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Noé Wambreuse
noe.wambreuse@umons.ac.be

Estelle Bossiroy
estelle.bossiroy@umons.ac.be

Jérôme Delroisse
jerome.delroisse@umons.ac.be

†These authors share �rst authorship

‡These authors share last authorship

RECEIVED 17 July 2025
ACCEPTED 18 September 2025
PUBLISHED 06 November 2025

CITATION

Wambreuse N, Bossiroy E, David F,
Vanwinge C, Fievez L, Bureau F, Gabriele S,
Karasiewicz T, Mascolo C, Wattiez R,
Eeckhaut I, Caulier G and Delroisse J (2025)
Carotenoid-based immune response in sea
cucumbers relies on newly identi�ed
coelomocytes—the carotenocytes.
Front. Immunol. 16:1668167.
doi: 10.3389/fimmu.2025.1668167

COPYRIGHT

© 2025 Wambreuse, Bossiroy, David,
Vanwinge, Fievez, Bureau, Gabriele,
Karasiewicz, Mascolo, Wattiez, Eeckhaut,
Caulier and Delroisse. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research
PUBLISHED 06 November 2025
DOI 10.3389/fimmu.2025.1668167
Carotenoid-based
immune response in sea
cucumbers relies on newly
identi� ed coelomocytes—
the carotenocytes
Noé Wambreuse 1*†, Estelle Bossiroy 1*†, Frank David 2,
Céline Vanwinge3, Laurence Fievez4, Fabrice Bureau4,
Sylvain Gabriele5, Tania Karasiewicz6, Cyril Mascolo6,
Ruddy Wattiez6, Igor Eeckhaut1,7‡, Guillaume Caulier 1,7‡

and Jérôme Delroisse 1,4*‡

1Biology of Marine Organisms and Biomimetics Unit, Research Institute for Biosciences, University of
Mons, Mons, Belgium, 2Direction Générale Déléguée à la Recherche, l’Expertise, la Valorisation et
l’Enseignement (DGD REVE), Muséum National d’Histoire Naturelle (MNHN), Station Marine de
Concarneau, Concarneau, France, 3Flow Cytometry Platform, GIGA Research Institute, University of
Liège, Liège, Belgium, 4Laboratory of Cellular and Molecular Immunology, GIGA Research Institute,
University of Liège, Liège, Belgium, 5SYMBIOSE Lab, Research Institute for Biosciences, CIRMAP,
University of Mons, Mons, Belgium, 6Proteomics and Microbiology Unit, Research Institute for
Biosciences, University of Mons, Mons, Belgium, 7Belaza Marine Station (IH.SM-UMONS-ULIEGE),
Toliara, Madagascar
Sea cucumbers are marine deuterostomes possessing a complex innate immune
system composed of a wide diversity of immune cells—coelomocytes—making
them compelling models for exploring the evolution of immunity. This study
investigates the functional specialisation of coelomocytes within the two main
echinoderm body �uids, namely, the perivisceral �uid (PF) from the perivisceral
cavity and the hydrovascular �uid (HF) from the hydrovascular– ambulacral
system. Given their distribution restricted to the HF, haemocyte-like cells
(HELs) are particularly investigated. In echinoderms, haemocytes have been
described as reddish cells containing haemoglobin and thus presenting a
function in oxygen transport. Using an integrative approach that combines cell
morphological analyses, pigment pro�ling, and multi-omics technologies, we
demonstrate in the sea cucumber Holothuria forskali that HELs harbour
exceptionally high concentrations of carotenoids, primarily canthaxanthin and
astaxanthin, potent antioxidant molecules responsible for their pigmentation.
Transcriptomics and proteomics analyses reveal that HELs express candidate
genes involved in the carotenoid metabolism pathway as well as catalase, an
antioxidant enzyme. Additionally, spectral �ow cytometry assays reveal that HELs
do not produce reactive oxygen species (ROS) in contrast to most coelomocyte
types, reinforcing the hypothesis of their antioxidant function. HELs also
contribute to the formation of large red bodies (i.e., coelomocyte aggregates)
and increase in concentration following lipopolysaccharide injections, indicating
an active role in immunity. Given these results, we hypothesise that these cells act
after the culmination of the immune response, forming an antioxidant shell
around the cellular aggregates to mitigate oxidative stress from ROS produced
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while encapsulating pathogens, thus protecting the host tissues. The discovery of
carotenoid-carrying coelomocytes constitutes the �rst report of pigmented
coelomocytes in sea cucumbers (except respiratory pigments), challenging the
long-standing assumption that these cells contain haemoglobin. Therefore, we
propose renaming haemocytes into carotenocytes, at least in this species.
However, we believe that this newly described coelomocyte type has been
misidenti�ed as haemoglobin-containing cells in many previous studies and may
be present in many other holothuroid species. Our �ndings thus establish a new
paradigm in the study of coelomocytes in echinoderms, as well as in the function
of the hydrovascular system, which is unique to this phylum.
KEYWORDS

immune cell, antioxidant, Echinodermata, haemocyte, deuterostome, reactive oxygen
species, hydrovascular system, gene expression
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1 Introduction

Echinoderms represent a phylum of marine deuterostomes
share many molecular features with chordates (1–3). These
metazoans display a complex innate immune system
primarily relies on coelomocytes—specialised circulating immun
cells suspended in the� uids that � ll the coelomic cavities (4–7).
These include the hydrovascular and perivisceral� uids, which
could, roughly speaking, be considered functional analogue
blood (6; 8). The hydrovascular� uid (HF) � lls the hydrovascula
system, a system unique to echinoderms, which performs a
range of functions, including locomotion, transport of metaboli
and support of body structure (9–12). The perivisceral� uid (PF) is
the� uid surrounding the organs in the general cavity and is kno
to play critical functions in the transport of metabolites a
humoral factors as well as water balance regulation (8, 13). Over
the past decades, coelomocytes have been shown to play a
range of immune functions, including the recognition a
elimination of foreign materials and pathogens, phagocyt
aggregation, encapsulation, and the production of a wide va
of humoral factors (7, 14, 15). In addition, the sequencing of th
genome of the sea urchinStrongylocentrotus purpuratushas
revealed a wide variety of genes encoding pathogen recog
receptors, making these organisms very interesting model
investigating the evolution of innate immunity (2). In this
context, numerous studies have examined the transcripto
response of coelomocytes to various stressors (16–19),
highlighting, among other things, the expression of homolog
of complement system components (1, 20), known to interact with
the adaptive immune systems of vertebrates and to contribu
opsonisation. This example demonstrates that the study of
immune system of echinoderms offers cutting-edge informa
on the evolution of the immune system in deuterostom
Nevertheless, while PF coelomocytes have been the subject
depth studies (e.g.,16, 21), HF coelomocytes have receiv
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comparatively little attention. This could be partly due to
technical dif� culty of collecting suf� cient HF, especially in se
urchins or brittle stars, in which the rigid endoskeleton lim
access to the hydrovascular appendages containing a low v
of� uid. Sea cucumbers, on the other hand, with their prominent
appendages, including the large Polian vesicle(s) (e.g.,22, 23), and
their soft bodies, represent an appropriate model for studying
hydrovascular system in general and, in particular, the functio
hydrovascular coelomocytes.

