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The present study describes an accurate quantitative method for quantifying the adherence of conidia to the
arthropod cuticle and the dynamics of conidial germination on the host. The method was developed using
conidia of Metarhizium anisopliae var. anisopliae (Metschn.) Sorokin (Hypocreales: Clavicipitaceae) and en-
gorged Rhipicephalus annulatus (Say) (Arachnida: Ixodidae) females and was also verified for M. anisopliae var.
acridum Driver et Milner (Hypocreales: Clavicipitaceae) and Alphitobius diaperinus (Panzer) (Coleoptera:
Tenebrionidae) larvae. This novel method is based on using an organic solvent (dichloromethane [DCM]) to
remove the adhered conidia from the tick cuticle, suspending the conidia in a detergent solution, and then
counting them using a hemocytometer. To confirm the efficacy of the method, scanning electron microscopy
(SEM) was used to observe the conidial adherence to and removal from the tick cuticle. As the concentration
of conidia in the suspension increased, there were correlating increases in both the number of conidia adhering
to engorged female R. annulatus and tick mortality. However, no correlation was observed between a tick’s
susceptibility to fungal infection and the amount of adhered conidia. These findings support the commonly
accepted understanding of the nature of the adhesion process. The mechanism enabling the removal of the
adhered conidia from the host cuticle is discussed.

The entomopathogenic fungus Metarhizium anisopliae var.
anisopliae (Metschn.) Sorokîn (1883) infects a broad range of
arthropod hosts and can be used as a biopesticide against
different insect and tick species (8, 22, 35, 36). The adhesion of
the conidia of entomopathogenic fungi to the host cuticle is the
initial stage of the pathogenic process and includes both pas-
sive and active events (5, 10). The hydrophobic epicuticular
lipid layer plays an important role during both the attachment
process and the germination of the conidia on the surface of
the host (15, 19). According to Boucias et al. (7), the attach-
ment of conidia to the host cuticle is based on nonspecific
hydrophobic and electrostatic forces. The conidia of most en-
tomopathogenic fungi, including M. anisopliae, have an outer
cell layer made up of rodlets (6). The hydrophobins, specific
proteins present in the rodlet layer, mediate the passive adhe-
sion of conidia to hydrophobic surfaces, such as the cuticles of
arthropods (16, 45, 46). However, as germination commences,
the hydrophobins are replaced by an adhesion-like protein,
Mad1, which promotes tighter and more-specific adhesion be-
tween the conidia and the host (44). Many factors may affect
the adhesion and persistence of conidia on the host cuticle
(i.e., characteristics of the pathogen, including its virulence [2,
18, 48], conditions under which the pathogen is cultured [17],
type of spores [7, 16], topographical and chemical properties of
the host cuticle [9, 38, 42], host surface hydrophobicity [15, 23],
host behavior [31, 33], and environmental conditions [33]).
Conidia of M. anisopliae have shown an affinity to cuticular

regions containing setae or spines (7, 38) and to highly hydro-
phobic cuticle regions, such as mosquitoes’ siphon tubes (23)
and intersegmental folds (43). Sites with higher numbers of
adhered conidia varied among host species. However, in gen-
eral, the membranous intersegmental regions were often par-
ticularly attractive sites for conidial attachment (26). Variation
in the distribution of conidia across different anatomical re-
gions has also been noted in studies of several tick species
inoculated with entomopathogenic fungi (3, 21, 22). An eval-
uation of the attachment of Beauveria bassiana conidia to three
tick species, Dermacentor variabilis, Rhipicephalus sanguineus,
and Ixodes scapularis, demonstrated that the distribution pat-
terns of the different conidia on the ticks’ bodies were not
uniform (22). The density of the conidia and their germination
varied dramatically across different anatomical regions of Am-
blyomma maculatum and A. americanum that had been inoc-
ulated with B. bassiana (21). Arruda et al. (3) demonstrated
that mass adhesion of M. anisopliae conidia to engorged
Boophilus microplus females occurs predominantly on ticks’
legs, suggesting its association with the presence of setae.

