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Abstract: The sand fly, Phlebotomus papatasi (Scopoli, 1786) (Diptera: Psychodidae), is the main vector of
Leishmania major Yakimoff and Schokhor, 1914, the causative agent of zoonotic cutaneous leishmaniasis
North Africa, the Middle East, and North Sinai. The purpose of this study was to determine the effect of
fungi on P. papatasi larvae, pupae, and adults using light microscopic analysis, scanning electron
microscope (SEM), and histopathological studies. Specifically, larvae, pupae, and adult P. papatasi were
infected with the entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae. Scanning
electron microscope and histopathological methods were used to investigate the destructive impact of the
fungi on the external and internal structures of P. papatasi. The results revealed propagation of the conidia
on the cuticles of all P. papatasi life stages, including on the compound eyes, leg setae, thorax, wings, and
abdomen of the adults. Histological sections of the control and treated larvae, pupae, and adults showed
many alterations and malformations in the body and tissues of all life stages after 72 h. These results
demonstrated that B. bassiana was more effective than M. anisopliae as a biological control of
phlebotomine sand flies. Further studies to determine the best methods for delivery and application in the
diverse ecological settings of the various leishmaniasis vectors are recommended.
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Introduction

Sand flies (Psychodidae) are vectors for
multiple medically important viruses, such as
the bacterium Bartonella baciliformis, and,
most importantly, the protozoan parasites
that cause leishmaniasis (WHO 2008). Sand
flies are significant biting flies that cause
acute dermatitis and delayed-type
hypersensitivity reactions in humans (Belkaid
et al. 2000). Phlebotomus papatasi (Scopoli,
1786) (Diptera: Psychodidae) is a species of
sand fly that act as a vector for Leishmania
major Yakimoff and Schokhor, 1914, the
causative agent of zoonotic cutaneous
leishmaniasis in North Africa, the Middle East,
South Asia (WHO 2008), and North Sinai
(Fryauff et al. 1993). Insecticide resistance in
worldwide populations of phlebotomine sand
flies is a threat to the success of programs
aimed at mitigating the spread of

leishmaniasis (Delinger et al. 2016).

Difficulties controlling P. papatasi using
traditional methods have stimulated efforts to
develop new control measures with reduced
environmental impacts. The biological control
of sand flies has enormous potential to
provide sustainable and environmentally-
friendly alternatives. Various biological
control methods have been previously used
for sand fly control (e.g. essential oils; Ahmed
et al. 2018). Entomopathogenic microorga-
nisms are an important alternative pest
control method. Specifically, the entomo-
pathogenic fungi (EPF) are possible biological
agents for vector control. Some naturally-
occurring EPF infect and kill sand flies and
other medically important arthropods
(Maniania 1998, Scholte et al. 2004, Mnyone
et al. 2009, Amora et al. 2009, Kikankie et al.
2010, Ansari et al. 2011). For example,
Beauveria bassiana is widely distributed in
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nature and has the potential to control
a broad range of its approximately 700 insect
host species. This fungus is applied as
a conidial spray against a large number of
field and laboratory insects, such as
whiteflies, aphids, and many crop pests. In
addition, B. bassiana is harmless to a large
number of non-target organisms (lrigaray et
al. 2003). Metarhizium anisopliae (Metsch)
Sorok  (Ascomycota: Clavicipitaceae) is
a mitosporic fungus that utilizes asexual
reproduction and wusually multiplies as
blastospores or hyphae structures in their
host, similar to yeasticidal activity, then
spread into the body cavity via blood fluid
movement in the insect. The spores of both of
these fungi penetrate insect body via
integument contact and result in host death.
They produce cylindrical conidia and
subcylindrical phialides. The disease caused by
M. anisopliae is known as green muscardine
disease, because of the green color of its
spores (Driver et al. 2000). Warburg (1991)
observed 100% mortality in adult P. papatasi
infected with the fungus.

