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Abstract

Coelomocytes in the Holothuroidea are traditionally identified according to their

morphology through light, fluorescence, or electron microscopy. Former studies have

typically used only one method, with few works combining two or more approaches.

Studies using cytocentrifugation to study these cells are scarcer. Thus, for the first

time, an integrative approach was used to compare coelomocytes in Holothuroidea.

This approach consisted of living and stained cells, scanning electron microscopy (for

spherule cells), and accurate morphometric analyses. Specifically, we used specimens

of Holothuria grisea, Holothuria arenicola, and Holothuria tubulosa to test whether

cytocentrifugation could be valuable in comparative studies with coelomocytes,

whether an integrative approach could help to understand spherule cell diversity, and

whether closely related species, even those having distinct geographic distributions

and ecological requirements, would have a similar population of coelomocytes. Our

results showed seven distinct cell types in these species, including phagocytes, fusi-

form cells, morula cells, acidophilic spherulocytes, spherulocytes, progenitor cells, and

crystal cells. Total and differential cell counts, along with morphometric parameters,

were similar among species. Morphometric analyses of spherule cells revealed consis-

tent differences among the diameter of their cytoplasmic spherules, as well as a set

of different morphotypes in acidophilic spherulocytes and spherulocytes. Cytospin

preparations proved to be quite useful because they provided constant morphologi-

cal and morphometric data, allowing accurate identification of the cell types and

comparisons among species. Moreover, this study highlighted (1) that the spherule

diameter is a good parameter to separate spherule cells and (2) a putative maturation

process to acidophilic spherulocytes and spherulocytes. Lastly, we showed that the

cells of these species are very similar, regardless of their geographic distribution and

ecology. Thus, our work contributes to a better understanding of the coelomocytes

in Holothuria, a genus with a wide geographic distribution. The present study may be

useful to establish these species as important model organisms, as well as bring

insights into the functions of coelomocytes.
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1 | INTRODUCTION

Marine animals, mainly invertebrates, are very important environ-

mental bioindicators (Mauro, Pérez-Arjona, et al., 2020; Parisi

et al., 2017; Vazzana, Mauro, et al., 2020) and sources of bioactive

molecules (Inguglia et al., 2020; Luparello, Mauro, Arizza, &

Vazzana, 2020; Luparello, Mauro, Lazzara, & Vazzana, 2020; Mauro,

Lazzara, et al., 2020). Understanding their immune responses and

defense mechanisms is essential to understanding the management

of environmental and physiological stress (e.g., Pipe & Coles, 1995)

and the production and storage of bioactive molecules

(e.g., Balaneva et al., 2016). In this context, echinoderms are consid-

ered key organisms to achieve these objectives (Chiaramonte

et al., 2020; Lazzara et al., 2019; Mauro et al., 2021; Vazzana,

Ceraulo, et al., 2020).

Holothuroidea is one of the five extant classes belonging to the

phylum Echinodermata (Pawson, 2007). Holothurians (sea cucumbers)

are elongated and soft-bodied echinoderms, in which the remarkable

pentameric symmetry seen in other classes is generally not so evident.

Holothurians rely on their coelomic fluid and circulating coelomocytes

to perform many of their physiological functions. For example,

hemocytes have been reported to perform gas exchange, while

spherulocytes and phagocytes seem to be associated with nutrition

and immune responses (Smith, 1981).

Eleven different types of coelomocytes have been described in

Holothuroidea, including phagocytes, hemocytes, spherulocytes,

crystal cells, fusiform cells, giant cells, progenitor cells, minute

corpuscles, brown bodies, vibratile cells, and lymphocytes

(Hetzel, 1963; Queiroz et al., 2021; Ramírez-G�omez et al., 2010). Of

these cell types, minute corpuscles were considered to be fragments

of other coelomocytes (Hetzel, 1963), and brown bodies are cur-

rently understood as cellular aggregates, rather than single cells, that

originate during immune responses (Canicattì et al., 1989a; Caulier

et al., 2020). Moreover, the status of some cell populations is yet

under debate. For example, vibratile cells were considered to be for-

eign bodies or organisms that are captured along with coelomic fluid

during cell collection (Hetzel, 1963), and lymphocytes could in fact

be progenitor cells, as both show nearly identical morphologies

(Elisenkina & Magarlamov, 2002; Fontaine & Lambert, 1977). Giant

cells, although observed in two species (Prompoon et al., 2015;

Ramírez-G�omez et al., 2010), are not considered a real cell type (Ho

& Rast, 2016). Thus, although some studies have proposed that

holothurians have up to nine cell types in their coelomic fluid (e.g.,

Elisenkina & Magarlamov, 2002; Ho & Rast, 2016; Xing

et al., 2008), it is clear that the diversity of coelomocytes is not yet

fully understood.

In Holothuroidea, as in all echinoderms, the coelomocytes are tra-

ditionally identified based on morphology (Vazzana et al., 2015; Xing

et al., 2008). Most studies have assessed coelomocyte morphology

with light microscopy through observations of live cells in suspension

(e.g., Hetzel, 1963; Li et al., 2018) or fixed immediately after

collection and analyzed through transmission electron microscopy

(e.g., Elisenkina & Magarlamov, 2002). In some studies, two or more

methods were used together (Canicattì et al., 1989b; Xing

et al., 2008), which certainly improves the analysis. By contrast, data

from other methods such as cytochemistry and scanning electron

microscopy (SEM) have hardly ever been used to study coelomocyte

morphology (Bello et al., 2015; D'Ancona & Canicattì, 1990). The use

of morphometry in studies of coelomocytes in Holothuroidea is even

scarcer, though it has been proven informative in studies of hemo-

cytes in other invertebrates, including Mollusca and Arthropoda

(Salimi et al., 2009; Silva et al., 2002).

Morphometric studies of coelomocytes in Echinodermata, espe-

cially in Holothuroida, are scarce, possibly because studies tradition-

ally have looked at live cells spread on microscope slides (e.g., Pinsino

et al., 2007). Coelomocytes in echinoderms actively change their

shape (e.g., phagocytes and spherulocytes; Canicattì et al., 1989b;

Matranga et al., 2005), and their morphology may be affected by abi-

otic parameters, such as temperature (Branco et al., 2013). In this con-

text, morphological and morphometric parameters may be profoundly

affected, which can compromise cell identification and measurements.

As such, studies that integrate several methods to analyze

coelomocytes, including cytochemistry and cytospin preparations,

may provide further information about coelomocyte characteristics

and diversity. In this sense, a recent study (Queiroz et al., 2021)

showed that cytospin preparations are an additional tool to overcome

the issue of mutable cell morphology and seem to allow comparative

studies.

