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Holothuroids (sea cucumbers) are one of the most ubiquitous groups of benthic
animals found across diverse marine ecosystems. As echinoderms, they also occupy
an important place in the evolutionary hierarchy, sitting close to vertebrates in
the deuterostome clade, making them valuable multidisciplinary model organisms.
Apart from being ecologically and phylogenetically important, many species are
commercially exploited for luxury seafood markets. With the global rise of
aquaculture and fisheries, management and protection of these valuable species
relies on a better understanding of how their immune systems respond to
environmental and anthropogenic stressors. Here, the cellular, hormonal and behavioral
indicators of stress in the North Atlantic sea cucumber Cucumaria frondosa
were examined. The immediate and carry-over (post recovery) effects of a 1-
hour exposure to low salinities or to emersion (at two temperatures) highlighted
that morphoplasticity in C. frondosa was accompanied by shifts in all monitored
indicators. From baseline levels measured in controls, densities of free coelomocytes
increased, showing successions of specific cell types and subsequent coelomocyte
aggregations, combined with a rise in cortisol levels. These responses mirrored
increased fluctuations in cloacal opening rates, decreased force of attachment to
the substrate, and enhanced movements and active buoyancy adjustment with
increasingly severe stressors. The findings suggest that many systems of sea
cucumbers are impacted by stresses that can be associated with harvesting
and handling methods, with likely implications for the quality of the processed
products. Gaining a deeper understanding of immune and hormonal responses of
sea cucumbers is not only of broad ecological and evolutionary value, but also
helpful for the development of sustainable fisheries and aquaculture practices, and
conservation programs.
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INTRODUCTION

Sea cucumbers (Echinodermata: Holothuroidea) are globally
fished as a luxury seafood and many populations worldwide are
fully or overfished (Purcell et al., 2013). Their commercial value,
which can reach over 2000 USD kg−1 (Purcell, 2014) depends
on the species, and a suite of visual and organoleptic properties,
such as size, shape, odor, and color (Toral-Granda et al., 2008).
Harvesting, holding and processing conditions all have an impact
on these characteristics as well as on the nutritional quality of the
final products (Yang et al., 2015; Gianasi et al., 2016; Qi et al.,
2016). There is even a perceived difference in quality between
wild-caught and farmed sea cucumbers, which determines their
respective prices on the retail markets (Hossain et al., 2020).
In addition to being economically valuable, holothuroids are
an important model organism (Zhang et al., 2017) due to their
position as an echinoderm in the deuterostome clade, this places
them closer to vertebrates than the vast majority of other non-
chordates in the evolutionary hierarchy (Smith et al., 2018).

While the anatomy of sea cucumbers appears quite simple,
they have developed many unique adaptations that allow them
to thrive in different marine environments across the globe.
They can be suspension feeders, using branching oral tentacles
to capture particulate matter from the water, or deposit feeders
ingesting sedimented organic matter. They have traditionally
been considered to live a fairly sedentary lifestyle apart from their
free swimming larval phases (Young and Chia, 1982; Hamel and
Mercier, 1996; Grantham et al., 2003), yet the recent discovery
of active buoyancy adjustment (ABA) has revealed that they
can travel large distances through manipulation of their water-
to-flesh ratio in response to stressful situations (Hamel et al.,
2019). The internal anatomy of sea cucumbers includes two main
coeloms, the perivisceral cavity and the hydrovascular system.
The former is the central body cavity holding most organs. The
latter is comprised of the ampullae of the tube feet, the vesicle
of the tentacles and the Polian vesicle, as well as numerous canals
and the madreporite, which aid in a variety of processes including
locomotion, feeding, and immunity (Li et al., 2013).

The two coeloms of sea cucumbers host populations of free
coelomocytes (free floating in the fluid), which are considered
among the most promising markers of stress (Bang, 1975; Coteur
et al., 2002; de Freitas Rebelo et al., 2013; Li et al., 2013; Franchi
and Ballarin, 2017; Caulier et al., 2020). Moreover, coelomocytes
play pivotal roles in immune functions; they have been described
across different classes of echinoderms as the first line of immune
defense against foreign particles/cells, including in Asteroidea
(sea stars; Smith and Davidson, 1992, 1994); Echinoidea
(sea urchins; Pinsino et al., 2007; Brothers et al., 2016) and
Holothuroidea (sea cucumbers; Ramírez-Gómez et al., 2010;
Galimany et al., 2018). Among Holothuroidea, coelomocytes
have consistently been classified as phagocytes, morula cells,
hemocytes, fusiform cells, and crystal cells (Caulier et al., 2020).
They are known to play roles in recognition of non-self-materials,
cytotoxic defense, fluid circulation, clotting, and encapsulation
(Canicatti et al., 1989; Chia and Xing, 1996; Smith et al., 2018).
Phagocytes are the most prominent coelomocytes and they
are documented to undergo transformation from petaloid to

filopodial morphologies (Edds, 1980; Chia and Xing, 1996;
Smith et al., 2018). Coelomocytes that were monitored
in sea cucumbers undergoing physical harm, intense
disturbance/relocation and illness were shown to increase
in abundance as both free and aggregated forms (Gross et al.,
1999; Hou et al., 2019; Caulier et al., 2020) a phenomenon also
recorded in sea urchins (Ridder and Jangoux, 1984; D’Andrea-
Winslow et al., 2012; Majeske et al., 2013; Branco et al., 2014;
Chiaramonte et al., 2019).

The aggregation of free coelomocytes in echinoderms has been
superficially mentioned in the literature but its drivers and roles
have long remained poorly understood (Ridder and Jangoux,
1984; Canicatti and Seymour, 1991; Jans et al., 1995). In addition,
aggregates are known under different terms in echinoderms,
including encapsulates, bodies, aggregates or syncytia (Dan-
Sohkawa et al., 1995a,b; Söderhäll, 2010), and as nodules in
insects (Satyavathi et al., 2014). In Holothuroidea, they were
historically described as brown bodies (Hetzel, 1965; Ridder and
Jangoux, 1984; Canicatti and Quaglia, 1991) despite the various
colors that characterize them, making aggregates a more accurate
designation. Caulier et al. (2020) provided a detailed study of
coelomocytes in the sea cucumber Cucumaria frondosa that
included the formation of aggregates and their transition from
un-pigmented to red and brown variants. The study also showed
that their abundance rose with increasing severity of applied
stressors, including exposure to a predator and injury.