Sea cucumbers are also of considerable interest for mu
reasons. First, many species play a pivotal role in marine ecosy
by representing important components of benthic macrofauna
by participating in sediment bioturbation (24, 25). Secondly, som
species possess a high commercial value due to their exploitat
traditional Chinese pharmacopoeia and gastronomy (26). To this
purpose, some species are farmed under aquaculture cond
with complete life cycle control (27, 28). The model species of th
study, the European sea cucumberHolothuria forskali, has been
considered in particular in the context of integrated multi-trop
aquaculture (IMTA) (29, 30). Thirdly, sea cucumbers are a source
bioactive compounds extensively explored for the developme
drugs with antibiotic and anticancer properties, among others31–
34). For instance, the farmed Chinese sea cucumberApostichopus
japonicusis rich in astaxanthin, a powerful antioxidant used
many pharmaceutical products (35). These various characteristi
highlight that sea cucumbers warrant research interest from b
fundamental and applied point of view.

Like vertebrates, sea cucumbers have different immune cell
and appear to have the highest diversity among the� ve echinoderm
classes (7), with between six and nine types depending on
classi� cation (e.g., six according to Chia and Xing (36) and Smith et
al. (7); eight in Hetzel (5); and nine in Queiroz and Custo� dio (37)).
The most accepted cell types are phagocytes, spherule cells, pro
cells, fusiform cells, crystal cells, and haemocytes. Neverthe
should be noted that the presence of these cells is highly sp
frontiersin.org
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dependent and that many different names have also been used t
to them in the literature (reviewed by Queiroz and Custo� dio (37)),
which has caused much confusion. Coelomocyte classi� cations are
mainly based on morphological criteria; however, functio
information on the different cell types is scarce. For example,
one study provides transcriptomics data on coelomocyte subsets
cucumbers (38), and these subsets themselves constitute a mixtu
“spherical cells” and“lymphoid-like cells” (i.e., not directly related to
any previous morphological classi� cation). Among the coelomocy
types, the function and distribution of haemocytes, a type of colo
cell thought to contain haemoglobin (6), remain particularly enigmati
(22). While previous reports claim that they have a function in oxy
transport and are limited to the holothuroid orders Molpadida a
Dendrochirotida (5, 6, 39, 40), recent research has shown that th
have a wider distribution than previously described, also occurrin
the order Holothuriida (formerly within a larger taxon, the
Aspidochirotida) (22). Furthermore, it has been shown that the
cells can participate in the encapsulation process, and it is sug
that their haemoglobin would release reactive oxygen species
during the immune response (22, 23, 41). These studies have al
shown that the HF of several species, includingH. forskali, is
particularly rich in this cell type, thus offering a promisi
opportunity to deepen our knowledge about these pigme
coelomocytes.

The present study, therefore, seeks to investigate the differ
in the immune response of circulating coelomocytes between
and PF, the two main body� uids of sea cucumbers, using
integrative approach combining morphological analyses, pigm
pro� ling, and multi-omics technologies. With their particul
distribution, mainly localised in the HF, the function of ce
similar to haemocytes (i.e., colourful reddish coelomocyte
speci� cally studied. These cells are referred to as haemocyt
cells (HELs) in this study to avoid any confusion and pr
functional assumptions related to the presence of haemogl
Overall, this study provides new insights into the immune respo
of sea cucumbers and establishes new paradigms on the funct
HELs, which we describe here as a new functional coelomocyte
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2 Materials and method

2.1 Coelomocyte collection and
morphological characterisation

2.1.1 Collection and maintenance of organisms
Adult specimens ofHolothuria forskaliDelle Chiaje, 1824 (4

individuals in total), were obtained by the collection service of
Roscoff Biological Station, from where they were initially colle
by scuba diving in Morlaix Bay (Brittany, France) just before t
shipment. As soon as they were delivered to the University of M
(Belgium), the specimens were kept in a closed-circuit ta
containing 400 L of� ltered seawater, with a substrate made
small pebbles, at a temperature varying between 14 °C and
throughout the year and salinity between 33 and 35 psu.
arti� cial circadian rhythm was recreated using neon lighting s
Frontiers in Immunology 03
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a constant exposure time from 8 a.m. and 8 p.m. The specim
were fed once a week with a mix of dried algae in agar-agar-b
gel. Before any experiments, the specimens were acclimatised
least 2 weeks in the tanks.

2.1.2 Coelomocyte harvesting from the two body
� uids

For each specimen, coelomocytes were collected from th
body� uids of interest: PF from the general cavity and HF from
Polian vesicle as per Wambreuse et al. (18). Brie� y, a longitudinal
incision was� rst made on thebivium, from the anterior to the
posterior part of the animal, using a scalpel to open the integum
between two radial canals (to avoid any contamination with H
allowing PF to be harvested in a 15-ml tube. The incision was
extended anteriorly to access the Polian vesicle, which was
placed over another 15-ml tube to pierce it and harvest the drop
HF. Body� uids were systematically placed on ice before subse
analyses to avoid coelomocyte aggregation.