In the present study, we tested three hypotheses: First, that

cytocentrifugation, used in an integrative approach, is a valuable tool

in comparative studies of holothurian coelomocytes; second, that

this integrative approach is useful to understand the diversity of

spherule cells; and third, that phylogenetically related species,

regardless of their distinct ecological niches or geographical

distributions, have similar coelomocytes. We investigated three

species belonging to the genus Holothuria: Holothuria grisea SELENKA

1867, Holothuria arenicola SEMPER 1868, and Holothuria tubulosa

GMELIN 1791. We chose these species based on three main criteria.

First, we considered their wide geographic distribution. H. grisea

ranges from the United States (Florida) to southern Brazil and West

Africa, and H. tubulosa is found in the entire Mediterranean Sea, and

some regions in the northern Atlantic Ocean (Hendler et al., 1995;

Kazanidis et al., 2010). By contrast, H. arenicola is a circumtropical

species, occurring in the Atlantic, Pacific, and Indian oceans (Purcell

et al., 2012). Second, these species have different ecological require-

ments. Although all of them live associated with seagrass flats and

sandy bottoms, H. grisea and H. tubulosa are epibenthic and closely

associated with hard substrata, whereas H. arenicola is essentially

infaunal, living completely buried in the sand (Hendler et al., 1995;

Massin & Jangoux, 1976). Third, they belong to the genus Holo-

thuria, one of the most diverse (150 spp.; Borrero-Pérez

et al., 2010), well-studied, and economically relevant groups in

Holothuroidea (e.g., Kamyab et al., 2019; Purcell et al., 2012). Thus,

our study contributes to a better understanding of coelomocyte

diversity in Holothuroidea and how this cell diversity is affected in

different but phylogenetically related species.
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2 | METHODS

2.1 | Animal collection, maintenance, and coelomic
fluid collection

Holothuria grisea and H. arenicola (Figure 1A,B) were collected in Brazil

at the beginning of the summer (January) on the southeast (23�490S,

45�250W) and northeast (13�000S, 38�270W) coasts, respectively.

H. tubulosa (Figure 1C) was collected in Italy, also at the beginning of

the summer (July) on the coast of Santa Flavia, Palermo (38�050N,

13�320E). We analyzed the coelomocytes of 18 individuals, six of each

species, which ranged 8–12 cm in relaxed body length. All species

were acclimated for 1 week before the analyses under conditions sim-

ilar to those found in nature during collections. Individuals of all spe-

cies were maintained in three different 80-L aquariums (temperature,

24 ± 2�C; salinity, 35 ± 2 psu; photoperiod, 12:12 h) with constant

aeration, and were fed daily with commercial invertebrate pellets

(Azoo, Taikong Corp. Taiwan).

Immediately before coelomic fluid collection, each individual was

removed from the tank, allowed to initially contract and expel water

(due to handling), rinsed with water from the aquarium, and dried with

a paper tissue to avoid contamination of the coelomic fluid. The coe-

lomic fluid was collected individually through an incision on the

anterodorsal region (Vazzana et al., 2015), and the fluid (1 ml) was

transferred into a vial containing 1 ml of ice-cold isosmotic anticoagu-

lant solution (ISO-EDTA: 0.5-M NaCl, 20-mM Tris–HCl, 30-mM

EDTA; pH 7.4). We used a Neubauer chamber to obtain total cell

counts (TCCs) at the initial dilution, and we adjusted the cell density

of this initial suspension to 106 cells/ml with the anticoagulant solu-

tion to obtain differential cell counts (DCCs), recorded as the percent-

age of each cell type.

2.2 | Identification and morphological
characterization of coelomocytes in Holothuria

The different cell types in the coelomic fluid were characterized using

an integrated approach consisting of live cells in suspension, cytologi-

cal preparations, and SEM. Cells were identified according to specific

literature for Holothuroidea (e.g., Hetzel, 1963; Vazzana et al., 2015;

Xing et al., 2008). The nomenclature of the different types of spherule

cells observed here followed Vazzana et al. (2015). The term spherule

cells will be used hereafter to refer collectively to the three spherule-

filled cell types—morula cell, acidophilic spherulocyte, and

spherulocyte—found in the species studied here. Spherules are

vacuole-like structures filled with small granules.

Live cells were observed just after collection, by placing drops of

newly collected coelomic fluid suspension containing 1 � 106 cells/ml

on microscope slides and covering them with a coverslip. Because

some types suffered a drastic change in their nuclear and cytoplasmic

shape or size, the coelomocytes were analyzed just after slide prepa-

rations (T0) and after a 20-min timespan (T1). Cell measurements

were made only with T1 cells, in which the morphological changes

seemed to have stabilized.

For cytological analysis, cells were prepared as described in

Queiroz et al. (2021). Briefly, cells were placed on microscope slides

using a cytocentrifuge (FANEN 248 simultaneous fluid removal

cytocentrifuge, 80 μl per spot, 80 X g for 5 min), fixed for 45 min in

formaldehyde sublimate, and stained with toluidine blue (TB) or

Mallory's trichrome (MT) following standard methods (Queiroz

et al., 2021; Queiroz & Cust�odio, 2015). MT was chosen as the main

stain for crystal cells and spherule cells because it allows for unambig-

uous identification of these subpopulations (mainly spherule cells). On

the other hand, TB is quite useful to stain phagocytes, filiform cells,

and progenitor cells.

Spherule cells were further analyzed using SEM. To this end, cells

were placed on 10-mm round coverslips using cytocentrifugation and

fixed in formaldehyde sublimate as previously described.. Subse-

quently, the coverslips were dipped for 40 min in MilliQ water to

remove salts, air-dried at room temperature, and processed for SEM

analyses as usual (Queiroz et al., 2021). The morphology of cells from

specimens of H. grisea was characterized at both T0 and T1. Because

the morphological changes between T0 and T1 were similar in all spe-

cies, only cells in T1 are described for H. arenicola and H. tubulosa.

2.3 | Coelomocyte morphometry

Diameters of the cytoplasm and nucleus were measured in represen-

tative coelomocytes of different types. In the three types of spherule

F IGURE 1 Species of Holothuria studied. A. Holothuria grisea. B. Holothuria arenicola. C. Holothuria tubulosa. Scale = 10 cm
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cells, the diameter of cytoplasmic spherules was also measured, and

the nucleus:cytoplasm ratio (NCR) was calculated. When the cyto-

plasm, nucleus, or spherules were not circular in outline, the Ferret

diameter was considered as the diameter. In living and stained prepa-

rations, 25 cells of each type were measured. In the spherule cells, the

diameter of 30 spherules was measured (three spherules in each cell).

