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a b s t r a c t
Freshwater snail, Pila globosa is an edible mollusc which bears commercial and ethnomedicinal signiﬁcance. During environmental aridity, P. globosa aestivates deep into the soil for four to ﬁve months. We
report comparative analyses of immune associated parameters in the hemocytes and hemolymph of P.
globosa during activity, experimental aestivation, arousal and starvation. Hemocyte is a major cellular
component of molluscan immune system. They are functionally involved in phagocytosis, cytotoxicity,
antioxidative defence and enzyme mediated lysosomal pathogen degradation. Determination of the total
hemocyte count, phagocytosis, generation of superoxide anion, nitric oxide and activities of phenoloxidase, superoxide dismutase, catalase, glutathione-S-transferase, phosphatases and protein content in
the hemocytes and hemolymph were carried out during the mentioned phases of life process of P. globosa. Total count of hemocyte was recorded to be higher during aestivation, arousal and starvation in
comparison to the phase of activity. Phagocytic response of hemocytes of P. globosa was highest during
phase of activation. P. globosa exhibited high level of generation of superoxide anion and nitric oxide in
the hemocytes during aestivation. Activity of phenoloxidase was recorded to be highest in the hemocytes and hemolymph among the starved individuals. Activities of superoxide dismutase and catalase
were highest in the hemocytes of starved P. globosa. Glutathione-S-transferase activity was estimated
to be high in the hemolymph and hemocytes of active specimens. Aestivation and starvation exhibited
modulation in the activities of phosphatases in the hemocytes and hemolymph. Total content of protein
of hemocytes was recorded to be low in the aestivated, aroused and starved P. globosa in comparison
to the active ones. Nonuniform status of the immune parameters of hemocytes and hemolymph during
activity, aestivation, arousal and starvation was indicative to a status of immunological resilience of the
species to ensure adaptation during different physiological and environmental conditions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Aestivation is a physiological adaptive response of organism
under the challenge of environmental adversity. It is a special type
of behavioural pattern of animals during scarcity of food resources
(Chown and Storey, 2006) and is assumed to be a strategy of survival against environmental adversities like aridity and heat (Pinder
et al., 1992; Storey, 2001). Aestivation is considered as an indispensable step in the life process of invertebrates like sea cucumber (Liu
et al., 1996), land snail (Salway et al., 2010) and has been categorised
into three distinct phases like preaestivated, aestivated and arousal
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(Wang et al., 2008). During unfavourable environmental conditions,
many organisms including the molluscs undergo aestivation due to
food and water deprivation. Pila globosa (Mollusca: Gastropoda) is a
common variety of amphibian mollusc of Indian subcontinent. They
evolved a highly developed gill and pulmonary sac which enabled
them to perform respiration both in aquatic and terrestrial environments respectively. According to Haniffa (1978), aestivation of
P. globosa depends on high environmental temperature. Monthly
observation made on the aestivating P. globosa revealed that the
environmental temperature above 35 ◦ C was critical for induction
of aestivation. This situation was reported to be associated with a
relative loss of energy in the aestivating specimens. According to
this report, the density of aestivating P. globosa was recorded to be
the highest in the month of July in India. However, the duration of
aestivation had been reported to be unpredictable in snails which
may arouse within a few minutes with the rise in environmental
humidity (Hermes-Lima et al., 1998).
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Being a poikilotherm, P. globosa experiences a wide range of
thermal variation throughout the year. The status of physiological inactivity during aestivation has been considered as unique
adaptive feature of this prosobranch distributed in the different
region of India. It is reported that during aestivation metabolic
rate of organism get depressed to several folds (Storey, 2002) to
ensure survival. Lowering of metabolic rate enables the aestivator to survive for a longer period during environmental harshness
(Ferreira-Cravo et al., 2010). Aestivation is considered as an adaptive feature which is characterised by water loss prevention and
discontinuous breathing of organism distributed in dry environment (Guppy and Withers, 1999). During aestivation, P. globosa
ceases feeding, closes its operculum and remains inactive inside the
subsoil ecosystem with low moisture content. Hermes-Lima et al.
(1998) reported the intermittent opening of pneumostome which
allows gaseous exchange in the aestivating snail. The habitat of aestivated P. globosa appears to be dissimilar with that of active ones
with reference to moisture content, temperature and nutrients status. Therefore, during active and aestivating phases of life, P. globosa
are assumed to occupy two contrasting ecological niches and thus
may be exposed to dissimilar immunological challenges.
P. globosa is an important bioresource of the freshwater ecosystem of India (Ray et al., 2015). Meat of the edible mollusc is in
demand throughout the world (Baby et al., 2010). P. globosa, an
edible gastropod, is widely consumed by the tribal and urban populations of India and Bangladesh (Baby et al., 2010). Flesh of P.
globosa has been used as a supplementary food of prawn and poultry of different regions of India (Subba Rao and Dey, 1989; Baby
et al., 2010). In Bangladesh, trading of P. globosa bears an inﬂuencing effect over the country’s economy (Saha, 1998). According to
Jahan et al. (2007), induced breeding of P. globosa during commercial farming appeared to be rational and proﬁtable to utilize this
aquatic bioresource in Bangladesh. Ethnomedicinal importance of
P. globosa has been highlighted by several authors from different
viewpoints (Prabhakar and Roy, 2009; Mahawar and Jaroli, 2007).
