cytology and fine structure, in: Biology of Foraminifera. Lee
J.J. and Anderson O.R., Academic Press, London, pp. 7-40.

Angell, R.W., 1967a. The test structure and composition of the foraminifer Rosalina

floridana. The Journal of Protozoology 14, 299-307.



Angell, R.W., 1967b. The process of chamber formation in the Foraminifer Rosalina
floridana (Cushman). The Journal of Protozoology 14, 566-574.

Angell, R.W., 1971. Observations on gametogenesis in the foraminifer Myxotheca. Journal of
Foraminiferal Research 1, 39-42.

Arnold, Z.M., 1982. Psammophaga simplora n. gen., n. sp., a polygenomic Californian
saccamminid. Journal of Foraminiferal Research 12, 72-78.

Arnold, Z.M., 1984. The gamontic karyology of the saccamminid foraminifer Psammophaga
simplora Arnold. Journal of Foraminiferal Research 14, 171-186.

Bé, A\W.H., Spero, H.J., Anderson, O.R., 1982. Effects of symbiont elimination and
reinfection on the life processes of the planktonic foraminifer Globigerinoides
sacculifer. Marine Biology 70, 73-86.

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 Paléobiologie 15, 261-
275.

Bernhard, J.M., 2000. Distinguishing live from dead Foraminifera: methods review and
proper applications. Micropaleontology 46, 38-46.

Bernhard, J.M., 2003. Potential symbionts in bathyal foraminifera. Science 299, 861-861.

Bernhard, J.M., Alve, E., 1996. Survival, ATP pool, and ultrastructural characterization of
benthic foraminifera from Drammensfjord (Norway): response to anoxia. Marine
Micropaleontology 28, 5-17.

Bernhard, J.M., Bowser, S.S., 1999. Benthic foraminifera of dysoxic sediments: chloroplast

sequestration and functional morphology. Earth-Science Reviews 46, 149-165.

10



Bernhard, J.M., Bowser, S.S., 2008. Peroxisome proliferation in foraminifera inhabiting the
chemocline: an adaptation to reactive oxygen species exposure? Journal of Eukaryotic
Microbiology 55, 135-144.

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

Bernhard, J.M., Richardson, E.A., 2014. FLEC-TEM: using microscopy to correlate
ultrastructure with life position of infaunal foraminifera, in: Approaches to Study
Living Foraminifera: Collection, Maintenance and Experimentation. Kitazato H. and
Bernhard J.M., Springer, Tokyo, pp. 103-113.

Bernhard, J.M., Sen Gupta, B.K., 1999. Foraminifera of oxygen-depleted environments, in:
Modern Foraminifera. Sen Gupta, B. K., Springer Dordrecht, pp. 201-216.

Bernhard, J.M., Buck, K.R., Farmer, M.A., Bowser, S.S., 2000. The Santa Barbara Basin is a
symbiosis oasis. Nature 403, 77-80.

Bernhard, J.M., Buck, K.R., Barry, J.P., 2001. Monterey Bay cold-seep biota: Assemblages,
abundance, and ultrastructure of living foraminifera. Deep-Sea Research I, 48, 2233-
2249,

Bernhard, J.M., Habura, A., Bowser, S.S., 2006. An endobiont-bearing allogromiid from the
Santa Barbara Basin: Implications for the early diversification of foraminifera. Journal
of Geophysical Research 111, G03002.

Bernhard, J.M., Martin, J.B., Rathburn, A.E., 2010a. Combined carbonate carbon isotopic and
cellular ultrastructural studies of individual benthic foraminifera: 2. Toward an
understanding of apparent disequilibrium in hydrocarbon seeps. Paleoceanography 25,

PA4206.

11



Bernhard, J.M., Goldstein, S.T., Bowser, S.S., 2010b. An ectobiont-bearing foraminiferan,
Bolivina pacifica, that inhabits microxic pore waters: cell-biological and
paleoceanographic insights. Environmental Microbiology 12, 2107-2119.

Bernhard, J.M., Casciotti, K.L., Mcllvin, M.R., Beaudoin, D.J., Visscher, P.T., Edgcomb,
V.P., 2012a. Potential importance of physiologically diverse benthic foraminifera in
sedimentary nitrate storage and respiration. Journal of Geophysical Research 117,
G03002.

Bernhard, J.M., Edgcomb, V.P., Casciotti, K.L., Mcllvin, M.R., Beaudoin, D.J., 2012b.
Denitrification likely catalyzed by endobionts in an allogromiid foraminifer. ISME
Journal 6, 951-960.

Bernhard, J.M., Tsuchiya, M., Nomaki, H., in press. Ultrastructural observations on
prokaryotic associates of benthic foraminifera: Food, mutualistic symbionts, or
parasites? Marine Micropaleontology (This issue).

Berthold, W.-U., 1976. Test morphology and morphogenesis in Patellina corrugata
Williamson, Foraminiferida. Journal of Foraminiferal Research 6, 167-185.

Boltovskoy, E., Wright, R., 1976. The systematic position and importance of the
Foraminifera, in: Recent Foraminifera. Boltovskoy E. and Wright R., Junk, La Hague,
pp. 5-21.

Bowden, A.J., Gregory, F.J., Henderson, A.S., 2014. Landmarks in Foraminiferal
Micropalaeontology: History and Development. The Micropalaeontological Society
Special Publications TMS006, Geological Society of London, London, 368 pp.

Bowser, S.S., Rieder, C.L., 1985. Evidence that cell surface motility in Allogromia is
mediated by cytoplasmic microtubules. Canadian Journal of Biochemistry 63, 608—

620.

12



Bowser, S.S., Travis, J.L., 2000. Methods for structural studies of reticulopodia, the vital
foraminiferal” soft part”. Micropaleontology 46, 47-56.

Bowser, S.S., McGee-Russell, S.M., Rieder, C.L., 1984. Multiple fission in Allogromia sp.,
strain NF (Foraminiferida): release, dispersal, and ultrastructure of offspring. Journal
of Protozoology 31, 272-275.

Bowser, S.S., McGee-Russell, S.M., 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, 823-8309.

Bowser, S.S., Delaca, T.E., Rieder, C.L., 1986. Novel extracellular matrix and microtubule
cables associated with pseudopodia of Astrammina rara, a carnivorous Antarctic
foraminifer. Journal of Ultrastructure and Molecular Structure Research 94, 149-160.