There are a few approaches for assessing the adhesion of
conidia to the host cuticle that are based on direct observation
of the conidia on the arthropod cuticle. They involve examin-
ing a few areas on the surface of an arthropod by means of
scanning electron microscopy (SEM) (11, 15, 30), transmission
electron microscopy (TEM) (4), or fluorescence microscopy
following vital staining of the conidia (2, 28, 29, 37). These
methods are expensive, time-consuming, and relatively inaccu-
rate due to the uneven distribution of conidia on the host
surface.

In this work, we describe a quantitative method for deter-
mining the total amount of conidia that have adhered to a
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whole host cuticle. This method is based on removing adhered
conidia from the tick cuticle using an organic solvent, separat-
ing the conidia from the extract by centrifugation, resuspend-
ing the conidia in a detergent solution, and then counting the
conidia in a hemocytometer. The efficacy of the method was
evaluated by comparing the results of this procedure with
those of a supplementary examination of conidial removal
using SEM.

The term “adhered” is often used to define conidia in dif-
ferent states: washed or unwashed after inoculation, present on
the host cuticle immediately after inoculation, or kept for sev-
eral hours (1, 2, 38). In this paper, the term “adhered conidia”
refers to conidia that remained on the cuticle after washing by
vortexing the inoculated and dried host in an aqueous solution
of Triton X-100 and rinsing of the material under tap water.

MATERIALS AND METHODS

Rearing the arthropods. Rhipicephalus annulatus (Say) (Arachnida, Ixodidae)
ticks were collected in 1984 from cattle in Israel and fed every 2 months on
healthy 1- to 3-month-old Friesian calves. Eggs and unfed larvae were main-
tained at 28°C and 85% relative humidity (RH). Hyalomma excavatum (Koch)
ticks were obtained from a colony that has been maintained in the laboratory
since 1992. Their preimaginal stages were maintained on gerbils (Meriones tris-
trami), and their adult stages were maintained on rabbits. The nonfeeding stages
were maintained at 28°C and 85% RH. After completion of the prefeeding
period, the ticks were stored at 14°C until use.

Alphitobius diaperinus (Panzer) (Coleoptera: Tenebrionidae) larvae of a lab-
oratory colony were fed a diet comprised of starter ration (starter mash) (50%),
ground wheat (25%), ground dog food pellets (Nutra Nugget; Meta, Missouri)
(20%), and yeast (5%), all dry weight, to which 5% (wt/vol) of water was added.
The colony was kept under a 28°C, 12-h light/12-h dark regime.

Preparation of fungi. M. anisopliae var. anisopliae strain 7 was isolated in Israel
in 1998 from an unidentified coleopteran. It was found to be very virulent to
many species of tick instars (14). For this reason, this isolate was chosen for our
comparison of the adhesion of conidia to the susceptible versus resistant hosts,
R. annulatus and H. excavatum, respectively.

Metarhizium anisopliae var. acridum strain 5 (kindly provided by G. Zimmer-
man) was isolated in Madagaskar in 1992 from Locusta migratoria. In previous
experiments, it was observed to be a low-virulence isolate for R. annulatus
engorged females (13). A month before the beginning of the experiment, these
isolates were reisolated from laboratory-infected engorged female R. annulatus
on Sabouraud dextrose agar (SDA) (Difco, Becton Dickinson, Sparks, MD)
supplemented with ampicillin (100 �g per ml; Sigma, Israel) and dodine pestanal
(100 �g per ml; Sigma, Israel). To obtain the conidia, the fungus was grown on
SDA for 2 weeks at 25°C. Conidia were harvested by scraping the fungal colony,
suspending the collected material in 10 ml sterile distilled water containing
0.01% Triton X-100, and then vortexing and sonicating for 5 min (Ultrasonic
Cleaner D80H; Chemist Co., Taipei Hsien, Taiwan) to break up the clumps of
conidia. After sonication, the suspension was filtered through Miracloth (Cal-
biochem; La Jolla, CA), and conidial concentrations were determined using a
hemocytometer. The suspension was adjusted to the required concentrations.
The percentage of viable conidia had been previously determined on SDA, and
conidia with germination rates of 95 to 100% were used.

