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Abstract

The hemocytes of Ephestia kuehniella Zell. are arranged in five main classes: prohemocytes
(PRs), plasmatocytes (PLs), granulocytes (GRs), oenocytoids (OEs) and spherulocytes (SPs). Two
other morphotypes of hemocytes namely vermicytes (VEs) and podocytes (POs) were also
distinguished in hemolymph of this sEecies. Hemogram was studied in five developmental stages of
the insect including early V", late IV", early V" and late V" instar larvae as well as prepupa. Results
indicated that total hemocyte count (THC) increased gradually with increasing in developmental stages
and reached their maximal level in prepupa. Also, total cell numbers in the late V" and V" instar
larvae and prepupa were significantly higher than that in the early IV" and V" instar larvae. An
increasing trend was found in hemolymph volume (HV) and number of hemocytes in circulation (HIC)
with increasing in developmental stages of tested insect. PLs and GRs were the two abundant
morphotypes of hemocytes in most stages. Mitotic index (MI) of hemocytes was found to be high in the
early part of each stage than in the later larval stage and in prepupa. Heat and chill stresses were also
assessed on hemocytes of 2-days old V" instar larvae. The findings revealed that high temperature
(40 °C) caused a significant increase in THC principally PLs, OEs and the MI along with a drastic
reduction in number of GRs and HV. In contrast, chilling (4 °C) led to a significant reduction in THC,
proportion of PLs and MI with increase in counts of OEs. Changes in the cytological features of the
hemocytes of incubated larvae are also discussed.
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Introduction

Innate immune system of insects is classified differential hemocyte count (DHC), hemolymph
as cellular and humoral responses. Cellular volume (HV), absolute number of hemocytes in
immunity is hemocyte-mediated reactions like circulation (HIC), mitosis index (MI), maximum daily
phagocytosis, nodule formation and encapsulation production (MDP) of hemocytes through mitosis
(Lackie, 1988; Strand and Pech 1995; Gillespie et occurred in circulation and so on (Arnold and Hinks
al., 1997; Irving et al., 2005). Insect hemogram and 1976; Salt, 1968; Shapiro, 1979). It is proved that
their peculiar hemocyte combination in each stage insect hematological parameters are affected by
are important as a case for development of biotic factors i.e. pathogens, nematodes and
environmental adaptability (Sharma et al., 2008) parasitoids and abiotic ones i.e. age, eclosion, sex,
since some vital physiological functions are pesticides and starvation (Sanjayan et al., 1996;
performed by hemocytes. An exact analysis of Sharma et al., 2008). Like other abiotic factors,
insect hemogram and their hemocyte population changes in temperature may also affect the
dynamics throughout developmental stages should hemocytic immune responses of insects.
involve the simultaneous approach to a series of T here are several articles demonstrating the
parameters including total hemocyte count (THC), effects of temperature on hematology in

lepidopterous insects. For example, Pandey et al.
(2010) showed that heat stress caused a significant
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Fig. 1 Light microscopy pictures of E. kuehniella hemocytes stained with Giemsa. Prohemocyte (A); plasmatocyte
(B); granulocyte (C); oenocytoid (D); spherulocyte (E); vermicyte (F); podocyte (G); agglomeration of hemocytes
(H); mitotic features of hemocytes: anaphase (l); telophase (J); cytokinesis (K). Scale bar = 5 um

increase in circulating cells (Pandey et al., 2008).
Also, Mowlds and Kavanagh (2008) indicated that
incubation of Galleria mellonella L. larvae at 4 or 37
°C for 24 h prior to infection by the yeast Candida
albicans Berkhout led to an increase in hemocyte
count and to the expression of genes encoding for
antimicrobial peptides. Nevertheless, no information
is available on hematology of the Mediterranean
flour moth, Ephestia kuehniella Zell. So, in this study
we emphasize on hemocyte profile and effect of
temperature on composition of hemocytes of this
species.

