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Abstract

The present study was designed to evaluate the effect of Bacillus thuringiensis israelensis (Bti) on the immune system of the
adult desert locust, Schistocerca gregaria through quantitative estimation of some physical and biochemical parameters.
Locusts were enhanced by injection of a sublethal dose of bacteria into the insect hemocoel at different time intervals. Results
showed variable fluctuations in the body water content, hemolymph volume, density and pH after bacterial injection. Also,
drastic changes in the concentrations of hemolymph carbohydrates, lipids and proteins were recorded. The protein banding
pattern of the hemolymph documented certain variables as the induction of new proteins and the vanishing of others that may
retained to their contribution in the immune response towards the infection. Hemocytic examination by Transmission Electron
Microscope (TEM) revealed 4 types of hemocytes; Prohemocytes (PRs), Plsamatocytes (PLs), Granular cells (GRs) and
Coagulocytes (COs). Certain Pathological effects were observed in the hemocyte populations following injection including
vacuolization in the cytoplasm, distortion of the cell membrane and pycnosis in the nuclei. These outcomes confirm that Bti
has potential role in the suppression of the desert locust immune system and can be apply in corporation with the integrated

pest management (IPM) strategies as a biocontrol agent.
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Introduction

Insects have a well-developed innate immunity depends on
encoded factors for recognition and killing of foreign
invaders (¢, Insect hemolymph is very effective weapon in
elimination of invaders from hemocoelic circulation by
internal defense system that is comprised of cellular
components and humoral mechanisms that cooperatively
interact to destroy non-self-elements 231, These defense
reactions were observed against pathogens, parasites and
other foreign bodies, which entered in the hemocoel 8. The
cellular defense mechanisms are achieved by hemocytes,
That have the ability to discriminate non-self-agents, and
mediate phagocytosis, encapsulation, wound repair and
coagulation B9, Thus, much interest is needed in describing
the role of hemocytes in the defense mechanisms.

Insect hemocytes have been identified and classified using
morphological, histochemical, functional characteristics and
recently by the use of antigenic and molecular markers 2"
24 Insect hemocytes, like vertebrate leucocytes are a
mixture of cell types with different morphological and
biological functions. It is difficult to classify insect
hemocytes, according to the classification scheme for
vertebrate white blood cells, into well-defined ontogenetic
classes due to cell diversity as well as the limited knowledge
of their development and differentiation ™. Therefore,
classification of insect hemocytes is a subject of controversy
and the terminology used to designate each cell type is often
different from one species to another. However, several
literatures reviewed the insect hemocytes and suggested that
there was some resemblance among most of the cell types
and functions, in different insect species % %1, Due to lack
of adaptive immunity in invertebrates , lately the use of
single-cell technologies have improved descriptions of 39

previously described cell types and have redefined cell
complexity [ 124146, 25 ‘sed single-cell RNA sequencing
to characterize 21 mosquito immune cells, signifying an
increased complexity to previously Defined prohemocyte,
oenocytoid, and granulocyte sub-types.

The desert locust, Schistocerca gregaria (Forskal)
represents a relatively important group of plant-feeding
insects with strong immune responses against bacteria (6. 331,
To reduce the harmful effects of insecticides, alternative
control strategies have been suggested % %1 including
biopesticides like Bacillus thuringiensis (Bt).

Based on the success of Bacillus thuringiensis var.
israelensis (Bti) as a bio-control agent in the Egyptian fields
against Lepidoptera and Diptera, the present study deals
with the interactions among herbivorous insect (S. gregaria)
and bacterial pathogen (Bti). Bt, a spore-forming Gram-
positive bacterium, present in soil, leaf litter, and the
microflora on the surface of leaves, is widespread in nature
(1. 1t produces many kinds of insecticidal crystal proteins,
including proteins which are toxic to lepidopterans, and are
encoded by crystal (cry) and cytolytic (cyt) Genes . Cry
toxins, unlike most chemical insecticides, have a distinct
mode of action that involves toxin solubilization, proteolytic
activation in the midgut of the insect, and binding to larval
midgut proteins. In the pore formation model, toxin binding
results in the formation of pores in membranes and the lysis
of cells in the midgut ultimately, resulting in the death of the
insect (3951,

The present study forms a part of a wide study aims to gain
information about Schistocerca immune response through
guantitative determination of some hemolymph physical
properties and some biochemical parameters. Also,
characterization of the hemocyte types morphometrically to
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give clearer image to the immune response of the infected
Locusts towards the bacterial infection. In order to
encourage the use of Bti as a biocontrol agent against this
dangerous pest in combination with the programs of
integrated pest management.