Along with cellular markers, cortisol is a well-established
hormonal marker of stress in vertebrate model systems (Xu
et al., 2019; Sandner et al., 2020; Uren Webster et al., 2020).
Only recently have researchers begun testing cortisol levels in
sea cucumbers (Pei et al., 2012; Chen et al., 2018a; Hou et al.,
2019) and other non-vertebrate taxa like mussels (Chen et al.,
2018a; Binder et al., 2019). Cortisol levels in the sea cucumber
Apostichopus japonicus rose from 4 mmol L−1 to above 6 mmol
L−1 when individuals were placed in situations known to cause
stress or agitation, e.g., high conspecific density, emersion or
starvation (Pei et al., 2012; Xia et al., 2017; Hou et al., 2019).

The sea cucumber Cucumaria frondosa is common and
abundant in North Atlantic and Arctic waters (Gianasi et al.,
2020). It is also one of the most important emerging commercial
species in the North Atlantic and is being considered a promising
candidate for multitrophic aquaculture (Nelson et al., 2012;
Sun et al., 2020). Over the years, behavioral responses of
C. frondosa have been studied and correlated with their well-
being (Gianasi et al., 2020). Among them, the rhythm of cloacal
opening provides a metric to evaluate respiration rates, which
were demonstrated to increase when individuals were exposed
to various stressors (Gianasi et al., 2015; Ammendolia et al.,
2018). The force of attachment of the ambulacral podia to the
substrate was also used (Hamel et al., 2019). Detachment from
the substrate combined with increased motility through active
buoyancy adjustments have been triggered by high conspecific
densities, encounters with predators, sudden decreases in salinity,
and increased turbidity (Sun et al., 2018; Hamel et al., 2019).

The present study took an integrative approach, seeking to
explore the link between behavioral and internal biomarkers
of health and stress in the sea cucumber Cucumaria frondosa.
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The objective was to tease out the relationship between free
coelomocyte abundance and the specificity, type and abundance
of their aggregates, cortisol levels in the fluid of the hydrovascular
system, and known behaviors. The various components of
immune defense were examined in individuals exposed to
stressors selected to mimic situations commonly experienced
by sea cucumbers as they are harvested (e.g., exposure to
air, temperature shocks, and salinity changes) as stated in
Gianasi et al. (2016). Exploring the link between cellular and
hormonal responses could help devise more reliable means of
monitoring, quantifying, and comparing the stress responses of
sea cucumbers with a dual aim to help mitigate their impacts
on the commercial products and provide a framework for
conservation and evolutionary studies. The main hypothesis was
that an increase in free coelomocytes and aggregates would be
proportional to the severity of the stressors and would follow a
rise in cortisol levels in the hydrovascular system.

MATERIALS AND METHODS

Collection and Holding Conditions
Individuals of Cucumaria frondosa were collected in the subtidal
zone (10.5-12 m depth) of Tors Cove, Newfoundland and
Labrador (47.2172◦N, 52.8515◦W) during the fall of 2019. To
minimize stress during transport and holding, all individuals
were hand collected by divers and transported at low densities
inside large coolers filled with seawater. Special measures were
taken to ensure that individuals were handled gently and
never exposed to air at any time throughout their relocation.
Individuals were distributed in a 500 L tank supplied with
unfiltered, running ambient seawater at a rate of 250 L h−1.
Sea cucumbers were held in these conditions for a minimum
acclimation period of 2 weeks prior to experimental use. The
water temperature in the holding tank fluctuated naturally over
the annual cycle between 0 and 8◦C, at a salinity around 35 psu,
and a natural photoperiod with peak light intensity of ≤200
lux (measured using Traceable R© Dual Display Light Meter) was
provided through large windows. All individuals fed on natural
seston present in the ambient unfiltered seawater. Only healthy
individuals of medium size (13.5 ± 2.2 cm SD contracted
length) that were firmly attached to the substrate, with tentacles
periodically extended and showing no sign of injuries, were used
in the experiments.

Experiments were conducted in clear bare tanks of 20 L
(267 × 394 × 216 mm), using a single sea cucumber per tank.
Both control and exposure tanks were randomly distributed in
shelves, and all were lined with white corrugated plastic along
the bottom to enhance contrast between the background and the
brown sea cucumbers for time-lapse photography. Illumination
provided by fluorescent lights covered in a mesh shade was
adjusted to 200 lux, as per Gianasi et al. (2015). Black tarps
were used to isolate the tanks from other light sources. Where
applicable, the flow rate in the tanks was set to 42 L h−1. Sea
cucumbers were always moved from holding to experimental
tanks inside 1-2 L large beakers filled with seawater to keep them
submerged at all times; surgical gloves were used as needed to

avoid touching them directly. The exposure treatments began
directly following relocation.

To assess both the acute and carry-over effects of stressors,
five control and five exposed individuals for each treatment
group were processed at two points, the first was immediately
after 1 h exposure to the stressor (described below) and the
second was following 1 h of exposure to the stressor plus a
recovery period of 23 h under control conditions (similar to
holding conditions) totaling a 24 h treatment. After the exposure
and recovery (after 1 h and 24 h, respectively), all individuals
were first photographed and their whole-body wet weight (after
draining for 3 min on paper towel), mid-length circumference
and contracted length were recorded.

Treatments
Air Exposure Treatments
Two air temperatures were tested using bare tanks: 17 and 5◦C.
The higher setting (16.8 ± 0.6◦C) is typically experienced by sea
cucumbers at capture and during offloading in summer; and was
achieved by keeping the tanks at room temperature. The lower
setting (5.2 ± 0.8◦C) is experienced by sea cucumbers stored
in ship hauls and refrigerated trucks during transport to the
plants, as per Gianasi et al. (2016). It was achieved by placing
the experimental tank into a larger 40-L vessel filled with crushed
ice (Supplementary Figure 1). During both experiments, the
temperature was recorded using a digital thermometer (Zacro R©,
Model FBA_ZDT1-AUX-1). To minimize desiccation of sea
cucumber epithelia and reduce air movements, a lid was used
to seal and keep the humidity inside the bare tanks at ∼91%,
measured with a hygrometer/thermometer (Thomas scientific
Traceable R©). The controls for each of the two air-exposure
treatments consisted of five individuals transferred to separate
seawater-filled tanks under environmental conditions similar to
holding tanks (described above; mean of 7.3◦C).

