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Abstract Insect cell cultures played central roles in unraveling
many insect physiological and immunological processes.
Regardless, despite imminent needs, insect cell lines were de-
veloped primarily fromDipteran and Lepidopteran orders, leav-
ing many important insects such as Orthopteran locusts under-
represented. Besides the lack of cell lines, the slow progress in
development of in vitro techniques is attributed to poor com-
munications between different laboratories regarding optimized
primary cell cultures. Therefore, we report here about methods
developed for primary cell culture of Locusta migratoria he-
mocyte and phagocytic tissue cells by which we could maintain
viable hemocytes in vitro for over 5 d and phagocytic tissue
cells for over 12 d. 2-Mercaptoethanol and phenyl-thiourea
supplements in Grace’s medium together with addition of fetal
bovine serum 30 min after cell seeding resulted in a successful
setup of the primary cell cultures and a week-long survival of
the hemocytes and phagocytic tissue cells in vitro.
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Introduction

Locusts, chiefly Locusta migratoria and Schistocerca gregaria,
are recognized as one of the most notorious crop pests in the

world, owing to their swarm forming and voracious feeding
behaviors. They exist in two forms either as harmless solitary
animals or during food shortages as gregarious wandering pests
which could endanger crop harvests (Uvarov 1977; Skaf et al.
1990; Enserink 2004). For this reason, locusts have obtained
enormous attention in insect research to develop effective locust
control strategies by elucidating the underlying biological
mechanisms that control the process of phase transition and
ensure their survival. However, despite hitherto achievements,
many questions regarding cellular events in the locust which
lead to phase change or disease resistance still remain unan-
swered (Wang et al. 2013, 2014; Wang and Kang 2014). This
is mainly attributed to the lack of stable cell lines derived from
either of the locust species, which would have otherwise en-
abled the researchers to explore in vitro many of the underlying
molecular and cellular pathways.

As it has been evident in other animal studies, cell lines
have been crucial to unravel key molecular players and path-
ways in many aspects of the insect physiology (Lynn 1996;
Sudeep et al. 2005; Smagghe et al. 2009). In case of locusts,
most studies were limited to the use of primary cell cultures
and there has been a clear lack of effort to isolate continuous
locust cell lines. Interestingly, successful reports addressing
Acrididae and Tettigoniidae families in cell line development
came from a few other grasshopper and cricket species. The
most notable examples are cell lines derived from embryos of
migratory grasshopper Melanoplus sanguinipes (Tsang et al.
1981; Munderloh et al. 1994) and cricket Gampsocleis
gratiosa (Zhang et al. 2011), and from midgut of painted
grasshopper Poekilocerus pictus (Kharat et al. 2010). Most
reported studies which utilized the primary cell cultures of
locust embryonic tissues, muscle, gonads, brain, and neuronal
cells targeted rather at elaborating a vertebrate mirrored phys-
iology than at exploring the locust itself (Duce and
Usherwood 1986; Rossler and Bickmeyer 1993; Dorn and
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Dorn 2011; Ostrowski et al. 2011). This is without
undermining the intensive past efforts made to establish locust
stable cell lines with an intention of studying locust-pathogen
interactions, screening locust pathogens, and developing viral
bio-pesticides (Khurad et al. 1991; Hernandez-Crespo et al.
2000). Despite the available techniques, the in vitro cultures
derived from the locusts, and other Orthopteran insects for that
matter, are still very much limited as compared to that of
Dipteran or Lepidopteran insects to investigate many of the
intriguing issues in the locust research (Lynn 2001).

