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ABSTRACT

Benthic foraminifera, members of Rhizaria, inhabit a broad range of marine
environments and are particularly common in hypoxic sediments. The biology
of benthic foraminifera is key to understanding benthic ecosystems and rele-
vant biogeochemical cycles, especially in hypoxic environments. Chilostomella
is a foraminiferal genus commonly found in hypoxic deep-sea sediments and
has poorly understood ecological characteristics. For example, the carbon iso-
topic compositions of their lipids are substantially different from other co-oc-
curring genera, probably reflecting unique features of its metabolism. Here,
we investigated the cytoplasmic and ultrastructural features of Chilostomella
ovoidea from bathyal sediments of Sagami Bay, Japan, based on serial semi-
thin sections examined using an optical microscope followed by a three-dimen-
sional reconstruction, combined with TEM observations of ultra-thin sections.
Observations by TEM revealed the presence of abundant electron-dense struc-
tures dividing the cytoplasm. Based on histochemical staining, these struc-
tures are shown to be composed of chitin. Our 3D reconstruction revealed
chitinous structures in the final seven chambers. These exhibited a plate-like
morphology in the final chambers but became rolled up in earlier chambers (to-
ward the proloculus). These chitinous, plate-like structures may function to par-
tition the cytoplasm in a chamber to increase the surface/volume ratio and/or
act as a reactive site for some metabolic functions.

BENTHIC foraminifera, members of Rhizaria, are abundant
constituents of marine ecosystems. Their habitats are
diverse, and thus, as a group they are found across a wide
range of environmental conditions such as temperature,
salinity, dissolved oxygen concentrations, food availability,
and redox conditions (reviewed in Murray 2006). It is there-
fore expected that foraminiferal lineages have specific physi-
ological adaptations to their environments. Studying their
cytoplasmic structure provides key clues to understanding
these adaptations (Bernhard and Bowser 2008; Bernhard
et al. 2006, 2010a, 2010b; Leutenegger and Hansen 1979).
For instance, foraminiferal species inhabiting low oxygen

habitats exhibit clusters of mitochondria just below the
pores, openings in their calcite (CaCQO3) test that separate
the outside environment from the cytoplasm within
(Leutenegger and Hansen 1979). More recently, microscopic
observations have been combined with novel techniques to
provide useful insights on foraminiferal biology (Jauffrais
et al. 2019; Khalifa et al. 2016) including metabolisms in oxy-
gen-depleted environments (LeKieffre et al. 2017; Nomaki
et al. 2016). Another metabolic adaptation to low oxygen
environments is the symbiosis between foraminiferal host
and endo- or ectosymbionts (reviewed in Bernhard et al.
2018). Recent studies on the metabolic capacity of
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Abundant Chitinous Structures in a Foraminifera

foraminifera revealed that substantial numbers of foraminif-
eral species perform denitrification under oxygen-depleted
conditions (Glock et al. 2019; Risgaard-Petersen et al. 2006;
Woehle etal. 2018).

Species of the genus Chilostomella Reuss 1849 are
common in bathyal hypoxic sediments (Fontanier et al.,
2005; Grimm et al. 2007; Nomaki et al. 2005b). Despite
their common occurrences, little is known about their
ecology. Benthic foraminifera show vertical microhabitat
segregations in sediments depending on the food availabil-
ity, oxygen concentration, nitrate concentration (all being
typically lower in deeper sediments), and other environ-
mental conditions (Jorissen et al. 1995; Koho et al. 2008;
Zwaan et al., 1999). Chilostomella ovoidea (Fig. S1) is a
deep-infaunal species most abundant in deep hypoxic sed-
iments, but is also common at shallower depths in the
sediments, unlike other typical deep infaunal foraminifera
such as Globobulimina (Nomaki et al. 2005a, 2005b). In
feeding experiments conducted by Nomaki et al. (2005a,
2006, 2011), many foraminiferal species preferably
ingested algal organic matters, while Chilostomella ovoi-
dea did not show any preferences across the range of
food materials offered, that is, green algae, diatom, bac-
terium, and glucose. The carbon isotopic compositions
(8'3C) of their sterols, reflecting both food sources and
subsequent metabolism in C. ovoidea, were different from
other species, suggesting C. ovoidea has unique food
sources and/or metabolic pathways.