According to them, diseases like arthritis, asthma, conjunctivitis,
night blindness and cardiac diseases are reported to be curable by
the pharmacological application of its different body parts and tissues. This indicates it’s potentiality to act as a source of drug and
other bioactive chemical substances (Mahawar and Jaroli, 2007).
Nutritional status of an organism is often associated with immunity of the organism (Butt et al., 2007; Xu et al., 2008; Al-Rawadeh,
2010) against the invasion of pathogen and parasite. Starvation
induced changes in the hemocyte mediated parameters have been
reported in the Zhikong scallop, Chlamys farreri (Xu et al., 2008).
While examining the effect of starvation on cellular and biochemical parameters of crab, Matozzo et al. (2011) emphasized on two
important aspects of the cellular immunity of crab, Carcinus aestuarii. Authors questioned whether starvation can inﬂuence immune
related parameters and antioxidant status in C. aestuarii and the
crab can modulate these immune parameters to overcome this
starvation related stress.
Hemocytes, the chief immunoeffector cells of molluscs
(Humphries and Yoshino, 2003), perform diverse immunological
functions like phagocytosis (Hillyer et al., 2003; Cheng, 1977), cytotoxicity (Adema et al., 1991; Bogdan, 2001), aggregation (Chen
and Bayne, 1995) and pathogen encapsulation (Humphries and
Yoshino, 2003; Koutsogiannaki and Kaloyianni, 2010). On the other
hand, hemolymph, the humoral component of molluscan immune
system, is reported to exhibit the activities of superoxide dismutase (Monari et al., 2007), catalase (Liu et al., 2008), acid (Cheng
and Butler, 1979) and alkaline phosphatases (Helal et al., 2003).
Total hemocyte count in mollusc has been reported as an important immune parameter (Mello et al., 2010). Elevation of the total
hemocyte count is an indication in the augmentation of immunity
of invertebrates (Kacsoh and Schlenke, 2012). Phagocytosis is an

established strategy of immune defence in invertebrates including mollusc. It is considered as principal immunological activity
reported in many molluscan species (Goedken and De Guise, 2004;
Garcia-Garcia et al., 2008). Major cytotoxic molecules like superoxide anion and nitric oxide generated by the circulatory hemocytes
of mollusc are functionally associated with the destruction of
pathogens (Manduzio et al., 2005; Rivero, 2006; Ray et al., 2013).
Phenoloxidase is reported to be functionally associated with phagocytosis, self-nonself discrimination, cytotoxicity and melanisation
response (Söderhäll and Cerenius, 1998; Cerenius and Söderhäll,
2004). Superoxide dismutase and catalase play a signiﬁcant antioxidation role in the cellular physiology of mollusc. Both of these
enzymes are involved in scavenging and deactivating the toxic
oxidative radicals and protect the tissue from oxidative damage
(Manduzio et al., 2005). Acid and alkaline phosphatases are functionally involved with pathogen destruction in phagolysosome
and bear immunological signiﬁcance (Murti and Shukla, 1984).
Glutathione-S-transferase is functionally associated with general
detoxiﬁcation response of xenobiotics and antioxidation activity
(Manduzio et al., 2004).
However, report of the effect of starvation and aestivation on
the immune related parameters of Indian mollusc is absent in the
current scientiﬁc literature. Nowakowska et al. (2009b) examined
the extent of oxidative stress and activity of antioxidant enzymes
in snail, Helix pomatia during aestivation. Physiological correlation of antioxidant defence and metabolic depression had been
reviewed by Hermes-Lima et al. (1998). Starvation is reported to
compromise with the immunological activity of a land snail, Helix
aspersa (AL-Rawadeh, 2010). According to him, nutrition plays a
major role in maintenance of selected immune parameters like
total hemocyte count, phenoloxidase activity and phagocytosis in
the same species. Present investigation is aimed to examine the
modulation and relative plasticity of the innate immune parameters during experimental aestivation and starvation in P. globosa.
Studied parameters included generation of cytotoxic molecules like
superoxide anion, nitric oxide and phenoloxidase and the activities
of superoxide dismutase, catalase, glutathione-S-transferase, acid
phosphatase, alkaline phosphatase and total protein in hemocytes
and hemolymph of P. globosa during activity, aestivation, arousal
and starvation. Total count and phagocytic response of hemocytes
were quantitated in the different phases of P. globosa too. Generated
information is assumed to provide a better premise in estimating
the immune status of P. globosa during the phases of activity, aestivation and starvation. Present data would provide an important
information in the ﬁeld of comparative immunity and physiology
of this commercially important mollusc of India.