Entomopathogenic fungi are generally
considered environmentally safe agents with
low mammalian toxicity (Siegel & Shadduck
1990, Cox & Wilkin 1996, Moore et al. 2000,
Batta 2016a). They infect insects by contact.
Specifically, fungal conidia attach on the host
cuticle, then germinate infectious hyphae that
invade the host via direct penetration of the
host exoskeleton or cuticle (Clarkson
& Chamley 1996, Srivastava et al. 2009,
Stephou et al. 2012, Ortiz-Urquiza & Keyhani
2013). There are many examples of successful,
fungus-based insect control programs using B.
bassiana and M. anisopliae (Shah & Pell 2003,
Roberts & Leger 2004). One major
characteristic of these species is their ability to
create resting spores that have facultative or
saprophytic properties under unfavorable
environmental conditions. Mitosporic fungi,
such as B. bassiana, Lecanicillium lecanii Zare &
Gams, 2001, M. anisopliae, and Isaria
fumosorosea (Wize, 1904), are common

species worldwide that are capable of infecting
Lepidoptera, Hemiptera, Coleoptera, and
Diptera species. Anamorphic fungi, like B.
bassiana and M. anisopliae, primarily
propagate as blastospores rather than hyphae.
The blastospores invade the insect’s vital
organs by dispersing across the body via
hemolymph circulation, and eventually result
in insect death due to a clogged circulatory
system. After host death, the fungus converts
to the facultative feeding phase and initiates
hyphal development outwards through the
integument, thus building massive amounts of
spores on conidiophores that establish new
infestations.

Scanning electron microscopy (SEM) is an
excellent tool for studying the external
morphology (texture), chemical composition,
and the crystalline structure and orientation
of different materials. Scanning electron
microscopes have been used to describe the
immature stages (larvae and nymph) of some
Hyalomma spp. that parasitize camels in
Egypt (Abdel-Shafy et al. 2011, 2016), and is
frequently used to evaluate the infection
process of EPF in their insect hosts
(Talaeihassanloui et al. 2007). The aim of this
study was to investigate the external
development of B. bassiana and M. anisopliae
after application to the different life cycle
stages of P. papatasi using light microscopic
(LM) analysis and SEM.

Material and methods

Sand fly colony

P. papatasi larvae, pupae and adults were
obtained from a laboratory colony maintained
at the Department of Zoology, Faculty of
Women for Arts, Science & Education, Ain
Shams University in Cairo, Egypt. The
colonization and rearing procedures from
Modi & Tesh (1983) were followed. The sand
flies were reared in an environmentally
controlled, walk-in insectary regulated to
27°C+2°C, 60-70% relative humidity, and
a 12:12 (L:D) photoperiod. Adults were fed
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a 30% sucrose solution and hamsters as
a blood-source for females. Larval food
consisted of dried rabbit pellets and cow
blood that had been grinded and autoclaved.

Applied EPF

Strains of B.  bassiana  Balsamo
(AUMC5133) and M. anisopliae (Metchnikoff)
Sorokin (AUMC5130) were provided by the
Assiut University Mycological Centre, Assiut,

Egypt.

Inoculation of P. papatasi with EPF

Conidial suspensions of B. bassiana and
M. anisopliae were prepared by mixing 1 g
spore powder in 10 ml distilled water, then
stirring for 30 min before adding 2—-3 drops
Tween 80 as a dispersant in a glass flask.
A dose of 3x107 conidia mI~* was used, which
was chosen based on previous works by
various microbiological control researchers
(Wang & Powell 2002, Meikle et al. 2007,
Halouane 2008, Fan et al. 2012, Hamid et al.
2013, Khaleil et al. 2016).

The sand fly larvae, pupae and adults were
directly exposed to B. bassiana and
M. anisopliae fungi. Specifically, larvae and
pupae sand flies were topically exposed to the
fungal suspension (3x107 conidia ml™) using
a micropipette (1 ul) according to the protocol
described by Broome et al. (1976). The adults
were sprayed carefully for 30 seconds with
3x107 conidia ml? that had been put into
a small sprayer. The same number of adults
were used for the control group that was
sprayed with sterile distilled water only.

Larvae, pupae and adult P. papatasi were
divided into three groups with 30 insects of
each development stage used in each group.
Group | was the control group of P. papatasi
with no fungal treatment. Group Il included
larvae, pupae, and adults exposed to 3x107
conidia ml™* of B. bassiana. Group Il included
larvae, pupae, and adults exposed to 3x107
conidia ml™ of M. anisopliae.

