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Abstract

Three concentrations of 12.5, 25 and 50 mg/kg of cadmium and 25, 50 and 100 mg/kg of copper
were added to artificial diet and fed to larvae for 7 days. Total hemocytes count (THC) at 12.5 mg/kg
concentration of cadmium significantly declined, but at 50 mg/ kg of cadmium and all treatments of
copper, the THC was significantly enhanced. As for differential hemocytes count (DHC) prohemocytes
were reduced at 12.5 mg/kg of cadmium treatment and all concentrations of copper, while
granulocytes in all treatments of cadmium were increased. The phenoloxidase activity and nodulation
were increased versus entomopathogenic fungi, Beauveria bassiana (Balsamo) Vuillemin and latex
beads. The adverse influence of stresses on immune responses of pest can be an effective solution
for insect pest control.
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Introduction

The rapid development of industrialization and of the lysosomal membrane. They also cause
urbanization has generated heavy metals increased lipid peroxidation (Korsloot et al. 2004),
contamination globally (Zhou et al. 2012). Some and decreased activity of anti-oxidative and
heavy metals such as cadmium (Cd), nickel (Ni), detoxification enzymes (Lijun et al. 2005,
arsenic (As), chromium (Cr) and lead (Pb) have Augustyniak et al., 2009). At the organismal level,
been increasing to dangerous levels for human, cadmium affects feeding indices, food consumption
plant and animals (Sharma and Agrawal, 2005) but and digestibility (Fountain and Hopkin, 2001, Van
essential micronutrients; copper (Cu), iron (Fe), Ooik et al., 2007), secretion of neurohormones (llijin
manganese (Mn), nickel (Ni), and zinc (Zn) are et al, 2009) and synthesis of hormone receptors
required by organisms in low concentrations (Cervera et al., 2006; Planell6 et al., 2010).
(Epstein, 1972; Marschner, 2011). Although Copper is a biostatic metal that in organisms
organisms are able to regulate small amounts of has an important role in cytochrome oxidase C
essential metals generally, in excess these metals (Bertini et al., 1994) and the structure of proteins
may become toxic (Kabata-Pendias, 2010; Chaffai such as prophenoloxidase, hemocyanin and super
and Koyama, 2011). oxide dismutase (SODs); nevertheless high

Among heavy metals, cadmium risks and concentration of copper may cause denaturation
toxicity are  well documented.  Cadmium and dysfunction in proteins (Huang et al., 2012).
accumulation is higher in leaves than other parts of Insect immunity is divided into two major
plants (Marschner, 1983). Accumulation of cadmium defense systems against infectious agents, cellular
in insects that feed on plants have been immune and humoral immune. In cellular immune,
demonstrated (Lindqvist, 1992). Cadmium is different types of hemocytes are active but in
involved in oxidative stress at the cellular level humoral immunity, anti-microbial peptides or
leading to the production of reactive oxygen (Mirci¢ phenoloxidase (PO) have been produced (Cerenius
et al, 2010) which causes many structural and and Soderhéll, 2004; Stanley and Miller, 2006).
functional disturbances such as decreased stability There are indications that the humoral and cellular

responses are well coordinated. There is an overlap
between them, since several humoral factors affect
the hemocytes function and these, in turn, are an
important source of many humoral molecules such
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Fig. 1 The effect of different concentrations of cadmium on THC of H. armigera. Treatment columns sharing the
same letter are not significantly different under the Tukey tests (p< 0.05)

well studied in lepidopterous larvae such as
Pseudoplusia includens, Manduca sexta and
Bombyx mori, because they possess an adequate
volume of hemolymph and a huge number of
hemocytes which makes them a convenient system
in which to study these cells. The hemocyte types
described in Lepidoptera include prohemocytes,
plasmatocytes, granulocytes, oenocytoids and
spherule cells (Strand, 2008).

POs are vital enzymes that cause melanization.
POs are presented as inactive precursor (PPO) in
insect hemolymph and are activated in response to
wounding or infection as a part of the innate
immune response (Cerenius et al., 2008).

Granulocytes and plasmatocytes are adhesive
in nature. After the entrance of invaders to the
hemocel, micro-aggregations of granulocytes and
plasmatocytes are initiated on microorganisms. This
process is started by changing of circulating
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hemocytes from non-adhesive to adhesive cells that
are able to bind to microorganisms (Lavine and
Strand, 2002). These micro-aggregations will
eventually lead to the formation of nodules. In the
later stages of nodule formation, melanization takes
place within the nodules (Khosravi et al., 2014).