Evaluation of conidial adhesion to the tick cuticle. The method was developed
using conidia of M. anisopliae var. anisopliae strain 7 and engorged R. annulatus
females. M. anisopliae var. acridum strain 5 and engorged R. sanguineus females
and A. diaperinus larvae were tested in the final stage of the study.

(i) Inoculation of arthropods and elimination of nonadhered conidia. En-
gorged female ticks were washed with tap water, allowed to air dry, and then used
for the adhesion experiments. We inoculated the ticks with M. anisopliae var.
anisopliae strain 7 by dipping them individually in conidial suspensions (2 ml per
tick) of various concentrations for 5 s. The inoculated ticks were air dried on
mesh (mesh size, 2 mm) at room temperature until they were completely dry.
The amount of time that conidia were exposed to the tick cuticle varied from 2
to 24 h. After this period, the inoculated ticks were washed in a vortex for 5 s with
water containing 0.01% Triton X-100 and then rinsed with tap water. These
actions eliminated any conidia that had not really adhered to the cuticle but were
only resting on the cuticle surface. After rinsing, the ticks were left to dry on filter

paper for 2 h. A. diaperinus larvae were inoculated with M. anisopliae var.
anisopliae strain 7 by the same method.

(ii) Removing and counting adhered conidia. We compared the use of two
different solvents for removing adhered conidia from tick cuticle: (i) a nonpolar
solvent with a polarity index of 0, n-pentane (99.9%; Uvasol, Merck, Germany),
and (ii) a solvent with a polarity index of 3.1, dichloromethane (DCM) (99.9%
GC grade; Bio-Lab Ltd., Israel). Each tick was placed in a 15-ml polypropylene
centrifuge tube (1 tick per tube; Corning, Inc., Corning, NY) containing the
solvent, and the tube containing the tick and the solvent was then shaken by hand
for 5 min. The adhesion of the conidia to the tubes had been tested previously
and found to be negligible. The average tick surface area was roughly calculated
as if it were the same shape as a box: 2(�b � bh � h�), where � is the height of
the object and b and h are the lengths of its sides. Ten ticks of each species were
used for surface area calculations. Because the average surface areas of the two
tick species differ, the solvent volume per tick was adjusted accordingly: 1 ml of
solvent for each R. annulatus tick and 2.3 ml for each H. excavatum tick. The
surface area of eight A. diaperinus larvae was equal to that of one engorged R.
annulatus female, and this proportion was used to determine the appropriate
solvent volumes.

To evaluate the influence of the duration of solvent extraction on conidial
removal, the procedure was applied for 5, 10, and 20 min.

Subsequently, the solvent extract containing the conidia was transferred to a
new tube and mixed with ethyl alcohol (1:1) (99.8% analytical; Frutarom Ltd.,
Haifa, Israel) and centrifuged for 30 min at 6,000 � g (fixed-angle rotor model
RS 300; centrifuge model NF800; Nuve, Ankara, Turkey) at a temperature of
25°C. The supernatants were examined under a light microscope, and the pres-
ence of conidia in these supernatants was found to be negligible. The conidium-
free supernatants were discarded, and each of the conidium-containing sedi-
ments was mixed with 1 ml of sterile distilled water with 0.1% Triton X-100. The
tubes were vigorously shaken, and the conidium titer was examined with a
hemocytometer. Additional details concerning this method are presented in
Results.

The germination rate of the conidia that had adhered and were then removed
was evaluated by counting the germinated and nongerminated conidia directly in
a hemocytometer.