Light microscopy [LM]

The control larvae, pupae and adults, and
treated dead larvae, pupae and adults were
collected 24, 48 and 72 hours after treatment,
then were placed on moist filter paper in
Petri-dishes at 27°C+2°C, 60-70% relative
humidity, and a 12:12 (L:D) cycle to facilitate
fungal sporulation (Farooq & Freed 2016). The
dead insects were washed and collected in 10
ml sterile distilled water, then stirred for 30
seconds to extract spores. Phase contrast
microscopy (Leica microscope DM2500) was
used for the image analysis of the fungus-
infected dead insects. Magnification was
performed at 10x and 40x.

Scanning electron microscopy [SEM]

All three groups were collected 96 hours
after treatment then washed in saline solution,
then fixed in 70% alcohol before being mounted
on aluminum stubs with double-sided, clear
adhesive tape and sputter-coated on an
Eduardo S150 Sputter coater with a thin layer of
gold. The specimens were examined for image
analysis using FEIl inspect. The electron scanning
microscope with the cathodoluminescence
system at the Main Laboratory for Chemical
War in Cairo, Egypt was used for SEM analysis.

Histopathological observations

The histopathological observations for all
three groups were performed 72 hours after
treatment to investigate any changes in the
body wall and midgut. Paraffin sections of
6 um were stained with hematoxylin and
eosin, then examined microscopically (400x).

Results

Microscopic investigations

The microscopic analysis of the control, third
instar larvae in (Fig. 1A) showed normal body
cuticles and body segments. Fig. 1B shows that
normal body structures were also observed in
the control pupae (Fig. 1B) and the control
adults (Fig. 1C), with normal head
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Fig.1. Light microscopic photographs of control larva, pupa and adult of a sand fly Phlebotomus papatasi.

structures, obvious compound eyes, and
normal wings, legs and abdominal segments.

Fig. 2 and 3 shows the adhesion and
penetration of B. bassiana and M. anisopliae
on all three sand fly stages, including conidial
adhesion, germination, and penetration
through the different stages of sand fly
cuticles. Under LM, B. bassiana and M.
anisopliae conidia were observed in three
different regions of the insects. The most
germinated conidia were observed on the
whole body surface of the insects at all three
time points (24, 48, and 72 hours post-
inoculation). For both fungal species, the
germ tubes at 48 hours were short and
penetrated directly through the cuticle in
regions near the hairs and on the abdomen.
After 72 hours, long and errant germ tubes
were detected on the cuticular surface. Three
different body areas were examined after
treatment. Differences between the two
species in terms of both the number of
conidia and the number of germinating
conidia were observed. Examination at all
three time points showed that conidia were
present in greater numbers on the cuticle
after B. bassiana treatment for all three
examined body regions compared to M.
anisopliae.

After 24 hours

The B. bassiana conidia adhered to the
larval integument (Fig. 2A). Although the
conidia preferentially adhered to the head
region, some conidia could be observed
throughout the body of pupae (Fig. 2B) and
were starting the germination process and
cuticle adherence. Some regions of the adult
bodies had groups of conidia adhered to
them, while others had conidia that were in
the initial phase of germination (Fig. 2C). M.
anisopliae showed adhesion and penetration
structures in the larval stage (Fig. 2D). In
addition, the adherence of conidia on the
surface of the adult and pupal cuticle (Fig. 2E
and 2F) were clearly observed after the direct
spray of the conidia.

After 48 hours

A group of conidia remained adhered in
many regions of the integument and
throughout the larval body 48 hours after
exposure to B. bassiana (Fig. 3A). Additionally,
many conidia were germinating, which was
confirmed by the observation of the germ
tube, the fungal structure that produces
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Fig. 2. Light microscopic photographs of treated larva, pupa and adult sand fly Phlebotomus papatasi, with light
microscope: A, B, C) by Beauveria bassiana; D, E, F) by Metarhizium anisopliae after 24 h post treatment. Arrows point

to fungal bodies.

hyphae (Fig. 3B). The  microscopic
observations showed that the integument of
the pupae was supported by long zigzag
filaments, which are transparent hyphae.
These are produced on short spikes that give
a convex appearance to the conidiogenous
cells. In contrast to the larvae, only some
conidia had short germ tubes in the adults
(Fig. 3C). The germ tubes of M. anisopliae at