It has been well documented that insect
genotype (Rantala and Roff, 2006), sex and different
stage (Rantala et al., 2007; Jalali and Salehi, 2008),
quality and quantity of food and feeding indices
(Rantala et al., 2003; Yang et al., 2007; Baghban et
al., 2014), crowding (Wilson et al., 2003) and
physical activity (Ahtiainen et al., 2006) affect the
immune functions of insect. However, the role of
immune system versus pollution has received less
attention. If pollution affects the immune response
(e.g., nodulation) in insects, the enhanced or declined
immune response may act as a different behavior
resistance against entomopathogenic fungi, bacteria
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Fig. 2 The effect of different concentrations of copper on THC of H. armigera. Treatment columns sharing the
same letter are not significantly different under the Tukey tests (p< 0.05)
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Fig. 3 Hemocytes from American cotton bollworm H. armigera larvae stained by Giemsa for light microscopy
observation. Plasmatocyte (PL), Granulocytes (GR), Oenocytoids (OE) and Spherolucyte (SPH)

or parasites. This could affect the parasitism rate in
herbivorous insects in metal polluted areas. Hence,
increasing or decreasing the number of hemocytes
and type of them are indicator of response versus
heavy metals. In this study, the effect of cadmium
and copper were evaluated on total hemocytes
count (THC); differential hemocytes count (DHC);
PO activity and finally immune response versus
entomopathogenic fungi, Beauveria bassiana, a
common biological control agent and latex beads,
the latex particles that cause cellular immune
response on Helicoverpa armigera as an insect
model due to its high fertility rate, non-diapausing
larvae and ease of rearing on artificial diet.

Materials and Methods

Experimental insect and treatments

The larvae of Helicoverpa armigera were
collected from tomato farms in Astaneh-ye
Ashrafiyeh city (37°15'35"N 49°56'40"E) in the north
of Iran. The larvae were reared on artificial diet
(powdered cowpea, wheat germ powder, yeast,
sorbic acid, ascorbic acid, sunflower olil,
formaldehyde and water) (Shorey and Hale, 1965)
in transparent plastic containers (10x5x5 cm) at 26
+ 2 °C, 65 = 10% relative humidity and a
photoperiod of 16L:8D and after rearing them for
three generations in the laboratory then the third
instar larvae were used for experiments. The
chloride salt of cadmium and copper (Sigma-Aldrich
Co., USA) were used and dissolved in distilled water
to make stock solutions of 2000 ppm. The stock
solutions then were diluted to make a series of
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different concentrations of heavy metals. The
selected concentrations of heavy metals were
considered as the amounts of these metals in
different plants. Hence 12.5, 25, and 50 mg/kg diet
of cadmium and 25, 50 and 100 mg/kg of copper
diet were considered (Deng et al., 2004; Liu et al.,
2007; Parizanganeh et al., 2010; Nazir et al., 2011).
Newly hatched larvae reared in a plastic container
on artificial diet until first and second instar. The
third instar larvae were reared separately due to
high cannibalism. Heavy metal treatment continued
for 7 days until third instar larvae were 24 h old in all
assays.

Total hemocytes count (THC) and differential
hemocytes count (DHC)

For THC and DHC, the larvae were heat-fixed
at 60 °C for 5 min following the method of
Rosenberger and Jones (1960). This will prevent
the adhesion of hemocytes to tissues and cause the
release them to hemolymph. For THC, 10 pl
hemolymph was mixed immediately in an Eppendorf
with 290 pl of physiological saline (0.098 M NaOH,
0.186 M NaCl, 0.017 M EDTA, 0.041 M Citric acid,
pH 4.5) (Amaral et al, 2010). Then, the total
hemocytes numbers were counted on an improved
Neubauer hemocytometer.

For DHC 5 pl of hemolymph were collected
directly on a clean slide and a smear by another
slide was made and dried at room temperature. The
air-dried smears were stained by 1 to 10 diluted
stock Giemsa (Merck, Germany) and after 14 min
were washed by distilled water. In order to
distinguish cytoplasm from nucleus of hemocytes,
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Fig. 4 The effect of different concentrations of cadmium on DHC of H. armigera. Treatment columns sharing the
same letter are not significantly different under the Tukey tests (p< 0.05)

smears were dipped in saturated lithium carbonate
(LiCO3) for 5 sec and then dried at room
temperature. Finally, smears were fixed in Canada
balsam (Merck, Germany) and DHC was performed
by classifying 200 cells per smear (Gujar and Kalia,
2005; Jalali and Salehi, 2008, Wu et al., 2016)
based on the identification key provided by Gupta
(Gupta, 1979).

