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A B S T R A C T   

Entomopathogenic fungi (EPF) have been widely explored for their potential in the biological control of insect 
pests and as an environmentally friendly alternative to acaricides for limiting tick infestation in the field. The 
arthropod cuticle is the main barrier against fungal infection, however, an understanding of internal defense 
mechanisms after EPF intrusion into the invertebrate hemocoel is still rather limited. Using an infection model of 
the European Lyme borreliosis vector Ixodes ricinus with the EPF Metarhizium robertsii, we demonstrated that ticks 
are capable of protecting themselves to a certain extent against mild fungal infections. However, tick mortality 
dramatically increases when the capability of tick hemocytes to phagocytose fungal conidia is impaired. Using 
RNAi-mediated silencing of tick thioester-containing proteins (TEPs), followed by in vitro and/or in vivo 
phagocytic assays, we found that C3-like complement components and α2-macroglobulin pan-protease inhibitors 
secreted to the hemolymph play pivotal roles in M. robertsii phagocytosis.   

1. Introduction 

Ticks are blood-sucking ectoparasites and vectors of many pathogens 
affecting humans, domestic, and wild animals (De La Fuente et al., 
2008), causing enormous economic losses worldwide (Jongejan and 
Uilenberg, 2004). Recently, tick-borne diseases have emerged in new 
regions or have appeared in endemic areas, increasing concerns about 
public health, food security, and conservation of biodiversity (Karesh 
et al., 2012). Ticks are usually controlled with chemical acaricides, 
however their inappropriate use increases selection for resistant tick 
populations (Klafke et al., 2017). 

Metarhizium spp. (Hipocreales: Clavicipitaceae) and Beauveria spp. 
(Hipocreales: Cordycipitaceae) are the best characterized entomopa-
thogenic fungi (EPF) that are the most widely applied agents in the 
biological control of agricultural insect pests (Lacey et al., 2015). These 
fungi have been studied since the early 1990’s as an environmentally 
friendly alternative to the use of chemical acaricides for tick control 
(Kirkland et al., 2004; Samish et al., 2008). Based on the published 
literature, the majority of studies have focused on the biological control 
of the cattle tick Rhipicephalus (Boophilus) microplus, the species with the 

highest economic impact in tropical areas (Ojeda-Chi et al., 2010; 
Camargo et al., 2016; Mascarin et al., 2019; Beys-da-Silva et al., 2020); 
Mesquita et al. (2020). Nevertheless, EPFs have also been tested against 
other hard tick species including Ixodes ricinus, the most important Lyme 
disease vector in Europe (Hartelt et al., 2008; Wassermann et al., 2016; 
Lorenz et al., 2020). 

Fungal concentration, the propagule applied, the use of adjuvants, 
tick species, their life stage, and even different populations may result in 
different fungal efficacies (Aldén et al., 2001; Perinotto et al., 2017; 
Ment et al., 2012). Different susceptibilities of tick species to fungal 
infection are also driven by the cuticle barrier (Ment et al., 2012). 
However, unlike insects (Lu and St. Leger, 2016; Wang et al., 2016; 
Tawidian et al., 2019), studies about humoral and cellular immune 
defense of ticks against EPFs after they succeed in penetrating the he-
mocoel are scarce. Kurtti and Keyhani (2008) reported phagocytosis of 
Metarhizium robertsii (formerly known as M. anisopliae) by embryonic 
tick cell lines and, more recently, we have investigated the cytotoxicity 
of M. robertsii against R. microplus hemocytes at the ultrastructural level 
(Fiorotti et al., 2019). General knowledge about the immune response of 
tick hemocytes against invading pathogens is, however, still rather 
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limited. Phagocytosis of microorganisms by tick hemocytes has been 
reported to be associated with the production of reactive oxygen species 
(Pereira et al., 2001) and involves a tick complement-like system (Bur-
esova et al., 2009, 2011; Kopacek et al., 2012; Urbanová et al., 2015; 
Fogaça et al., 2021). The components of Ixodes sp. complement include 
all four phylogenetically distinct groups of thioester-containing proteins 
(TEPs) recognized in invertebrates (Stroschein-Stevenson et al., 2006; 
Buresova et al., 2011; Sekiguchi and Nonaka, 2015). In I. ricinus, they 
comprise (i) three C3-like complement components (IrC3-1, IrC3-2, 
IrC3-3), (ii) three pan-protease inhibitors of α2-macroglobulin type 
(IrA2M1, IrA2M2, IrA2M3), (iii) one insect-type TEP (IrTep), and (iv) two 
macroglobulin-complement related proteins (IrMcr1, IrMcr2) (Urban-
ová et al., 2015; Fogaça et al., 2021). 

