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a b s t r a c t

The immune response of the hard clam (quahog) Mercenaria mercenaria following challenge with live
bacteria (Vibrio alginolyticus) and the protist QPX (Quahog Parasite Unknown) was investigated. The study
also compared immune responses following QPX challenge in two different hard clam broodstocks
exhibiting different degrees of susceptibility toward this parasite. Different immune and stress-related
cellular and humoral factors were assessed including general hemocyte parameters (total and differen-
tial hemocyte counts, percentage of dead cells, reactive oxygen production, phagocytosis), parameters
geared toward QPX (anti-QPX activity in plasma and hemocyte resistance to the cytotoxicity of QPX
extracellular products). Two genes (ferritin and metallothionein) previously shown to be modulated
following QPX exposure were molecularly characterized by rapid amplification of cDNA ends (RACE) and
their transcription levels were determined in resistant and susceptible clams in response to QPX and
bacterial challenge. Results indicated that both V. alginolyticus and QPX challenge triggered significant
immune responses in clams with similar trends for most measured parameters. However, specific
responses were observed for anti-QPX activity in plasma and hemocyte resistance to QPX products as well
as ferritin and metallothionein expression according to each inoculum. Similarly, different response
patterns were detected following QPX challenge in susceptible and resistant clam stocks. Resistant clams
were able to elicit effective response against the parasite leading to the elimination of QPX and the
restoration of constitutive immune status whereas QPX-susceptible clams triggered a strong immune
modulation characterized by an acute phase response and associated acute phase protein but appeared to
be less active in eliminating the parasite. These results suggest that different signaling pathways are trig-
gered duringV. alginolyticus andQPX challenge.Moreover, differences in the immune response toward QPX
might be linked to the susceptibility or resistance of different clam stocks to the infection by this parasite.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Like other invertebrates, bivalves possess an effective innate
immune system that provides protection against infectious agents
present in their microbe-rich habitat. The immune system of
bivalves relies on both humoral and cellular responses from
hemocytes which constitute the main line of defense against
invaders [1]. This system is able to recognize molecular epitopes
of microorganisms, known as pathogen-associated molecular
patterns (PAMPs) through pattern recognition receptors (PRRs) [2].
Studies in vertebrates and insects report the specificity of PRRs to
PAMPs and the consequent defense response [3,4]. A number of
different PRRs involved in the recognition of invaders have been

described in several invertebrate species including bivalves [5,6].
Once activated by microorganisms, PRRs lead to the activation of
different intracellular signaling pathways that are required for the
immune response. Defense responses involve, but are not limited
to, phagocytosis or encapsulation of foreign materials and the
production of reactive oxygen species (ROS) [7,8]. Humoral factors
in plasma, including circulating enzymes, lectins and anti-microbial
peptides are also components of host innate immune system
because of their various anti-microbial properties [9,10]. Addi-
tionally, proteins involved in metal homeostasis were identified in
bivalves following exposure to pathogens or PAMPs and are
thought to be part of the elicited anti-microbial processes [11,12].
For example, the iron-binding protein ferritin has been recognized
to be involved in the immune response [13]. Similarly, the metal-
binding protein metallothionein has been considered to be
a stress or acute phase protein in vertebrates with significant
expression in response to PAMP injection [14].
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Members of the gram-negative genus Vibrio are among themost
frequently isolated bacteria from mollusks and several species
belonging to this genus have been associated with mortalities and
diseases in bivalves [15e17]. Some members of this group, such as
Vibrio alginolyticus, are recognized as “universal” pathogens
because of their ability to infect a wide range of organisms across
phyla. Alternatively, some pathogens (typically larger microbes
such as protists), are more specific, affecting one or a few closely-
related species. This is the case for the protistan parasite QPX
(Quahog Parasite Unknown) that infects wild and cultured hard
clams Mercenaria mercenaria causing severe mortality events. This
disease has been observed along the eastern coast of North Amer-
ica, from Maritime Canada to Virginia but never south of Virginia
[18e22]. This geographic distribution is likely responsible for
variations in clam susceptibility toward QPX among different clam
stocks with lower resistance of southern (Florida and South Caro-
lina) clam broodstocks, which are not exposed to selective
mortality due to parasite pressure, as compared to northern (New
Jersey, New York, Massachusetts) broodstocks growing and repro-
ducing in enzootic areas [19,23,24]. The biological bases for the
resistance process to QPX in Northern hard clams are not known
although the outcome has been described as a granulomatous
inflammatory response and encapsulation of parasite cells ulti-
mately leading to the healing of infected individuals [18,20,25]. Our
previous studies demonstrated the presence of factors inhibiting
QPX growth in clam plasma [26]. On the other hand, extracellular
products (ECP) secreted by QPX were shown to significantly alter
clam hemocytes [27]. Recent molecular investigations in clams also
demonstrated significant modulation of the expression of stress-
and defense-related genes during QPX disease development [12].

Only a few studies have investigated comparative defense
responses in mollusks to different pathogenic or PAMP stimuli
[28,29]. In this study, cellular and humoral defense factors as well
as the expression of ferritin and metallothionein transcripts were
investigated in M. mercenaria following challenge with V. algino-
lyticus and QPX. Ferritin and metallothionein were previously
identified in suppressive subtractive hybridization (SSH) libraries
following challenge with QPX [12]. Additionally, we compared
defense response to QPX challenge in clams from resistant northern
broodstocks (New York) to that of susceptible southern clams
(Florida). Results showed specific response patterns between
different clam stocks challenged with the same pathogen or in the
same clam stock exposed to different pathogens.

2. Materials and methods

2.1. Mercenaria mercenaria

NaïveM. mercenaria (35e45 mm in length) were obtained from
commercial sources in Florida (FL, 110 clams) and New York
(NY, 150 clams). We have been successfully using these aqua-
cultured clam lines for comparative studies because of their
confirmed differential susceptibility to QPX infections in laboratory
settings [23,26] and in the field [30]. A sub-sample (30 clams/stock)
was checked for pre-established QPX infections before the initia-
tion of the experiment using standard histopathology techniques
[25] and all tested clams were negative. Experimental clams were
acclimated for one week in the laboratory, held in 150-L tanks with
recirculating water (28e30 ppt) at 21 � 1 �C and fed daily with
commercial algae (DT’s Live Phytoplankton, Sycamore, IL).

