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A B S T R A C T

Flow cytometry (FCM) is routinely used in fundamental and applied research, clinical practice, and clinical
trials. In the last three decades, this technique has also become a routine tool used in immunological studies of
molluscs to analyse physical and chemical characteristics of haemocytes. Here, we briefly review the current
implementation of FCM in the field of molluscan immunology. These applications cover a diverse range of
practices from straightforward total cell counts and cell viability to characterize cell subpopulations, and further
extend to analyses of DNA content, phagocytosis, oxidative stress and apoptosis. The challenges and prospects of
FCM applications in immunological studies of molluscs are also discussed.

1. Introduction

FCM is an extremely powerful method for cell analysis that is fast,
accurate, simple to use and can achieve simultaneous measurement of
multiple cellular parameters. Modern flow cytometers have been
around for over 70 years since the first impedance-based flow cyto-
metry device with an electronic cell volume calculator patented in 1953
[1]. Recent advances in instrumentation, software and fluorochrome
chemistry have led to the emergence of FCM applications in a number
of fields, including haematology [2], food industry [3], virology [4],
pathology [5], plant biology [6], marine biology [7], molecular biology
[8] and immunology [9,10].

In immunological studies, FCM is a standard laboratory tool used for
both fundamental and applied research, especially for clinal studies
[9–11]. Immunologists use FCM to enumerate specific cell subpopula-
tions and measure a diverse number of cytometric parameters, such as
membrane surface and intracellular characteristics, cell death, phago-
cytosis, autophagy, mRNA, transcription factors, signal transduction
pathways, lymphocyte metabolism [10,11]. In molluscan im-
munological research, FCM has been applied to investigate haemocytes
since the 1990s, but mostly in bivalve species [12–16]. The applications
of FCM for gastropods mainly emerged in the 2000s [17,18]. In these
early applications, FCM was primarily used for identification of cell
populations and viability [12,13,16]. Currently, the use of FCM has
been expanded to multiple parameters of molluscan immunology, in-
cluding cell count and viability, cell types, phagocytosis, oxidative

stress, apoptosis, DNA and protein content. However, the number of
FCM parameters used in immunological studies of molluscan species
are limited compared to those used in vertebrate immunology.

This contribution highlights the emerging applications of FCM in
immunological studies of molluscs for morphological and functional
analyses of haemocytes. In addition, we highlight the challenges of
using FCM and perspectives for the future development and application
of this tool in molluscan immunology.

2. Overview of flow cytometry

FCM is a laser-based technique that is used to analyse the physical
and chemical characteristics of cells or particles in a heterogeneous
fluid mixture as they pass through a light source. In principle, cell
components are stained with fluorescently labelled dyes, so that the
quantity of a particular cell component is calculated based on the
fluorescence intensity. When the suspensions of cells are injected into
the flow cytometer, cell components are excited by the laser, which
emits light in a band of wavelengths. Hence, the fluorescence intensity
is measured for each particular cell at the rate of thousands of particles
per second (Fig. 1). This allows rapid and quantitative analysis of cells
in a heterogeneous fluid mixture.

FCM analyses are conducted with different flow cytometric instru-
ments that normally consist of four core components: an illumination
source, a fluidic system, an optical bench, electronics and a computer
control system [19,20]. In brief, the fluidic system transports stained
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cells from a suspension into the laser intercept (light beam) in a single
file for laser interrogation by one or more light sources. These light
sources generate light signals at a specific frequency which are col-
lected, filtered and directed by the optical system to photodetectors.
The photodetectors, in turn, measure scatter light signals and convert
them into electronic signals which are converted by the electronics
system to data for storage, visualization and subsequent analysis by
software [20] (Fig. 1). There are two measurements of light scatter by
two optical detectors, including forward scatter (FSC) and side scatter
(SSC). FSC scatters along the path of the laser which allows identifi-
cation of cells by size. The measurement of SSC is at a 90° angle relative
to the laser which is helpful for identification of the internal complexity
(e.g., granularity) of a cell. The combination of FSC and SSC allows
physical sorting a heterogeneous cell mixtures into different popula-
tions in specialized flow cytometers with sorting capabilities [21].
Another type of light used in FCM for cell sorting is fluorescent light. It
is emitted by fluorophores that have been stained with a specific
structure on the cell.

In FCM, cells need to be labelled with fluorescent reagents which
include a wide range of commercially available dyes, stains, mono-
clonal antibodies (mAbs) and quantum dots (QDs). A fluorochrome
(fluorophore or simply flours) is a fluorescent chemical compound that
absorbs and re-emits light of different wavelengths upon excitation.
Fluorophores are typically directly coupled to antibodies to create la-
belled antibody regents (fluorophore-conjugated antibodies). There are
a number of commonly available fluorochromes in the market, such as
fluorescein isothiocyanate (FITC), peridin chlorophyll protein (PerCP),
allophycocyanin (APC) and phycoerythrin (PE) [10]. There are other
specific dyes for cell functional studies, such as DNA dyes (e.g., ethi-
dium bromide [EtBr], propidium iodide [PI]), glutathione-sensitive
dyes (e.g., 7-amino-4-chloromethylcoumarin, monochlorobimane),
calcium-sensitive dyes (e.g., fluo-4, fura red) and hydrogen peroxide
(H2O2)–responsive dyes (e.g., dihydrorhodamine 123, 2′,7′-dichloro-
fluorescein) [10,22–24]. In addition, quantum dots (QDs), a new class
of inorganic fluorochromes produced from semiconductor materials, is
now emerging in polychromatic flow cytometry [25].

3. Current applications of FCM in immunological studies of
molluscs

3.1. Total haemocyte counting

As haemocytes are chief immuno-effector cells that play a critical
role in the innate immune system of molluscs, alternations of total
haemocyte counts (THC) in haemolymph are an important im-
munological parameter to assess the health state of the host. In fact,
changes in circulating haemocytes represent a common response of
molluscs to infections or diseases [26–29] and environmental stresses
[30–32]. Traditionally, cell counting was carried out by microscopic
methods [12,33,34] which are time-consuming and relatively less ac-
curate. In this regard, FCM provides a fast, easy, convenient and af-
fordable alternative for counting mollusc haemocytes. In principle,
various DNA-binding dyes (e.g., SYTO 9, SYTO 13 and SYBR Green) are
used to stain all cells with a nucleus (nucleated cells) which can be
discriminated with debris and non-nucleated cells.

FCM has been intensively used to quantify circulating haemocytes of
molluscs under normal conditions [35,36] and in response to environ-
mental stress, such as bacterial infections [13,29,37,38] and tempera-
ture variations [39]. For example, THC variations of Mytilus gallopro-
vincialis mussels have been reported when injected with living or heat-
killed Vibrio anguillarum and Micrococcus lysodeikticus [13]. Nguyen
et al. [29] observed a significant increase in THC in Perna canaliculus
mussels at 6 h post-infection with Vibrio sp. (8.01× 106 cfu ⋅mL−1)
compared to controlled mussels (2.68×106 cfu ⋅mL−1).

THC is normally performed along with other parameters in multi-
parameter assays, such as viability [37], ROS [40] and apoptosis [40].
Some studies have used fixed haemocytes [35,36,39] and others have
used fresh cells [41–43].

3.2. Cell types

Different types of mollusc haemocytes have different functions [44].
Hence, identification of cell subpopulations is important to understand
the immune function of each cell type. In specialized flow cytometers
with sorting capabilities, cell populations can be separated into

Fig. 1. Schematic diagram of a flow cytometer.
Abbreviations: SSC, side scatter; FSC, forward scatter; PMT, photomultiplier; ADC, analog-to-digital converter; FL, fluorescence.
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subpopulations typically based on size, morphology and expression of
surface proteins [11]. In immunological studies of molluscs, identifi-
cation of haemocyte subtypes have been mostly based on relative flow-
cytometric morphological parameters: FSC and SSC. These studies have
led to the characterization of different haemocyte subpopulations of
different molluscan species such as disk abalone (Haliotis discus discus),
spiny top shells (Turbo cornutus) [36], Eastern oysters (Crassostrea vir-
ginica) [45], Mediterranean mussels (M. galloprovincialis) [38] and
European flat oysters (Ostrea edulis) [46]. For example, there are two
types of haemocytes (blast-like cells and hyalinocytes) in H. discus
discus and four main haemocyte types (blast-like cells, type I and II
hyalinocytes and granulocytes) in T. cornutus [36]. Interestingly, dif-
ferences in immune-related activities were observed among the cell
types [36]. C. virginica haemocytes were grouped into three morpho-
logically different subpopulations, including hyalinocytes, granulocytes
and intermediate cells [45]. Similarly, haemocytes of O. edulis [46] and
M. galloprovincialis [38] were classified into three subclasses, including
small hyalinocytes, large hyalinocytes and granulocytes. Characteriza-
tion of molluscan haemocyte subpopulations is often combined with
other multiple parameter assays to determine differences between cell
types in immune-related activities, such as phagocytosis [35,47], oxi-
dative stress [48–50] and apoptosis [46].

3.3. Viability

A cell viability assay is the quantification of the amount of live or
death cells in a population. The cell viability or cell death is an im-
portant parameter for health assessment of the host. In addition, it is
often necessary to detect and exclude dead cells which could un-
wantedly uptake of fluorescent probes, resulting in artefacts. The
Trypan blue staining technique is a routine method of viability de-
termination [11,33]. In principle, live cells have intact cell membranes
that exclude certain dyes (e.g., trypan blue, eosin, or propidium)
whereas dead cells with damaged and permeable membranes do not.
Stained cells are visually exampled with a hemocytometer under a
conventional microscope to determine whether cells take up (blue cy-
toplasm) or exclude dyes (clear cytoplasm) [33]. However, this tech-
nique is time consuming and has many other limitations [33]. Alter-
natively, FCM is a rapid and reliable method which allows the analysis
of not only cell viability, but a variety of parameters at the same time.
In FCM, cells are stained with intercalating dyes that bind to DNA, such
as PI, EtBr, 7-aminoactinomycin D (7-AAD). Hence, non-viable cells
(dead cells) are characterized with high fluorescence whereas viable
cells are non-fluorescent [11].