Previously, we demonstrated the specific roles of individual IrTEPs in 
the phagocytosis of different microbes by tick hemocytes (Buresova 
et al., 2009, 2011; Urbanová et al., 2015, 2017). Here we found that 
I. ricinus hemocytes were capable of M. robertsii phagocytosis and that 
this cellular defense substantially decreased tick mortality upon infec-
tion with mild doses of the EPF. Expression of individual IrTEP genes in 
response to M. robertsii immune-challenge, and their involvement in 
phagocytosis point to pivotal roles of IrC3s and IrA2Ms molecules that 
are absent in insect lineages. This indicates that ticks react differently to 
fungal infection compared with insects. 

2. Material and methods 

2.1. Fungal isolate and tick collection 

Metarhizium robertsii (ARSEF 2575) was obtained from the Agricul-
ture Research Service Collection of Entomopathogenic Fungal Cultures 
(ARSEF) (USDA-US Plant, Soil and Nutrition Laboratory, Ithaca, NY, 
USA). The culture was grown on Sabouraud dextrose agar (SDA) at 
25 ◦C ± 1 ◦C and relative humidity (RH) ≥ 80% for 14 days. A conidial 
suspension in phosphate-buffered saline (PBS) plus 0.1% Tween® 80 
(PBS-Tween) was used to infect the ticks. 

Ixodes ricinus adult females were collected by flagging in woodlands 
around České Budějovice, Czech Republic. Adult females were main-
tained in wet chambers at 24 ◦C, RH ~95%, and day/night period set to 
15/9 h. Females were fed naturally on guinea pigs. All laboratory ani-
mals were treated following the Animal Protection Law of the Czech 
Republic No. 246/1992 Sb., ethics approval No. 25/2018. 

2.2. Infection of Ixodes ricinus females with Metarhizium robertsii 

Ticks were divided into groups of 10 females and infected with 
M. robertsii by direct inoculation or immersion into a conidial suspen-
sion. For inoculation, the unfed ticks were injected using a microinjector 
(Drummond®) with a 138 nL suspension of five different fungal con-
centrations (2 × 104, 2 × 105, 2 × 106, 2 × 107 or 2 × 108 conidia/mL) 
or138 nL of PBS-Tween for the control group. The corresponding total 
numbers of injected conidia thus present ~ 2–3, ~28, ~280, ~2.800, 
and ~28.000, respectively. For topical infection, females were individ-
ually immersed for 3 min in 1 mL of fungal suspension of three different 
concentrations (2 × 106, 2 × 107 or 2 × 108 conidia/mL) or in PBS- 
Tween for control. The highest concentration was determined based 
on the concentration commonly used for topical treatments on ticks 
(Camargo et al., 2016). After treatment, tick females were incubated at 
24 ± 1 ◦C and RH ≥ 90%. Tick mortality was recorded every 24 h for 
four weeks. The bioassay was repeated twice. 

2.3. Expression of IrTEPs in response to M. robertsii infection 

About 2.800 conidia in 138 nL of conidial suspension (2 × 107 

conidia/mL) was injected into I. ricinus unfed females (wild ticks), using 
a microinjector (Drummond®). The control group was injected with 
sterile PBS, in addition to a group that did not suffer any mechanical 

injury (CTR). The injected females were allowed to rest for two or 6 h at 
room temperature. Subsequently, total RNA was extracted from the 
entire tick body using the NucleoSpin® RNA Kit (Macherey-Nagel, 
USA), following the manufacturer’s instructions, its concentration being 
determined using a NanoDrop-1000 spectrophotometer (Thermo Sci-
entific, USA) and 0.5 μg of total RNA was reverse transcribed into cDNA 
using the High Fidelity cDNA Synthesis Transcriptor Kit (Roche®). 

Expression of nine genes encoding I. ricinus thioester-containing 
proteins (IrTEPs) was quantified according to Urbanová et al. (2015) 
by quantitative real-time PCR (qPCR) using QuantStudio 6 Flex (Applied 
Biosystems®) and gene-specific primers (Table A1). The qPCR reactions 
were performed in technical triplicates in a final volume of 25 μL, 
containing 12.5 μL of the 2 × Power SYBR Green Master Mix (Thermo 
Scientific®), 2 μL of the 10 μM mixture of specific forward and reverse 
primers, 2 μL of cDNA, and 8.5 μL of nuclease-free H2O. Relative 
expression of IrTEPs genes was normalized to elongation factor 1 (ef-1) 
(Nijhof et al., 2009) using the mathematical model of Pfaffl (2001). For 
each experimental group, five I. ricinus females were injected in three 
independent biological triplicates. 