48 hours were short throughout the body of
the larvae (Fig. 3D). Conidial germination and
penetration on the pupae occurred between
24 and 48 hours (Fig. 3E). Germ tubes and
fungal spores adhering to the cuticle were
clearly seen after 48 hours. Post emergence
adults also had germ tubes on the dorsal
surface of the thorax and the legs, including
tarsus region (Fig. 3F).
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Fig. 3. Light microscopic photographs of treated larva, pupa and adult sand fly Phlebotomus papatasi: A, B, C) by
Beauveria bassiana; D, E, F) by Metarhizium anisopliae after 48 h post treatment. Arrows point to fungal bodies.

After 72 hours

The larvae inoculated with B. bassiana
showed signs of infection after 72 hours, with
abundant hyphae observed on the
integument of the larvae (Fig. 4A) indicating
that B. bassiana had started to differentiate
penetration structures produced by mycelial
hyphae. The microscopic observations

revealed that B. bassiana hyphae colonized
the surface of the pupal integument and
overcame the cuticle barrier to reach the
interior of the body (Fig. 4B). A dense network
was observed in the adults (Fig. 4C). Spores
and hyphae of M. anisopliae were also
observed in the cuticle of the larvae (Fig. 4D).
On the pupae, fungal growth and signs of
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Fig. 4. Light microscope photographs of treated larva, pupa and adult sand fly Phlebotomus papatasi: A, B, C) by
Beauveria bassiana; D, E, F) by Metarhizium anisopliae after 72 h post treatment. Arrows point to fungal bodies.

hyphal proliferation and penetration were
observed (Fig. 4E). Hyphal bodies of
M. anisopliae were also observed on the
different parts of the adults, as were short,
septate hyphae 72 hours post-inoculation
(Fig. 4F).

SEM

Control group

The SEM of the control third instars larvae
(Fig. 5A) showed normal, intact cuticles that
were well formed. Normal pupae with
sigmoid, cylindrical shapes were also
observed (Fig. 5B). The thoracic, and
abdominal segments, and wings of the pupae
were clearly visible. The antennal sheath
showed sketches of the adult flagellomeres.
The abdominal segments progressively
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Fig. 5. Scanning electron microscope of sand fly Phlebotomus papatasi: A) control larva, bar=1 mm; B) pupa, bar=1

mm; C) adult (bar=500 pm).

decreased in width from the anterior to the
posterior extremity, and the 8" and 9"
abdominal segments were covered by the
exuviae. Normal adults were also observed
with  normal head structures, obvious
compound eyes, normal wings, and normal
legs and abdominal segments (Fig. 5C).

B. bassiana- treated P. papatasi

The B. bassiana infected larvae showed
great shrinkage in the abdominal segments
and obvious fungal growth in the abdominal
region after 96 hours (Fig. 6A). The infected
pupae showed clear shrinkage in their body
segments, separation of the last abdominal
segments, and noticeable hyphal tube growth
in the abdominal region (Fig. 6B). The infected
adults showed severe destruction of their
bodies, and obvious hyphal tube growth in the
head region (Fig. 6C).

M. anisopliae-treated P.papatasi

Infected larvae showed severe destruction
in their abdominal segments and apparent
hyphal tube growth in their thoracic segments
after 96 hours (Fig. 6D). The infected pupae
showed clear shrinkage in their body
segments, and obvious hyphal tube growth in
their abdominal region (Fig. 6E). In the adults,
spores and hyphae were observed in the body
wall and clear hyphal tubes were observed in

the compound eyes (Fig. 6F).

