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ARTICLE INFO ABSTRACT

Handling Editor: Maikon Di Domenico Female Sinantherina socialis are freshwater, sessile, colonial rotifers that possess two pairs of distinctive glands

(warts) located below the corona. Previous studies demonstrated that colonies are unpalatable to many inver-

Keywords: tebrate and vertebrate predators; those authors suggested that the warts were a possible source of a chemical
Defense deterrent to predation. Here we explore wart ultrastructure and cytochemisty to determine whether the warts
Freshwater function as exocrine glands and if their contents display any allomone-like chemistry, respectively. Externally,
Invertebrate . S 7. . .

Predator the warts appear as elevated bulges without pores. Internally, the warts are specialized regions of the integ-
Prey umental syncytium and therefore acellular. The lipid stain Nile Red labels all four warts. Two lipid membrane
Unpalatable probes (sphingomyelin and phosphatidylinositol) also bind the warts and may be staining internal secretion

vesicle membranes. In fact, wart ultrastructure is defined by hundreds of membrane-bound secretion vesicles
packed tightly together. The vesicles are mostly electron-lucent and crowded into a well-defined cytoplasmic
space. The cytoplasm also contains abundant ribosomes, rough endoplasmic reticulum, mitochondria, and Golgi,
but nuclei are generally positioned peripheral to the packed vesicles. Absence of muscles around the warts or any
signs of direct innervation suggests expulsion of gland contents is forced by general body contraction. A single
specimen with ‘empty’ warts implies that secretions are released en masse from all glands simultaneously. The
identity of the chemical secretion remains to be determined, but the lack of osmium and uranyl acetate staining
suggests a low abundance or absence of phenols, unsaturated lipids, or NH; and ~-COOH groups. This absence,
combined with the positive Nile Red staining, is interpreted as evidence that vesicles contain saturated fatty acids
such as lactones that are unpalatable to predators.

1. Introduction Due to their small size, rotifers fall prey to a variety of predators

including ciliates (Buonanno et al., 2017; Buonanno et al., 2020; Buo-

Rotifera (sensu stricto) is a small phylum (~2000 species) of micro-
scopic aquatic metazoans (~40-2000 pm) that are found wherever
liquid water is present for even a few days (Walsh et al., 2014). While a
few species are found in saline systems (Fontaneto et al., 2008; Fonta-
neto et al., 2006; Fradkin, 2001; Walsh et al., 2008), most rotifers are
present in freshwaters, including lakes, ponds, roadside ditches, rock
pools, and cryoconite holes on glaciers, as well as the water film
covering terrestrial mosses (Wallace et al., 2015; Walsh et al., 2014).
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nanno et al., 2013), cladocerans (Herzog et al., 2016; Stenson, 1987),
copepods (Almeda et al., 2017; Buskey et al., 2017), insects and mites
(Hampton and Gilbert, 2001; Hershey and Dodson, 1987; Kerfoot, 1982;
Kerfoot et al., 1980; Walsh et al., 2006), hydra (Walsh et al., 2006), and
gastrotrichs (Balsamo et al., 2020). Aquaculturists have taken advantage
of their size and nutritional value to culture various species that they
feed to commercially important hatchling fish and the larval stages of
invertebrates, as well as adult fish with small mouths (Allen et al., 2016;
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Lubzens et al., 1989; Snell et al., 2018; Wallace et al., 2006).

Their small size allows some rotifers to evade certain predators.
Thus, it is curious that some species form colonies given that the larger
size of colonies should increase risk of predation by visual predators
(Wallace 1987). However, that risk may be reduced in many species by
morphological adaptations that allow them to avoid predation. These
adaptations include spines, the ability to make rapid jumps, and gelat-
inous sheaths (Gilbert 1980; Wallace et al., 2006; Wallace et al., 2015).
For example, individuals in the planktonic species Sinantherina spinosa
(Thorpe, 1893) possess short spines on their anteroventral surface; when
the colony is disturbed all the individuals bend dorsally thereby
collectively exposing the spines to the margin of the colony. These spines
may deter predation from predators that attempt to swallow the colony
whole by irritating sensitive tissues in their buccal cavities (Thorpe,
1893; Wallace et al., 2015). Additionally, three other species of Sinan-
therina — Sinantherina procera (Thorpe, 1893), Sinantherina semibullata
(Thorpe, 1889), and Sinantherina socialis (Linnaeus, 1758) — possess
protuberances (warts) on their anteroventral surface near the corona;
these have been posited to be glandular and possess biochemical
defensive qualities (Felix et al., 1995; Hochberg et al., 2015). Indeed,
experiments on palatability of S. socialis colonies revealed that many
vertebrate and invertebrate predators actively reject them once captured
(Felix et al., 1995; Walsh et al., 2006). Snell (1998) reported that the
unpalatability factor could be transferred to a food comprising
freeze-dried tubifex worms that had been rehydrated in a crude ho-
mogenate of S. socialis colonies. To date, we know nothing of the
structure of the warts or of their chemical constituents. A previous study
using scanning electron microscopy showed that the integument
covering and surrounding the warts were identical to the rest of the
body, and there was no evidence of pores in the integument that might
suggest a site of chemical release (Hochberg et al., 2015).