Materials and Methods

Insects

The Desert Locusts Schistocerca gregaria (Forskal)
(Orthoptera: Acrididae) was obtained from Locust and
Grasshopper Research  Department, Plant Protection
Research Institute, Agricultural Research Center, Egypt.
Rearing of the locusts was carried out in an insectarium in
the Faculty of Science, Ain Shams University and had
shown no infectious diseases, regulated at 30°C, 65%
relative humidity, under a 12h light / 12h dark photoperiod.
A wood stick was placed under the bulb to permit the
vertical movement of nymphs, to cling, molt and stand close
to electric lamps to regularize their body temperature 2, All
experiments outlined below were carried out with adult
(both sexes) 2— 4 days after ecdysis.

Bacterial culture

The bacterium, B. thuringiensis israelensis (Bti) was
produced by the Agricultural Genetic Engineering Research
Institute (AGRI), Ministry of Agriculture, Egypt, and was
grown aerobically at 28 + 2°C in nutrient broth tubes for 48
h. Inoculates of the grown bacteria were cultured on nutrient
agar plates at 28 + 2°C for another 48 h. After growth, pure
isolates were selected, cultured on nutrient agar slants and
incubated at 28 + 2°C for 48 h, and then kept in me
refrigerator at 4°C until used.

The grown bacteria were harvested by suspending in a
physiological saline (0.5% NaCl) and centrifuged at 6000
rpm for 30 min. The sediment bacteria were washed several
times with a sterile saline solution and centrifuged again at
the same rate till the saline solution becomes completely
clear.

Injection technique

The bacterial suspension was adjusted to a sublethal
concentration of 3.1 x 10* cells/ml. A dose 10 pl of this
concentration was injected into each insect. Control insects
were injected only with equivalent volumes of saline
solution. Injection of insects was made with a 10 pl
Hamilton micro-syringe fitted with a 26-gauge needle
according 34,

Estimation of body weight and water content

The body water content was determined in normal and
treated locusts after 6, 12, 24 and 48 h according to the
method of °l, The body weight of locusts was determined
gravimetrically for each individual insect. The body water
content of locusts was determined as the difference between
fresh (total) body weight and body weight after drying for 2-
3 days at 80 °C in an oven to constant weight (dry weight).
The measurements were replicated 10 times.

Hemolymph collection for Physical properties

Normal and bacterial injected locusts after 6, 12, 24 and 48
h, along with saline-injected controls were collected and
weighed individually. Locusts were submerged in hot water
bath at 60 °C for 2-5 min. The heat-killed insects were
amputated at the arthropodial membrane of the hind coxa
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with fine scissors. Gentle pressure was applied to the thorax
until a drop of hemolymph appeared at the point of
amputation. All the subsequent measurements were
accomplished at 28 + 2 °C and samples were replicated
times at each time interval.

Determination of hemolymph volume

The hemolymph volume HV (ul/insect) was determined by
the amaranth red dye method described by 5% and modified
by 9 using amaranth red dye (20 mg/ml of 0.5% NaCl).
The optical density was recorded at 515 nm using 1 ml
cuvette against the standard solution (prepared by diluting
10 pl of the dye solution in 1 ml of saline solution) to
construct a standard calibration curve.

Assessment of Hemolymph density and pH

The hemolymph densities (mg/pl) were determined
following the method described by [ by using micro-
capillary tubes calibrated at 1 pl and pre-weighed using an
electronic balance.

The hemolymph pH was determined according to the
method described by [ and using the bulb of the
microelectrode (Model 671, pH meter, Extech., USA).