The viability is often assessed via viability assays which have been
extensively applied to measure the viability of molluscan haemocytes in
response to different stress conditions, such as pathogen infections or
diseases [37], water contaminants [40], thermal stress [51] or other
stress conditions [13,41,42]. The assay provides a quantitative number/
percentage of live and dead cells in the population (Fig. 2). For ex-
ample, decreases of haemocyte viability were reported in P. canaliculus
exposed to Vibrio sp. [37] and copper [40]. Similarly, significantly
slower percentages of live haemocytes were found in C. virginica oysters
after the temperature increase [51].

The viability determination of mollusc cells is often combined with
other parameters in multiple cellular parameter assays, using fluor-
escent dyes with very different absorptions and wavelengths. For in-
stance, live/dead cell distinction with 7-AAD was used in combination
with Annexin V apoptosis measurements to determine percentage of
late apoptosis in P. canaliculus haemocytes in vivo challenged with
Vibrio sp [52] or Haliotis iris haemocytes under different probiotic-
supplemented diets [43]. Similarly, 7-AAD was combined with dyes for
caspase-3/7 and mitochondrial potential to identify early and late
apoptosis in P. canaliculus haemocytes in vitro exposed to copper [40].

Alternatively, cell viability can be assessed via light-scattering
measurement without any staining. Dead cells or cells with damaged

and permeable membranes possess a reduction of FSC signals and an
increase in SSC signals. Hence, the combination of FSC and SSC para-
meters could be used to distinguish live cells and dead cells [11].

3.4. Phagocytosis

The internal defences of molluscs rely only on the innate immune
system, and phagocytosis is the most important line of defense in this
system [53]. Phagocytosis is the engulfment of foreign particles (bac-
teria, algae, cellular debris and protozoan parasites) by phagocytes.
Granulocytes are phagocytic cells, and they play a prominent role in
phagocytosis of molluscs while agranulocytes are less important for
phagocytosis [44,47].

FCM provides unique integration of functional and phenotypic in-
formation for phagocytosis studies [11]. FCM has been used to identify
the phagocytotic activity in haemocytes of molluscs under different
stress conditions, such as salinity [54], temperature [54], heavy metals
[14] and different contaminants [55]. In phagocytosis assays, mol-
luscan haemocytes are often incubated with fluorescent target particles,
such as fluorescent beads [14,35,36,46] or zymozan particles [18,56].
Phagocytosis is then measured as phagocytosis index which is de-
termined by the percentage of phagocytic cells that had ingested beads.
However, determination of phagocytic cells is different from study to
study. Some authors defined phagocytic cells with at least one fluor-
escent bead [14,36], while others used at least two [57] or three
fluorescent beads [51,58]. This makes it difficult to compare phagocytic
activity levels across studies. Along with the phagocytosis index, Do-
naghy et al. [36] also used the mean number of beads per phagocytic
haemocytes to identify phagocytic activities in haemocytes from H.
discus discus and T. cornutus stimulated by latex beads. Although the
phagocytosis index was similar between these two species, the mean
number of engulfed beads was slower in T. cornutus than in H. discus
discus.

Many authors compared phagocytotic activity between different cell
types [35,47]. For example, Donaghy et al. [35] used FCM to identify
different subpopulations of Crassostrea ariakensis haemocytes and pha-
gocytic activities of each cell type. The results showed that granulocytes
were the main phagocytic cells, while hyalinocytes also showed a cer-
tain level of phagocytosis, and no phagocytic activity was observed in
the blast-like cells. Similarly, Aladaileh et al. [47] observed the inges-
tion of yeast cells in both granulocytes and hyalinocytes of Sydney rock
oysters (Saccostrea glomerata), but granulocytes were more efficient
phagocytes than hyalinocytes.

Upon phagocytosis of pathogen, phagocytic cells release ROS which
triggers apoptosis in molluscan haemocytes [59,60]. On the other hand,
phagocytosis of apoptotic cells helps to clean of unwanted cells or cell
components that might trigger inflammatory response [61]. Hence,
assessment of phagocytosis via FCM is often combined with simulta-
neous measurement of other functional parameters, typically oxidative
stress [35,36,51,62,63] or apoptosis [63–65].

3.5. Oxidative stress

Reactive oxygen species (ROS), such as superoxide anion (O2
−),

hydrogen peroxide (H2O2) and hydroxyl radical (HO•) are naturally
produced as by-products of normal metabolism of oxygen and in re-
sponses to endogenous and exogenous stimuli [66]. ROS generation
plays an important role in different biological processes, cell signalling,
homeostasis and protective mechanisms [60]. However, excess ROS
production during endogenous and exogenous stimuli leads to an im-
balance between ROS and antioxidants in favour of ROS which is called
oxidative stress [66]. The excessive ROS production can cause oxidative
damage to cells and tissues via degradation of DNA, proteins and lipids
[60].

Originally, ROS production of molluscs was measured using re-
duction of nitroblue tetrazolium (NBT) assays [67–69] and luminol-
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dependent chemiluminescence [70,71]. With its advantages, FCM has
progressively replaced these assays for identifying ROS production.
FCM assays use different dyes based on auto-oxidation, photochemical
reactions, mitochondrial respiration and various enzymes (e.g., cyto-
chrome P450, NADPH oxidase) [11]. Most of these dyes are photostable
fluorogenic probes which are permeable DNA-specific dyes [11]. 2′,7′-
dichlorofluorescein (H2DCF) and dihydroethidium (DHE), have been
used extensively to measure H2O2 and O2−, respectively, in mollusc
haemocytes. DCFH-DA is a nonfluorescent fluorescein analogue which
is a membrane permeable probe. The method used in molluscs studies
was adapted from Bass et al. [72]. When added into haemocytes, DCFH-
DA diffuses into the cell membrane where it is hydrolysed to 2′,7′-di-
chlorofluorescein (DCFH) by esterase enzymes. DCFH is then oxidized
to DCF molecule by ROS (mostly of hydrogen peroxide and related
superoxide species). DCF can be detected on the FL1 detector of the
flow cytometer which results in green fluorescence, indicating haemo-
cytes with oxidative activity.

DCFH-DA has been successfully used to determine the levels of H2O2

in mollusc haemocytes under normal conditions [50] or in response to
pesticides [73], zymosan [74,75], heavy metals [76], temperature [77],
pathogens [49,56], interactive effects of metals and pathogenic or-
ganisms [78] and other physiological conditions [79]. In addition, the
DCF green fluorescence levels were used to evaluate ROS production of
haemocyte subpopulations distinguished according to their relative size
(FSC) and complexity (SSC) [48–50]. For instant, during the infection
with Vibrio aestuarianus strain on C. gigas, Labreuche et al. [49] found a
strong enhancement of ROS production in hyalinocytes and granulo-
cytes which was higher in granulocytes than in hyalinocytes. In con-
trast, very low ROS production was observed in small agranulocytes.

Similarly, Wang et al. [50] found higher ROS production in granulo-
cytes than in hyalinocytes of Perna viridis mussels.

Another common dye used in detection of superoxide production in
mollusc studies is dihydroethidium (DHE). DHE is a cell permeable dye
which freely permeate cell membranes and react with superoxide an-
ions to form 2-hydroxyethidium which intercalates with DNA resulting
in red fluorescence [80–82]. This dye has been used to measure ROS
production in mollusc haemocytes under different external stimuli,
such as pathogen infections [37,52], LPS [41], heavy metal [40,83],
pesticide [73] and storage conditions [42]. As an example, Nguyen
et al. [37] used Muse® Oxidative Stress kit (EMD Millipore) based on
DHE staining to measure ROS production in P.canaliculus haemocytes
challenged with Vibrio sp. This assay requires no wash and takes 30 min
to incubate 20 μL of haemocytes (1× 106 cell⋅mL−1) in 180 μL of
working solution containing DHE dye at 37 °C. The measurement was
performed via Muse® Cell Analyzer which normally takes less than 1
min per sample, depending on cell concentration and desired number of
events to acquire. The assays provide total cell count and percentage of
cells produced ROS in the population (Fig. 3).

3.6. Apoptosis

Apoptosis is a form of programmed cell death that occurs in mul-
ticellular organisms during various important cellular processes, ran-
ging from embryonic development to host defense against pathogen
infections [84]. Apoptosis is generally characterized by distinct mor-
phological and biochemically characteristics [84] which are regulated
via two major pathways: intrinsic and extrinsic pathways [59,85–88].
The intrinsic pathway (mitochondrial-mediated apoptotic pathway) is

Fig. 2. Viability profile of P. canaliculus hae-
mocytes under normal condition (control) (A)
and Vibrio sp. infection (B). Viability of haemo-
cytes was assessed by viability assay using a
Muse™ Cell Analyzer. The red lines were used to
separate live cells (left) and dead cells (right).
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
Web version of this article.)