In acidophilic spherulocytes and spherulocytes, which presented

four different morphotypes (M1–M4), morphological and morphomet-

ric parameters of each morphotype were described separately. Con-

sidering that the morphotypes were not so common in the coelomic

fluid, morphometric analyses were based only on the observation of

10 cells of each morphotype (n = 40 per spherule cell). Nucleus and

cytoplasm diameter, along with the NCR and the diameter of the

spherules, were measured as described previously.

In crystal cells, the length of the intracytoplasmic crystal was mea-

sured. Because of the small number of crystal cells in stained prepara-

tions, only 10 cells were measured.

2.4 | Statistical analyses

Measurements were obtained from digital images and performed

with ImageJ software (NIH). Results from TCC, DCC, nucleus, cyto-

plasm, and spherule diameters of live and stained coelomocytes are

presented as means ± standard deviation, followed by the range of

values. We used one-way analysis of variance (ANOVA) to analyze

the differences in the TCC and DCC among species. Spherule diame-

ters of live and stained spherule cells were compared using two-way

ANOVA, with species and cell type as factors, to analyze both live

and stained cells. A two-way ANOVA was also used to analyze the

nucleus diameter, cytoplasm diameter, NCR, and spherule diameter

of the different morphotypes of stained acidophilic spherulocytes

and spherulocytes, with species and morphotype as factors. Tukey

multiple comparison post hoc tests were applied to one-way and

two-way ANOVA when necessary to identify the source of signifi-

cance. Differences in one-way and two-way ANOVA were consid-

ered significant if p < .05. All statistical analyses were performed in

the Graphpad Prism 7 software.

3 | RESULTS

All species showed similar values of total and DCCs (Table 1). In

general, phagocytes and progenitor cells were the most frequent

type of coelomocyte (Table 1). Our study revealed that seven dis-

tinct cell populations occur in the coelomic fluid of the study spe-

cies, including phagocytes (petaloid and filopodial forms); fusiform

cells; three types of spherule cells, termed morula cells, acidophilic

spherulocytes, and spheruloctyes; progenitor cells; and crystal cells.

Although giant cells were observed in stained preparations, they did

not seem to be a real cell type because they were not found in live

preparations; rather, they were ruptured morula cells. No hemocytes

were observed in the species analyzed here. In general,

coelomocytes were quite similar in morphology, regardless of species

(Figures 2 and 3), but some differences were observed in the mor-

phometric parameters (Tables 2 and 3). The descriptions that follow

are based on specimens of H. grisea at T0 and general descriptions

common to all species at T1.

3.1 | Morphological and morphometric
characterization of coelomocytes from Holothuria
species

3.1.1 | Phagocytes

Live cells at T0 had a large cell body with a prominent nucleus

(Table 2) and remarkable thread-like pseudopodia or roundish

bladder-like expansions in filiform and petaloid phagocytes, respec-

tively (Figure 2A0,B0). At T1, the pseudopodia of filiform phagocytes

decreased in length at the same time that the number of projections

increased (Figures 2A1 and 3A1,I1). In the petaloid form, the size and

number of bladder-like expansions also decreased (Figures 2B1 and

3B1,J1) along with the appearance of blunt pseudopodia. Neither of

the morphotypes of phagocytes showed specific reactions when sta-

ined with TB or MT, and were, in general, morphologically

(Figures 2A,B and 3A,B,I,J) and morphometrically (Tables 2 and 3) sim-

ilar to live cells.

TABLE 1 Total and differential cell counts of coelomocytes from individuals of three species in the genus Holothuria

Species

Total cell
count (�106

cells/ml)

Differential cell count (%)

Phagocytes

Fusiform

cells

Morula

cells

Acidophilic

spherulocytes Spherulocytes

Progenitor

cells

Crystal

cells

Holothuria

grisea

8.37 ± 0.61 40.19 ± 8.87 7.22 ± 1.02* 2.55 ± 2.54 6.56 ± 5.44 4.54 ± 8.45* 34.31 ± 3.78* 4.64 ± 1.59

Holothuhria

arenicola

8.57 ± 0.76 39.33 ± 5.84 4.14 ± 1.49 4.68 ± 1.83 7.77 ± 2.14 17.93 ± 5.74 25.00 ± 8.15* 1.16 ± 0.86*

Holothuria

tubulosa

8.80 ± 2.19 51.48 ± 10.39* 3.30 ± 1.19 4.55 ± 2.90 9.97 ± 5.83 15.07 ± 8.62 12.62 ± 3.64* 3.02 ± 1.95

Note: Values are presented as means ± SD.

*indicates significant differences among species (p < .05) in one-way ANOVA.
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3.1.2 | Fusiform cells

Fusiform cells were small coelomocytes (Tables 2 and 3) with a

spindle-like shape, bearing one cytoplasmic projection on each end. At

T0, live cells usually had a thin and delicate outline with subtle cyto-

plasmic projections stemming from the cell body (Figure 2C0). How-

ever, after they were prepared on microscope slides (T1), fusiform

cells acquired a more granulous and rough cytoplasm, with more pro-

nounced cytoplasmic expansions (Figures 2C1 and 3C1,K1). In cyto-

logical preparations, fusiform cells had a larger nucleus (Table 3) and

an elongated cytoplasm, without specific reactions when stained with

TB or MT (Figures 2C and 3C,K).

3.1.3 | Spherule cells

Morphological analyses consistently showed three distinct subtypes

of spherule cells—morula cells, acidophilic spherulocytes, and

spheruloctyes—in the species studied herein. These could be accu-

rately identified by their general aspect, mainly by the shape of the

cytoplasmic spherules when alive and the cytochemical affinities

when stained. Morphometry revealed that, although the cytoplasm

and nucleus diameter show variations among species (Tables 2 and 3),

the diameter of the cytoplasmic spherules remained constant and

allowed undoubted recognition (Table 4). The spherule diameter in

live spherule cells was not significantly different among species (F[2,

261] = 1.771; p = .1723), but was significantly different among cell

types (F[2, 261] = 1,139; p < .0001), with a significant interaction

between these two factors (F[4, 261] = 2.991; p = .0194). Similarly,

the spherule diameter in stained cells was not significantly different

among species (F[2, 261] = 0.8782; p = .4168), but was significantly

different among cell types (F[2, 261] = 1,073; p < .0001), with a sig-

nificant interaction between these two factors (F[4, 261] = 4.101;

p < .0031). Specific details are provided in Table S1.