Bowser, S.S., Travis, J.L., Rieder, C.L., 1988. Microtubules associate with actin-containing
filaments at discrete sites along the ventral surface of Allogromia reticulopods. Journal
of Cell Science 89, 297-307.

Bowser, S.S., Gooday, A.J., Alexander, S.P., Bernhard, J.M., 1995. Larger agglutinated
foraminifera of McMurdo Sound, Antarctica: Are Astrammina rara and
Notodendrodes antarctikos allogromiids incognito? Marine Micropaleontology 26,
75-88.

Bowser, S.S., Bernhard, J.M., Habura, A., Gooday, A.J., 2002. Structure, taxonomy and
ecology of Astrammina triangularis (Earland), an allogromiid-like agglutinated
foraminifer from Explorers Cove, Antarctica. Journal of Foraminiferal Research 32,
364-374.

Bozzola, J.J., Russell, L.D., 1999. Electron Microscopy: Principles and Techniques for

Biologists. Jones & Bartlett Learning. Boston, 670 pp.

13



Brady, H.B., 1884. Report on the foraminifera dredged by the H.M.S. Challenger during
years 1873-1876. In: Report on the Scientific Results of the Voyage of H.M.S.
Challenger during Years 1873-1876, Zoology. Murray J., Neill and Company,
Edinburgh, pp. 1-814.

Cedhagen, T., 1991. Retention of chloroplasts and bathymetric distribution in the sublittoral
foraminiferan Nonionellina labradorica . Ophelia 33, 17-30.

Cesana, D., 1972. Ultrastructure des gamétes chez un foraminifére : Irida lucida Le Calvez.
Compte Rendu de I’ Académie des Sciences de Paris 274, 1044-1048.

Cesbron, F., Geslin, E., LeKieffre, C., Jauffrais, T., Nardelli, M.P., Langlet, D., Mabilleau, G.,
Jorissen, F.J., Jézéquel, D., Metzger, E., 2017. Sequestered chloroplasts in the benthic
foraminifer Haynesina germanica: cellular organization, oxygen fluxes and potential
ecological implications. Journal of Foraminiferal Research 47, 268-278.

Correia, M.J., Lee, J.J., 2002. Fine structure of the plastids retained by the foraminifer
Elphidium excavatum (Terquem). Symbiosis 32, 15-26.

Dahlgren, L., 1967a. On the ultrastructure of the gamontic nucleus and the adjacent cytoplasm
of the monothalamous foraminifer Ovammina opaca Dahlgren. Zoologiska bidrag fran
Upsala 37, 77-112.

Dahlgren, L., 1967b. On the nuclear distribution of RNA and DNA and on the ultrastructure
of nuclei and adjacent cytoplasm of the foraminifers Hippocrepinella alba (Heron-
Allen and Earland) and Globobulimina turgida (Bailey) Dahlgren. Zoologiska bidrag
fran Upsala 37, 113-138.

DelLaca, T.E., Bernhard, J.M., Reilly, A.A., Bowser, S.S., 2002. Notodendrodes
hyalinosphaira (sp. nov.): Structure and Autecology of an Allogromiid-Like

Agglutinated Foraminifer. Journal of Foraminiferal Research 32, 177-187.

14



Euteneuer, U., McDonald, K.L., Koonce, M.P., Schliwa, M., 1986. Intracellular transport in
Reticulomyxa. Annals of the New York Academy of Sciences 466, 936-939.

Faber, W.W., Anderson, O.R., Lindsey, J.L., Caron, D.A., 1988. Algal-foraminiferal
symbiosis in the planktonic foraminifer Globigerinella aequilateralis; 1, Occurrence
and stability of two mutually exclusive chrysophyte endosymbionts and their
ultrastructure. Journal of Foraminiferal Research 18, 334-343.

Faber, W.W., Anderson, O.R., Caron, D.A., 1989. Algal-foraminiferal symbiosis in the
planktonic foraminifer Globigerinella aequilateralis; I, Effects of two symbiont
species on foraminiferal growth and longevity. Journal of Foraminiferal Research 19,
185-193.

Flegler, S.L., Heckman, J.W.J., Klomparens, K.L., 1993. Scanning and Transmission Electron
Microscopy: An Introduction., W. H. Freeman and Company, New York, 225 pp.

Frontalini, F., Curzi, D., Giordano, F.M., Bernhard, J.M., Falcieri, E., Coccioni, R., 2015.
Effects of lead pollution on Ammonia parkinsoniana (foraminifera): ultrastructural and
microanalytical approaches. European Journal of Histochemistry 59, 2460.

Frontalini, F., Curzi, D., Cesarini, E., Canonico, B., Giordano, F.M., Matteis, R.D., Bernhard,
J.M., Pieretti, N., Gu, B., Eskelsen, J.R., Jubb, A.M., Zhao, L., Pierce, E.M., Gobbi,
P., Papa, S., Coccioni, R., 2016. Mercury-Pollution induction of intracellular lipid
accumulation and lysosomal compartment amplification in the benthic Foraminifer
Ammonia parkinsoniana . PLoS ONE 11, e0162401.

Frontalini, F., Nardelli M.P., Curzi, D., Martin-Gonzalez, A., Sabbatini, A., Negri, A.,
Losada, M.T., Gobbi, P., Coccioni, R., Bernhard, J.M., submitted. Benthic
foraminiferal ultrastructural alteration induced by heavy metals. Marine

Micropaleontology (This issue).

15



Goldstein, S.T., 1988. On the life cycle of Saccammina alba Hedley, 1962. Journal of
Foraminiferal Research 18, 311-325.

Goldstein, S.T., 1997. Gametogenesis and the antiquity of reproductive pattern in the
Foraminiferida. Journal of Foraminiferal Research 27, 319-328.

Goldstein, S.T., 1999. Foraminifera: A biological overview, in: Modern Foraminifera. Sen
Gupta B. K., Kluwer Academic Publishers, Great Britain, pp. 37-55.

Goldstein, S.T., Barker, W.W., 1988. Test ultrastructure and taphonomy of the
monothalamous agglutinated foraminifer Cribrothalammina, n. gen., alba (Heron-
Allen and Earland). Journal of Foraminiferal Research 18, 130-136.

Goldstein, S.T., Barker, W.W., 1990. Gametogenesis in the monothalamous agglutinated
foraminifer Cribrothalammina alba. The Journal of Protozoology 37, 20-27.
Goldstein, S.T., Corliss, B.H., 1994. Deposit feeding in selected deep-sea and shallow-water

benthic foraminifera. Deep-Sea Research | 41, 229-241.

