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Hemocyte activation and nodule formation in the giant
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The giant keyhole limpet, Megathura crenulata, lives in rocky intertidal and subtidal
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environments along the Southern California coast, where it is exposed to viruses,
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teria or latex beads, hemocytes from specimens of M. crenulata in vivo and in vitro

bacteria, and other potential pathogens. We demonstrate that when exposed to bacimmediately become adhesive and form nodules. The rapid activation of hemocytes
suggests a role for an array of recognition proteins, and inhibition of nodulation by
the tripeptide Arg–Gly–Asp indicates that integrins are involved. The morphological
changes involved with nodule formation include the rapid extension of lamellipodia,
phagocytosis of particles, and compaction of the hemocyte aggregates. The number
of nonadherent hemocytes rapidly decreases as aggregates form. The elimination of
bacteria is due to a dynamic hemocyte response, rather than antibacterial factors in
the plasma. These findings are compared to work on other gastropods and expand
the current knowledge on the immune response of molluscs, such as M. crenulata,
which is increasing in importance as they continue to be raised in aquaculture for
pharmacological use.
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I N T RO DU CT I O N

suggested receptors (Chen & Bayne, 1995). Once the body is
established as foreign, signaling molecules such as cytokines

Molluscs lack an adaptive immune system and rely on innate immunity

(Koutsogiannaki & Kaloyianni, 2010) trigger intracellular processes

to deal with foreign particles and pathogens that have penetrated

that activate hemocytes to adhere to foreign materials and to one

ski &
surface barriers such as shells and mucous coatings (Glin

another to form nodules. Reorganization of the cytoskeleton allows

Jarosz, 1997; Loker, 2010; Martin et al., 2018). Infection by bacteria

for phagocytosis of small particles (Canesi et al., 2002), and nodule

and other pathogens induces a rapid immune response comprising

formation allows for sequestration of many particles or encapsulation

both cellular and humoral factors, but a body must first be recognized

of large objects such as multicellular parasites (Canesi et al., 2002;

as foreign in order to initiate a response. This may involve interactions

Robohm, 1984; Sminia et al., 1974; Yousif et al., 1980). Fixed

with plasma factors such as phenoloxidase (Coles & Pipe, 1994;

phagocytes, which have been described from the connective tissue

Luna-González et al., 2003), and antimicrobial compounds such as

and the site of infection of some species (Matricon-Gondran &

lysozyme (Cheng & Gerhart, 1978). Foreign particles may also bind to

Letocart, 1999; Ottaviani & Cossarizza, 1990; Sminia, 1972), also

hemocytes via lectins (Humphries & Yoshino, 2003), integrins (Davids

contribute to defense against microbes.

& Yoshino, 1998), toll-like receptors (Loker et al., 2004), pattern-

The role of molluscan hemocytes is not only limited to the

recognition motifs bound to cell membranes, or a variety of other

immune response but also includes functions such as wound repair,
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as large and diverse as the Gastropoda, it is not surprising that a

Ottaviani, 2000; Hanington et al., 2010). Understanding hemocyte

variety of responses (phagocytosis, nodule formation, organ-specific

function requires the identification of different types of hemocytes,

clearance, and fixed phagocytes) may be involved or that

and several classification schemes have been proposed. Several

clearance mechanisms have been investigated in only a few spe-

schemes identify two or three morphologically distinct types of circu-

cies. This study aims to expand our knowledge regarding removal

lating cells (Accorsi et al., 2013; Cueto et al., 2015; Pengsakul

of foreign material from circulation by hemocyte nodulation in

et al., 2013; Voltzow, 1994), with one type containing obvious gran-

M. crenulata.

shell

deposition,

and

excretion

(Cheng,

1981;

Franchini

The giant keyhole limpet, M. crenulata, lives in rocky coastal

ules. However, some species lack granulocytes. Two morphologically
distinct types of agranular hemocytes have been identified in the

environments

molluscs Pomacea canaliculata (LAMARCK 1822), Haliotis tuberculata

et al., 1980), where it faces the challenge of exposure to microbial

along

the

Southern

California

coast

(Morris

LINNAEUS 1758, and Planorbarius corneus (LINNAEUS 1758); the larger

pathogens and environmental pollutants known to affect molluscan

type of agranular hemocyte is capable of phagocytosing bacteria

immune responses (Giron-Perez, 2010; Gopalakrishnan et al.,

(Accorsi et al., 2013; Ottaviani et al., 1992). By contrast, Lymnaea

2009). The limpet is unusual in that most of its external surface,

stagnalis (LINNAEUS 1758) (Sminia, 1972; Sminia et al., 1974),

including the shell, is covered by a glycocalyx-coated epithelium

Biomphalaria

1985;

(Martin et al., 2018). M. crenulata is a model for investigating the

Matricon-Gondran & Letocart, 1999), Aplysia californica J. G. COOPER

molluscan immune response. Studies of M. crenulata are of increas-

1863, and Megathura crenulata (G. B. SOWERBY I 1825) (Martin

ing importance because it is raised in aquaculture for pharmacolog-

et al., 2007; Travers et al., 2008) appear to have only one type of

ical use as the sole provider of keyhole limpet hemocyanin (KLH).