The central focus of the locust research is development of
entogmopathogens which can be utilized in locust pest control
since chemical insecticides are toxic to humans and the envi-
ronment (Wang et al. 2013; Fang et al. 2014; Wang et al.
2014; Wang and Kang 2014). To this end, targeted locust-
pathogen interaction studies are required to understand both
locust defense and pathogen offense mechanisms as well as to
develop virulent pathogens against the locusts. The role of
in vitro cultures derived from locust immunocytes, particular-
ly hemocytes or cells of phagocytic tissue (also known as
hematopoietic tissue), is therefore important in unraveling
the regulatory pathways such as pathogen recognition, im-
mune signaling, and immunocyte recruitment during patho-
gen interaction. Let alone established cell lines, optimized and
standardized locust immunocyte primary cell cultures are lack-
ing or at least laboratories which produced such cultures have
not communicated them to the wider public. To our knowledge,
there is only one documented report about in vitro characteri-
zation of locust (S. gregaria) hemocytes in which the hemo-
cytes survived not more than 3 h in the culture (Huxham and
Lackie 1988). In addition, the established Orthopteran cell lines
or primary cell cultures are derived from tissues other than the
immune cells and lack the features necessary for the locust
immunity-based studies. For these reasons, optimized in vitro
methods aiming at the locust immunocytes are still in demand
by communities that are involved in the locust research.

Therefore, we decided to set up primary cell cultures targeting
in particular the hemocytes and phagocytic tissue cells of
L. migratoria. We investigated further some in vitro behaviors
of the locust immune cells, particularly the hemocytes. We were
able to incubate in vitro the locust hemocytes for over 5 d and the
phagocytic tissue cells for over 10 d.We hope that this optimized
method might be utilized for the locust immune-related studies
and lead as a startup for a stable cell line transformation.

Materials and Methods

Animals, media, and chemicals. The locusts were kept in
crowded conditions in transparent cages which were placed
in a ventilated room with controlled temperature (32±1°C),
daylight photoperiod (13 h), and humidity (40–60%). They
were fed with grass and dried oat every day. Adult locusts

1–5 d after final molt were used for our experiment, including
the hemocyte and phagocytic tissue collections.

Media tested in this study include Grace’s insect medium
(11595; GibcoTM-Life Technologies, Paisley, UK), Leibovitz’s
L-15 medium (21083; Gibco™-Life Technologies, Paisley,
UK), IPL-41 medium (11405; GibcoTM-Life Technologies,
Paisley, UK), TC-100 insect medium (13055; Gibco-Life
Technologies, Paisley, UK), and EX-CELL 420 medium
(Sigma-Aldrich, Saint Louis, Missouri). The following chemicals
were used in this study: penicillin-streptomycin and fungizone
(GibcoTM-Life Technologies, Grand Island, New York), phenyl-
thiourea and β-mercaptoethanol (Sigma-Aldrich, Saint Louis,
Missouri), and heat-inactivated fetal bovine serum (FBS) and
trypsin (Gibco™-Life Technologies, Grand Island, New York).
The Grace’s insect medium (1× concentrated) was used as a basal
medium. A simple medium containing the supplements
penicillin-streptomycin (111 μg/mL), fungizone (1.11 μg/mL),
phenyl-thiourea (16.9 μg/100 mL), and β-mercaptoethanol
(5.54 μM) in 1× Grace’s medium, 380 mOsm, pH 6 was used
to set up the cell culture and is described in the following parts of
the manuscript as Bhemocyte medium^. T25 tissue culture flasks
and 24-well flat-bottom polystyrene plates from Techno Plastic
Products AG (TPP®, Trasadingen, Switzerland) were used for the
cell culture. Deckgläser Round glass coverslips (14 mm) were
purchased from Waldemar Knittel, Braunschweig Germany.

Cytological staining. Hemocyte smears were prepared by
spreading 20 μL hemolymph on Superfrost®Plus coated glass
slides (Thermo Scientific, Newbraunschweik, Germany).
They were first briefly air dried and then fixed for 1 h in 2%
calcium acetate containing 4% paraformaldehyde at room
temperature. After repeated washing with clean water, they
were stained with Alcian blue 8GX 300 solution (pH 5.7) as
described previously (Costin 1975).