Salinity Exposure Treatments
Two salinities commonly experienced by sea cucumbers
during transport post-harvesting were tested (15 and 22 psu)
and compared to ambient salinity typical off the coast of
Newfoundland (control, 35 psu). To reduce the salinity, natural
seawater at 35 psu was mixed with filtered, demineralized
freshwater until the desired level (measured with a Milwaukee
MA871 Refractometer) was reached (Supplementary Figure 1).
As salinity experiments were conducted under static conditions,
dissolved oxygen (O2) was measured periodically (OaktonTM

DO Six + Meter) to ensure its levels remained optimal and
comparable to flow-through conditions for the duration of the
exposure period. Under salinities of 35, 15 and 22 psu, the
dissolved oxygen levels were 104.2 ± 8.6% SD, 91.7 ± 8.5% SD,
and 98.3 ± 12.1% SD, respectively, i.e., in the range of normoxia
and well above hypoxia (Suh et al., 2014; Huo et al., 2018, 2019).

Biomarker Analyses
Cellular Markers (Free and Aggregated
Coelomocytes)
The body wall of each sea cucumber was opened longitudinally
from anus to mouth between two rows of tube feet using scissors
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or a scalpel, keeping the incision shallow to avoid puncturing
the hydrovascular system and allow the removal of an intact
Polian vesicle (PV). While drawing fluid across the body wall
using a syringe has commonly been used (e.g., Fontaine and
Lambert, 1977; Galimany et al., 2018; Hou et al., 2019), this
blind technique does not guarantee that only coelomic fluid
is sampled because the respiratory tree, intestine, gonad, and
hydrovascular system can be accidentally punctured during the
process. On the other hand, the PV has not only been shown to
provide a suitable source of coelomocytes and their aggregates
for quantitative assessments (Li et al., 2019; Caulier et al., 2020;
Hamel et al., 2021), but it has two major advantages: (i) it ensures
the collection of fluid holding uncontaminated coelomocytes
and aggregates, and (ii) it standardizes the origin and volume
of samples across individuals, for increased reproducibility. The
whole PV was emptied into a 25 mL Falcon tube to record fluid
volume. To determine the number and type of coelomocytes,
the fluid was resuspended using a mini vortexer (MV 1 from
IKATM) for 3 s and 10 µl was loaded in an hemocytometer
(Neubauer, LW Scientific). Contrary to conventional protocol,
the coverslip was placed on the chamber after (rather than
before) it was loaded to make sure naturally formed coelomocyte
aggregates would enter the chamber. Because clotting is a main
issue when working with coelomocytes (Smith et al., 2018;
Caulier et al., 2020), the samples had to be analyzed immediately
after sampling (within 5 min). It should also be noted that
the use of anticoagulants (like ethylenediamine tetraacetic acid)
was explored as a possible solution to coelomocyte clotting
post extraction. However, anticoagulants can cause pre-existing
coelomocyte aggregates to break down, creating bias in the
results. Free coelomocytes (individual cells) and aggregates
(coelomocytes found in groups or clumps) were measured (Feret
diameter; i.e., the longest possible diameter) and photographed
under a light microscope (Nikon Eclipse 80i) coupled to a digital
camera (Olympus DP73). Identification of free coelomocyte types
was based on Caulier et al. (2020) for Cucumaria frondosa,
complemented by studies of other holothuroids (Chia and Xing,
1996; Smith et al., 2018). Phagocytes were subdivided in two
categories, i.e., inactive (pseudopodial fans still wrapped around
the nucleus also known as the bladder form; Supplementary
Figure 2A), and active (microtubule fans extended as petaloid or
filapodial forms; Supplementary Figures 2B,C; Kindred, 1924).
The presence of morula cells, fusiform cells, and crystal cells was
also assessed (Supplementary Figures 2D–H).

The coelomocyte aggregates were divided in two classes: small
and large, which corresponded nearly perfectly with early and
mature forms, respectively, based on the classification proposed
by Caulier et al. (2020). The small aggregates were characterized
by a diameter <200 µm and mostly composed of translucent
coelomocytes (with minimum size of ∼5 µm in diameter).
These small aggregates were counted using a hemocytometer
(method described above). Large aggregates were composed of
coelomocytes grouped in reddish clumps measuring ≥200 µm
in diameter (maximum size of 6600 µm in Feret diameter).
Because these aggregates were too large to be analyzed with the
hematocytometer, a 2 mL subsample of PV fluid was diluted with
10 mL of filtered seawater and poured into a gridded Petri dish

(square, 36 grids, 10000 mm2). Large aggregates were counted
in five grid sections selected by a random number generator
(CalculatorSoup©).

Hormonal Marker (Cortisol)
Two subsamples of fluid (1 mL) from the extracted PV fluid
were transfer into separate Eppendorf vials and stored at −80◦C
within 10 min of extraction, to be used for cortisol analysis.
The frozen subsamples were thawed, and their pH lowered to
1.5 – 2.0 using 0.5 M HC1 before washing once with 4 mL of
undiluted methylene chloride, following standard procedure for
a competitive cortisol ELISA assay (Cayman Chemical – Item
500360). To wash, methylene chloride was added to the fluid
sample and vortexed for 5 s. After being allowed several minutes
to separate, the clear bottom layer of methylene chloride was
removed, and the remainder was evaporated under a nitrogen
stream before adding 250 µL of ELISA buffer. Preparation of
assay-specific reagents followed the ELISA kit protocol (Cayman,
Item No. 500360). Before plating, each sample of extracted
cortisol was centrifuged at 4000 rpm for 5 min. A 96-well plate
was used to run all reagents and samples in duplicate (e.g.,
experimental samples, the 9-point standard curve, blank, total
activity, non-specific binding, and maximum binding wells).
Following standard protocol, the plate was left to incubate
for 24 h, washed and then shaken on an orbital shaker for
90 min. The plate was then shaken mechanically for 3 s on
the microplate reader (Molecular Devices SpectraMax R© M5) and
read using a wavelength of 420 nm and the SoftMax R© Pro v7.1
software. Data were analyzed using an Excel program designed
by Cayman Chemical for this ELISA kit and publicly available
(ELISADouble1). Any readings outside the standard curve were
removed as per Binder et al. (2019).