PO activity assay

For measuring PO specific activity, 10 pl of
hemolymph was diluted with 90 pl of ice-cold sterile
phosphate buffered saline and then vortexed.
Samples were frozen at -20 °C for 48h. We used L-
DOPA (Sigma-Aldrich Co., USA) as substrate.
Samples were centrifuged at 5,000 g at 4 °C for 5
min. Then 50 pl of hemolymph-buffer supernatant
was mixed with 150 pl of L-DOPA (10 mM). PO
activity was measured at 490 nm during the linear
phase of the reaction. Specific activity was
calculated by dividing absorbance with protein
content in hemolymph using a microplate reader
(Awareness Technology Inc., Florida, USA)
(Catalén et al., 2012, Khosravi et al., 2014).

Protein determination

The method of Bradford (Bradford, 1976) was
used for determining total protein, using bovine
serum albumin (Bio-Rad, Munchen, Germany) as
the standard.

Beauveria bassiana culture

B. bassiana isolate IRAN403C was grown in
sterile petri dishes containing PDA (potato dextrose
agar) at 25 + 1 °C. After 14 days, spores were
harvested from PDA plates with sterile scalpel and
distilled water containing 0.01% of Tween-80 and
finally, 1x10* spores/ ml concentration was adjusted
by hemocytometer.
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Immune response assay

After 7 days of treatment, larvae were
immobilized on ice for 5 min and surface sterilized
with 70% ethanol. After injection with 1x10*
spores/ml and 1 to 10 distillated latex beads with
distiled water by a 10 pl Hamilton syringe, the
larvae were transferred to rearing jars and were
provided with fresh diet. The control larvae were
injected with distilled water containing 0.01% of
Tween-80 (1 pl) alone. Effect of fungal spore on
nodulation 24 h post injection were determined.
Hemolymph was collected from each larva, then
samples in 3 replicates were poured into a
hemocytometer, and the number of nodules was
counted (Franssens et al., 2006, Seyedtalebi,
2017).

Statistical analysis

All data are presented as means + SE and data
were subjected to analysis of variance (ANOVA)
using SAS 9.1 software. Differences among
treatments were compared using Tukey's multiple
range tests. Differences among means were
considered significant at p< 0.05. All experiments
have three replicates and each replicate with ten
larvae.

Results

Effect of cadmium and copper on THC

The results showed that while the number of
hemocytes at 12.5 mg/kg concentration of cadmium
was significantly decreased but at 25 and 50 mg/kg
concentration of cadmium it was significantly
increased compared to control (F= 18.56; df= 3; p<
0.05) (Fig. 1). On the contrary the THC after copper
treatment showed an increasing trend and in all
concentrations it was significantly higher than
control (F= 16.46; df= 3; p< 0.05) (Fig. 2).
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Fig. 5 The effect of different concentrations of copper on DHC of H. armigera. Treatment columns sharing the
same letter are not significantly different under the Tukey tests (p< 0.05)

Effect of cadmium and copper on DHC

Five forms of hemocyte were observed (Fig. 3).
The DHC result demonstrated significant decline in
prohemocytes at 12.5 mg/kg concentration of
cadmium compared with the control (F= 7.07; df= 3;
p< 0.05). While the number of plasmatocytes were
significantly decreased (F= 26.7; df= 3; p< 0.05) and
that of granulocytes were increased in all
concentrations of cadmium compared with the
controls (F= 12.5; df= 3; p< 0.05). On the other hand
no changes in the number of oenocytoids and
spherule cells were observed between treatments
and their controls (Fig. 4). The prohemocyte DHC
results in copper treatments declined significantly
compared with the control (F= 11.94; df= 3; p< 0.05)
but in all other hemocyte types no significant
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differences were seen between treatments and the
control (Fig. 5).

Effect of cadmium and copper on PO activity

On the measurements of PO activity, a key enzyme
in immunology and immune responses of all insects
showed that there was significant enhancement in
its activity at 50 mg/kg concentration of cadmium
compared with the control but no significant
difference was observed between 12.5, 25 mg/kg
concentrations of cadmium and the control (F=
24.37; df= 3; p< 0.05) (Fig. 6). In case of copper
treatments the activity of PO did not show significant
changes and remained same in all treatments
compared with control (F= 1.6; df= 3; p< 0.05) (Fig.
7).