Morula cells

Morula cells were large and (Tables 2 and 3) filled with large spherules

(Figure 4, Table 4) of irregular shape (Figures 2 and 3), which always

had a smooth appearance. At T0, these cells showed larger spherules

with a more regular shape (Figure 2D0), but after preparation on the

slides (T1), they became visibly irregular in shape (Figures 2D1 and

3D1,L1). In cytospin preparations, the cells were quite evident

because of their large areas of cytoplasm (Table 3) filled with irregular,

large spherules that stained light blue in MT or purple in TB prepara-

tions (β metachromasy; Sridharan & Shankar, 2012), indicating the

presence of mucopolysaccharides (Figures 2D, D inset and 3D,L).

Acidophilic spherulocytes

Acidophilic spheruloctyes were small coelomocytes (Tables 2 and 3)

crowded with regular, medium-sized spherules (Figure 4, Table 4). At

T0, the spherules generally were a spherical shape (Figure 2E0), which

became a little bit squarish after some time (T1) on the microscope

slide (Figures 2E1 and 3E1,M1). The nucleus of live cells was usually

difficult to see, but in some cases, it was quite evident (Figure 3M1).

In cytochemical preparations, the spherules showed a remarkable

pinkish color when stained with MT, indicating its protein moiety

(Figures 2E and 3E,M), and a grayish blue color in TB stain (Figure 2E

inset).

Spherulocytes

Spherulocytes were large cells (Tables 2 and 3) bearing no visible

spherules but with very small cytoplasmic inclusions (i.e., granules;

Figure 4, Table 4), which give a finely granular appearance to this

spherule cell. At T0, granules were so small that cell appearance was

smooth rather than granular (Figure 2F0), but this aspect changed

considerably at T1 (Figures 2F1 and 3F1,N1). In stained preparations,

the cells were larger (Table 3), and the small granules were quite evi-

dent (Figures 2F and 3F,N). The spherulocyte stained light blue in MT

and blue in TB (Figure 3F, F inset).

3.1.4 | Progenitor cells

Progenitor cells were small round coelomocytes (Tables 2 and 3) with

a thin cytoplasmic layer surrounding a huge nucleus. This cell was

quite round when in suspension (T0), with no visible cytoplasm

(Figure 2G0). However, after the cell spreads on the microscope slide

(T1), a thin layer of cytoplasm with few vacuoles could be observed

surrounding its central nucleus (Figures 2G1 and 3G1,O1). In cytospin

preparations, progenitor cells showed the same pattern as observed in

live preparations, with no specific reactions when stained with TB or

MT (Figures 2G and 3G,O).

3.1.5 | Crystal cells

Crystal cells were small coelomocytes (Tables 2 and 3) bearing an

elongated, squarish, or diamond-shaped cytoplasmic crystal. At T0,

the cell was the shape of the intracoelomic crystal, with a very thin

layer of cytoplasm surrounding it (Figure 2H0), but the cytoplasm

became more visible in T1 (Figures 2H1 and 3H1,P1). In cytochemical

preparations, the crystal was usually not detectable, leaving instead a

transparent spot with a similar shape (Figures 2H and 3H,P).

F IGURE 2 Live and stained coelomocytes of Holothuria grisea. Live cells were analyzed immediately after collection (T0), and after 20 min on
microscope slides (T1). A0, A1, A. Filiform phagocytes. B0, B1, B. Petaloid phagocytes. C0, C1, C. Fusiform cell. D0, D1, D. Morula cell. E0, E1, E.
Acidophilic spherulocyte. F0, F1, F. Spherulocyte. G0, G1, G. Progenitor cell. H0, H1, H. Crystal cell. Cells were stained with toluidine blue (A–C,
G, and insets) and Mallory's trichrome (D–F, H). Arrows indicate nucleus; arrowheads indicate cytoplasmic projections. Scales: A0 = for T0 cells
(10 μm); A1 = for T1 cells (10 μm); A = for stained cells (10 μm)
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F IGURE 3 Live and stained coelomocytes of Holothuria arenicola and H. tubulosa. Live cells were analyzed 20 min after collection (T1) and
after staining. A1, A. I1, I. Filiform phagocytes. B1, B. J1, J. Petaloid phagocytes. C1, C. K1, K. Fusiform cell. D1, D. L1, L. Morula cell. E1, E.
M1, M. Acidophilic spherulocyte. F1, F. N1, N. Spherulocyte. G1, G. O1, O. Progenitor cell. H1, H. P1, P. Crystal cell. Cells were stained with
toluidine blue (A–C, G, I–K, O) and Mallory's trichrome (D–F, H, L–N, P). Arrows indicate nucleus; arrowheads indicate cytoplasmic projections.
Scales: A1 = for live cells of H. arenicola (10 μm); A = for stained cells of H. arenicola (10 μm); I1 = for live cells of H. tubulosa (10 μm); I = for
stained cells of H. tubulosa (10 μm)
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TABLE 2 Diameters, in micrometers, of the nucleus and cytoplasm in live cells of different species in the genus Holothuria

Cell types

Holothuria grisea Holothuria arenicola Holothuria tubulosa

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

Filopodial

phagocyte

5.28 ± 0.57 AB

(4.32–5.90)
8.88 ± 0.85 a

(7.98–10.63)
5.74 ± 0.73 A

(4.67–6.83)
9.75 ± 0.90 a

(8.68–11.38)
4.70 ± 0.72 B

(3.15–5.47)
11.60 ± 2.44 b

(9.17–15.65)

Petaloid

phagocyte

5.06 ± 0.83 A

(3.99–6.63)
20.17 ± 3.08

(15.45–23.75)
6.08 ± 0.45 B

(5.47–6.84)
22.24 ± 4.50

(17.21–31.17)
5.27 ± 1.03 AB

(3.82–6.48)
21.22 ± 5.01

(16.31–29.31)

Fusiform cell 5.36 ± 1.01

(3.97–7.12)
12.12 ± 1.44 a

(10.01–14.16)
4.74 ± 0.76

(3.45–6.17)
13.71 ± 2.66 ab

(10.55–17.80)
4.82 ± 1.36

(3.41–8.33)
15.31 ± 1.68 b

(13.20–18.18)

Morula cell 4.65 ± 0.56

(4.33–5.49)
11.51 ± 1.53 a

(8.25–13.72)
5.23 ± 0.23

(5.06–5.39)
13.87 ± 2.22 b

(10.85–17.27)
4.34 ± 0.15

(4.18–4.47)
12.62 ± 1.58 ab

(10.55–14.85)