hemocyte, which may display different morphologies depending on

KLH is an immune-stimulating molecule used in active immunother-

cell maturation. This great variation among species makes it currently

apies, and it is a key component of several cancer drugs currently

impossible to present a unified classification scheme based on the

undergoing

morphology of hemocytes in Mollusca.

et al., 2011; Pyzer et al., 2014). This article compares (1) the time

glabrata

(SAY

1818)

(Dikkeboom

et

al.,

clinical

trials

(Fenstermaker

et

al.,

2016;

Miles

Knowledge of hemocyte structure and function is increasing,

sequence of nodule formation, (2) the efficiencies of particle

as well as our appreciation for the arsenal of molecules and pro-

removal from circulation by circulating hemocytes, and (3) the

cesses involved in the immune response. The interplay of these

morphological changes to hemocytes during nodule formation in

aspects of the innate immune response within molluscs requires

both in vivo and in vitro experiments.

further

attention.

Pauley

et

al.

(1971)

and

Pauley

and

Krassner (1972) presented some of the first observations of in vivo
whole body responses to the challenge of particles injected into
the hemocoel of the gastropod A. californica. Injections of India ink

2

METHODS

|

particles or carmine dye resulted in loose nodule formation and
phagocytosis by individual hemocytes. Most aggregates were found

2.1

|

Limpet care and bacteria culture

near the site of injection, with little accumulation in the gills or
other organs. Bacteria injected into the blood were cleared within

Giant keyhole limpets, M. crenulata, were collected in 2017–2019

8 h, corresponding with a drop in the total number of circulating

from southern California rocky reefs along the Palos Verdes penin-

hemocytes, which recovered within 24 h. In 1974, Bayne's experi-

sula by SCUBA divers in the Vantuna Research Group at Occiden-

ments on the pulmonate Helix pomatia LINNAEUS 1758 determined

tal College under California Department of Fish and Wildlife

that the snail could survive clearance of one trillion bacteria from

Scientific Collecting Permit # SC-007227. Limpets were maintained

its hemolymph. Neither hemocyte phagocytosis nor bacteria lysis

in seawater aquaria (16 C, salinity 33 ppt). No food items were

was involved, and clearance probably involved fixed phagocytes

added; however, limpets consumed bacteria, protists, and algal films

and aggregations of circulating hemocytes especially within the

on aquaria walls, as evidenced by radulation tracks. Only healthy

digestive gland. Studies on the freshwater pulmonate L. stagnalis

limpets were used, based on intact epithelia, strong adherence to

demonstrated that 99% of bacteria injected into the snail's hemo-

aquaria walls, and total hemocyte counts within an expected range

lymph were cleared within 2 h (van der Knaap et al., 1981). Bacte-

of 2–9  106 cells/ml. Live cultures of Vibrio fischeri were

ria were phagocytosed and degraded by fixed phagocytes and

purchased from Ward Scientific (#470176-340) and grown at 23 C

circulating hemocytes, which declined rapidly following injections.

on plates of tryptic soy agar (TSA; Difco 236950) with added 5%

More recently, Cueto et al. (2013) and Cueto et al. (2015) have

NaCl (TSA + NaCl). Colonies were scraped from plates and mixed

described nodules being formed in circulation and in the vascula-

with phosphate buffered saline with additional NaCl to a final

ture of the kidney in P. canaliculata in response to experimental

concentration of 3% NaCl (PBS + NaCl), and concentrations were

bacterial

Rodriguez

determined with a spectrophotometer; an 80% transmittance at

et al. (2018), who proposed that some organs, such as the kidney

600 nm was equivalent to a concentration of 108 bacteria/ml

and lung in P. canaliculata, may facilitate hemocyte–antigen interac-

(Mikulski et al., 2000). Bacteria were diluted to desired concentra-

tions in ways analogous to lymph nodes in vertebrates. In a taxon

tions in sterile PBS + NaCl.

infections.

This

work

is

supported

by
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2.2 | In vitro tests for bacterial clearance and
hemocyte viability

contamination. After incubations for 30 min, 1 h, and 2 h, blood was

When removed from a limpet, hemolymph does not clot and form a

incubated for 2 days at 23 C, and the plates with a quantifiable den-

gel, but the contained hemocytes aggregate quickly. To observe

sity of colony-forming units

diluted tenfold for four dilutions, and 100 μl of each dilution was
spread on two TSA + NaCl plates for each time point. Cultures were

in vitro nodule formation and its effect on the concentration of bacte-

were analyzed, whereas plates with <10 colonies or colonies too

ria in suspensions, the following experiments were performed on

numerous to count were discarded. The experiment was performed in

10 limpets, using 2 limpets for each of the following times: 5, 15,

duplicate.