2.1.3 Establishment of cell concentration and
proportion

Typically, 20 µl of each body� uid was pipetted directly in th
collected HF and PF and mixed at an equivalent volume
calcium- and magnesium-free arti� cial seawater containing EDT
(CMFSW + EDTA: 460 mM NaCl; 10.7 mM KCl; 7 mM Na2SO4; 2.4
mM NaHCO3; 20 mM HEPES; 70 mM EDTA; pH = 7.4) to avoid c
aggregation (21). Cells were then counted using a Neuba
hemacytometer within the hour post-body� uid collection. To do
this, 10 µl was placed on the hemacytometer, and the 16 sq
corresponding to a total volume of 0.1 mm� were photograp
under a microscope (Axio Imager A1, Zeiss). Cells were cou
manually using ImageJ software V1.54f, and their concentration
millilitre were calculated using the following formula:

Concentration�(cells=ml)� = �n� � �dilution�factor� � �10, 000

Once concentrations were obtained, the proportion could
be calculated following the formula:

Proportion�( % )� = �(concentration�of�the�cell�population�of�interest=

concentration�of�all�coelomocyte�populations) � 100

Note that if spermatozoa were present, which is comm
during coelomic� uid harvesting in holothuroids (see Cauli
et al. (22)), they were not assimilated into a coelomoc
population (i.e., not included in the coelomocyte counts).
populations were identi� ed based on previous studies
holothuroid coelomocytes (36, 37). To highlight signi� cant
differences in the concentration and proportion of c
populations between the two body� uids, a Wilcoxon signed-ran
test was performed in R V.4.4.2 (a = 0.05).

2.1.4 Microscopic analysis of coelomocytes and
macroscopic pictures

Depending on the needs, cells were observed using diff
microscopy techniques, including light microscopy,� uorescence
frontiersin.org
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microscopy, and scanning electron microscopy (SEM). L
microscopy and� uorescence microscopy were performed on
fresh samples using an epi� uorescence microscope (Axio Imag
A1, Zeiss) with or without an activated laser, depending on the
of microscopy desired. Three� uorescent� lters could be used
yielding three different excitation wavelengths: 350
(corresponding to violet), 495 nm (corresponding to cyan),
589 nm (corresponding to yellow). For the cell type description
cell sizes were measured in the ImageJ software V1.54f, an
mean ± standard deviations (SD) were calculated for each cel
(n = 5–10). The SEM protocol was taken from Wambreuse e
(18), which was initially adapted from Smith et al. (21). Brie� y, this
protocol includes an incubation phase during which cells can s
on the slide in a humid chamber for 30 min before being� xed with
a glutaraldehyde solution. They are then dehydrated with succe
baths of ethanol and chemically dried with successive bath
hexamethyldisilazane and coated with a thin layer of a mixtur
palladium and gold (60:40%). Samples were then observed un
scanning electron microscope (JSM-7200F, JEOL). For the
samples, the same protocol was used, but the tissues were imm
directly in the� xation solution containing glutaraldehyde. Fina
some macroscopic pictures were taken to show certain par
interest in the anatomy of the organisms; these were produced
a Leica M28 binocular camera or an Olympus TG-6 digital cam
2)

a
et
20
ag
1

ho
el

e
h a
es
e
H

at
n

and
(

The
with
n the
NA
i kit
re
ther
from
g a

NA
ovix
g the
2.2 Monitoring of coelomocyte activity by
time-lapse imaging

PF and HF were collected as described above (section 2.1.
placed directly on ice. 25 min later, 100 µl of the� uid to be analysed
was deposited on a slide already mounted on the microscope
without a cover glass. After 5 min on the glass for the cells to s
time-lapse images were captured at 30-s intervals for 30 min at×
magni� cation (Axio Imager A1 microscope, Zeiss). The im
sequences obtained were then loaded into ImageJ software V
to build the videos. To quantify cell aggregation, the pixel thres
was automatically modi� ed to obtain a binary value for each pix
After adjusting the resolution to the actual pixel size, a“particle
analysis” was carried out—the� rst targeting particles with a surfac
area between 4 and 50 µm2, and the second targeting particles wit
surface area greater than 4 µm2. The output of these analys
includes the number of particles on each image and the m
particle area. These two analyses were used to count isolated
and follow the mean particle size (including cells and aggreg
over time, respectively. Finally, a linear least squares regressio
applied to these time series, and a Mann–Kendall test was run in R
V4.4.2 to check for a relation over time (a = 0.05).
we
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HF
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ws:
2.3 Immunostimulation using
lipopolysaccharide injection

In order to study the response of coelomocytes from both� uids
to immunological stress, lipopolysaccharide (LPS) injections
Frontiers in Immunology 04
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performed 24 h prior to harvesting the body� uids. These injection
consisted of 200 µl of sterile CMFSW without EDTA, containin
mg/ml of LPS fromEscherichia coliO111:B4 (L2630; Merck). As
control, injections of CMFSW without LPS were used to av
injection stress bias. In total, seven individuals received an
injection, and six received a control injection. These injections
carried out using 1-ml syringes with 23-g needles in the r
anterior part of the animal. Immediately afterwards, the inocula
individuals were isolated in their tanks until the following d
Coelomocytes from both body� uids were collected, as previou
explained (see section 2.1.2). Importantly, during the dissec
the sex of the individuals was systematically noted to a
misinterpretation of results due to an unequal sex distribu
between the conditions (identi� ed based on the gonadal asp
according to Tuwo and Conand (42)). For each� uid sample, no
more than 2 ml of� uid was used for the RNA extraction, and 20
was systematically retained for cell counting. The concentration
proportion of each coelomocyte population were calculate
above (see section 2.1.3). It should be noted that altho
contaminating spermatozoa were not included in the cell co
after LPS challenge, they were counted for gene expression a
to estimate the percentage of contamination. The samples se
for omics analyses were those with the lowest proportion
contamination. To reveal signi� cant differences between contro
injected and LPS-injected individuals in terms of concentration
proportion, a Mann–Whitney U test was performed in R V4.4.2a
= 0.05).
and

nd
tle,
0
e
.54f
ld

.