Acidophilic

spherulocyte

4.44 ± 0.50

(3.78–4.84)
9.18 ± 1.71

(7.01–12.82)
4.97 ± 0.44

(4.53–5.69)
9.34 ± 1.09 a

(8.26–11.15)
3.73 ± 0.62

(3.17–4.62)
8.96 ± 0.89

(8.02–11.16)

Spherulocyte 4.65 ± 0.38

(4.24–4.99)
15.53 ± 1.44 a

(13.69–18.24)
4.98 ± 0.97

(3.91–5.85)
16.65 ± 1.02 a

(15.21–17.89)
3.92 ± 0.55

(3.05–4.87)
11.23 ± 0.85 b

(9.72–12.78)

Progenitor cell 4.72 ± 0.54

(3.81–5.50)
6.05 ± 0.37

(5.71–6.56)
4.46 ± 0.14

(4.13–4.61)
5.63 ± 0.46

(5.08–6.38)
4.24 ± 0.77

(2.97–5.83)
5.88 ± 0.73

(5.13–7.39)

Crystal cell - 6.05 ± 0.37

(4.32–5.90)
- 6.95 ± 1.07

(5.65–8.59)
- 12.22 ± 3.44 *

(7.20–16.74)

Giant cell - - - - - -

Note: Values are presented as means ± SD (followed by range). Capital letters indicate significant differences between the nucleus diameters of different

species; lowercase letters indicate differences between cytoplasm diameters of different species; asterisk indicates differences among crystals of different

species; superscripted numbers indicate the number of measured structures; hyphen indicates that the structure or cell was not found. Differences were

considered statistically significant in one-way ANOVA if p < .05.

TABLE 3 Diameters, in micrometers, of the nucleus and cytoplasm in stained cells (n = 25) from different species in the genus Holothuria

Cell types

Holothuria grisea Holothuria arenicola Holothuria tubulosa

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

Filopodial

phagocyte

6.63 ± 0.73

(6.15–8.09)
15.31 ± 30.3a

(11.66–21.56)
7.38 ± 0.92

(5.61–8.66)
14.94 ± 1.38a

(12.84–17.16)
6.73 ± 0.58

(5.74–7.56)
11.02 ± 1.98b

(8.70–15.27)

Petaloid

phagocyte

7.72 ± 0.70

(6.79–8.90)
24.02 ± 2.60a

(19.42–27.70)
8.17 ± 0.51

(7.54–9.01)
24.58 ± 2.19a

(22.52–28.89)
7.75 ± 1.06

(6.60–9.75)
19.72 ± 2.98b

(16.07–24.86)

Fusiform cell 5.97 ± 1.10

(4.04–7.68)
13.44 ± 2.15

(10.18–16.69)
6.05 ± 1.35

(4.41–8.13)
13.34 ± 1.60

(10.12–15.41)
6.37 ± 1.08

(4.33–7.82)
13.89 ± 3.80

(8.62–19.26)

Morula cell 4.90 ± 0.86

(3.47–7.67)
16.12 ± 2.93

(12.67–26.65)
4.40 ± 0.98

(2.13–6.37)
19.98 ± 2.81

(12.58–24.25)
4.53 ± 1.08

(3.13–6.94)
15.80 ± 3.17

(11.60–28.59)

Acidophilic

spherulocyte

4.86 ± 0.61

(3.97–7.09)
11.88 ± 1.44a

(9.04–16.81)
4.77 ± 0.73

(3.62–6.20)
10.98 ± 1.07ab

(9.29–14.21)
4.19 ± 0.57

(3.07–5.50)
10.19 ± 1.94b

(6.32–16.99)

Spherulocyte 4.90 ± 0.75A

(3.30–6.73)
16.74 ± 3.00

(12.15–23.06)
4.70 ± 0.75A

(3.37–6.14)
18.55 ± 2.03

(14.51–21.93)
5.99 ± 0.80B

(4.76–8.99)
17.20 ± 2.77

(12.30–22.48)

Progenitor cell 6.21 ± 0.98

(4.51–7.64)
8.46 ± 1.00

(6.40–9.71)
5.97 ± 0.47

(5.30–6.75)
8.47 ± 0.70

(7.43–9.32)
5.12 ± 1.46

(2.58–7.23)
7.27 ± 1.46

(4.97–10.84)

Crystal cell - 6.43 ± 0.88

(4.90–7.81)
- 6.50 ± 1.14

(4.76–8.91)
- 11.18 ± 2.61*

(9.01–17.91)

Giant cell 6.11 ± 1.17

(3.92–7.73)
54.27 ± 14.78

(35.34–81.33)
6.82 ± 1.30

(5.06–8.59)
44.99 ± 13.85

(31.29–69.16)
6.45 ± 1.92

(3.56–8.98)
49.24 ± 20.44

(31.41–98.52)

Note: Values are presented as means ± SD (followed by range). Capital letters indicate significant differences in nucleus diameter between different

species; lowercase letters indicate significant differences in cytoplasm diameter between different species. In crystal cells, significant difference in crystal

size is indicated by an asterisk; hyphen indicates that the structure was not found. Differences were considered statistically significant in one-way ANOVA

if p < .05.
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TABLE 4 Diameter of spherules or granules in live and stained spherule cells (30 cells for each treatment) from three species of the genus
Holothuria

Spherule cells Holothuria grisea Holothuria arenicola Holothuria tubulosa

Live cells

Morula cell 3.14 ± 0.64 (4.76–2.34) 3.27 ± 0.64 (4.97–2.06) 3.42 ± 0.47 (4.14–2.78)

Acidophilic spherulocyte 1.42 ± 0.17 (1.72–1.17) 1.46 ± 0.20 (1.78–1.10) 1.59 ± 0.24 (2.05–1.00)

Spherulocyte 0.81 ± 0.13 (0.99–0.54) 0.75 ± 0.16 (0.98–0.42) 0.66 ± 0.10 (0.85–0.48)

Stained cells

Morula cell 3.09 ± 0.49 (4.84–2.49) 2.82 ± 0.46 (3.97–2.01) 2.89 ± 0.61 (4.43–2.24

Acidophilic spherulocyte 1.21 ± 0.28 (1.81–0.83) 1.35 ± 0.13 (1.53–1.17) 1.29 ± 0.15 (1.59–1.10)

Spherulocyte 0.71 ± 0.13 (0.97–0.56) 0.84 ± 0.12 (0.99–0.67) 0.66–0.12 (0.90–0.47)

Note: Values are means ± SD (followed by range). All diameters were significantly different between cell types within a species; no diameters were

significantly different between species within a cell type. Differences were considered statistically significant in two-way ANOVA if p < .05.