30, 60, and 180 min. From each limpet, 45 ml of hemolymph containing an average of 4  106 hemocytes/ml was collected by
cannulization of the buccal sinus of individual limpets, following the

2.4

|

Morphology of nodules formed in vitro

method described in US patent # 6,852,338 B2. Each sample was
mixed with 5 ml of culture of V. fischeri (Ward's Science 470176-340)

The second set of dishes produced as described in the above experi-

at 5  106 bacteria/ml in PBS + NaCl. Aliquots (10 ml) were added to

ments were processed for morphological analysis. At each of the time

five

Scientific

points between 5 and 180 min, nodules formed in the presence of

FB0875713A) and placed on a rotating rocker set to 16 RPM at 23 C

bacteria were collected and processed for examination by light

to ensure continuous mixing and allow for observations on nodule for-

microscopy (LM), and scanning and transmission electron microscopy

mation. The two sets of dishes, produced from the 10 limpets, were

(SEM and TEM, respectively). Two additional sets of nodules were

used in the following manner after mixing for 5, 15, 30, 60, or

produced at each time point. In one, 1-μm-diameter latex beads (car-

180 min. One dish at each time was used for two tests and the second

boxylate-modified polystyrene Sigma L4655) at a concentration of

dish was used for morphological examination of the nodules (see

106 beads/ml blood were substituted for the bacteria. Their spherical

below). The first test quantified the bacteria remaining in suspension;

shape made them easier to identify in SEM images, in which elongate

small aliquots (10 μl) of solution were collected at each time point and

bacteria could be confused with filopodia. In the third variation, nei-

35-mm-diameter

plastic

petri

dishes

(Fisher

cultured on plates of TSA + NaCl. After 48 h at 23 C, colony-forming

ther bacteria nor beads were added and PBS + NaCl alone served as

units were counted. Aliquots of pure blood and bacteria in PBS

a control. Five limpets were used in each experiment. Each dish was

+ NaCl were cultured on TSA + NaCl plates to test for contaminated

initially photographed with a light microscope at each time point, and

blood and to assess bacterial dilutions, respectively. Percent bacterial

the percent area covered by adhered nodules was quantified using

clearance over time was calculated by dividing bacteria concentration

Image J software.
Nodules from each treatment and each time point were col-

at each time point by the initial concentration.
For the second test, one dish at each time point described above

lected for processing and examination by LM, SEM, and TEM. Sam-

was used to quantify the viability of hemocytes using the trypan blue

ples were rinsed in PBS + NaCl and fixed overnight in 3%

exclusion test, as described by Stober (2015). Petri dishes were rinsed

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.6). All sam-

with PBS + NaCl and then 5 ml of a 0.2% solution of trypan blue in

ples were washed in buffer and post-fixed 1 h in 1% OsO4 in

PBS + NaCl was added. After 3 min, 200 hemocytes were observed

0.1 M sodium cacodylate buffer. For LM and TEM, samples were

and the number of blue-stained (dead) cells was expressed as percent-

stained en bloc in 3% uranyl acetate in 0.1 M sodium acetate

age of the total cells. Individual hemocytes as well as cells in small

buffer for 1 h, dehydrated through a graded series of ethanol, and

nodules (<10 hemocytes) were readily assessed yet made up a tiny

infiltrated and embedded in plastic (Spurr, 1969). Thick (0.5 μm)

percentage of the total number of hemocytes. Live versus dead cells

and thin (90 nm) sections were cut, stained with methylene blue or

in larger aggregates could not be quantified because the thickness of

lead citrate, and viewed by LM or TEM (Zeiss EM 109), respec-

the nodules prevented the discrimination of the two cell types by

tively. Samples for SEM were dehydrated, soaked in hexa-

examination under light microscopy.

methyldisilazane

(HMSD,

Pella

18605)

for

15 min,

air-dried,

mounted on stubs, coated with gold in a Technics Hummer VI
Sputter Coater, and examined in a Phenom SEM.

2.3

|

Test for antibacterial factors

To determine whether hemocyte adhesion and nodule formation
was inhibited by the tripeptide Arg-Gly-Asp (RGD), an amino acid

To determine whether the loss of bacteria from culture suspension

sequence recognized by integrins, 3 ml of blood from five separate

was due to antibacterial factors, blood was collected from five limpets

limpets was mixed immediately with RGD (Sigma A8052) for a final

and tested separately. Blood was passed through a syringe filter

concentration of 10-mM RGD. An equal volume of hemolymph from

(Fisherbrand 09-719A with 0.22-μm pore size) to produce a cell-free

each limpet was not mixed with RGD and served as controls. Dishes

plasma. Cultures of V. fischeri suspended in PBS + NaCl (0.3 ml) were

were placed on a rocker for the same times listed above and then the

mixed with either 2.7 ml of filtered (i.e., cell-free) plasma or PBS

preparations were fixed by the addition of 1-ml glutaraldehyde fixa-

+ NaCl

tive and processed as described above for examination using a dis-

(control)

to

achieve

a

final

concentration

of

104

bacteria/ml. Filtered hemolymph was cultured to test for bacterial

secting microscope and SEM.
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Bacterial clearance in vivo

rinsed in PBS + NaCl, processed, and examined by SEM. As a control,
the same organs were examined in two limpets that had not been

To compare bacterial clearance in vivo with values obtained with

injected with bacteria, and merely bled quickly as described for total

in vitro experiments, bacteria were injected into the hemolymph of

blood volume values, and samples of the ventral buccal mass were

limpets and their concentrations quantified at times after injection.

processed for examination by SEM.