Histopathological observations

The histological structure of the cuticle in
all three control stages was formed of an
outer electron-dense layer of epicuticle,
followed by a lamellated procuticle consisting
of exocuticle, endocuticle, and an inner
cellular layer of epidermal cells. The cuticles
were followed by fat bodies and muscles
layers composed of striated fibers. Each fiber
consisted of a number of parallel fibrillates or
sacrostyles. The midgut occupied the whole
cross section and showed one layer of
epithelial cells resting on the basement
membrane (Fig. 7A, 8A, 9A). In contrast, the
B. bassiana- infected larvae showed
degenerative lesions that included cuticle lysis
and the breakdown of muscles into smaller
parts, which are both attributed to the
destruction of the sarcolemma and adipose
tissue in the body cavity (Fig. 7B). The infected
pupae had fungal spores in their cuticular
layers and spore penetration in the fat tissues
(Fig. 8B). The treated adult had severe gonad
destruction and a vacuolization of their fat
cells (Fig. 9B). After 72 hours, the larvae,
pupae, and adults treated with M. anisopliae
exhibited muscular lysis and the fungus had
clearly aggregated in the body wall. The larvae
had cuticle degeneration and fat tissue
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Fig. 6. Scanning electron microscope of treated larva, pupa and adult sand fly Phlebotomus papatasi: A) bar=1mm, B)
bar=500 um, C) bar=500 um, by Beauveria bassiana; and D) bar=1 mm, E) bar=1 mm, F) bar=500 um, by Metarhizium
anisopliae after 96 h post treatment. Arrows point to fungal bodies.

distortion (Fig. 7C). The infected pupae had Discussion

cuticles that were no longer visible, and internal

organs that had all been completely destroyed This study describes the conidia adhesion,
(Fig. 8C). The treated adults had mild gonad germination potential, and the penetration of
destruction and fat cell degeneration (Fig. 9C). B. bassiana and M. anisopliae hyphae in the

183



Polish Journal of Entomology 90 (4) 2021

Fig. 7. Transverse H and E-stained sections of larva: A) the cutlcle fat cells of normal larvae of P. papatasi, the body
wall of normal 3™ instar larvae of the P. papatasi has three layers; an outer electron-dense layer of epicuticle,
followed by the procuticle, which is composed of the exocuticle and endocuticle, and then the inner layers of
epidermal cells; B) the cuticle, fat cells 72 h after being treated with B. bassiana; C) the cuticle, fat cells 72 h after
being treated with M. anisopliae. Cu — cuticle, Fc — fat cells (10x).

Fig. 8. Transverse H and E-stained sections of pupa: A) the cuticle, muscle of normal pupa of P. papatasi the body wall
of normal pupa of P. papatasi has three layers; an outer electron-dense layer of epicuticle, followed by the procuticle,
which is composed of the exocuticle and endocuticle, and then the inner layers of epidermal cells; B) the cuticle, fat
cells 72 h after being treated with B. bassiana; C) the cuticle, fat cells 72 h after being treated with M. anisopliae. Cu —
Cuticle, Fc — fat cells, S — spors (10x).

Flg 9. Transverse and longitudinal H and E-stained sections of adult: A) the cuticle, fat cells and gonads of normal
adult of P. papatasi; B) the cuticle, fat cells and gonads 72 h after being treated with B. bassiana; C) the cuticle, fat
cells and gonads 72 h after being treated with M. anisopliae. Cu — cuticle, Fc — fat cells, C — conidia, G — gonads (10x).
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integument of different sand fly develop-
mental stages, taking into consideration the
time needed for these processes to occur in
the laboratory. Several studies pertaining to
the insecticidal action of B. bassiana and
M. anisopliae on other insects are available,
but very few reports describe the
histopathological changes for the different
stages of sand flies (Travaglini et al. 2016,
Travaglini 2017), although mortality tests
have been reported (Travaglini et al. 2016,
Travaglini 2017). Diehl-Fleig et al. (1988)
studied Atta sexdens (Linnaeus, 1758)
soldiers, and reported that 72 hours of
exposure to EPF caused 50% mortality in
a controlled environment. Castilho et al.
(2010) reported that M. anisopliae had an
80% mortality rate in Atta bisphaerica (Forel,
1908) soldiers 72 hours after inoculation, and
also that B. bassiana isolates were pathogenic
for A. sexdens in the same period of time. In
this study, the penetration of B. bassiana
hyphae into body of larvae occurred in less
than 48 hours, probably due to the fragile
constitution of the exoskeleton during this life
cycle stage before the cuticle is fully
sclerotized, which is relevant information for
this kind of vector control. The presence of
sensilla in the adults probably facilitated the
adhesion of conidia in these structures, with
penetration occurring within 72 hours as
expected due to the fully sclerotized cuticle
that acts as an efficient physical protection
barrier that provides the insect with
protection against desiccation, parasitism,
and predation (Chapman 1998). It s
important to note that the application of the
fungi was targeted, and adjuvant may have
accelerated the process (Travaglini et al. 2016,
Arnosti et al. 2019); however, reports in the
literature on biological control confirm that
a single viable conidium that has all the
favorable conditions for development is able
to cause host death (Arnosti et al. 2016). In
addition to the integument, the natural
openings of the insect body, such as the anus,
spiracles, or buccal cavity, have been