Control

Cd 125

Cd 25 Cd 50

mg Cd/kg diet

Fig. 6 The effect of different concentrations of cadmium on PO enzymes activity of H. armigera. Treatment
columns sharing the same letter are not significantly different under the Tukey tests (p< 0.05)
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Fig. 7 The effect of different concentration of copper on PO enzymes activity of H. armigera. Treatment columns
sharing the same letter are not significantly different under the Tukey tests (p< 0.05)

Effect of cadmium and copper on nodule formation

The formation of nodules as an indicator of
cellular response was also studied (Fig. 8). There
were significant differences in the numbers of
nodules after injection of B. bassiana and latex
beads (F= 28.66; df= 3; p< 0.05 and F= 27.95; df=
3; p=< 0.05, respectively) at maximal concentration of
cadmium compared to control (Fig. 9). Copper
treatment versus B. bassiana injection in all
concentrations of copper showed no significant
differences compared to control (F= 4.3; df= 3; p<
0.05). However, after injection of latex bead in all
concentrations of copper, the nodule formation was
sharply increased compared to control. Treatments
with 25 and 100 mg/kg concentration of copper
showed significant differences compared with the
control (F= 7.77; df= 3; p< 0.5) (Fig. 10).

Discussion

Increase or decrease in the total number of
blood cells are considered a common response to
stressors present in the environment (Perez and
Fontanetti, 2011). Pipe and Coles (1995)
demonstrated that decrease in the total number of
hemocytes under stress condition could be a
consequence of cellular lysis, reduced replacement
or migration of the cells from the circulation to the
tissues. Our result showed that at 12.5 mg/kg
concentration of cadmium the THC was significantly
decreased, possibly because hemocytes in low
concentrations of cadmium move from circulation to
the tissues. It seems at low concentration of
cadmium, midgut epithelium was damaged thus
causing the migration of hemocytes to this tissue

Fig. 8 Nodule formation against B. bassiana spore in American cotton bollworm H. armigera larvae
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Fig. 9 The effect of different concentrations of cadmium on immune response (Nodulation) of H. armigera versus
entomopathogenic fungi, B. bassiana and latex bead. Treatment columns sharing the same letter are not
significantly different under the Tukey tests (p< 0.05). Columns with the same color are compared together

henceforth leading to decline in the number of
circulating hemocytes (Perez and Fontanetti, 2011).
Some studies have shown an increase in the
number of hemocytes in midgut tissue of exposed
animals that indicated a tissue injury with
inflammatory process (de Godoy and Fontanetti,
2010; Nogarol and Fontanetti, 2010; Perez and
Fontanetti, 2011). The THC increase under heavy
metal stress can be explained by their potential to
produce metallothioneins under exposure to heavy
metals (Roesijadi et al. 1997). Metallothioneins are
cysteine rich proteins that bind to heavy metals and
scavenger them (K&gi and Kojima, 1987; DeMoor
and Koropatnick, 2000). In addition, some other
studies have shown that hemocytes could transport
heavy metals intracellularly (in lysosomal vesicles or
within the cytoplasm) (Robinson and Ryan, 1988).
Our previous report (Baghban et al., 2014) showed
that the relative growth rate and the amount of lipids
was reduced due to cadmium but reverse was true
in case of as for copper treatment. Cadmium
produced free radicals and it is possible at high
concentrations of cadmium, hemocytes were
activated due to high oxidative stress. Hence,
migrated to injured epithelial cells and produced
metallothioneins. It seems in all concentration of
copper H. armigera have not a big challenge to
heavy metal stress and increasing in THC was a
response to enhancing growth (body size) (Ghasemi
et al., 2013) and/or copper transport to fat body. Our
previous report has shown significant increase of
lipid storage and relative growth rate (RGR) in
copper treatments (Baghban et al., 2014).

In the DHC assay, our results showed that at
12.5 mg/kg concentration of cadmium, the mean
counts of prohemocytes were declined as the
hemocytes developed into other hemocytes types.
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However, when the concentration of cadmium
reached to toxic levels (50 mg/kg concentration of
cadmium), hematopoietic organs produced stem
cells (prohemocytes) for transformation to other
hemocytes especially granulocytes. Probably
granulocytes through their granules transported
cadmium intracellularly and/or migrated to the
injured tissue. In a similar study Victor (Victor, 1993)
reported in Paratelphusa hydrodromous Herbst that
cadmium induced change in the ratio of hemocytes
thus increasing granulocytes and prohemocytes
number. Our results also showed that in all
concentrations of copper the percentage of
granulocytes show no significant differences but
prohemocytes were significantly reduced compared
to the control. Based on THC and DHC results, we
understand that the stress of copper may not have
reached to the point causing significant changes in
percentage of involved hemocytes and granulocytes
or other hemocytes that normally react to increasing
amounts of copper in hemolymph and carrier copper
and/or produce metallothioneins.