First, it was necessary to determine the volume of blood in limpets
of various weights so that the concentration of bacteria injected
into a limpet would result in each limpet receiving a similar con-

2.7

|

Statistics

centration of bacteria. Fourteen limpets ranging 100–500 g in mass
were used for an estimation of their blood volume. Data were col-

All data analyses were performed using R version 4.1.0 (R Core

lected from limpets used in this study and in two previous studies

Team, 2021). The relationship between limpet body weight and blood

on the morphology of the gut and skin (Martin et al., 2010; Martin

volume was modeled by linear regression using the lm function.

et al., 2018). Each limpet was sliced in half to separate the foot

In vitro and in vivo bacterial clearance data were each fit separately

from the dorsal half containing the shell, mantle, and viscera. These

using nonlinear least squares to an asymptotic regression model using

tissues were further sliced to facilitate blood loss, and hung above

the nls and SSasymp functions, and to an exponential decay model

collection tubes in a cold room at 4 C. After 4 h, the fluid col-

using nls and the NLS.expoDecay function in the aomisc package

lected from these organs and the hemolymph released during the

(Onofri, 2020). To determine which model best fit each set of bacterial

initial dissection were pooled to provide an approximate estimation

clearance data, model parameters were constructed and ranked

of total body hemolymph volume, which is in the range reported

according to second-order Akaike Information Criterion (AICc, AIC for

in other molluscs (see Martin et al., 1958).

small samples). Model parameters were constructed using the AICc

Bacteria diluted in 1 ml of PBS + NaCl were injected into the

 , 2020), and Akaike weights
function in the MuMIn package (Barton

sub-buccal cavity of six limpets with a needle (BD 305167

(wi) were calculated to assess the relative likelihood of each model.

21G  1.500 ) to yield a final concentration of 104 bacteria/ml of hemo-

Akaike weights were interpreted as the weight of evidence in favor of

lymph in each limpet. Prior to injection, a drop of hemolymph

each model (Akaike, 1973; Burnham & Anderson, 2002). For visualiza-

(100 μl) was collected using a needle, and additional samples were

tion, 95% confidence intervals for the selected models were calcu-

collected at 1-, 4-, 8-, 24-, and 48-h post-injection. At each time point,

lated using the predFit function in the investr package (Greenwell &

a total hemocyte count (THC) was determined using a hemocytome-

Schubert Kabban, 2014).

ter, and 10 μl of blood was cultured on plates of TSA + NaCl to quan-

Mixed-model ANOVAs were calculated using the lme function

tify bacteria in the blood. Following incubation at 23 C for 48 h,

from the nlme package (Pinheiro et al., 2021) to determine whether

colony-forming units were counted. Pure hemolymph (10 μl) and 10 μl

there was an overall difference over time in: (1) in vitro bacterial clear-

of bacteria diluted in PBS + NaCl were plated as controls. Duplicate

ance, (2) in vivo bacterial clearance, (3) antibacterial properties

plates were cultured and counted for each time point.

between blood plasma and a control, (4) in vitro nodule formation

To determine whether the injection alone affected the THC, six

between treatments, and (5) hemocyte count between treatments.

limpets were injected with an appropriate volume of PBS + NaCl, and

Pairwise differences between each sampling time or variable were cal-

another six were merely punctured with a needle to obtain 10 μl of

culated using the emmeans function from the emmeans package

blood for a THC with no fluid injected. Blood samples were collected

(Lenth, 2021), and p values were adjusted using the Tukey method.

for THC counts and cultured at each of the times tested above.

For visualization, means and 95% confidence intervals were calculated
by bootstrapping (1000 permutations).

2.6 |
in vivo

Morphology of nodules binding to tissues

The following procedure was developed to determine whether nodules formed following the injection of bacteria into living limpets could

3

|

RE SU LT S

3.1 | In vitro tests for bacterial clearance and
hemocyte viability

be observed binding to tissues lining the circulatory system, similar to
nodules binding to the petri dish in the in vitro experiments. Cultures

The clearance of the cultures of V. fischeri from limpet hemolymph in

of V. fischeri were injected into the sub-buccal sinus of two limpets to

the in vitro tests was followed by mixing blood with bacteria in petri

produce a concentration of 104/ml for the entire body. The needle

dishes on rockers as described above. The abundance of free bacteria

was glued into position with commercial cyanoacrylate glue so that

in suspension significantly decreased over time (F[5,45] = 308.2,

the tip of the needle would stay in place and could be located during

p < .001) following an asymptotic regression model (wi = 1) and

subsequent dissection. After 30 min, blood was drained as described

decreased significantly at every observation time (p < .001 for all con-

for total blood volume estimations and a 1  1-cm piece of the ven-

trasts; Figure 1A). The ratio of hemocytes to bacteria was 36:1, and

tral surface of the buccal mass, posterior to the site of injection, was

80% of bacteria were cleared within 3 h.
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The viability of hemocytes was examined after 1, 4, 8, 24, and
48 h of culture. At 1 and 4 h, an average of 0.05% (SD = 0.02%) of
the hemocytes took up the trypan blue dye. That percentage rose to
an average of 0.4% (SD = 0.02%) by 24 h and an average of 0.7%
(SD = 0.03%) at 48 h of culture, indicating little cell death occurred at
all times examined. These estimates are based on counts of individual
cells and small (<10 cell) nodules; the presence or absence of staining
of hemocytes within larger nodules could not be determined microscopically because of their opacity. No individual cells remained in
suspension; all settled onto the petri dishes. Only a tiny number (<2%)
of nodules did not settle onto the petri dish surface, and these were
typically too large to accurately count hemocytes.