Fig. 3. ROS profile of P. canaliculus haemocytes under normal condition (control) (A) and Vibrio sp. infection (B). ROS percentage was determined by oxidative stress
assay with DHE dye using a Muse™ Cell Analyzer. M1 indicates cell population without ROS (ROS_) while M2 is cell population with ROS (ROS+).
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stimulated by various types of intracellular stressors, while the extrinsic
pathway (death receptor-mediated apoptotic pathway) is activated by
external stimuli. Apoptosis is a conserved mechanism across taxa and
components of apoptotic pathways in molluscs seem to be similar to
those of vertebrates with some unique features [89,90]. Apoptosis is an
important internal defence mechanisms in molluscs in response to en-
vironmental changes, pollutants and pathogens [89].

FCM has become the most widely used method of choice for mul-
tiparametric analysis of apoptosis [91]. Many distinct characteristics of
an apoptotic cell can be measured using FCM, including plasma mem-
brane changes, changes in mitochondrial transmembrane potential,
caspase activation and DNA cleavage [10,92]. In immunological studies
of molluscs, annexin V, mitochondrial transmembrane potential (Δψm),
capsase activation are common biomarkers used in characterization of
apoptosis.

Annexin V is a cellular protein in the annexin group that has the
ability to bind to phosphatidylserine (PS) of cells. Translocation of PS
from the cytosolic side of the intact plasma membrane to the extra-
cellular surface is a hallmark of early apoptosis [91]. The Annexin V
assays utilize Annexin V as a useful marker for detection of PS on the
external membrane of apoptotic cells during early apoptosis [93]. An-
nexin V staining must always be used in conjunction with a cell dead
marker (e.g., PI, 7-AAD) as an indicator of the integrity of the cell
membrane to rule out “leaky” necrotic cells as well as distinguish be-
tween live, dead and apoptotic cells [11,91]. Annexin V assays have
been successfully used to characterize early apoptotic haemocytes of
molluscs under different experiments, such as responses of P. canaliculus
to Vibrio sp. infection [52], Haliotis iris to multi-strain probiotics [43],
and cadmium-induced apoptosis in oyster haemocytes [94]. As an ex-
ample, Nguyen et al. [52] used a Muse® Annexin V and Dead Cell assay
with Annexin V for apoptosis and 7-AAD for dead cells to characterize
the apoptosis in P. canaliculus following Vibrio sp. infection. They ob-
served the increase of apoptotic cells and dead cells along with the
decrease of live cells upon Vibrio sp. infection (Fig. 4).

3.6.1. Mitochondrial transmembrane potential
During the early apoptotic process, cells decrease mitochondrial

transmembrane potential (Δψm) before rupture of the plasma mem-
brane [95,96]. Thus, Δψm loss is another reliable indicator of apoptosis.
Assessment of Δψm can be performed using fluorescent dyes, such as
JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′- tetraethylbenzimi-dazolylcarbo-
cyanine iodide), 3,3’ dihexyloxacarbocyanine iodide (DIOC6), JC-10,
tetramethylrhodamine methyl ester perchlorate (TMRM) [10]. This
method is based on the fact that these dyes are cationic probes that
accumulate in healthy mitochondria resulting in high fluorescence. In
cells with depolarized mitochondria, the dye is released, thereby re-
sulting in a decrease in fluorescence and a downward shift. These dyes

are often used with PI or 7-AAD to distinguish between apoptotic and
nonapoptotic cells.

Determination of Δψm has become a method of choice for char-
acterization of apoptosis in molluscs [40,46,97,98]. JC-10 is a common
dye which has been used to measure the Δψm in O. edulis haemocytes
exposed to UV [97] and the parasite Bonamia ostreae [99], and C. gigas
haemocytes through the use of chemical inhibitors [98]. Others used
tetramethylrhodamine, ethyl ester perchlorate (TMRE) for monitoring
changes in Δψm in M. galloprovincialis haemocytes exposed to com-
mercial nanosized carbon black (NCB) [100] and nanoparticles
[101,102]. Nguyen et al. [40] used a commercial MitoPotential dye and
7-AAD to measure the Δψm and cell death in P. canaliculus haemocytes
exposed to increasing concentrations of copper (Fig. 5). Furthermore,
the use of DIOC6 dye for measurement of Δψm combined with mor-
phometric parameters (FSC and SSC) were applied to compare the Δψm
in different sub-populations of O. edulis haemocytes [46].

3.6.2. Caspase activation
Caspase activation is another hallmark of apoptosis [92]. Caspases

(cysteinyl-directed aspartate-specific proteases) constitute a family of
protease enzymes which are the key molecular components of both
intrinsic and extrinsic pathways [103,104]. Functionally, caspases are
categorized into three major types, including initiators (caspase-2,-8,-
9,-10), effectors or executioners (caspase- 3,-6,-7) and inflammatory
caspases (caspase-1,-4,-5,-11,-12,-13) [105,106]. Several caspases have
been identified in different mollusc species, including caspase-2
[88,90,107], caspase-8 [90,108,109] and caspase-3/7 [90,110].

A number of assays have been developed for detection of apoptosis
based on the pivotal and early involvement of caspases in cell death
events [11,111]. Activation of caspases can be identified by different
techniques, such as immunoblotting, flow cytometry and microscopic
techniques [111]. In FCM, cell populations are stained with the in-
tracellular mAbs or small inhibitor peptides conjugated to a fluorophore
which are assigned as affinity ligands to active site of relevant caspases
[11]. Hence, antibodies/inhibitors-caspase complexes are detected
based on the presence of the fluorescent tag (FITC or SR) inside viable
cells [112,113]. Caspase dyes are often used together with dead cell
stains (e.g., 7-AAD, PI) to distinguish between apoptotic, live and ne-
crotic cells.

Caspase-3 is a frequently activated death protease in apoptotic cells
of both vertebrates [114] and invertebrates [94,110,115,116]. Using
the FCM method, increases of caspase-3 activation have been reported
in P. canaliculus haemocytes exposed to copper [40] or LPS [41], and
Mytilus edulis haemocytes exposed to copper [117]. As an example,
Nguyen et al. [40] used the Muse™ Caspase-3/7 kit to quantitative
measurements of apoptotic status in P. canaliculus haemocytes in vitro
exposed to copper. The kit utilizes a Muse™ Caspase-3/7 reagent

Fig. 4. Apoptosis profile of P. canaliculus hae-
mocytes under normal conditions (A) and Vibrio
sp. infection (B). Detection of apoptosis by con-
current staining with Annexin V and 7-AAD.
Bivariate analysis of Annexin V/7-AAD staining
distinguishes four populations of cells, including
non-apoptotic cells (Annexin V−, 7-AAD−),
early-stage apoptotic cells (Annexin V+, 7-
AAD−), late-stage apoptotic cells (Annexin V+,
7-AAD+) and dead cells (Annexin V−, 7-AAD+)
[52].
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NucView™ for the detection of caspase-3/7 activity along with 7-AAD as
a dead cell marker. The assay provided relative percentages of four cell
subpopulations, including live cells, early apoptotic cells, late apoptotic
cells and dead cells (Fig. 6). They observed significant increases of dead
cells and apoptotic cells in copper-exposed haemocytes compared to the
control haemocytes.

3.7. DNA content and cell cycle characteristics of haemocytes

FCM is the most valuable technique of choice for cellular DNA
content and cell cycle analysis [118]. It allows for the characterization
of cells in the major phases of the cell cycle (G0/G1, S and G2/M),
determining frequency of apoptotic cells based on fractional DNA
content, and additionally detecting DNA amounts (polyploid or aneu-
ploid) of the cell population [118,119]. Comparatively to other avail-
able traditional methods (e.g., histology and hemocytology), FCM is a
rapid, accurate, non-subjective and cost-effective approach [118]. The
analysis of DNA content and cell cycle characteristics are based on the
staining of DNA with fluorescent dyes (e.g. PI, 7-AAD, Hoechst stains,
TO-PRO-3, SYTOX, acridine orange, pyronin Y) [11].

FCM has been extensively used to characterize DNA content and cell
cycle in various mollusc species [118,120–125]. For example, FCM has
been successful used to determine the DNA content and genomic
characteristics of abnormal cells affected with hemic neoplasia in the
haemolymph of many molluscan species, such as in the Mytilus mussels
[126], the soft shell clams (Mya arenaria) [121,127] and in the common
cockles (Cerastoderma edule) [122,125]. These studies have successfully

distinguished between negative and heavily affected bivalves using
FCM. Recently, Benabdelmouna and Ledu [118] used FCM to determine
genomic abnormalities in haemocytes of blue mussels, Mytilus spp. as-
sociated with mortality outbreaks in from the Atlantic coast of France.
Different thresholds of genomic abnormalities (GA%) based on the
percentage of haemocytes in S-G2/M phase were set up at individual
and populations levels. The results provide evidence of heavy genomic
abnormalities and GA% was found to be significantly predictive of the
final mortality. Together, these studies demonstrate that FCM is a
powerful tool for accurate diagnosis of diseases in marine bivalves.

3.8. Protein analysis

FCM has been appears to be an important tool for future protein
analysis which could be applied for routine assays to quantify the
number of proteins expressed in a cell and on the cell surface [128].
This is based on the principle that intracellular proteins in the complex
mixture can be specifically labelled using fluorophore-conjugated an-
tibodies which can be quantify using FCM.

There are a few studies using FCM for protein analysis in mollusc
species [16,129]. For example, Friedl et al. [16] measured the total
protein in haemocytes of the American oysters (C. virginica) by FCM.
They observed a broad uniform distribution of proteins which was si-
milar to that obtained for cell size. Rey-Campos et al. [129] used FCM
to measure myticin C, the most expressed antimicrobial peptides in
mussels, in different haemocyte populations of M. galloprovincialis
mussels infected with Vibrio splendidus, and observed the decrease in the

Fig. 5. Apoptosis profile of P. canaliculus hae-
mocytes under normal conditions (A) and
copper exposure (B). Detection of apoptosis was
conducted by MitoPotential assay which pro-
vides four distinguishable cell populations, in-
cluding live cells with depolarized mitochon-
drial membranes, live cells with intact
mitochondrial membranes, dead cells with de-
polarized mitochondrial membranes and dead
cells with intact mitochondrial membranes [40].