In this study, we explore the cytochemistry and ultrastructure of the
warts in S. socialis to answer three questions. (1) Are the warts glan-
dular? (2) Do they exhibit evidence of exocrine secretion? (3) Can we
characterize their secretion contents? To address these questions, we use
fluorescent probes and confocal laser scanning microscopy (CLSM) to
describe their contents and determine whether the warts are innervated
or supplied with muscles. We also used scanning electron (SEM) and
transmission electron microscopy (TEM) to characterize their external
and internal structure.

2. Methods
2.1. Collection and processing for confocal laser scanning microscopy

Cultures of S. socialis used for cytochemical staining of the warts
were started from specimens collected as whole colonies from two sites:
(1) Tule Cattle Tank at Big Bend National Park, Texas, USA
(29.2420833, —103.4425; 914 m); (2) Rio Grande near El Paso, Texas,
USA (31.886086, —106.598892; 1144 m). For controls we used three,
non-colonial, free-swimming species known to be palatable to a variety
of freshwater predators. (1) Cultures of Euchlanis dilatata Ehrenberg,
1830 were originally isolated from the Rio Grande near El Paso (see
above). (2) Cultures of Epiphanes hawaiiensis Schroder & Walsh, 2007
were started from specimens isolated from Lake Waia, Hawaii
(19.811152, —155.477479; 3892 m). (3) Epiphanes chihuahuaensis
Schroder & Walsh, 2007 were collected from Hueco Tanks State Park
and Historic Site (31.923425, —106.042257).

Three types of stains were used to investigate the chemistry of the
warts of S. socialis, as well as the two species used for controls. To
localize proteins, we used LavaCellTM (Active Motif North America,
Carlsbad, CA, USA), a water-soluble stain that fluoresces at 610 nm
when excited at 405, 488, or 532 nm (Active Motif, Carlsbad, CA).
Preserved rotifers were stained for 30 min, following manufacturer in-
structions (Active Motif, Carlsbad, CA). To localize neutral lipids, we
used Nile Red (Life Technologies; Thermo Fisher, Carlsbad, CA), a dye
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that emits at ~590 nm when excited at ca. 515-560 nm (Greenspan
et al., 1985). Following techniques used by Sonda et al. (2008) for the
protozoan parasite Giardia lamblia (Lambl, 1859), we stained preserved
rotifers in small glass wells for 20 min. Additionally, to ascertain
whether the warts of S. socialis were degraded by fixatives, we stained
live rotifers with Nile Red for 15 min at room temperature, following
techniques used by Carman et al. (1991) for copepods. We also used
fluorescent Bodipy or NBD (nitrobenzoxadiazole)-conjugated lipid
probes such as phosphatidylcholine (PC), phosphatidylglycerol (PG),
phosphatidylinositol (PI), and sphingomyelin (SM) (Life Technologies,
Thermo Fisher, Carlsbad, CA (Stevens et al., 1997). Rotifers were incu-
bated with these probes at 37 °C for 30 min (or as otherwise specified),
anesthetized in carbonated water, washed twice in phosphate-buffered
saline (1X PBS), and fixed in 4% methanol-free paraformaldehyde.
Slides were thoroughly rinsed three times in PBS, cover slips were
mounted using DAKO mounting media (DAKO Corp., Carpinteria, CA),
and specimens examined using a Zeiss LSM5 PASCAL confocal laser
scanning microscope. Luminescence of the images was quantified in
ImageJ (Schneider et al., 2012).