(iii) Confirming removal of adhered conidia: SEM observation. Engorged R.
annulatus females and A. diaperinus larvae were inoculated with a suspension
containing 1 � 108 conidia per ml as described above. They were fixed in a
solution of glutaraldehyde (2.5%) in phosphate buffer (0.1 M, pH 7.2). After 2 h,
the samples were rinsed repeatedly with phosphate buffer. The samples were
rinsed every 10 min over the course of 1 h (five to six times). The samples were
dehydrated in increasing concentrations (25%, 50%, 75%, 95%, and 100%) of
ethanol and dried in a critical point dryer ((Bio-Rad CPD 750; Hemel, Hemp-
stead, United Kingdom) and mounted on metal stubs. The samples were coated
with gold and observed under a JEOL-JSM5410LV scanning electronic micro-
scope (Tokyo, Japan) (20 kV).

Bioassay. We inoculated female ticks by dipping them into a conidial suspen-
sion (1 � 107 conidia per ml) for 10 s. The inoculated ticks were then transferred
to dishes lined with moist filter paper (5 females per dish) and incubated at 25°C
and nearly 100% RH for 14 days. Daily tick mortality was recorded, and the dead
ticks were removed from the dishes. Each test was repeated two to three times,
with at least 25 females each time. Prior to each bioassay, conidial viability was
determined by seeding SDA with conidia, incubating the culture at 25°C for 24 h,
and then counting the percentage of germinating conidia. Only suspensions with
germination rates of at least 95% were used.

Data analysis. The nongerminated and germinated conidia 24 h postinocula-
tion (p.i.) and the live and dead ticks from the bioassay experiments were
counted, and percentages of germination and mortality were calculated. Results
are presented as means plus standard deviations (SD). To evaluate the differ-
ences between the adhesion of conidia to the cuticles of resistant ticks compared
to that for susceptible ticks, t tests were used.

RESULTS

Method development. A preliminary comparison of the
numbers of adhered conidia that were removed from tick cu-
ticles by solvents showed that the DCM extract contained
about 10 times more conidia than the pentane extract. Five-
minute pentane extraction of ticks that had been inoculated
with a 1 � 106-conidia-per-ml suspension removed (2.0 �
1.2) � 103 conidia per tick on average, whereas 5-min DCM
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extractions yielded (2.23 � 3.7) � 104 conidia per tick, on
average. For both solvents, increasing the duration of the ex-
traction (5, 10, or 20 min) did not increase the number of
conidia removed; the average number of conidia in the pen-
tane extract was (2.0 � 1.2) � 103 for the 5-min extraction and
(2.2 � 0.8) � 103 for the 20-min extraction. In the DCM
extract, the average numbers of removed conidia were (2.2 �
0.4) � 104 and (2.7 � 0.8) � 104, accordingly. Since a 10-min
extraction was more practical than a 5-min extraction for si-
multaneous treatment of a large number of probes, it was used
for all subsequent assays. To determine how thorough the
removal of the conidia from the tick cuticle by DCM truly was,
ticks were repeatedly immersed in fresh portions of DCM for
10 min at a time for second and third extractions. The data
presented in Fig. 1 demonstrate that the first DCM extraction
removed about 80% of the adhered conidia from the tick
cuticle. After two successive extractions, 98 to 100% of the
adhered conidia had been moved from the tick cuticle to the
solvent. The success of removing the adhered conidia using this
method was confirmed by SEM observations (described be-
low).

Influence of exposure period on adhesion of conidia to the
tick cuticle. During the first hour following the ticks’ inocula-
tion with the conidial suspension, the ticks were still wet.

Therefore, the influence of the duration of the ticks’ exposure
to the conidia on conidial adhesion was evaluated starting 2 h
p.i., by which time the ticks were completely dry. The average
number of adhered conidia was not significantly affected by the
different exposure periods and varied from 2.0 � 104 to 3.1 �
104 conidia per tick (Table 1). However, following exposure
periods longer than 2 h, the coefficient of variation of conidium
removal increased 3 to 7.5 times. Also, beginning 6 h p.i., we
observed some germinated conidia. The percentage of germi-
nated conidia in the DCM fraction increased from 0.9% �
0.5% at 6 h p.i. to 18.7% � 4.4% at 24 h p.i.