F IGURE 4 Diameter of spherules in three types of spherule cells of Holothuria grisea, H. arenicola, and H. tubulosa. A. Living spherule cells. B.
Stained spherule cells. Different letters indicate significant differences (p < .05) among cell types in two-way ANOVA analyses. Error bars
represent the standard deviation of the mean. ANOVA, analysis of variance; ASp, acidophilic spherulocytes; MC, morula cells; Sp, spherulocytes

F IGURE 5 Giant cells (possibly damaged morula cells) of three species of Holothuria, stained with toluidine blue. Note the purplish spread
cytoplasm (β-metachromasy) and the nucleus in blue. AS, acidophilic spherulocyte; black arrows indicate nucleus. Scale = 20 μm
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3.1.6 | Giant cells

Cells bearing the features of giant cells were not observed in live

preparations. By contrast, in stained slides, they were relatively com-

mon and very similar to the cell type described in Ramírez-G�omez

et al. (2010). These cells showed a very large and spread cytoplasm

(Table 3), which stained purple in TB slides (Figure 5A–C), similar to

the staining observed for morula cells (Figure 2D inset). Considering

their morphology and stain properties, giant cells resembled ruptured

morula cells in which the leaked cytoplasm spilled on the slide, rather

than a separate cell type.

3.2 | Morphological aspects of the spherule cells
under SEM

A detailed morphological characterization of spherule cells was per-

formed through SEM. Using this method, we confirmed the aspects

described in the live and stained preparations. In all species, morula

cells and acidophilic spherulocytes were thicker cells in which the

nucleus was lower (thinner) if compared with the surrounding cyto-

plasm (Figure 6A–F). By contrast, spherulocytes were considerably

less thick and usually quite adhered to the coverslip (Figure 6H–I); the

nucleus of spherulocytes was, in general, similar in height (thickness)

F IGURE 6 Morphological details of three types of spherule cells of Holothuria grisea, H. arenicola, and H. tubulosa in scanning electron
microscopy (SEM) preparations. A–C. Morula cell. D–F. Acidophilic spherulocyte. G–I. Spherulocyte. Asterisks indicate nucleus. Scale = 4 μm
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to the surrounding cytoplasm, although in some cases, it may be lower

(thinner) than the surrounding cytoplasm.

The morula cells had cytoplasmic spherules with irregular profiles,

ranging from quite spherical to ellipsoidal or elongated (Figure 6A–C).

Their size also ranged from small (�0.5 μm) to very large (>3.5 μm) in

the same cell (Figure 6C). The cytoplasm of morula cells in SEM was

similar to that observed in stained preparations, ranging from cells in

which the spherules were clumped together (Figure 6C) to those in

which they were more or less separated (Figure 6A,B). The acidophilic

spherulocytes had spherules with more regular profiles, ranging from

quite spherical to somewhat square (Figure 6E,F), although some elon-

gated spherules were seen (Figure 6D). The cytoplasm of acidophilic

spherulocytes was typically rounded, with the spherules quite close to

each other, and the nucleus was peripheral to subcentral. The

spheruloctyes were the most distinct type of spherule cell because of

their small spherules, which give the cells a finely granular appearance

(Figure 6G–I). The small cytoplasmic spherules were quite similar in

shape and size and were usually very close to each other. This organi-

zation sometimes impaired the visualization of individualized granules,

and a homogeneous cytoplasmic mass was visible instead (Figure 6H,I).

3.3 | Morphological variation in the spherule cells

An analysis of stained preparations revealed a continuum of mor-

photypes for acidophilic spherulocytes and spheruloctyes, in which

the cells maintained the general profile, but varied in the size of their

spherules (Figures 7, 8, and S1). The morphotypes of both spherule

cells were grouped in four general categories, M1–M4, ranging from

cells with small spherules to cells with large and obvious spherules.

In acidophilic spherulocytes (Figure 7), these morphotypes could

be identified based on the appearance of cytoplasmic granules. Cells

comprising M1 had the largest nucleus, high NCR (Figure 9B,C), and a

smooth cytoplasm (Figure 7A–C), whereas cells in M2 had a smaller

nucleus, lower NCR (Figure 9B,C), and more granular cytoplasm but

without individualized spherules (Figure 7D–F). Cells in M3 had an

even smaller nucleus diameter and NCR (Figure 9B,C), and the cyto-

plasm was composed of individualized spherules (Figure 7G–I). Cells

belonging to M4 had the smallest nucleus, lowest NCR, and cytoplasm

filled with iridescent and completely formed spherules, larger than in

M3 (Figures 7J–L and 9B–D).

In the spherulocytes, the morphotypes followed the general

sequence observed in the acidophilic spherulocytes, but they differed

mainly in the presence and size of the spherules (Figures 8 and 9). In

these morphotypes, the cytoplasm and nucleus diameters, as well as

NCR, were similar among stages (Figure 9E–G), whereas spherule

diameter was considerably different (Figure 9H). Cells in M1 had a

finely granular cytoplasm, composed only of small granules

(Figures 8A–C). In M2–M4, we observed that these small granules

were packed inside spherules that became progressively larger

(Figures 8D–L). The morphology of all morphotypes observed in

stained preparations was confirmed in SEM analyses (Figure S1).

Morphological variations were not observed in morula cells.

The two-way ANOVA confirmed the differences observed in the

morphometry of the different morphotypes (Table S2). In acidophilic

spherulocytes, cytoplasm, nucleus, and spherule diameter were signifi-

cantly associated with morphotype, species, and the interaction of

these two factors (Table 5), whereas NCR was associated only with

morphotype (Table 5). By contrast, in spheruloctyes, only the cyto-

plasm was significantly associated with morphotype, species, and

with the interaction of these two factors (Table 5). The nucleus was

significantly associated with species, and the NCR was affected by

morphotype (Table 5). Lastly, the diameter of the spherules in the

spheruloctyes was affected only by morphotype (Table 5).

4 | DISCUSSION

The sea cucumbers H. grisea, H. arenicola, and H. tubulosa are impor-

tant species in the regions in which they occur. In addition to their

ecological relevance (e.g., Ahmed et al., 2017; Warnau et al., 2006),

they also have high economic potential, either as fishery resources

(e.g., Junior et al., 2017; Purcell et al., 2012) or as a source of biologi-

cally active compounds (e.g., Luparello et al., 2019; Moura et al.,

2015). Even so, except for H. tubulosa, their coelomocytes have not

been explored at all. In the present study, through an integrative

approach, we performed a comparative evaluation of their

coelomocytes. We observed for the first time that, in general, the cells

of these species are very similar, even among species showing distinct

geographical distribution and ecological niches. We also revealed that

an integrative approach is very useful to address cell diversity (mainly

regarding spherule cells), as well as to perform comparative studies in

Holothuroidea. Lastly, signals of a putative maturation process were

observed in acidophilic spherulocytes and spherulocytes of all species.