Colonies of S. socialis were stained for muscles and neurites to
determine whether the glands were muscular and controlled by neural
stimulation. Colonies were removed from submerged hydrophytes
(Utricularia spp.) in Mascuppic Lake (42.6783333, —71.4006333333;
58 m) and Locust Pond (42.686175, —71.4393861111; 53 m) in
Tyngsborough, Massachusetts (USA). Colonies were isolated in 50 ml
bowls of source water and photographed with a Zeiss Stemi stereomi-
croscope® and Sony Handycam® digital camera. Some colonies were
transferred to small bowls of water (5 ml) and anesthetized with the
addition of 1-2 mls of commercially available carbonated water. After
anesthetization (~2-3 min), portions of colonies were transferred to
glass slides, compressed with a coverslip, and photographed using a
Zeiss Axioskop® equipped with a Sony Handycam digital camera. Col-
onies were then preserved in 4% paraformaldehyde in 0.1 M phosphate
buffer saline (pH 7.4) for 24 h at 5 °C. Colonies were dissected to free
individual specimens and then placed in buffer for 2 h prior to transfer
into a solution of buffer plus 0.5% Triton X-100 (PBT) for 2 h. A total of
eight animals were prepared for staining: three were omitted from pri-
mary antibodies and used as negative controls, and five were placed in a
blocking solution consisting of 1% bovine serum albumin (Sigma-
—Aldrich) and 0.1 M PBS overnight. Animals were then rinsed in 0.1 M
PBS for 2 h and transferred into a primary antibody solution of Rabbit
anti-5HT (1:2000, N = 6, Sigma-Aldrich)) for 24 h at 5 °C on a rotator.
Animals were next were rinsed in 0.5% PBT for 24 h and incubated in
secondary antibody solution (goat anti-rabbit IgG 546 (1:200, Sigma-
—Aldrich)) for 24 h at 5 °C on a rotator. Following the secondary solu-
tion, specimens were rinsed in 0.5% PBT for 24 h and incubated in
Alexa-488 phalloidin (Invitrogen) for 1-2 h prior to mounting in Fluo-
romount G (Electron Microscopy Sciences, Hatfield PA).

Specimens were examined on a Leica TCS SP8 LSCM microscope at
the University of Massachusetts, Lowell. Leica Application Suite X (LAS
X) was used to collect a series of optical sections at 0.05-0.1 pm/slice,
processed as z-stacks, and saved as LIF files. Files were analyzed in
Imaris x64 (v. 9.9.0) to render 3D images, analyze each single stack, and
create JPEGs. No manipulations of the images were made other than
changes of color (false coloring or grayscale) or cropping.

2.2. Processing for electron microscopy

Colonies and individual specimens from Massachusetts were pre-
served in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer with
sucrose for 1 h (4 x 15 min) at room temperature (RT). These specimens
were then post fixed in 1% OsO4 in 0.1 M sodium cacodylate buffer for 1
h at RT and rinsed again in buffer (4 x 15 min) at RT. Animals were then
transferred through an ethanol series (50, 70, 90, and 100%; 2x) at 15
min each in a separate glass bowl (5 ml). For scanning electron micro-
scopy, several colonies were transferred into 60 pm mesh screen-covered
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BEEM® capsules (Electron Microscopy Sciences, PA, USA) and critically
point dried in a Tousimis SAMDRI-795® using liquid CO2. Animals were
then placed on carbon, tape-coated aluminum SEM stubs and coated in
gold using a Denton Vacuum Desk IV® sputter coater. These specimens
were finally examined on a JEOL JSM 6390® SEM in the Materials
Characterization Laboratory at the University of Massachusetts Lowell
(MA, USA).

For transmission electron microscopy, five specimens were removed
from two adult colonies, placed in 100% ethanol, and transferred
through two changes (2 h each) of a 1:1 and 3:1 mixture of ethanol: Dr.
Spurr’s low viscosity resin (Electron Microscopy Sciences, Hatfield, PA,
USA) in microcentrifuge tubes on a rotator. The specimens were then
transferred to pure resin and rotated overnight at RT before being
transferred to individual BEEM capsules and cured in an oven at 68 °C
for 24 h. Resin blocks were trimmed and cut on a Leica UC7® ultrami-
crotome using glass knives to produce silver sections. These were
collected on copper grids and stained in uranyl acetate (2 min) and lead
citrate (2 min). Sections were then examined on a Philips CM10® at 80
KHz and equipped with a side-mounted Gatan Orius® digital camera.
Measurements of organelles were taken using Fiji (ImageJ, v2.1.0/1.53c)
(Schneider et al., 2012). Digital photographs were cropped using Adobe
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Photoshop® (Release 22.5, 1990-2021); no additional changes were
made to the photographs.

3. Results
3.1. Light microscope observations

The warts of S. socialis appear as white spots under the reflected light
of a stereomicroscope (Fig. 1A-C), but they may appear translucent with
the transmitted light of a compound microscope (Fig. 1D and E) or even
appear as dark spots under the incident light of a compound microscope
(Fig. 4A). Specimens preserved in glutaraldehyde and/or OsO4 and
viewed with brightfield microscopy may show a slight darkening of the
warts, but they remain mostly translucent and not obviously stained
(Fig. 1D and E, 4).