3.2

|

Test for antibacterial factors

The significant decline (F[2,16] = 11.1, p = .001) in the number of cells
of V. fischeri from culture supernatant was not due to their destruction
or elimination by serum factors. No statistical difference in the number of bacteria, as determined by CFU counts (Figure 1B), was
observed between bacteria incubated in plasma and those in PBS
+ NaCl (control) when assessed after 30, 60, and 120 min of culture
(F[1,8] = 0.05, p = .823), and there was no interaction between time
and treatment (F[2,16] = 0.72, p = .501).

3.3

|

Morphology of nodules formed in vitro

The addition of blood from limpets to plastic petri dishes, with or
without the addition of bacteria or latex beads, caused hemocytes to
rapidly become adhesive, extend filopodia and lamellipodia, bind to
adjacent hemocytes and particles still in suspension, and settle and
attach to petri dishes. The process appeared the same whether the
hemocytes were exposed to bacteria, beads, or merely the plastic
syringes and petri dishes, so the following descriptions refer to all
treatments. Most individual cells and nodules settle and bind to the
petri dish within 5 min, covering 10% of the bottom of the dish.
F I G U R E 1 In vitro experiments in hemocyte activation and
nodule formation in Megathura crenulata. A. Removal of bacteria
(Vibrio fischeri) from cultures of hemocytes monitored over 3 h
(n = 10). Error bars represent bootstrapped 95% confidence intervals
(1000 permutations). Gray ribbon represents 95% confidence
intervals of the asymptotic regression model. B. Colony-forming units
of V. fischeri cultured after 30, 60, and 120 min of incubation in
hemocyte-free plasma; there was no significant difference in the
number of colonies formed between treatments, suggesting that
antimicrobial factors in the plasma were absent. Incubations in PBS
+ NaCl served as controls. Boxes represent means and bootstrapped
95% confidence intervals (1000 permutations); n = 5 per treatment.
C. Percentage of the total surface area of the petri dish covered by
nodules after 5, 15, and 60 min of incubation with pure plasma
(control), latex beads, and bacteria; there were no significant
differences between treatments. Boxes represent means and
bootstrapped 95% confidence intervals (1000 permutations); n = 5
per treatment

There was a significant increase in the percent coverage during the
next 60 min of incubation across all treatments (F[2,24] = 8.38,
p = .002), but no significant difference between treatments (F[2,12]
= 0.02, p = .918) or interaction between time and treatments (F[4,24]
= 2.20, p = .100) (Figure 1C). Within 15 min from the start of incubation, individual hemocytes and 85% of nodules had settled and
attached to the petri dish (Figure 2A). Nodules bound to the petri dish,
as well as the few remaining in suspension, were mostly formed by
15 min of incubation, and any further enlargement was only achieved
by additional hemocytes settling out of suspension onto other nodules (Figure 2B). Nodules attached to the dish did not migrate.
When examined after 15 min of culture, individual hemocytes
settling onto the petri dish rapidly flattened and extended lamellipodia
primarily around their margins. Hemocytes settling onto the surface
of newly formed nodules (in suspension and attached) had a similar
morphology in all treatments (controls, mixed with bacteria or beads);
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F I G U R E 2 Scanning electron micrographs of in vitro formation of nodules by hemocytes in Megathura crenulata. A. Scanning electron
micrograph showing variation in size of nodules adhering to petri dish after 30 min; nodules ranged in size, from small (<10 hemocytes) to large,
or were just individual hemocytes. All hemocytes produced cytoplasmic extensions, seen in higher magnification images (Figure 3A,B). B. SEM of
nodules that remained in suspension after 30 min of incubation. Note how smaller nodules bind and merge into the larger masses. Two areas
(unlabeled arrows) are covered by material presumed to be precipitated plasma proteins. Scale bars: A = 50 μm; B = 100 μm. h, individual
hemocyte; lg, large nodule; s, small nodule

they were spherical and extended sheet-like lamellipodia with finger-

electron-dense mitochondria were common. In later stages, after

like filopodia (Figure 3A,B). By 1 h, cells forming the outer layer of

incubation with latex beads, beads could be seen bound by hemo-

nodules were flat with very few extensions (Figure 3C,D). After

cytes along the nodule surface and within phagocytic vacuoles

15 min, spaces were common between hemocytes (Figure 3E) and

(Figure 4B). The beads, especially those on the surface, appeared

formed the bulk of each nodule. By 4 h, the nodule mass was compact

with moderately electron-dense material that had collapsed, pre-

(Figure 3F), with few spaces between cells, and nodule morphology

sumably due to processing, as previously described (Giulianini

was relatively unchanged after this time up until 48 h, the last time

et al., 2003). Bacteria and latex beads, respectively, could be seen

we examined. When hemolymph was mixed with RGD and examined

within hemocytes that were deeper into nodules at the 30-min

at the same time points as described above, nodules did not form;

time point (Figure 4C,D). The hemocytes were densely packed,

individual cells settled onto the petri dish, remained ovoid, and had

with no interstitial spaces, and bacterial debris appeared as hetero-

small, ovoid blebs on their surface, but no filopodia or lamellipodia

geneous material of intermediate electron density in vacuoles. Vac-

(Figure 3G).