2. Materials and methods
2.1. Experimental design
Forty active specimens of P. globosa (shell length 4.2 ± 1.5 cm
from apex to operculum) were manually collected from the selected
natural habitats of the district of north twenty four parganas
(22◦ 86 N, 88◦ 40 E) of the state of West Bengal, India. The collected
specimens were transported to the laboratory and acclimated in
aerated glass containers at an ambient temperature of 25–30 ◦ C. A
uniform light rationing of 12:12 dark–light cycle was maintained
in the container throughout the acclimation period. After acclimation, each specimen was marked and divided into two groups of
equal numbers and one group was induced to aestivate at 37 ◦ C for
15 days. In laboratory, aestivating specimens were kept in plastic
boxes without the physical contact of water and food. Whereas,
the other group was further subdivided into two categories. One of
the category was experimentally starved for 15 days, whereas, the
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active group after their normal maintenance in laboratory aquaria
were subjected to biochemical and cellular estimations. Water of
the glass aquaria was routinely replenished at interval of a 24 h and
the active specimens were fed with chopped Hydrilla, Chara, Vallisnaria, Pistia, (Jahan et al., 2007; Raut, 1991). The starved group
consisted of active specimens maintained in aquaria and were subjected to food deprivation for a period of 15 days. Half of the
post-aestivated specimens were experimentally aroused by water
sprinkling method (Nowakowska et al., 2009b) for 1 h and proceeded for biochemical and cellular estimation. The arousal was
visually identiﬁed by emergence of foot from opercular aperture
(Nowakowska et al., 2009b).

2.2. Collection of hemolymph and isolation of hemocyte
Hemolymph was collected aseptically from P. globosa by shell
puncture method (Renwrantz et al., 1981) and stored in glass vials
at 4 ◦ C. Hemocytes were isolated from hemolymph by centrifugation (Hermle Z323K, Germany) at 650 × g for 10 min at 4 ◦ C.
After centrifugation, hemocyte pellets were suspended in sterile
snail saline (SSS: 4 mM HEPES, 37 mM NaOH, 36 mM NaCl, 2 mM
KCl, 2 mM MgCl2. 2H2 O, 4 mM CaCl2 , 2H2 O2 , pH- 7.4) (SRL, India)
(Adema et al., 1991) and the pellets were resuspended with 2 ml of
SSS. Cell free hemolymph was stored at 4 ◦ C for further analyses.

2.3. Determination of total hemocyte count
A portion of (100 l) of freshly collected hemolymph from each
specimen was placed on Neubauer hemocytometer and the total
hemocyte count was enumerated (Brousseau et al., 1999) under
light microscope (Olympus, BH-2, Japan).

2.4. Determination of phagocytic index
Hemocyte suspension of 100 l collected from each specimen
was smeared on glass slides and incubated for 1 h at 37 ◦ C in a humid
chamber for cell adherence. The phagocytic efﬁciencies of hemocytes of P. globosa were determined by challenging the hemocytes
with cultured yeast particles (Saccharomyces cerevisiae) in vitro at
a ratio of 1:10 and were incubated for 2 h at 37 ◦ C. After incubation, the cells were washed with SSS, air dried and ﬁxed with
methanol, stained with Giemsa (HiMedia, India) and examined
under light microscope (Axiostar Plus, Zeiss, Germany) for phagocytosis of yeast. Parallely, the live unstained hemocytes challenged
with yeast were examined microscopically under phase contrast
optics for determination of phagocytic response. More than 300
cells were accounted for each slide and the phagocytic index was
determined by estimating the percent engulfment of yeast particles
by hemocytes (Di et al., 2013).

2.5. Scanning electron microscopy
Hemocyte suspensions challenged with yeast particles were
ﬁxed with 3% glutaraldehyde (Sigma, USA) in 0.1 M sodium cacodylate buffer containing 12% glucose (pH-7.8) for 2 h at 4◦ C (Chang
et al., 2005; Mukherjee et al., 2015). The slides were then washed
thrice with cacodylate buffer and were secondarily ﬁxed with 1%
osmium tetroxide (Sigma, USA) for 1 h. After ﬁxation, the supernatants were removed and the slides were dehydrated with graded
ethanol, air dried, sputter coated with gold in an anionic coater
and examined under a scanning electron microscope (Zeiss EVO 18
special edition, Germany).
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2.6. Preparation of cell lysate
The hemocyte density was adjusted to 106 cells/ml and the
cells were pelleted by centrifugation (Hermle Z323K, Germany)
at 650 × g for 10 min at 4 ◦ C. The hemocytes pelletes were resuspended in 1 ml of 0.1% TritonX-100 and kept over ice for 45 min
for cell lysis. The suspension was centrifuged (Hermle Z323K,
Germany) at 3500 × g for 30 min at 4◦ C and the supernatant was
collected in prechilled vials and stored at 4◦ C.