Goldstein, S.T., Moodley, L., 1993. Gametogenesis and the life cycle of the foraminifer
Ammonia beccarii (Linne) forma tepida (Cushman). Journal of Foraminiferal
Research 23, 213-220.

Goldstein, S.T., Richardson, E.A., 2002. Comparison of test and cell body ultrastructure in
three modern allogromiid foraminifera: application of high pressure freezing and
freeze substitution. Journal of Foraminiferal Research 32, 375-383.

Goldstein, S.T., Richardson, E.A., in press. Fine structure of the foraminifer Haynesina
germanica (Ehrenberg) and its sequestered chloroplasts. Marine Micropaleontology
(This issue).

Goldstein, S.T., Bernhard, J.M., Richardson, E.A., 2004. Chloroplast sequestration in the
Foraminifer Haynesina germanica: Application of high pressure freezing and freeze

substitution. Microscopy and Microanalysis 10, 1458-1459.

16



Goldstein, S.T., Habura, A., Richardson, E.A., Bowser, S.S., 2010. Xiphophaga minuta , and
X. allominuta , nov. gen., nov. spp., new monothalamid foraminifera from coastal
Georgia (USA): cryptic species, gametogenesis, and an unusual form of chloroplast
sequestration. Journal of Foraminiferal Research 40, 3-15.

Golz, R., Hauser, M., 1994. Spatially separated classes of microtubules bridges in the
reticulopodial network of Allogromia. European Journal of Protistology 30, 221-226.

Grzymski, J., Schofield, O.M., Falkowski, P.G., Bernhard, J.M., 2002. The function of
plastids in the deep-sea benthic foraminifer, Nonionella stella . Limnology and
Oceanography 47, 1569-1580.

Habura, A., Wegener, L., Travis, J.L., Bowser, S.S., 2005. Structural and functional
implications of an unusual foraminiferal tubulin. Molecular Biology and Evolution 22,
2000-2009.

Habura, A., Goldstein, S.T., Parfrey, L.W., Bowser, S.S., 2006. Phylogeny and ultrastructure
of Miliammina fusca : Evidence for secondary loss of calcification in a miliolid
foraminifer. Journal of Eukaryotic Microbiology 53, 204-210.

Hauser, M., Lindenblatt, J., 1989. The cytoskeleton of Reticulomyxa filosa reticulopodia
contains Glu-Tubulin as a main component. European Journal of Protistology 25, 145—
157.

Hauser, M., Schwab, D., 1974. Mikrotubuli und helikale mikrofilamente im cytoplasma der
Foraminifere Allogromia laticollaris Arnold. Cytobiologie 9, 263-279.

Hedley, R.H., Wakefield, J.S.J., 1968. Formation of mitochondria in Boderia (Protozoa:
Foraminiferida). Zeitschrift fiir Zellforschung 87, 429-434.

Hedley, R.H., Parry, D.M., Wakefield, J.S.J., 1967. Fine structure of Sfapheardella
tceniformis (Foraminifera: Protozoa). Journal of the Royal Microscopical Society 87,

445-456.

17



Hedley, R.H., Ogden, C.G., Wakefield, J.S.J., 1973. Shell ultrastructure in Allogromiid
Foraminifera (Protozoa). Bulletin of the British Museum (Natural History) 24, 467—
474,

Heeger, T., 1988. Virus-like particles and cytopathological effects in Elphidium excavatum
clavatum , a benthic foraminiferan. Diseases of Aquatic Organisms 4, 233-236.

Heeger, T., 1990. Elektronenmikroskopische Untersuchungen zur Erndhrungsbiologie
benthischer Foraminiferen. Berichte aus dem Sonderforschungsbereich 313, 21, 39 pp.

Hemleben, C., Spindler, M., Breitinger, 1., Deuser, W.G., 1985. Field and laboratory studies
on the ontogeny and ecology of some globorotaliid species from the Sargasso Sea off
Bermuda. Journal of Foraminiferal Research 15, 254-272.

Hemleben, C., Spindler, M., Anderson, O.R., 1989. Modern Planktonic Foraminifera,
Springer. Verlag, Berlin, 374 pp.

Hruban, Z., Rechcigl, M., 1969. Microbodies and related particles, Academic Press. New
York, pp. 85-86.

Jauffrais, T., LeKieffre, C., Koho, K.A., Tsuchiya, M., Schweizer, M., Bernhard, J.M.,
Meibom, A., Geslin, E., in press. Ultrastructure and distribution of kleptoplasts in
benthic foraminifera from shallow-water (photic) habitats. Marine Micropaleontology
(This issue).

Jensen, C.G., Bollard, S.M., Jensen, L.C.W., Travis, J.L., Bowser, S.S., 1990.
Microdensitometer-Computer correlation analysis of two distinct, spatially segregated
classes of microtubule bridges in Allogromia pseudopodia. Journal of Structural
Biology 105, 1-10.

Jones, R.W., 1994. The Challenger Foraminifera, Oxford University Press. Oxford, 149 pp.

18



Kachar, B., Bridgman, P.C., Reese, T.S., 1987. Dynamic shape changes of cytoplasmic
organelles translocating along microtubules. The Journal of Cell Biology 105, 1267-
1271.

Katz, M.E., Cramer, B.S., Franzese, A., Honisch, B., Miller, K.G., Rosenthal, Y., Wright,
J.D., 2010. Traditional and emerging geochemical proxies in foraminifera. Journal of
Foraminiferal Research 40, 165-192.

Koho, K.A., LeKieffre, C., Nomaki, H., Salonen, L., Geslin, E., Mabilleau, G., Soegaard
Jensen, L.H., Reichart, G.-J., in press. Changes in ultrastructural features of the
foraminifera Ammonia spp. in response to anoxic conditions: field and laboratory
observations. Marine Micropaleontology (This issue).

Koonce, M.P., Schliwa, M., 1985. Bidirectional organelle transport can occur in cell processes
that contain single microtubules. The Journal of Cell Biology 100, 322—-326.

Koonce, M.P., Schliwa, M., 1986. Reactivation of organelle movements along the
cytoskeletal framework of a giant freshwater Amoeba. The Journal of Cell Biology
103, 605-612.

Koonce, M.P., Euteneuer, U., McDonald, K.L., Menzel, D., Schliwa, M., 1986a. Cytoskeletal
architecture and motility in a giant freshwater amoeba, Reticulomyxa. Cell Motility
and the Cytoskeleton 6, 521-533.