2.4. Metarhizium antibody preparation 

Metarhizium robertsii conidial cell wall extracts were used as antigens 
to produce polyclonal antibodies that recognize conidia. Petri dishes 
containing SDA supplemented with 0.5% yeast extract were inoculated 
with 1 × 106 conidia/mL and incubated at 25 ◦C ± 1 ◦C and RH ≥ 80% 
for 14 days. Conidia were harvested by scraping the media into sterile 
water, followed by centrifugation (5000×g, 20 min), washed once with 
distilled water, and suspended in 10 mL of deionized H2O. The cell 
suspension was autoclaved for 15 min and the resulting suspension was 
mixed with incomplete Freund’s adjuvants and used for the production 
of polyclonal antibodies in rabbits. Immunization was repeated three 
times at intervals of 14 days. Indirect immunofluorescence was used to 
test serum for the presence of antibodies recognizing M. robertsii 
(described below). 

2.5. RNAi-mediated silencing of IrTEPs 

Fragments of nine IrTEPs and GFP (control) were amplified from 
I. ricinus cDNA and cloned into the pll10 vector with two T7 promoters in 
reverse orientations according to the method developed by Levashina 
et al. (2001). Double-stranded RNAs were synthesized as previously 
described (Buresova et al., 2011) injected (0.4 μL; 3 μg/μL) into the 
hemocoel of unfed tick females using a Narishige® microinjector. Fe-
males injected with gene-specific dsRNA or GFP dsRNA for the control 
were allowed to rest for 24 h in a wet chamber and then fed on guinea 
pigs for 6 days. RNAi-mediated silencing (RNAi-KD) of each IrTEP was 
followed by an in vitro phagocytic assay as described below. 

A group-specific RNAi-KD was performed by injection of unfed fe-
males (30 ticks per group) with the mix of IrC3 dsRNAs (IrC3-1, IrC3-2, 
and IrC3-3), the mix of IrA2M dsRNAs (IrA2M1, IrA2M2, and IrA2M3) or 
control GFP dsRNA. After 24 h rest and natural feeding on guinea pigs 
for 6 days, the semi-engorged females were inoculated with M. robertsii 
and phagocytosis of conidia by tick hemocytes was evaluated using the 
in vivo phagocytosis assay (see below). 

2.6. Latex beads pre-injection 

For the experiment with latex beads (LtxB), 207 nL of 4-fold diluted 
surfactant-free red CML LtxB 0.3 μm diameter (Interfacial Dynamics 
Corp.) or 207 nL PBS (control group) were injected using a Drummond® 
microinjector into unfed females that rested for 24 h before natural 
feeding on guinea pigs for 6 days and then inoculated with 138 nL of 
M. robertsii suspension (2 × 105 or 2 × 106 conidia/mL, in total 28 or 280 
conidia) to test tick mortality. Phagocytosis of fungal conidia by tick 
hemocytes upon LtxB pre-injection was evaluated using the in vivo 
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phagocytic assay (see below). 

2.7. In vitro and in vivo assays for metarhizium phagocytosis 

For each in vitro phagocytosis experiment, the hemolymph was 
collected from the cut leg of 25 semi-engorged females, and mixed with 
L15-Leibovitz medium (L15) (Biosera®) enriched with 10% inactivated 
fetal bovine serum (FBS) (PAA laboratories). The number of hemocytes 
was counted in a Bürker chamber and adjusted to 2 × 104 in 182 μL of 
culture medium pipetted onto a circular coverslip placed in a 24-well 
culture plate. The hemocytes were allowed to adhere for 15 min at 
32 ◦C and then 2 × 105 M. robertsii conidia (exceeding ten times the 
hemocyte count) in 68 μL were added and incubated at 32 ◦C for 2 h or 6 
h. The cells were fixed with 4% paraformaldehyde in PBS for 30 min and 
washed three times in PBS. The slides were then incubated with primary 
anti-Metarhizium rabbit immune serum (1:100) in a humid chamber for 
1 h, washed, and incubated with secondary antibody (Goat anti-rabbit 
IgG Alexa Fluor 594) (Invitrogen®) at a dilution of 1:500 for 1 h at 
room temperature with agitation. The slides were washed and nuclei 
were counterstained with DAPI for 10 min and mounted with Fluo-
romount medium (Sigma®). Relative phagocytosis was evaluated using 
a BX53 fluorescence microscope (Olympus®). The phagocytic index was 
expressed as the percentage of hemocytes with phagocytosed conidia 
per 100 hemocytes counted, using at least six slides. The relative 
phagocytosis in RNAi-KD experiments was calculated in relation to the 
number of phagocytic hemocytes in the GFP control group, taken as 
100% in the respective experiment. The experiments were repeated 
three times. 