Behavioral Markers
Force of Attachment and Cloacal Opening
The force of attachment of the sea cucumbers to the substrate
was quantified by attaching a zip tie to the mid-circumference
of the body and pulling perpendicularly with a spring balance
(Ohaus R©, Model 8008-MO) as per Hamel et al. (2019). The
weight necessary to detach the individual was converted to
force in Newtons (1 N = 101.9716 g). To quantify cloacal
opening rhythm in Cucumaria frondosa, based on the work
of Gianasi et al. (2015), the frequency of opening/closing of
the anus (inspiration/expiration) was visually assessed for seven
min in triplicates.

Behavioral Scores
All other behavioural activity levels measured over the recovery
period (Supplementary Table 1) were monitored using time-
lapse videography. Two cameras were used (Brinno TLC 200
Pro and Brinno MAC 200 DN) combined with infrared lighting
(ICAMI IR Illuminators, 96 pcs), which allowed continuous
recording (night and day). They were mounted above the tanks to
capture the entire experimental arena and set to take one picture
every 10 s, which were automatically stitched into clips by the
camera software. Each metric (i.e., movement and speed, degree

1https://www.caymanchem.com/analysisTools/elisa
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of attachment to the substrate, body inflation) was assigned a
cumulative score on a scale from 0–4, with 0 indicating baseline
levels (normal shape, immobile, firmly attached to the substrate
with tentacles either extended or retracted) and 4 indicating
extreme behavior [ABA or full inflation of the body cavity,
tentacle retraction combined with complete detachment from
the substrate, as per Hamel et al. (2019)]. Intermediate scores
(0.5–3.5) reflected the extent to which one or more parameters
were affected, including body contractions, locomotion or rolling,
bloating of the body wall with or without ambulacral podia
extended (details in Supplementary Table 1).

Data Analysis
Two-way analysis of variance (ANOVA) was conducted for each
treatment (17, 5◦C, 15, 22 psu) to compare the cellular and
hormonal data over both the exposure (exposed vs. control) and
time (1 h vs. 24 h). All assumptions for parametric tests were met
and any metrics of significance were investigated using pairwise
comparison (Holm-Sidak method). Any extreme outliers were
removed within each category provided that their removal did
not change any overarching trends. The results from control
individuals in the cortisol treatment group were not significantly
different and were pooled together. All tests were performed
with SigmaPlot statistical software and evaluated using α = 0.05
to indicate strong significance, although p-values < 0.1 were
noted as potential indicators of moderate significance based on
Fisher’s sorting method (Fisher, 1934). This approach is based on
calls from statisticians to move away from arbitrary measures of
significance (Yoccoz, 1991; Wasserstein and Lazar, 2016; Dushoff
et al., 2019; Wasserstein et al., 2019).

To calculate percent increase in cell densities relative to
baseline, the difference between the initial and final density
in each exposed individual was divided by the mean baseline
(control) cellular density, multiplied by 100 and averaged
(mean ± SD). For comparisons of cell densities across time
points, the difference between the means of each group were
compared as a percentage.

RESULTS

Cellular Markers
Free Coelomocytes
Individuals exposed to stressors, globally displayed higher
densities of free coelomocytes in the PV fluid than their respective
controls (Figure 1). Specifically, an increase in coelomocyte
density occurred after 1 h in three of the four treatments (17◦C
air, 15 and 22 psu salinities, Figures 1A,C,D) while it occurred
only after 24 h under the 5◦C air treatment (Figure 1B; for
statistics see Supplementary Table 2). All treatments except
22 psu generated a greater departure from baseline coelomocyte
densities after the recovery period (24 h) than immediately after
exposure (1 h) (Figure 1 and Supplementary Table 3).

Analysis of coelomocyte types showed that the most abundant
were the phagocytes in all control and treatment groups
(Figure 2). They represented 81.3 ± 8.8% of free coelomocytes
after 1 h and 92.0 ± 2.8% after 24 h under 17◦C air exposure

(Figure 2A). Similar proportions were also seen under 5◦C air,
and both salinities (Figures 2B–D). In comparisons with baseline
levels, phagocyte densities under 17◦C air exposure were higher
after both 1 h and 24 h, with peak increase occurring in the
latter (216.7 ± 84.3%; F1,23 = 4.45, p = 0.046; Figure 2A).
In air at 5◦C, phagocyte densities showed no departure from
baseline after 1 h (Figure 2B) and were 88.0± 75.4% higher after
24 h; this increase was too variable to be supported statistically
(F1,25 = 1.15, p = 0.30; Figure 2B). When sea cucumbers were
exposed to 15 or 22 psu salinity, phagocyte densities showed no
clear departure from baseline (Figures 2C,D).

Looking at other coelomocyte types, when sea cucumbers
were exposed to 17◦C air, the density of fusiform cells showed a
variable increase of 140.0± 309.8% after 1 h and 114.3± 327.3%
after 24 h (F1,23 = 1.05, p = 0.32; Figure 2A). Both morula
and crystal cells, which were absent from the controls, appeared
in low numbers after 1 h (Figure 2A). Despite the fact that
the density of morula cells remained higher than baseline after
24 h, the crystal cells disappeared (Figure 2A). After 1 h under
5◦C air, the fusiform cell densities remained comparable to
baseline, but densities of morula and crystal cells were higher
by 50 ± 41.7% and 100.0 ± 122.2%, respectively, (F1,25 = 0.71,
p = 0.41; F1,25 = 4.66, p = 0.040; Figure 2B). When exposed to
15 psu salinity, the fusiform cells increased after 1 h, the morula
cells (absent in the controls) became detectable (35,000 ± 19,512
cells; F1,16 = 0.48, p = 0.50; t = 2.67, p = 0.0.016, respectively) and
no crystal cells were recorded after 1 h. After 24 h, the fusiform
and morula cells disappeared (Figure 2C). At 22 psu, the morula
cells increased compared to controls after 1 h (F1,20 = 2.96,
p = 0.10; Figure 2D). However, the fusiform cells decreased by
49.4± 133.9% relative to baseline and no crystal cells were noted
(Figure 2D). After 24 h, the fusiform cells were slightly higher
than baseline, morula cells showed an increase of 188.0± 245.6%
(F1,20 = 0.0030, p = 0.96; F1,20 = 1.51, p = 0.25), and the crystal
cells appeared for the first time in low numbers (∼2000 cells).