Collection and in vitro culture of locust hemocytes. To collect
hemocytes, 500 μL of anti-coagulant solution (98 mM NaOH,
186 mM NaCl, 17 mM Na2EDTA, 41 mM citric acid, pH 4.5)
was first injected into each locust as described previously
(Huxham and Lackie 1988). The low pH anti-coagulant solution
was used for locust hemocyte harvest and processing as recom-
mended before (Matsumoto et al. 2012; Pech et al. 1994).
Hemolymph was flushed out into 1 mL ice-cold anti-coagulant
solution within 1 min after the injection. Hemolymph collected
from up to five locusts was pooled in a 15-mL conical FalconTM

tube (TPP®, Trasadingen, Switzerland), and the tube was incu-
bated for 30 min on ice. Afterwards, the cells were washed in
succession with ice-cold anti-coagulant solution and Grace’s me-
dium by centrifugation (500×g for 5 min at 4°C) and re-suspen-
sion. In parallel, the total number of cells was estimated by using
a Burker Chamber hemocytometer. The cells were finally re-
suspended in the hemocyte medium (∼500,000 cells/mL).

DEVELOPMENT OF PRIMARY CELL CULTURES USING LOCUSTA MIGRATORIA 101



For in vitro culture, 1×106 cells were seeded in the T25
flask in a total volume of 2.7 mL hemocyte medium. After
incubation of the cells in vitro for 30 min, 300 μL heat-
inactivated FBS was added into the medium containing the
cells. Half of the medium was replaced with a new hemocyte
medium containing 10% FBS in an interval of 2 d. The flask
was incubated at 28°C at all times and was protected from
dehydration by placing in the incubator an open container
containing clean water. Phase-contrast pictures were taken
using a Nikon microscope.

Collection and in vitro culture of locust phagocytic tissue
cells. The locust phagocytic tissue cells were collected and
cultured in vitro as follows. First, locusts were disinfected in
70% ethanol for 5 min and in 0.1% sodium hypochlorite for
15 min. Afterwards, they were rinsed three times in sterile
water and placed for dissection on a 60-mm Petri dish half-
filled with sterile anti-coagulant solution containing antibi-
otics (200 μg/mL pen-strep and 1 μg/mL fungizone). The
dorsal cuticles consisting of the phagocytic tissue, as de-
scribed previously (Duressa et al. 2015; Hoffmann et al.
1979), were detached carefully from the rest of the body and
transferred to another half-filled Petri dish. The detached tis-
sues were then washed in succession with the anti-coagulant
solution and NaCl/Pi buffer (8 mM Na2HPO4, 1.5 mM
KH2PO4, 137 mM NaCl, and 2.7 mM KCl, pH 7.2).
Afterwards, the tissue pieces were incubated in 1 mL of pre-
warmed hemocyte medium at 28°C overnight. The following
day, the tissues were discarded from the medium and detached
cells were further incubated in the hemocyte medium contain-
ing 10% heat-inactivated FBS.

Primary Cell Culture Validation Tests. The viabilities of
hemocytes were determined by propidium iodide (PI)
dye exclusion method (Chemometec, Allerod, Denmark)
according to the manufacturer’s instructions. Briefly, two
equal samples containing the locust cells were prepared.
The first cell sample was directly stained with PI
(Reagent™ A100) to count non-viable cells, and the sec-
ond cell sample was subjected to cell membrane disinte-
gration using Reagent™ B before PI staining and total
cel l counting. Cell samples were counted with
NucleoCounter® NC-100™. The test was repeated mul-
tiple times and cell viability was determined based on
differences between the total and non-viable cell counts.

In vitro cell survival. In vitro survival of cells was determined
based on examination of nuclear integrity using terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL ) d e t e c t i o n me t h od (Roch e , A lme r e ,
The Netherlands) according to the manufacturer’s instruc-
tions. Sterile glass coverslips were first inserted into 24-well
plates and ∼100,000 cells were seeded in each well. After