Efficacy of removal process examined by SEM. The success-
ful removal of adhered conidia using DCM was confirmed by
SEM observations. Figures 2A and C show M. anisopliae var.
anisopliae strain 7 conidia that adhered to the tick cuticle and
remained on the cuticle surface after 2 h of incubation at 25°C
and 100% RH. The surfaces of the ticks’ bodies were covered
with individual conidia, small groups of conidia, short chains,
and large aggregates. The conidia were attached to the ticks’
body surfaces, with no preference for specific sites such as
seta-rich or grooved areas. The photograph in Fig. 2E depicts
inoculated tick cuticle 24 h p.i., at which point about 30% of
the adhered conidia had started to germinate. The germinated
conidia produced both short and long germ tubes, and we did
not observe any relationship between germ tube length and
anatomical region.

Figures 2B, D, and F show the surfaces of ticks that were
inoculated with a suspension of M. anisopliae var. anisopliae
strain 7 conidia and incubated for 2 or 24 h under the condi-
tions discussed previously but were washed with DCM). Wash-
ing the conidia with DCM 2 h p.i. removed all adhered conidia
(Fig. 2B and D) from the tick cuticle. However, the same
procedure used 24 h p.i. removed both germinated and non-
germinated conidia but not those that had formed appressoria
(Fig. 2F). The number of these remaining conidia was very low
and thus can be disregarded in the evaluation of the success of
the conidium extraction procedure.

This method for conidium removal was also examined on
ticks inoculated with M. anisopliae var. acridum strain 5 (data
not shown) and on A. diaperinus larvae inoculated with M.
anisopliae var. anisopliae 7. SEM observations confirmed that
the method is effective in these cases as well. Figure 2 shows M.
anisopliae var. anisopliae strain 7 conidia attached to the cuti-
cles of A. diaperinus larvae before (G) and after (H) extraction.

Effect of conidial concentration on conidial adhesion to the
tick cuticle and tick mortality. The adhesion of M. anisopliae
var. anisopliae strain 7 conidia to the tick cuticle 2 h p.i. de-
pended on the concentration of the conidial inoculum and was

FIG. 1. Efficacy of successive DCM extractions for the removal of
adhered conidia of M. anisopliae var. anisopliae strain 7 from tick
cuticle. Engorged R. annulatus female ticks were inoculated with sus-
pensions of conidia (105 or 106 conidia per ml). The adhered conidia
were removed with 1 ml DCM; duration of solvent contact with tick
was 10 min. Bar, means � standard errors (SE).

TABLE 1. Influence of duration of exposure of M. anisopliae var. anisopliae strain 7 conidia to surfaces of engorged R. annulatus females on
numbers of conidia that adhered to tick cuticlesa

Parameter
Value at time (h)b:

2 6 8 12 18 24

Avg no. of conidia adhering to each tick, �104 (SD) 2.6 (0.2) 3.1 (1.2) 2.0 (0.6) 2.2 (1.5) 2.0 (0.7) 2.5 (1.2)
Coefficient of variation 9.16 38.02 32.20 69.33 35.15 46.85

a Ticks were inoculated with a suspension with a concentration of 1 � 106 conidia per ml.
b Hours of exposure of conidia to tick cuticle.
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strongly correlated (correlation coefficient, 0.86) with tick mor-
tality (Fig. 3). At low conidial concentrations (1 � 104 to 1 �
105 conidia per ml), the number of adhered conidia varied
from 5.5 � 103 to 9.0 � 103 conidia per tick and tick mortality
was 10 to 15% on day 12 p.i. A higher mortality rate (60 to
100%) was observed for ticks that were inoculated with sus-
pensions of 1 � 106 to 1 � 108 conidia per ml. In these cases,
the rate of conidial adhesion reached (25 to 260) � 103 conidia
per tick.