Phagocytes were further subdivided into inactive and active
cells. After 1 h under 17◦C air exposure, the inactive
forms represented roughly half that of exposed individuals
(32.6 ± 20.8%; F1,23 = 3.86, p = 0.061; Figure 3A). After 24 h,
proportions were similar in controls and exposed individuals
(Figure 3A). An increase in inactive phagocytes was observed
under 17 and 5◦C air after 1 h, at 15 psu salinity after both 1 and
24 h and at 22 psu after 24 h only (Figures 3B,C). Inverse trends
were noticed under 5◦C air exposure after 24 h and at 22 psu
salinity after 1 h, whereby the percentage of inactive phagocytes in
exposed individuals compared to controls decreased although not
significantly from 53.2 ± 27.6% to 36.3 ± 26.1% and 57.1 ± 19.6
to 43.8± 37.7%, respectively (t = 0.11, p = 0.92; t = 1.64, p = 0.12;
Figures 3B–D).

Small Coelomocyte Aggregates
In groups exposed to 17◦C air, the density of small (early
stage) aggregates increased by 38.3 ± 45.6% after 1 h (t = 2.73,
p = 0.012) and returned to baseline values after 24 h (Figure 4A
and Supplementary Table 2). Inversely, under 5◦C air exposure,
small aggregate densities were similar between control and
treatment groups after 1 h but were 91.5 ± 81.9% higher in
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FIGURE 1 | Density of free coelomocytes in fluid of the Polian vesicle (mean ± SD, n = 5–10) after exposure of sea cucumbers to (A) 17◦C air (B) 5◦C air (C) 15 psu
salinity and (D) 22 psu salinity. The asterisk (*) indicates significant differences between control and exposed individuals (p < 0.05) at each time point. There is no
statistical difference between treatment groups at different time points (p > 0.05). Arrow indicates severe and mild stressors relative to the control. Measurements
were made immediately after the exposure (1 h) and after a 23 h recovery period (total of 24 h). Main statistical results are shown in Supplementary Table 2.

exposed individuals after 24 h (F1,16 = 3.86, p = 0.061; Figure 4B).
In individuals exposed to 15 psu salinity, the small aggregates
increased compared to controls after 1 h (F1,16 = 0.070, p = 0.80)
and fell to control levels after 24 h. The trend was inversed
at 22 psu, where densities of small aggregates in individuals
hovered around baseline after 1 h, and the difference amplified
to 196.4 ± 59.9% after 24 h (t = 2.39, p = 0.028; Supplementary
Table 2 and Figure 4D).

Large Coelomocyte Aggregates
Densities of large (mature stage) aggregates were overall quite
variable. Under 17◦C air exposure, the density fluctuated around
baseline after both 1 and 24 h (Figure 5A and Supplementary
Table 2). Under 5◦C air, no clear departure occurred after 1 h
but densities were 159.6 ± 411.0% higher after 24 h (Figure 5B;
t = 1.7, p = 0.10). In the salinity treatments, individuals
exposed to 15 psu displayed an increase in large aggregates
by 500.0 ± 300.0% after 24 h only (F1,12 = 0.049, p = 0.83;
Figure 5C), whereas individuals exposed to 22 psu showed
elevated densities both after 1 h exposure and 24 h recovery, by
33.3± 103.3% and 100.0± 282.8%, respectively (Figure 5D).

Hormonal Marker
Overall, cortisol levels in the PV were variable but increased in
all treatments after 1 h, except exposure to air at 5◦C (Figure 6
and Supplementary Table 2). This increase was statistically

significant when individuals were exposed to 17◦C air, passing
from a mean of 25.2 pg mL−1 in controls to 112.0 pg mL−1 under
the stressor (an increase of ∼345%; Figure 6A). Values returned
to baseline after 24 h (Figure 6A). Under 5◦C air, no cortisol
increase was noted at any time point (Figure 6B). In individuals
exposed to 15 psu, mean cortisol level was 21.6 pg mL−1 under
control and 33.0 pg mL−1 under the stressor (representing an
increase of ∼64%); values remained elevated until the end of
the experiment (Figure 6C). In individuals exposed to 22 psu
salinity, the mean cortisol level after 1 h showed an increased
from 14.6 pg mL−1 in the control to 54.9 pg mL−1 under the
stressor (∼276%; Figure 6D). Values remained higher than in
controls until the end of the experiment (Figure 6D).

Behavioral Markers
Cloacal Opening Rhythms and Force of Attachment
to the Substrate
All sea cucumbers that were used for the experiments showed
around 1.5 cloacal openings min−1 in holding conditions
(Supplementary Figure 3). When they were exposed to air,
regardless of temperature, an interruption of the cloacal
movements was noted, with their anus closed most of the
time (Supplementary Figure 3A). However, release of water
from the respiratory tree was observed on a regular basis, with
no air intake during the process in all emersed individuals.
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FIGURE 2 | Number of free coelomocytes (separated by cell type) per mL of fluid in the Polian vesicle fluid of sea cucumbers (mean ± SD, n = 5–10) following
exposure to (A) 17◦C air, (B) 5◦C air, (C) 15 psu salinity, and (D) 22 psu salinity. Values on the left axis correspond to the density of phagocytes and values on the
right axis correspond to the density of fusiform, morula and crystal cells (note the order of magnitude difference in scales). Measurements were made immediately
after the exposure (1 h) and after a 23 h recovery period (total duration of 24 h). Arrow indicates severe and mild stressors relative to the control.