The in vivo phagocytosis assays of M. robertsii conidia by tick he-
mocytes were performed with semi-engorged females from the group- 
specific RNAi-KD (GFP control) or LtxB pre-injected (PBS control) co-
horts. The ticks were injected with 5 × 104 M. robertsii conidia in 345 nL 
using a microinjector (Drummond®). Hemolymph samples were 
collected from individual females at specified time intervals after con-
idia injection and mixed with 15 μL of L15 medium supplemented with 
10% FBS on the microscopic slides. Immunostaining and calculation of 
the phagocytic index or the relative phagocytosis were as described 
above for the in vitro assay. 

2.8. Statistical analysis 

The tick survival curves were analyzed by the Log-rank test (P ≤
0,05). In vitro phagocytic index was analyzed by the unpaired t-test. 
Expression profile data were analyzed by one-way ANOVA followed by 
the Tukey test for pair-wise comparisons (P ≤ 0.05). In vitro relative 
phagocytosis after RNAi-KD was analyzed by Kruskal Wallis followed by 
the Dun’s test. In vivo relative phagocytosis after RNAi-KD was analyzed 
by two-way ANOVA followed by the Tukey test. The phagocytosis assay 

after LtxB pre-injection was analyzed by the unpaired t-test. All data 
were analyzed through GraphPad Prism version 8.00 for Windows 
(GraphPad Software, San Diego, CA, USA). 

3. Results 

3.1. Mortality of I. ricinus females upon infection with M. robertsii 

Unfed I. ricinus females were infected with M. robertsii (spore 
germination ~ 98%) either by direct capillary injection or by immersion 
into the conidial suspension (natural infection). Both ways of infection 
resulted in a dose-dependent significant increase in tick mortality 
(Fig. 1A, and B, respectively). Ticks injected with the highest fungal 
concentration (2 × 108 conidia/mL, ~28.000 conidia) started to die two 
days after infection, reaching 50% mortality on the 4th day and 100% 
mortality on the 8th day (Fig. 1A). Ticks inoculated with 2 × 107 or 2 ×
106 conidia/mL (~2.800 or ~280 conidia, respectively) reached 50% 
mortality five and 11 days after inoculation, respectively. Half of the 
ticks infected with 2 × 105 conidia/mL (~28 conidia) remained alive for 
the 30 days of mortality monitoring and ticks injected with few conidia 
(2 × 104 conidia/mL) displayed almost no mortality in comparison with 
the control group (untreated ticks) (Fig. 1A). The lethal fungal concen-
tration that killed 50% of the population (LC50) evaluated five days 
after inoculation, was determined to be 3.5 × 106 conidia/mL corre-
sponding roughly to 500 conidia (95% CI = 2.14–5.47 × 106 conidia/ 
mL). For immersion infection, ticks exposed to the highest fungal con-
centration (2 × 108 conidia/mL) started to die four days after treatment, 
reaching 50% and 100% mortality on the 6th and 8th days, respectively 
(Fig. 1B). The slightly slower, but still significant, mortality was 
observed for immersion into 2 × 107 conidia/mL when 50% ticks had 
died 7 days after treatment and 90%, 11 days after treatment (Fig. 1B). 
Ticks immersed in the lowest concentration of conidia tested (2 × 106 

conidia/mL) reached 50% mortality 15 days after treatment while the 
other half remained alive for at least 30 days. The LC50 estimated for 
natural infection with M. robertsii can be estimated to be about one order 
of magnitude higher than direct conidial injection. 

3.2. Tick hemocytes can phagocytize M. robertsii in vitro 

An in vitro phagocytic assay was performed to show that I. ricinus 
hemocytes can phagocytize conidia of M. robertsii. To distinguish be-
tween conidia that were ingested by tick hemocytes from those attached 
to the hemocyte surface, it was necessary to mutually compare phase 
contrast images (Fig. 2A) with the corresponding immunofluorescent 
images obtained after specific immunolabelling using antibody against 
M. robertsii (Fig. 2B). Only the free or adhered conidia were immuno-
labelled while the phagocytosed ones remained dark. 

The in vitro phagocytosis of M. robertsii conidia was evaluated two or 

Fig. 1. Survival to fungal infection. Unfed I. ricinus females were inoculated with (A) or immersed in (B) a conidia suspension of different concentrations and 
mortality was recorded every 24 h over a 4-week period. Shown are representative experiments of a minimum of two independent repeats. The data were analyzed by 
the log-rank test. Asterisks indicate statistically significant differences between the control and the respective treated groups (****P < 0.0001; *P < 0.05). 
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6 h after incubation with I. ricinus tick hemocytes. The percentage of 
hemocytes with internalized conidia increased rapidly up to ~40% 
phagocytic hemocytes within 6 h (Fig. 2C). Since there was no 

statistically significant difference between the phagocytic index 
observed two or 6 h after infection (P ≥ 0.05), the 2 h interval was 
chosen for the following in vitro phagocytic assays. 