2.2. QPX and bacterial cultures

QPX strain NY0313808BC7was isolated fromnodules of infected
New York clams [31] and subcultured in muscle tissue

homogenates (MTH) from M. mercenaria according to Perrigault
et al. [26]. QPX cultures were initiated in 25-cm2

flasks containing
MTH at 1000 mg ml�1 protein and incubated at 23 �C for 2 weeks.
Cultures were harvested by centrifugation (15 min at 900 g) and
QPX cells were resuspended in filtered artificial seawater (FASW) at
30 ppt. Neubauer chamber and a previously described fluorometric
technique based on the uptake of fluorescein di-acetate (FDA) [32]
were used to determine the concentration of QPX cells. QPX
suspension was adjusted at 1 � 106 cells ml�1 in FASW.

V. alginolyticus was initially isolated from wild oysters growing
in Long Island Sound (New York, USA). A bacterial suspension was
made in FASW from a 48 h-old culture grown onmarine agar (Difco
BD, USA). The suspension was spectrophotometrically adjusted to
1 � 108 bacteria ml�1 by dilution with FASW before use in the
challenge experiment.

2.3. Challenge of M. mercenaria

After 1 week of acclimation, clams were distributed in 40-L
recirculating tanks (40 clams per tank, 2 FL treatments and 3 NY
treatments, Table 1) filled with filtered and ultraviolet treated
seawater (21 �C/30 ppt). Recirculating seawater was filtered using
biological and chemical filter cartridges containing activated
carbon and was continuously oxygenated to saturation. Water
quality, temperature (21 �C) and salinity (30 ppt) were controlled
weekly and clams were fed daily with commercial algae (DT’s Live
Phytoplankton, Sycamore, IL). FL and NY clams were challenged
with either bacteria (1 � 107 cfu in 100 ml) or QPX (1 � 105 cells in
100 ml) injected into the pericardial cavity according to Dahl and
Allam [25]. Control clams were injected with 100 ml of FASW.
Following injection, clams were maintained out of the water for
1.5 h before being returned into their respective tanks.

2.4. Hemolymph parameters

After 16 h, 3 days and 4 weeks, 10 clams from each treatment
were sampled according to the experimental design presented in
Table 1. QPX challenged FL clams (FL-q) and their respective
controls (FL-c) were not sampled at 16 h since QPX infection in the
hard clam is chronic and response to QPX between clam brood-
stocks were likely similar after 16 h [25]. Similarly, NY-b clamswere
not sampled at the last sampling time (4 weeks) as clam response
to bacterial challenge is usually more acute [33]. All samples were
processed individually. Hemolymph samples (generally 1.2e1.8 ml)
werewithdrawn from the adductor muscle with a 1 ml-syringe and
held on ice. A volume of 650 ml hemolymph was diluted (vol:vol) in
ice-cold FASW and used for the assessment of clam immune
parameters following the procedures described in Perrigault et al.
[34]. Total (THC) and differential (% of granulocytes) hemocyte
counts as well as percentage of dead cells were assessed on
a FACSCalibur flow cytometer (Becton Dickinson Biosciences)
equipped with a 488 nm laser by counting 10,000 events [34].
Reactive oxygen species (ROS) production was measured before

Table 1
Experimental design of the study. Clams were maintained at 21 �C, 30 psu and were
fed daily. Each sample was composed of 10 clams. NS: not sampled.

Time NY clams FL clams

Controls
NY-c

Bacteria
NY-b

QPX
NY-q

Controls
FL-c

QPX
FL-q

T1 e 16 h 10 10 10 NS NS
T2 e 3 days 10 10 10 10 10
T3 e 4 weeks 10 NS 10 10 10
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(unstimulated or native) and after stimulation (5 min post-
stimulation) of hemocytes with zymosan A using 20,70-dichloro-
fluorescein-di-acetate (DCFH-DA, Calbiochem) and procedures
according to Perrigault et al. [34]. Phagocytic activity of hemocytes
was measured using a plate reader technique employing FITC-
labeled Vibrio parahaemolyticus [34]. Similarly, our previously
described neutral red (NR) uptake assay was used to assess the
in vitro resistance of clam hemocytes to QPX extracellular products
[27]. Plasma from undiluted hemolymph sample was also recov-
ered by centrifugation (700 � g, 10 min, 4 �C). Supernatant was
sterilized by filtration (0.22 mm), aliquoted and preserved at�20 �C
to determine protein concentration in plasma and to measure anti-
QPX activity using a previously described in vitro growth inhibition
assay [26,34]. Hemocyte pellets were immediately transferred to
�80 �C until RNA extraction.

2.5. Total RNA extraction and cDNA synthesis

Following hemolymph sampling, mantle and gill tissues were
individually dissected and frozen at �80 �C until RNA extraction.
These tissues were chosen because they are involved in QPX
pathology [25,30] and because they were shown to consistently
express targeted genes (metallothionein and ferritin). For instance,
our preliminary studies compared transcription levels of these
genes in hemocytes, gills, mantle, foot and visceral tissues indi-
vidually processed from 4 unchallenged NY clams (see result
Section 3.3). Total RNAwas extracted from individual samples using
TRI� Reagent (Invitrogen, Carlsbad, CA, USA). The same extraction
procedure was used for hemocyte pellets but samples were pooled
by 2 (5 samples of 2 pooled clams each per treatment) because of
the small amount of recovered cells per sample. Total RNA quantity
and quality were assessed by spectrophotometry using a Nanodrop
ND-1000 (Thermo Scientific, Wilmington, USA) and 5 mg total RNA
was individually submitted to reverse transcription using oligo dT17
andMoloney murine leukemia virus (M-MLV) reverse transcriptase
(Promega, Madison, WI, USA).