3.2. Confocal observations of probes to determine wart chemistry

Staining with LavaCell revealed widespread fluorescence in the
muscles and body wall. The warts did not show unusually high con-
centrations of fluorescence (see Supplemental Document Fig. 1).

Fig. 1. Female Sinantherina socialis visualized with
light microscopy. A) Three asexual female colonies
on a submerged hydrophyte; B) Closeup of a small
asexual colony (~40-50 individuals) with their
coronae extended to feed. Small white dots are the
warts; C) Same colony as in C but after a distur-
bance: their coronae have retracted, exposing more
prominently the four warts on each individual; D)
Closeup of coronal region of an osmium tetroxide-
fixed specimen. Black arrows point to the warts,
which are translucent in this preparation; E) Spec-
imen fixed in glutaraldehyde, postfixed in OsOg,
and embedded in resin. Black arrows point to
translucent warts. Abbreviations: cr, corona; g,
gastric glands; in, intestine, mx, mastax. Scale bars:
A, 1000 pm. B, 500 pm. C, 500 pm. D, 15 pm. E, 20
pm.
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Staining with Nile Red showed strong fluorescence in the gut, devel-
oping embryos, and warts (Fig. 2B; Supplemental Document): the in-
tensity of the staining in the warts made it difficult to determine where
the lipids were concentrated, i.e., in the vesicles or elsewhere in the wart
bodies (Supplemental Document Fig. 1). In E. dilatata and E. hawaiiensis,
the distribution of lipids showed no remarkable pattern as was observed
in S. socialis (Fig. 2E). Of the four lipids (PC, PG, PI, and SM), only
phosphatidylinositol (PI) and sphingomyelin (SM) showed substantial
staining in the warts (Fig. 2C). According to the ImageJ analysis, SM had
the strongest reaction, with a luminescence ratio of ~2:1 compared to
other lipids.

3.3. Confocal observations of muscles and nerves

We used CLSM to view the region around the corona to determine
whether there were any muscles or neurites that supplied the warts
(Fig. 3). Earlier observations suggested no such evidence (Hochberg and
Lilley, 2010), but these observations were based on epifluorescence
microscopy that lacked the magnification and resolution of CLSM.
Current observations did not reveal any neurites (containing alpha
tubulin, serotonin, or FMRFamide) innervating the warts (Fig. 3A and
B). All three antibody stains showed fluorescence in similar regions. No
muscles or actin-rich cells supplied warts, though several longitudinal
muscles were proximal to the warts (Fig. 3C).

3.4. Ultrastructural observations

Several specimens were examined with transmission electron mi-
croscopy, but in only one specimen could all four warts be identified (in
separate sections). In this specimen, and six of the other adult specimens
(n = 7 total processed), the warts appeared similar in ultrastructure and
always distinguishable from the general integument. The size of the
warts and their shapes differed due to plane of section, but there did
appear to be some shrinkage based on a size and shape comparison to
live and preserved wholemount specimens. Regardless of shrinkage,
their internal features were all largely identical (Fig. 4C-F). The rest of
the body integument has been described previously (Hochberg et al.,
2015).

All warts appeared as swellings due to the collection of numerous
membrane-bound vesicles and other organelles accumulating in the
cytoplasm of the integument (Figs. 4 and 5). Like the integument that
surrounds the rest of the body (Hochberg et al., 2015), the outer layer of
integument in the warts is an electron-dense zone called the intra-
cytoplasmic lamina (ICL), which is covered by an apical plasma mem-
brane (Fig. 5). The ICL is wavy in appearance due to the longitudinal
ridges that traverse the integument (Figs. 4 and 5; Hochberg et al.,
2015). The ICL had an average thickness of 218 nm (SD = 17.7 nm; n =
35 sections), which was similar to the rest of the integument on other
portions of the body. The ICL had a somewhat cloudy but fibrous
appearance (Fig. 5E and F). The fibers appeared to form a sort of
meshwork and they did not extend in any obvious orientation or di-
rection (relative to the a:p axis).