Hemolymph collection for the Biochemical parameters
Hemolymph of normal and treated locusts were drowned
out after 6, 12, 24 and 48 h from the coxal joint into
Eppendorf tube containing traces of phenylthiourea and then
diluted 5x with saline solution 0.5%. The hemolymph
samples were then centrifuged at 2000 rpm for 5 min, and
only the supernatant fractions were used for assays directly
or frozen until use.

Estimation of the total Hemolymph Carbohydrates

Total carbohydrate content in  hemolymph  was
quantitatively estimated by using the Anthrone reagent
according to [ spectrophotometrically (UNICO
Spectrophotometer, SP2100 UV, China) at 625 nm. The
concentration of the carbohydrates (mg/ml) was calculated
using the formula resulted from the standard calibration
curve using glucose solution.

Determination of the total Hemolymph Lipids

The total lipids content of the hemolymph was assessed
using phosphorvanilin reagent according to the method of
(171, The standard and unknown samples were read against
blank at 540 nm.

The total lipids content was estimated as mg/ml using the
formula derived from the equation of the regression line
obtained from the standard calibration curve using olive oil
as a standard.

Quantification of the total Hemolymph Protein

The total protein content of the hemolymph was quantified
using Coomassie brilliant blue G-250 (CBB) by
spectrophotometer where the absorbency was measured at
595 nm. According to the method designated by [, a
standard calibration curve was constructed using Bovine
serum albumin (BSA) solutions as the standard proteins.

Electrophoretic analysis of the total Hemolymph Protein
SDS polyacrylamide gel electrophoresis was carried out for
the hemolymph proteins. According to the protocol
mentioned by 261,
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Examination of the Hemocytes

For Transmission Electron Microscope (TEM) the
hemolymph of normal and infected insects was collected as
described above and fixed in 2.5% glutaraldehyde, 5 mM
calcium chloride, and 2% sucrose in 0.1 M cacodylate
buffer (pH 7.2) for 1 h at room temperature. The samples
were rinsed in 0.1 M cacodylate buffer (pH 7.2) containing
2% sucrose and post-fixed in 1% osmium tetroxide (OsQ.),
0.8% potassium ferrocyanide and 5 mM calcium chloride in
0.1 M cacodylate buffer (pH 7.2) for 1 h at room
temperature. They were then dehydrated in graded acetone
and embedded in PolyBed 812 epoxy resin. Ultrathin
sections obtained using a Leica ultramicrotome (Nussloch,
Germany) were stained with uranyl acetate and lead citrate
and subsequently observed using a FElI Morgagni F268
transmission electron microscope (operating at 80 kV.

Statistical analysis

Data of all investigate were expressed as mean * standard
error (SE) and analyzed by using the SPSS11.5.0 software.
The differences between means were analyzed by
independent samples t-test and one-way ANOVA. The level
of significance differences between the untreated and the
controls when P< 0.01 and between the controls and the
bacterium-injected insects when P< 0.025 based on
Bonferoni correction.

Results and Discussion

Physical properties of the Hemolymph

The use of bioinsecticides is considered a promising
biological alternative to control insect pests. Bacillus
thuringiensis produced an assortment of insecticidal
proteins, with varied pathogenicity, are active against
several pest species [/). The pathogenesis mechanism of Bt
against insects is a complex process that includes humerous
factors in addition to the activation of immune responses of
insects to combat infection, which is also considered as a
factor causative to tolerance against Bt [*31. Changes in body
weight and water content did not interest the immunologists
in the past, while it gives an integrated image with
hemolymph volume and density about the effect of
treatment. Insect hemolymph is affected on its physical
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properties such as volume, density and pH by several factors
like; age, diet, temperature and disease [, Results
represented in (Fig 1 A, B and C) demonstrate the total
(fresh) body weight of the untreated adult, the dry body
weight and the water content that representing about 64% of
the fresh body weight. The bacteria-treated insects showed a
slight difference (P> 0.05) in the fresh body weight
whereas; the dry body weight increased significantly (P<
0.025) at all post-treatment periods. However, a significant
decrease (P< 0.025) in body water content was observed at
all post-treatment periods examined. Typically, the insect
responds to a bacterial infection on protein distribution, as
well as water distribution. It was considered that the results
of blood volume would be most informative with
knowledge of dry weight and water content for comparison.
Results are expressed as percentages of total weight,
allowing comparisons of the relative values of individuals of
different weight but of the same age. The total body water
content could be subdivided into two fractions: tissue water
and hemolymph water. In the present investigation the
calculated water content value was 1308.05 mg comprising
64.03 % of the total body weight. These findings were
supported by the work of B in which, the estimated
percentage of the body water content ranged from not less
than 50% to not more than 90 % of the total body weight.
Also, agree with those of ! who found that in most insects,
the hemolymph represents from 10 to 40% of the total body
weight.