Here, we focused on correlating the morphology of the living

cells with that observed in cytospin preparations. We observed

that when associated with other methods, such as cytochemistry or

SEM, cytocentrifugation can provide better identification through

morphological, morphometric, and biochemical or cytochemical data.

Nevertheless, its use without comparisons with live cells can lead to

confusing results. For example, a recent study using cytospins (Taguchi

et al., 2016) reported 12 cell types for Apostichopus japonicus. How-

ever, seven to nine coelomocytes have been customarily described for

this species (Gao & Yang, 2015; Li et al., 2018; Xing et al., 2008).

Because data for live cells were not shown in the study by Taguchi

et al. (2016), it is difficult to analyze the reasons for the higher cell

diversity observed in A. japonicus. This could be due to the identifica-

tion of new cell types, different morphotypes of a specific subpopula-

tion or preparation artifacts. Thus, we recommend that studies using

cytocentrifugation should always combine the observation of stained

and live cells to limit or avoid misinterpretations about cell types.

Five ubiquitous, general cell categories (i.e., phagocytes, fusiform

cells, spherule cells, progenitor cells, and crystal cells) were found in

the coelomic fluid of H. grisea, H. arenicola, and H. tubulosa. The DCC

of some cell types varied among species, possibly as a consequence of

their particular ecological, physiological, and/or reproductive state.
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However, all were consistently similar regarding their morphological,

morphometric, and cytochemical characteristics, regardless of the spe-

cies analyzed. Except for the morphology of living cells, which com-

pared well with previous studies (e.g., Endean, 1958; Hetzel, 1963),

comparison of our data with other studies is difficult because of dif-

ferences in methods. Although other studies of coelomocytes in

Holothuroidea have also analyzed morphometrics (Prompoon

et al., 2015; Ramírez-G�omez et al., 2010) and cell morphology of sta-

ined (D'Ancona & Canicattì, 1990; Prompoon et al., 2015; Ramírez-

G�omez et al., 2010) and SEM (Xing et al., 2008; Bello et al., 2015)

preparations, these studies commonly use smeared cells instead cyto-

centrifugation. Taking into account that coelomocyte morphology,

and consequently morphometry, may be affected by biotic or abiotic

factors in smeared preparations (e.g. Canicattí et al., 1989b; Branco

et al., 2013), comparisons with other studies are limited.

Considering all species of the genus Holothuria in which the

coelomocytes were studied (Table S3), eight cell types were already

known (see also Canicatti & Quaglia, 1991; Canicatti et al., 1988,

1992; Jans et al., 1995; Millot, 1953). However, the presence of

some types is still controversial. The identity of lymphocytes versus

progenitor cells is still under debate in Holothuroidea (e.g.,

Elisenkina & Magarlamov, 2002; Fontaine & Lambert, 1977), as

observed in Holothuria species (Prompoon et al., 2015; Vazzana

et al., 2015). Although cells morphologically similar to lymphocytes

or progenitor cells have been described in all studied species in the

genus, the lack of consensus on the role of this cell type as immune

F IGURE 7 Morphotypes of acidophilic spherulocytes of Holothuria grisea, H. arenicola, and H. tubulosa, stained with Mallory's trichrome. A–C.
Morphotype 1 (M1). D–F. Morphotype 2 (M2). G–I. Morphotype 3 (M3). J–L. Morphotype 4 (M4). Arrows indicate nucleus. Scale = 10 μm
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effector or proliferative cell affects a complete understanding of this

type of coelomocyte. Giant cells were previously described only for

stained preparations (Prompoon et al., 2015; Ramírez-G�omez

et al., 2010), similar to the present study. The absence of this cell

type in live preparations, along with its very wide and variable

diameter, as well as its β-metachromatic cytoplasm in TB prepara-

tions, suggests that this cell may be a preparation artifact (possibly a

damaged morula cell in which the cytoplasm has leaked) instead of

a distinct cell type. Lastly, the literature review on species of

Holothuria showed that vibratile cells were observed only in

F IGURE 8 Morphotypes of spherulocytes of Holothuria grisea, H. arenicola, and H. tubulosa stained with Mallory's trichrome. A–C.
Morphotype 1 (M1). D–F. Morphotype 2 (M2). G–I. Morphotype 3 (M3). J–L. Morphotype 4 (M4). Arrows indicate nucleus; arrowheads indicate
cytoplasmic spherule. Scale = 10 μm
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F IGURE 9 Morphometric parameters of the stained morphotypes (M1–M4) of the acidophilic spherulocytes and spherulocytes of Holothuria
grisea, H. arenicola, and H. tubulosa. Different letters indicate significant differences (p < .05) among species of the same morphotype in two-way
analysis of variance (ANOVA) analyses. Differences among morphotypes are shown in Table S1. Error bars represent the standard deviation of
the mean. Hyphens indicate that spherules were not found
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H. glaberrima (Ramírez-G�omez et al., 2010). According to

Hetzel (1963), vibratile cells could be contaminants or symbiotic

protozoa. If this is true, it is possible that a careful cleaning of the

external surface of the specimens before coelom collection, as car-

ried out here, will avoid such contaminants.

Even though spherule cells are not the most representative

coelomocyte in Holothuroidea (e.g., Vazzana et al., 2015; Xing

et al., 2008), they comprise an important cell type. In the present

study, three subpopulations were observed, which differed consis-

tently in spherule diameter and cytochemistry. Despite the variable

number of subpopulations recorded in Holothuria (one to three;

Endean, 1958; Jans & Jangoux, 1990; Vazzana et al., 2015), two sub-

types have been commonly mentioned. For example, although only

“morula-shaped cells” have been recorded in H. leucospilota, the

author mentions the presence of “larger and smaller” subtypes

(Endean, 1958). By contrast, three subpopulations were reported in

H. poli and H. tubulosa (Canicattì et al., 1989b; Vazzana et al., 2015).

Regardless of the name, most studies have reported that one subtype

comprises larger cells, crowded with large and irregular spherules,

whereas the other comprises smaller cells filled with smaller spherules

(Canicattì et al., 1989; Jans & Jangoux, 1990; Vazzana et al., 2015).

Occasionally, a third type is mentioned, but its morphology varies

across studies (e.g., Canicattì et al., 1989; Vazzana et al., 2015).