Beneath the ICL was a swollen region of cytoplasm that contained
membrane-bound vesicles, abundant ribosomes, Golgi, rough endo-
plasmic reticulum (rER), mitochondria, some autophagic bodies, and a
single nucleus (Figs. 3-6). The nucleus was not always visible in sec-
tions, but when present, was generally positioned to the side of the
swollen region and never directly among the vesicles (exception noted
below). The cytoplasm was largely dominated by secretion vesicles that
created the swollen appearance of the warts; warts were elevated
6.0-9.9 pm above the remaining integument (not including the wavy
ridges; Fig. 4). Membrane-bound vesicles were generally oval to round
and ranged in size from 149 to 201 nm diameter (x = 175.5 nm; SD =
17.7 nm; n = 40 from four specimens). The bounding membranes
appeared either fuzzy or were strongly defined (Fig. 5). Internally, most
vesicles were electron-lucent, though wisps of electron-dense fibers
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were often present and in some cases the contents were of medium
density or entirely electron-dense (Fig. 5C). The most electron-dense
vesicles were 199-320 nm in size (X = 292 nm; SD = 44.6 nm; n =
15) and were not obviously restricted to the wart-like zones; they were
also observed in other regions of the integument around the trunk
(Fig. 5A). In between most electron-lucent vesicles was a ribosome-rich
cytoplasm with occasional mitochondria, Golgi, and rER. Mitochondria
were generally positioned close to the basal plasma membrane, but some
were dispersed among vesicles and other times were present directly
below the ICL. Some cytoplasmic regions below the ICL also contained
regions of electron-dense cytoplasm, largely due to the abundance of
ribosomes, but other organelles including potential autophagic bodies
(Fig. 5D) were present and some organelles that could not always be
identified.

Despite processing several individual females (from a single colony)
in a partly contracted state, few animals showed evidence of exocytosis.
Most vesicles remained within the swollen cytoplasm and only a few
were in the process of exocytosis. These vesicles were fused to the ICL
and created a pore with the apical plasma membrane (Fig. 5E and F).
These vesicles were no more abundant in the ICL than vesicles in other
regions of the integument, so it does not appear that preservation during
contraction causes exocytosis. We cannot be certain that these fusion
vesicles in the warts were actively exuding their contents or whether the
observed vesicles were part of the natural process that characterizes the
general rotifer integument (Koehler, 1965; 1966).

We processed a single specimen that had no vesicles in any warts
(Fig. 6). This specimen was from a separate colony; only one colony
member was sectioned and stained. The "empty" warts had a mostly
electron-lucent cytoplasm devoid of ribosomes, with few mitochondria,
an occasional nucleus within the wart body (only two warts were
examined), and several membrane-bound vesicular bodies (Fig. 6A).
These bodies were irregularly shaped (range: 149-267 nm; X = 214 nm,
SD = 69 nm) and often had two or three laminae surrounding a clear or
cloudy core (Fig. 6B). The membranes were often disrupted, and the core
did not look similar to the cores present in the warts of the other spec-
imens (compare to Fig. 4). Darkened patches of grainy cytoplasm were
present around most vesicles.

4. Discussion
4.1. Rotifer defenses against predation

Rotifers are known to exhibit a variety of behavioral and morpho-
logical defenses (Gilbert, 2019; Parry et al., 2022; Wallace et al., 2015),
but to date, no species has been shown definitively to secrete allomones
that ward off predators. Colony formation, however, has been demon-
strated to limit predation by making rotifers too large for gape-limited
predators (Diéguez and Balseiro, 1998; Wallace, 1987). On the other
hand, studies of the rotifer, S. socialis, have revealed this species to be
unique because it appears to utilize both colony formation and allo-
mones as forms of defense against invertebrate and vertebrate predators
(Felix et al., 1995; Walsh et al., 2006). Adult females of S. socialis reside
in colonies of 30-200 individuals and are permanently attached to a
substrate such as an aquatic hydrophyte (Wallace, 1987). Colonial
adults produce amictic (asexual) eggs, which they retain on a special
structure called the oviferon. When embryos hatch, the larval females
remain tethered to their parent by a glandular secretion emanating from
their foot. However, egg hatching is synchronous so that larvae tend to
leave the parent colony at the same time, but in doing so their tethers
become entangled and eventually this connection breaks. The result is
that hatched larvae remain connected, swim as a planktonic group
before settling, and once settled, metamorphose and grow to adulthood
on a new substratum; a process referred to as “geminative” colony for-
mation (Wallace et al., 2015). Settled colonies are vulnerable to
epiphytic predators that graze the substratum and so it is not unexpected
that such rotifers would have behavioral and/or morphological defenses
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Fig. 2. Visualization of lipid probes in Sinantherina socialis (left) and Epiphanes chihuahuaensis (right). Top to bottom: specimens were photographed with brightfield
microscopy, stained with Nile Red, stained for sphingomyelin (NBD-SM), and combined light and confocal images. Arrows indicate the location of warts in S. socialis.
Scale bars: A-D = 50 pm; E-H, 100 pm.
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against predation (Garcia, 2004). Researchers have hypothesized that
the warts of S. socialis, and perhaps S. semibullata, function as deterrents
against such predators through the secretion of allomones. Two
predator-prey experiments appear to confirm that S. socialis is indeed
unpalatable (Felix et al., 1995; Walsh et al., 2006). In the current study,
we examine the ultrastructure of these wart-like bodies to determine
whether they are in fact glandular, and if so, whether we can determine
anything about the chemistries of potential allomones using cytochem-
ical stains.