Koonce, M.P., Euteneuer, U., Schliwa, M., 1986b. Reticulomyxa : a new model system of
intracellular transport. Journal of Cell Science Suppl. 5, 145-159.

Koury, S.T., Bowser, S.S., McGee-Russell, S.M., 1985. Ultrastructural changes during
reticulopod withdrawal in the foraminiferan protozoan Allogromia sp., strain NF.

Protoplasma 129, 149-156.

19



Le Cadre, V., Debenay, J.-P., 2006. Morphological and cytological responses of Ammonia
(foraminifera) to copper contamination: Implication for the use of foraminifera as
bioindicators of pollution. Environmental Pollution 143, 304-317.

Lecroq, B., Gooday, A.J., Tsuchiya, M., Pawlowski, J., 2009. A new genus of
Xenophyophores (Foraminifera) from Japan trench: morphological description,
molecular phylogeny and elemental analysis. Zoological Journal of the Linnean
Society 156, 455-464.

Lee, J.J., 1990. Fine structure of the rhodophycean Porphyridium purpureum in situ in
Peneroplis pertusus (Forskal) and P. acicularis (Batsch) and in axenic culture. Journal
of Foraminiferal Research 20, 162-169.

Lee, J.J., Anderson, O.R., 1991. Symbiosis in foraminifera, in: Lee, J.J., Anderson, O.R.
(Eds.), Biology of Foraminifera. New York, pp. 157-220.

Lee, J.J., Bock, W.D., 1976. The importance of feeding in two species of Soritid Foraminifera
with algal symbionts. Bulletin of Marine Science 26, 530-537.

Lee, J.J., McEnery, M.E., 1983. Symbiosis in Foraminifera, in: Algal Symbiosis: A
Continuum of Interaction Strategies. Goff L.J. (Ed.), Cambridge University Press,
Cambridge, pp. 37-68.

Lee, J.J., Freudenthal, H.D., Kossoy, V., Bé, A.W., 1965. Cytological observations on two
planktonic Foraminifera, Globigerina bulloides d’Orbigny, 1826, and Globigerinoides
ruber (d’Orbigny, 1839) Cushman, 1927. Journal of Eukaryotic Microbiology 12,
531-542.

Lee, J.J., Crockett, L.J., Hagen, J., Stone, R.J., 1974. The taxonomic identity and
physiological ecology of Chlamydomonas hedleyi sp. nov. algal flagellate symbiont

from the foraminifer Archaias angulatus. British Phycological Journal 9, 407-422.

20



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

Lee, J.J., McEnery, M.E., Garrison, J.R., 1980a. Experimental studies of larger foraminifera
and their symbionts from the Gulf of Elat on the Red Sea. Journal of Foraminiferal
Research 10, 31-47.

Lee, J.J., McEnery, M.E., Rottger, R., Reimer, C.W., 1980b. The isolation, culture and
identification of endosymbiotic diatoms from Heterostegina depressa d’Orbigny and
Amphistegina lessonii d’Orbigny (larger foraminifera) from Hawaii. Botanica Marina
23, 297-302.

Lee, J.J., Lanners, E., ter Kuile, B., 1988. The retention of chloroplasts by the foraminifer
Elphidium crispum. Symbiosis 5, 45-59.

Lee, J.J., Anderson, O.R., Karim, B., Beri, J., 1991. Additional insight into the structure and
biology of Abyssotherma pacifica (Bronnimann, Van Dover and Whittaker) from the
East Pacific Rise. Micropaleontology 37, 303-312.

LeKieffre, C., Spangenberg, J.E., Mabilleau, G., Escrig, S., Meibom, A., Geslin, E., 2017.
Surviving anoxia in marine sediments: The metabolic response of ubiquitous benthic
foraminifera (Ammonia tepida). PLOS ONE 12, e0177604.

LeKieffre, C., Bernhard, J.M., Mabilleau, G., Filipsson, H., Meibom, A., Geslin, E., in press.
An overview of cellular ultrastructure in benthic foraminifera: New observations of
rotalid species in the context of existing literature. Marine Micropaleontology (This
issue).

Lena, H., 1972. Cytological Studies in Allogromia flexibilis (Wiesner) (Foraminifera).
Internationale Revue der gesamten Hydrobiologie und Hydrographie 57, 637-644.

Lena, H., Freire, F., 1974. Estudios citologicos en Allogromia laticollaris Arnold (Protozoa,

Foraminifera). Physis Seccion A 33, 123-133.

21



Lengsfeld, A.M., 1969a. Zum Feinbau der Foraminifere Allogromia laticollaris 1. Mitteilung:
Zellen mit ausgestreckten und eingezogenen Rhizopodien. Helgolander
wissenschaftliche Meeresuntersuchungen 19, 230-261.

Lengsfeld, A.M., 1969b. Zum Feinbau der Foraminifere Allogromia laticollaris II.
Mitteilung: Ausgestreckte und durch abreissen isolierte Rhizopodien. Helgolander
wissenschaftliche Meeresuntersuchungen 16, 262-283.

Lengsfeld, A.M., 1969c. Nahrungsaufnahme und verdauung bei der Foraminifere Allogromia
laticollaris. Helgolander wissenschaftliche Meeresuntersuchungen 19, 385-400.

Leutenegger, S., 1977a. Ultrastructure and motility of dinophyceans symbiotic with larger,
imperforated foraminifera. Marine Biology 44, 157-164.

Leutenegger, S., 1977b. Ultrastructure de foraminiféres perforés et imperforés ainsi que de
leurs symbiontes. Cahiers de Micropaléontologie 3, 1-52.

Leutenegger, S., 1983. Specific host-symbiont relationship in Larger Foraminifera.
Micropaleontology 29, 111-125.

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

Leutenegger, S., Hansen, H.J., 1979. Ultrastructural and radiotracer studies of pore function in
foraminifera. Marine Biology 54, 11-16.

Lipps, J.H., Finger, K.L., Walker, S.E., 2011. What should we call the Foraminifera? Journal
of Foraminiferal Research, 41, 1-10.

Lopez, E., 1979. Algal chloroplasts in the protoplasm of three species of benthic foraminifera:
taxonomic affinity, viability and persistence. Marine Biology 53, 201-211.

Marszalek, D.S., 1969. Observations on Iridia diaphana, a marine foraminifer. Journal of

Protozoology 16, 599-611.

22



Martin, J.B., Bernhard, J.M., Curtis, J., Rathburn, A.E., 2010. Combined carbonate carbon
isotopic and cellular ultrastructural studies of individual benthic foraminifera: Method
description. Paleoceanography 25, PA2211.