Present results showed that PO enzyme activity
significantly increased at 50 mg/kg concentration of
cadmium but at 12.5 and 25 mg/kg of cadmium and
all concentrations of copper no differences were
observed. Our data support previous findings that
have shown increasing PO activity in Epirrita
autumnata Borkhausen larvae after exposure to
heavy metals (van Ooik et al., 2007; van Ooik and
Rantala, 2010). Dubovskiy et al. (2011) mentioned
that probably enhanced PO activity may be the
result of oxidative damage of the midgut epithelial
cells and discharge of some immune mediators into
the hemocel. This hypothesis is supported by the
reports that the rate of hemocytes apoptosis in
Spodoptera litura Fabricius larvae increases with an
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Fig. 10 The effect of different concentrations of copper on immune response (Nodulation) of H. armigera versus
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significantly different under the Tukey tests (p< 0.05). Columns with the same color are compared together

increasing nickel concentration in the diet (Xia et al.,
2005). A radical-related and antioxidant-dependent
process such as apoptosis or oxidative stress can
induce the level of melanization (Dubovskiy et al.,
2011). On the other hand, our results showed
treatment with cadmium could change THC and
DHC. The fact that humoral and cellular immunity
are closely dependent, has been demonstrated in
several studies (Lavine and Strand, 2002;
Jiravanichpaisal et al., 2006). However, some
processes such as apoptosis that are radical-related
and antioxidant-dependent ultimately cause
changes in hemocyte counts. These changes have
direct effect on immune response, as in Dubovskiy
et al. (2011). There exists discrepancy between
reports by various researchers on the subject which
could be related to the nature of heavy metals, their
concentrations incorporated, exposure time and the
species chosen for the study (Lorenzon et al.,
2001).

There is a positive correlation between
immune response and the number of circulating
hemocytes (Rantala et al., 2000). This reason
probably is the strongest reason for the present
result that indicates the high dose of cadmium
cause enhanced nodulation reaction in the larvae
of the cotton bollworm. Several studies have also
reported that pollution by heavy metals can
increase immune response (encapsulation) of
insects (van Ooik et al, 2007; van Ooik and
Rantala, 2010; Dubovskiy et al., 2011). Here we
considered both PO activity and nodulation
showing higher activity at maximal dosage of
cadmium. Some studies have shown low-level and
short-term metal exposure could increase immune
responses, whereas higher concentrations or a
longer exposure may inhibit the very same
response (van Ooik et al., 2008). However, in the
present study it was found that at high levels of
cadmium and 25 and 100 mg/kg concentrations of
copper, immune response were enhanced.
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Mirhaghparast et al. (2013) mentioned that the
maximum number of nodules occurred 12 h after
B. bassiana injection and 24 h after latex bead
injection. It seems that due to enhanced oxidative
stress in the higher concentration of cadmium
immune functions may delay the responses to B.
bassiana compared to treatments with copper.

The duration of treatment was 7 days and the
response of H. armigera to heavy metal pollution
showed itself in the changes in number of
hemocytes. This response could affect the infection
of entomopathogenic fungi or latex bead and
enhanced nodulation rate. However, if the duration
of exposure or if the concentration of heavy metals
extends, the immune response might be differently
affected.

Conclusion

This study clearly showed that the immune
responses of H. armigera are affected by cadmium
and copper. Immune response of insect is affected
by various factors which could alter their
performance. The present results and other studies
showed immune responses (like nodulation,
encapsulation, and PO activity) are affected by
environmental stress (in this case heavy metals
pollution) and this effect was imposed variously. The
nature of the contamination, the duration of
exposure to pollution, contamination concentrations
and animal species variously affect immune
responses. Whether these responses favor
organism or disfavor it has to be pointed and
incorporated in our pest manipulation strategies.

Acknowledgments

The deputy of research, University of Guilan,
which is greatly appreciated, supported this
research. We thank Dr. Roya Khosravi and Miss
Malahat Mojarab for their technical assistance and
Mr. Ali Assaran for reading the text.



References

Ahtiainen JJ, Alatalo RV, Kortet R, Rantala MJ.
Immune function, dominance and mating
success in drumming male wolf spiders
Hygrolycosa rubrofasciata. Behav. Ecol.
Sociobiol. 60: 826-832, 2006.

Amaral IMR, Neto JFM, Pereira GB, Franco MB,
Beletti ME, Kerr WE, et al. Circulating
hemocytes from larvae of Melipona scutellaris
(Hymenoptera, Apidae, Meliponini): Cell types
and their role in phagocytosis. Micron. 41: 123-
129, 2010.

Augustyniak M, Babczynska A, Augustyniak M.
Does the grasshopper Chorthippus brunneus
adapt to metal polluted habitats? A study of
glutathione-dependent enzymes in grasshopper
nymphs. Insect Sci. 16: 33-42, 2009.