Adhesion of M. anisopliae conidia to susceptible and resis-
tant ticks. We compared the adhesion of conidia to susceptible
(R. annulatus) and resistant (H. excavatum) engorged female
ticks. As was shown above, the mortality of R. annulatus inoc-
ulated with M. anisopliae var. anisopliae strain 7 (1 � 106 to 108

conidia per ml) reached 60 to 100%, while H. excavatum fe-
males were very resistant to M. anisopliae (14). Only one or two
H. excavatum females out of 25 inoculated ticks died during the
2-week bioassay period, regardless of the concentration of
conidia in the inoculum (106 to 108 conidia per ml). The mor-
tality rate in the noninfected control group was 0 to 5% for
both tick species.

About three times more conidia were attached to the cuti-
cles of the engorged H. excavatum female than to R. annulatus
females (28,750 � 7,077 and 11,300 � 3,363, respectively).
However, the cuticle surface of H. excavatum was about three
times larger than that of R. annulatus (753 � 85 and 280 � 60
mm2, respectively). Thus, the number of adhered conidia per
mm2 of tick cuticle did not differ significantly (df, 8; T, 1.84;
P � 0.1) between the two ticks (Fig. 4). Moreover, neither the
number of conidia per cm2 of tick cuticle nor the total number
of conidia that adhered to each tick was related to the relative
resistance of the ticks to M. anisopliae (Fig. 4).

DISCUSSION

The aim of the current research was to investigate the pro-
cess of adhesion of M. anisopliae conidia to the tick cuticle and
to compare the numbers of conidia that adhered to susceptible
and resistant ticks. Since the commonly used methods for eval-
uating adhesion, which are based on direct microscopic obser-
vation of conidia on different host sites, are inaccurate, we
developed a quantitative assay based on removing all conidia
that have adhered to the arthropod cuticle and counting them
in a hemocytometer.

Earlier attempts to remove adhered conidia from cuticles of
insect larva hosts by boiling the infected larvae in detergent or
a mixture of chloroform and methanol or by soaking the ma-
terial in 0.1 M NaOH, 0.1 M HCl, or cell wall-dissolving en-
zymes failed to remove significant numbers of attached conidia
(7). However, M. anisopliae var. acridum conidia have been
successfully removed from locust wings using a 2% solution of
laminarinase obtained from Trichoderma spp. (20). In this
study, the proposed method includes the following steps: (i)
use of DCM to eliminate the ability of conidia to adhere to the
tick cuticle; (ii) sedimentation of conidia by suspending them
in the DCM extract through the addition of ethyl alcohol and
following centrifugation; (iii) mixing of the conidial sediment
with an aqueous detergent solution; and (iv) counting of
conidia using a hemocytometer. This method was found to be
simple, relatively quick, and easy to implement. Its efficiency
was confirmed by SEM observations, and as was directly ob-
served, DCM removed practically all adhered conidia.

The mechanism of how the DCM removes the adhered

FIG. 2. (A to D) Electron micrographs of engorged R. annulatus female inoculated with M. anisopliae var. anisopliae strain 7 (1 � 108 conidia
per ml) before (A, C) or after (B, D) treatment with DCM, 2 h p.i. Scale bars, 50 �m. (E and F) Engorged R. annulatus female inoculated with
M. anisopliae var. anisopliae strain 7 (1 � 108 conidia per ml) before (E) or after (F) treatment with DCM, 24 h p.i. Scale bar: 50 �m (E) or 20
�m (F). (G and H) A. diaperinus larvae inoculated with M. anisopliae var. anisopliae 7 (1 � 108 conidia per ml) before (G) or after (H) treatment
with DCM 2 h p.i. Scale bar, 50 �m.

FIG. 3. Number of M. anisopliae var. anisopliae strain 7 conidia
adhering to R. annulatus cuticle and tick mortality at inoculation in
suspension of different conidial concentrations, 14 days p.i. Bars rep-
resent means � standard errors.