uoles were also observed in control nodules, which formed without

The process of phagocytosis of bacteria and beads by hemo-

the addition of bacteria or beads. Examination of the surface of

cytes was examined by LM and TEM. No differences were

phagocytosed beads showed a thin (60 nm) layer of moderately

observed between nodules that remained in suspension and those

electron-dense material (Figure 4E) along with tiny cylinders (40-

attached to the substrate, nor between treatments with different

nm diameter), which were also observed on beads in plasma out-

particles. Hemocytes recently attached to a nodule typically had

side developing nodules (Figure 4F).

bacteria bound to their apical surface and cytoplasmic extensions
surrounding the bacteria (Figure 4A). The nucleus in these hemocytes was ovoid, with heterochromatin forming patches within the

3.4

|

Bacterial clearance in vivo

nucleus as well as lining the nuclear envelope, and there were few
signs of nuclear pores (Figure 4A). Electron-lucent vesicles,

Figure 5A shows the relationship between limpet body weight and

0.15-μm diameter, often in close association with Golgi bodies, and

blood volume. Note that blood volume was 45% of total body
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FIGURE 3

Legend on next page.
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F I G U R E 3 Light, scanning electron, and transmission electron micrographs of nodules formed by hemocytes in Megathura crenulata. A. Light
micrograph of a section through a nodule formed after 15 min, showing spherical hemocytes displaying numerous cytoplasmic extensions binding
to the surface of the enlarging nodule. Arrows point to extracellular spaces. B. SEM of surface of nodule incubated for 15 min with latex beads.
The outline of individual hemocytes is obscured by the extensive cytoplasmic extensions. Arrows point to three latex beads on either side of a
lamellipodium. C. Light micrograph of a section through a nodule incubated for 1 h with bacteria. Note that the surface of the nodule is smoother,
with flattened hemocytes showing reduced cytoplasmic extensions. Extracellular spaces are not seen. D. SEM of the surface of a nodule formed
after 1-h incubation, showing many flattened hemocytes with greatly reduced cytoplasmic extensions (compare with Figure 3B). E. TEM of
hemocyte near middle of a nodule, formed after 15 min of incubation with bacteria, that has retained an ovoid outline and is separated from
adjacent cells by extracellular spaces. Arrows point to phagocytic vacuoles, some empty and one containing a partially degraded bacterium (*). F.
TEM showing elongate, flattened hemocytes along the surface of a nodule after 4 h of incubation. G. Scanning electron micrograph showing
individual hemocytes attached to the bottom of a petri dish after being incubated with the tripeptide Arg–Gly–Asp (RGD) for 1 h. Hemocytes
display blebs (white arrows) on their surfaces, but they have not flattened; they show no filopodia or lamellipodia, and no cell aggregates were
observed. Scale bars: A,C = 15 μm; B = 10 μm; D–F = 4 μm; G = 20 μm. es, extracellular spaces; fh, flattened hemocyte; h, hemocyte; lp,
lamellipodium; m, mitochondria; n, nucleus
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range

to

limpets, showed a clean surface covered by cells with short apical

relationship

microvilli (Figure 6A,C). Hemocytes bound to the surfaces of the

based on the 14 measurements was y = 0.489x + 1.58 (F[1,12]

circulatory system were rarely observed, and if present, they

= 243.6, R2 = 0.949, p < .001), where y is hemolymph volume and

occurred individually and never in aggregates. For comparison,

x is mass.

when bacteria were injected into two limpets, the injection needle

linear

in

equation

limpet

mass

describing

from
this

100

Bacterial cells (Vibrio fischeri) were injected into the sub-

was glued in place such that it could be found upon dissection,

esophageal sinus of six limpets. Assuming rapid mixing with the esti-

and adjacent tissue was quickly removed and processed for exami-

mated total hemolymph in each limpet, the bacterial dose yielded a

nation using SEM. In these two samples, nodules were commonly

final concentration of 10

4

bacteria/ml hemolymph. Bacteria were

found bound to the external surface of the buccal mass

significantly and rapidly cleared from circulation (F[4,20] = 815.3,

(Figure 6B,D); hemocytes displayed lamellipodia and were partially

p < .001); the change in bacterial concentration followed an expo-

covered by material presumed to be precipitated hemolymph pro-

nential decay model (wi = 0.77), and the number of remaining bacte-

teins. These observations suggest that nodule formation in vivo

ria decreased significantly at every observation time ≤24 h (p < .001;

creates adhesive cells which may bind to tissues, thereby reducing

Figure 5B). Although there was variation among individual limpets at

the circulating level of hemocytes.

early times, the trend was clear and bacteria were undetectable
within 48 h. THC varied significantly over time depending on injection treatment (F[8,64] = 10.3, p < .001; Figure 5C). Merely punctur-

4
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ing the limpets to obtain a small sample of blood for a THC showed
a small, nonsignificant increase in hemocyte abundance after 8 h.