adjusting the medium volume to 360 μL per well and addition
of FBS, the plates were incubated at 28°C for 1–10 d. FBS and
media were supplemented in the same manner as it is de-
scribed in BCollection and in vitro culture of locust
hemocytes^ section. Empty wells were filled with sterile water
to avoid dehydration. For cell survival tests, plates were spun
at 500 g for 5 min at 4°C, washed once with NaCl/Pi, and
fixed in 4% paraformaldehyde in NaCl/Pi for 10 min at room
temperature (RT). After repeated washing steps with NaCl/Pi,
the cells were placed in pre-heated (750 W) 10 mM citrate
buffer containing Triton X-100 (0.05%) for 1 min and cooled
quickly by adding distilled water. After permeabilization with
3% Triton X-100 in TBS (15 min), the cells were incubated in
blocking reagent (10 mM Tris-HCl, pH 7.5, containing 3%
BSA and 20% FBS) at RT for 1 h. Next, they were rinsed in
PBS, incubated in TUNEL reaction mixture in the dark at
37°C in a humid atmosphere for 1 h, rinsed again in PBS,
and counterstained with 4′,6-diamidino-2-phenylindole
(DAPI). Finally, the coverslips were mounted with anti-fade
(Mowiol®4-88) on glass slides for Zeiss Imager.Z1
microscopy.

In vitro phagocytosis. FITC-labeled yeast Candida albicans
prepared as described previously (Duressa et al. 2015) were
used for the phagocytosis assays. The locust cells seeded on
glass coverslips as stated above were incubated at 28°C for
30 min. After incubation, 10% FBS and 10 μL FITC-labeled
C. albicans were added into each well and the plates were
further incubated for 3 h. Afterwards, the cells were washed
three times with NaCl/Pi by spinning at 500×g for 5 min. The
wells were then loaded with 400 μL of 0.2% trypan blue in
NaCl/Pi for quenching of extracellular FITC labeled yeast.
After 5 min of incubation at RT, excess trypan blue was re-
moved, and the cells were washed three times with NaCl/Pi
and fixed in 4% paraformaldehyde. Finally, the coverslips
were washed three times with NaCl/Pi and mounted with
anti-fade (Mowiol®4-88) on glass slides for microscopy
(Zeiss Imager.Z1). In parallel, wells containing only FITC-
labeled C. albicans were processed in the same way and used
as a negative control.

Results and Discussion

We observed that locusts contain different types of hemocytes
in the circulation (Fig. 1). The different hemocytes include
prohemocytes, plasmatocytes, granulocytes, coagulocytes,
spherule cells, and oenocytoids as illustrated previously
(Costin 1975). The majority of the locust hemocytes form
spindle-like shapes when observed under an optical micro-
scope while the remaining few cells take round shapes
(Fig. 2a). It was demonstrated earlier that locusts similar to
some other insects contain the different hemocyte types with
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varied concentrations, plasmatocytes, and granulocytes dom-
inating the hemocyte composition (Gupta 1979). The spindle-
like cells represent mainly plasmatocyte and granulocyte cells
while round cells might represent all kinds of hemocytes. We
noticed that use of the low pH anticoagulant solution as de-
scribed in the BMaterials and Methods^ section is essential to
harvest the locust hemocytes as it avoids risks of acute cell
clumping. After harvest, the hemocytes if placed on ice in

either anticoagulant solution, Grace’s, or EX-CELL 420 me-
dia maintain their viabilities (over 85%) for over 5 h, provid-
ing a sufficient time window to set up a primary cell culture.

We tested five different insect culture media, which includ-
ed Grace’s, IPL-41, TC100, L-15, and EX-CELL 420 media,
to screen basal medium for the locust hemocyte culture. The
GibcoTM basal media other than Grace’s medium support cell
growth in lower osmomolar ranges (below 350 mOsm) while

Figure 1 Morphological features
of locust hemocytes. Locusts
contain different types of
circulating hemocytes. The
images represent prohemocytes
(a), plasmatocytes (b),
granulocytes (c), coagulocytes
(d), oenocytoids (e), and
spherule-like cells ( f ).