Interestingly, 8'°C values of their calcite test also differ
from values of the ambient dissolved inorganic carbon
(DIC) by 1%, whereas other species have a calcite test
having almost identical 8'°C values to those of the DIC.
This may reflect a stronger “vital effect” than other spe-
cies, such as a larger contribution of respired CO, to the
DIC pool for calcification (McConnaughey et al. 1997).

All these observations indicate that C. ovoidea exhibits
unigue nutritional and metabolic adaptations that allow it
to live across a wide depth range in the sediment from
the oxic surface sediments to deep hypoxic sediments.
Transmission electron microscope (TEM) observations of
C. ovoidea indicated that the cytoplasm of this species
typically possesses abundant electron-dense (either inher-
ent or when stained with lead or osmium tetroxide) linear
structures, usually < 1 pum thick and several tens of
microns long. These highly abundant structures have not
been reported from any other foraminiferal species, sug-
gesting that they perform a function unique to this species
or to the genus Chilostomella. Here, we present a detailed
characterization of these structures, revealing their chiti-
nous nature, three-dimensional distribution in a single test,
and discuss their potential origin and possible roles in rela-
tion to the unique ecology of C. ovoidea.

MATERIALS AND METHODS

Foraminiferal sampling

Deep-sea sediments containing Chilostomella ovoidea
were collected from central Sagami Bay, Japan, during
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cruise KS13-T2 of R/ Shinsei-Maru in October 2013
(34°58.0'N 139°23.9'E; water depth 1,480 m) and cruise
KM16-01 of RN Kaimei in April 2016 (35°01.3'N
139°22.1'E; water depth 1,430 m). Oxygen concentration
of the bottom water in central Sagami Bay is between 55
and 59 umol/L, and the average oxygen penetration depth
in the sediment is 6.7 & 2.5 mm (Glud et al. 2009).

During cruise KS13-T2, sediment samples were col-
lected with a multiple corer and sliced immediately upon
recovery on-board into 1-cm sections, to a depth of 6 cm.
Sliced sections were preserved at 4 °C in separate plastic
bags without additional seawater. In the laboratory, deep-
sea bottom water was added to the sediment to remove
fine particles by decantation, and foraminiferal specimens
were collected immediately from the remaining sediments
under a binocular stereomicroscope. Thirteen specimens
of C. ovoidea were collected from the 4-5 cm depth sec-
tion and were fixed overnight in 2.5% glutaraldehyde in fil-
tered seawater and stored at 4 °C (Nomaki et al. 2015b).

During cruise KM16-01, sediment samples were col-
lected with a push corer attached to the remotely oper-
ated vehicle KM-ROV and were immediately sliced on-
board into 0.5- or 1-cm sections to a depth of 6 cm. The
sediment samples were fixed in 10% glutaraldehyde to a
final concentration of 4.0% glutaraldehyde (Nomaki et al.
2018). In the laboratory, specimens with an aggregation of
sediment particles around their apertures and/or with tests
mostly filled with cytoplasm were isolated from the
> 125-um size fraction using a binocular stereomicro-
scope. Three isolated specimens from the 1-2 cm depth
sections were preserved in 2.5% glutaraldehyde in filtered
seawater and stored at 4 °C prior to further processing.

Preparation of epoxy embedded foraminiferal
specimens

Sample fixation, uranium staining, and subsequent resin
embedding followed previously published protocols for
TEM sample preparation (Nomaki et al. 2014, 2015b; Tsu-
chiya et al. 2015). In brief, fixed foraminiferal specimens
(13 specimens from KS13-T2, 2 specimens from KM16-
01) were embedded in 1% aqueous agarose and then cut
into approximately 1 mm? cubes. The specimens were
decalcified with 0.2% EGTA in 0.81 mol/L aqueous
sucrose solution (pH 7.0) for several days, rinsed with
0.22-um- filtrated artificial seawater (FASW) (REI-SEA Mar-
ine Il, Iwaki co., Ltd., Tokyo, Japan), and then postfixed
with 2% osmium tetroxide in FASW for 2 h at 4 °C. Speci-
mens were rinsed with an 8% aqueous sucrose solution
and stained en bloc with 1% aqueous uranyl acetate for
2 h at room temperature. Stained specimens were rinsed
with distilled water, dehydrated in a graded ethanol series,
and embedded in epoxy resin (Quetol 651; Nisshin EM,
Tokyo, Japan).