2.6. Rapid amplification of metallothionein (Mm-MT) and ferritin
(Mm-Fer) cDNA ends

ESTs of 371 bp and 487 bp presenting homologies respectively
for metallothionein (GO915213) and ferritin (GO915233) were
previously identified by SSH during QPX challenge in NY clams [12].
Full cDNA of both metallothionein (Mm-MT) and ferritin (Mm-Fer)
were obtained by RACE using specific primers (Table 2) and
methods described by Scotto Lavino et al. [35,36]. Briefly, total RNA
was extracted from gill tissue of NY clams using methods described
above. Reverse transcription was performed with the SuperScript II
reverse transcriptase (Invitrogen, USA) and MetRT primer and Qt
primer for Mm-MT and Mm-Fer respectively (Table 2). Mm-Fer and
Mm-MT cDNA ends were amplified by two rounds of PCR using
Qo-MetO, Qi-MetI and Qo-FerO, Qi-FerI primer combinations for
theMm-MTandMm-Fer respectively (Table 2) [35,36]. Purified PCR
products (PCR clean up system, Promega, Madison, USA) were
cloned into pGEM-T vector (Promega, Madison, USA) and used to
transform DH5a bacteria (Invitrogen, USA). Positive clones were
isolated and subjected to sequencing. Mm-MT and Mm-Fer
sequences were analyzed and compared with other known met-
allothionein and ferritin sequences available in the NCBI database
using BLAST program and ClustalW.

2.7. Real-time PCR analyses

Transcript levels of metallothionein (Mm-MT) and ferritin
(Mm-Fer) in different tissues and during QPX and bacterial

challenge were investigated in M. mercenaria. Quantitative real-
time PCR (QPCR) was carried out in a Mastercycler ep realplex
(Eppendorf, Germany) in a final volume of 10 ml containing 5 ml of
Brilliant II SYBR Green QPCR master mix (Stratagene, USA), 100 nM
of each primer and 3 ml of 15-fold diluted cDNA. Primer sequences
of the Mm-MT, Mm-Fer were designed from full cDNA sequences
and are presented in Table 2.Reactions were initiated with activa-
tion of SureStart� DNA polymerase at 95 �C for 10min, followed by
amplification of the target cDNA (50 cycles of denaturation at 95 �C
for 30 s, annealing and extension at 60 �C for 1 min) and completed
by a melting curve program. Readings were taken at 60 �C and PCR
efficiency was assessed for each primer pair. The comparative CT
method (2�DDCt method) was used to determine the transcript
level of analyzed genes using elongation factor fragment (EF1,
GO915211, Table 2) as housekeeping gene [37]. Results are given as
the mean (2�DDCt) and standard deviation of 10 replicates per
condition (except hemocytes, n ¼ 5 pools of 2 clams each). Simi-
larly, analysis of Mm-MT and Mm-Fer transcription level in
different tissues was performed by subtracting DCt value from each
sample by the average of DCt values from all tissues. Results are
presented as the mean (2�DDCt) and standard deviation of 4 repli-
cates per tissue.

2.8. Statistical analysis

All variables were analyzed statistically using 2 and 3 way
ANOVA to evaluate effects of challenge (NY-c, NY-b and NY-q), time,
and interactive effect of clam broodstock and QPX challenge (NY-c,
NY-q, FL-c, FL-q). One way ANOVA was used to compare constitu-
tive transcription level of Mm-MT and Mm-Fer in different tissues.
ANOVA treatments that generated probability values below 0.05
were followed by a HolmeSidak post-hoc test comparing different
conditions. Data were log10 or arcsin transformed whenever data
showed a large variance and non-normal distribution but results
are presented as non-transformed data. Multivariate analysis was
performed using Principal Component Analysis (PCA) to analyze
relationships between variables. PCA analysis was followed by
ANOVA on extracted components to evaluate the effect of different
conditions (challenge and clam origin) on overall hemolymph
profiles. ANOVA was performed with SigmaStat (Systat Software,
Inc., San Jose, California, USA) and Statgraphics plus (Statistical
Graphics Corp., Warrenton, Virginia, USA) was used for PCA anal-
ysis. Differences were considered statistically significant at
p < 0.05.

Table 2
Sequences of the primers used in this study.

Primer names Primer sequences

RACE primers
Qt CCAGTGAGCAGAGTGACGAGGACTC

GAGCTCAAGCTTTTTTTTTTTTTTTTT
Qo CCAGTGAGCAGAGTGACG
Qi GAGGACTCGAGCTCAAGC

Metallothionein MetRT AGCGGTGCATGGAGTATCT
MetO CTCAAACCGCGTGACTTCT
MetI CAGCCACTATCACACTGGC

Ferritin FerO CCACCTTACGGTCTAAGCC
FerI GAGTGTCAACCAGGCTCTC

Quantitative real-time PCR primers
Metallothionein Qpcr-MetF ATCCGTGCAATTGTGCTGAAACGG

Qpcr-MetR TTACATCCGGGACACTTGCAGTCA
Ferritin Qpcr-FerF AACCAGGCTCTCCTTGACCTTCAT

Qpcr-FerR TGATTGCATCGACCTGTTCCTCCA
Elongation factor Qpcr-EF1F AGTCGGTCGAGTTGAAACTGGTGT

Qpcr-EF1R TCAGGAAGAGACTCGTGGTGCATT

Elongation factor fragment (EF1, GO915211) was used as housekeeping gene.
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3. Results

3.1. Cellular and humoral responses of M. mercenaria to bacterial
and QPX challenge

Results demonstrated a strong influence of challenge with
bacteria and QPX on M. mercenaria total hemocyte counts (THC)
and percentage of dead cells (PDC) (Tables 3 and 4). Both bacterial
and QPX challenge induced THC increasewith significant difference
between NY-c (control) and NY-q (QPX challenged) 16 h and 3 days
post-inoculation (p< 0.01, Table 3). Similarly, THC in NY-c and NY-b
(V. alginolyticus-challenged) were significantly different on day 3
(p < 0.001). Increase in THC was associated with an increase in the
percentage of granulocytes in NY-q and NY-b compared to NY-c
after 16 h but trends were reverted 3 days after challenge (Table 3).
PDC was significantly different between NY-q and controls
(p < 0.001) at Day 3 whereas no significant variation of PDC was
observed 16 h after bacterial or QPX challenge (Table 3).