2.7. Estimation of superoxide anion generation
The generation of superoxide anion was estimated spectrophotometrically in the hemocytes and cell free hemolymph of P. globosa
following the principle of nitroblue tetrazolium (NBT) reduction
(Song and Hsieh, 1994). A unit density hemocyte suspension
(106 cells/ml) was incubated with 1 ml of 0.03% nitroblue tetrazolium (NBT, Himedia) solution for 30 min at 37◦ C. Postincubated
hemocytes were centrifuged (Hermle Z323K, Germany) for removal
of excess NBT and 1 ml of absolute methanol was added to terminate the reaction. The cells were washed thrice with 70% methanol
and centrifuged for sedimentation. The cells were resuspended in
2 ml of a solution of KOH (2 M) and DMSO at a ratio of 1:1(v/v)
to dissolve the blue coloured cytoplasmic formazan. Generation
of superoxide anion was estimated from 1 ml of hemolymph following the same protocol. The optical density (OD) of the dissolved
formazan was spectrophotometrically (Shimadzu, UV-1700, Japan)
estimated at 630 nm. The unit of superoxide anion generation in
hemocytes and hemolymph were expressed as O.D.106 cells−1 min
−1 and O.D. mg protein−1 min −1 respectively.
2.8. Estimation of nitric oxide generation
The nitric oxide generation was estimated in the form of nitrite
which was released by the hemocytes and cell free hemolymph
upon reaction with Griess reagent (Green et al., 1982). Uniform
density (1 × 106 cells/ml) of hemocyte suspension was incubated
with 1 ml of Griess reagent (1% sulphanilamide, 0.1% naphthyl
ethylenediamine dihydrochloride and 5% orthophosphoric acid) for
30 min at 37 ◦ C in a humid chamber. The absorbance was recorded
spectrophotometrically (Shimadzu, UV-1700, Japan) at 550 nm. The
nitrite generation was calculated using a standard curve of sodium
nitrite. The nitric oxide generation in hemocytes and hemolymph
were expressed as M NaNO2 106 cells−1 min−1 and M NaNO2
mg protein−1 min−1 respectively.
2.9. Estimation of phenoloxidase activity
The activity of phenoloxidase (EC 1.14.18.1) in the hemocyte lysate and hemolymph was estimated spectrophotometrically
(Shimadzu, UV-1700, Japan) (Sung et al., 1998) using 1-3, 4dihydroxyphenyl alanine (l-DOPA) as a substrate. One unit of
enzyme activity was expressed in terms of increase in absorbance
(at 490 nm) as 0.001 unit mg protein−1 min−1 .
2.10. Estimation of catalase activity
The catalase (EC 1.11.1.6) activity was estimated in the hemocyte lysate and hemolymph according to Aebi (1984). 100 l of
hemocyte lysate or hemolymph was added in a reaction mixture
containing 40 mM hydrogen peroxide in 50 mM phosphate buffer.
The activity of catalase was determined by decrease in absorbance
of hydrogen peroxide at 240 nm and the enzyme activity was
expressed as k mg protein−1 min−1 .
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2.11. Estimation of superoxide dismutase activity
The superoxide dismutase (EC 1.15.1.1) activity in the hemocyte lysate and hemolymph was assayed after Beauchamp and
Fridovich (1971) with minor modiﬁcations. The assay was based
on the 50% photochemical inhibition of nitroblue tetrazolium (NBT)
due to generation of superoxide anion. A volume of 2.5 ml of reaction mixture included 50 mM sodium phosphate buffer (pH 7.8),
13 mM methionine, 75 M NBT, 2 M riboﬂavin and 0.1 mM EDTA
and 100 l of hemocyte lysate. The reaction mixture was kept under
two 15 W ﬂuorescent lamps for 15 min and the reaction was terminated by switching off the lights. A nonirradiated reaction mixture
which was continued in parallel with the test did not develop
colour and served as a blank. Activity of superoxide dismutase was
estimated spectrophotometrically (Shimadzu UV-1700, Japan) at
560 nm and the enzyme was expressed as unit mg protein−1 min−1 .
2.12. Estimation of glutathione-S-transferase activity
The glutathione-S-transferase (EC 2.5.1.18) activity in the
hemocyte lysate and hemolymph was determined (Habig et al.,
1974) using a substrate (1-chloro-2, 4-dinitrobenzene, CDNB). The
assay was carried out spectrophotometrically (Shimadzu UV-1700,
Japan) by monitoring the appearance of the conjugated complex
of CDNB and reduced glutathione (GSH), and the absorbance was
measured at 340 nm. The reaction was performed at 37◦ C and initiated by the addition of GSH. The activity of enzyme was expressed
as mole of GST mg protein−1 min−1 .
2.13. Estimation of acid phosphatase activity
The acid phosphatase (EC 3.1.3.2) activity was estimated spectrophotometrically (420 nm) in the hemocyte lysate after Michell
et al. (1970). The enzyme reacted with 5 mM p-nitrophenol
phosphste (PNPP) in 50 mM sodium acetate buffer (pH 5) for
30 min in a humid chamber at 37◦ C. The reaction was completed by adding 0.1 N sodium hydroxide for 20 min and the
absorbance was measured spectrophotometrically (UV-1700; Shimadzu, Japan) at 420 nm. The enzyme activity was expressed as M
PNP mg protein−1 min−1 using a p-nitrophenol standard curve.