Fig. 2. Phagocytosis of M. robertsii conidia by tick hemocytes. Hemocytes from adult semi-engorged females were incubated with M. robertsii conidia in vitro for 2 or 
6 h and immunolabelled. Phase contrast of hemocytes and conidia (A). Immunostaining of cells with anti-M. robertsii primary antibody and Alexa 594 secondary 
antibody (B). Cell nuclei were counterstained with DAPI (blue). Conidia localized outside of hemocytes are stained red (white arrow), engulfed conidia are without 
staining (yellow arrow). The number of phagocytic hemocytes is shown in graph (C). The phagocytic index was determined as a ratio of phagocytic and non- 
phagocytic hemocytes. The data were analyzed by unpaired t-test (P > 0.05). Error bars represent standard deviation. Scale bar represents 10 μm. 

Fig. 3. Pre-injection of latex beads inhibits phagocytosis of M. robertsii by tick hemocytes and increases tick mortality. Phagocytosis of M. robertsii by tick hemocytes 
is eliminated by pre-injection of latex beads into the hemocoel (A). Hemolymph was collected from individual semi-engorged ticks (20 ticks for PBS and 20 ticks for 
latex beads) 3 h after injection of Metarhizium. Phagocytosis was evaluated using an in vivo phagocytosis assay and the phagocytic index was determined as the 
number of hemocytes with ingested conidia per 100 hemocytes. Data were analyzed by unpaired t-test. Error bar represents the standard deviation (****P < 0.0001). 
Panel B shows the detail of tick hemocyte with ingested latex beads and adhered conidia using phase contrast (1) and immunostaining of M. robertsii conidia (2). The 
scale bar is 10 μm. Pre-injection of latex beads into the tick hemocoel significantly increased tick mortality after M. robertsii infection (C). CTR-control ticks injected 
with PBS. The data were analyzed by the log-rank test. Statistically significant differences were observed when comparing 2 × 105 and 2 × 106 conidia/mL with the 
control group (P = 0.0174, P = 0.0026, respectively). Asterisks indicate statistically significant differences between the control and the respective treated groups 
(**P < 0.01; *P < 0.05). Results are representative experiments of a minimum of two independent repeats. 
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3.3. Elimination of M. robertsii phagocytosis in vivo using latex beads 
dramatically increases tick mortality 

Our previous study demonstrated that phagocytosis of the Borrelia 
spirochetes can be efficiently eliminated by pre-injection of latex beads 
(LtxB) into the tick hemocoel (Urbanová et al., 2017). In the present 
study, unfed I. ricinus females were pre-injected with latex beads or PBS 
(control) and then allowed to feed naturally on guinea pigs for 6 days. 
Subsequently, females were injected with 5 × 104 conidia M. robertsii 
conidia and phagocytosis was evaluated 3 h after conidia injection using 
an in vivo phagocytosis assay. Pre-injection of LtxB resulted in a signif-
icant reduction in Metarhizium phagocytosis, where the phagocytic 
index decreased from 16% for the PBS control group to 0% for LtxB 
pre-injected group (Fig. 3A). Since the latex beads exhausted the 
phagocytic capacity of tick hemocytes, all Metarhizium conidia were 
outside of or only adhered to the cells (Fig. 3B). 

To determine if the mortality caused by M. robertsii is affected by the 
tick capability to phagocytize the fungus, the following in vivo assay was 
performed: Unfed I. ricinus females pre-injected with LtxB were inocu-
lated with 2 × 106 or 2 × 105 conidia/mL. These doses have only a mild 
impact on the mortality of ticks whose hemocytes have unimpaired 
phagocytic capacity (Fig. 1A). By contrast, injections of these amounts of 
M. robertsii conidia into LtxB pre-injected ticks dramatically increased 
their mortality as the mean survival time was only 2.5 or 3.5 days for 

females inoculated with 2 × 106 or 2 × 105 conidia/mL, respectively. 
Ticks in both experimental groups were dead six days after the 
treatment. 

3.4. Expression of IrTEPs in response to M. robertsii infection 

In our previous studies we have shown, that expression of IrTEPs 
differs specifically in response to infection with model microbes (e.g., 
Escherichia coli, Chryseobacterium indologenes, Borrelia afzelii, and 
Candida albicans) (Buresova et al., 2011; Urbanová et al., 2015, 2017). 
Here we examined the expression response of nine IrTEPs to the intra-
haemocoelic injection of M. robertsii in whole unfed I. ricinus females and 
compared it to the injection of sterile PBS (aseptic injection control) or 
non-injected ticks (Fig. 4). Two hours after injection, statistically 
significantly up-regulation caused by M. robertsii infection in compari-
son with PBS control was observed in the expression of IrC3-2, IrA2M1, 
IrA2M3, IrMcr1, IrMcr2, and IrTep, with 6.19, 2.12, 3.92, 2.47, 2.85, and 
2.19-fold changes, respectively. Expression of IrC3-1 also seemed to be 
up-regulated, albeit the differences did not fulfill the criteria of our 
statistical test. The expression of IrC3-3 and IrA2M2 were not affected 
after fungal infection (Fig. 4). The expression responses of IrTEPs were 
also evaluated 6 h after M. robertsii injection, where increased mRNA 
levels were observed only for IrA2M3, showing an 8.38-fold change over 
the control PBS group (Fig. A1). Interestingly, this time interval 