Baghban A, Sendi JJ, Zibaee A, Khosravi R. Effect
of heavy metals (Cd, Cu, and Zn) on feeding
indices and energy reserves of the cotton boll
worm Helicoverpa armigera Hubner
(Lepidoptera: Noctuidae). J. Plant. Prot. Res.
54: 367-373, 2014. (In Persian).

Bertini 1, Gray HB, Lippard SJ, Valentine JS.
Bioinorganic chemistry, University Science
Books. 1994.

Bradford MM. A rapid and sensitive method for the
quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding.
Anal. Biochem. 72: 248-254, 1976.

Catalan TP, Wozniak A, Niemeyer HM, Kalergis
AM, Bozinovic F. Interplay between thermal and
immune ecology: effect of environmental
temperature on insect immune response and
energetic costs after an immune challenge. J.
Insect Physiol. 58: 310-317, 2012.

Cerenius L, Soderhall K. The
prophenoloxidase-activating system in
invertebrates. Immunol. Rev. 198: 116-126,
2004.

Cerenius L, Lee BL, Sdderhall K. The proPO-
system: pros and cons for its role in
invertebrate immunity. Trends Immunol. 29:
263-271, 2008.

Cervera A, Maymé AC, Martinez-Pardo R, Garcera
MD. Vitellogenin polypeptide levels in one
susceptible and one cadmium-resistant strain of
Oncopeltus fasciatus (Heteroptera: Lygaeidae),
and its role in cadmium resistance. J. Insect
Physiol. 52: 158-168, 2006.

Chaffai R, Koyama H. Heavy metal tolerance in
Arabidopsis thaliana. Adv. Bot. Res. 60: 1-49,
2011.

Coles JA, Farley SR, Pipe RK. Alteration of the
immune response of the common marine
mussel Mytilus edulis resulting from exposure
to cadmium. Dis. Aquat. Organ. 22: 59-65,
1995.

de Godoy JAP, Fontanetti CS. Diplopods as
bioindicators of soils: analysis of midgut of
individuals maintained in substract containing
sewage sludge. Water Air Soil Pollut. 210: 389-
398, 2010.

DeMoor J, Koropatnick D. Metals and cellular
signaling in mammalian cells. Mol. Cell. Biol.
(Noisy-le-Grand, France) 46: 367-381, 2000.

166

Deng H, Ye Z, Wong M. Accumulation of lead, zinc,
copper and cadmium by 12 wetland plant
species thriving in metal-contaminated sites in
China. Environ. Pollut. 132: 29-40, 2004.

Dubovskiy |, Grizanova E, Ershova N, Rantala M,
Glupov V. The effects of dietary nickel on the
detoxification enzymes, innate immunity and
resistance to the fungus Beauveria bassiana in
the larvae of the greater wax moth Galleria
mellonella. Chemosphere. 85: 92-96, 2011.

Epstein E. Mineral Nutrition of Plants, Principles and
Perspectives. John Wiley and Sons, Inc., New
York, London, Sydney, Toronto. 1972.

Fountain MT, Hopkin SP. Continuous Monitoring of
Folsomia candida (Insecta: Collembola) in a
Metal Exposure Test. Ecotoxicol. Environ. Saf.
48: 275-286, 2001.

Franssens V, Smagghe G, Simonet G, Claeys I,
Breugelmans B, De Loof A, et al. 20-
Hydroxyecdysone and juvenile hormone regulate
the laminarin-induced nodulation reaction in
larvae of the flesh fly, Neobellieria bullata. Dev.
Comp. Immunol. 30: 735-740, 2006.

Ghasemi V, Moharramipour S, Sendi JJ. Circulating
hemocytes of Mediterranean flour moth,
Ephestia kuehniella Zell.(Lep: Pyralidae) and
their response to thermal stress. Invert. Surviv.
J. 10: 128-140, 2013.

Gujar GT, Kalia VK. Hemocyte diversity of the
American bollworm Helicoverpa armigera.
Phytoparasitica. 33: 17-27, 2005.

Gupta AP. Insect hemocytes. Development, forms,
functions and techniques. Cambridge University
Press. 1979.

Huang D, Kong J, Seng Y. Effects of the heavy
metal Cu?®* on growth, development, and
population dynamics of Spodoptera litura
(Lepidoptera: Noctuidae). J. Econ. Entomol.
105: 288-294, 2012.

llijin L, Peria¢-Mataruga V, Radoji¢i¢ R, Lazarevic J,
Nenadovi¢ V, Vlahovic M, et al. Effects of
cadmium on protocerebral neurosecretory
neurons and fitness components in Lymantria
dispar L. Folia. Biol. 58: 1-2, 2009.