Cellular ultrastructure observations

A number of embedded specimens were sectioned into
several semi-thin sections (500 nm thick) using an
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ultramicrotome (Ultracut S, Leica, Wetzlar, Germany).
They were observed with an optical microscope (BX51,
Olympus, Tokyo, Japan) to assess the condition of the
cytoplasm and distribution of linear and curved structures.
Four specimens from KS13-T2 and two specimens from
KM16-01 were further sectioned into ultra-thin sections
(60 nm thick). The sections were stained with 2% aque-
ous uranyl acetate and lead staining solution (0.3% lead
nitrate and 0.3% lead acetate, Sigma-Aldrich Japan,
Tokyo, Japan) and were observed by TEM (Tecnai 20, FEI,
Portland, Oregon, USA) operated at 120 kV.

Serial sectioning and 3D reconstruction

A single C. ovoidea individual from KM16-01 was cut into
432 serial, semi-thin sections, each 500 nm thick, using
the ultramicrotome. The serial semi-thin sections of the
complete foraminifera were sequentially imaged with a
digital camera mounted on an optical microscope (BX51,
Olympus). Obtained images were rotated to the same
overall orientation and batch processed for contrast adjust-
ments and size reduction in Adobe Photoshop CC. The
images were then imported into Amira 6.2 (Thermo Fisher
Scientific, Waltham, MA, USA) and aligned into a single
stack. Structures of interest, particularly the linear struc-
tures characteristic of C. ovoidea, were highlighted manu-
ally throughout all 432 slices. The highlighted linear
structures were grouped according to which chamber they
occurred in. In order to generate the final tomographic
model, the resulting groups were subjected to a series of
postprocessing in Amira 6.2, as follows. Firstly, the seg-
mentation data were rendered into 3D surfaces (i.e. the
3D model) using the “SurfaceGen” function with the
default “constrained smoothing” settings and checked for
completeness. Secondly, the model was smoothed twice
using the “SmoothSurface” function with strength
("lambda”) set to 0.8. Finally, each chamber group of lin-
ear structures was extracted separately as a separate 3D
surface using the “ExtractSurface” function in order to
change display settings such as coloration for each group.
Once display settings were completed, all groups were
set to display simultaneously, resulting in the final model.
For further details, we refer to previously published meth-
ods which we followed (Ruthensteiner 2008; Sigwart
et al. 2014).

Histochemical staining

Several specimens were fixed with 4% paraformaldehyde
in FASW for at least 24 h at 4 °C. The fixed specimens
were washed with FASW, embedded in 1.0% agarose in
Milli-Q water, and decalcified with 0.2% EGTA as
described above. The agarose gel blocks containing the
specimens were then washed with FASW, dehydrated
using a graded ethanol series, and embedded in Technovit
8100 resin (Heraeus Kulzer Ltd., Hanau, Germany) at 4 °C.
Semi-thin sections (2 um thick) were prepared using a
glass knife mounted on the ultramicrotome and collected
on glass slides.

Abundant Chitinous Structures in a Foraminifera

Two different dyes were used to test the composition
of the observed structures: Calcofluor white and Congo
red. While both Calcofluor white and Congo red stain cel-
lulose (Trivedi et al., 2016), only Calcofluor white stains
chitin (Harrington and Hageage 2003). For Calcofluor
white, the sections were incubated for 2 min at room
temperature, with the Calcofluor white solution prepared
from a Fungi-Fluor® kit (Polysciences, Inc., Warrington,
PA, USA) according to the manufacturer’'s protocol. The
fluorescence signals were observed using a BX51 fluores-
cence microscope (Olympus), equipped with a UV-1A filter
(an excitation wavelength of 345-365 nm and emission
wavelength > 400 nm). For Congo red, the sections were
stained for 30 min at room temperature, with Congo red
solution containing with 0.2% Congo red, 1.5% NaCl,
0.1% NaOH, and 80% ethanol. After washing with Milli-Q
water, they were mounted on a glass slide using a mount-
ing medium (Merck), cover-slipped, and observed under
an optical microscope (BX51, Olympus).