When these individuals were resubmerged in seawater for the
recovery period, cloacal opening resumed and increased from
0 to 1.9 and 0 to 2.2 openings min−1after 1.5 h for 17 and
5◦C treatments, respectively, (Supplementary Figure 3A). At
times 2 and 3 h, individuals exposed to 17◦C air exhibited
cloacal opening rhythms that were 11 to 23% faster than controls
(t = 5.79, p < 0.001; t = 5.46. p < 0.001). Values decreased
to 2 openings min−1 after 23–24 h and were too erratic to
clearly differ from control values (t = 2.27, p = 0.29; t = 2.71,
p = 0.11). Under 5◦C air, cloacal movements were faster than
controls after 2 h at 2 openings min−1 but decreased back to
control values after 2.5 and 3 h, remaining low at 1.5 opening
min−1 until the end of the recovery period (t = 1.90, p = 0.69;
t = 0.99, p = 0.99; t = 0.85, p = 0.98; t = 0.58, p = 0.98,
respectively). Individuals exposed to salinities of either 15 or
22 psu demonstrated an immediate decrease in cloacal opening
rates relative to the baseline, from 1.41 to 0.86 and 1.0 openings
min−1 for 15 and 22 psu, respectively (F1,77 = 1.95, p = 0.057;
t = 5.16, p < 0.001). After 1 h, the rhythm remained low at 1.0
openings min−1 under 15 psu but was higher at 1.4 openings
min−1 under 22 psu (t = 3.94, p = 0.0060; Supplementary
Figure 3B). From 1.5 h, individuals exposed to 22 psu exhibited
baseline values until the end of the experiment (t = 1.28, p = 1.00).
Under 15 psu, the average rate of cloacal opening remained
low for the duration of the exposure to lowered salinity (0.8
openings min−1). After transfer to the recovery tank, cloacal
openings started to increase, peaking at about 1.6 openings

min−1 after 2 h. Cloacal opening rhythm returned to baseline
levels by 2.5 h and remained stable until the end of the recovery
(Supplementary Figure 3B).

Under both air treatments (17 and 5◦C) the sea cucumbers
remained unattached to the substratum over the 1 h exposure,
resulting in a null force of attachment (0 N; Supplementary
Figure 4). Under low salinity treatments, sea cucumbers showed
a force of attachment of 0 N at 15 psu and 0.41 ± 1.00 N
at 22 psu (Supplementary Figures 4C,D). After the recovery
period, individuals in both air exposure treatments had returned
to control values (17◦C, 2.86 ± 2.53 N; 5◦C 2.65 ± 1.93 N;
control, 2.71 ± 1.90 N). However, individuals exposed to 15 and
22 psu salinities did not return to control levels, showing values
of 1.23± 2.35 N and 2.53± 3.26 N, respectively, after 24 h, which
were lower than controls (6.60± 8.08 N).

Behavioral Scores
Immediately after transfer to the 5 or 17◦C air treatment (time 0),
individuals showed increased activity scores compared to control
individuals (Figure 7A). Individuals had stronger behavioral
responses after 0.5 h, with scores up to 2.3 at 17◦C and 1.5
at 5◦C. While the scores remained high after 2.5 h under
17◦C air, individuals exposed to 5◦C air returned to control
values after 1.5 h and remained thus until the end of the
experiment. Individuals exposed to 17◦C returned to baseline
values after 3 h. Individuals exposed to both 5 and 17◦C air
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FIGURE 3 | Proportion of phagocytes (active vs. inactive) per mL of Polian vesicle fluid (mean ± SD, n = 5–10) following exposure to (A) 17◦C air, (B) 5◦C air, (C)
15 psu salinity, and (D) 22 psu salinity. Measurements were made immediately after the exposure (1 h) and after a 23 h recovery period (total duration of 24 h). Arrow
indicates severe and mild stressors relative to the control.

showed minimum scores values of 0.5 after 23.5–24 h, similar to
controls (Figure 7A).

The behavioral scores of individuals exposed to 15 psu salinity
showed an increased from time 0 to a maximum after 2.5–3 h;
subsequently the scores decreased slowly to values around 1.4
after 23.5–24 h, still higher than controls (Figure 7B). Individuals
exposed to 22 psu salinity exhibited a sharper increase in scores
over the first 1.5 h. The scores stabilized after 2 h and slightly
decreased to reach 1.7 after 3 h. At the end of the recovery
period (23.5 and 24 h), a few individuals still demonstrated slow
movement, keeping the average scores around 1.4 for 15 psu and
0.5 for 22 psu, which were higher than controls (Figure 7B).

DISCUSSION

Unlike most other marine species of commercial value, e.g.,
fishes, crabs, lobsters, shrimps, scallops, mussels, and sea urchins,
sea cucumbers are not protected by any scales or hard exoskeleton
that may buffer sudden environmental changes. Thus, exposure
to air during natural events (e.g., washing ashore after storms)
or fishing activities and exposure to salinity drops during
spring thaw or live storage on ice (Gianasi et al., 2016; Hamel
et al., 2019) represent acute challenges for soft-bodied sea

cucumbers. In addition, sea cucumbers may undergo autolysis
when they are stressed (Sun et al., 2012; Qi et al., 2016). Any
deterioration of the body wall and underlying collagenous and
muscle tissues, which together constitute the chief marketable
products of sea cucumbers, will likely translate into commercial
products of a lower grade (Purcell, 2014). In the present
study, the response of the sea cucumber Cucumaria frondosa
to realistic environmental stressors showed cellular, hormonal,
and behavioral activity levels that related proportionally to the
severity of the stressor. The greater the departure from optimal
salinity and temperature conditions determined for the species
(Hamel and Mercier, 1996), the stronger the response recorded,
showing possible physiological and biological strategies that
would confer resilience.

The results presented here are comparable to those of Wang
et al. (2008) where the sea cucumber Apostichopus japonicus
experienced greater challenges to its immune capacity (including
phagocytic abilities and respiration) when exposed to increased
water temperature than when exposed to low water temperature
and lowered salinity. Here, emersion at the highest temperature
and immersion at the lowest salinity elicited the greatest
increase in free coelomocytes after 1 h, and subsequent spike
in small aggregates, cortisol level in the coelomic fluid and the
most dramatic change in cloacal opening rhythm (irrigation
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FIGURE 4 | Density of small aggregates in fluid of the Polian vesicle (mean ± SD, n = 5–10) after exposure of sea cucumbers to (A) 17◦C air (B) 5◦C air (C) 15 psu
salinity and (D) 22 psu salinity. The asterisk (*) indicates significant differences between control and exposed individuals (p < 0.05) at each time point. There was no
statistical difference between treatment groups at different time points (p > 0.05). Arrow indicates severe and mild stressors relative to the control. Measurements
were made immediately after the exposure (1 h) and after a 23 h recovery period (total of 24 h). Main statistical results are shown in Supplementary Table 2.

of respiratory tree), indicating they were most stressful for
Cucumaria frondosa. These severe treatments could result in
more energy expenditure to cope with tissular damages, as
suspected by Gianasi et al. (2016) or other internal fluctuations
through processes like the removal of dead cells. A flight reaction
was shown to be elicited by the moderately low salinity (22 psu)
in this species (Hamel et al., 2019) but not by the lowest salinity
(15 psu), likely because it is below the tolerance threshold.
Accordingly, C. frondosa was described to occur in brackish
zones of the St. Lawrence Estuary (Québec, eastern Canada)
but never below 22–25 psu (J-F Hamel, personal observation in
Port-au-Saumon and Grande-Bergeronne).