Fig. 4. Relative expression of IrTEPs in response to aseptic or M. robertsii injection. Unfed females were injected with 138 nL of sterile PBS or 138 nL of M. robertsii (2 
× 107 conidia/mL, ~2.800 conidia) and the total RNA was isolated from the tick entire body homogenates 2 h post injection or from un-injected ticks (CTR). For gene 
expression analysis, the elongation factor (elf-1) was used as the reference gene. The bars represent ± SEM and asterisks indicate statistical difference by ANOVA one- 
way test followed by the Tukey test (P < 0.05). 
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post-injection also revealed a clear difference of IrA2M2 mRNA levels 
between PBS injected and non-injected females, suggesting that 
expression of this molecule was injury responsive. 

3.5. The role of IrTEPs in M. robertsii phagocytosis 

The specific non-redundant roles of IrTEPs in cellular immune re-
sponses against different model microbes, including Borrelia spirochetes, 
have been described previously (Buresova et al., 2011; Urbanová et al., 
2015, 2017). The in vitro phagocytic assay described above for the 
conidia M. robertsii allowed us to examine the role of IrTEPs in the 
phagocytosis of this EPF. The effect of RNAi-mediated silencing (KD) of 
individual IrTEPs genes on the phagocytic rate of M. robertsii by tick 
hemocytes is shown in Fig. 5. The most significant reduction in the 
relative phagocytic index was observed upon RNAi-KD of IrA2M2, fol-
lowed by IrC3-3 KD, and IrA2M1 KD, (68%, 60%, and 57% reduction, 
respectively). About 50% reduction of M. robertsii phagocytosis was also 
observed for RNAi-KD of both macroglobulin complement-related 
encoding genes IrMcr1 and IrMcr2 (Fig. 5). 

Our previous tissue expression and Western blot analyses (Urbanová 
et al., 2015), together with the transcriptomic analysis of I. ricinus he-
mocytes (Kotsyfakis et al., 2015) indicate that molecules belonging to 
the group of C3-complement components and α2-macrolobulins are 
expressed mainly in the tick fat body and/or hemocytes. Their secretion 
into and presence in the tick plasma was further confirmed by the recent 
proteomic analysis (unpublished results). The pivotal roles of these 
secreted IrTEPs in the phagocytosis M. robertsii was further confirmed 
using in vivo phagocytic assays. Cohorts of 30 unfed I. ricinus females 
were injected with either a mix of IrC3-1,2,3 dsRNA, a mix of IrA2M1,2,3 
dsRNA or GFP dsRNA for control. The females were allowed to feed 
naturally on guinea pigs and on the 6th day, the females were injected 
with 5 × 104 conidia. The hemolymph was collected 2, 6, and 12 h 
post-injection, and the number of phagocytic hemocytes was counted as 
described above. The result of in vivo phagocytosis of M. robertsii by tick 
hemocytes after the group-specific silencing is shown in Fig. 6. The 
number of phagocytic hemocytes was significantly reduced in both 
experimental groups (IrC3s and IrA2Ms) compared to the GFP control 
group in all three time points examined. The silencing of the IrC3s group 

resulted in approximately 55%, 55%, and 85% reduction in phagocy-
tosis in 2 h, 6 h, and 12 h, respectively. An even more significant effect 
on fungal phagocytosis by tick hemocytes was achieved upon group 
silencing of IrA2Ms, resulting in the reduction of phagocytosis index by 
75%, 70% and 80% in 2 h, 6 h, and 12 h, respectively (Fig. 6). 