RESULTS

Observations with optical microscope and TEM

All observed specimens possessed abundant linear or arc-
like structures in almost all chambers (Fig. 1). In some
cases, the linear structures in Chilostomella ovoidea were
located along a vacuole membrane (Fig. 1B) or were found
to form a part of the vacuole membrane (Fig. 1F). The lin-
ear structures were sometimes oriented in particular direc-
tions within a chamber (Fig. 1G, H, 2A), while in some
other cases they were curved or spiral in shape (Fig. 2C).
The linear structures appeared to separate the cytoplasm
containing mitochondria and peroxisome (Fig. 1D, H, 2B),
while no cytoplasm was observed inside the spiral shapes
(Fig. 2C). The thickness of the structures varied from
approximately 200 nm to 1 pm, and the length was gener-
ally several 10s of um (Fig. 2A, B). Detailed observations
of the structures revealed that some consisted of several
layers of fibrils with a probable width of some 10s of nm
(Fig. 2D).

Histochemical staining

The observed linear and spiral structures were stained
with Calcofluor white, which stains both chitin and cellu-
lose (Fig. 3A-D). Additional staining with Congo red, which
stains cellulose but not chitin, did not show obvious stain-
ing of those structures in C. ovoidea (Fig. 3E, F). A posi-
tive staining test using known cellulose structures
confirmed Congo red staining on cellulose with the same
procedure (not shown).

Three-dimensional reconstruction

Three-dimensional reconstruction of the linear, curved,
and spiral structures throughout the entire specimen with
nine chambers showed that the structures are present in
the final seven chambers but absent in the first two
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Figure 1 Optical micrographs of Chilostomellaovoidea. (A) Longitudinal section through a specimen, (B) A close-up view of the rectangle (b) in
the image A, showing chitinous plates forming a part of the vacuole wall (black arrows), (C) latitudinal section through a specimen, (D) a close-up
view of the rectangle (d) in the image C, showing nucleus (*) and cytoplasms (white arrows), (E) longitudinal section through a specimen, (F) a
close-up view of the rectangle (f) in the image E, showing chitinous plates forming a part of the vacuole wall (black arrows), (G) a close-up view
of the rectangle (g) in the image E, and (H) a close-up view of the rectangle (h) in the image G, both showing particular orientation of chitinous
plates in between cytoplasm. Parts A, C, and E were taken from different specimens. Scales bars: A, C, E =100 um; B, D, F, G =50 um;
H=10 um.

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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Abundant Chitinous Structures in a Foraminifera

Figure 2 2Ultrastructural observations of Chilostomellaovoidea. (A) TEM image of chitinous structures partitioning the cytoplasm, showing most
chitinous structures aligned to the same orientation (B) A close-up view of chitinous structures and the cytoplasm, m: mitochondria, p: peroxi-
some, (C) chitinous structures showing rolled, spiral form, (D) a close-up view of a section through the chitinous structure showing the fibrils

comprising it. Scales bars: A, C=5 um; B =1 pum; D = 200 nm.

(Fig. 4). It should be noted that the thickness of the plate
structures shown on the images does not represent the
true thickness, due to surface smoothing during process-
ing. Also, the stepped impression of the surfaces along
the X-Y plane is artifacts resulting from the boundary
between two sections.

Chilostomella periodically and sequentially add chambers
when growing, by surrounding old chambers (bottom side

of Fig. 4B, I) with newer chambers. In the last two cham-
bers, plate-like structures are dominant. These are gener-
ally oriented parallel to the calcite test. At the edge of the
chamber, some plates were rolled up and exhibited a
cigar-like, rolled morphology. In the older chambers, the
ratio of cigar-like structures increased relative to plate-like
structures (Fig. 4). In the 3rd to 6th chambers, most of
the structures were cigar-like.