considered  important  sites for  EPF
penetration (Kermarrec et al. 1986). These
openings have the protection of anatomical
structures that prevent the penetration of
strange agents into the insect’s body (Dunn
1986, Silva 2002). For example, the trachea
and tracheoles would act as a barrier for the
spiracles.

To Dbetter wunderstand these fungal
infections, other necessary information needs
to be studied, including the method of
transmission and dispersion inside the colony
after the pathogen has reached the larvae,
which are the most susceptible to infection
(Travaglini et al. 2017). Oi & Williams (2002)
studied pathogen transmission and verified
that the queen was contaminated after the
introduction of Thelohania solenopsae-
infected larvae and pupae. This study
confirmed that conidia adhesion and
germination on the cuticle surface of the
adults began to occur 24 hours after
B. bassiana exposure, when it was possible to
observe the penetration structure. The
process of mass penetration of B. bassiana
hyphae occurred 72 hours after exposure.
After the entomopathogenic fungus spore
adheres to the skin of the insect it forms the
germination nail and penetrates the
epicuticula with the help of oil and protein
degrading enzymes and reaches the
hypodermis if the climatic conditions are
favorable. These hyphae then multiply and
spread in the body cavity. Micelles filling the
body cavity eventually kill the insect. The
fungus then forms chlamydospores that
remain alive in the dead insect body. These
chlamydospores germinate under appropriate
conditions to form conidiophores on the skin
of the dead insect. The spores on the
conidiophores are also ready to begin new
infections (Ferron 1978, Shah & Pell 2003,
Goettel et al. 2005). Thus, the fungus needs to
reach the hypodermis to be successful in
transdermal infection. This is very important
due to insect molting, especially for insects
that molt frequently after only short periods
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of time. If the insect molts before the fungal
infection reaches the hypodermis, it can be
saved from the infection. If the infection
reaches the hypodermis first, then the insect
cannot save itself from the infection (Onciier
1984).

The fungal conidia invade the host cuticle
shortly after germination, or after limited
hyphal growth (Leger et al. 1991). Fungal
infection begins when the conidia attach to
the insect cuticle, the spores germinate and
penetrate the insect cuticle, and then
circulate in the host. Once the fungus
penetrates the host, it produces toxins and
secondary metabolites that overcome the
insect immune system to grow rapidly
(Roberts  1981), which explains the
destruction of all P. papatasi stages infected
by B. bassiana and M. anisopliae in this study.
Specifically, the studied sections showed the
lethal effectiveness of both fungi on the
internal and external tissues of all three
development stages. The formation and
multiplication of the fungal hyphal bodies of
both species inside and outside the host
bodies was marked. Larvae hyphal bodies and
spores were seen 24 hours postmortem in the
abdominal region, whereas hyphal bodies
were seen in the head and wings of the
pupae, and in the heads of the adults. Hyphal
bodies in the larvae and pupae 48 and 72
hours postmortem were seen in the middle
and terminal region of the abdomen, whereas
the fungal spores obviously attacked the
ommatidia and abdomen of the adults. This
finding agrees with Toledo et al. (2010), who
found that the highest concentration of
spores and hyphal bodies was detected in the
compound eyes and the terminal region of
the abdomen, with lysis of the body fat cells
and muscular tissues. The present SEM
showed that the conidia B. bassiana attached
itself to all body regions of the infected flies,
particularly in areas with dense hair cuticles.
This agrees with Boucias et al. (1988), and
Boucias et al. (1991). In this case, B. bassiana
conidia were abundant in the hair of infected