Canicattì et al. (1989), using semithin sections, observed that in H. poli,

the third type (which they termed “Type III spherule cell”) contained
empty vacuoles; Vazzana et al. (2015), through analysis of smeared

cells of H. tubulosa, observed a finely granular cell (which they termed

“spherulocyte”). We also observed a third cell type in H. grisea,

H. arenicola, and H. tubulosa, which is consistent with the spherulocyte

described by Vazzana et al. (2015). As this third type observed here

showed consistent morphology and morphometry, even when

observed under different methods, the idea that it could be a prepara-

tion artifact—as raised by Canicattì et al. (1989) for the “Type III spher-

ule cell” of H. poli—can be discarded. Even so, Holothuroidea spherule

cells deserve further study to unravel their real diversity.

Morphometric data were useful to discriminate the coelomocytes

of all three species, mainly the spherule cells, and helped us to

observe that (1) cellular characteristics were consistent among the

species analyzed; (2) in addition to morphology and stain affinity,

spherule cells could be distinguished based on the size of their spher-

ules. Still, morphometry was indispensable to confirm the differences

in cellular characteristics among different morphotypes of acidophilic

TABLE 5 Summary table of two-way ANOVA applied to the measurements of different morphotypes of acidophilic spherulocytes and
spherulocytes

Cell Dependent variable Source of variance F df p

Acidophillic spherulocytes Cytoplasm diameter Morphotype 2.715 (3, 108) .0484

Species 31.56 (2, 108) <.0001

Morphotype � species 9.591 (6, 108) <.0001

Nucleus diameter Morphotype 116.2 (3, 108) <.0001

Species 31.55 (2, 108) <.0001

Morphotype � species 5.654 (6, 108) <.0001

Nucleus to cytoplasm ratio Morphotype 149.3 (3, 108) <.0001

Species 0.638 (2, 108) .530

Morphotype � species 1.568 (6, 108) .163

Spherule diameter Morphotype 94.14 (1, 54) <.0001

Species 4.037 (2, 54) .0232

Morphotype � species 3.739 (2, 54) .0301

Spherulocytes Cytoplasm diameter Morphotype 8.496 (3, 108) <.0001

Species 34.96 (2, 108) <.0001

Morphotype � species 8.093 (6, 108) <.0001

Nucleus diameter Morphotype 1.546 (3, 108) .206

Species 25.80 (2, 108) <.0001

Morphotype � species 2.272 (6, 108) .0419

Nucleus to cytoplasm ratio Morphotype 3.816 (3, 108) .0121

Species 1.132 (2, 108) .326

Morphotype � species 8.092 (6, 108) <.0001

Spherule diameter Morphotype 616 (3, 108) <.0001

Species 1.864 (2, 108) .160

Morphotype � species 1.749 (6, 108) .116

Note: Bold p values are statistically significant (p < .05).
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spherulocytes and spherulocytes. Morphometry has been a useful

parameter to discriminate coelomocytes or hemocytes in Bivalvia

(Mollusca), Orthoptera, and Lepidoptera (Insecta) (Falleiros

et al., 2003; Öztürk et al., 2018; Salimi et al., 2009) and may also be a

useful tool to address the health status of invertebrates, as observed

in studies of mollusks (Calisi et al., 2008; Carella et al., 2017).

Although some studies on Holothuroidea have provided cell measure-

ments (e.g., Prompoon et al., 2015; Xing et al., 2008), as far as we

know our study is the first to provide detailed morphometric compari-

sons, as well as morphometric parameters that allows for the identifi-

cation of different spherule cells.

In addition to the different spherule cell subtypes found in the

three species studied herein, we also observed that the morphology

of some cell subpopulations (i.e., acidophilic spherulocytes and

spherulocytes) can be even more complex (Figures 6 and 7). Though

morphological characteristics are similar, morphometric analyses

showed considerable differences among morphotypes, mainly with

regard to spherule size (Table S1). Previous studies have recorded that

hemocytes or coelomocytes in crustaceans and mollusks may show

subtle but consistent morphological differences (e.g., Battison

et al., 2003; Rebelo et al., 2013), and this was also observed in

Echinodermata (Elisenkina & Magarlamov, 2002; Endean, 1958;

Queiroz & Cust�odio, 2015). In echinoderms, it has been suggested

that these morphological differences represent a maturation process.

For example, Endean (1958), studying live cells, also described “transi-
tional stages from homogeneous amoebocyte to morula-shaped cell”
in H. leucospilota. Elisenkina and Magarlamov (2002), in a study of

TEM preparations, proposed that coelomocytes undergo a maturation

process in A. japonicus and Cucumaria japonica. In addition, in a study

of cytochemical and TEM preparations, Queiroz and Cust�odio (2015)

corroborated a putative maturation process in the echinoid Eucidaris

tribuloides. Although our morphological and morphometric data sup-

port the possibility that coelomocytes undergo a maturation process,

as proposed in other works (Elisenkina & Magarlamov, 2002; Queiroz

& Cust�odio, 2015), the few cells analyzed here prevent a detailed

analysis of different maturation stages. Thus, we emphasize the need

for further studies to unravel this particular issue.

5 | CONCLUSION

The integrative approach focusing on cytospin preparations used here

was essential to perform the comparative study of the coelomocytes of

H. grisea, H. arenicola, and H. tubulosa. Cytocentrifugation allowed the

following: (1) the observation of a large number of cells in a single field,

similar to living cell preparations; (2) the obtaining of consistent mea-

surements, because cell morphology remains stable in cytospins

(Queiroz et al., 2021); (3) the observation of morphological and cyto-

chemical aspects of cells, similar to transmission electron microscopy

analyses. Furthermore, the use of cytocentrifugation allowed the con-

firmation of three types of spherule cells in the studied species, as well

as the observation of a set of morphotypes that may indicate a putative

maturation process. Specific cell markers are not available to identify

echinoderm spherule cells and thus a morphological and morphometric

approach has been the only available method to address this question.

We also observed that, although the species analyzed here inhabit dif-

ferent ecoregions and have different ecological requirements, their

coelomocytes are consistently similar with respect to their morphology,

morphometry, cytochemistry, and relative proportions (TCC and DCC).

Thus, as a contribution to the knowledge of holothurian

coelomocytes (and consequently to Echinodermata as a whole), our

study demonstrates that there are still some basic aspects—such as the

actual number of different types of spherule cells, their function, and

the existence of a maturation process in these cells—that deserve fur-

ther attention. Certainly, a better understanding of echinoderm

coelomocytes is important, because these cells can be used as bio-

indicators of health in wild and cultured echinoderms (Galimany

et al., 2018; Queiroz, 2020), as well as a source of biologically active

compounds (e.g., Luparello et al., 2019) for the pharmaceutical industry.
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