4. Discussion 

Entomopathogenic fungi (EPF) are the most studied and well 
established microorganisms used in biological control programs against 
agricultural arthropod pests (Quesada-Moraga et al., 2004; Santi et al., 
2011). EPF are highly virulent for several insects species (Wang and St. 
Leger, 2006; Keppanan et al., 2018; Jiang et al., 2020). Even though 
there are studies with excellent results using fungi to control ticks 
(Camargo et al., 2016; Marciano et al., 2020; Mesquita et al., 2020), the 
efficacy against tick engorged females in the field should be improved to 
meet the results that are expected by the market and the regulatory 
agencies. Here, M. robertsii was virulent on I. ricinus adult females at the 
highest concentrations (2 × 108 and 2 × 107 conidia/mL, meaning 
~28.000 and ~2.800 conidia injected per tick, respectively), the doses 
commonly used for biological tests with ticks. Lower doses (2 × 105 and 
2 × 106 conidia/mL, meaning dozens to several hundred conidia per 
injection) did not cause high tick mortality, suggesting that ticks could 
resolve a low fungal infection. Here, the fungus at a lower concentration 
(2 × 106 conidia/mL) took four weeks to kill 50% I. ricinus unfed females 
when the ticks were immersed in a conidial suspension. A similar mor-
tality to M. robertsii infection was reported for other hard tick species 
Butt et al. (2016) and Kirkland et al. (2004). In addition to the virulence 
of the fungal isolate to the arthropod host, studies have reported that 
different tick species have different compounds in their cuticle, which 
makes them more or less tolerant to fungal penetration (Ment et al., 
2012; Butt et al., 2016). It is also already known that different tick 
populations of the same tick species may have different susceptibilities 
to the fungus (Perinotto et al., 2017; Webster et al., 2017), suggesting 
that there are many factors involved in the tick tolerance to EPF. 

During fungal infection, ticks and other arthropods try to eliminate 
the pathogen through the cellular and humoral immune responses. The 
most important cellular immune response against foreign intruders of 
ticks is phagocytosis, mediated mainly by granulocytes and plasmato-
cytes (Munderloh and Kurtti, 1995; Fiorotti et al., 2019; Fogaça et al., 
2021). The phagocytosis of EPF in the arthropod hemocoel as a defence 
mechanism is frequently mentioned but experimental evidences for this 

Fig. 5. The role of IrTEPs in phagocytosis of M. robertsii by tick hemocytes. 
Unfed I. ricinus females were injected with individual IrTEP dsRNAs or GFP 
dsRNA for control. Hemolymph collected from semi-engorged females was 
incubated with M. robertsii conidia in vitro. The number of phagocytic hemo-
cytes was related to that obtained for the GFP control group taken as 100% in 
the respective experiments. The experiment was repeated three times. Error 
bars represent standard error. Asterisks indicate statistically significant differ-
ences between the GFP and the respective IrTEPs (****P < 0.0001; ***P <
0.001, *P < 0.05) by Kruskal-Wallis test followed by Dunn’s test. 

Fig. 6. In vivo reduction of M. robertsii phagocytosis after IrC3s and IrA2Ms 
group-specific RNAi-KD. Semi-engorged females with group-specific gene 
silencing were injected with 5 × 104 of M. robertsii conidia. Hemolymph sam-
ples from different time points after injection of conidia were collected from 
individual ticks (30 ticks per time point). Relative phagocytosis was evaluated 
using an in vivo assay, where the GFP control group was taken as 100% in the 
respective experiment. Error bars represent standard error from three inde-
pendent treatments. Asterisks indicate statistically significant differences be-
tween the GFP and the respective silenced groups in each time point (****P <
0.0001; ***P < 0.001, **P < 0.01) by Two-way ANOVA followed by Tukey test. 
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process are rather rare (Zimmermann, 2007; Kurtti and Keyhani, 2008; 
Dostálová et al., 2017). 

Here, the in vitro phagocytosis test with I. ricinus hemocytes and 
M. robertsii conidia demonstrated an immediate response and apparent 
phagocytic activity, reaching up to 40% phagocytic hemocytes in 6 h 
(Fig. 2C). Similar results were reported by (Kurtti and Keyhani, 2008), 
using I. scapularis embryonic cells with the same fungal isolate. Here, the 
specific immune sera raised against M. robertsii cell walls clearly labeled 
the conidia present in the plasma or adhered to the hemocytes but 
weakly labeled the internalized conidia. A possible explanation for the 
weak label inside the hemocytes is phagosome acidification caused by 
the increased influx of chloride, in the initial phase of phagocytosis, 
which quickly degrades the fluorescent signal (Zhang et al., 2020). The 
other possibility is that the conidia engulfed in the hemocytes rapidly 
alter their surface carbohydrate epitopes, as previously demonstrated by 
the lectin mapping of Beauveria bassiana isolated from the hemolymph of 
infected moth larvae (Wanchoo et al., 2009). 

The key role of phagocytosis in protection of ticks against low doses 
of M. robertsii infection was demonstrated here by tick pre-injection with 
latex beads. It was earlier shown that injection of latex or polystyrene 
beads suppresses phagocytosis in fruit fly (Nehme et al., 2011) or ticks 
(Liu et al., 2011). We have previously reported, that pre-injection of 
LtxB into I. ricinus dramatically reduces the number of circulating he-
mocytes, resulting in complete abolishing of B. afzelii phagocytosis, yet 
without any effect on the transmission of spirochetes to the host 
(Urbanová et al., 2017). In this study we used the LtxB pre-injection to 
demonstrate that elimination of hemocyte capacity to phagocytose 
M. robertsii results in significantly increased mortality of ticks inoculated 
with sublethal doses of fungi (Fig. 3). 