Fig. 6. Apoptosis profile of P. canaliculus haemocytes under normal conditions (A) and copper exposure (B). Apoptotic changes were detected using Muse™ Caspase-
3/7 assay. The assay provides four distinguishable cell populations, including live cells, early apoptotic (live) cells, late apoptotic (dead) cells and dead cells.
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number of myticin C positive haemocytes after infection.

4. Challenges and perspectives

One of the big challenges of working with molluscan haemocytes is
cell aggregation. To prevent haemocytes from clumping during
bleeding, many different types of anti-aggregant solutions have been
used, such as Alsever's solution, modified Alsever's solution, heparin
sodium solution and modified Leibovitz L15 [130–133]. However, the
use of anticoagulant for molluscan haemocytes may inhibit haemocyte
activities [134]. For example, the use of modified Alsever's solution was
reported to decrease oxygen metabolite production in bivalves [135].
The aggregation of molluscan haemocytes could be reduced or pre-
vented by the maintenance of haemocytes on ice or low temperature,
such as 4 °C [136,137]. Hence, in our recent studies, we have simply
used cold filtered artificial seawater to mix with haemolymph in order
to prevent cell clotting [37,40–42,52]. This method requires a minimal
sample manipulation (no lyse, no cell wash) to mimic physiological
conditions.

In addition to anticoagulants, the use of staining dyes may be toxic
for cells. It may cause a loss in cell viability and in certain situations
even apoptosis or severe damage [11]. Hence, it is important to take
into account the toxicity of the dyes for the haemocytes and the com-
bination of different assays is sometimes necessary to identify the true
value of the measured parameters.

Recently, there has been an emergence of metabolomics applica-
tions in molluscan immunity studies [40,41,138,139]. Many authors
also combined FCM and untargeted GC-MS metabolomics in molluscan
immunology [37,40,52]. For example, Nguyen et al. [40] employed
FCM and GC-MS metabolomics to characterize effects of copper on
haemocytes. Along with the increase of an oxidative stress biomarker,
ROS, in copper-exposed haemocytes, they found the accumulation of
glutathione and other metabolites in glutathione pathways, suggesting
the role of glutathione as a metabolite maker of oxidative stress. Si-
milarly, the increases of apoptosis hallmarks including caspase 3/7
activation and Δψm loss were found to be linked with the increase in
alanine and decrease of glutamic acid in the taurine metabolism, which
plays a key role in apoptosis regulation [40]. Hence, these examples
demonstrated that the combination of FCM and metabolomics could
expand the number of cellular and molecular markers to provide an
extensive evaluation of functional markers. Such kind of integrated
approach could be expanded to combinations between multiple FCM
parameters and other omics (e.g., transcriptomics, proteomics) or in-
tegrated omics to create a detailed picture of immune responses within
cells and generate accurate biomarker signatures of molluscan diseases.

Recent advances in technology have led to a comprehensive range
of innovative flow cytometers. Many of these are small in size and
simple in operation, and allow for routine sampling in the field. As an
example, the Muse® Cell Analyzer has been extensively used in our lab
for both field and laboratory measurement of many cell health para-
meters of molluscs. At the moment, only the cell count and viability
assays appear to be suitable for field sampling because they are simple
and fast and the dye used can just be stored at cool temperature
(2–8 °C). Other assays, such as oxidative stress and apoptosis, require
the dyes to be stored at −20 °C and they need long incubation times
(30 min), which are not likely to be suitable for the field. Hence, future
modifications of storage conditions of these dyes or greater molecular
and cellular labelling techniques will make other assays more applic-
able in the field. Furthermore, continued advances in instruments along
with the decrease in the price will allow for the wider use of FCM in
essentially any setting.

The use of FCM in immunological studies has advanced in verte-
brates with a diverse range of measurable parameters [10,11]. How-
ever, FCM parameters used in molluscan immunological studies are
limited to a few measurable parameters. This is a great opportunity for
marine scientists to continue to explore the advantages of modern FCM

to provide insights into molluscan immunology. However, the lack of
standardized cellular reference materials for molluscan haemocytes
remains a big challenge for the development and validation of new
assays. Among the current parameters used, only viability and cell
subpopulations has been validated [12,13,36,140]. There are currently
no guidelines for the validation of FCM methods to be used in mol-
luscan species. Hence, there is a need to conduct appropriate valida-
tions for the numerous FCM assays used in molluscan immunological
studies.

5. Concluding remarks

A variety of FCM assays currently exist for immunological studies of
molluscs which have enabled deep understanding of molluscan im-
munology. FCM analyses in molluscs have focused on characterization
of cell types, response of haemocytes to a particular stress, diseases or
toxic agent and diagnosis of diseases. However, applications of FCM in
marine molluscs as well as in invertebrates are quite limited compared
to those in vertebrates. To this end, marine scientists could take ad-
vances by applying and optimizing FCM methodologies that have been
developed for mammalian cells for studies in mollusc species. As a tool,
FCM can be used in combination with other techniques, such as omics
approaches, which have advanced significantly in recent years.
Ultimately, this will lead to a more improved understanding of mol-
luscan immunology, and contribute to defining accurate biomarker
signatures of diseases or stress conditions within wild and aquaculture
settings.

Acknowledgements

We are thankful to the members of the Aquaculture Biotechnology
Research Group at the Auckland University of Technology for the re-
search and dynamic discussions that underpin and spired this review.

References

[1] W.H. Coulter, High speed automatic blood cell counter and cell size analyzer, The
National Electronics Conference, American Journal of Pathology, Chicago, 1956.

[2] M. Brown, C. Wittwer, Flow cytometry: principles and clinical applications in
hematology, Clin. Chem. 46 (8) (2000) 1221–1229.

[3] J. Comas-Riu, N. Rius, Flow cytometry applications in the food industry, J. Ind.
Microbiol. Biotechnol. 36 (8) (2009) 999–1011.

[4] J.L.R. Zamora, H.C. Aguilar, Flow virometry as a tool to study viruses, Methods
134 (2018) 87–97.

[5] P. Quirke, J. Dyson, Flow cytometry: methodology and applications in pathology,
J. Pathol. 149 (2) (1986) 79–87.

[6] J. Doležel, J. Greilhuber, J. Suda, Flow cytometry with plants: an overview, in:
J. Doležel, J. Greilhuber, J. Suda (Eds.), Flow Cytometry with Plant Cells: Analysis
of Genes, Chromosomes and Genomes, 2007, pp. 41–65.

[7] I.S. Darevsky, R.W. Murphy, R.D. MacCulloch, C. Smith, N. Orlov, L.A. Lowcock,
D.E. Upton, Flow cytometry in biodiversity surveys: methods, utility, and con-
straints, Amphibia-Reptilia 18 (1) (1997) 1–13.

[8] G. Boeck, Current status of flow cytometry in cell and molecular biology, Int. Rev.
Cytol. 204 (2001) 239–298.

[9] G. Cordier, Flow cytometry for immunology, Biol. Cell 58 (2) (1986) 147–150.
[10] T.A. Fleisher, J.B. Oliveira, 92 - flow cytometry, in: R.R. Rich, T.A. Fleisher,

W.T. Shearer, H.W. Schroeder, A.J. Frew, C.M. Weyand (Eds.), Clinical
Immunology, fifth ed., Elsevier, London, 20191239-1251.e1.

[11] A. Cossarizza, H.D. Chang, A. Radbruch, M. Akdis, I. Andrä, F. Annunziato,
P. Bacher, V. Barnaba, L. Battistini, W.M. Bauer, Guidelines for the use of flow
cytometry and cell sorting in immunological studies, Eur. J. Immunol. 47 (10)
(2017) 1584-1797.

[12] S.E. Ford, K.A. Ashton-Alcox, S.A. Kanaley, Comparative cytometric and micro-
scopic analyses of oyster hemocytes, J. Invertebr. Pathol. 64 (2) (1994) 114–122.

[13] K. Ashton-Alcox, S. Ford, Variability in molluscan hemocytes: a flow cytometric
study, Tissue and Cell 30 (2) (1998) 195–204.

[14] P. Brousseau, J. Pellerin, Y. Morin, D. Cyr, B. Blakley, H. Boermans, M. Fournier,
Flow cytometry as a tool to monitor the disturbance of phagocytosis in the clam
Mya arenaria hemocytes following in vitro exposure to heavy metals, Toxicology
142 (2) (1999) 145–156.

[15] W.S. Fisher, S.E. Ford, Flow cytometry: a tool for cell research in bivalve pa-
thology, in: W.S. Fisher (Ed.), Disease Processes in Marine Bivalve Molluscs,
American Fisheries Society, Bethesda, MD, 1988, pp. 282–292.