2.14. Estimation of alkaline phosphatase activity
The activity of alkaline phosphatase (EC 3.1.3.1) was carried
out spectrophotometrically at 420 nm in the hemocyte lysate using
the method described by Michell et al. (1970). The enzyme acted
with 5 mM p-nitrophenol phosphste (PNPP) and 10 mM MgCl2 in
10 mM glysine buffer (pH 10) for 30 min in a humid chamber at
37◦ C. The reaction was terminated by the addition of 0.02 N sodium
hydroxide for 20 min and the absorbance was recorded spectrophotometrically (UV-1700; Shimadzu, Japan) at 420 nm. The enzyme
activity was expressed as M PNP mg protein−1 min−1 using a standard curve of p-nitrophenol.
2.15. Estimation of protein
The total protein was estimated spectrophotometrically (Shimadzu, UV-1700, Japan) in the hemocyte lysate and cell free
hemolymph after Lowry et al. (1951) using a standard curve of
bovine serum albumin.
2.16. Statistical analysis
The data were checked for normality and homogeneity using
Bartlett’s test. Since all the data were normal, parametric statistics were applied, following one-way analysis of variance (ANOVA)

(Singaram et al., 2013). The statistical data analysis was performed
using one way ANOVA followed by Dunnett’s multiple comparison
post hoc test to compare the signiﬁcant difference between active
and other groups. Data was presented as the mean ± standard deviation (SD). Each experiment was repeated for 10 times (n = 10).
Differences were considered signiﬁcant at p* < 0.05, p** < 0.01,
p*** < 0.001.

3. Results
Total hemocyte count was signiﬁcantly increased in aestivated,
aroused and starved groups of P. globosa with respect to active ones
(Fig. 1A). Among all experimental groups the lowest value of total
hemocyte count was observed to be 1.625 ± 0.93 × 106 cells/ml in
the active group and the maximum count was estimated to be
2.167 ± 0.597 × 106 cells/ml in the starved specimen.
Phagocytic indices of the hemocytes were determined under the
challenge of yeast in the aestivated, aroused, starved and active
groups of P. globosa (Fig. 1B). Phagocytic indices of arousal and
starved groups were lower than that of active P. globosa. However,
aestivation did not affect the phagocytic efﬁcacy of the aestivated
snails. Engulfment of yeast particles by hemocytes of P. globosa
was photodocumented under phase contrast (Fig. 1C), brightﬁeld
(Fig. 1D) and scanning electron microscopes (Fig. 1E).
The generation of intracellular superoxide anion in the hemocytes of P. globosa was signiﬁcantly higher in aestivated and starved
groups than that of active specimens (Fig. 2A). On the other
hand, the generation of superoxide anion in cell free hemolymph
was signiﬁcantly decreased in the aestivated and aroused groups.
Contrastingly, superoxide anion generation was recorded to be
increased in starved group with respect to its active counterpart
(Fig. 2B). The intrahemocytic generation of nitric oxide was significantly increased in the aestivated group when compared to active
group (Fig. 2C). Aroused specimens of P. globosa generated a lower
level of intracellular nitric oxide than that of the active ones. Nitric
oxide generation by cell free hemolymph was inhibited in the aestivated, aroused and starved groups with respect to the active P.
globosa (Fig. 2D). The activity of phenoloxidase in the hemocyte
lysate was signiﬁcantly decreased in the aestivated P. globosa when
compared to the active group (Fig. 2E). The phenoloxidase activity
in the hemocytes of starved group of P. globosa was signiﬁcantly
higher in comparison to the active snails. In cell free hemolymph,
the phenoloxidase activity was decreased in aroused group and was
signiﬁcantly increased in starved group in comparison to the active
P. globosa (Fig. 2F).
Superoxide dismutase activity in the hemocyte lysate was signiﬁcantly higher in starved P. globosa, when compared to those of
active snails (Fig. 3A). On the other hand, signiﬁcant decrease in
the activity of superoxide dismutase in hemolymph was recorded
in aestivated and aroused P. globosa (Fig. 3B). The superoxide dismutase activity was signiﬁcantly increased in the hemolymph of
the starved group of P. globosa. The catalase activity of hemocyte lysate was signiﬁcantly higher in the aestivated and starved
groups with respect to the active group of P. globosa (Fig. 3C). Catalase activity in the cell free hemolymph of aestivated, aroused and
starved snails was recorded to be low in comparison to the active
snails (Fig. 3D). The activity of GST both in the hemocyte lysate
and hemolymph exhibited a signiﬁcant decrease in the aestivated,
aroused and starved groups against the active specimens (Fig. 3E,
F).
The acid phosphatase activity was recorded to be higher in the
aestivated group when compared to the active specimens (Fig. 4A).
However, aroused specimens of P. globosa exhibited a signiﬁcant
decrease in the activity of acid phosphatase. On the other hand, acid
phosphatase activity was signiﬁcantly decreased in the hemolymph
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Fig. 1. Total hemocyte count (A) and phagocytic indices (B) of hemocytes of P. globosa during activity, aestivation, arousal and starvation. Data were presented as means ± S.D.