an
ELs
es)
was

re

2.4 Transcriptomics analysis using RNA-
sequencing

2.4.1 RNA extraction, library preparation, and
sequencing

For RNA extraction, freshly collected body� uids were
centrifuged at 500 × g and 4 °C for 5 min to pellet cells.
volume used for RNA extractions was noted and, combined
cell counts, allowed us to know exactly how many cells were i
pellet and the proportions of the different cell populations. R
extractions were carried out using the Qiagen RNeasy min
according to the manufacturer’s instructions. Other samples we
also prepared for RNA-sequencing (RNA-seq) to be used in o
projects; these consisted of a stone canal and podia collected
other individuals, and their RNA extraction was performed usin
TRI reagent kit according to the manufacturer’s instructions
(Merck; T9424). The concentration and purity of extracted R
were determined using a NanoDrop spectrophotometer (DeN
DS11), and the RNA integrity value (RIN) was assessed usin
Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit). Only
three samples per condition showing the best RNA quality of
and PF were retained for RNA-seq (note that HF and PF ext
were selected from the same individuals to allow intraindivid
comparisons). Preparation of the cDNA libraries and sequen
were carried out by the Beijing Genomics Institute (BGI, H
Kong). Brie� y, the cDNA libraries were assembled as follo
frontiersin.org
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mRNAs were isolated from total RNA using the oligo(dT) meth
puri� ed mRNAs were fragmented and reverse transcribed into
� rst cDNA strand, prior to synthesis of the second cDNA stra
double-stranded cDNA fragments were end-repaired,
adenylated, and ligated to sequencing adapters; cDNA fragm
of appropriate size were selected and enriched by PCR;
products were heat-denatured; and single-stranded DNA wa
cyclised by oligo splint and DNA ligase. The libraries were t
sequenced on the BGISEQ-500 platform.

2.4.2 Raw data � ltering, de novo assembly, and
gene expression level

Before assembly, raw data were� ltered to eliminate adapter
polluted reads, reads containing more than 5% unknown bases
low-quality reads (i.e., reads comprising more than 40% of b
with a quality value below 20). As no reference genome exists fH.
forskali, the transcriptome was assembledde novousing Trinity
software (V2.5.1). The obtained transcripts were then grou
using Tgicl software (V2.5.1) to eliminate redundancies
obtain the� nal sequences referred to as unigenes. The unig
can either form clusters comprising several unigenes with m
than 70% overlapping or singletons (i.e., single unigenes). To o
the expression level of each unigene (or cluster), reads were m
onto the transcriptome using Bowtie2 (V.2.2.5) and the unig
expression level was calculated using RSEM (V.1.2.12). The re
expressed as“fragments per kilobase of the transcript, per milli
mapped reads” (FPKM). As the sequence length is a proxy of
assembly quality, the size distribution of unigenes was represe

2.4.3 Functional annotation of unigenes
To assess the completeness of the assembled transcrip

BUSCO annotation was performed for each sequenced library
the merged transcriptome using the tool BUSCO in the Ga
server (https://usegalaxy.eu; V5.4.6) against the metazoan_odb
dataset (954 BUSCOs). The BUSCO metric attempts to prov
quantitative assessment of the completeness of genomics d
classifying orthologs into the following four categories: comp
and single-copy, complete and duplicated, fragmented, or mi
BUSCOs (43). Moreover, to obtain an initial indication of unigen
function, the sequence of each unigene was aligned with se
protein databases, including NCBI NT, NCBI NR, GO– Gene
Ontology, KOG– EuKaryotic Orthologous Groups, KEGG– Kyoto
Encyclopedia of Genes and Genomes, SwissProt and InterPro
Blast (V2.2.23), Diamond (V0.8.31), Blast2GO (V2.5.0),
InterProScan5 (V5.11-51.0). The unigene annotation provide
E-value that quanti� es the degree of similarity with the annotatio
only annotations with an E-value <10� 5 were taken into account.

2.4.4 Differential expression analysis
Differential expression analyses were performed to answe

main questions: 1)“What are the differentially expressed ge
(DEGs) between control and LPS-injected individuals?” and 2)
“What are the DEGs between HF and PF?” The � rst question was
assessed for the PF (PF analysis; n = 3), HF (HF analysis; n = 3
all � uids together (merged� uid analysis; n = 6). For this la
Frontiers in Immunology 05
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analysis, we are aware that sampling is not comple
independent, as samples from the same individuals are part o
same condition. Nevertheless, we have chosen to retain it as su
for the results obtained on the two� uids separately. The seco
question was assessed for control individuals (CON analysis; n
LPS-injected individuals (LPS analysis; n = 3), and all individ
together regardless of the stress condition (merged condition
analysis; n = 6). In addition, differential expression analyses
performed between male and female samples to reveal a pot
sex-speci� c expression in PF, HF (n = 2 in males and n = 4
females), and merged� uids (n = 4 in males and n = 8 in females
Differential expression analyses were performed using the DE
package. The output of these analyses consists mainly o
metrics, a fold change value (FC) and a false discovery rate (
corresponding to a Wald statistical test p-value adjusted follo
the Benjamini–Hochberg procedure). Only unigenes having a |l2

(FC) value|� 1 and an FDR� 0.05 were considered as signi� cantly
differentially expressed.

Heat maps were carried out using the package“Pheatmap” to
illustrate the result based on normalised read count. Princ
component analyses (PCA) were also generated to illustrat
heterogeneity in gene expression between different samples
on log-transformed FPKM values and� ltered by quantile-quantile
to keep only the 25% most informative DEGs) in t
MetaboAnalyst (V6.0) server (https://www.metaboanalyst.ca/). In
addition, Venn diagrams were performed to highlight DEGs sh
between the differential expression analyses. They were pro
us ing the web too l“ Venn” on the serverh t tps : / /
bioinformatics.psb.ugent.be/webtools/Venn/.

2.4.5 Functional enrichment analysis
Functional enrichment analyses were performed using KE

annotation to reveal the most differentially expressed meta
pathways. We chose to present, for each analysis, the 20
enriched pathways and to group all these pathways in a tab
compare the most enriched pathways between the different ana
(i.e., analyses comparing stress conditions and body� uids). For
each pathway, various measures are provided: the pathway ra
(from 1 to 20), the q-value (Q) represented by a colour scale
lower the q value, the more signi� cant the differential expression
the pathway), the rich factor (RF) representing the percentage
between the number of annotated DEGs over the number o
annotated unigenes, the number of annotated DEGs in
pathways, and the ratio between up- and down-regulate
unigenes within these DEGs.
wo
s