FIG. 4. Tick mortality and number of M. anisopliae var. anisopliae
strain 7 conidia adhering to two tick species. Bars represent means �
standard deviations. Concentration of conidia in inoculum, 106 per ml;
bioassay period, 12 days.
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conidia is not clear. One of the two following theories may be
correct. The characteristics of the solvents used to release the
hydrophobic conidia from the host surface play an important
role in the proposed method and may also shed some light on
the interaction between the conidia and the host surface. Both
epicuticular lipids and proteins (hydrophobins and adhesins)
(44, 46) are expected to play roles in this interaction. The
epicuticular components of R. annulatus are unknown, but
according to Gilby (12), the epicuticular wax layer of R. micro-
plus consists mainly of cholesterol derivatives, saturated acids,
and alcohols with chains of approximately 30 carbons. The fact
that adhered conidia were hardly removed with pentane but
were efficiently extracted with dichloromethane (DCM), which
is a more polar solvent, can be explained by the fact that DCM
is more efficient at dissolving the epicuticular long-chain acids
and alcohols than the nonpolar pentane (32). Thus, it is pos-
sible that in the applied method, the polar wax compounds
involved in the adhesion of the conidia are removed from the
epicuticle, thereby releasing the adhered conidia. Dichloro-
methane is also known as a protein-denaturing solvent (34).
Since the adhesion of hydrophobic conidia to the hydrophobic
host cuticle is mediated by proteins, DCM might release the
adhered conidia by denaturing and/or inactivating these pro-
teins.

Following the addition of ethanol and centrifugation, the
conidia were concentrated in the sediment and the obtained
supernatant was conidium free; the conidia did not adhere to
the centrifuge tube and were successfully submersed in the
detergent solution. There are two possible reasons for the
inability to receive conidial sediment in the DCM alone. First,
the conidia floated on the surface of the relatively high-density
DCM (1.3266 g/cm3). Mixing DCM with ethyl alcohol (0.789
g/cm3) reduced the density of the solvent solution, bringing it
closer to that of water and thereby facilitating the sedimenta-
tion of the conidia. The second possible reason involves the
hydrophobic nature of the conidia, which prevented their dis-
tribution in DCM, which is a relatively polar solvent. Ethyl
alcohol, which is miscible in DCM, served as a cosolvent and a
surface active agent. When it was added to the extraction
mixture, it may have enabled DCM to surround the hydropho-
bic conidia, suspending them in the solvent mixture.

In our studies of the effect of the time after inoculation on
adhesion, the coefficient of variation was under 10% at 2 h p.i.
but increased with time to be greater than 30% at 6 h p.i. This
increase in variation can be explained by the mechanical loss of
conidia due to the activity of the ticks, as has been demon-
strated for some insects (2). This explanation is particularly
plausible, since, as observed by SEM, some of the conidia were
not in direct contact with the cuticle but were arranged in small
and large aggregates. These conidia may have been dislodged
from the tick surface and released into the surrounding area
over the course of the 24-h period of the experiment.

A correlation between the number of adhered conidia and
host mortality has been observed for M. anisopliae on thrips
cuticle (18). In our study, the adhesion of M. anisopliae var.
anisopliae strain 7 conidia to tick cuticle was dose dependent
and was also strongly correlated with host mortality. Interest-
ingly, when ticks were inoculated with a fungal suspension of
1 � 105 or 1 � 106 conidia per ml, a profound increase in tick
mortality was observed from �20% to 60%, respectively, even

though the number of adhered conidia increased by only 2.6.
This observation may suggest the existence of an adhesion
threshold necessary for causing high mortality. Moreover, de-
spite an increase in the absolute real number of conidia that
adhered to each cuticle, the relative percentage of adhered
conidia out of total conidia applied was sharply reduced as the
concentration of conidia in the inoculum suspension increased
(Table 2). One possible explanation for this phenomenon may
be that as the concentration of conidia increases, there are
more hydrophobic interactions between individual conidia, so
that the conidia attach to each other rather than to the tick
cuticle. These aggregations lead to a decrease in the number of
free conidia that can actually adhere to the host cuticle. This
phenomenon may reduce the efficacy of fungal formulation.
One can speculate that by using a higher concentration of
surface active agents or an oil-based formulation, we may be
able to limit the aggregation of the conidia so that a higher
percentage of the conidia attach to the hosts.