Figure 2 Locust hemocyte collection and in vitro requirements for
establishing primary cell culture. Each experiment was done in four
replicates by seeding 106 cells in a T25 flask and was repeated at least
five times. Locust hemocytes in anti-coagulant solution (a). The majority
of hemocytes, as displayed in this image in the anticoagulant solution,
form spindle-like shape while few cells have spherical features. Locust

hemocytes in Grace’s medium without FBS (b). Addition of FBS
immediately after hemocyte seeding (c). Immediate exposure of seeded
hemocytes to FBS (10%) triggers acute and irreversible aggregation.
Introduction of FBS in locust hemocyte culture 30 min post-cell seeding
(d).
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Grace’s and the EX-CELL media provide extracellular envi-
ronment with higher osmomolar ranges (between 370 and
400 mOsm). In our tests, Grace’s and EX-CELL media pro-
vided the most suitable environment for the hemocyte primary
cell culture while the other media seemed hypotonic to many
of the hemocytes. Given that the hemolymph of L. migratoria
has slightly acidic pH and osmolality in a range of 370–
390 mOsm (Van Der Horst et al. 1980; Brone et al. 2003),
one would actually foresee the fate of the hemocytes in the
basal media. Therefore, while we did our experiments with the
Grace’s medium, we suggest that locust hemocytes might also
be similarly maintained in vitro using the EX-CELL medium.

We observed that, when setting up the primary cell culture, an
immediate transfer of locust hemocytes from anticoagulant so-
lution to the hemocyte medium containing heat-inactivated FBS
(10%) induces strong and an irreversible aggregation, leading to
hemocyte lysis and death (Fig. 2b, c). Hence, we found out that
the cells once transferred to the hemocyte medium need to be
seeded and briefly warmed at 28°C before adding the FBS
(Fig. 2d).We observed also that the FBS supplement has a rather
positive effect on the hemocytes if introduced in the hemocyte
medium after 30 min of warming the seeded cells. In this time
window, many hemocytes settle at the base of the culture plate,
and subsequent addition of the serum seems to enhance the
attachment of the hemocytes to the culture plate (Fig. 3a).

We noticed that many of the locust hemocytes when incu-
bated in vitro in a basal medium undergo melanization, which

lead to observed change in the color of some cells and even-
tually of the medium (blackening of the cells and the medi-
um). The melanization reactions in insect hemocytes occur
through a series of enzymatic pathways, which involves the
production of quinones and free radicals (Ratcliffe et al. 1991;
Ling and Yu 2005). Due to this problem, it is well recognized
that insect hemocytes are difficult to grow in vitro without
using anti-oxidants and melanization inhibitors (Lynn 2001).
This challenge extends to other arthropods wherein phenyl-
thiourea (PTU) and β-mercaptoethanol (β-ME) are success-
fully applied in the hemocyte cultures to address the problem
(Soderhall et al. 2005; Jose et al. 2010; Jayesh et al. 2013). In
our locust hemocyte cultures, the antioxidant (β-ME) and
melanization inhibitor (PTU) supplements were also able to
effectively block the melanization reaction which in turn en-
sured extended in vitro survival of the hemocytes (Fig. 3).
Other melanization inhibitors, glutathione and cysteine which
were previously proposed for insects (Lynn 2001), were how-
ever much less effective than PTU in our locust hemocyte
cultures.

The locust hemocytes which we cultured in vitro as de-
scribed above were able to survive for over 5 d as long as half
of the medium was replaced every 2 d with fresh hemocyte
medium containing 10% FBS (Fig. 3). We observed that with
survival, some hemocytes appeared to maintain their in vivo
phagocytic behavior as they were able to endocytose the yeast
cells inoculated into the medium (Fig. 3d). In addition, the

Figure 3 In vitro behavior and survival of locust hemocytes. The locust
hemocytes attach to the cell culture plate and form a monolayer of cells
within 24 h post-seeding (a). Locust hemocytes primary cell culture 3 and
5 d post seeding (b, c). Each experiment was done in four replicates by
seeding 106 cells in a T25 flask and was repeated at least five times.