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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A B

Figure 3 Histochemical staining images using Calcofluor white (A-D) and Congo red (E and F). (A and B) optical microscopic views of the chiti-
nous structures. (C and D) Fluorescent microscopic views with a UV-1A filter (an excitation wavelength of 345-365 nm and emission wavelength
> 400 nm) of the same view as A and B, respectively. (E and F) Optical microscopic view of the chitinous structure after Congo red staining. No
staining on the chitinous structures could be detected. Scale bars: A, C =50 um; B, D, E, F =10 um.
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Figure 4 Renders of the 3D reconstruction showing the distribution of chitinous structures in an entire specimen of Chilostomellaovoidea. (A)
View of the entire specimen showing the newest chamber in the foreground. Black arrows indicate cigar-like structures. (B) A cross section
through the same reconstructed specimen showing the distribution of chitinous structures in different chambers (marked with different colors).
(C) 1st to 4th chambers, (D) 1st to 5th chambers, (E) 1st to 6th chambers, mostly cigar-like structures, (F) 1st to 7th chambers, showing some
plate-like structures in the 7th chamber, (G) 1st to 8th chambers, (H) 1st to 9th chambers, with those in 8th and 9th chambers mainly consisting
of plate-like structures. (I) Longitudinal section of the 3D reconstruction showing the 1st chamber through to the 9th chamber.

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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DISCUSSION

Distributions of chitinous structures in the cytoplasm

Based on the histochemical staining results, the linear and
arc-like structures are chitinous in nature. The minute mass
of chitin in Chilostomella ovoidea makes it impractical to
apply further characterization techniques such as X-ray
diffraction analyses, '*C CP/MAS nuclear magnetic reso-
nance (NMR) (Isobe et al. 2020), or electron diffraction analy-
ses (Rinaudo 2006). It remains unclear, therefore, whether
the chitin in C. ovoidea is a-chitin, the abundant form used by
organisms that occurs in biological structures such as fungal
and yeast cell walls as well as arthropod exoskeletons (Rin-
audo 2006), or B-chitin, the less common form known to
occur in siboglinid worm tubes (Graill et al. 1992), in the lori-
cas of chrysophytes (Herth et al. 1977), and the ciliate Eufolli-
culina uhligi (Herth et al. 1986), among others. The
ultrastructure of a section through the chitinous plate
(Fig. 2D) in C. ovoidea resembles the chitin observed in the
soft membrane of the American lobster Homarus ameri-
canus (Wu et al. 2019), but is dissimilar to the structures
seenin E. uhligi(Herth et al. 1986).

The chitinous structures in C. ovoidea exhibited mostly
plate-like morphologies in the newer chambers and curved,
rolled, cigar-like shapes in the older chambers (and the
periphery of the newer chambers). This indicates that the
cigar-like structures may be expended forms of the plate-like
structures that became rolled after use. From the TEM
images, the cigar-like structures were not surrounded by
cytoplasm (Fig. 1E), suggesting once the structure has lost
the cytoplasmic support, they become rolled up. In the older
chambers where the cytoplasm was sparse, only cigar-like
structures were observed (Fig. 4C, D).

Origin of chitinous structures and characteristic
isotopic compositions of C. ovoidea

There is no direct evidence to determine whether the
chitinous structures are synthesized by C. ovoidea itself or
incorporated from outside sources. The chitinous plates
are of sizes that can fit into the aperture of C. ovoidea,
the primary opening of the newest chamber in the calcite
test connecting the interior to surrounding environments.
It is possible that C. ovoidea incorporate these chitinous
plates through feeding on particular organisms, such as
algae with chitinous cell walls or arthropods such as ben-
thic copepods with chitinous exoskeletons (Jeuniaux et al.
1986). A spiral structure somewhat similar to those
observed in C. ovoidea was reported from Quinqueloculina
seminula and was speculated to be an algal cell wall (Hee-
ger 1990). A food vacuole containing copepod muscle tis-
sue was observed in Miliolinella subrotunda (Linke et al.
1995). However, vacuoles of C. ovoidea are typically
empty (Fig. TA-F) and show no apparent evidence for
either selective feeding on algae or arthropods or deposit
feeding on sediment that potentially include such organ-
isms. Furthermore, trophic position determinations based
on the amino acid nitrogen isotopic composition

Nomaki et al.

(Chikaraishi et al. 2009) of C. ovoidea were 2.4 4+ 0.1, sug-
gesting that small benthic arthropods with chitinous
exoskeletons (supposed to have trophic positions higher
than 2) are not major food sources of C. ovoidea (Nomaki
et al. 2015a). This indicates that the chitinous structures
seen in C. ovoidea are unlikely to be arthropod remnants.