E. kuehniella is a major pest of stored grain
products, particularly flour. More importantly, its
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Table 1 Mean and range of head capsule width of
first to fifth instar larvae of E . kuehniella

Head capsule width (mm)
Instar | N* | Min | Max | Mean Dyar.s
coefficient
1 50| 0.15 | 0.24 | 0.19 1.684
2 50 | 0.28 | 0.39 | 0.32 1.687
3 50 | 0.47 | 0.60 | 0.51 1.627
4 50 | 0.76 | 0.87 | 0.83 1.397
5 50 | 1.00 | 1.33 | 1.16

*N, no. of individuals examined



Fig. 2 Phase contrast micrographs of E. kuehniella hemocytes. Prohemocyte (A); plasmatocyte (B); granulocyte
(C); oenocytoid (D); spherulocyte (E); podocyte (F); mitotic features of hemocytes: anaphase (G); telophase (H);

cytokinesis (I). Scale bar =5 ym.

eggs and larvae are widely used as a substitute host
for the laboratory rearing of parasitoids and
predators aimed for biological control (De Clarcq et
al.,, 2005; Kim and Riedl 2005; Hamasaki and
Matsui 2006; Paust et al., 2008) and research into
the behaviour, biochemistry and molecular biology
(Corbet, 1973; Rahman et al., 2004; Rahman et al.,
2007; Jamoussi et al., 2009). Some biological
features like easy rearing under laboratory
conditions, no need to special diet and short life
span make this insect of great potential to serve as
valuable material for laboratory research and
commercial usage. In mass rearing programs, low
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quality and high mortality of insects may often occur
due to fecal and microbial contamination especially
fungi and bacteria (Singh, 1977; Stone and Sims
1992). Each microbial isolate has a range of
temperature in which it grows most aggressively.
For example, Bugeme et al. (2009) found that the
best germination and radial growth of the various
isolates of Beauveria bassiana (Bals.) Vuill. and 23
isolates of Metarhizium anisopliae (Metschnik.)
Sorok occurred at 25 and 30 °C. Interestingly,
insects can exploit this weakness by elevating their
body temperature from optimum temperature of
microbes (25-30 °C) in response to an immune



Fig. 3 Scanning electron microscopy of E .

kuehniella hemocytes. Prohemocyte (A); plasmatocyte (B);

granulocyte (C); oenocytoid (D); spherulocyte (E); vermicyte (F). Scale bar = 5 pm.

attack through thermoregulatory behaviour. In this
case, Mostafa et al. (2005) reported that
temperature and relative humidity had significant
effects on cellular defense response of E. kuehniella
larvae fed Bacillus thuringiensis Berliner. Some
earlier studies in arthropods have also shown that
they respond to microbial infection and parasitism
by altering their thermoregulatory behaviour and
developing a behavioral fever (Kluger et al., 1996).
Increased body temperature above normal levels
through selection of warmer habitats has been
shown to favor host survival in a number of host—
pathogen associations (Bronstein and Conner 1984;
Louis et al., 1986; Boorstein and Ewald 1987;
Watson et al., 1993; Inglis et al., 1996; Adamo,

1998; Karban, 1998; Elliot et al., 2002). The above
statements indicate the importance of temperature
on immune responses of insects to microbes.

This work represents a starting point in the
study of hemocyte production in E. kuehniella and
the importance of fever behaviour during immune
challenges. The first aim of presented research is
morphological  characterization of  circulating
hemocytes. As larval instars are used for laboratory
rearing of parasitoids, the hemocyte composition
was determined in various developmental stages of
this species. Moreover, the changes in hemogram
and hemocyte population of two-days old fifth instar
larvae were evaluated after heating and chilling
stress.

Table 2 Micrometric measurements of hemocytes of E .. kuehniella

Size (um)

Nucleus

Length (mean + SE)

Width (mean £ SE) | Length (mean + SE)

5.0-7.8 (6.3 £ 0.18)

3.1-5.3 (4.0 £ 0.15)

3.2-5.3 (4.0 £ 0.15)

10.1-18.2 (14.4 £ 0.47)

2.5-6.9 (5.5 £ 0.27)

3.6-8.1 (6.4 £0.27)

8.7-11.3 (9.5 + 0.23)

3.6-5.0 (4.5 £ 0.12)

3.8-5.1 (4.7 £ 0.10)

7.1-19.4 (11.0 £ 1.11)

2.7-6.3 (3.7 £0.32)

2.9-6.5 (3.8 + 0.32)

10.5-17.9 (15.8 + 0.85)

3.7-7.2 (4.7 £ 0.30)

3.6-7.4 (4.9 +0.31)

23.0-34.4 (27.0 + 1.06)

2.9-5.1 (3.8 + 0.25)

4.0-8.0 (5.4 + 0.45)

Cytoplasm

mor;i't'ype* Width (mean + SE)

PR 4.8-7.7 (6.2 £ 0.18)

PL 4.6-9.5 (7.3 + 0.26)

GR 7.5:9.4 (8.8 £ 0.19)

OE 6.7-17.7 (9.8 + 1.00)

sP 8.5-16.5 (14.2 + 0.98)

VE 4.0-8.0 (4.9 + 0.38)

PO 3.4-5.1 (4.3 +0.15)

17.3-23.3 (20.9 £ 0.68)

3.0-4.2 (3.5+ 0.13)

3.2-4.5 (3.8 £0.14)

*PR, prohemocyte; PL, plasmatocyte; GR, granulocyte; OE, oenocytoid; SP, spherulocyte; VE, vermicyte; PO,

podocyte (n=30)
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Fig. 4 Effect of heating (A) and chilling (B) on total hemocyte count of E . kuehniella larvae at different time
intervals. Each data point is the mean + SE of at least 10 individual. Different letters indicate significant

differences between groups (ANOVA, p < 0.05).