McEnery, M.E., Lee, J.J., 1976. Allogromia laticollaris: a Foraminiferan with an unusual
apogamic metagenic life cycle. Journal of Protozoology 23, 94-108.

McEnery, M.E., Lee, J.J., 1981. Cytological and fine structural studies of three species of
symbiont-bearing larger foraminifera from the Red Sea. Micropaleontology 27, 71-83.

McGee-Russell, S.M., 1974. Dynamic activities and labile microtubules in cytoplasmic
transport in the marine foraminiferan Allogromia. Symposia of the Society for
Experimental Biology 28, 157-189.

McGee-Russell, S.M., Allen, R.D., 1971. Reversible stabilization of labile microtubules in the
reticulopodial network of Allogromia, in: Advances in Cell and Molecular Biology.
Academic Press, New York and London. pp. 153-184.

Morvan, J., Cadre, V.L., Jorissen, F., Debenay, J.-P., 2004. Foraminifera as potential bio-
indicators of the “Erika” oil spill in the Bay of Bourgneuf: Field and experimental
studies. Aquatic Living Resources 17, 317-322.

Miuller-Merz, E., Lee, J.J., 1976. Symbiosis in the larger foraminiferan Sorites marginalis
(with Notes on Archaias spp.). Journal of Protozoology 23, 390-396.

Nomaki, H., Chikaraishi, Y., Tsuchiya, M., Toyofuku, T., Ohkouchi, N., Uematsu, K., Tame,
A., Kitazato, H., 2014. Nitrate uptake by foraminifera and use in conjunction with
endobionts under anoxic conditions. Limnology and Oceanography 59, 1879-1888.

Nomaki, H., Toyofuku, T., Tsuchiya, M., Matsuzaki, T., Uematsu, K., Tame, A., 2015. Three-
dimensional observation of foraminiferal cytoplasmic morphology and internal
structures using uranium—-osmium staining and micro-X-ray computed tomography.

Marine Micropaleontology 121, 32-40.

23



Nomaki, H., Bernhard, J.M., Ishida, A., Tsuchiya, M., Uematsu, K., Tame, A., Kitahashi, T.,
Takahata, N., Sano, Y., Toyofuku, T., 2016. Intracellular isotope localization in
Ammonia sp. (Foraminifera) of oxygen-depleted environments: results of nitrate and
sulfate labeling experiments. Frontiers in Microbiology 7, 163.

Nomaki, H., LeKieffre, C., Escrig, S., Meibom, A., Yagyu, S., Richardson, E.A., Matsuzaki,
T., Murayama, M., Geslin, E., Bernhard, J.M., in press. Innovative TEM-coupled
approaches to study foraminiferal cells. Marine Micropaleontology (This issue).

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

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

Pawlowski, J., Swiderski, Z., Lee, J.J., 1995. Observations on the ultrastructure and
reproduction of Trochammina sp. (Foraminiferida), in: Proceedings of the Fourth
International Workshop on Agglutinated Foraminifera, Krak’ow, Poland, September
12-19, 1993. p. 233.

Pawlowski, J., Holzmann, M., Tyszka, J., 2013. New supraordinal classificaiton of
Foraminifera : Moleculars meet morphology. Marine Micropaleontology 100, 1-10.

Pierce, S., Nathanson, M.E., 1974. Electron microscopical investigations on surface-related
structures in Allogromia (Protozoa: Foraminiferida). Transactions of the American
Microscopical Society 93, 170-179.

Raikov, 1.B., Karajan, B.P., Mikhalevitch, V.1, 1998. Ultrastructure of the gamont shell and
nucleus in the polythalamous foraminifer Elphidium ponticum. European Journal of

Protistology 34, 153-161.

24



Richardson, S.L., Rutzler, K., 1999. Bacterial endosymbionts in the agglutinating
foraminiferan Spiculidendron corallicolum Ritzler and Richardson, 1996. Symbiosis
26, 299-312.

Rieder, C.L., Rupp, G., Bowser, S.S., 1985. Electron microscopy of semithick sections:
advantages for biomedical research. Journal of Electron Microscopy Technique 2, 11—
28.

Risgaard-Petersen, N., Langezaal, A.M., Ingvardsen, S., Schmid, M.C., Jetten, M.S., Op den
Camp, H.J.M., Derksen, JW.M., Pina-Ochoa, E., Eriksson, S.P., Nielsen, L.P.,
Revsbech, N.P., Cedhagen, T., van der Zwaan, G.J., 2006. Evidence for complete
denitrification in a benthic foraminifer. Nature 443, 93-96.

Rupp, G., Bowser, S.S., Mannella, C.A., Rieder, C.L., 1986. Naturally occurring tubulin-
containing paracrystals in Allogromia: Immunocytochemical identification and
functional significance. Cell Motility and the Cytoskeleton 6, 363—-375.

Ratzler, K., Richardson, S.L., 1996. The Caribbean spicule tree: a sponge-imitating
foraminifer (Astrorhizidae). Bulletin de I’ Institut Royal des Sciences Naturelles de
Belgique 66, 143-151.

Schiebel, R., Hemleben, C., 2017. Planktic Foraminifers in the Modern Ocean, Spinger
Berlin, 333 pp.

Schmaljohann, R., Réttger, R., 1978. The ultrastructure and taxonomic identity of the
symbiotic algae of Heterostegina depressa (Foraminifera: Nummulitidae). Journal of
the Marine Biological Association of the United Kingdom 58, 227-237.

Schwab, D., 1969. Elektronenmikroskopische Untersuchung an der Foraminifere Myxotheca

arenilega Schaudinn. Z. Zellforsch 295-324.

25



Schwab, D., 1970. Elektronenmikroskopische Untersuchungen an der Foraminifere
Allogromia laticollaris Arnold. Zeitschrift fur Zellforschung und Mikroskopische
Anatomie 108, 35-45.

Schwab, D., 1971. Elektronenmikroskopische Untersuchung an intrazellulér lebenden
Einzellern in Foraminiferen. Zeitschrift fur Naturforschung 26b, 1341-1344.

Schwab, D., 1972. Electron microscopic studies on the foraminifer Allogromia laticollaris
Arnold mitosis in agamonts. Protoplasma 75, 79-89.

Schwab, D., 1976. Gametogenesis in Allogromia laticollaris. Journal of Foraminiferal
Research 6, 251-257.