From our investigation we revealed that the S. gregaria
adults have greater body water content and was
accompanied by a loss in their dry weight. These variations
may be due to the uptake of water during their feeding. The
bacterial treatment did not affect the fresh weight, while it
increased the dry weight and, in the same time, decreased
the body water content.

The increase in dry body weight may be attributed to the
increase of the blood density. The detected decrease in body
water content may be due to the loss of tissue water and the
decrease of the hemolymph volume. These observed
changes are in accordance with the findings of B! and may
be attributed to the induction of bacterial metabolites and
the intensive loss of tissue water.
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Fig 1: (A) Total (fresh) body weight (mg), (B) Dry body weight (mg) and (C) Body water content (mg) of adult S. gregaria determined in
untreated, control, and at different time intervals post-treatment with Bti.

The mean hemolymph volume (HV) of untreated adult
locust was 235.77 pl. Bacteria-treated insects possessed a
significant decrease (P < 025) in HV as compared with
saline- treated insects at all periods post-treatment (Fig 2A).
The estimated value of the hemolymph density of untreated
adults was 1.03 mg/ul. After bacterial-treatment a
significant decreased was recorded at all post-treatment
periods compared to the saline-treated insects (Fig 2B).
However, the value of hemolymph pH of untreated adults
was 7.12 (slightly alkaline). In bacteria-treated adults, there
was a significant increase only at the 6 h post-injection (P<
0.025) as compared to the saline-injected insects. These
changes push the hemolymph pH from slight alkaline area

into slight acidic area (Fig 2C). The observed increase of the
hemolymph density and pH of adults S. gregaria at almost
all post-injection periods may be due to the increase of
bacterial metabolites »° the increase in total hemocyte
count B, as well as the observed decrease of the blood
volume. These findings are also in accordance with those of
1l on the 5" nymphal instar and adults of S. gregaria 19,
The value of hemolymph volume of the normal (un-
injected) adult locusts is close to the findings of 2% on
nymphs and adults of S. gregaria. The estimated decrease of
the blood volume during the course of infection may be
attributed to water loss from blood and tissues as a result of
bacterial infection.
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Fig. 2: (A) Hemolymph volume (ul/insect), (B) Hemolymph density and (C) Hemolymph pH of adult S. gregaria determined in untreated,
control, and at different time intervals post-treatment with Bti.

Biochemical properties of the Hemolymph

Concerning the hemolymph biochemical composition of S.
gregaria adults, the present results estimated that the THC,
THL and THP of untreated locusts, were 4.34, 4.30 and
52.79 mg/ml, respectively (Fig 3A, B and C). While, Bti-
treated insects, the THC and the THL showed a significant
increase (P< 0.025) at the 6 and 12 h post-injection
compared with the saline-treated insects, but remained
unchanged (P> 0.05) later at the 24 and 48 h post-treatment.
However, there was a significant increase (P< 0.025) in the
THP at 6 h post-injection followed by significant decrease
as compared with the saline-treated insects. At the 48 h, a
significant increase was observed again. An initial increase
in THC after bacterial infection, which is gradually
decreased to reach a normal level over time. This increase
may be a natural phenomenon because levels of hemolymph
trehalose respond extraordinarily to physiological states
such as infection or starvation 1. Additionally, the fact that
trehalose acts as a carbohydrate reserve is readily available.
[ Also suggested that blood glucose be maintained through
a dynamic equilibrium between the synthesis and
breakdown of trehalose. Similar results were observed by
1321 on an adult food-deprived grasshopper. Otherwise, the
late decline in THC may be due to strong glucose demand
during intense growth and bacterial multiplication. The
nutritional requirements of entomopathogenic bacteria