Significant differences versus the respective controls were marked by “p< 0.01, kp < 0.05 and "™ Non significant at

p < 0.05, Student's t-test.

Materials and Methods

Experimental insects

Eggs of Ephestia kuehniella were provided by
the Insectarium of Scientific and Industrial Research
Organization of Iran. Each 300 eggs were reared in
a plastic container (25 cm length, 15 cm width, and
10 cm height) half filled with mixture of equal
amounts of wheat flour and bran. Powdered yeast (5
g) was also added to each jar. The rearing
conditions were 2611 °C, 75 % relative humidity in
darkness.

Different larval instars of this moth were
determined in accordance with the Dyar's law
through the measurement of the head capsule width
(Dyar, 1890). Also, body weight of different
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developmental kuehniella was
measured.

Hematological assays were carried out on the
following developmental stages of the insect: L1:
two-days old IV" instar larvae (2 days after ecdysis
into the forth instar), L2: five-days old V" instar
larvae (2 days before ecdysis into the fifth instar),
L3: two-days old V" instar larvae (2 days after
ecdysis into the fifth instar), L4: six-days old V™"
instar larvae (2 days before prepupa stage) and L5:
one-day old prepupa (Pp).

stages of E.

Hemolymph collection

The hemolymph was collected from subjected
insect by amputating the foreleg with a pair of fine
scissors sterilized in 70 % ethanol.



Table 3 Body weight, hemolymph volume (HV), total hemocyte count (THC), hemocytes in circulation (HIC)

and daily hemocyte production by mitosis (MDP) in each developmental stage studied of E . kuehniella

THC (No. of
cells><104/mm3)

HIC (No. of
cellsx1 04)

MDP (No. of
cellsx10° /day)

e

1.31 + 3.00x10°

1.38 + 0.08x10*

1.09 + 0.65x10%°

1.94 + 8.24x10%°

2.82 + 0.20x10™

0.52 + 0.39x10%°

Cc

3.18 + 9.44x10°

1.21 + 0.94x10%

11.37 + 8.83x10%

4.36 + 7.46x10%°

2.64 + 1.23x10%°

6.21 + 2.90x10%°

Phase Bod(ymv;e):lght HV (ul)
L1 8.15 + 0.19° 1.05 + 0.06°
L2 12.22 + 0.37¢ 1.44 +0.07°
L3 19.77 + 0.44° 3.81+0.23°
L4 27.18 + 0.29° 6.04 + 0.24°
L5 2258 + 0.37° 6.90 + 0.22°

5.64 + 12.0x10%

3.83 + 1.20x10*2

6.53 + 2.01x10%°

Means with the same letters in each column are not significantly different at p < 0.05, Tukey's test.

Values are expressed as mean + SE (n = 50).

Hemocyte profile
Light microscopy studies

The hemocyte monolayers were prepared on
clean glass slides and placed at room temperature
for 20 min till dry. Then, the hemocytes were stained
with Giemsa (diluted 7 times with distilled water and
filtered before use) for 25 min, differentiated in
saturated solution of lithium carbonate for 30
seconds and then washed in distilled water. After
drying, permanent microscopy slides were prepared
using Canada balsam. Hemocytes were observed
under a light microscope (Olympus BX51) and
photographed with a DP 72 camera system
powered with DIC Nomarski.

Phase contrast microscopy studies

Five pl of fresh hemolymph was mixed with an
equal amount of anticoagulant buffer (NaOH, 98
mM; NaCl, 186 mM; EDTA, 17 mM; Citric acid, 41
mM; pH 4.5) on clean glass slides and covered with
a cover slip. Since hemocytes begin to deteriorate
after bleeding, a fresh preparation was made every
8-10 min. The samples were examined under the
phase contrast microscope (Olympus BX51) and
images were taken using a Dino-eye AM 7023 B
camera.