The hydrophobic conidia of entomopathogenic fungi bind in
a nonspecific manner to the epicuticular surfaces of both sus-
ceptible and resistant hosts (6, 15). However, host specificity at
the attachment stage has rarely been demonstrated (27, 43). A
very specific case of decreasing conidial adhesion correspond-
ing to the presence of specific cuticular compounds was de-
scribed by Lord and Howard (25) for the insect Liposcelis
bostrychophila (Psocoptera: Liposcelidae), which is highly re-
sistant to entomopathogenic fungi. A fatty amide present in
this insect’s cuticle contributes to its tolerance of fungi by
decreasing the hydrophobicity of its cuticle (25). The fact that
the adhesion of M. anisopliae var. anisopliae strain 7 conidia to
the tick cuticle is a nonspecific process was demonstrated in
this study. The conidia adhered to cuticles of both susceptible
and resistant hosts, and the number of conidia adhering per
cm2 of cuticle was not related to the degree of resistance of the
tick species to the pathogen. This method was also found to be
applicable for A. diaperinus larvae and for conidia of M. aniso-
pliae var. acridum strain 5, indicating that it can be used to
study other arthropods and other species of fungi.

The DCM extraction method removed both ungerminated
adhered conidia and conidia that had already germinated on
the cuticle, but not conidia that had produced appressoria.
Thus, the suggested method can easily show the amount of
adhered conidia as well as the conidial germination dynamic
on host. The appressoria of M. anisopliae are known to secrete

TABLE 2. Influence of concentration of M. anisopliae var.
anisopliae strain 7 conidia in inoculum on numbers of

conidia adhering to the cuticle of an engorged
R. annulatus female

Log of concn of
conidia in
inoculum

No. of conidia
per tick in
inoculuma

Avg no. of conidia
adhering to tickb

% of applied conidia
adhering to tick

4 20,000 5,500 � 2,739 27.50
5 200,000 9,029 � 2,526 4.51
6 2,000,000 23,800 � 6,614 1.19
7 20,000,000 111,458 � 9,361 0.56
8 200,000,000 262,000 � 24,070 0.13

a Five ticks were individually dipped (for 5 s) into 2-ml conidial suspensions of
the corresponding concentrations.

b Data are also shown in Fig. 3.
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a layer of mucilaginous material (6, 24, 39) that increases the
adhesive capability of the pathogen. The conidia that have
germinated and formed appressoria are tightly attached to
deeper layers of the cuticle and cannot be removed by enzy-
matic treatments (20). Our SEM observations indicated also
that, after 24 h of exposure to tick cuticle, some germinated
conidia could not be removed from the cuticle using DCM.
Usually, these remaining conidia were firmly attached to the
tick cuticle by appressoria. M. anisopliae hydrophobin genes
are highly expressed during the formation of appressoria (40,
41) and as has been proposed by Wosten and Wessels (47), this
phenomenon can promote firmer attachment of the appresso-
rium to the host surface before penetration.

Although most of the experiments were carried out using
two tick species and one strain of M. anisopliae, this method
may be adapted to other arthropod-fungus pairs. The de-
scribed method can be used to study the different aspects of
early host–pathogen interactions and the persistence of the
conidia on the host cuticle as well as for evaluating the distri-
bution efficacy of the fungi propagules under diverse environ-
mental and application conditions. Also, adhesion of different
mycoinsecticide formulations to host cuticle can be compared
using this method. Understanding these properties may lead to
an intelligent use of these entomopathogens in pest control
and support the development of mycoinsecticides.
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