Jalali J, Salehi R. The hemocyte types, differential
and total count in Papilio demoleus L.
(Lepidoptera: ~ Papilionidae) during  post-
embryonic development. Mun Entomol Zool. 3:
199-216, 2008.

Jiravanichpaisal P, Lee BL, Sdderhdll K. Cell-
mediated immunity in arthropods:
hematopoiesis, coagulation, melanization and
opsonization. Immunobiology. 211: 213-236,
2006.

Kabata-Pendias A. Trace elements in soils and
plants, CRC press, 548 p, 2010.

Kégi J, Kojima Y. Chemistry and biochemistry of
metallothionein, pp. 25-61, Metallothionein II.
Springer, 1987.

Khosravi R, Sendi JJ, Zibaee A, Shokrgozar M.

Immune reactions of the lesser mulberry
pyralid, Glyphodes pyloalis Walker
(Lepidoptera: Pyralidae) to the

entomopathogenic fungus, Beauveria bassiana
(Bals.-Criv.) Vuill and two developmental
hormones. Invert. Surviv. J. 11: 11-21, 2014.



Korsloot A, Van Gestel CA, Van Straalen NM.
Environmental stress and cellular response in
arthropods, CRC Press, 208 P, 2004.

Lavine M, Strand M. Insect hemocytes and their role
in immunity. Insect Biochem. Mol. Biol. 32:
1295-1309, 2002.

Lijun L, Xuemei L, Yaping G, Enbo M. Activity of the
enzymes of the antioxidative system in
cadmium-treated Oxya chinensis (Orthoptera
Acridoidae). Environ. Toxicol. Pharmacol. 20:
412-416, 2005.

Lindgvist L. Accumulation of cadmium, copper, and
zinc in five species of phytophagous insects.
Environ. Entomol. 21: 160-163, 1992.

Liu J, Dong Y, Xu H, Wang D, Xu J. Accumulation of
Cd, Pb and Zn by 19 wetland plant species in
constructed wetland. J. Hazard. Mater. 147:
947-953, 2007.

Lorenzon S, Francese M, Smith V, Ferrero E. Heavy
metals affect the circulating haemocyte number
in the shrimp Palaemon elegans. Fish Shellfish
Immunol. 11: 459-472, 2001.

Marschner H. General introduction to the mineral
nutrition of plants, pp. 5-60, Inorganic plant
nutrition. Springer, 1983.

Mir¢i¢ D, Jankovié-Tomani¢ M, Nenadovi¢ V,
Franeta F, Lazarevi¢ J. The effects of cadmium
on the life history traits of Lymantria dispar L.
Arch. Biol. Sci. 62: 1013-1020, 2010.

Mirhaghparast S, Zibaee A, Hajizadeh J. Effects of
Beauveria bassiana and Metarhizium anisopliae
on cellular immunity and intermediary
metabolism of Spodoptera littoralis Boisduval
(Lepidoptera: Noctuidae). Invertebr. Surviv. J.
10: 110-119, 2013.

Nazir A, Malik RN, Ajaib M, Khan N, Siddiqui MF.
Hyperaccumulators of heavy metals of
industrial areas of Islamabad and Rawalpindi.
Pak. J. Bot. 43: 1925-1933, 2011.

Nogarol LR, Fontanetti CS. Acute and subchronic
exposure of diplopods to substrate containing
sewage mud: Tissular responses of the midgut.
Micron 41: 239-246, 2010.

Parizanganeh A, Hajisoltani P, Zamani A.
Concentration, distribution and comparison of
total and bioavailable metals in top soils and
plants accumulation in Zanjan Zinc Industrial
Town-Iran. Procedia Environ. Sci. 2: 167-174,
2010.

Perez DG, Fontanetti CS. Hemocitical responses to
environmental stress in invertebrates: a review.
Environ. Monit. Assess. 177: 437-447, 2011.

Pipe R, Coles J, Carissan F, Ramanathan K.
Copper induced immunomodulation in the
marine mussel, Mytilus edulis. Aquat. Toxicol.
46: 43-54, 1999.

Pipe RK, Coles JA. Environmental contaminants
influencing immunefunction in marine bivalve
molluscs. Fish Shellfish Immunol. 5: 581-595,
1995.

Planell6,R, Martinez-Guitarte J, Morcillo G. Effect of
acute exposure to cadmium on the expression
of heat-shock and hormone-nuclear receptor
genes in the aquatic midge Chironomus
riparius. Sci. Total Environ. 408: 1598-1603,
2010.

167

Rantala M, Roff D. Analysis of the importance of
genotypic variation, metabolic rate, morphology,
sex and development time on immune function
in the cricket, Gryllus firmus. J. Evol. Biol. 19:
834-843, 2006.