and

2.5 Pigment identi� cation and
quanti� cation by high-performance liquid
chromatography and spectrophotometry

To obtain a� rst identi� cation of the nature of the coelomocy
pigments, pigments were extracted using liquid–liquid phase
extraction. This was conducted on lyophilised cell pellets from
and PF of seven individuals ofH. forskalito compare the distribution
frontiersin.org
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and amount of pigment between the two� uids. To estimate the
number of cells in the pellet, the concentration of the� uid, as well as
the volume, was determined prior to the centrifugation (as in sec
2.1.3). In addition to holothuroid body� uids, two samples of bovin
blood (Bos taurus), acquired from the conventional meat indust
were included in the analysis to serve as a positive control fo
presence of haemoglobin, following previous hypotheses o
haemocyte pigmentation (39, 44). Body � uids were centrifuged a
500× g and 4 °C for 5 min to isolate the cells from the supernat
Rapidly after the centrifugation, the different samples and pos
controls were� ash-frozen in liquid nitrogen before being freeze-dr
under a vacuum at� 60 °C (using a CHRIST Alpha 1–2 LDplus
freeze-dryer) for 24 h. Dried samples were stored and protected
light at 6 °C until their processing. In order to determine the pigm
af� nity, several solvents were used to dissolve the lyophilised sa
including methanol, chloroform, and distilled water (volume ratio
2:3:2.7) and separate pigments in different phases. First, 2 ml o
cold methanol (HPLC grade;� 99.9%) was added, followed by 700
of ice-cold distilled water, before vortexing the samples for 1
Next, the cell membranes were disrupted using an ultras
homogeniser (U50 control, IKA Labortechnik) set to cycle 1
50% amplitude for 45 s. Once completed, 1.5 ml of ice-
chloroform (HPLC grade;� 99.9%) was added, and the samp
were vortexed again for 1 min before being agitated on ice at 300
for 10 min. After adding again 1.5 ml of ice-cold chloroform as we
2 ml of ice-cold distilled water, the samples were centrifuged at
× g for 30 min at 4 °C. The resulting polar (water + methanol) a
apolar (chloroform) phases were separated: 2 ml of each phas
collected in separate tubes and then centrifuged at 10,000× g for
5 min to ensure that all debris were removed. The supernatants
then collected, and the absorption spectrum, from 220 to 750 n
excitation wavelength, was obtained for each sample using
nanodrop spectrophotometer(DeNovix DS-11) with quartz
cuvettes. Note that some samples of HF had to be diluted fo
measurement to avoid the saturation of the device. After con� rming
that the red pigmentation could be assigned to carotenoids
HPLC results; section 3.6), a quanti� cation of the mass of carotenoid
per million cells in the apolar phase was performed using a
canthaxanthin standard (canthaxanthin_trans; Merck; 11775
known concentration to obtain a calibration curve. This was d
by measuring the absorbance of the standard at increasing dilu
in chloroform (maximum absorbance at 490 nm in chlorofor
Supplementary Figure 1A). This allows us to quantify the mass of t
carotenoid for each sample. As the dry masses of the HF an
pellets were insuf� cient to be weighed, the abundance of pigme
was normalised according to the number of cells in the pellet
expressed in µg of carotenoid per million cells. In order to highlig
putative signi� cant difference between the two body� uids, a
Wilcoxon signed-rank test was carried out in R V4.4.2 (a = 0.05).
Moreover, knowing the number of HELs in each sample, a Pear
correlation test was performed to see if the mass of carotenoi
each sample is correlated with the number of HELs (a = 0.05). This
was done considering two body� uids (HF and PF; n = 14) and onl
considering HF samples (n = 7), and after checking the normali
Frontiers in Immunology 06
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data using the Shapiro–Wilk normality test in R V4.4.2 (a = 0.05). If
the data normality criterion was not respected, Spearm’s
correlation test was used instead (a = 0.05).

In order to obtain a better identi� cation of carotenoid pigments
high-performance liquid chromatography (HPLC) was perform
using samples of HF, PF, and Polian vesicles (i.e., remaining P
vesicle tissue after harvesting the HF, still containing large
aggregates; see section 3.7), which were collected from
individuals. Body� uid and Polian vesicle samples were prepa
as explained in the spectrophotometry protocol. Once dried,
mass of Polian vesicles was measured using a high-precision b
(Sartorius Extend). For the extraction, samples were dissolve
1.5-ml extraction solution consisting of 95% methanol and
ammonium acetate with an additional 20 µg of trans-b-Apo-8'-
carotenal (commercial standard, Roth®) that was added as a
internal standard for mass quanti� cation. Samples were the
homogenised using beads at 30 Hz for 10 min with the M
Mill MM 400 (Retsch) and� ltered with 0.2-µm mesh� lters.
Pigments were� nally identi� ed using an Agilent 1260 In� nity
HPLC system following the methodology developed by D
et al. (45), adapted from Brotas and Plante-Cuny (46). The
relative abundance of pigments in each sample was determ
by measuring the areas under the peaks (AUP) of the curve
wavelength of 470 nm to target the carotenoid pigments (45). The
AUPs of different pigments were standardised with the AUP of
known mass of the commercial standard (trans-b-Apo-8'-
carotenal). The abundance of pigments in Polian vesicles
normalised according to their mass, whereas the abundan
pigments in the body� uid samples was converted into µg p
million cells. To identify the chemical nature of the pigments,
resulting HPLC peaks were compared with peaks of comme
carotenoid compounds such as astaxanthin, canthaxanthin, an
trans-echinenone (DHI Laboratory Products) that were a
analysed by HPLC (Supplementary Figure 1B).
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2.6 Analysis of coelomocyte
auto� uorescence using spectral � ow
cytometry

In order to quantify the auto� uorescence of cells, samples of
and HF were analysed by spectral� ow cytometry. The two� uids were
collected as previously described and directly mixed with
equivalent volume of CMFSW + EDTA to avoid clotting. Ev
step was carried out on ice to prevent cell deterioration. Samples
� ltered with a cell strainer CellTrics equipped with a 100-µm m
(Sysmex), and 10 µl was pipetted to establish the cell concentr
The samples were then centrifuged for 5 min and 4 °C at 500 ×
resuspend the pellet in the� ow cytometry buffer (3× concentrate
PBS buffer containing 20 mM HEPES and 50 mM EDTA; pH =
inspired by Smith et al. (21)) to obtain a� nal concentration of 107

cells per ml. The Sony ID7000™ Spectral Cell Analyser, equipp
with � ve lasers (355, 405, 488, 561, and 637 nm), was used fo
acquisition. The gating strategy is shown inSupplementary Figure 2.
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2.7 Pigment analysis of HELs puri� ed by
� uorescent-activated cell sorting