In this study, we demonstrate that exposure to foreign material,

Total hemocyte counts were significantly different (p < .001)

such as bacteria, latex beads, and even the plastic of petri dishes,

between both the bacteria and PBS + NaCl treatments and the

immediately initiates morphological changes in the hemocytes of

puncturing treatment at 1, 4, and 8 h, but not at 24 or 48 h. There

M. crenulata: hemocytes change from circulating, ovoid cells into

was a rapid decline in the THC in the first hour following the injec-

adhesive cells that bind to other hemocytes and foreign materials.

tion of bacteria. This reduction was followed by a gradual return to

Hemocytes in the resulting nodules extend cytoplasmic projections

the initial levels by 24 h. At 24 h, several of the limpets had a THC

and phagocytose foreign particles. Within 4 h of the initiation of

exceeding the initial value, and this continued to 48 h. The six lim-

nodule formation, hemocytes have become flattened, extracellular

pets injected with PBS + NaCl showed a similar response: a decline

spaces have been reduced or eliminated, and nodules appear compact

in THC until 4 h after injection, followed by an increase in circulat-

with relatively smooth surfaces. The binding and phagocytosis of

ing hemocytes, which often exceeded the initial values by 48 h.

foreign particles by hemocytes during nodule formation appears to be

However, THCs were significantly lower in the bacteria treatment

an important mechanism by which bacteria are rapidly cleared from

than in the PBS + NaCl treatment at both 1 h (p = .004) and 4 h

circulation (Cueto et al., 2015; Núñez et al., 1994; Pauley et al., 1971;

(p = .015) after injection.

Pauley & Krassner, 1972; van der Knaap et al., 1981). Núñez
et al. (1994) provide evidence that a parasitic infection may suppress
this immune response. The clearance of bacteria corresponds to a

3.5 |
in vivo

Morphology of nodules binding to tissues

decrease in the number of circulating hemocytes. In vitro cultures of
hemocytes also show removal of bacteria from suspension and mimics
the in vivo experiments. Our in vivo experiments demonstrated

SEM images of the ventral surface of the buccal mass, slightly pos-

clearance of 65.8% ± 7.6 (mean ± 95% CI) of the bacteria after 4 h

terior to the site where bacteria were typically injected into

and complete elimination of bacteria by 48 h, whereas our in vitro
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F I G U R E 4 Transmission electron micrographs of nodules formed by hemocytes in Megathura crenulata. A. TEM of one hemocyte on the
surface of a 15 min nodule, showing cytoplasmic extensions along with bacteria bound to its surface (arrows) and within a phagocytic vacuole. B.
TEM of hemocytes along surface of nodule after 15 min of incubation with latex beads, showing numerous collapsed and distorted beads along
the surfaced of the nodule and unaltered beads within a phagosome. The latter appear circular and have a homogeneous, moderately electrondense content. C. TEM of elongate and tightly packed hemocytes from the center of a nodule after 1-h incubation. Note the phagocytic vacuoles
containing digested bacterial products (arrows). D. TEM showing beads (arrows) within hemocytes from the center of a nodule after 1-h
incubation. Note that the cells are tightly packed with no intervening spaces. E. TEM of a bead within a phagocytic vacuole after 15 min of
incubation. Note the moderately electron-dense bead, a denser bounding layer (arrow), and the surrounding, sculpted membrane of the
phagosome. F. TEM of a bead in the plasma external to a nodule, showing an outer, more electron-dense layer with short cylinders (arrows; 39nm diameter), some appearing to be binding to the bead. Scale bars: A,C = 5 μm; B,D = 2 μm; E = 0.5 μm; F = 0.3 μm. b, unaltered bead; ce,
cytoplasmic extension; db, distorted bead; m, mitochondria; n, nucleus; p, phagocytic vacuole; s, sculpted membrane of phagosome
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experiments showed 83.2% ± 3.5 reductions after 3 h. The in vivo
experiments provided a more stable environment for enabling
hemocyte–bacteria interactions, but these interactions are easier to
observe using the in vitro system. The similarities in the morphological
changes in the hemocytes, the efficiency of particle clearance, and the
effect on the abundance of individual cells in circulation suggests that
the in vitro system can be used to investigate early time points of
nodulation in M. crenulata. The current study reveals that the effectiveness of nodule formation in eliminating injected foreign particles
from circulation in individuals of M. crenulata is due to a dynamic
hemocyte response and not to antibacterial factors in the plasma
because incubation of bacteria in hemocyte-free plasma did not
decrease bacterial viability. However, various antibacterial compounds, including lysozyme (Cheng & Gerhart, 1978; Cheng &
Mohandas, 1985) and phenoloxidase (Coles & Pipe, 1994; LunaGonzález et al., 2003), have been reported in other molluscs, and the
interaction of these two systems requires further study.
The list of foreign, even abiotic, materials recognized by molluscs
has been reviewed in several studies, and this recognition ability
shares features with other invertebrates (Lavine & Strand, 2002). The
current list suggests that pattern recognition receptors and lectins
may be present on the surface of hemocytes in M. crenulata. The recognition of abiotic materials which are unlikely to make natural contact with molluscan hemocytes, much less pose threats to infection, is
more problematic to explain. Materials such as plastics and metals
may not actually be inert, and charges and chemical groups on particles may encourage hemocyte adherence. Lavine and Strand (2002)
suggest it is unlikely that cells contain specific receptors for labware
such as plastics, and perhaps some receptors are “promiscuous” rather
than specific; orphan receptors for which a natural binding ligand is
still undiscovered is another possibility (Giguere et al., 1988). The
presence of such receptors seems necessary to explain the capability
of hemocytes to recognize a wide variety of foreign materials and
elicit an immune response to novel materials such as latex beads.
Our observations provide support for two receptors involved
F I G U R E 5 Blood volume and hemocyte activation in response to
bacteria in the limpet Megathura crenulata. A. Relationship between
body weight and estimated blood volume expressed by the equation
y = 0.489x + 1.58 (F[1,12] = 243.6, R2 = 0.949, p < .001, n = 14),
where y represents blood volume and x represents limpet body mass.
Gray ribbon represents 95% confidence intervals of the linear model.
B. Rate of clearance of the bacteria (Vibrio fischeri) from specimens of
M. crenulata in vivo, expressed as a percentage of bacteria remaining
in circulation relative to the estimated bacterial concentration at the
time of injection, and monitored over 48 h (n = 12). Error bars
represent bootstrapped 95% confidence intervals (1000
permutations). Gray ribbon represents 95% confidence intervals of
the exponential decay model. C. Changes in the total hemocyte count
(THC) as a percentage of the initial hemocyte count after in vivo
injection of bacterial culture into individuals of M. crenulata. Needle
puncture alone and injection of PBS + NaCl with no bacteria served
as controls. Significant differences (p < .05) between treatments at
each time are identified by * and brackets. Boxes represent means
and bootstrapped 95% confidence intervals (1000 permutations);
n = 6 for puncture and bacteria treatment; n = 7 for PBS + NaCl
treatment