(n = 10). Statistical analyses were performed using one-way ANOVA followed by Dunnett’s post hoc test for means separation. The asterisks indicated the values that were
signiﬁcantly different from the active (p* < 0.05, p** < 0.01, p*** < 0.001). Photomicrographs of phase contrast (C), bright ﬁeld (D) and scanning electron (E) microscopic images
of hemocytes exhibiting phagocytosis of yeast (Y). Light microscopic images, magniﬁcation: ×1000; scale bar: 10 m; N = nucleus.

of aroused and starved snails with respect to active snails (Fig. 4B).
The activity of alkaline phosphatase was signiﬁcantly increased
in the aroused and starved groups when compared to the active
specimens (Fig. 4C). However, aestivated specimens of P. globosa
exhibited a signiﬁcant decrease in the activity of alkaline phosphatase. In the cell free hemolymph, alkaline phosphatase activity
was signiﬁcantly decreased in the aestivated, aroused and starved
snails with respect to active ones (Fig. 4D).
The protein content of hemocyte lysate was signiﬁcantly
decreased in the aestivated, aroused and starved specimens of
P. globosa with respect to the active snails (Fig. 4E). The protein
content of cell free hemolymph was signiﬁcantly increased in the
aestivated and aroused groups when compared to the active specimens (Fig. 4F). However, starved group of P. globosa exhibited a
signiﬁcant decrease in the protein content.

4. Discussion
P. globosa is an important dietary item of the rural and tribal
populations of India and Bangladesh and bears high commercial
prospect. In nature, P. globosa undergo aestivation during high
temperature and aridity. Comparative analyses of the immune
associated parameters of hemocytes and hemolymph were carried

out during the phases of activity, experimental aestivation, arousal
and starvation.
Total hemocyte count is reported (Chakraborty et al., 2012) as an
important immunological parameter of invertebrates. Hemocytes
or circulatory blood cells of molluscs perform diverse physiological
functions. Total count of hemocyte acts as a marker of environmental stress (Mello et al., 2010). Kacsoh and Schlenke (2012)
reported a high level of hemocyte load in the insect, Drosophila
suzukii during infection of parasitoid wasp. They correlated high
density of hemocytes with the increased immunological resistance
against parasitoids insect. Total count of hemocytes was signiﬁcantly higher in P. globosa during experimental aestivation, arousal
and starvation in comparison to the active group (Fig. 1A). During the onset of monsoon, aestivating P. globosa experiences a high
moisture content of soil and become metabolically active. In the
post-aestivating phase, the aroused P. globosa maintains a high level
of hemocyte density than its active counterpart which is assumed
to be an adaptational strategy of the organism. A high density of
hemocyte in starved P. globosa indicated that food deprivation did
exhibit no or less effect on higher hemocyte count.
Hemocytes of molluscs are reported to circulate through vascular system and capable of absorbing nutrients from digestive
gland and transport them to different tissues (Cheng, 1996). This
is in agreement with Oubella et al. (1993), who proposed two

6

A.S. Bhunia et al. / Aquaculture Reports 3 (2016) 1–11

Fig. 2. Generation of superoxide anion (A, B), nitric oxide (C, D) and phenoloxidase (E, F) in the hemocytes and hemolymph of P. globosa during activity, aestivation, arousal
and starvation. Data were presented as means ± S.D. (n = 10). Statistical analyses were performed using one-way ANOVA followed by Dunnett’s post hoc test for means
separation. The asterisks indicated the values that were signiﬁcantly different from the active (p* < 0.05, p** < 0.01, p*** < 0.001).
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Fig. 3. Activities of superoxide dismutase (A, B), catalase (C, D) and glutathione-S-transferase (E, F) in the hemocytes and hemolymph of P. globosa during activity, aestivation,
arousal and starvation. Data were presented as means ± S.D. (n = 10). Statistical analyses were performed using one-way ANOVA followed by Dunnett’s post hoc test for
means separation. The asterisks indicated the values that were signiﬁcantly different from the active (p* < 0.05, p** < 0.01, p*** < 0.001).
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Fig. 4. Activities of acid (A, B) and alkaline phosphatases (C, D) and total protein content (E, F) in the hemocytes and hemolymph of P. globosa during activity, aestivation,
arousal and starvation. Data were presented as means ± S.D. (n = 10). Statistical analyses were performed using one-way ANOVA followed by Dunnett’s post hoc test for
means separation. The asterisks indicated the values that were signiﬁcantly different from the active (p* < 0.05, p** < 0.01, p*** < 0.001).
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way transfers of hemocytes from hemolymph to tissue and vice
versa for compensatory supply of nutrients. Starvation induced
increase in the total count of hemocyte of P. globosa can thus be
interpreted by the hypothesis of the ‘reversible mobilisation’ of
hemocytes. However, reduction in the number of circulatory hemocytes was reported in insect, Pseudaletia separata parasitised by
Cotesia kariyai (Teramoto and Tanaka, 2004). Wang et al. (2008)
examined the immunological status of sea cucumber, Apostichopus
japonicus during the stages of preaestivation, arousal and aestivation. They reported an increase in the total coelomocyte count in sea
cucumber during arousal which is in agreement with our present
experimental ﬁnding.