ROS production was not significantly modulated following
bacterial challenge (Tables 3 and 4). Hemocytes from NY clams
challenged with QPX (NY-q) displayed higher phagocytosis activity
compared to controls (NY-c) 16 h after challenge but differences
disappeared at day 3 and trends were inverted after 4 weeks with
lower activity in NY-q compared to NY-c (Table 3).

Plasma from NY clams displayed a slight increase in protein
concentration following QPX or V. alginolyticus challenge during the
first 3 days of the experiment (Table 3).

Anti-QPX activity was detected in plasma from all clams (Fig.1A)
although a decrease in this activity was observed after 3 days in
plasma from QPX challenged clams (differences were not statisti-
cally significant, Fig. 1A, Table 4).

Sensitivity of hemocytes to cytotoxic effects of QPX extracellular
products (ECP) was also modulated following challenge. For
instance, hemocytes from QPX challenged clams (NY-q) appeared
more resistant to QPX ECP after 16 h of challenge compared to
control clams and to those injected with bacteria but the pattern
was inverted after 3 days (p < 0.01, Fig. 1B).

3.2. Comparison of cellular and humoral defense response to QPX in
clams from NY and FL

THC and PDC generally followed the same trends after QPX
challenge in both NY and FL clams although some differences were
observed during the last sampling (Tables 3 and 5). For instance,
THC in NY clams increased 3 days after challenge but was similar to
controls after 4 weeks whereas THC in FL-q clams was significantly
higher 4 weeks after challenge compared to FL-c (p < 0.045,

Table 3). Similar percentages of granulocytes were observed in NY-c
and NY-q after 3 days and 4 weeks whereas percentages of gran-
ulocytes significantly decreased in FL-q compared to their controls
during the 4 week experiment (p < 0.002, Tables 3 and 5). Addi-
tionally, significant differences were observed in THC between NY
and FL clams with lower THC in FL-c compared to NY-c whereas
QPX challenged clams exhibited the opposite pattern. QPX chal-
lenge caused a significant decrease in PDC in both clam populations
at day 3 compared to their respective controls (p < 0.031) but this
effect disappeared after 4 weeks.

Three-way ANOVA revealed a significant effect of QPX chal-
lenge on hemocyte stimulated ROS production and phagocytosis
activity (Table 5). Zymosan-stimulated ROS tended to decrease
following QPX challenge both in NY and FL clams although
significant differences were only measured in the later (Table 3).
In contrast, different trends in phagocytosis activity were
observed between NY and FL clams with similar activity in NY-q
and NY-c at Day 3 and a significant decrease after 4 weeks in
NY-q compared to their controls (p ¼ 0.008) whereas phagocytosis
significantly decreased in FL-q compared to controls after 3 days
(p ¼ 0.021) and was similar to FL-c after 4 weeks (Table 3).
Interestingly, phagocytic activity was systematically lower in FL
clams when compared to NY clams and differences were signifi-
cant at day 3 for controls and QPX challenged clams and after 4
weeks for control clams.

Differences were also observed in plasma protein concentration
between naïve NY and FL clams (Tables 3 and 5) with NY-c clams
ranging from 495 to 652 mgml�1 on average and FL-c clams ranging
from 322 to 403 mg ml�1 on average (p < 0.001). Additionally, QPX
challenge caused a temporary increase in protein concentration in
plasma from NY and FL clams at Day 3 with significant difference
between FL-q and FL-c (p ¼ 0.001) before returning to normal after
4 weeks (Table 3).

Similarly to protein concentration, plasma from NY-c clams
exhibited significantly higher anti-QPX activity than plasma from
FL-c clams sampled at day 3 (p ¼ 0.005, Fig. 1A). However, QPX
challenge appeared to cause a reduction in anti-QPX activity in NY
clams whereas challenged FL (FL-q) clams presented similar
activity at Day 3 and higher anti-QPX activity after 4 weeks when
compared to their controls (FL-c) (Fig. 1A). These opposed trends
were confirmed in the 3 way ANOVA results (Table 5).

Similar temporal variations were observed in hemocyte resis-
tance to QPX ECP with significantly lower resistance of hemocytes
from QPX challenged NY (NY-q) and FL (FL-q) clams after 3 days
compared to their respective controls (p < 0.05, Fig. 1B). Trends
were reversed in NY clams at 4 weeks with higher resistance of
hemocytes from NY-q compared to NY-c (p ¼ 0.002) whereas

Table 3
Mean of defense parameters (n ¼ 10 clams per condition) in FL and NYM. mercenaria injected with sterile seawater (NY-c and FL-c) or challenged with bacteria (NY-b) or QPX
(NY-q and FL-q). THC: total hemocyte counts, PDC: percentage of dead cells.

T1 e 16 h T2 e 3 days T3 e 4 weeks

NY-c NY-b NY-q NY-c NY-b NY-q FL-c FL-q NY-c NY-q FL-c FL-q

THC (cells ml�1 � 105) 16.8a 20.5ab 23.4b 14.3a 26.2b 22.2b 11.7x* 44.2y* 13.5 15.5 7.6x* 20.0y

% granulocytes 62.5 66.2 74.9 78.7 70.8 72.4 65.8x 40.4y* 77.5 78.3 67.8x 42.9y*
PDC (%) 6.4 8.4 6.7 19.7a 6.9ab 5.4b 12.3x 8.3y* 7.9 7.8 10.1 9.3
Basal ROS production (Fluorescence

units/104 hemocytes)
1.0 0.8 0.5 0.8 0.7 1.0 1.1x 3.0y 1.0 0.6 1.5 1.0

Stimulated ROS production
(Fluorescence units/104 hemocytes)

2.3 1.8 1.2 1.5 1.0 0.8 2.6x 1.4y 2.2 1.6 3.6x 2.3y

Phagocytosis (Fluorescence
units/104 hemocytes)

3.0a 3.1ab 4.7b 5.5 5.2 5.5 3.5x* 2.3y* 2.1a 0.9b 0.8* 0.7

Protein concentration (mg ml�1) 652 710 665 620 666 646 403x* 675y 495 491 322* 329*

Letters (a and b or x and y) indicate significance at p < 0.05 (HolmeSidak post-hoc test) between the different treatments in each clam stock and sampling time (NY or FL,
respectively). Symbols (*) denote significance at p < 0.05 between NY and FL clams for the same treatment and sampling time (HolmeSidak test). See Tables 4 and 5 for more
details.
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similar resistance to ECP was noted in hemocytes from FL-q and
FL-c at 4 weeks (Fig. 1B).