Schwab, D., 1977. Light and electron microscopic investigations on monothalamous
foraminifer Boderia albicollaris n. sp. Journal of Foraminiferal Research 7, 188-195.

Schwab, D., Schwab-Stey, H., 1972. Fibrill&re und tubuldre Strukturen im cytoplasma der
Foraminifere Allogromia laticollaris Arnold. Cytobiologie 6, 234-242.

Schwab, D., Schwab-Stey, H., 1973. Further electronmicroscopic investigations of the
foraminifer Myxotheca arenilega Schaudinn. Cytobiologie 7, 193-204.

Schwab, D., Schwab-Stey, H., 1979a. Plate-shaped nuclear pole bodies in the monothalamous
foraminifer Kibisidytes sp. Protoplasma 98, 355-361.

Schwab, D., Schwab-Stey, H., 1979b. Tubulin paracrystals in intermitotic of the foraminifer
Allogromia laticollaris Arnold after treatment with vinblastine.

Zeitschrift fiir mikroskopisch-anatomische Forschung 93, 793-798.

Schwab, D., Schwab-Stey, H., 1981. Hexagonal structures at the plasma membrane of the

foraminifer Allogromia laticollaris Arnold. Journal of Foraminiferal Research 11,

212-216.

26



Sen Gupta, B.K., Platon, E., Bernhard, J.M., Aharon, P., 1997. Foraminiferal colonization of
hydrocarbon-seep bacterial mats and underlying sediment, Gulf of Mexico slope.
Journal of Foraminiferal Research 27, 292-300.

Spero, H.J., 1987. Symbiosis in the planktonic foraminifer, Orbulina universa , and the
isolation of its symbiotic dinoflagellate, Gymnodinium béii sp. nov. Journal of
Phycology 23, 307-317.

Stouff, V., 1998. Intérét des ¢élevages de foraminiferes en laboratoire : Etudes biologiques et
ultrastructurales. Thése de Doctorat, Université d’ Angers. 377p.

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

Travis, J.L., Bowser, S.S., 1986. A new model of reticulopodial motility and shape: Evidence
for a microtubule-based motor and an actin skeleton. Cell Motility and the
Cytoskeleton 6, 2-14.

Travis, J.L., Bowser, S.S., 1990. Microtubule-membrane interactions in vivo: direct
observation of plasma membrane deformation mediated by actively bending
cytoplasmic microtubules. Protoplasma 154, 184-189.

Travis, J.L., Bowser, S.S., 1991. The motility of foraminifera, in: Biology of Foraminifera.
Lee J.J. and Anderson O.R., Academic Press, New York, pp. 91-155.

Travis, J.L., Kenealy, J.F., Allen, R.D., 1983. Studies on the motility of the foraminifera. II.
The dynamic microtubular cytoskeleton of the reticulopodial network of Allogromia
laticollaris. Journal of Cell Biology 97, 1668-1676.

Travis, J.L., Welnhofer, E.A., Orokos, D.D., 2002. Autonomous reorganization of

Foraminiferan reticulopodia. Journal of Foraminiferal Research 32, 425-433.

27



Tsuchiya, M., Toyofuku, T., Uematsu, K., Bruchert, V., Collen, J., Yamamoto, H., Kitazato,
H., 2015. Cytologic and genetic characteristics of endobiotic bacteria and kleptoplasts
of Virgulinella fragilis (Foraminifera). Journal of Eukaryotic Microbiology 62, 454—
469.

Welnhofer, E.A., Travis, J.L., 1996. In Vivo microtubule dynamics during experimentally
induced conversions between tubulin assembly states in Allogromia laticollaris. Cell
Motility and the Cytoskeleton 34, 81-94.

Wohlfarth-Bottermann, K.E., 1961. Cytologische studien VIII zum mechanismus der

cytoplasmastrémung in diinnen faden. Protoplasma 54, 1-26.

28



Figure and Table captions
Table 1. Publications including TEM images of the ultrastructure of small benthic foraminifera,

categorized in very general terms of ABF = multichambered Agglutinated Benthic Foraminifera, CBF
= Calcareous Benthic Foraminifera (generally multichambered), SWF = Soft-walled Benthic
Foraminifera. The list is not exhaustive but representative of major research efforts. Note that the
nomenclature given is from the original publication; taxa could have been reassigned or updated. In
some cases, a publication could be considered in multiple categories but each is typically listed under
the main focus of the contribution. Table updated from Stouff (1998).

Figure 1. Histogram plotting number of publications presenting TEM images of Smaller
Benthic Foraminiferal ultrastructure binned by decade and according to test composition. All
publications are listed in Table 1, which is not exhaustive.

Figure 2. Histogram showing number of publications with TEM images of Smaller Benthic
Foraminiferal ultrastructure binned by decade and presented by major topic (“general
characterization” = general description of diverse organelles in one to a few species; “link to
membrane and wall” = includes publications aimed at cell membrane features such as
reticulopods or the test wall; “link to cell body” = includes works dealing with the description
of specific organelles or structures; “link to function” includes papers dealing with TEM
approaches to understand cell function; “link to specific conditions” includes contributions
dealing with in situ or experimental works using the TEM to understand the foraminiferal
adaptation to specific conditions (e.g., low oxygen, heavy-metal contamination); “link to
methods” include papers that combine the TEM with other methods, such as NanoSIMS). All
publications are listed in Table 1, which is not exhaustive; Table 1 category “other topics” is

not included in this figure.
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Study Aim Author(s) Year Foram SBF species imaged with TEM
Type
General description of cell | Boltovskoy and | 1976 SWF Allogromia laticollaris, Ovammina opaca, Hippocrepinella alba
Wright
LeKieffre et al. in press CBF Ammonia sp., Bulimina marginata, Bulimina tenuata, Elphidium
oceanense, Globobulimina sp., Haynesina germanica, Nonionella sp.,
Nonionellina labradorica, Stainforthia fusiformis
General knowledge of Hedley et al. 1967 SWF Sfapheardella tceniformis
ultrastructure in specific Lengsfeld 1969a SWF Allogromia laticollaris
species Schwab 1971 SWF Allogromia laticollaris, Myxotheca arenilega
Lena and Freire | 1974 SWF Allogromia laticollaris
Schwab 1977 SWF Boderia albicollaris
Stouff 1998 CBF Ammonia tepida, Ammonia beccarii
Goldstein and 2002 SWF Myxotheca sp., Cribrothalammina alba, Hyperammina sp.
Richardson
Altin-Balleroet | 2013 SWF Psammophaga sapela
al.
Organic layer / wall Hedley et al. 1973 SWF Allogromia spp., Iridia diaphana, Boderia turneri
structure Pierce and 1974 SWF Allogromia laticollaris, Allogromia sp.
Nathanson
Schwab and 1981 SWF Allogromia laticollaris
Schwab-Stey
Goldstein and 1988 SWF Cribrothalammina alba
Barker
Heeger 1990 CBF Cibicidoides wuellerstorfi
Anderson and 1991 ABF Abyssotherma pacifica
Lee
Lee et al. 1991 ABF Abyssotherma pacifica
Bowser et al. 1995 SWF Astrammina rara, Notodendrodes antarctikos
Riitzler and 1996 ABF Spiculidendron corallicolum
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Richardson