4™ instar larvae of velvet bean caterpillar
(Anticarsia  gemmatalis  Hubner, 1818).
Beauveria spp. conidia were found between
the ommatidia of the compound eye and on
the articulating membrane of the adults’ legs.
This agrees with Hasaballah et al. (2017), who
recorded B. bassiana and M. anisopliae
conidia on the compound eye, thorax, legs,
and abdomen of Musca domestica Linnaeus,
1758. Toledo et al. (2010) found that conidia
of B. bassiana isolate biologically controlled
Peregrinus maidi (Ashmead, 1890) and
attacked its compound eyes and legs.
Entomopathogenic  fungi have an
advantage over other insect pathogens, in
that they can infect all developmental stages
of their hosts, including the eggs, larvae,
pupae and adults. There have been many
recent publications of the potential of EPF for
the control of disease vectors, such as Culex,
Anopheles, and Aedes (Howard et al. 2010,
Farenhorst et al. 2009, Paula et al. 2008). LM
observation showed that B. bassiana conidia
were observed in the same regions of the host
insect as M. anisopliae. The hydrophobic
conidia of both fungal species were able to
attach to all body regions, with a preference
for surfaces containing hairs, as was also
reported by Boucias et al. (1988). Beauveria
bassiana conidia were found to be especially
trapped by and tightly bound to these hairs,
as was also previously reported by Boucias
& Pendl (1991). Many germinated conidia
were observed at 24, 48, and 72 hours post-
inoculation on the whole body surface. For
both fungal species, germ tubes were short at
24 and 48 hours, and penetrated directly
through the host cuticle. After 72 hours, long
and errant germ tubes were detected on the
cuticular surface. In all cases, M. anisopliae
emitted only one germ tube from each
conidium, as Schabel (1978) also reported.
Neither the bipolar germination nor the
appressoria formation observed by Mc Cauley
et al. (1989) & Vestergaard et al. (1999) were
detected in this study. The most frequent
method of penetration was through the
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cuticle (particularly for B. bassiana), although
M. anisopliae germ tubes were observed
entering through the hair sockets situated on
the forewing venation. McCauley (1968)
reported the penetration of M. anisopliae
through the solid cuticle as the most common
method of entering the body cavity of elaterid
larvae, after the spiracles and pores of the
sense organs. The preferential penetration
sites in Frankliniella occidentalis (Pergande,
1895) observed by Vestergaard et al. (1999)
were noted to be on the head, thorax,
abdomen, and the thickest part of the wings,
where the conidia penetrated directly through
the cuticle. In another study, B. bassiana
conidia were able to penetrate directly
through the integument and the respiratory
system (Pekrul & Grula, 1979).

Germination on the cuticular surface was
observed at 24 hours post-inoculation, but
the germination percentages were low
(confronted with 95.5% and 100%) in vitro for
B. bassiana and M. anisopliae, respectively. In
this study, SEM showed that the penetration
of B. bassiana hyphae in the cuticle body was
not fully sclerotized which is relevant
information for this kind of control. The
penetration of the larvae occurred in less than
24 hours, probably due to the fragile
constitution of the exoskeleton in this life
cycle. In the adults, the presence of sensilla
probably facilitated the adhesion of the
conidia on these structures, and the
penetration and germination occurred within
48 hours as expected once the integument in
this phase is fully sclerotized, providing the
insect with protection against desiccation,
parasitism, and predation, and acting as an
efficient physical protection barrier (Chapman
1998). It is important to note that the
application of the fungi was targeted, and that
adjuvants may have accelerated the process
(Travaglini et al. 2016, Arnosti et al. 2019).
Other studies have investigated the
appropriate timing for the conclusion of each
step (adhesion, germination, and
penetration), which could lead to the

successful use of EPF in the control of pest
insects (Bot et al. 2002, Lacerda et al. 2010,
Poulsen et al. 2002, Vieira et al. 2012).