Scanning electron microscopy (SEM)

For SEM studies, 5 pl of fresh hemolymph was
mixed with an equal amount of anticoagulant buffer
on clean, grease-free 1 cm? microscope slides and
smears were made by drawing a second slide
across the first one at a 45° angle. The smears were
allowed to air-dry at room temperature and were
directly taken in 2.5 % glutaraldehyde in phosphate
buffer saline (PBS) (0.1 M, pH 7.2) for 1 h, washed
three times in PBS, post-fixed for 1.5 h with osmium
tetra oxide (OsOa) (1% in PBS), re-washed in PBS
for three times, dehydrated in graded ethanol
solutions in distilled water and finally dried with
Hexamethyldisilazane (HMDS) for 10 min. The
slides were mounted on specimen stubs, coated
with gold in a spin coater and finally were observed
under FESEM (Hitachi-S4160). All steps were
carried out at room temperature. Microscopy
classification of the hemocytes was done based on
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identification key for hemocyte types set by Gupta
(1979).

Hemogram studies
Total hemocyte count (THC)

For THC, 2 pl aliquot of hemolymph was mixed
immediately in an Eppendorf tube with 98 ul of
Tyson solution (NaCl2.72 mM; Na;S048.96 mM,;
glycerol 43.68 mM; methyl violet 0.061 mM). THC
was conducted with a standard Neubauer
hemocytometer. The cells were counted using a
light microscope and number of total hemocytes per
cubic millimeter (mm® was calculated using the
following formula of Jones (1962):

Hemocytes in x 1mm? x Dilution x Depth factor of
chamber

No. of squares counted

where dilution = 50 times, depth factor of the
chamber = 10 (constant) and No. of squares
counted = 5.

Differential hemocyte count (DHC)

For DHC, permanent microscopy slides were
prepared according to the method used in light
microscopy studies. Differential counting of
hemocyte morphotypes was performed by
classifying 200 cells per smear (Arnold and Hinks
1976). The various stages of mitotic division were
distinguished based on the method of Amaral et al.
(2010) and number of hemocytes undergoing mitotic
division was recorded in each 200-cell of a smear.
Measurements of cell and nucleus lengths and
widths were made with a digital objective lens of
light microscope (Olympus BX51). A minimum of 30
cells of each morphotype were measured.

Hemolymph volume (HV)

Hemolymph volume was directly measured
through collecting whole hemolymph of larvae using
Hamilton syringe.



Hemocytes in circulation (HIC)

The total number of free hemocytes in
circulation for any developmental stages is
hypothetically derived from the formula THC x HV.

Maximum daily production (MDP) of hemocytes
through mitosis occurred in circulation

This hematological parameter is hypothetically
determined as (Ml x HIC x 24) / 1000.

Thermal regimes

Three thermal treatments were utilized in this
work. Two-days old V" instar larvae weighing 20 + 1
mg were used during the experiment. All larvae
were placed inside a programmable, refrigerated
test chamber, model MK53 (Binder, Tuttlingen,
Germany). To assess the effect of heat shocks on
THC, HV and DHC of subjected larvae, the test
chamber was scheduled to heat gradually at a
constant rate of 0.05 °C/min starting from 27 °C to
40 °C. After 12 h exposing to 40 °C, larvae were
cooled to 27 °C at the same rate of heating and
were maintained at 27 °C for 24 h. For chilling assay
the same trend was used and larvae were exposed
to 4 °C for 12 h. Control larvae were stored at 27 °C
for whole of the experiment course. THC and HV
were determined in subsequent series of time. DHC
and M| were determined just after 12 h exposure of
larvae to the thermal regimes. Also, the possible
cytological abnormalities of hemocytes were
investigated after 12 h exposure of larvae to heat
and chill stress and appropriate images were
acquired with a DP 72 camera system powered with
DIC Nomarski.

Statistical analysis

Means were analyzed using the SPSS program
version 16.0 for analysis of variance (ANOVA) and
the means were grouped using Tukey's test
(P<0.05). Also, statistical comparison between
treatment and control at each time point was
performed using Student’s t-test.

Results

The life cycle of E. kuehniella includes five
stages: egg, larva, prepupa, pupa and adult. Also

according to Dyar's law, five distinct instar larvae
were identified (Table 1).

Hemocyte profile

Five main hemocyte morphotypes were
recognized in the hemolymph of E. kuehniella, i.e.
prohemocytes, plasmatocytes, granulocytes,
oenocytoids and sphrulocytes.

Prohemocytes (PRs)

PRs are usually the smallest hemocytes found
in the hemolymph, round or oval cells with variable
sizes (4.8-7.7 ym wide and 5-7.8 um long) (Figs 1A,
2A, 3A and Table 2). The nucleus is large, round,
usually centrally located and almost filling the most
part of cytoplasm. Nuclear size is variable (3.1-5.3
uym wide and 3.2-5.3 pym long) (Table 2). A thin
peripheral layer of homogeneous cytoplasm
surrounds the nucleus.