include an organic source of carbon [“4. This can also be
interpreted as a balanced work of the body's physiology.
Additionally, the THL and THP of normal (untreated) S.
gregaria adult stages, estimated in the present study similar
to those of [ on L. migratoria and B% on M. sanguinipes.
The decrease in THL following bacterial treatment may be a
consequence of depletion of nutrition during infection in
which the body physiology is unable to meet the
requirements of the insects. Furthermore, the observed
decrease of THP contents following bacterial infection may
be as a result of the bacterial pathogenicity. Bacteria may
cause a complete elimination of some hemolymph enzymes,
some hemolymph soluble and sticky proteins, which may be
involved in antibacterial immunity or some native proteins
may be converted into lipoproteins or glycoproteins after
infection could be attributed to intensive consumption of
hemolymph proteins during growth and multiplication of the
bacteria, together with cessation of feeding observed on the
infected insects. The same explanation was reported by 1
on different insect species infected with bacteria. While [
found that the hemolymph protein content of the last
nymphal instar and young male adults of the grasshopper L.
migratoria was not affected by injection with Bt. The late
increase in total proteins observed at the 48 h post-Bti-
injection may be caused by the metabolites secreted by the
growth of bacteria within the hemocoel.
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Fig. 3: (A) Total hemolymph Carbohydrates, (B) Total hemolymph Lipids and (C) Total hemolymph Proteins of adult S.
gregaria determined in untreated, control, and at different time intervals post-treatment with Bti.

Insects respond to infection by a unique set of proteins that
is derived from the gene pool of the insect and distributed
into different body tissues. In order to characterize these
proteins to determine their relative role in the response
towards the infection, Protein banding pattern of
hemolymph plasma of adult S. gregaria was carried out for

normal, control and treated ones. Data were emphasized in
(Plate 1), the protein marker was electrophoretically
separated into 11 bands with molecular weights (MW)
ranged between 200 and 10 kDa. The hemolymph of the
normal locust was analyzed into 23 protein bands. Some
proteins were disappeared or at least had different band
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percentage post injection with water or bacteria. Moreover,
new bands were synthesized while other bands were
detected as a response to water injection. Plasma proteins of
treated locust were separated into bands with MW ranging
from 234 to 3 kDa. Results also showed that there were
major bands common between normal, control and treated
locust, other bands were common between control and
treated, appeared to be specific for injection. Certain bands
were found to be specific for bacterial injection.
Electrophoretic separation revealed that the number and
kinds of protein fractions evidenced are highly variable, this
observation supported by the fact that these proteins may
function in the immune responses, reproduction, storage
components, or metabolic processes. The disappearance of
some hemolymph proteins after infection may be attributed
to their involvement in the immune reactions. While, the
synthesis of new immune proteins may be a result
simultaneous induction of injected bacteria such
explanations similar to that of [3% 33 40 ysing different
pathogens as inducer to the insect immune response and
observed a number of immune proteins were activated
leading to the synthesis of antimicrobial peptides. While,
few reports of reduced expression of antimicrobial peptides
in response to pathogens and parasites in Manduca sexta 52,
31 approved that Bt played a novel role in controlling P.
xylostella, by suppressing the immune system through the
reduced expression of antimicrobial peptides may be due to
the release of other toxins and secondary metabolites along
with toxin produced by Bt to overcome the immune system
and likely to aid fungal and bacterial survival in a variety of
insect hosts. Although our knowledge of insect-pathogen
interaction (fungi as a pathogen) has increased in recent
years 2, Bl Indicated that the mode of action of a novel
toxin from Bt could have a potential application for
development of Bt insecticide.

Lane Lane Lane Lane Lane Lane
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Plate I: Changes in the plasma protein banding patterns of S.
gregria normal, control and Bti injected locusts. M: protein
molecular weight marker; Lane 1: plasma of normal Locust; Lane
2: plasma of water injected Locust (Control), Lane 3-6: plasma of
Bti injected Locust at 6, 12, 24, and 48hr subsequently.
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Description of adult S. gregaria Hemocytes

For describing the exact modifications of the blood picture
in the course of Bti-injection into S. gregaria, it is necessary
to describe the types of hemocytes. Depending on
morphological classification based on observation of
philobodia-like or fan-like structures around the cell
membrane 2 %1, Transmission Electron Microscopy (TEM)
revealed, four main hemocyte types in S. gregaria adult
hemolymph.  These  were  Prohemocytes  (PRs),
Plsamatocytes (PLs), Granular cells (GRs) and
Coagulocytes (COs) (Plate 2).