Phagocytized yeast cells (green) by hemocytes in vitro (d). Display of
surviving (DAPI, blue) and dying (TUNEL-FITC, green) hemocytes in
the hemocyte primary cell culture 24 h and 5 d post seeding (e, f). The
phagocytosis and survival tests were done in three replicates by seeding
105 cells in 24-well plates and were repeated at least three times.
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hemocytes attached predominantly to the culture plate and
formed a monolayer of cells within 24 h post-seeding
(Fig. 3a). The cells displayed also elongated cytoplasmic fea-
tures which mostly contained the nucleus at the center. As we
have demonstrated using the TUNEL tests, cells losing viabil-
ity showed nuclear disintegration and positive staining while
healthy cells maintained intact nucleus and remained un-
stained with the TUNEL reaction (Fig. 3e, f). Apart from this,
despite notions that PTU might be toxic to insect cells, we
observed a rather positive effect of this compound in stabiliz-
ing the hemocytes during the 5-d primary cell culture. The
hemocytes, however, start to lose viability from 6 d onwards
which might be due to various reasons such as cell aging or
possible long-term toxicity effects of somemedia supplements
(e.g., PTU, fungizone, and β-ME).

The locust phagocytic tissue (hematopoietic tissue) repre-
sents a major arsenal in the locust defense against intruding
pathogens (Duressa et al. 2015). We were able to successfully
isolate cells of this phagocytic tissue and culture them in vitro
for over 12 d (Fig. 4). After incubation of the phagocytic tissue
in the hemocyte medium overnight, many cells which resem-
ble predominantly the spindle-like locust hemocytes were re-
leased from the tissue into the medium (Fig. 4a). The tissue
was subsequently discarded and the released cells were further
incubated and supplemented with the growth medium con-
taining FBS as described for the hemocytes (Fig. 4b–d). We

noticed that the majority of the cells eventually attach to the
culture plate like the hemocytes (Fig. 4d), displaying also
elongated cytoplasmic structures. However, while the cells
derived from the hemocytes started to detach from the culture
plate from 6 d onwards, possibly due to loss of viability, the
phagocytic tissue cells remained attached to the plate for at
least 12 d.

Insect cell cultures played central roles in unraveling many
insect physiological and immunological processes. They have
been utilized beyond insect studies such as in virus and re-
combinant protein productions, and in investigations of key
mammalian molecular pathways. Regardless, development of
insect cell lines favored primarily the Dipteran and
Lepidopteran orders for some reasons and many insect orders
including the Orthopteran left under-represented (Lynn 2001).
The orthopteran order includes species like L. migratoria and
S. gregaria which are two of the most recognized pest insects
to date. Strikingly, despite imminent needs for various pest
control targeted studies, there have been only limited sporadic
attempts to develop either primary cell cultures or stable cell
lines using tissues derived from the locusts or other
Orthopteran insects as such (Tsang et al. 1981; Zhang et al.
2011). Therefore, we hereby presented our recent advance-
ment to set up a primary cell culture using the locust hemo-
cytes and cells derived from the locust phagocytic tissue. As
reported for other insects (Pech et al. 1994; Lynn 2001), we
faced challenges in containing hemocyte clumping and mela-
nization during the different stages of in vitro cell culture.
Following multiple attempts by employing various techniques
described previously for insect hemocyte collection (Huxham
and Lackie 1988; Pech et al. 1994) and for inhibition of mel-
anization (Lynn 2001; Soderhall et al. 2005), we were able to
formulate a simple Grace’s-based hemocyte growth medium
which contains supplements such as FBS, β-ME, and PTU
that can be utilized to start up the locust hemocyte primary cell
cultures. Working with the locust hemocytes has advantages
as they are easier to harvest in contrast to cells derived from
other body tissues. For primary cell cultures, sufficient hemo-
cytes can be also easily harvested from few locusts as individ-
ual locusts have relatively large body sizes in comparison to
other insects. We hope that our targeted effort on the primary
cell culture will benefit locust researchers who study various
cellular and molecular processes in the locust immune system
and locust-pathogen interaction. Besides, our method might
contribute to lasting efforts that are still to be made for devel-
oping locust cell lines.
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