HF and PF from one individual were sampled and prepa
similarly as described for spectral� ow cytometry (see section 2.6
The two� uids were then analysed using the BD FACSAria™ III cell
sorter. The HEL population was easily identi� ed by comparing the
pro� le of the cells in the two body� uids. This population was sorte
using � uorescence-activated cell sorting (FACS) on the bas
auto� uorescence criteria, previously determined using the S
ID7000™ Spectral Cell Analyser. Once sorted, the purity of
sample was calculated by analysing the sample again, usin
same parameters. Their presence and purity were also as
visually under the microscope (Axio Imager A1, Zeiss). Ha
established that the sample was suf� ciently pure, cells wer
centrifuged at 500 × g and 4 °C for 5 min and the pellet
stored at� 80 °C, protected from light, until the pigment analys
For pigment extraction, the pellet was prepared as
spectrophotometry analysis (see section 2.5) and resuspend
1 ml of chloroform before a brief sonication to release the pigm
After a brief centrifugation at 10,000 × g and 4 °C for 10 min
pellet cell debris, the sample was analysed by spectrophoto
(see section 2.5). To estimate the amount of carotenoid per ce
absorbance obtained was compared with a commer
canthaxanthin standard (see section 2.5) using a calibration c
(seeSupplementary Figure 1A). Knowing the initial number of
HELs in the sample (number of events counted by the� ow
cytometer), the� nal quantity of carotenoid was calculated in
per million HELs.
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2.8 HEL gene and protein expression

2.8.1 Relation between gene expression and HEL
proportion

To test the relation between the proportion of HELs and
differential expression between PF and HF, a differential expre
analysis was carried out between the HF and the PF for
individual. This analysis was conducted using the Poisso
algorithm, which is based on the detection of DEGs on the
and Poisson distribution according to Audic and Claverie (47).
Only unigenes with a value of |log2(FC)|� 1 and an FDR� 0.05 were
considered to be signi� cantly differentially expressed. Th
proportion of DEGs obtained for each individual (i.e., the num
of DEGs out of the total number of genes in the respec
transcriptomes) was then correlated with the proportion of HE
in the HF, determined before RNA extraction by cell counting
section 2.1.3). In addition to the DEGs, the� uid-speci� c expressed
gene (FSEG) proportion was tested for a putative relation with
proportion of HELs in HF. These genes had a null expression in
of the two � uids and were identi� ed based on Venn diagram
analyses. To statistically test the relations, Pearson's corre
tests were performed (a = 0.05) after checking the normality of da
using the Shapiro–Wilk normality test in R V.4.2.2 (a = 0.05).
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2.8.2 Proteomics analysis by mass spectrometry
and validation of transcriptomics differential
analysis

To validate the transcriptomics results and obtain the prote
of a highly enriched population of HELs, mass spectrometry (
was carried out on the PF and HF of one individual. Cells from
two body� uids were collected and counted as explained previo
(see section 2.1.3). This individual in particular was selected be
it had a very high proportion of HELs in its HF. The reason for s
a high proportion of HELs in HF is unclear, but one poss
explanation is that the individual used for this analysis
eviscerated, causing stress that may have triggered a s� c
response of HELs. After centrifugating for 5 min at 500 × g
4 °C, cell pellets were isolated and� ash-frozen. To perform th
protein extraction, pellets were resuspended in a 5% acetic
solution and 8 M urea and incubated for 1 h. Then, ultrasonica
was performed three times for 10 s (amplitude 20×, cycle 1) before
centrifuging the samples at 18,000 × g for 15 min to eliminate
debris. The protein concentration in the supernatant was ass
using a Bradford assay with bovine gamma globulin as a stan
and concentrations were adjusted to 50 µg/µl for downstr
processing. To reduce the proteins, a solution containin
dithioerythritol (DTE) was added to obtain a� nal concentration
of 12.5 mM before incubating for 25 min at 56 °C under agitat
The samples were then alkylated for 30 min in the dark by ad
an iodoacetamide (IAA) solution at a� nal concentration of 25 mM
Proteins were precipitated by adding four volumes of ice-
acetone, incubating for 4 h at� 20 °C, and centrifuging at 4 °C fo
20 min at 18,000 × g. After discarding the supernatant, the p
was resuspended in a solution at 50 mM NH4HCO3 containing 2
µg/20 µl of trypsin (Promega) and incubated overnight at 37 °
order to lyse proteins into peptides. The lysis was stopped by a
5 µl of formic acid 0.5% to the 20 µl of solution. Samples w
centrifuged a last time for 15 min at 11,000 × g and 4 °C.
peptide concentration was established using the Pier™

Quantitative Colourimetric Peptide Assay kit, and t
supernatant was mixed with the loading buffer containing
fmol/10 µl of PepCalMix to obtain a� nal peptide concentration
of 4 µg/10 µl before the injection.

Protein identi� cation and quanti� cation were performed
following a label-free strategy on a UHPLC HRMS platform
(Eksigent 2D Ultra, AB SCIEX, TripleTOF™ 6600). Peptides (
µg) were separated on a 15-cm C18 column (YMC-Triart 12 n
—3 µm, 150 × 0.3 mm ID, 1/32”) using a linear acetonitrile (ACN
gradient [3%-80% (v/v), in 75 min] in water containing 0.1% form
acid (v/v) at a� ow rate of 5 µl min� 1. Spectra were acquired in dat
independent (DIA, SWATH) acquisition modes. For SWAT
analysis, 100 incremental steps were de� ned as windows o
variable m/z values over a 400/1,250-m/z mass range. The
MS working time for each window was 7 ms, leading to a duty c
of 2.65 s per cycle. DIA analysis for identi� cation and quanti� cation
was done using DIA-NN™ software (V1.9.2, for academic us
using the FASTA� le format of the coelomocyte proteome ofH.
forskaliand annotated with UniProt standards. This proteome
frontiersin.org
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acquired based on the coding sequence prediction using
TransDecoder software (V3.0.1) from the merged coelomo
transcriptome. Proteins with a peptide count <2 were� ltered out
due to their unreliable annotation.