Prohemocytes (Plate 2A) were the smallest type and ranged
7-18um. They usually seemed round in shape. The nucleus
occupies most of the cell volume, had poorly developed
rough endoplasmic reticulum and mitochondria in its
cytoplasm. Plsamatocytes (Plate 2B, C) were large in size
with diameter of 15-42um polymorphic but commonly
spindle in shape. The nucleus occupies about half of the cell
volume. Contained well developed rough endoplasmic
reticulum and many mitochondria. Granular cells (Plate 2D)
were round or ovoid with diameter ranged 8-21 pum. The
nucleus was centric spherical or ovoid, they appeared to
have a well-developed endoplasmic reticulum (it is a
membranous network which is responsible for protein
biosynthesis, also acts as calcium storage) and were rich in
mitochondria. Their plasma membrane showed philopodial
projections. These cells were characterized by the presence
of 3 types of granular inclusions: inclusions exhibit an
internal structure comprising numerous short microtubules,
inclusions contain homogenous electron-dense content, and
inclusions with heterogeneous bodies. When cells have
richness of endoplasmic reticulum, means that these cells
are trying to produce and secrete more protein 54,
Coagulocytes (Plate 2E) were round or ovoid in shape cell
diameter ranged between 9 - 16 pm with small nuclei and
pale hyaline cytoplasm containing scattered granules. Their
nuclei were round or ovoid and may be centric or eccentric
and occupies about 75.0% of the cell volume. they contain
granules and structured globules. Certain pathological
observations were recorded in the hemocytes following Bti-
injection into the hemocoel of adult locusts (Plate 3).
Prohemocytes haven't been detected because these cells may
have differentiated into granulocytes and plasmatocytes
since the prohemocyte is considered the ancestor of other
hemocytes.

The PLs (Plate 3A, B) exhibited great variations in the cell
volume, vacuolization in the cytoplasm and distortion of the
cell membrane. Some nuclei lost part of their chromatin
materials and showed vacuoles in their nucleoplasm. The
GRs (Plate 3C, D) have been affected severely in the
cytoplasm and nucleus, cells were characterized by highly
granulated and deeply stained nucleoproteins and some cells
became lysed. In the COs (Plate 3E) the nucleus seemed
bilobed and Pycnosis were appeared, the cytoplasm may be
eroded, ruptured, and the cytoplasmic contents were
extruded.
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(©)

Plate 2: Photomicrographs of normal hemocytes of S. gregaria adults, examined by Transmission Electron Micrographs (TEM): (A)
Prohemocyte, (B,C) Plasmatocytes, (D) Granular hemocyte, and (E) Coagulocytes; (N: nucleus, RER: rough endoplasmic reticulum, h:
heterogeneous granule, d: electron-dense granule, st: structured granules, and ph: philopodia). Bar is 3 um in PROs, 5 um in PLs and 4 um in
the rest cells

(A)

\)

(D) (E)

Plate 3: Photomicrographs of treated hemocytes of S. gregaria adults examined by Transmission Electron Micrographs (TEM): (A,B)
Plasmatocytes, (C,D) Granular hemocyte, and (E) Coagulocyte; (N: nucleus, RER: rough endoplasmic reticulum, h: heterogeneous granule,
d: electron-dense granule, st: structured granules, V: vacuoles, cd: cell membrane distortion, pN Pycnosis in nucleus and ph: philopodial).
Bar is 4 pm in PLs and 5 pm in the rest cells.

In conclusion, this study has provided an explanation on the israelensis infection led to a noticeable reduction in the
response of the immune system of adult S. gregaria to Bti response of the immune system of locust. In the light of our
exposure at different time intervals. Bacillus thuringiensis findings, we speculate that Bti might have released several
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other toxins and secondary metabolites,

in order to

overcome the insect immune system. So, further studies are
recommended to evaluate the immunity related genes for
this response in this study.
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