Plasmatocytes (PLs)

PLs are small to large, polymorphic cells with
variable sizes (4.6-9.5 ym wide and 10.1-18.2 ym
long) (Figs 1B, 2B, 3B and Table 2). The cytoplasm
is abundant and generally agranular or slightly
granular. The cytoplasmic membrane may have
filopodia. The nucleus may be round or elongate
and is generally centrally located. Nuclear size is
variable (2.5-6.9 ym wide and 3.6-8.1 um long)
(Table 2). Scattered chromatin masses may be
present in nucleus of these cells.

Granulocytes (GRs)

These are small to large, spherical or oval cells
of variable sizes (7.5-9.4 ym wide and 8.7-11.3 pm
long) (Figs 1C, 2C, 3C and Table 2). The nucleus is
rounded and is centrally located with variable sizes
(3.6-5 pm wide and 3.8-5.1 ym long) (Table 2). The
cytoplasm is characteristically granular and the cell
membrane is usually articulated.

Oenocytoids (OEs)

OEs are small to large, oval or spherical cells
with widely variable sizes (6.7-17.7 ym wide and
7.1-19.4 ym long) and shapes (Figs. 1D, 2D, 3D
and Table 2). The plasma membrane is generally

Table 4 Differential hemocyte count (DHC) in each developmental stage studied of E . kuehniella

% Hemocyte morphotype (Mean + SE)
Phase PR* PL GR OE SP M

b bc ab b a a
L1 9.16 + 0.64 61.86 +3.11 16.36 + 1.27 2.46 +0.33 10.16 + 1.55 3.30 + 0.60
L2 3.18 +0.19° 75.05 + 1.14° 11.32+1.21° 514 + 0.53° 531+065° | 0.78+0.34°
L3 15.74 + 0.69° 53.34 + 1.75° 22.44 + 1.99° 2.24 + 0.40° 6.24+0.78° | 3.90+0.67°
L4 5.48 + 0.84° 62.64 +4.18%°° | 17.63 +2.88% 10.15 + 1.123 410+095° | 0.98+027°
L5 3.76 + 0.48%° 69.26 + 2.48%° 11.56 + 2.27° 5.06 +1.71° 1036 +1.04% | 070025

* (PR, prohemocyte; PL, plasmatocyte; GR, granulocyte; OE, oenocytoid; SP, spherulocyte; MI, mitotic index).

Means with the same letters in each column are not significantly different at p < 0.05, Tukey's test.

Values are expressed as mean + SE (n=10).
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Fig. 5 Effect of heating (A) and chilling (B) on hemolymph volume of E . kuehniella larvae at different time
intervals. Each data point is the mean + SE of at least 10 individual. Different letters indicate significant

differences between groups (ANOVA, p < 0.05).

Significant differences versus the respective controls were marked by **p <0.01, *p < 0.05 and " Non significant at

p < 0.05, Student's t-test.

without micropapillae, filopodia or other irregular
processes. The cytoplasm is slightly granular. The
nucleus is small, round or elongate and generally
eccentrically located (2.7-6.3 pym wide and 2.9-6.5
pum long) (Table 2).

Spherulocytes (SPs)

These are small to large, ovoid or round cells
with variable sizes (8.5-16.5 ym wide and 10.5-17.9
pm long) and usually larger than other hemocytes
identified in E. kuehniella. (Figs. 1E, 2E, 3E and
Table 2). The nucleus is generally small, round,
central (3.7-7.2 ym wide and 3.6-7.4 pum long)
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(Table 2) and generally obscured by the
intracytoplasmic spherules that are characteristic of
these cells. The number of the spherules varies
from 4-6.

Two  other
distinguished:

morphotypes  were also

Vermicytes (VES)

VEs are extremely elongated cells (4-8 ym wide
and 23-34.4 pym long) with slightly granular or
agranular cytoplasm (Figs. 1F, 3F and Table 2). The
nucleus may be located centrally or eccentrically
(2.9-5.1 ym wide and 4-8 uym long) (Table 2).