Some foraminiferal species have been reported to pos-
sess chitinous shells or agglutinated tests with sand
grains attached to a chitinoid wall (Thalmann and Ber-
mudez 1954), although no clear evidences have been pub-
lished to confirm their chitinous nature. Some earlier
studies used the terms “tectin” or “pseudochitin” without
any specific chemical definition, but Hedley (1963) criti-
cized the use of such terms and concluded that the
cement of some agglutinated foraminifera consists of
organic materials, but not chitin. If C. ovoidea synthesizes
the chitinous plates by itself, the energetic cost can be
expected to be substantial, considering the large quantity
of chitinous plates in a single specimen (Fig. 4). As men-
tioned previously, the carbon isotopic compositions of
some sterols (C numbers of 28 and 29) in C. ovoidea were
2-49, . heavier than those of other foraminiferal species (H.
Nomaki unpublished data). An isotope labeling study
showed that Globobulimina affinis, another deep-infaunal
foraminifera species, synthesize these sterols within sev-
eral days of incubation, suggesting that foraminifera can
synthesize or modify these Cyg and C,g sterols (Nomaki
et al. 2009). We speculate that because the synthetic cost
of the chitinous plates is substantial, the balance of C
metabolism in C. ovoidea is likely to be different from
other foraminiferal species. For instance, '>C may be pref-
erentially used for chitinous plate synthesis and other
organic compounds consequently become enriched in "*C.
Differences in 8'°C values between chitinous exoskele-
tons and soft tissue have been reported for some crus-
taceans, including by 1.59, in the green crab Carcinus
maenas (Curtis et al. 2017), supporting this speculation.
However, we cannot evaluate these factors quantitatively
because the information on the synthetic pathway of
chitin in foraminifera, and its frequency and turnover rates
are not available.

Potential functions of the structure

The large numbers of chitinous structures observed in Chi-
lostomella ovoidea suggest that they have some functions
specific to this species or this genus, since such struc-
tures were not observed in other co-occurring species.
Here, we suggest two possible explanations for their
occurrence.

Partitioning the cytoplasm and enlarging the surface-
to-volume ratio

The cytoplasm of C. ovoidea was finely partitioned by the
chitinous structures (Fig. 1). Foraminifera take up some
ions and chemicals from surrounding seawater for their
nutrition and metabolism (de Nooijer et al. 2008; Kuile
et al. 1989; Lee et al. 1966), and thus, it is beneficial for
the cytoplasm to have a higher surface-to-volume ratio to

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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facilitate such exchanges. Expansion of reticulopodia, part
of the cytoplasm, is common in many foraminifera.
Although reticulopodia also have many other functions
(Travis and Bowser 1991), one of the functions of its
expansion is considered to increase the surface-to-volume
ratio. Possessing the abundant vacuoles in the cytoplasm
(e.g. allogromiids, reported in Bernhard et al. 2006) may
also function to increase the surface-to-volume ratio
between cytoplasm and intracellular seawater. Chilosto-
mella ovoidea does not have noticeably branched reticu-
lopodia (Fig. S1D, E), while the co-occurring deep-sea
foraminifera Bulimina aculeata and Globobulimina affinis
deploy branched reticulopodia. It is possible that C. ovoi-
dea uses these chitinous plates to separate the cytoplasm
into compartments (Fig. 1H, 2B) as an alternative adaptive
strategy to increase the surface-to-volume ratio of cyto-
plasm inside the calcitic test. The chitinous plates may
also help to prevent the merging of segmentalized cyto-
plasm. The toughness of chitin makes it a good material
for exoskeletons or cell walls of many aquatic organisms,
from unicellular organisms to invertebrates. Chitinous
plates in C. ovoidea may function as a cytoskeleton to
structure the cytoplasm with a high surface-to-volume
ratio.