Exposure to suboptimal conditions, even to the most severe
treatments discussed above, did not generate visible damages
but instead activated an arsenal of specific defenses. Lack of
visible lesions is possibly due to the short exposure time, i.e., not
sustained enough to completely overwhelm defense mechanisms
in Cucumaria frondosa. A closer look at the various cell types
involved provides some interesting insight. For instance, both
exposure to air and lower salinities triggered an increase in
phagocytes similar to results presented by Caulier et al. (2020)
after injection of foreign particles and following trawl collection.
Phagocyte counts also aligned with the cellular reaction reported
by Hamel et al. (2021) who exposed C. frondosa to the predatory
sea star Solaster endeca. Phagocytes were previously described as
immune cells involved in phagocytosis of pathogens and in the

release of humoral agents (Beck and Habicht, 1996; Rinkevich
and Müller, 1996; Xue et al., 2015), suggesting that a form
of internal damage occurred in sea cucumbers exposed to the
most severe stressors in the present study. Fusiform cells in
C. frondosa increased most markedly during emersion, as shown
in A. japonicus by Xing et al. (2008), however, the function of
these cells in echinoderms is still unknown (Söderhäll, 2010).
Studies of fusiform cells in bivalves suggest that they aid in
wound healing (Sparks, 1976), which may be occurring in the
most directly exposed tissues of C. frondosa like the ambulacral
podia and epithelium of the respiratory tree (both part of the
hydrovascular system). Morula cells spiked during emersion
under both air temperatures and immersion in low salinity,
similar to a study by San Miguel-Ruiz and García-Arrarás (2007)
on the sea cucumber Holothuria glaberrima who documented
increasing densities of those cells in direct response to body-
wall injuries. Moreover, Byrne (1986) indicated that morula
cells multiplied in individuals of Eupentacta quinquesemita
exposed to physical abrasion and hypothesized that these cells
provide the foundation for tissue repair. Consequently, the
proliferation of these cells may be triggered by many types of
challenges, including in response to emersion and exposure to
low salinity. Moreover, these cells reportedly secrete humoral
effectors responsible for pathogen detection (Byrne, 1986; Melillo
et al., 2018) suggesting that increasing density results directly
from immune stress. Crystal cells in sea cucumbers were
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FIGURE 5 | Density of large aggregates in fluid of the Polian vesicle (mean ± SD, n = 5–10) after exposure of sea cucumbers to (A) 17◦C air (B) 5◦C air (C) 15 psu
salinity and (D) 22 psu salinity. The asterisk (*) indicates significant differences within one treatment group (p < 0.05), however, pairwise comparisons showed no
statistical significance between control and exposed individuals at either time point (1 and 24 h). There was no statistical difference between treatment groups at
different time points (p > 0.05). Arrow indicates severe and mild stressors relative to the control. Measurements were made immediately after the exposure (1 h) and
after a 23 h recovery period (total of 24 h). Main statistical results are shown in Supplementary Table 2.

previously suggested to play a role in osmoregulation (Eliseikina
and Magarlamov, 2002). Xing et al. (2008) mentioned that
osmotic pressure changes triggered a reversible crystallization of
the intravacuolar material in crystal cells, thereby normalizing
the osmotic pressure. However, these cells did not display
any detectable change or proliferation in C. frondosa during
exposure to any of the low salinity treatments. In fact, the
only condition where an increase in crystal cells was noticed is
exposure to cold air, downplaying any role in osmoregulation,
at least in C. frondosa. Importantly, holothuroids do not have
integral osmoregulation mechanisms and are found strictly in
marine environments (Russell, 2013). Despite this, some species
like Holothuria scabra can colonize brackish areas and sustain
freshwater runoff during rainy seasons, although they cope by
burrowing into the sediment (Mercier et al., 1999). On the other
hand, C. frondosa occurs exclusively on the surface of rocky
substrata and consequently cannot burrow to withstand salinity
drops. Instead, they can use active buoyancy behavior to roll
or float away with the current (Hamel et al., 2019), likely to
limit exposure time.

Despite the fact that phagocytes were the most common
coelomocytes found in the coelomic fluid of the Polian vesicle
in both control and exposed individuals of Cucumaria frondosa,
these cells were not always found in their active form, which was
presumed to correspond to the active form reported by Kindred
(1924). Surprisingly, elevated numbers of active phagocytes were

only present in individuals exposed to a salinity of 22 psu
and not in the other treatments. Caulier et al. (2020) showed
that the finite pool of available free phagocytes (demarginated)
in the hydrovascular fluid of C. frondosa can decrease rapidly
as they aggregate around foreign particles. In line with this
principle, individuals exposed to the most severe stressors
in the present study exhibited the lowest number of active
phagocytes, suggesting that they were utilized to form aggregates,
as supported by the higher number of small aggregates under
those conditions. In contrast, at 22 psu, it is possible that a
lower demand for tissue repair/healing was sustained by the
pool of active and inactive phagocytes already available in the
hydrovascular fluid.