Table 5 Changes in differential hemocyte count (DHC) of two-days old V" instar larvae of E . kuehniella 12 h

after treatment under different temperature regimes

% Hemocyte morphotype (Mean + SE)
Temperature (°C) PR* PL GR OE SP MI
27 °C (Control) 1568 +0.65° | 51.78+1.42° | 2328+1.27° | 3.18+0.43° 6.08+033% | 4.10+073°
40 °C (Heating) 1518+ 1.55° | 61.28+0.79% | 11.68+1.20° | 468+051° | 7.18+0.33% | 9.00+0.50°
4 °C (Chilling) 13.46 +0.95° | 43.16+221° | 2926+2.83% | 6.06+051° | 8.06+0947 | 040+0.18°

* (PR, prohemocyte; PL, plasmatocyte; GR, granulocyte; OE, oenocytoid; SP, spherulocyte; MI, mitotic index).
Means with the same letters in each column are not significantly different at p < 0.05, Tukey's test.

Podocytes (POs)

POs are very large in size (3.4-5.1 ym wide and
17.3-23.3 ym long), extremely flattened PL-like cells
with several cytoplasmic extensions (Figs 1G, 2F
and Table 2). The nucleus is generally large and
centrally located and may appear punctuate (3-4.2
pUm wide and 3.2-4.5 ym long) (Table 2).

An agglomeration of hemocytes (Fig. 1H) was
also observed in some profiles. Some stages of
mitotic division including anaphase (Figs. 11 and
2G), telophase (Figs 1J and 2H) followed by
cytokinesis (Figs 1K and 2l) to produce two identical
daughter cells were also characterized in hemocytes
of E. kuehniella.

Hemogram

There is a gradual increase in body weight
during larval stages, with maximum in L5, followed
by significant decline in prepupa (F = 491.03, df = 4,
p = 0.000) (Table 3). In general, total hemocyte
population of E. kuehniella showed an increasing
trend with increase in larval instars (F = 424.75, df =
4, p = 0.000). It was also found that THC in the late
stages (L2 and L4) and prepupa was significantly
higher than that in the early stages (L1 and L3)
(Table 3).

An increasing trend was found in HV of tested
insect with increase in developmental stages (F =
198.21, df = 4, P = 0.000) (Table 3).

Along with increase in THC and HV, a
statistically significant increase in HIC was observed
(F = 330.63, df = 4, p = 0.000) (Table 3). Also,
among different developmental stages of E.
kuehniella, the highest level of hemocyte production
through mitosis was observed in L1 and L3 because
of maximum mitotic activity in these two stages
(Table 3).

The differential hemocyte profile during the
different developmental stages of E. kuehniella is
provided in Table 4. PLs and GRs were the most
abundant hemocytes followed by the SPs, OEs and
PRs in all studied stages. We also observed
significant variations of DHC between early and later
part of each stage. Generally, it is found that
proportion of PRs, GRs, OEs, SPs (except in
prepupa) and also Ml in the early of each instar was
significantly higher than that in the late part and
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prepupa. In contrast, PLs were found to be in their
maximum proportion at the end of each instar and
also prepupa (Table 4).

Thermal regimes

The results of the effects of thermal stress on
THC and HV of 2-days old V" instar larvae of E.
kuehniella are presented in Figs. 4 and 5. As it can
be seen, the larvae exposed to 40 °C for 12 h
showed a drastic increase in THC from 3.18x10* to
7.03x10* cells/mm® (Fig. 4A). Interestingly, the
increase in total number of hemocytes continued
even 6 hours after returning of larvae to normal
temperature (27 °C) reaching 8.21x10* cel/mm?®
(Fig. 4A). Also, HV significantly decreased from 3.81
ul to the lowest value of 2.1 ul after exposing the
larvae to heat stress for 12 h (Fig. 5A). In contrast,
chilling for 12 h caused a significant reduction in
THC of subjected larvae from 3.12x10* to 2.25x10*
cells/mm? (Fig. 4B). When cold exposed larvae were
returned to normal temperature (27 °C), total
number of hemocytes gradually increased and
reached to 3.03x10* cellss/mm® by increasing the
incubation time (Fig. 4B). No significant differences
were observed in HV of control and cold acclimated
larvae at various time series (Fig. 5B).

According to the results of thermal stress on
DHC, variations in the proportion of different
hemocytes were significant among three
temperature treatments (Table 5). While PLs and
OEs percentages increased in heat-exposed larvae,
a significant reduction in the counts of GRs was
recorded. In chilled larvae, on the other hand, OEs
rose in their number with a significant decline in
PLs. Also, a little increase in GRs was observed but
it was not statistically significant. No significant
differences were observed in the proportion of PRs
and SPs under three temperature regimes. Low
temperature resulted in a decrease in mitotically
dividing cells of E. kuehniella larvae but in contrast,
high temperature caused a significant increase in Ml
(Table 5).