Inspired by the mammalian system of complement that is involved in 
foreign recognition, opsonisation and phagocytosis of the microbial in-
truders (Ricklin et al., 2010), we have been investigating, for more than 
a decade, components of a tick complement system and their roles in 
phagocytosis of model microbes and tick-borne pathogens (Buresova 
et al., 2011; Kopacek et al., 2012; Fogaça et al., 2021). The present 
study, focused on the I. ricinus TEPs, allowed us to compare the results 
achieved for the entomopathogenic M. robertsii with the model fungi, the 
yeast Candida albicans (Urbanová et al., 2015). In response to fungal 
injection, C. albicans significantly up-regulated expression of only 
IrC3-1, while most IrTEPs (specifically IrC3-2, IrA2M1, IrA2M3, IrMcr1, 
IrMcr2, and IrTep) were responsive to M. robertsii 2 h post-injection 
(Fig. 4). However, it is important to take into consideration the dy-
namic changes of the immune response as only the IrA2M3 gene 
remained up-regulated 6 h post-injection (Fig. A1). 

RNAi-KD of individual IrTEPs followed by the in vitro phagocytic 
assay demonstrated that M. robertsii phagocytosis was significantly 
reduced when the IrC3-3, IrMcr1, IrMcr2, IrA2M1 and IrA2M2 genes were 
silenced, reaching the highest 68% reduction in relative phagocytosis in 
the case of IrA2M2 RNAi-KD (Fig. 5). For phagocytosis of C. albicans, the 
maximal suppression (~40%) was achieved upon IrC3-3 RNAi-KD 
(Urbanová et al., 2015). The crucial role in phagocytosis of M. robertsii 
by I. ricinus was confirmed by the group-specific RNA-KD of all IrC3s or 
IrA2Ms that almost eliminated phagocytosis of the fungi, when evaluated 
by an in vivo assay 12 h post-fungal injection (Fig. 6). 

Interestingly, the IrA2M1, IrA2M2 and IrC3-3 identified here as the 
most important for phagocytosis of M. robertsii were also found to be the 
main IrTEPs involved in the phagocytosis of another I. ricinus pathogen, 
namely the Gram-negative bacterium C. indologenes (Buresova et al., 
2009, 2011). The common denominator of both pathogens are the 
secreted Zn-dependent metalloproteases. The metalloprotease from 
C. indologenes (Venter et al., 1999) was proposed to be the major viru-
lence factor of this pathogen (Pan et al., 2000). The recently described 
Zn-dependent metalloproteases from M. robertsii (Mrmep1 or Mrmep2) 
were suggested to be involved in the digestion of hemolymph proteins 
and binding to danger-sensing receptors (Zhou et al., 2018). Metal-
loproteases associated with EPF were reported to facilitate fungal 

development in the insect host (Galleria mellonella) and also inhibit the 
phagocytic activity of its hemocytes (Griesch and Vilcinskas, 1998; 
Mukherjee and Vilcinskas, 2018). The molecular interactions of the 
pathogen-derived metalloproteases with α2-macroglobulins and/or 
C3-like complement components circulating in the tick hemolymph are 
not yet elucidated and warrant further investigation. 

Knowledge about the immune response of arthropods has progressed 
remarkably. Our study provided an analysis of survival strategies 
adopted by ticks challenged with EPF, as well as insights into tick 
immunology in general. Many fungal isolates used in biological control 
do not produce satisfactory results against ticks, and host susceptibility 
may be one of the factors involved, not only triggered by the arthropod’s 
cuticle composition but also because it involves the arthropod’s immune 
response. Insect versus EPF interactions are much more frequently 
studied. Ticks usually are assumed to follow the same rules as insects 
when inferring their interactions with fungal pathogens. Still, these 
systems may have contrasting processes and assuming similarities may 
raise critical consequences. Knowledge about the immune response after 
challenging with EPF is therefore very relevant for the development of 
alternate techniques for tick control. 
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Fiorotti, J., Menna-Barreto, R.F.S., Gôlo, P.S., Coutinho-Rodrigues, C.J.B., Bitencourt, R. 
O.B., Spadacci-Morena, D.D., Da Costa Angelo, I., Bittencourt, V.R.E.P., 2019. 
Ultrastructural and cytotoxic effects of Metarhizium robertsii infection on 
Rhipicephalus microplus hemocytes. Front. Physiol. 10 https://doi.org/10.3389/ 
fphys.2019.00654. 

Fogaça, A.C., Sousa, G., Pavanelo, D.B., Esteves, E., Martins, L.A., Urbanová, V., 
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