3.3. Metallothionein (Mm-MT) and ferritin (Mm-Fer)
characterization in M. mercenaria and expression during bacterial
and QPX challenge

The cDNA sequence coding for metallothionein (Mm-MT)
revealed an open reading frame (ORF) of 219 bp encoding a 73
amino acid (Fig. 2A). Mm-MT, which was deposited into GenBank
database (accession number JQ691633), exhibited specific charac-
teristics of metallothioneins with high number (21) of cystein
residues. Basic Local Alignment Search Tool (BLASTp) yielded the
highest homologies with MT from other bivalves: 76% with the
mussel Unio tumidus (ABP01350), 75% with the oyster Crassostrea
gigas (CAC82788), 74% with the clams Venerupis decussatus
(ABS20116) and V. philippinarum (ABP57063). The full cDNA coding
for ferritin was characterized by an ORF of 513 bp encoding a 171
amino acid (GenBank accession number JQ691632, Fig. 2B). Mm-Fer
shared high similarity with H-chains of mammalian ferritins and
other invertebrate ferritins: 86% with the clam Meretrix meretrix
(AAZ20754), 80% with the razor clam Sinonovacula constricta
(ACZ65230), 78% with the worm Pectinaria gouldii (ACJ37369) and
77% with the oysters Pinctada fucata (AAQ12076) and C. gigas
(AAP83794).

Investigation of constitutive transcription level of Mm-MT and
Mm-Fer indicated their presence in all tested tissues (Fig. 3).
However, Mm-MT was more expressed in visceral tissues
compared to gills and foot (p< 0.006, Fig. 3A) whereasMm-Fer was
more abundant in mantle tissue and less in visceral tissue, gills or
hemocytes (p < 0.002, Fig. 3B).

Mm-MT and Mm-Fer were significantly up-regulated in gills of
NY clams 3 days after challenge with QPX (p< 0.001, Fig. 4). Similar
trends were noted in FL-q clams at the same timeframe whereas
bacterial challenge had no effect on Mm-MT and Mm-Fer after 3
days but significant down regulation was noted in Mm-MT 16 h
after challenge with V. alginolyticus (p ¼ 0.022). Identical patterns
were observed inMm-Fer transcription level in hemocytes and gills
whereas Mm-MT appeared globally down regulated in hemocytes
excepted in FL-q at day 3. Different trends in Mm-MT transcription
level were also observed in mantle tissue from NY clams in
response to bacterial and QPX challenge with a tendency to an
increase in Mm-MT expression with time in NY-q clams. The
transcriptional level of Mm-MT and Mm-Fer in mantle tissue also
tended to increase in FL-q clams after 4 weeks (Fig. 4). ANOVA
results showed significant interactions between time, challenge
and clam broodstock highlighting the dynamic and strain-specific
nature of clam response to microbial challenge (Tables 4 and 5).

Table 5
Effects of clam origin (NY and FL) and QPX challenge on M. mercenaria cellular and humoral parameters and gene transcription at 3 days and 4 weeks. THC: total hemocyte
counts, PDC: percentage of dead cells.

Time Clam Challenge Time � Clam Time � Challenge Clam � Challenge Time � Clam � Challenge

THC * NS *** NS NS * NS
% granulocytes NS *** *** NS NS ** NS
PDC ** NS *** * *** * **
Unstimulated ROS NS * NS NS * NS NS
Stimulated ROS production * * ** NS NS * NS
Phagocytosis *** ** ** NS NS NS *
Protein concentration *** *** * NS * * *
Anti-QPX activities in plasma * NS NS * NS * NS
Hemocyte resistance to QPX ECP *** * NS NS *** NS NS
Mm-MT e gills *** NS NS NS *** * NS
Mm-Fer e gills ** * * NS * * NS

Non-significant differences are presented as NS and symbols denote significant differences at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) (ANOVA).

Table 4
Effects of QPX (NY-q) and bacterial (NY-b) challenge on NY M. mercenaria cellular
and humoral parameters and gene transcription levels at 16 h and 3 days. THC: total
hemocyte counts, PDC: percentage of dead cells.

Time Challenge Time � Challenge

THC NS ** NS
% granulocytes NS NS NS
PDC ** *** ***
Unstimulated ROS NS NS NS
Stimulated ROS production NS NS NS
Phagocytosis * NS *
Protein concentration NS NS NS
Anti-QPX activities in plasma NS NS NS
Hemocyte resistance to QPX ECP *** NS *
Mm-MT e gills *** *** ***
Mm-Fer e gills ** NS **

Non-significant differences are presented as NS and symbols denote significant
differences at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) (ANOVA).