Renwrantz et al. (2013) reported that the apparent reduction of
hemocyte density did not affect the immunological homeostasis of
mussel, Mytilus edulis since the cells returned to the hemolymph
within two minutes of time. In a separate study carried out in crustacean, Sequeira et al. (1996) suggested that increase in the count
of total hemocyte may be due to hypermobilisation of hemocyte
from tissue to hemolymph or rapid hemocyte division. According
to Matozzo et al. (2011) hypermobilisation of hemocyte from tissue
to hemolymph permitted the starved crabs to maintain matured
blood cells in circulation at low energy requirement. Crab during
starvation, might have bypassed the phases of division and maturation of hemocytes, thus saving the energy reserve during starvation.
In this present study, increase in the total hemocyte count during
experimental aestivation, arousal and starvation of P. globosa thus
may be interpreted by hypermobolisation hypothesis.
Phagocytosis has been established as a pivotal immunological parameter of the hemocytes of invertebrates (Cheng, 1977). It
greatly inﬂuences the innate immunological response of molluscs.
A signiﬁcant decrease in the phagocytic response was recorded in
P. globosa during the phases of arousal and starvation (Fig. 1B).
Xu et al. (2008) reported a signiﬁcant decrease in the phagocytic
response in scallop, Chlamys farreri during starvation. Prolonged
food deprivation had been proposed as a causative factor for low
energy reserve of hemocytes which may lead to the decrease in
phagocytic response (Hégaret et al., 2004). From a study carried
out by Delaporte et al. (2003) on molluscs, Crassostrea gigas and
Ruditapes philippnarum, it was suggested that nonaccumulation of
certain fatty acid during starvation might cause decrease in phagocytosis in mollusc.
Superoxide anion and nitric oxide had been reported as effective cytotoxic agents of invertebrate immune system which are
functionally involved in the process of intracellular destruction of
pathogens and parasites (Adema et al., 1991). Their generation in
cells is indicative to oxidative stress which often leads to the oxidative damage of biomolecules like protein, DNA and lipid molecules.
Superoxide anion and nitric oxide are effective bactericidal agents
and play an important role in innate immune defence. Moreover,
superoxide anion may often conjugate with nitric oxide to form
highly toxic peroxynitrite which is less studied in invertebrates.
Cytotoxic molecules like superoxide anion (Fig. 2A, B) and nitric
oxide (Fig. 2C, D) were recorded to be generated at a higher level in
the hemocytes in comparison to hemolymph. The higher activity
of superoxide anion and nitric oxide in the hemocytes justify the
cytotoxic potential of molluscan hemocyte, whereas, a low level of
generation of these cytotoxic agents in the hemolymph of P. globosa may be correlated with their relative non involvement in the
intracellular destruction strategy of pathogen.
During aestivation and starvation, generation of superoxide
anion was recorded to be higher in the hemocytes of P. globosa
(Fig. 2A). In both these conditions, the specimens were deprived of
nutrient supply and characterized by biological inactivity. Aestivation and starvation induced hypergeneration of superoxide anion
in the hemocytes were indicative to a state of oxidative stress and
increased cytotoxicity in P. globosa. Nitric oxide, another major
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cytotoxic molecule, was recorded to be higher in the aestivated
P. globosa (Fig. 2C). A high degree of superoxide anion and nitric
oxide in the hemocytes of aestivated P. globosa was indicative to a
state of immunological hyperreactivity during aestivation. Generation of nitric oxide in the hemolymph of P. globosa was inhibited
during aestivation, arousal and starvation. Present paper reports
an increase in the total count of hemocytes along with the hypergeneration of superoxide anion and nitric oxide in the hemocytes
of aestivating P. globosa. It is proposed that a higher density of
hemocyte count associated with elevated cytotoxicity may serve
the purpose of immunosurveillance in P. globosa during its phase
of inactivity. During the hypometabolic phase of aestivation, the
animal might experience or encounter opportunistic invasion of
pathogenic bacteria to cause diseases. Hemocyte mediated hyperactivated immune status is assumed to be a strategy of survival of
aestivating P. globosa. However, the possibility of superoxide anion
mediated oxidative stress in the hemocytes of mollusc cannot be
overruled.
Cerenius and Söderhäll (2004) reported that the phenoloxidase
is secreted by hemocytes in the hemolymph and is involved in
the process of melanisation around damaged tissue. Matozzo et al.
(2011) reported a high increase in the activity of phenoloxidase in
the hemocytes of starved crab, C. aestuarii. Experimental starvation yielded a signiﬁcant increase in the activity of phenoloxidase
both in the hemocytes (Fig. 2E) and hemolymph (Fig. 2F) which
was in agreement with the observation of the previous workers. A
positive correlation of total count and phenoloxidase activity is in
report (Singaram et al., 2013). Experimental starvation resulted in
a marked increase in the total hemocyte count and phenoloxidase
activity in P. globosa which corroborates with the observation made
by Singaram et al. (2013).
Superoxide dismutase acts as a scavenging enzyme associated
with the deactivation of toxic radicals. Superoxide anion appeared
to be highly reactive and causes tissue damage upon production.