[16] F.E. Friedl, M.R. Alvarez, J.S. Johnson, H.G. Gratzner, Cytometric investigations
on hemocytes of the American oyster, Crassostrea virginica, Tissue and Cell 20 (6)

T. Van Nguyen and A.C. Alfaro Fish and Shellfish Immunology 94 (2019) 239–248

245

http://refhub.elsevier.com/S1050-4648(19)30885-X/sref1
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref1
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref2
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref2
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref3
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref3
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref4
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref4
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref5
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref5
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref6
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref6
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref6
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref7
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref7
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref7
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref8
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref8
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref9
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref10
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref10
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref10
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref11
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref11
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref11
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref11
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref12
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref12
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref13
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref13
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref15
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref15
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref15
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref16
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref16


(1988) 933–939.
[17] J. Russo, L. Madec, Haemocyte apoptosis as a general cellular immune response of

the snail, Lymnaea stagnalis, to a toxicant, Cell Tissue Res. 328 (2) (2007) 431–441.
[18] M.-A. Travers, P. Mirella da Silva, N. Le Goïc, D. Marie, A. Donval, S. Huchette,

M. Koken, C. Paillard, Morphologic, cytometric and functional characterisation of
abalone (Haliotis tuberculata) haemocytes, Fish Shellfish Immunol. 24 (4) (2008)
400–411.

[19] H.M. Shapiro, Chapter 4: how flow cytometers work, in: N.J. Hoboken (Ed.),
Practical Flow Cytometry, Wiley, 2003.

[20] M.J. Jaroszeski, G. Radcliff, Fundamentals of flow cytometry, Mol. Biotechnol. 11
(1) (1999) 37–53.

[21] H.M. Shapiro, Practical Flow Cytometry, John Wiley & Sons, 2005.
[22] P.S. Rabinovitch, C.H. June, T.J. Kavanagh, Introduction to functional cell assays,

Ann. N. Y. Acad. Sci. 677 (1) (1993) 252–264.
[23] S. Vowells, S. Sekhsaria, H. Malech, M. Shalit, T. Fleisher, Flow cytometric analysis

of the granulocyte respiratory burst: a comparison study of fluorescent probes, J.
Immunol. Methods 178 (1) (1995) 89–97.

[24] Z. Darzynkiewicz, H.D. Halicka, H. Zhao, Analysis of Cellular DNA Content by
Flow and Laser Scanning Cytometry, Polyploidization and Cancer, Springer, 2010,
pp. 137–147.

[25] P.K. Chattopadhyay, S.P. Perfetto, J. Yu, M. Roederer, The use of quantum dot
nanocrystals in multicolor flow cytometry, Wiley Interdisciplinary Reviews:
Nanomedicine and Nanobiotechnology 2 (4) (2010) 334–348.

[26] J. Jones, P. Scotti, S. Dearing, B. Wesney, Virus-like particles associated with
marine mussel mortalities in New Zealand, Dis. Aquat. Org. 25 (1–2) (1996)
143–149.

[27] D.R. Mateo, A. Siah, M.T. Araya, F.C.J. Berthe, G.R. Johnson, S.J. Greenwood,
Differential in vivo response of soft-shell clam hemocytes against two strains of
Vibrio splendidus: changes in cell structure, numbers and adherence, J. Invertebr.
Pathol. 102 (1) (2009) 50–56.

[28] B. Allam, C. Paillard, M. Auffret, Alterations in hemolymph and extrapallial fluid
parameters in the Manila clam, Ruditapes philippinarum, challenged with the pa-
thogen Vibrio tapetis, J. Invertebr. Pathol. 76 (1) (2000) 63–69.

[29] T.V. Nguyen, A.C. Alfaro, T. Young, F. Merien, Tissue-specific immune responses
to Vibrio sp. infection in mussels (Perna canaliculus): a metabolomics approach,
Aquaculture 500 (2019) 118–125 2018.

[30] J.A. Couch, Prospective study of infectious and noninfectious diseases in oysters
and fishes in three Gulf of Mexico estuaries, Dis. Aquat. Org. 1 (1985) 59–82.

[31] J. Wedderburn, I. McFadzen, R. Sanger, A. Beesley, C. Heath, M. Hornsby,
D. Lowe, The field application of cellular and physiological biomarkers, in the
mussel Mytilus edulis, in conjunction with early life stage bioassays and adult
histopathology, Mar. Pollut. Bull. 40 (3) (2000) 257–267.

[32] C. Hauton, L. Hawkins, S. Hutchinson, The effects of salinity on the interaction
between a pathogen (Listonella anguillarum) and components of a host (Ostrea
edulis) immune system, Comp. Biochem. Physiol. B Biochem. Mol. Biol. 127 (2)
(2000) 203–212.

[33] W. Strober, Trypan Blue Exclusion Test of Cell Viability, Current Protocols in
Immunology, John Wiley & Sons, Inc., 2001.

[34] M. Fournier, J. Pellerin, Y. Clermont, Y. Morin, P. Brousseau, Effects of in vivo
exposure of Mya arenaria to organic and inorganic mercury on phagocytic activity
of hemocytes, Toxicology 161 (3) (2001) 201–211.

[35] L. Donaghy, B.-K. Kim, H.-K. Hong, H.-S. Park, K.-S. Choi, Flow cytometry studies
on the populations and immune parameters of the hemocytes of the Suminoe
oyster, Crassostrea ariakensis, Fish Shellfish Immunol. 27 (2) (2009) 296–301.

[36] L. Donaghy, H.-K. Hong, C. Lambert, H.-S. Park, W.J. Shim, K.-S. Choi, First
characterisation of the populations and immune-related activities of hemocytes
from two edible gastropod species, the disk abalone, Haliotis discus discus and the
spiny top shell, Turbo cornutus, Fish Shellfish Immunol. 28 (1) (2010) 87–97.

[37] T.V. Nguyen, A.C. Alfaro, T. Young, S. Ravi, F. Merien, Metabolomics study of
immune responses of New Zealand greenshell™ mussels (Perna canaliculus) in-
fected with pathogenic Vibrio sp, Mar. Biotechnol. 20 (3) (2018) 396–409.

[38] M.-G. Parisi, H. Li, L.B.P. Jouvet, E.A. Dyrynda, N. Parrinello, M. Cammarata,
P. Roch, Differential involvement of mussel hemocyte sub-populations in the
clearance of bacteria, Fish Shellfish Immunol. 25 (6) (2008) 834–840.

[39] M. Chen, H. Yang, M. Delaporte, S. Zhao, Immune condition of Chlamys farreri in
response to acute temperature challenge, Aquaculture 271 (1) (2007) 479–487.

[40] T.V. Nguyen, A.C. Alfaro, F. Merien, R. Lulijwa, T. Young, Copper-induced im-
munomodulation in mussel (Perna canaliculus) haemocytes, Metall 10 (7) (2018)
965–978.

[41] T.V. Nguyen, A.C. Alfaro, F. Merien, T. Young, In vitro study of apoptosis in mussel
(Perna canaliculus) haemocytes induced by lipopolysaccharide, Aquaculture 503
(2019) 8–15.

[42] A.C. Alfaro, T.V. Nguyen, D. Mellow, A metabolomics approach to assess the effect
of storage conditions on metabolic processes of New Zealand surf clam (Crassula
aequilatera), Aquaculture 498 (2019) 315–321.

[43] R. Grandiosa, F. Mérien, T. Young, T. Van Nguyen, N. Gutierrez, E. Kitundu,
A.C. Alfaro, Multi-strain probiotics enhance immune responsiveness and alters
metabolic profiles in the New Zealand black-footed abalone (Haliotis iris), Fish
Shellfish Immunol. 82 (2018) 330–338.

[44] E. Gosling, Marine Bivalve Molluscs, John Wiley & Sons, 2015.
[45] M. Goedken, S. De Guise, Flow cytometry as a tool to quantify oyster defence

mechanisms, Fish Shellfish Immunol. 16 (4) (2004) 539–552.
[46] Q.-G. Xue, T. Renault, S. Chilmonczyk, Flow cytometric assessment of haemocyte

sub-populations in the European flat oyster, Ostrea edulis, haemolymph, Fish
Shellfish Immunol. 11 (7) (2001) 557–567.

[47] S. Aladaileh, S.V. Nair, D. Birch, D.A. Raftos, Sydney rock oyster (Saccostrea

glomerata) hemocytes: morphology and function, J. Invertebr. Pathol. 96 (1)
(2007) 48–63.

[48] Y. Labreuche, P. Soudant, M. Gonçalves, C. Lambert, J.-L. Nicolas, Effects of ex-
tracellular products from the pathogenic Vibrio aestuarianus strain 01/32 on
lethality and cellular immune responses of the oyster Crassostrea gigas, Dev. Comp.
Immunol. 30 (4) (2006) 367–379.

[49] Y. Labreuche, C. Lambert, P. Soudant, V. Boulo, A. Huvet, J.L. Nicolas, Cellular
and molecular hemocyte responses of the Pacific oyster, Crassostrea gigas, fol-
lowing bacterial infection with Vibrio aestuarianus strain 01/32, Microb. Infect. 8
(12–13) (2006) 2715–2724.

[50] Y. Wang, M. Hu, M.W.L. Chiang, P.K.S. Shin, S.G. Cheung, Characterization of
subpopulations and immune-related parameters of hemocytes in the green-lipped
mussel Perna viridis, Fish Shellfish Immunol. 32 (3) (2012) 381–390.

[51] H. Hégaret, G.H. Wikfors, P. Soudant, Flow cytometric analysis of haemocytes
from eastern oysters, Crassostrea virginica, subjected to a sudden temperature
elevation: II. Haemocyte functions: aggregation, viability, phagocytosis, and re-
spiratory burst, J. Exp. Mar. Biol. Ecol. 293 (2) (2003) 249–265.

[52] T.V. Nguyen, A.C. Alfaro, F. Merien, T. Young, R. Grandiosa, Metabolic and im-
munological responses of male and female New Zealand Greenshell™ mussels
(Perna canaliculus) during Vibrio sp. infection, J. Invertebr. Pathol. 157 (2018)
80–89.