Goldstein 1999 CBF Ammonia tepida, Chilostomella sp., Triloculina oblonga
DelLaca et al. 2002 SWF Notodendrodes hyalinosphaira
Bowser et al. 2002 SWF Astrammina triangularis
Habura et al. 2006 ABF Miliammina fusca
Altin et al. 2009 SWF Niveus flexilis
Altin et al. 2013 SWF Psammophaga sapela
Pores Angell 1967b CBF Rosalina floridana
Berthold 1976 CBF Patellina corrugate
Leutenegger and | 1979 CBF Bolivina spp.
Hansen
Heeger 1990 CBF Cibicidoides wuellerstorfi
Reticulopods (microtubule) | Wohlfarth- 1961 SWF Allogromia laticollaris
/ ectoplasm Bottermann
Angell 1967a CBF Rosalina floridana
Lengsfeld 1969b SWF Allogromia laticollaris
Marszalek 1969 SWF Iridia diaphana
Schwab and 1972 SWF Allogromia laticollaris
Schwab-Stey
Schwab and 1973 SWF Myxotheca arenilega
Schwab-Stey
Hauser and 1974 SWF Allogromia laticollaris
Schwab
McGee-Russell | 1974 SWF Allogromia
Nyholm and 1975a SWF Cylindrogullmia alba
Nyholm
Nyholm and 1975b SWF Cylindrogullmia alba
Nyholm
Alexander and 1984 CBF Haynesina germanica
Banner
Travis and Allen | 1981 SWF Allogromia laticollaris
Travis et al. 1983 SWF Allogromia laticollaris
Koury et al. 1985 SWF Allogromia sp., Strain NF
Bowser and 1985 SWF Allogromia sp., Strain NF
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Rieder

Koonce and 1985 SWF Reticulomyxa filose
Schliwa
Koonce and 1986 SWF Reticulomyxa
Schliwa
Rieder et al. 1985 SWF Astrammina rara
Bowser et al. 1986 SWF Astrammina rara
Euteneueretal. | 1986 SWF Reticulomyxa
Koonce et al. 1986b SWF Reticulomyxa
Koonce et al. 1986a SWF Reticulomyxa
Rupp et al. 1986 SWF Allogromia sp., Strain NF
Travis and 1986 SWF Allogromia sp., Strain NF
Bowser
Kachar et al. 1987 SWF Allogromia laticollaris
Bowser et al. 1988 SWF Allogromia sp., Strain NF
Hauser and 1989 SWF Reticulomyxa filose
Lindenblatt
Jensen et al. 1990 SWF Allogromia laticollaris, Allogromia sp.
Travis and 1990 SWF Allogromia laticollaris
Bowser
Travis and 1991 SWF, Allogromia spp., Spiroloculina hyaline
Bowser CBF
Golz and Hauser | 1994 SWF Allogromia laticollaris
Welnhofer and 1996 SWF Allogromia laticollaris
Travis
Goldstein 1999 CBF Spiroloculina hyaline
Bowser and 2000 SWF Allogromia laticollaris, Allogromia sp., Strain NF
Travis
Travis et al. 2002 SWF Allogromia laticollaris
Habura et al. 2005 CBF, Ammonia tepida, Miliammina fusca
ABF
Specific Nucleus Dahlgren 1967a,b | SWF, Ovammina opaca, Hippocrepinella alba, Globobulimina turgida
organelles CBF
Lena 1972 SWF Allogromia flexibilis
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Schwab 1972 SWF Allogromia laticollaris
Schwab and 1979b SWF Kibisidytes sp.
Schwab-Stey
Schwab and 1979 SWF Allogromia laticollaris
Schwab-Stey
Heeger 1990 CBF Quinqueloculina seminula, Miliolinella vigilax
Goldstein 1997 CBF, Ammonia tepida, Triloculina oblonga, Cribrothalammina alba
SWF
Raikov et al. 1998 CBF Elphidium ponticum
Mitochondria | Hedley and 1968 SWF Boderia turneri
Woakefield
Heeger 1990 CBF, Quinqueloculina sp., Ammotium cassis
ABF
Bernhard 2000 CBF Buliminella tenuata
Peroxisomes | Hruban and 1969 CBF Rosalina leei
and Rechcigl
endoplasmic | Heeger 1990 ABF, Ammotium cassis, Triloculina rotunda, Pyrgo murrhina, Cibicides
reticulum CBF lobatulus
Bernhard and 1991 CBF Nonionella stella, Chilistomella ovoidea
Reimers
Bernhard and 1996 CBF Stainforthia fusiformis
Alve
Bernhard and 1999 CBF Buliminella tenuata
Sen Gupta
Bernhard et al. 2001 CBF Buliminella tenuata, Globobulimina sp.
Bernhard and 2008 CBF Nonionella stella, Buliminella tenuata, Buliminella elegantissima
Bowser
Bernhard et al. 2010b CBF Buliminella tenuata
Bernhard et al. 2010a CBF Bolivina pacifica
Bernhard et al. 2012a CBF Buliminella tenuata
Tsuchiya et al. 2015 CBF Virgulinella fragilis
Sequestered | Lopez 1979 CBF Elphidim williamsoni
chloroplasts | Lee and 1983 CBF Elphidim williamsoni
McEnery
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Lee et al. 1988 CBF Elphidium crispum

Cedhagen 1991 CBF Nonionella labradorica

Bernhard and 1996 CBF Bulimina marginata, Stainforthia fusiformis

Alve

Bernhard and 1999 CBF Nonionella stella

Sen Gupta

Bernhard and 1999 CBF Nonionella stella, Elphidium sp.