Fig. 1. Mean (�S.E., n ¼ 10 clams per data point) of [A] anti-QPX activities in plasma
(higher values represent lower activities) and [B] hemocyte resistance to QPX ECP
(higher values represent higher hemocyte resistance) in New York and Florida clams
injected with seawater (NY-control, FL-control), QPX (NY-QPX, FL-QPX) and bacteria
(NY-bacteria). NS: not sampled. The letters (a and b or x and y) indicate significant
differences (HolmeSidak post-hoc test, p < 0.05) between the different treatments in
each clam stock and sampling time (NY or FL, respectively). Symbols (*) denote
significance at p < 0.05 between NYand FL clams for the same treatment and sampling
time.
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3.4. PCA analysis of defense and stress parameters in M. mercenaria
in response to bacterial and QPX challenge

Principal Component Analysis (PCA) was performed on defense
and stress parameters combined from all treatments (Fig. 5).
Expression of Mm-MT and Mm-Fer from gill tissue was incorpo-
rated in the analysis instead of MT and ferritin expression in
hemocytes because PCA cannot be performedwith pooled samples.
Components 1 and 2 explained more than 43% of the total variance

(Fig. 5). Statistical analysis (ANOVA) of extracted component 1
(PC1) revealed interesting trends. For instance, QPX challenge
caused a rapid response among NY clams that was visible at the
first sampling time (16 h) as compared to response to bacterial
challenge whereas both bacterial and QPX challenges induced
significant response in NY clams compared to control after 3 days
(p < 0.018, Fig. 6A). Differences in PC1 between control and chal-
lenged NY clams at 3 days were concomitant with increases in THC
and protein concentration in plasma and decreases of PDC and ROS

Fig. 2. Nucleotide and deduced amino acid sequences of the [A] metallothionein and [B] ferritin from M. mercenaria. The nucleotides and amino acids are numbered along the left
margin. The start and stop codons are in bold font.
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production in challenged clams compared to controls (Table 3 and
Fig. 5).

Comparison of extracted PC1 from NY and FL clams challenged
by QPX exhibited similar trends but only NY-q was significantly
different from its control at day 3 (p ¼ 0.013, Fig. 6B). Interestingly,
PC1 from NY-q returned to normal compared to NY-c after 4 weeks
and was significantly higher than PC1 from the same clam batch at
day 3 (p < 0.001) whereas alteration in PC1 among FL clams chal-
lenged with QPX (FL-q) remained visible after 4 weeks in
comparison to their controls. Overall, extracted PC1 were signifi-
cantly different between NY and FL clams (p ¼ 0.007, Fig. 6B).

4. Discussion

By comparing different pathogenic stimuli, this study demon-
strated that hard clam can modulate defense-related mechanisms
according to the nature of the invader. Additionally, comparison of
defense response to QPX challenge in QPX-resistant (NY) and
susceptible (FL) clam broodstocks revealed differences that could be
related to the susceptibility of clams to this opportunistic parasite.

4.1. Differential defense and stress response of M. mercenaria
following bacterial and QPX challenge

Several previous studies investigated bivalve response to path-
ogenic challenge using cellular and biochemical approaches [38,39]
as well as molecular approaches [12,40,41]. However, a relatively
limited number of studies focused on the differential response of
invertebrate mollusks to different pathogenic stimuli [28,29].

Our PCA results showed significant effects of both bacterial and
QPX challenge on NY clam hemolymph profile after 3 days (Fig. 6A).
Differences between control and challenged clams were particu-
larly marked for THC (Table 4). Numerous studies have shown
changes in the number and types of hemocytes in mollusks

experimentally challenged with foreign materials and these
changes have been considered as defense response against patho-
gens [38,39,42,43]. Changes in THC are usually difficult to interpret
since increase in total number of circulating hemocytes may result
from either movement of the cells from tissues into circulation or
proliferation of the cells [44]. Interestingly, QPX caused a rapid
change in THC, as well as overall hemolymph profile assessed by
PC1 in NY clams as soon as 16 h after challenge as compared to their
controls in contrast to individuals injected with bacteria (NY-b).
Difference in response time could be related to the involvement of
different mechanisms of pathogen recognition as well as different
signaling pathways. Perrigault et al. [12] showed that the dynamics
of molecular responses in M. mercenaria following QPX challenge
were different whether the mucoid material surrounding parasite
cells was removed (as in this study) or not. For instance, that prior
study suggested that the removal of the protectivemucus layermay
enhance host response by facilitating the presentation and recog-
nition of QPX pathogen-associated molecular patterns (PAMPs) by
the host. Absence of mucus surrounding QPX could also explain
the rapid increase in phagocytosis activity in NY-q compared to
NY-b and NY-c at 16 h (Table 3). Stimulated ROS production was
generally lower in challenged clams at 16 h and 3 days and could be
related to the virulence of living bacteria and QPX. The antioxidant
enzymes catalases, which are able to metabolize some ROS, were
reported in bacteria and are likely present in V. alginolyticus [45].
Similarly, previous studies demonstrated a reduction in ROS
production by hemocytes from Crassostrea virginica exposed to
extracellular products (ECP) from its alveolate parasite Perkinsus
marinus [46,47]. Cytotoxicity of QPX ECP to M. mercenaria hemo-
cytes was previously demonstrated [27] but the specific effect of
QPX on ROS production remains unknown. It should be stated,
however, that both ROS production and phagocytosis were
normalized to THC. Therefore, the rapid increase in phagocytic
activity of hemocytes may be a direct result of the increase in the
proportion of granulocytes because this cell type is well known to
mediate phagocytosis in different clam species including
M. mercenaria [8]. Granulocytes also represent the main contribu-
tors to ROS production by bivalve hemocytes [48] although our
results showed that the increase in percent granulocytes was
concomitant to a decrease in ROS production. Production of ROS
during immune response is thought to play significant roles in
phagocyte-mediated killing of microorganisms [49]. Our results
suggest that the mechanisms controlling phagocytic activity and
ROS production inM. mercenaria following V. alginolyticus and QPX
challenge are different. Analysis of phagocytosis and ROS produc-
tion without normalization to cell numbers (e.g. normalized to
blood volume) showed significant increase of basal ROS production
in challenged (NY-b and NY-q) clams (p< 0.021) as well as increase
in hemocyte phagocytic activity at 16 h and 3 days post challenge
(Data not shown).