[53] U. Naik, R.E. Harrison, Phagocytosis, Colloquium Series on Building Blocks of the
Cell, Cell Struct. Funct. 1 (3) (2013) 1–105.

[54] B. Gagnaire, H. Frouin, K. Moreau, H. Thomas-Guyon, T. Renault, Effects of
temperature and salinity on haemocyte activities of the Pacific oyster, Crassostrea
gigas (Thunberg), Fish Shellfish Immunol. 20 (4) (2006) 536–547.

[55] R. Ladhar-Chaabouni, A. Hamza-Chaffai, The cell cultures and the use of hae-
mocytes from marine molluscs for ecotoxicology assessment, Cytotechnology 68
(5) (2016) 1669–1685.

[56] C. Lambert, P. Soudant, G. Choquet, C. Paillard, Measurement of Crassostrea gigas
hemocyte oxidative metabolism by flow cytometry and the inhibiting capacity of
pathogenic vibrios, Fish Shellfish Immunol. 15 (3) (2003) 225–240.

[57] M.T. Araya, A. Siah, D.R. Mateo, F. Markham, P. McKenna, G.R. Johnson,
F.C. Berthe, Morphological and molecular effects of Vibrio splendidus on hemocytes
of softshell clams, Mya arenaria, J. Shellfish Res. 28 (4) (2009) 751–759.

[58] M. Delaporte, P. Soudant, J. Moal, C. Lambert, C. Quéré, P. Miner, G. Choquet,
C. Paillard, J.-F. Samain, Effect of a mono-specific algal diet on immune functions
in two bivalve species-Crassostrea gigas and Ruditapes philippinarum, J. Exp. Biol.
206 (17) (2003) 3053–3064.

[59] K. Terahara, K.G. Takahashi, Mechanisms and immunological roles of apoptosis in
molluscs, Curr. Pharmaceut. Des. 14 (2) (2008) 131–137.

[60] J. Torreilles, M.-C. Guérin, P. Roch, Reactive oxygen species and defense me-
chanisms in marine bivalves, C. R. Acad. Sci. Ser. III Sci. Vie 319 (3) (1996)
209–218.

[61] J. Savill, Recognition and phagocytosis of cells undergoing apoptosis, Br. Med.
Bull. 53 (3) (1997) 491–508.

[62] D. Noël, E. Bachère, E. Mialhe, Phagocytosis associated chemiluminescence of
hemocytes in Mytilus edulis (Bivalvia), Dev. Comp. Immunol. 17 (6) (1993)
483–493.

[63] M. Goedken, S. DeGuise, Flow cytometry as a tool to quantify the oyster phago-
cytosis, respiratory burst, and apoptosis, J. Shellfish Res. 21 (21) (2002) 342.

[64] N. Höher, A. Köhler, J. Strand, K. Broeg, Effects of various pollutant mixtures on
immune responses of the blue mussel (Mytilus edulis) collected at a salinity gra-
dient in Danish coastal waters, Mar. Environ. Res. 75 (2012) 35–44.

[65] C. Liu, S. Jiang, M. Wang, L. Wang, H. Chen, J. Xu, Z. Lv, L. Song, A novel siglec
(CgSiglec-1) from the Pacific oyster (Crassostrea gigas) with broad recognition
spectrum and inhibitory activity to apoptosis, phagocytosis and cytokine release,
Dev. Comp. Immunol. 61 (2016) 136–144.

[66] H. Sies, C. Berndt, D.P. Jones, Oxidative stress, Annu. Rev. Biochem. 86 (1) (2017)
715–748.

[67] R.S. Anderson, L.M. Oliver, L.L. Brubacher, Superoxide anion generation by
Crassostrea virginica hemocytes as measured by nitroblue tetrazolium reduction, J.
Invertebr. Pathol. 59 (3) (1992) 303–307.

[68] R.K. Pipe, Generation of reactive oxygen metabolites by the haemocytes of the
mussel Mytilus edulis, Dev. Comp. Immunol. 16 (2) (1992) 111–122.

[69] A. Gómez-Mendikute, M.P. Cajaraville, Comparative effects of cadmium, copper,
paraquat and benzo[a]pyrene on the actin cytoskeleton and production of reactive
oxygen species (ROS) in mussel haemocytes, Toxicol. In Vitro 17 (5) (2003)
539–546.

[70] R.S. Anderson, Hemocyte-derived reactive oxygen intermediate production in four
bivalve mollusks, Dev. Comp. Immunol. 18 (2) (1994) 89–96.

[71] C. López, A. Villalba, E. Bachére, Absence of generation of active oxygen radicals
coupled with phagocytosis by the hemocytes of the clam, Ruditapes decussatus
(Mollusca: Bivalvia), J. Invertebr. Pathol. 64 (3) (1994) 188–192.

[72] D. Bass, J.W. Parce, L.R. Dechatelet, P. Szejda, M. Seeds, M. Thomas, Flow cyto-
metric studies of oxidative product formation by neutrophils: a graded response to
membrane stimulation, J. Immunol. 130 (4) (1983) 1910–1917.

[73] E. Patetsini, V.K. Dimitriadis, M. Kaloyianni, Biomarkers in marine mussels,
Mytilus galloprovincialis, exposed to environmentally relevant levels of the pesti-
cides, chlorpyrifos and penoxsulam, Aquat. Toxicol. 126 (2013) 338–345.

[74] D.M. Buggé, H. Hégaret, G.H. Wikfors, B. Allam, Oxidative burst in hard clam
(Mercenaria mercenaria) haemocytes, Fish Shellfish Immunol. 23 (1) (2007)
188–196.

[75] S. Castellanos-Martínez, M. Prado-Alvarez, A. Lobo-da-Cunha, C. Azevedo,
C. Gestal, Morphologic, cytometric and functional characterization of the common
octopus (Octopus vulgaris) hemocytes, Dev. Comp. Immunol. 44 (1) (2014) 50–58.

T. Van Nguyen and A.C. Alfaro Fish and Shellfish Immunology 94 (2019) 239–248

246

http://refhub.elsevier.com/S1050-4648(19)30885-X/sref16
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref17
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref17
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref18
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref19
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref19
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref20
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref20
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref21
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref22
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref22
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref23
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref23
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref23
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref24
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref24
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref24
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref25
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref25
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref25
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref26
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref26
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref26
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref27
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref27
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref27
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref27
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref28
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref28
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref28
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref29
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref29
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref29
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref31
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref31
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref31
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref31
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref32
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref33
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref33
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref34
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref34
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref34
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref35
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref35
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref35
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref36
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref37
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref37
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref37
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref38
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref38
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref38
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref39
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref39
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref40
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref40
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref40
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref41
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref41
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref41
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref42
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref42
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref42
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref43
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref43
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref43
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref43
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref44
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref45
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref45
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref46
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref46
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref46
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref48
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref48
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref48
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref48
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref49
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref49
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref49
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref49
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref50
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref50
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref50
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref51
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref51
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref51
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref51
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref52
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref53
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref53
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref54
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref54
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref54
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref55
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref55
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref55
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref56
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref56
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref56
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref57
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref57
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref57
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref58
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref58
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref58
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref58
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref59
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref59
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref60
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref60
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref60
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref61
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref61
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref62
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref62
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref62
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref63
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref63
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref64
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref64
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref64
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref65
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref65
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref65
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref65
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref66
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref66
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref67
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref67
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref67
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref68
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref68
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref69
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref69
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref69
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref69
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref70
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref70
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref71
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref71
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref71
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref72
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref72
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref72
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref73
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref73
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref73
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref74
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref74
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref74
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref75
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref75
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref75


[76] E. Mottin, C. Caplat, M.-L. Mahaut, K. Costil, D. Barillier, J.-M. Lebel,
A. Serpentini, Effect of in vitro exposure to zinc on immunological parameters of
haemocytes from the marine gastropod Haliotis tuberculata, Fish Shellfish
Immunol. 29 (5) (2010) 846–853.

[77] L. Donaghy, A.K. Volety, Functional and metabolic characterization of hemocytes
of the green mussel, Perna viridis: in vitro impacts of temperature, Fish Shellfish
Immunol. 31 (6) (2011) 808–814.

[78] I. Paul-Pont, P. Gonzalez, M. Baudrimont, F. Jude, N. Raymond, L. Bourrasseau,
N. Le Goïc, F. Haynes, A. Legeay, C. Paillard, X. de Montaudouin, Interactive ef-
fects of metal contamination and pathogenic organisms on the marine bivalve
Cerastoderma edule, Mar. Pollut. Bull. 60 (4) (2010) 515–525.

[79] K.-I. Park, L. Donaghy, H.-S. Kang, H.-K. Hong, Y.-O. Kim, K.-S. Choi, Assessment
of immune parameters of manila clam Ruditapes philippinarum in different phy-
siological conditions using flow cytometry, Ocean Sci. J. 47 (1) (2012) 19–26.

[80] H. Zhao, J. Joseph, H.M. Fales, E.A. Sokoloski, R.L. Levine, J. Vasquez-Vivar,
B. Kalyanaraman, Detection and characterization of the product of hydroethidine
and intracellular superoxide by HPLC and limitations of fluorescence, Proc. Natl.
Acad. Sci. 102 (16) (2005) 5727–5732.