To validate the transcriptomics differential expression ana
between HF and PF, the expression of proteins annotated w
DEG was compared with the expression of the correspon
DEGs. As one protein could be annotated by several genes
proteins annotated with one gene were considered to ensu
reliable correspondence between the protein and the
expression. An FC value of PF versus HF intensity was calcu
for these proteins to correlate it with the FC value
transcriptomics analysis (under log2FC). It is important to note
that no replication was used in calculating this FC value and th
is therefore not the result of a statistical test. Nevertheless, we
to keep this single sample showing the highest concentratio
carotenocytes in the HF, to support the transcriptomics analysi
test this correlation, a Pearson's correlation test was performeda =
0.05) after checking the normality of the data using a Shapiro–Wilk
test on R V4.2.2 (a = 0.05).
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2.8.3 Search for marker proteins for HELs
To investigate further the function of HELs, a targeted ana

was carried out on candidate marker proteins. To do this, gene
proteins upregulated in the HF (highly enriched in HELs) w
extracted to conduct functional analyses. For transcriptom
analysis, genes having an FC value >2 were selected, wher
proteomics analysis, proteins with an FC value >5 were sele
considering the need for a more stringent selection due to the la
replicates. For this analysis, proteins annotated by several gene
considered, but only if the� rst three annotations were consistent w
each other (i.e., the corresponding unigene having the sam
annotation or coding for proteins of the same family, represen
98.7% of the identi� ed proteins with a peptide count >2). The codi
peptide sequences were obtained from the transcriptome usin
TransDecoder software (V3.0.1). The resulting proteins were al
against the proteome of the speciesApostichopus japonicusfor
protein–protein network analysis using STRING-DB V12.0. T
interactome signi� cance was assessed using the PPI p-valu
STRING. Moreover, the protein networks obtained by MS
RNA-seq analyses were compared by looking at the signi� cantly
enriched biological processes (from the Gene Ontology data
shared between the two analyses (FDR < 0.05). In addition, a
local network analysis was used to highlight functional pro
clusters of interest (FDR < 0.05). In this case, the expression
annotation of proteins identi� ed in the cluster were further analys
using a heat map visualisation carried out in MetaboAnalyst V
(log-normalised FPKM after t-test� ltering). The annotation
displayed corresponds to the gene Nr annotations, but
corresponding STRING annotation is shown inSupplementary
Table 9. Finally, to emphasise the most speci� c proteins in HELs,
the 15 proteins having the highest fold change value in the
analysis were listed with their annotation and peptide count a
annotation proxy (i.e., the higher the peptide count is, the m
reliable the gene annotation is).
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As a complementary analysis, a search was carried out fo
expression of globin, in line with the previous hypothesis ab
HEL pigmentation (39, 44). To do this, a local tBlastn wa
performed using BioEdit V7.7.1 on the whole transcriptome
value <10� 5) based on four existing peptide sequences coding
globin in echinoderms and reported as intracellular in coelomoc
(48). Obtained unigenes were blasted again using Blastx and
only considered if the� rst hit matched the annotation of“globin”.
The resulting unigenes were� nally searched in the DEG lis
between PF and HF (i.e., |log2FC value|� 1 and an FDR� 0.05),
and their expression was visualised using a heat ma
MetaboAnalyst V6.0 (based on the FPKM log-normalised va
A search for proteins annotated with these genes was also c
out in the MS protein list to compare their expression between
and HF samples.
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2.9 Redox analysis

To investigate the antioxidant properties of HELs, we (1) loo
at the expression of genes involved in ROS reduction and
analysed ROS production among the different coelomo
populations by� ow cytometry and� uorescent microscopy usin
a ROS marker.

2.9.1 Expression of antioxidant gene
To check if antioxidant genes could be overexpressed in HE

search was carried out in the transcriptome for genes known to
functions in ROS reduction, including genes annotated
“ superoxide dismutase” (SOD), “ catalase” (CAT), and
“glutathione peroxidase” (GPx) (49). We � rst checked if some o
these genes were signi� cantly differentially expressed between
and HF based on differential transcriptomics analysis (see se
3.5). Then, in order to study the expression of these antioxi
genes as a functional entity, the expression of all of these gene
were identi� ed in the transcriptome was summed (sum of FPK
values) within each gene family (i.e., for SOD, CAT, and GP
well as for their total (i.e., sum of FPKM value of the genes from
three families). These were compared between PF and HF sa
using a Wilcoxon signed-rank test in R V4.2.2 (a = 0.05; n = 6). To
further visualise the gene expression of the gene of interest
antioxidant genes), a heat map was carried out based on F
values in the MetaboAnalyst (V6.0) server (log(FPKM)). Final
relation was tested between the ratio of PF expression out o
expression as a function of HEL proportion in the HF for ea
individual to determine whether the proportion of HELs in� uences
the antioxidant gene expression. This relation was tested us
Pearson's correlation test (a = 0.05) after checking the normality
data using a Shapiro–Wilk test, R V4.2.2 (a = 0.05).

2.9.2 ROS production analysis
To estimate the ROS production in the different coelomo

populations, 2�,7�-dichlorodihydro� uorescein diacetate (DCFH
DA) was used as a marker of intracellular ROS (Merck; D68
DCFH-DA is a cell-permeable non-� uorescent probe that form
frontiersin.org
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� uorescent DCF when oxidised by intracellular ROS, havin
excitation wavelength of 485 nm and an emission range bet
500 and 600 nm (50). ROS production was compared
coelomocyte populations from the two body� uids exposed or no
to LPS. Four individuals were used for this experiment. Their� uids
were collected and mixed directly with CMFSW + EDTA. Each� uid
was then separated into two tubes: one for the LPS condition
one for the control condition. The cells were then counted, pell
using centrifugation for 5 min at 500 × g and 4 °C, and resuspen
in coelomocyte culture medium (CCM; 0.5 M NaCl; 5 mM MgCl2; 1
mM EGTA; 20 mM HEPES; pH 7.2, as per Smith et al. (21) to
obtain a concentration of 5 million cells per ml. The CCM of trea
samples contained a� nal concentration of 20 µg per ml of LPS fro
Escherichia coliO111:B4 (Merck; L2630). After incubation for 1
each sample was separated into three tubes corresponding
three labels: a sample without labelling, a sample with 1 µg/m
propidium iodide (PI—a marker of cell death; Merck; P4170), an
sample with 5 µM of DCFH-DA (� nal concentrations). DCFH-DA
was � rst added to the corresponding samples. Samples
incubated again for 30 min, and the cells were washed
resuspended in the� ow cytometry buffer (see section 2.6). PI w
added to the samples 5 min before the analysis. The diffe
samples, corresponding to different� uids conditions, and
labelling were analysed using the Sony ID7000™ Spectral Cel
Analyser. First, a weighted least squares method algor
implemented in the ID7000 system was applied: E
� uorochrome was visualised on a dot plot alongside the o
� uorochromes to assess potential unmixing inaccurac
Moreover, the Sony ID7000™ Spectral Cell Analyser provides
tool called Auto� uorescence Finder (AF), which allows for t
identi� cation and characterisation of AF signatures within comp
multicolour samples. Once AF spectra are identi� ed, they are
processed and mathematically separated as indepen
� uorescence parameters (named AF). Data for analysis were
on live cells, and manual adjustments were made when nece
before loading the result on FlowJo V10.10.0 for cell analysis
populations were gated following the same strategy as in sectio
For each population, ROS-positive cell and dead cell propor
were calculated based on discrimination with unlabelled sam
using the FITC and PI channels, respectively. Moreover,
production was calculated using the median� uorescence in
DCFH-DA-marked samples. To highlight signi� cant differences
between populations, a Friedman statistical test was perform
R V4.2.2, with the Dunn test as apost-hoctest (only considering
LPS-treated samples; n = 4;a = 0.05). Moreover, difference
between LPS and CON samples were tested using the M–
Whitney U test in R V4.2.2 (n = 4 in the LPS condition and n
3 in the control condition). Finally, to con� rm the results obtained
by � ow cytometry, samples were observed under an epi� uorescent
microscope using a FITC� lter (excitation wavelength = 495 nm
Zeiss Axio 1). The level of ROS positivity was qualitatively
based on� uorescence intensity) compared between
coelomocyte populations by comparing them using the sam
� uorescence intensity.
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3 Results