Without taking into consideration the response time following
challenge, standard cellular and humoral parameters (THC, PDC,
ROS, phagocytosis, and protein concentration in plasma) generally
exhibited similar trends during bacterial and QPX challenge.
Conversely, anti-QPX activity in plasma (at Day 3) and hemocyte
resistance to QPX ECP tended to differ whether clams were injected
with bacteria or with QPX. These bioassays were specifically
developed to investigate the interactions between components of
M. mercenaria defense system and QPX [26,27] in opposition to
standard defense parameters measured which are more related to
the overall immune status of clams and general response to any
microbial challenge. Interestingly, anti-QPX activity in plasma as
well as hemocyte resistance to QPX ECP in NY clams challenged
with V. alginolyticus exhibited a similar profile as controls in
opposition to changes in these parameters among NY clams

Fig. 3. Relative transcription levels (Mean � S.E., n ¼ 4 clams) of [A] metallothionein
(Mm-MT) and [B] ferritin (Mm-Fer) mRNA in M. mercenaria tissues. Relative tran-
scription levels of Mm-MT and Mm-Fer were normalized to EF1 transcript levels.
Letters denote significant differences between tissues (HolmeSidak post-hoc test,
p < 0.05).
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challenged with QPX. These results suggest that hard clams
differentially respond to challenge with various pathogens. Simi-
larly, differential induction of Mm-Fer and Mm-MT expression in
gill tissues was detected in NY clams challenged with QPX as
compared to controls and to those exposed to bacteria. Ferritin and
metallothionein were previously identified during PAMP or
microbial challenge [11,12]. Iron is an essential nutrient for virtually
all cells and its involvement in innate immunity and pathogenicity
has been previously demonstrated [50]. Host ferritin sequesters
iron and makes it unavailable for invading pathogens [50]. The
negative effect of iron chelators has been demonstrated on the
in vitro growth of the protistan parasite P. marinus [51] although
the effect of iron on QPX growth and survival remains unknown.
Similarly, metallothioneins are modulated by pathogenic stimuli

and inflammatory mediators [14,52] and are thought to provide
protection to the host from the deleterious effects of pathologic or
environmental stress [53].

4.2. Comparison of defense and stress response following QPX
challenge in NY and FL clams

The second objective of this study was to compare defense
response of two hard clam broodstocks to QPX challenge. Previous
studies demonstrated variation in M. mercenaria susceptibility
toward QPX among different clam stocks with higher resistance of
northern clam broodstocks compared to southern broodstocks
[19,23,24,54]. Ragone Calvo [24] suggested that both host genotype
and environmental parameters were important determinants in

Fig. 4. Expression of Mm-MT (left panel) and Mm-Fer (right panel) transcripts in mantle (top, n ¼ 10 per treatment � S.E.), gill (middle, n ¼ 10 per treatment � S.E.) and hemocytes
(bottom, n ¼ 5 pools of 2 clams each per treatment � S.E.) at different time intervals following QPX (NY-QPX and FL-QPX) or V. alginolyticus (NY-bacteria) challenge inM. mercenaria
from New York (NY-bacteria and NY-QPX) or Florida (FL-QPX). Relative transcription levels were analyzed by QPCR and were normalized to EF1 transcript levels. For each sampling
time, letters (a and b) indicate significant differences (HolmeSidak post-hoc test, p < 0.05) between NY clams injected with bacteria or QPX. Symbols (*) denote significance
between challenged clams (FL and NY) and their respective controls represented by the x-axis.
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clam susceptibility to QPX disease and the impact of genetic vari-
ation on overall performance of geographically different hard clam
populations was previously demonstrated [55]. Therefore, two
different clam broodstocks that were previously shown to display
different susceptibility toward QPX disease [23,30] were used in
this study with one batch of QPX-susceptible clams from Florida
and another of resistant clams from New York.

Assessment of individual hemolymph parameters and results
from PCA analysis and extracted component 1 from NY and FL
clams demonstrated a significant difference in the hemolymph
profile between the clam broodstocks (Fig. 6B). Control clams from
NY exhibited higher THC and percentage of granulocytes than FL-c
clams. Similarly, phagocytosis activity, protein concentration in
plasma and anti-QPX activity were lower in FL-c clams compared to
NY-c clams. Similar observations of lower immune performances in
FL clams, particularly with regard to anti-QPX activity, were also
made in previous studies [26,34] and could be related to the
susceptibility of this broodstock compared to NY clams [23,30]. La
Peyre et al. [56] compared defense parameters in the closely-
related oysters C. virginica and C. gigas and found lower proportions
of granulocytes and associated phagocytosis in C. virginica. The
authors concluded that the difference in granulocyte count could
be associated with the higher susceptibility of C. virginica to
P. marinus [56]. Higher THC was also observed in hemolymph from
C. virginica populations that are resistant to Haplosporidium nelsoni
(MSX) as compared to susceptible oysters and lower proportions of
granulocytes were reported in oysters affected by this parasite [43].
It should be noted, however, that defense parameters in control NY
clams displayed some variability during the experiment with
higher phagocytosis activity and hemocyte resistance to QPX ECP at
Day 3 compared to the other sampling times. Similarly, significant
variations in PDC were observed between controls and challenged
NY clams at 3 days but PDC in control clams was relatively high
compared to PDC values at other sampling times. These variations
may be related to wounding and stress inflicted during the injec-
tion of sterile seawater into the pericardial cavity of control clams.
As a matter of fact, prior studies showed significant changes in
hemocyte parameters following the injection of sterile seawater
into clam tissues including in M. mercenaria [33,39]. Despite this
potential limitation, temporal differences between QPX challenged
clams and their respective controls were observed.