[81] G. Rothe, G. Valet, Flow cytometric analysis of respiratory burst activity in pha-
gocytes with hydroethidine and 2′, 7′‐dichlorofluorescin, J. Leukoc. Biol. 47 (5)
(1990) 440–448.

[82] W. Carter, P.K. Narayanan, J. Robinson, Intracellular hydrogen peroxide and su-
peroxide anion detection in endothelial cells, J. Leukoc. Biol. 55 (2) (1994)
253–258.

[83] S. Koutsogiannaki, S. Franzellitti, E. Fabbri, M. Kaloyianni, Oxidative stress
parameters induced by exposure to either cadmium or 17β-estradiol on Mytilus
galloprovincialis hemocytes. The role of signaling molecules, Aquat. Toxicol. 146
(2014) 186–195.

[84] S. Elmore, Apoptosis: a review of programmed cell death, Toxicol. Pathol. 35 (4)
(2007) 495–516.

[85] N. Estevez-Calvar, A. Romero, A. Figueras, B. Novoa, Genes of the mitochondrial
apoptotic pathway in Mytilus galloprovincialis, PLoS One 8 (4) (2013) e61502.

[86] T. Kiss, Apoptosis and its functional significance in molluscs, Apoptosis 15 (3)
(2010) 313–321.

[87] I. Sokolova, Apoptosis in molluscan immune defense, Invertebr. Surviv. J. 6 (1)
(2009) 49–58.

[88] L. Zhang, L. Li, G. Zhang, Gene discovery, comparative analysis and expression
profile reveal the complexity of the Crassostrea gigas apoptosis system, Dev. Comp.
Immunol. 35 (5) (2011) 603–610.

[89] A. Romero, B. Novoa, A. Figueras, The complexity of apoptotic cell death in
mollusks: an update, Fish Shellfish Immunol. 46 (1) (2015) 79–87.

[90] A. Romero, N. Estevez-Calvar, S. Dios, A. Figueras, B. Novoa, New insights into the
apoptotic process in mollusks: characterization of caspase genes in Mytilus gallo-
provincialis, PLoS One 6 (2) (2011) e17003.

[91] W.G. Telford, A. Komoriya, B.Z. Packard, C.B. Bagwell, Multiparametric analysis
of apoptosis by flow cytometry, in: T. Hawley, R. Hawley (Eds.), Flow Cytometry
Protocols, Humana Press, 2011, pp. 203–227.

[92] P. Allen, D. Davies, Apoptosis Detection by Flow Cytometry, Flow Cytometry,
Springer, 2007, pp. 147–163.

[93] M. Van Engeland, L.J. Nieland, F.C. Ramaekers, B. Schutte, C.P. Reutelingsperger,
Annexin V‐affinity assay: a review on an apoptosis detection system based on
phosphatidylserine exposure, Cytometry: J .Int. Soc.Anal.Cytol. 31 (1) (1998) 1–9.

[94] I. Sokolova, S. Evans, F. Hughes, Cadmium-induced apoptosis in oyster hemocytes
involves disturbance of cellular energy balance but no mitochondrial permeability
transition, J. Exp. Biol. 207 (19) (2004) 3369–3380.

[95] D.R. Green, J.C. Reed, Mitochondria and apoptosis, Science-AAAS-Weekly Paper
Edition 281 (5381) (1998) 1309–1311.

[96] J.D. Ly, D.R. Grubb, A. Lawen, The mitochondrial membrane potential (Δψm) in
apoptosis; an update, Apoptosis 8 (2) (2003) 115–128.

[97] O. Gervais, T. Renault, I. Arzul, Induction of apoptosis by UV in the flat oyster,
Ostrea edulis, Fish Shellfish Immunol. 46 (2) (2015) 232–242.

[98] L. Donaghy, E. Kraffe, N. Le Goïc, C. Lambert, A.K. Volety, P. Soudant, Reactive
oxygen species in unstimulated hemocytes of the Pacific oyster Crassostrea gigas: a
mitochondrial involvement, PLoS One 7 (10) (2012) e46594.

[99] O. Gervais, B. Chollet, T. Renault, I. Arzul, Flat oyster follows the apoptosis
pathway to defend against the protozoan parasite Bonamia ostreae, Fish Shellfish
Immunol. 56 (Supplement C) (2016) 322–329.

[100] L. Canesi, C. Ciacci, M. Betti, R. Fabbri, B. Canonico, A. Fantinati, A. Marcomini,
G. Pojana, Immunotoxicity of carbon black nanoparticles to blue mussel hemo-
cytes, Environ. Int. 34 (8) (2008) 1114–1119.

[101] L. Canesi, C. Ciacci, E. Bergami, M.P. Monopoli, K.A. Dawson, S. Papa,
B. Canonico, I. Corsi, Evidence for immunomodulation and apoptotic processes
induced by cationic polystyrene nanoparticles in the hemocytes of the marine
bivalve Mytilus, Mar. Environ. Res. 111 (2015) 34–40.

[102] C. Ciacci, B. Canonico, D. Bilaniĉovă, R. Fabbri, K. Cortese, G. Gallo,
A. Marcomini, G. Pojana, L. Canesi, Immunomodulation by different types of N-
oxides in the hemocytes of the marine bivalve Mytilus galloprovincialis, PLoS One 7
(5) (2012) e36937.

[103] T.J. Fan, L.H. Han, R.S. Cong, J. Liang, Caspase family proteases and apoptosis,
Acta Biochim. Biophys. Sin. 37 (11) (2005) 719–727.

[104] G.M. Cohen, Caspases: the executioners of apoptosis, Biochem. J. 326 (1) (1997)
1–16.

[105] S.J. Riedl, Y. Shi, Molecular mechanisms of caspase regulation during apoptosis,
Nat. Rev. Mol. Cell Biol. 5 (11) (2004) 897.

[106] L. Galluzzi, A. López-Soto, S. Kumar, G. Kroemer, Caspases connect cell-death
signaling to organismal homeostasis, Immunity 44 (2) (2016) 221–231.

[107] L. Zhang, L. Li, Y. Zhu, G. Zhang, X. Guo, Transcriptome analysis reveals a rich
gene set related to innate immunity in the Eastern oyster (Crassostrea virginica),
Mar. Biotechnol. 16 (1) (2014) 17–33.

[108] W.-B. Huang, H.-L. Ren, S. Gopalakrishnan, D.-D. Xu, K. Qiao, K.-J. Wang, First
molecular cloning of a molluscan caspase from variously colored abalone (Haliotis
diversicolor) and gene expression analysis with bacterial challenge, Fish Shellfish
Immunol. 28 (4) (2010) 587–595.

[109] Z. Xiang, F. Qu, L. Qi, Y. Zhang, Y. Tong, Z. Yu, Cloning, characterization and
expression analysis of a caspase-8 like gene from the Hong Kong oyster, Crassostrea
hongkongensis, Fish Shellfish Immunol. 35 (6) (2013) 1797–1803.

[110] C.M. Motta, V. Frezza, P. Simoniello, Caspase 3 in molluscan tissues: localization
and possible function, J. Exp. Zool. Part A: Ecological Genetics and Physiology 319
(10) (2013) 548–559.

[111] S.H. Kaufmann, S.-H. Lee, X.W. Meng, D.A. Loegering, T.J. Kottke, A.J. Henzing,
S. Ruchaud, K. Samejima, W.C. Earnshaw, Apoptosis-associated caspase activation
assays, Methods 44 (3) (2008) 262–272.

[112] P. Pozarowski, X. Huang, D. Halicka, B. Lee, G. Johnson, Z. Darzynkiewicz,
Interactions of fluorochrome‐labeled caspase inhibitors with apoptotic cells: a
caution in data interpretation, Cytometry Part A: The Journal of the International
Society for Analytical Cytology 55 (1) (2003) 50–60.

[113] P. Smolewski, J. Grabarek, B.W. Lee, G.L. Johnson, Z. Darzynkiewicz, Kinetics of
HL‐60 cell entry to apoptosis during treatment with TNF‐α or camptothecin as-
sayed by the stathmo‐apoptosis method, Cytometry 47 (3) (2002) 143–149.

[114] A.G. Porter, R.U. Jänicke, Emerging roles of caspase-3 in apoptosis, Cell Death
Differ. 6 (2) (1999) 99–104.

[115] H. Guo, K. Li, W. Wang, C. Wang, Y. Shen, Effects of copper on hemocyte apop-
tosis, ROS production, and gene expression in white shrimp Litopenaeus vannamei,
Biol. Trace Elem. Res. 179 (2) (2017) 1–9.

[116] A. Lacoste, A. Cueff, S.A. Poulet, P35-sensitive caspases, MAP kinases and Rho
modulate beta-adrenergic induction of apoptosis in mollusc immune cells, J. Cell
Sci. 115 (Pt 4) (2002) 761–768.

[117] N. Höher, F. Regoli, A. Dissanayake, M. Nagel, M. Kriews, A. Köhler, K. Broeg,
Immunomodulating effects of environmentally realistic copper concentrations in
Mytilus edulis adapted to naturally low salinities, Aquat. Toxicol. 140–141 (2013)
185–195.

[118] A. Benabdelmouna, C. Ledu, The mass mortality of blue mussels (Mytilus spp.)
from the Atlantic coast of France is associated with heavy genomic abnormalities
as evidenced by flow cytometry, J. Invertebr. Pathol. 138 (2016) 30–38.

[119] Z. Darzynkiewicz, X. Huang, H. Zhao, Analysis of cellular DNA content by flow
cytometry, Curr. Protoc. Im. 119 (1) (2017) 5.7. 1–75.7. 20.