Under most conditions tested, free coelomocytes had formed
small and large aggregates immediately after the 1-h exposure.
These aggregates were described as the precursor step in the
expulsion of foreign particles, damaged cells, and pathogenic
materials, both from the hydrovascular system and the periviceral
coelom (Caulier et al., 2020). Jans et al. (1995) showed formation
of “brown bodies” (i.e., aggregates in the present study) in the sea
cucumber Holothuria tubulosa within 24 h of the initial immune
challenge. Similarly, cell aggregations were noticed after 24 h in
the sea urchin Strongylocentrotus droebachiensis (Majeske et al.,
2013) and after 5 h in the sea star Asterias rubens (Gorshkov
et al., 2009). In Cucumaria frondosa, their presence was noticed
as early as within 1 h of exposure, suggesting that clumping
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FIGURE 6 | Cortisol concentration (pg mL-1) after exposure of sea cucumbers to (A) 17◦C air (B) 5◦C air (C) 15 psu salinity and (D) 22 psu salinity. The asterisk (*)
indicates significant differences within one treatment group (p < 0.05), in this case (A) the concentration between control individuals and those sampled at the 1 h
mark was significantly different as well as the cortisol concentration between those sampled at 1 and 24 h. There was no statistical difference between the control
and exposed individuals after 24 h (p > 0.05). Arrow indicates severe and mild stressors relative to the control. Measurements were made immediately after the
exposure (1 h) and after a 23 h recovery period (total of 24 h). Main statistical results are shown in Supplementary Table 2.

occurred concurrently with the increase of free coelomocytes,
i.e., almost immediately upon exposure to the stressor and faster
than what was expected based on previously published works.
It can be assumed that dead cells from tissue damage were
being packaged for expulsion. This occurred in all conditions
except emersion in cold air, possibly indicating that the latter
generates less immediate damage than the other acute conditions
tested. Accordingly, Gianasi et al. (2016) suggested that keeping
C. frondosa damp, outside water, at 4–5◦C would yield the
least severe tissue damage and highest survival rate during
transport from the wharfs to the plants. Here, sea cucumbers
emersed at cold temperature also showed the slowest cloacal
openings rhythm (upon being immersed again), even below
controls, suggesting they rapidly resumed a resting state. This
trend is substantiated by the behavioral scores; i.e., individuals
exposed to warm air temperature reached peak scores early
during the experiment (indicative of stress), in contrast to
individuals exposed to cold air, which maintained scores similar
to baseline values.

As anticipated, the cellular immune responses in Cucumaria
frondosa mirrored the increasing trend in cortisol levels recorded
under the most severe stressors tested. While previous studies
have described a cortisol increase in sea cucumbers (A. japonicus)
exposed to stressors (Hou et al., 2019) or reported rises
in coelomocytes and in cortisol under stress (Chen et al.,
2018a,b; Hou et al., 2019), to our knowledge a link between
the two factors has never been reported, although hormone

research in vertebrates has shown that glucocorticoids (including
cortisol) are the regulators of immune responses (i.e., increase
in leukocytes and granulocytes; Ince et al., 2019). While the
correlation between the rises in cortisol and in coelomocyte
densities remains fragmentary in the present study, it highlights
the need to tease out the link between the cellular and hormonal
responses in Holothuroidea. Recently, Hou et al. (2019)
determined that peak cortisol levels in A. japonicus were reached
several hours into emersion and then slowly dropped toward
baseline levels over the following 20 h. In C. frondosa the rise in
cortisol could be necessary to generate a pool of free coelomocytes
from their marginated (i.e., attached to the body wall) forms,
as seen in Caulier et al. (2020). In line with this, cortisol
increases were noticed in three of the four conditions tested,
but emersion in warm air generated the most defined trend,
which in combination with the other biomarkers (behavioral and
cellular), points to this being the most detrimental treatment
tested. In support, So et al. (2010) demonstrated that water
temperatures above 18◦C were deleterious for juveniles and
adults of C. frondosa. Inversely, emersion in cold air coincided
with a minimal cellular response, no measurable cortisol increase,
and mild behavior scores, reinforcing that it is not an immediately
threatening condition, at least for a short time, as suggested by
Gianasi et al. (2016) in the study of transport methods.

Based on most markers measured after 23 h of recovery post
exposure, it emerges that stressors may have long-lasting effects
(i.e., beyond 24 h) on the wellbeing of sea cucumbers. Small
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FIGURE 7 | Behavioral intensity (0 = resting/baseline state, 4 = maximum stress) in Cucumaria frondosa at various time points (–0.5 h = negative control,
0–24 h = positive control). (A) Comparison between controls and individuals exposed to 17 and 5◦C air (±SD, n = 6). (B) Comparison between controls and
individuals exposed to 15 and 22 psu salinity (mean ± SD, n = 4–6).

aggregates showed an increase during recovery from cold air
emersion and low salinity, and large aggregates multiplied during
recovery from all conditions. There was no mortality in any
of the treatments, but the presence of cell aggregates underlies
the expulsion of materials resulting from infections or damaged
tissues. Strangely, the stressors that elicited the mildest acute
responses after 1 h (cold air and 22 psu salinity) yielded the
highest counts of small and large aggregates during recovery,
either due to a delayed response to the stress or to secondary
infections. Inversely, the most severe acute responses (warm air
and 15 psu) corresponded to the lowest aggregate counts during
recovery, possibly because the immune response peaked earlier
and had already begun to wane. It must be emphasized that
while the stressors tested here reflected common harvesting and
handling practices, the temporal scale is a conservative estimate
of what sea cucumbers could endure over the preprocessing
period, which may last 48 h – 1 week (Gianasi et al., 2016; S.
Jobson, personal communication). Prolonged exposures to stress
may lead to more severe damage and possibly more drastic
immune responses, which may in turn translate into mortality
and into economic loss (Wu et al., 2013; Qi et al., 2016).

Globally, the present study showed the potential of using
multiple biometrics to characterize the immediate and long-
term effects of stress on economically and ecologically important
species like Cucumaria frondosa. Further studies might seek to
refine the methodologies necessary to integrate the use of cortisol

levels in the coelomic fluid as a rapid non-invasive biomarker
of health in this and other species of invertebrates. Such a
tool would greatly assist the design of sustainable harvesting,
aquaculture and preprocessing protocols. Insights were also
garnered from an ecological standpoint. While the optimal
environmental conditions under which feeding, reproduction
and development occur in C. frondosa are typically oceanic
(Hamel and Mercier, 1996; So et al., 2010), this species
has apparently developed notable capabilities to cope with
harsh, even improbable, conditions in the short term. Such
plasticity may explain its high biomasses and broad distribution
range throughout a diversity of temperate and polar marine
environments (Gianasi et al., 2020).
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