PCA analysis revealed a significant difference in the effects of
QPX challenge on QPX-susceptible (FL) and resistant (NY) clam
broodstocks. For instance, NY clams challenged with QPX exhibited
a significant and dynamic response (obvious at day 3, disappears
after 4 weeks) to QPX challenge whereas FL clam response to QPX
challenge appeared overall limited and the same trends were
observed during the 4 week experiment (Fig. 6B). PC1 from NY-q
clams was significantly different between 3 days and 4 weeks
(p ¼ 0.018) and was similar to that from NY-c at 4 weeks (Fig. 6B).
Trends in PC1 were concomitant to changes in THC over time. In
fact, THC and percentage of granulocytes were similar at 4 weeks in
challenged and control NY clamswhereas increase of THC aswell as
reduction in the percentage of granulocytes were observed in FL-q
clams at 4 weeks compared to FL-c. The transitory and significant
nature of NY clam response to QPX challenge suggests an elimi-
nation of QPX in these clams after 4 weeks in agreement with prior
findings using the same experimental conditions and procedures
[12,54]. On the other hand, changes in immune parameters
in challenged FL clams suggest ongoing infection in this batch
after 4 weeks. For instance, changes in THC in FL clams in
response to QPX challenge were obvious at Day 3 and remained
persistent after 4 weeks despite relatively lower counts in FL-q at
week 4 (20 � 105 hemocytes ml�1) compared to day 3
(44 � 105 hemocytes ml�1). Previous studies on QPX as well as
other bivalve diseases reported changes of THC during pathogenic

Fig. 5. Principal component analysis (PCA) plot of all measured parameters (all FL and
NY clams combined, n ¼ 120) abbreviated as follows: PDC: percentage of dead cells,
uROS and zROS: unstimulated and zymosan-stimulated ROS production respectively,
THC: total hemocyte count, % Gran: percentage of granulocytes, Phago: phagocytosis,
Prot: protein concentration in plasma, AQA: anti-QPX activity of clam plasma, HR:
hemocyte resistance to cytotoxicity of QPX ECP, Fer and Met: Relative transcription
level in gill tissue of Mm-Fer and Mm-MT respectively.
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Fig. 6. Mean plot (n ¼ 10 per data point � S.E.) of component 1 from Principal
component analysis (Fig. 5) for [A] NY clams injected with sterile seawater (NY-con-
trol) or challenged with bacteria (NY-bacteria) or QPX (NY-QPX) after 16 h (,) and 3
days (✕); [B] controls (NY-control and FL-control) and QPX challenged (NY-QPX and
FL-QPX) clams from NY and FL after 3 days (✕) and 4 weeks (D). Letters (a and b)
denote significant differences between treatments (HolmeSidak post-hoc test).
Symbols (*) designate significant differences between both sampling dates for this
treatment.
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challenge and explained these variations over time by active infil-
tration of hemocytes toward infection sites [34,43]. QPX disease is
usually characterized by the presence of focal lesions often located
in clam mantle tissues [21,25]. Dynamics of QPX disease could also
explain observed trends in Mm-MT and Mm-FER transcription
levels with higher expression of metallothionein and ferritin in gills
of QPX challenged clams at 3 days (systemic response) whereas
gene expression appeared higher in the mantle, especially in FL-q
clams, after 4 weeks.

Furthermore, specific responses of FL clams to QPX infection
confirmed difference in immune response between northern and
southern clam broodstocks to QPX and highlighted the suscepti-
bility of FL clams to the parasite. Basal ROS production in hemocytes
from FL-q clams increased 3 days after challenge compared to
controls but FL-q capacity to induce production of ROS following
zymosan stimulation was reduced. Although ROS have been
recognized as important anti-microbial mechanisms in phagocytes,
high basal ROS can also have deleterious effects when their level
exceeds the capacity of antioxidant mechanisms of the host [49].
Interestingly, high basal ROS production in FL-q clams was associ-
ated with increased transcription levels of Mm-MT and Mm-Fer in
hemocytes. Anderson et al. [53] investigated the relationship
between metallothionein and ROS in oyster hemocytes and sug-
gested the ROS scavenging properties of metallothionein and its
role in protection against oxidative stress. Similar cytoprotectant
property from oxidant damage was also suggested for ferritin in
cultured endothelial cells [57].

Significant increase of protein concentrations (67% of control)
was noted in plasma from FL-q clams at 3 days compared to their
controls. This increase was associated with a massive decrease in
the percentage of granulocytes in hemolymph by almost 25%
compared to controls. It is probable that protein increase in plasma
was a consequence of protein release by hemocyte degranulation in
response to QPX stimulus. For instance, FL-q response at day 3
shares similarities with acute phase response (APR) which is
defined as all alterations of homeostasis following inflammatory
stimuli causing changes in broad array of metabolic, endocrine and
physiologic functions [58]. One characteristic of APR, particularly
well studied in vertebrates, is the acute phase protein (APP) that
results in an increase of protein concentration in plasma by 25% or
more following stimulus [58]. Acute phase proteins in mammals
include complement component proteins, metal-binding proteins
and are involved in repair of tissue damage, in fighting infection,
and in restoring homeostatic state [59]. In invertebrates, investi-
gation of APR was previously performed in the echinoderm Asterias
forbesi by Beck et al. [60] who described ferritin as an APP. APR and
associated APP could explain the overexpression of metallothionein
and ferritin in hemocytes from FL-q clams at Day 3, and as a matter
of fact both Mm-MT and Mm-Fer covariated with protein concen-
trations in PCA analysis (Fig. 5).

5. Conclusion

In conclusion, this study characterized metallothionein (Mm-
MT) and ferritin (Mm-Fer) genes in the clam M. mercenaria and
depicted the induction of both cellular and humoral defense
parameters in clams in response to bacterial (V. alginolyticus) and
protistan (QPX) challenge. The response of clams included common
processes against both microorganisms but specific assays (anti-
QPX activity in plasma and resistance of hemocytes to QPX ECP) as
well as Mm-MT and Mm-Fer transcription levels showed specific
response of M. mercenaria to each challenge, likely as a result of
specific molecular interactions between M. mercenaria and the
pathogens V. alginolyticus and QPX. Additionally, comparison of
defense response fromclams originating fromdifferent broodstocks

demonstrated significant differences in immune response ampli-
tude and dynamics between resistant NY clams (return to normal
after 4 weeks possibly linked to the previously described elimina-
tion of the parasite in this stock) and susceptible FL clams (apparent
acute phase response after 3 days, immune changes remaining
visible after 4 weeks). Combining these comparative approaches
with recently developed functional genomics tools will foster the
progress in our understanding of the biological bases of clam
resistance to QPX.
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