4.2. Do the warts of S. socialis function as exocrine glands?

Rotifer glands have not been well studied, but recent studies reveal
that most glands, except for pedal glands that function in attachment,
are syncytial (Yang and Hochberg, 2018; Yang et al., 2021). Rotifer
glands appear to be restricted to specific areas within the syncytial
integument, and in these regions are easily recognized by possessing a
high abundance of synthetic machinery (e.g., ER, Golgi) and a high
density of secretory vesicles or granules. For example, species of Limnias
have trunk glands that are merely localized regions of the integument
containing abundant organelles and secretions relative to the rest of the
integument. These glands undergo regulative secretion, meaning they
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Fig. 3. Adult female Sinantherina socialis stained for
serotonin (5-HT, red) and muscles (Alexa-488
phalloidin, green) and visualized with CLSM. Ar-
rows indicate approximate location of the warts. A)
Combined transmitted light and fluorescence image
of anterior end; B) Fluorescence of serotoninergic
neurites in the anterior end; C) Muscles in the
anterior trunk region; D) Combined serotonin and
phalloidin  stains.  Abbreviations: af, auto-
fluorescence; cg, neurites of cerebral ganglion; cn,
coronal neurites; mxm, muscles of the mastax; nc,
nerve cords. Scales bars A-D: 20 pm.

appear to store secretory vesicles for a period before exocytosis releases
the gland contents through the apical plasma membrane and outside
their bodies where a protective tube is built (Yang and Hochberg, 2018).
In S. socialis, the warts are clearly glandular as they contain abundant
organelles and numerous secretory vesicles within a defined region of
the integument, similar to Limnias. Transmission electron microscopy
reveals the warts of S. socialis to be independent, localized swellings of
the integument without intracellular plasma membranes, i.e., they are
part of the integumentary syncytium (Fig. 7). There is no obvious
connection between the four warts other than through the continuum of
the syncytial integument. Each wart is swollen relative to the integu-
ment around it: the swelling appears spindle-shaped with the center of
the spindle filled with ribosome-rich cytoplasm, mitochondria, rER, and
hundreds of membrane-bound secretion vesicles. A nucleus is usually
present off center. Most secretion vesicles are oval to round, have
electron-lucent cores, and range in size from 149 to 201 nm diameter (x
=175.5 nm + 17.7 nm). Vesicles with electron-dense cores were occa-
sionally present and measured on average 292 + 44.6 nm, these vesicles
were not unique to the swollen syncytium but were observed scattered
across the integument. All wart-contained vesicles appeared destined for
transport across the intracytoplasmic lamina (ICL), an intracellular,
cuticle-like region that is positioned just below the plasma membrane of



R.L. Wallace et al.

the integument. These vesicles appear to fuse individually with the ICL
and release their contents en masse; this differs from the normal form of
exocrine secretion in the rotifer integument where vesicles fuse with the
plasma membrane one at a time (or at least not all at once) (Koehler,
1965; 1966; Yang et al., 2021). Vesicle fusion is probably followed by a
recycling of the bounding membranes, which is characteristic of glands
that undergo regulative secretion (De Camilli and Jahn, 1990; Kogel and
Gerdes, 2009). Hence, there is no permanent pore to these glandular
warts.

The behavior that probably leads to the synchronized expulsion of
gland contents is longitudinal body contraction, which is observed when
predators touch colony members (Felix et al., 1995). The glands are not
enclosed in muscles nor directly innervated, which supports this hy-
pothesis. However, this would also mean that each time a member
contracts, regardless of the reason, secretions are exuded. Such a
behavior would require continuous production of secretory vesicles, and
so different members of a colony may therefore have different abun-
dances of vesicles in their warts at any one time. We did not compare
vesicle amounts between colony members, but observations suggest
vesicle numbers appeared similar within individuals, i.e., all warts were
either full or empty in a single specimen. Curiously, we have never
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Fig. 4. Focus on the warts of Sinantherina socialis.
A) Portion of a colony of retracted adult females
under reflected light. Arrows point to warts (note
the change in their appearance with a different
lighting regime); B) Scanning electron microscopy
of a single specimen (corona retracted) showing
bulges (arrows) where two warts are located; C-F)
Sections through all four warts of a single adult
female. Asterisks indicate ridge-like patterns of the
integument. Abbreviations: cr, corona; nu, nucleus
Scale bars: A, 100 pm. B, 15 pm. C. 2 pm. D, 1.9 pm.
E, 2.5 ym. F, 1.3 pm.