Bowser

Correia and Lee | 2002 CBF Elphidium excavatum

Grzymski et al. 2002 CBF Nonionella stella

Bernhard 2003 CBF Virgulinella fragilis

Goldstein et al. 2004 CBF Haynesina germanica

Goldstein et al. 2010 SWF Xiphophaga minuta

Bernhard et al. 2012a CBF Bolivina argentea

Tsuchiya et al. 2015 CBF Virgulinella fragilis

Cesbron et al. 2017 CBF Haynesina germanica

Goldstein and in press CBF Haynesina germanica

Richardson

Jauffrais et al. in press CBF Elphidium aff. E. crispum, Elphidium oceanense, Elphidium selseyense,

Haynesina,germanica, Planoglabratella opercularis

Endobionts / ectobionts Bernhard 1993 CBF Globocassidulina cf. G. biora

Richardson and | 1999 ABF Spiculidendron corallicolum

Ritzler

Bernhard and 1999 CBF Buliminella tenuata

Sen Gupta

Bernhard et al. 2000 CBF Buliminella tenuata

Bernhard 2003 CBF Virgulinella fragilis

Bernhard et al. 2006 SWF Clade L allogromiid

Bernhard et al. 2010a CBF Bolivina pacifica

Bernhard et al. 2010b CBF Uvigerina pacifica, Globobulimina pacifica

Martin et al. 2010 CBF Buliminella tenuata

Bernhard et al. 2012a CBF Fursenkoina cornuta, Buliminella tenuata

Bernhard et al. 2012b SWF Clade L allogromiid
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Tsuchiya et al. 2015 CBF Virgulinella fragilis
Bernhard et al. 2017 CBF, Ammonia sp., Bolivina pacifica, Bulimina mexicana, Buliminella tenuata,
SWF Cibicides wuellerstorfi, Globobulimina affinis, G. pacifica,
Saccamminid, Uvigerina peregrina, Virgulina fragilis
Organelles linked to Lengsfeld 1969c SWF Allogromia laticollaris
nutrition Bowser et al. 1985 SWF Allogromia sp., Strain NF
Heeger 1990 SWF Quinqueloculina seminula, Ammontium cassis, Miliolinella vigilax,
Rosalina globularis,
Melonis zaandami, Cibicides refulgens, Pyrgo murrhina, Triloculina sp.,
Triloculina rotunda
Goldstein and 1994 CBF Ammonia beccarii forma tepida, Globobulimina pacifica, Uvigerina
Corliss pacifica
Goldstein 1999 CBF, Globobulimina pacifica, Cribrothalammina alba
SWF
LeKieffre et al. 2017 CBF Ammonia sp.
Cytoplasm / organelles Schwab 1969 SWF Allogromia laticollaris
linked to reproduction Schwab 1970 SWF Allogromia laticollaris
Angell 1971 SWF Myxotheca sp.
Cesana 1972 SWF Iridia lucida
Mc Enery and 1976 SWF Allogromia laticollaris
Lee
Schwab 1976 SWF Allogromia laticollaris
Arnold 1982 SWF Psammophaga simplora
Arnold 1984 SWF Psammophaga simplora
Bowser et al. 1984 SWF Allogromia sp., Strain NF
Goldstein 1988 SWF Saccammina alba
Goldstein and 1990 SWF Cribrothalammina alba
Barker
Lee et al. 1991 SWF Allogromia sp.
Goldstein and 1993 CBF Ammonia beccarii forma tepida
Moodley
Pawlowski et al. | 1995 ABF Trochammina sp.
Goldstein 1997 CBF, Ammonia tepida, Triloculina oblonga, Cribrothalammina alba
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SWF

Raikov et al. 1998 CBF Elphidium ponticum
Goldstein et al. 2010 SWF Xiphophaga minuta
Altin et al. 2009 SWF Niveus flexilis
Altin et al. 2013 SWF Psammophaga sapela
Cellular response to Leutenegger and | 1979 CBF Bolivina spp.
specific environmental Hansen
conditions Bernhard and 1991 CBF Nonionella stella, Chilostomella ovoidea
Reimers
Bernhard 1993 CBF Globocassidulina cf. G. biora, Cassidulinoides porrectus
Bernhard 1996 CBF Buliminella tenuata
Sen Guptaetal. | 1997 CBF Gavelinopsis translucens, Cassidulina neocarinata
Bernhard and 1999 CBF Buliminella tenuata
Sen Gupta
Bernhard et al. 2010a CBF Uvigerina peregrina, Buliminella tenuata, Bulimina Mexicana
Risgaard- 2006 CBF Globobulimina pseudospinescens
Petersen et al.
Koho et al. in press CBF Ammonia spp.
Cellular response to Bernhard and 1996 CBF Bulimina marginata, Stainforthia fusiformis
experimental conditions Alve
Morvan et al. 2004 CBF Ammonia tepida
Lecadre and 2006 CBF Ammonia tepida
Debenay
Bernhard et al. 2012a CBF Bolivina argentea, Fursenkoina cornuta, Buliminella tenuata
Nomaki et al. 2014 CBF Ammonia beccarii
Frontalini et al. 2015 CBF Ammonia parkinsoniana
Frontalini et al. 2016 CBF Ammonia parkinsoniana
Nomaki et al. 2016 CBF Ammonia sp.
LeKieffre et al. 2017 CBF Ammonia sp.
Frontalini et al. submitted | CBF Pseudotriloculina rotunda, Ammonia parkinsoniana
Koho et al. in press CBF Ammonia spp.
Other methodologies Bernhard et al. 2010a CBF Uvigerina peregrina, Buliminella tenuata, Bulimina Mexicana
combined with TEM Martin et al. 2010 CBF Uvigerina peregrina, Buliminella tenuata, Bulimina Mexicana
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Bernhard and 2014 CBF Unknown
Richardson
Nomaki et al. 2015 CBF Uvigerina akitaensis, Globobulimina affinis
Nomaki et al. 2016 CBF Ammonia sp.
LeKieffre et al. 2017 CBF Ammonia sp.
Goldstein and in press CBF Haynesina germanica
Richardson
Nomaki et al. in press CBF, Ammonia sp., Buliminella tenuata,Biserial agglutinated species,
ABF Haynesina germanica, Nonionellina labradorica
Other topics Hruban and 1969 SWF Iridia lucida, Shepheardella taeniformis
Rechcigl
Heeger 1988, CBF Elphidium excavatum clavatum
1990
Rutzler and 1996 ABF Spiculidendron corallicolum.
Richardson
Goldstein et al. 2010 SWF Xiphophaga minuta
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