Effect of thermal stress on cell-structure of
hemocytes
Heating for 12 h led to vacuolization in the

cytoplasm of PLs (Fig. 6A) and increase in number
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Fig. 6 Cell-structure abnormality in larvae exposed to heat stress. Vacuolization in cytoplasm of plasmatocytes (A)
and rounded plasmatocytes loosing filipods (B) after 12 h exposing of larvae to 40 °C. Scale bar = 10 ym.

of rounded PLs without filipods (Fig. 6B). No
considerable changes have been found in the
cytological features of hemocytes of incubated
larvae at 4 °C.

Discussion

The present study provides detailed information
of hemocyte profile and hemogram of the
Mediterranean flour moth, E. kuehniella. Strand and
Pech (1995) divided the lepidopteran hemocytes
into five classes on the basis of morphology, i.e.
prohemocytes,  plasmatocytes, granu locytes,
oenocytoids and spherulocytes. Similar results were
also reported for other lepidopterous larvae, such as
Plutella  xylostella (Huang et al., 2010),
Ectomoyelois ceratoniae (Khosravi et al., 2012),
Hyphantria cunea (Ajamhassani et al., 2013),
Bombyx mori (Tan et al., 2013). We also found all of
these five morphotypes of hemocytes in E.
kuehniella larva in this study.

Also, our results indicated that plasmatocytes
and granulocytes are the most abundant hemocytes
in the hemolymph of E. kuehniella. Prior studies
have shown that plasmatocytes and granulocytes
were responsible for cellular immune responses in
many lepidopteran insect larvae, such as G.
mellonella (Tojo et al., 2000) and Manduca sexta L.
(Ling and Yu, 2006) and together usually comprise
more than 50 % of the hemocytes in circulation
(Lackie, 1988; Ratcliffe, 1993).

According to the results of cell measurements,
it is shown that each cell morphotype is of a varied
size. We also found various forms of each particular
hemocyte in our tested insect. As shown in the
results, two other morphotypes of hemocytes
termed  vermicytes and  podocytes  were
distinguished in the hemolymph of E. kuehniella.
These two morphotypes have not been recognized
as distinct types in electron microscopic studies so
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far, primarily because ultrastructurally they appear
similar to plasmatocytes (Gupta, 1997). The origin of
vermicytes and podocytes is unknown, but it is
conceivable that they are derived from
plasmatocytes and are considered as variant forms
of plasmatocytes (Gupta, 1997). This variation in the
form and size has brought many problems in the
classification of hemocytes because the insect blood
cells are highly pleomorphic, and the particular form
they present at any one time seems to depend on
the age, developmental stage, nutritional state and
species of insect as well as on the methods of
collection and examination used by the investigator
(Jones, 1962; Lai-Fook and Neuwirth 1972).

The maintenance of circulating hemocytes in
larval Lepidoptera has been attributed to both the
release of hemocytes from hematopoietic organs
and the mitosis of hemocytes in the circulatory
system (Gardiner and Strand 2000). The levels of
mitotic activity in circulating hemocytes rarely
exceed 1 % in almost all cases (Jones, 1967a;
Jones and Lin 1968; Jones, 1967b), but it is shown
that in E. kuehniella this activity varies with
developmental stage of insect. The mitotic index of
larvae in L1 and L3 reached 3.3 % and 3.9 %, while
the dividing cells observed in L2, L4 and prepupa
were 0.78%, 0.98% and 0.7%, respectively. In a
parallel study on Oncopeltus fasciatus Dallas, Feir
and McClain (1968) found that the Ml was very low
immediately after ecdysis into the fifth instar. They
noted that mitotic activity began to rise at 23 hour
post-ecdysis, reached its peak (4.06 %) in the 30-hr
group, remained high until 74 hour, and then
declined during the remainder of the stadium. These
findings agree with the reports of Sanjayan et al.
(1996), who observed different values of the mitotic
index in final instar and adult insects of Spilostethus
hospes Fab.

Mitotic activity has been most consistently
reported in the prohemocytes and hemocyte



differentiation studies in some insect species
revealed that prohemocytes are the stem cells from
which the other cells arise (Gupta, 1991). In case of
the silkworm, B. mori, it is proved that approximately
43 % of prohemocytes differentiate into
plasmatocytes, granulocytes and spherulocytes
(Yamashita and Iwabuchi, 2001). The population of
prohemocytes in L1 and L3 is significantly higher
than that in L2 and L4 and prepupa. The rapid
decline in their counts coinciding with the increase in
plasmatocytes and partially oenocytoids in the later
part of larval instar suggests that their differentiation
is probably toward the formation of plasmatocytes
and oenocytoids at that time.