[120] J.D. Moore, R.A. Elston, A.S. Drum, M.T. Wilkinson, Alternate pathogenesis of
systemic neoplasia in the bivalve mollusc Mytilus, J. Invertebr. Pathol. 58 (2)
(1991) 231–243.

[121] P.W. Reno, M. House, A. Illingworth, Flow cytometric and chromosome analysis of
softshell clams,Mya arenaria, with disseminated neoplasia, J. Invertebr. Pathol. 64
(3) (1994) 163–172.

[122] P.M. Da Silva, P. Soudant, M.J. Carballal, C. Lambert, A. Villalba, Flow cytometric
DNA content analysis of neoplastic cells in haemolymph of the cockle
Cerastoderma edule, Dis. Aquat. Org. 67 (1–2) (2005) 133–139.

[123] M. Delaporte, S. Synard, J. Pariseau, P. McKenna, R. Tremblay, J. Davidson,
F.C.J. Berthe, Assessment of haemic neoplasia in different soft shell clam Mya
arenaria populations from eastern Canada by flow cytometry, J. Invertebr. Pathol.
98 (2) (2008) 190–197.

[124] A. Siah, C. Dohoo, P. McKenna, M. Delaporte, F.C.J. Berthe, Selecting a set of
housekeeping genes for quantitative real-time PCR in normal and tetraploid hae-
mocytes of soft-shell clams, Mya arenaria, Fish Shellfish Immunol. 25 (3) (2008)
202–207.

[125] F.L. Grand, E. Kraffe, X.d. Montaudouin, A. Villalba, Y. Marty, P. Soudant,
Prevalence, intensity, and aneuploidy patterns of disseminated neoplasia in
cockles (Cerastoderma edule) from Arcachon Bay: seasonal variation and position
in sediment, J. Invertebr. Pathol. 104 (2) (2010) 110–118.

[126] R. Elston, A. Drum, S. Allen, Progressive development of circulating polyploid cells
in Mytilus with hemic neoplasia, Dis. Aquat. Org. 8 (1) (1990) 51–59.

[127] M. Delaporte, P. Soudant, C. Lambert, M. Jegaden, J. Moal, S. Pouvreau,
L. Dégremont, P. Boudry, J.F. Samain, Characterisation of physiological and im-
munological differences between Pacific oysters (Crassostrea gigas) genetically
selected for high or low survival to summer mortalities and fed different rations
under controlled conditions, J. Exp. Mar. Biol. Ecol. 353 (1) (2007) 45–57.

[128] K. Hogg, J. Thomas, D. Ashford, J. Cartwright, R. Coldwell, D.J. Weston,
J. Pillmoor, D. Surry, P. O'Toole, Quantification of proteins by flow cytometry:
quantification of human hepatic transporter P-gp and OATP1B1 using flow cyto-
metry and mass spectrometry, Methods 82 (2015) 38–46.

[129] M. Rey-Campos, R. Moreira, V. Valenzuela-Muñoz, C. Gallardo-Escárate, B. Novoa,
A. Figueras, High individual variability in the transcriptomic response of
Mediterranean mussels to Vibrio reveals the involvement of myticins in tissue
injury, Sci. Rep. 9 (1) (2019) 3569.

[130] L. Zhou, A. Yang, Z. Liu, B. Wu, X. Sun, Z. Lv, J.-t. Tian, M. Du, Changes in he-
molymph characteristics of ark shell Scapharaca broughtonii dealt with Vibrio
anguillarum challenge in vivo and various of anticoagulants in vitro, Fish Shellfish
Immunol. 61 (2017) 9–15.

[131] B. Gagnaire, H. Thomas-Guyon, T. Burgeot, T. Renault, Pollutant effects on Pacific
oyster, Crassostrea gigas (Thunberg), hemocytes: screening of 23 molecules using
flow cytometry, Cell Biol. Toxicol. 22 (1) (2006) 1–14.

[132] X. Wang, M. Wang, J. Xu, Z. Jia, Z. Liu, L. Wang, L. Song, Soluble adenylyl cyclase
mediates mitochondrial pathway of apoptosis and ATP metabolism in oyster
Crassostrea gigas exposed to elevated CO2, Fish Shellfish Immunol. 66 (2017)

T. Van Nguyen and A.C. Alfaro Fish and Shellfish Immunology 94 (2019) 239–248

247

http://refhub.elsevier.com/S1050-4648(19)30885-X/sref76
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref76
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref76
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref76
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref77
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref77
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref77
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref78
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref78
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref78
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref78
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref79
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref79
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref79
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref80
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref80
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref80
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref80
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref81
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref81
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref81
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref82
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref82
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref82
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref83
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref83
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref83
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref83
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref84
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref84
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref85
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref85
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref86
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref86
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref87
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref87
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref88
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref88
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref88
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref89
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref89
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref90
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref90
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref90
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref91
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref91
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref91
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref92
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref92
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref93
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref93
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref93
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref94
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref94
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref94
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref95
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref95
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref96
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref96
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref97
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref97
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref98
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref98
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref98
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref99
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref99
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref99
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref100
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref100
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref100
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref101
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref101
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref101
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref101
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref102
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref102
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref102
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref102
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref103
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref103
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref104
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref104
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref105
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref105
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref106
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref106
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref107
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref107
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref107
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref108
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref108
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref108
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref108
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref109
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref109
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref109
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref110
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref110
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref110
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref111
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref111
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref111
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref112
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref112
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref112
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref112
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref113
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref113
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref113
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref114
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref114
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref115
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref115
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref115
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref116
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref116
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref116
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref117
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref117
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref117
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref117
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref118
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref118
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref118
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref119
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref119
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref120
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref120
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref120
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref121
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref121
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref121
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref122
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref122
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref122
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref123
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref123
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref123
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref123
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref124
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref124
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref124
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref124
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref125
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref125
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref125
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref125
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref126
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref126
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref127
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref127
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref127
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref127
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref127
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref128
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref128
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref128
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref128
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref129
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref129
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref129
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref129
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref130
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref130
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref130
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref130
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref131
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref131
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref131
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref132
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref132
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref132


140–147.
[133] S. Jiang, Z. Jia, L. Xin, Y. Sun, R. Zhang, W. Wang, L. Wang, L. Song, The cyto-

chemical and ultrastructural characteristics of phagocytes in the Pacific oyster
Crassostrea gigas, Fish Shellfish Immunol. 55 (2016) 490–498.

[134] B. Gagnaire, H. Thomas-Guyon, T. Renault, In vitro effects of cadmium and
mercury on Pacific oyster, Crassostrea gigas (Thunberg), haemocytes, Fish Shellfish
Immunol. 16 (4) (2004) 501–512.

[135] J. Torreilles, M.-C. Guérin, P. Roch, Modified Alsever's solution is not a good
medium for reactive oxygen metabolite study in bivalves, Fish Shellfish Immunol.
9 (1) (1999) 65–69.

[136] R. Anderson, L. Oliver, D. Jacobs, Immunotoxicity of cadmium for the eastern
oyster (Crassostrea virginica Gmelin, 1791): effects on hemocyte chemilumines-
cence, J. Shellfish Res. 11 (1) (1992) 31–35.

[137] M. Auffret, R. Oubella, Hemocyte aggregation in the oyster Crassostrea gigas: in
vitro measurement and experimental modulation by xenobiotics, Comp. Biochem.
Physiol. Physiol. 118 (3) (1997) 705–712.

[138] T.V. Nguyen, A.C. Alfaro, F. Merien, Omics approaches to investigate host-pa-
thogen interactions in mass mortality outbreaks of Crassostrea gigas, Rev. Aquac.
(2018) 1–17.

[139] X. Liu, C. Ji, J. Zhao, Q. Wang, F. Li, H. Wu, Metabolic profiling of the tissue-
specific responses in mussel Mytilus galloprovincialis towards Vibrio harveyi chal-
lenge, Fish Shellfish Immunol. 39 (2) (2014) 372–377.

[140] B. Allam, K. Ashton-Alcox, S. Ford, Flow cytometric comparison of haemocytes
from three species of bivalve molluscs, Fish Shellfish Immunol. 13 (2) (2002)
141–158.

T. Van Nguyen and A.C. Alfaro Fish and Shellfish Immunology 94 (2019) 239–248

248

http://refhub.elsevier.com/S1050-4648(19)30885-X/sref132
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref133
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref133
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref133
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref134
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref134
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref134
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref135
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref135
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref135
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref136
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref136
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref136
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref137
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref137
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref137
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref138
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref138
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref138
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref139
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref139
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref139
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref140
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref140
http://refhub.elsevier.com/S1050-4648(19)30885-X/sref140

	Applications of flow cytometry in molluscan immunology: Current status and trends
	Introduction
	Overview of flow cytometry
	Current applications of FCM in immunological studies of molluscs
	Total haemocyte counting
	Cell types
	Viability
	Phagocytosis
	Oxidative stress
	Apoptosis
	Mitochondrial transmembrane potential
	Caspase activation

	DNA content and cell cycle characteristics of haemocytes
	Protein analysis

	Challenges and perspectives
	Concluding remarks
	Acknowledgements
	References