with the activation of hemocytes in M. crenulata. First, RGD, an amino
acid motif recognized by integrins (Kapp et al., 2017; LaFoya
et al., 2018) supports the role of integrin-like receptors by blocking
hemocytes from becoming adhesive and thereby preventing nodulation in M. crenulata. Integrins are membrane proteins that recognize
and bind to specific motifs on cell surfaces (Ginsberg, 2014), and these
interactions have been well defined in studies on vertebrate white
blood cells in which inflammatory chemokines cause integrins to be
exposed on cell surfaces leading to their binding and penetration of
blood vessels and migration to sites of infection (Begandt et al., 2017).
This method of ligand-mediated attraction and adherence has been
observed in other molluscs (Canesi et al., 2016). Second, during the
incubations that we used to follow phagocytosis in M. crenulata, we
observed cylinders and particles similar in size and shape to hemocyanin (Figure 4F; see also Gebauer et al., 2002; Harris & Markl, 1999;
Martin et al., 2007). These cylinders and particles coated the beads in
a way that was similar to hemocyanin-coated beads phagocytosed by
cuttlefish hemocytes (Pabic et al., 2014). We speculate that they serve
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F I G U R E 6 Scanning and transmission electron microscopy (SEM) images of the ventral surface of the buccal mass in the limpet Megathura
crenulata, which suggest that nodules only formed in vivo in animals injected with bacteria (Vibrio fischeri). A,C. Surface of buccal mass tissue in
control limpets, which were only bled (and not exposed to bacterial culture) and then prepared for SEM. The epithelium is clean, with no adhering
hemocytes. B,D. Surface of the buccal mass tissue, removed from the limpet and processed as above, except that the tissue was prepared 30 min
after injection of culture of V. fischeri. Note the nodules formed in B are bound to the epithelium. In D, individual hemocytes may be seen with
extended lamellipodia, bound to the surface of the epithelia. Scale bars = 300 μm. e, epithelium; h, hemocyte

as an opsonin (i.e., a molecule that binds to foreign materials and

differs among species is the proposed site at which hemocytes

enhances their phagocytosis), as described in other studies (Anderson

congregate when lost from circulation. We observed nodules adhering

& Good, 1976). KLH has also been shown to activate human mono-

to the epithelia lining parts of the gut bathed in hemolymph. However,

cytic leucocytes (Yasuda & Ushio, 2016). It seems likely that an array

our preliminary experiments were performed on a small number of

of receptors exists that mediate adhesion of limpet hemocytes in

limpets, and the procedure relied on our ability to bleed limpets

addition to these two.

rapidly enough to reveal the expected site of nodule attachment to

The process of hemocytes becoming adhesive seems to explain

tissues without inducing nodule formation by the bleeding methods.

the sequestration of foreign particles and the rapid decrease in circu-

Ottaviani and Cossarizza (1990) found evidence in the snail

lating hemocytes. The rapid decline in THC occurs within 30 min,

Planorbarius corneus for the accumulation of phagocytic cells in the

followed by a gradual increase in the number of circulating cells.

digestive gland and connective tissue of the foot, which does not rule

Ottaviani (1989) reported a return to initial levels as soon as 60 min,

out adhesion to the lining of the circulatory system. Kumazawa and

but most reports show an increase beginning after 4 h or longer

Minei (2001) observed hemocytes in Clithon retropictum (MARTENS

(Cueto et al., 2015; Dubovskiy et al., 2016; Pauley et al., 1971;

1878) migrating into the epithelium of the gut in response to the

Rahmet-Alla & Rowley, 1989; van der Knaap et al., 1981). Injections

bacterium Vibrio parahaemolyticus. Van der Knaap et al. (1981)

of bacteria and abiotic particles affect a greater decline in THC than

highlight a more specific localization, with aggregations primarily in

minor pokes through the skin to remove microliter quantities of blood

the digestive gland and fixed phagocytes. Research on the apple snail

(this study) or the injection of control fluids, such as plasma or sterile

(Cueto et al., 2013, 2015) revealed that nodules form and dilate hemal

seawater (Pauley et al., 1971; van der Knaap et al., 1981). What

spaces in the crypts of the kidneys as well as lacunae lining the lung
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cavity. It is not clear whether congestion in these narrow vessels
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