observed increased evidence of exocytosis in contracted (preserved)
specimens, so there must be other factors that lead to simultaneous
expulsion of the secretion products. Interestingly, we did process a single
contracted specimen from a separate colony that had "empty" warts.
These warts were of a similar size and shape to warts filled with secre-
tions in other individuals, but the cytoplasm lacked the secretion vesi-
cles present in other specimens (compare Figs. 4 and 6), and the
cytoplasm was virtually devoid of free ribosomes. Instead, it contained
an abundance of vesicle-shaped bodies, some with electron-lucent cores,
and others with disrupted membranes that were peeling inward to the
core or externally unraveling (see Fig. 6B). Whether these bodies
represent empty secretion vesicle membranes is unknown, but if they
are, then their appearance suggests that the secretion vesicles have
multiple membranes, which to our knowledge would be unusual. The
specimen with "empty" warts did not have any obviously secreted con-
tents on the outside of the integument, nor did we observe any other
specimens (live specimens with light microscopy or preserved specimens
with scanning electron microscopy) that showed evidence of exuded
secretory material. Of course, clear gland contents would be difficult to
detect in situ and the secretions may rinse off or dissolve during prepa-
ration for EM.
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Fig. 5. Transmission electron micrograph of ultrastructure of the warts of a
single female of Sinantherina socialis. A) Longitudinal section through a wart on
the dorsolateral body surface. Black line outlines the basal plasma membrane
that differentiates the integument from the blastocoel and other underlying
organ systems; B) Closeup of a different wart on the same specimen. Black line
demarcates base of integument; C) Closeup of secretion vesicles that reside in
the ribosome-rich cytoplasm below the intracytoplasmic lamina (ICL) of the
integument; D) Closeup of a wart showing other organelles in the cytoplasm of a
wart. Most organelles were pushed to the periphery of the wart due to the
abundance of secretion vesicles; E) Closeup of the intracytoplasmic lamina
showing the fusion of a vesicle (arrowhead) to create a bulb-like shape; F)
Closeup of the intracytoplasmic lamina revealing the opening of a secretion
vesicle (arrowhead) after fusion with the intracytoplasmic lamina. Abbrevia-
tions: apb autophagic body; bc, body cavity; edsv, electron dense secretion
vesicle; elsv, electron-lucent secretion vesicle; gl, Golgi membranes; icl, intra-
cytplasmic lamina of the integument; mt, mitochondria; nu, nucleus; rER, rough
endoplasmic reticulum; rc, ribosome rich cytoplasm. Scale bars A, 2 pm. B, 1.2
pm. C, 300 nm. D, 500 nm. E, 700 nm. F, 700 nm.

4.3. Do the warts contain compounds that function for defense?

We attempted two generic methods to characterize wart contents: 1)
fluorescent probes in whole mount specimens, and 2) standard TEM
fixatives and heavy metal stains. We used two fluorescent stains to
determine whether proteins or neutral lipids were present in the warts.
LavaCell revealed the presence of primary amines in the warts, but the
fluorescence was no different from the rest of the body. Nile Red was
used for neutral lipids and showed intense fluorescence in the warts
relative to the rest of the body. Unfortunately, the intensity of the
staining made resolution inside of the warts difficult to determine, so we
are unsure where the neutral lipids are located specifically within the
wart bodies. Importantly, Nile Red is also known to fluoresce in the
presence of proteins with hydrophobic domains (Greenspan et al.,
1985), so we are hesitant to classify the secretory contents as strictly of
neutral lipid origin. Of the remaining probes, only phosphatidylinositol
(PI) and sphingomyelin (SM) showed intense fluorescence in the warts.
Both of these compounds are important components of cell membranes
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(Futerman, 2016), so their presence in the warts is not unusual. While PI
and its phosphorylated derivatives (e.g., PIP, PIP2) are involved in cell
signaling (Hernandez et al., 2007), SM and other sphingolipids are found
in lipid rafts. Lipid rafts participate in various cellular processes
including cell-cell communications, receptor internalization, and re-
ceptor signaling (De Chatterjee et al., 2015). Our reasoning behind their
use was to determine, prior to TEM, whether the warts contained
abundant membrane-bound secretion vesicles that might hint at the
warts’ function as exocrine glands. Once determined, we applied TEM to
achieve higher resolution.