3.1 HF and PF have distinctive coelomocyte
populations

A total of 12 cellular elements could be distinguished in the
and PF ofH. forskali(Figure 1A), including three types of spheru
cells (morula cells, large spherulocytes, and small spherulocyte
types of phagocytes (petaloid and� liform phagocytes), small roun
cells (SRCs), HELs, fusiform cells, crystal cells, giant cells, m
corpuscles, and spermatozoa (Figures 1B-M). The different types o
spherule cells were divided according to their size and the size o
granules: morula cells were the largest, measuring 14.6 ± 2.8 µm
granules larger than 3 µm in diameter (Figures 1B, R); large
spherulocytes measured 10.8 ± 1.9 µm (Figures 1C, N, O); whereas
small spherulocytes measured 6.5 ± 1.1 µm (Figures 1D,R), both with
granules between 1 and 2 µm in diameter. Petaloid and� liform
phagocytes, measuring 23.1 ± 11.5 µm (including pseudop
could be identi� ed based on the morphology of their pseudopo
harbouring lamellipodia (Figures 1E,P) and� lopodia (Figures 1F,Q),
respectively. However, many phagocytes presented pseudopo
various shapes and were dif� cult to assign to one or the other subtyp
Therefore, all phagocytes were considered as one cell type in t
count. The SRCs were smaller and had an undifferenti
appearance, measuring 5.3 ± 1.6 µm (Figures 1G, T). HELs were
also small cells with highly variable diameters ranging from 1.5
µm, with a mean size of 3.3 ± 1.5 µm (Figures 1H, U). These were
mainly recognised through their reddish colour (Figure 1H) and their
propensity to form cell aggregates (Figure 1U). Fusiform cells wer
distinguished based on their two opposite pseudopodia. These
measured 27.3 ± 8 µm long (Figures 1I, S). Crystal cells wer
recognised through their typical prismatic crystalline inclusion
should be noted that the SEM image only represents a putative c
cell, as the crystalline inclusion might also correspond t
methodological artefact, and only a few of them were obse
(Figures 1J, V). They measured 8.2 ± 1.6 µm. In addition
conventional coelomocyte types, two cell types were observed
a few times; they correspond to giant cells measuring 44.1 ± 5
with a light-orange pigmentation (Figure 1K) and minute corpuscles
which seemed empty with a very regular spherical shape, and a
size of 2.6 ± 0.4 µm (Figure 1L). It is uncertain whether these ce
types are coelomocytes or the result of tissue contamination o
debris release. Finally, spermatozoa could also be distinguishe
in some male individuals and were sometimes very abundant i
two body � uids. They were identi� ed mainly by their� agella
(Figures 1M, W) and their characteristic acrosome, conspicuou
SEM preparations (Figure 1W).

Only phagocytes, spherulocytes (large and small merged), m
cells, SRCs, HELs, fusiform cells, and crystal cells were consid
cell concentration and proportion assessment as they were a
always present and easily distinguishable under light microscop
total, HF contained 1.40 ± 1.0 × 107 cells per ml, which wa
signi� cantly higher than PF, containing 3.28 ± 0.8 × 106 cells per
ml (Table 1; Wilcoxon signed-rank test; p = 0.030; W = 2
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FIGURE 1

Cellular elements found in the perivisceral and hydrovascular �uids of Holothuria forskali. (A) Aboral and oral views of a specimen of H. forskali. B-M.
Light microscopy on coelomocytes: (B) Morula cells. (C) Large spherulocyte. (D) Small spherulocytes. (E) Petaloid phagocyte. (F) Filiform phagocyte.
(G) Small round cell (SRC). (H) Haemocyte-like cells (HELs). (I) Fusiform cell. (J) Crystal cell. (K) Presumed giant cell. (L) Presumed minute corpuscles.
(M) Spermatozoon. (N-V) Scanning electron microscopy on coelomocytes: (N) and (O) Large spherulocytes. (P) Intermediate phagocyte. (Q) Filiform
phagocyte. (R) Side-by-side, a morula cell and a spherulocyte. (S) Fusiform cell. (T) SRC. (U) HELs. (V) Presumed crystal cell. (W) Spermatozoon.
Legend: a, acrosome; b, bivium; c, cloaca; cb, cellular body; cy, crystal; f, �agellum; fp, �lopodia; h, haemocyte-like cell (HEL); ha, HEL aggregate; lp,
lamellipodia; m, mouth; mc, morula cell; n, nucleus; p, pseudopodia; sp, spherulocyte; sg, secretory granules; t, trivium. The scale bar (in A)
represents 8.5 cm in A; 38 µm in B; 19 µm in C; 24 µm in D; 35 µm in E; 31 µm in F; 17 µm in G; 17 µm in H; 34 µm in I; 32 µm in J; 35 µm in K; 31
µm in L; 26 µm in M; 3 µm in N; 3.4 µm in O; 5 µm in P; 6.2 µm in Q; 3 µm in R; 8.6 µm in S; 2.1 µm in T; 4 µm in U; 4.4 µm in V; 2.5 µm in W.
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