In this study, the control and fungal treated
larvae, pupae, and adults were histologically
examined after 72 hours by LM. The
microscopic examination of the 3™ instar
larvae and pupae revealed that the
B. bassiana and M. anisopliae spore
suspension brought about massive disinteg-
ration and deformation of the fat body and
tissues. Severe degeneration was observed in
the fat cells, as well as the rupture of the
cuticle, which revealed the development and
colonization of the fungi inside the insect. The
untreated 3 instar larvae and pupae showed
normal body structures with intact cuticles
clearly differentiated into epicuticle and
endocuticle layers and normal fat cells. The
treated individuals had a semi-thin section
showing many abnormalities in the insect
body. Spodoptera littoralis (Boisduval, 1833)
larvae treated with five strains of EPF had
many malformations in the cuticle (Amer et
al. 2008). The alterations in the host’s cuticle
is probably due to physical damage from the
mycelium growth, and the beginning of the
fungal sporulation process, but may also be
due to biochemical degradation (Benserradj
& Mihoubi 2014). As mentioned by Haitham
& Alleddin (2012), the analysis showed great
effects on all parts of the body, including the
body wall, intestine and adipose tissues, and
especially the degradation of the larval
epicuticle into small pieces, in addition to the
development of large masses of spores, and
the appearance of gaps, which are regions of
fungal spore crossings. A large amount of
histological changes have been observed in
most insects infected with various EPF using
light and electron microscopy (Scheneider et
al. 2013, Gabarty et al. 2014, Khaleil et al.
2016, Ragavendran et al. 2017).

The insect cuticle, with its underlying
epidermis, forms the integument. It acts as
the exoskeleton and as a barrier between the
environment and the animal. It covers the
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whole surface of the body, and invaginates in
the gastrointestinal tract and the respiratory
system. In the present study, the histological
changes in the larvae affected the epidermal
cells, and karyolysis-type necrosis was
detected. The cross section in the
gastrointestinal tract showed the effect that
the fungus had on the muscular layers, which
caused a change in the thickness of these
layers compared with those of the controls
due to the disappearance of the muscle layer
supports. The same effect was observed in
the intestinal cells, where degradation was
caused by the fungal invasion. In another
insect, lepidopteran larvae of Galleria
mellonella (Linnaeus, 1758) were infected
with strains of the fungus Candida albicans,
then the whole larvae were examined for
tissue changes using histological techniques.
Various degrees of pathogenicity (strain- or
inoculum-related), and the infection time
course were described (Perdoni et al. 2014).
Meanwhile, the examination of histological
sections of various portions of the digestive
tract showed some changes in Locusta
migratoria (Linnaeus, 1758) larvae treated
with Pseudomonas fluorescens, especially at
the mesenteron level with the alteration of
the  peritrophic membrane  (Oulebsir-
Mohandkaci & Doumandji-Mitiche 2012). The
cross sections of the body walls of the
different sand fly stages showed the effect
that the fungus had on the cuticle and the
muscular layers, which caused a change in the
thickness of these layers compared with those
of the controls as the supports for the muscle
layers disappeared. The same effect was
observed in the midgut cells and adipose
tissue, where degradation was caused by the
invasion of the fungi. This was confirmed by
the many histological changes seen in most
insects infected with different EPF using light
and electron microscopy (Scheneider et al.
2013, Gabarty et al. 2014, Khaleil et al. 2016,
Ragavendran et al. 2017). The alterations in
the host cuticle is probably due to physical
damages caused by the mycelium growth and

the beginning of the fungal sporulation or
may be due to biochemical degradation
(Benserradj & Mihoubi 2014).

The present study shows B. bassiana is
a more efficient control agent than M. aniso-
pliae. Erler & Ates (2015) noted a similar
observation regarding the pathogenicity of
B. bassiana and M. anisopliae, when they
found that B. bassiana was more effective
than both formulations of M. anisopliae,
causing mortalities up to 79.8% and 71.6%,
respectively, against the larvae of Polyphylla
fullo Linnaeus, 1758 (Coleoptera: Scarabae-
idae). In our study, B. bassiana had a faster
adhesion, germination, and penetration than
M. anisopliae, which was in contrast with the
results obtained by Dimbi et al. (2003), who
evaluated their effect on adult fruit flies and
reported 100% mortality with M. anisopliae
(ICIPE4AO/ICIPE41), but only 93.3% with
B. bassiana (RI/AV/BB) at 4 days post-
treatment. Nevertheless, these authors
reported M. anisopliae as a faster acting
pathogen than B. bassiana.

This study concluded that the studied fungi
have destructive effects on the external and
internal structures of the larvae, pupae and
adult P. papatasi. In addition, B. bassiana had
a faster adhesion, germination, and
penetration than M. anisopliae. Thus, fungal
spores are recommended as a biological
control of the sand fly.
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