While the warts are obviously pigmented (white or brown) when
animals are visualized with different forms of light microscopy, their
contents are largely translucent when visualized with TEM. Osmium
preservation did not darken the wart contents (in whole mount or
sectioned material), and when combined with uranyl acetate and lead
citrate stains, the warts’ contents remained electron-lucent. We do not
know what happens to the pigment (visualized under light microscopy)
after preservation and embedding, and we cannot be certain that the
pigment is not what makes the rotifer unpalatable. With this in mind, we
acknowledge the possibility that the transparency of the secretion ves-
icles in the warts after embedding may be an artifact of our methods, i.e.,
the unpalatable compounds were lost during preparation. However, the
contents of other secretion vesicles in the integument remained intact
and heavily stained, so we think the electron-lucent nature is natural to
the warts.

If the warts are indeed the source of unpalatable allomones, as
behavioral analyses would suggest, then their contents may in fact be
saturated fatty acids based on our staining profiles. Nile Red staining
would seem to indicate presence of saturated lipids in the warts, and the
absence of heavy metal deposition in the secretory vesicles would seem
to rule out unsaturated lipids and phenolic compounds (normally
stained with OsQyg4; Nelson and Griffith (1977)), nucleic acids, or-NH2
and —-COOH groups (stained with uranyl acetate (Lombardi et al.,
1971);). Saturated fatty acids such as lactones are volatile compounds
synthesized naturally by bacteria, yeast, and plants (Silva et al., 2021)
where they can function as attractants and repellants (Chadwick et al.,
2013). They are also well known to have strong aromatic and palatable
qualities, which makes their synthesis useful for human perfumes and
foods (Labuda, 2009). It is appealing to think the secretory vesicles of
S. socialis are lactone-filled compounds with similar aromatic qualities,
but proof will require much more detailed characterization.

4.4. Future directions for gland analysis and function

The next steps in the characterization process for the wart-like glands
can come in many forms. There are still several generic methods for
detecting proteins, carbohydrates, and lipids in animals prepared for
brightfield microscopy (Presnell and Schreibman, 1997), but these
methods may not achieve the necessary resolution because of the size of
the warts. CLSM may help to increase resolution when combined with
cytochemical and immunocytochemical stains (Stockert and
Blazquez-Castro, 2017), but these may still be limited in their specificity.
Electron microscopy may achieve the highest resolution, and while there
are several stains that can provide excellent insights (Angermiiller and
Fahimi, 1982; Macrae and Meetz, 1970; Thiery, 1967), they can still
only get at a broad classification of potential chemicals and therefore
will lead to an unsatisfactory understanding of the unpalatability
(potentially lactone-based) factor(s).

In his review of the chemical ecology of rotifers, Snell (1998) dis-
cussed several modern methods of fractionation that can be employed to
achieve a better understanding of rotifer secretions. He posits that
bioassay-guided techniques will help elucidate the functions of secre-
tions (e.g., allomones, kairomones, pheromones, etc.), and that such
techniques are applicable to even the smallest animals such as rotifers.
More contemporary studies have used transcriptome- and genome-wide
screening to search for specific secretions, such as lectins (Gerdol, 2022),
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Fig. 6. Transmission electron micrograph of a single wart of an adult female Sinantherina socialis that appears empty of secretion vesicles. A) The wart contains a
single nucleus and electron-lucent cytoplasm with few mitochondria and some membranes. The apical plasma membrane forms numerous ridge-like ornamentations;
B) Closeup of the same wart as in A, but with a focus on the oval membranes in the wart cytoplasm. Abbreviations: be, body cavity; ci, cilia of retracted corona; cyt,
cytoplasm of wart; int, syncytial integument; nu, nucleus; wt, wart. Scale bars: A, 1.5 pm. B. 225 pm.

Fig. 7. Schematic of a wart of female Sinantherina socialis. The wart is acellular (a localized expansion of the integumental syncytium) and generally contains a single
peripheral nucleus, abundant secretion vesicles, and various other organelles distributed within and around the periphery of the wart. Abbreviations: ab, autophagic
body; apm, apical plasma membrane; bl, basal lamina; elsv, electron-lucent secretion vesicle; edsv, electron dense secretion vesicle; ex, external pore created by
fusion of a secretion vesicle with the plasma membrane; icl; icl, intracytoplasmic lamina; gl, Golgi; mt, mitochondria; n, nucleus; rc, ribosome-rich cytoplasm; rER,

rough endoplasmic reticulum.

but to date, the genomes of rotifers suspected to secrete allomones have
not been published. Recently, we have sequenced the genome of
S. socialis, but the annotation is still in progress. Future studies on the
chemistry of S. socialis allomones may therefore benefit from similar
modern approaches if biosynthetic pathways of lactone production can
be targeted through transcriptomic and genomic methodologies.
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