Generation of superoxide dismutase appeared to be an adaptational response involved in the neutralizing or limiting the toxic
effect of superoxide anion in the tissue. Activity of superoxide dismutase was recorded to be higher in the hemocytes (Fig. 3A) and
hemolymph (Fig. 3B) of starved P. globosa. An elevated activity of
superoxide dismutase in the starved specimens is proposed to be
involved in the process of deactivation of toxic superoxide anions.
Catalase is reported to be an antioxidative agent of cellular stress
(Saint-Denis et al., 1998). It is enzymatically involved in the breakdown of toxic hydrogen peroxide into water and oxygen. Hydrogen
peroxide, a strong oxidizing agent, is generated inside the cell by
various metabolic processes, which causes damage to the tissue or
cell and initiate oxidative stress. Activity of catalase was recorded
to be higher in the hemocytes of aestivated and starved P. globosa (Fig. 3C). Higher activity of catalase was thus assumed to be
chemically involved in the reduction of oxidative stress in P. globosa during starvation and aestivation. Glutathione-S-transferase is
biochemically involved in the phase II reaction of xenometabolism
process and biochemical detoxiﬁcation. It is also involved in the
process of antioxidation defence in invertebrates and is functionally associated with the reduction of oxidative stress (Hermes-Lima
and Storey, 1998). Hermes-Lima and Storey (1995) reported the
increase in glutathione-S-transferase activity in the foot muscle of aestivating snail, Otala lactea in comparison to the control
group. Nowakowska et al. (2009a) reported a three fold increase
in glutathione-S-transferase activity in the aestivating snail, Helix
pomatia. Activity of glutathione-S-transferase was recorded to be
inhibited in the hemocytes (Fig. 3E) and hemolymph (Fig. 3F) of P.
globosa during experimental aestivation, arousal and starvation. A
marked inhibition in the activity of glutathione-S-transferase in the
hemocytes and hemolymph of aestivated, aroused and starved P.
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globosa indicated a depressed potential of biochemical detoxiﬁcation and increment in the oxidative stress in the same species.
Acid and alkaline phosphatases are lysosomal hydrolytic
enzymes which are involved in the processes of cytolysis and differentiation (Verma et al., 1980; Liu et al., 2004). Acid phosphatase
plays an active role in killing and digestion of microbial pathogens
(Chen, 1989) and acts as an indicator of immune status of shrimps
(Sarlin and Philip, 2011). Acid and alkaline phosphatases have
been reported as immune associated parameters of invertebrate
(Cheng, 1989; Pinoni and López, 2004). Alkaline phosphatase has
been reported as a sensitive parameter to environmental stress and
related physiological function in crab (Yin et al., 2014). Pinoni and
López (2004) reported alkaline phosphatase as a regulatory enzyme
related to essential functions of living animals. During aestivation,
hemocytes of P. globosa exhibited a high level of acid phosphatase
activity in comparison to the active group (Fig. 4A). Upon starvation, acid phosphatase activity in the hemolymph was recorded
to be the lowest among all four experimental groups (Fig. 4B). It
is evident that during starvation, hydrolytic activity of lysosome
of hemocytes appears to be lower in P. globosa than during aestivation. On the other hand, activity of alkaline phosphatase in the
hemocytes was recorded as the higher in the aestivated, arousal
and starved group (Fig. 4C). During aestivated, arousal and starvation, the alkaline phosphatase activity in the hemolymph (Fig. 4D)
was recorded to be lower than in the active P. globosa.
Total content of protein exhibited a dual picture in the hemocytes (Fig. 4E) and hemolymph (Fig. 4F) of P. globosa. Total protein
content of the hemocytes was recorded to be lower in P. globosa
during aestivated, aroused and starved specimens. This may result
from a lower level of metabolic activity in the aestivating organism in comparison to their active counterpart. Starvation associated
with prolonged nutritional deprivation might be the cause of depletion of protein content in all three experimental groups other than
the active one. A higher content of protein in the hemolymph of aestivated and aroused P. globosa may be associated with maintenance
of homeostasis of protein reserve in the cellular and extracellular
compartments. However, during starvation, concentration of protein decreased signiﬁcantly both in the hemocytes and hemolymph
of the test specimen. Matozzo (2011) reported decrease in the
hemolymph protein content after 7 days of starvation in crab,
C. aestuarii. This was probably due to a signiﬁcant level of protein catabolism experienced by snail during prolonged dormancy
(Hermrs-Lima et al., 1998).
5. Conclusion
In this present study, we report that aestivation, arousal and
starvation inﬂuenced the studied immune parameters of P. globosa both in cellular and biochemical levels. Cellular responses like
hemocyte density and phagocytosis exhibited marked variation
during the phases of activity, aestivation, arousal and starvation. Biochemical parameters like generation of superoxide anion,
nitric oxide and activity of phenoloxidase, superoxide dismutase, catalase, glutathione-S-transferase, acid phosphatase, alkaline
phosphatase and total protein content presented a signiﬁcant shift
during activity, aestivation, arousal and starvation. This investigation may partially explain the adaptability of P. globosa during
mentioned phases of life process.
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