Reactive site for metabolic functions

In addition to increasing the surface-to-volume ratio of the
cytoplasm, the large surface area of chitinous plates may
also play significant roles in metabolic functions of C. ovoi-
dea. As observed in Fig. 2D, the chitinous plates exhibit a
chiral-nematic ordering typical of chitin nanofibers, similar
to the chitinous soft membrane in the American lobster
Homarus americanus (Wu et al. 2019). Such a nanofibrous
structure with a width between 10 and 30 nm generates
a large specific surface area of ca. 100 m%/g at a conserva-
tive estimation. This large surface area enhances the
chemical properties of functional groups on chitin, specifi-
cally the amino groups at C2 position of glucosamine
units.

Chitin is a linear polysaccharide made of N-acetyl glu-
cosamine residues, where the amino groups at the C2
position are mostly acetylated. However, we know that
about 10% of the total amino groups at the C2 position in
the native chitin is in the deacetylated form (Hackett and
Chen 1978; Rinaudo 2006) and therefore available as a
reactive functional group. Two possible roles of the free
amino group of chitin in C. ovoidea are: as (1) selective
adsorption sites and (2) catalytic sites.

The amino groups in chitin have a selective adsorption
capacity for metal ions, such as copper ions (Rhazi et al.
2002), through chelate formation between copper ions
and amino groups (Rhazi et al. 2001). The adsorption
capacity is further enhanced when pH is higher than 6
(Juang and Shao 2002), a condition commonly observed in
the cytoplasm of various foraminiferal species (de Nooijer
et al. 2008). Copper ions are indispensable for many pro-
teins, such as cytochrome ¢ oxidase, and also for the cat-
alytic domain of nitrite reductase in Globobulimina
(Woehle et al. 2018). The large surface area of the
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chitinous plates may facilitate the adsorption of copper
and other metal ions from incorporated seawater for pro-
tein synthesis.

Another potential function of the chitinous plates is to
serve as a site for the catalysis of some chemical reac-
tions on the plate surface. The free amino groups at the
C2 position in chitin are known to function as a base cata-
lyst (Hirayama et al. 2020; Tsutsumi et al. 2014). Many
reactions have been reported to be facilitated by the free
amino groups at the C2 position: a variety of C-C bond
forming reactions including aldol reactions, Knoevenagel
condensation, nitroaldol reaction, Michael reaction
(KUhbeck et al. 2012), and the synthesis of a-amino nitriles
and imines (Dekamin et al. 2013). Among these, Knoeve-
nagel condensation is known to play a pivotal role in the
total synthesis of organic compounds (Heravi et al. 2020),
including sterols (List 2010; Woodward et al. 1952). Since
chitinous plates in C. ovoidea are sometimes located along
the vacuole membrane or even form a part of the vacuole
membrane (Fig. 1B, F), they may facilitate particular reac-
tions using compound(s) in vacuoles. Without detailed
understanding of the ultrastructure of these chitinous
plates and the contents of vacuoles in C. ovoidea, we can-
not confirm if these structures actually play such catalytic
roles. However, if chitinous plate does play a catalytic role,
it can explain both the metabolic advantages of chitinous
plates and the characteristic 3'°C values of organic com-
pounds including sterols in C. ovoidea.

Comparative studies of the abundance and distribution
of C. ovoidea in different habitats and its different growth
stages will also help shed light on the true function of
these chitinous structures. If these chitinous plates func-
tion to enlarge the surface-to-volume ratio, there may be a
relationship between numbers of chitinous plates and
some environmental factors. For instance, a higher sur-
face-to-volume ratio may be advantageous in an environ-
ment with lower dissolved oxygen concentrations.
Detailed observation of the chitinous plates in juvenile
specimens may also provide some important insights,
such as whether the rolled, cigar-like structures in older
chambers (i.e. grown during the juvenile stage) were
indeed originally plate-like. Maintaining this deep-sea spe-
cies, which probably has a lifespan exceeding two years
(Ohga and Kitazato 1997), is still challenging in a labora-
tory, hampering experimental studies to investigate the
function of its characteristic chitinous structures. Future
genomic study of this species may resolve whether it is
capable of synthesizing chitin, the characteristic carbon
isotopic composition of organic compounds such as ster-
ols, and more generally its metabolic adaptations to
hypoxic deep-infaunal sediments.
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Additional supporting information may be found online in of Chilostomella ovoidea collected from bathyal Sagami
the Supporting Information section at the end of the article. Bay.
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