The results indicated that cell population
increased during larval development of E. kuhniella,
and reached a peak during the prepupal period.
Also, THC was in its high value at the late stage of
each larval instar than the early stage. It has been
frequently reported that THC varies with the
developmental stage and physiological condition of
the insect. Patton and Flint (1959) noted that counts
from Periplaneta decreased at the molt and later
increased post molt. Also, Crossley (1975) proved
that hemopoiesis in insects is under endocrine
control. In this case, Akai and Sato (1971) showed
that the increase of ecdysteroids in hemolymph of B.
mori would be resulted in more hemocyte production
and release from the hematopoietic organs. So, it
could be concluded that changes in THC during the
developmental stages of E. kuehniella would be
probably attributed to the variations in ecdysteroids
and juvenile hormones (JH) titers.

In many insect species, fluctuations in the
number of hemocytes are influenced by the release
of hemocytes from the hemapoietic organ and
attachment of the cells to internal tissues (Tu et al.,
2002; Okazaki et al., 2006). The number of
hemocytes in circulation can change rapidly in
response to stress, wounding or infection (Gillespie
et al., 2000; Mowlds and Kavanagh 2008). As low
and high temperatures are a source of stress for
insects, it is possible that the number of hemocytes
was directly altered by the change in temperature. In
this aspect, results of present study clearly indicated
that compared to control temperature, heating
caused a significant increase in THC and in
contrast, those larvae incubated at 4 °C showed a
significant reduction in THC. So, it seems that
exposing the insects to high temperatures can
increase the environmental fitness of larvae through
a similar mechanism to thermoregulatory behaviour
by increasing total number of hemocytes especially
PLs. There are several reasons to justify these
changes in THC. Cell cycle can be divided in three
periods: interphase consisting G1 (pre-synthetic
interphase), S phase (DNA synthetic interphase)
and G2 (post-synthetic interphase), mitosis phase
and the final phase, cytokinesis, where the new cell
is completely divided. In many cases it was found
that the time taken for cells to divide decreases in
response to an increase in temperature (Francis and
Barlow 1988). Moore et al. (1997) stated that
temperature reduction from 37 °C to 30 °C caused a
rapid decrease in the percentage of cells in S phase
and accumulation of cells in G1. In another study,
Bloemkolk et al. (1992) showed that maximal cell
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density was observed at 37 °C. Lower
temperatures, in contrast, caused cells to stay
longer in the G1 phase of the cell cycle. In parallel,
our results showed that compared to chilling,
heating caused a 2.2 folds increase in mitotic rate of
hemocytes. So, it is concluded that increase in THC
of E. kuehniella larvae exposed to high temperature
may be attributed to more mitotic rate of hemocytes
and more importantly increased hemocyte
proliferation of hemopoietic organs.

It was found that an inverse relationship exists
between the THC and the HV after incubation of
larvae at 40 °C. Thus, it seems that another
possible reason for the increase in THC is due to
loss of body fluid as a result of desiccation. Also,
release of hemocytes attached to the internal
organs of heat exposed larvae into the hemolymph
circulation can be another reason of increase in
THC. On the other hand, the low hemocyte counts
in chilled larvae found to be primarily attributable to
adherence to respected larval tissues. Some
authors indicated that low counts from unfixed
larvae in heat may have been caused by increased
clumping and hence, unavailability of circulating
hemocytes. We could not find any significant
relationship between THC and HV in chilled larvae.

Our results indicated that heating led to cell
structure changes in PLs. There are several
evidences regarding the activation of hemocytes
which are characterized by expanded filipods during
immune challenge (Kwon and Kim 2007). However,
in our experiment rounded PLs without filipods were
increased in response to heating condition. This
phenomenon was occurred by heating without
pathogenic infection. Therefore, it could be expected
that pathogenic infection would be the main reason
for expanding filipods in PLs in response to fever.
Further investigations are needed to be done to
elucidate this kind of cell response.

Conclusion

In this study, we determined the morphological
characteristics of hemocytes of E. kuehniella and
changes in hemocyte composition during the larval
development that were essential for further
understanding of cellular responses of this insect to
environmental and pathological stresses. Our
findings revealed the impact of thermal stress on
THC, DHC and HV of E. kuehniella. However,
further investigations may have to be performed to
determine if changes in hematological properties of
thermal treated larvae could affect their cell
mediated immune responses. It might then be
important to conduct next experiments on the effect
of thermal shocks upon hemocyte composition and
different immune responses of E. kuehniella after
infection with various pathogens.
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