Rantala MJ, Roff DA, Rantala LM. Forceps size and
immune function in the earwig Forficula
auricularia L. Biol. J. Linnean Soc. 90: 509-516,
2007.

Rantala MJ, Koskimiki J, Taskinen J, Tynkkynen K,
Suhonen J. Immunocompetence,
developmental stability and wingspot size in
the damselfly Calopteryx splendens L. Proc.
R. Soc. Lond. B. Biol. Sci. 267: 2453-2457,
2000.

Rantala MJ, Kortet R, Kotiaho JS, Vainikka A,
Suhonen J. Condition dependence of
pheromones and immune function in the grain
beetle Tenebrio molitor. Funct. Ecol. 17: 534-
540, 2003.

Robinson W, Ryan D. Transport of cadmium and
other metals in the blood of the bivalve mollusc
Mercenaria mercenaria. Mar. Biol. 97: 101-109,
1988.

Roesijadi G, Brubacher L, Unger M, Anderson R.
Metallothionein mRNA induction and generation
of reactive oxygen species in molluscan
hemocytes exposed to cadmium in Vitro. Comp.
Biochem. Physiol. C Toxicol. Pharmacol. 118:
171-176, 1997.

Rosenberger CR, Jones JC. Studies on total blood
cell counts of the southern armyworm larva,
Prodenia eridania (Lepidoptera). Ann Entomol
Soc Am. 53: 351-355, 1960.

Seyedtalebi FS, Safavi SA, Talaei-Hasanloui R,
Bandani AR. Quantitative comparison for some
immune  responses among  Eurygaster
integriceps, Ephestia kuehniella and Zophobas
morio against the entomopathogenic fungus
Beuveria bassiana. Invert. Surviv. J. 14: 174-
181, 2017.

Sharma. RK, Agrawal M. Biological effects of heavy
metals: an overview. J. Environ. Biol. 26: 301-
313, 2005.

Shorey H, Hale R. Mass-rearing of the larvae of
nine noctuid species on a simple artificial
medium. J. Econ. Entomol. 58: 522-524, 1965.

Stanley DW, Miller JS. Eicosanoid actions in insect
cellular immune functions. Entomol. Exp. Appl.
119: 1-13, 2006.

Strand MR. The insect cellular immune response.
Insect science. 15: 1-14, 2008.

Strand MR, Beck MH, Lavine MD, Clark KD.

Microplitis ~ demolitor  bracovirus  inhibits

phagocytosis by hemocytes from Pseudoplusia

includens. Arch. Insect Biochem. Physiol. 61:

134-145, 2006.

Ooik T, Rantala MJ. Local adaptation of an

insect herbivore to a heavy metal contaminated

environment, pp. 215-222. In, Annales Zoologici

Fennici, BioOne, 2010.

van Ooik T, Rantala MJ, Saloniemi |. Diet-mediated
effects of heavy metal pollution on growth and
immune response in the geometrid moth
Epirrita autumnata. Environ. Pollut. 145: 348-
354, 2007.

van



van Ooik T, Pausio S. Rantala MJ. Direct effects of
heavy metal pollution on the immune function of
a geometrid moth, Epirrita autumnata.
Chemosphere 71: 1840-1844, 2008.

Victor B. Responses of hemocytes and gill tissues
to sublethal cadmium chloride poisoning in the
crab Paratelphusa hydrodromous (Herbst).
Arch. Environ. Contam. 24: 432-439, 1993.

Wilson K, Knell R, Boots M, Koch-Osborne J. Group
living and investment in immune defence: an
interspecific analysis. J. Anim. Ecol. 72: 133-
143, 2003.

Wu G, Liu Y, Ding Y, Yi Y. Ultrastructural and
functional characterization of circulating
hemocytes from Galleria mellonella larva: Cell
types and their role in the innate immunity.

168

Tissue and Cell. 48: 297-304, 2016.

Xia Q, Sun H, Hu X, Shu Y, Gu D, Zhang G.
Apoptosis of Spodoptera litura larval hemocytes
induced by heavy metal zinc. Chinese. Sci. Bull.
50: 2856-2860, 2005.

Yang S, Ruuhola T, Rantala MJ. Impact of
starvation on immune defense and other life
history traits of an outbreaking geometrid,
Epirrita autumnata: a possible causal trigger for
the crash phase of population cycle, pp. 89-96.
In, Annales Zoologici Fennici,. Helsinki:
Suomen Biologian Seura Vanamo, 2007.

Zhou J, Shu Y, Zhang G, Zhou Q. Lead exposure
improves the tolerance of Spodoptera litura
(Lepidoptera:  Noctuidae) to cypermethrin.
Chemosphere 88: 507-513, 2012.



