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Abstract

Amblyomma spp. (Acari, Ixodidae) serve as primary vectors for numerous pathogens
affecting humans and animals. Unlike other arthropods, ixodid ticks exhibit notably less
susceptibility to entomopathogenic fungi, which are widely used as biological control
agents. This study aimed to determine whether the dynamics of the cellular immune
response to fungal infection differ between Amblyomma sculptum and Amblyomma ameri-
canum. Engorged female ticks were treated with conidial suspensions of Metarhizium
robertsii ARSEF 2575 or Beauveria bassiana ARSEF 9588. For the survival assay, ticks
were immersed in suspensions of 5 x 108 conidia mL™2. Inoculation with 5 x 107 coni-
dia mL™! was used in assays to evaluate immune responses. Haemolymph was collected
24 h post-treatment, and smears were prepared for microscopy-based characterization
of haemocyte responses. Confocal and fluorescence microscopy were used to classify,
quantify and visualize the haemocyte types, including granulocytes, plasmatocytes, pro-
haemocytes, oenocytoids and spherulocytes. Our findings reveal that plasmatocytes
dominate the haemocyte population in A. sculptum, whereas granulocytes are predomi-
nant in A. americanum, both showing reduced concentrations following B. bassiana expo-
sure. Prohaemocytes and oenocytoids were present in all groups but at lower
frequencies. Additionally, B. bassiana was more effective against A. sculptum, whereas
M. robertsii exhibited greater efficacy against A. americanum, with phenoloxidase activity
of ~29%. This study provides crucial insights into the cellular immune defences of
Amblyomma ticks and highlights potential fungal strains that may overcome tick antifun-

gal susceptibility. These findings establish a foundation for future research on
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haemocyte-mediated immunity in ixodid ticks, a topic with limited existing literature and

contribute to the development of targeted biological control strategies.

Beauveria bassiana, haemocytes, Metarhizium robertsii, phenoloxidase, ticks

INTRODUCTION

Amblyomma (Koch, 1844) tick species are important vectors of multiple
human pathogens, including Rickettsia spp., the agents of Rocky Moun-
tain Spotted Fever (Aradjo et al., 2015), Borrelia lonestari (Stromdahl
et al, 2003) and Borrelia burgdorferi, the etiological agent of Baggio-
Yoshinari syndrome (Lyme-like disease) (Miziara et al., 2018). Further-
more, Amblyomma spp. transmit Coxiella burnetii (Q fever), Borrelia
recurrentis (related to human relapsing fever), Crimean-Congo haemor-
rhagic fever virus and Ehrlichia chaffeensis (which leads to human ehr-
lichiosis) (Damasceno & Guerra, 2018; Labruna & Mattar V, 2011;
Massard & Fonseca, 2004; Rozental et al., 2002).

Amblyomma spp. are aggressive biters, and they are the primary
tick species that bite humans in Brazil and the United States (Labruna
et al., 2004; Mixson et al., 2006). Thus, these ticks represent an impor-
tant threat to human health in a wide range of regions. Arthropod
populations are controlled particularly by the use of chemical prod-
ucts, such as organophosphates and pyrethroids. These products,
when used repeatedly and indiscriminately, may lead to environmental
contamination and promote the selection of acaricide-resistant ticks
within populations. This issue has been well-documented in Rhipice-
phalus spp. ticks in Mexico, Australia and Brazil (Barré et al., 2008;
Ribeiro et al., 2010). Increasing reports of acaricide resistance or toler-
ance have been reported in Amblyomma spp., including Amblyomma
variegatum in Africa (Evans et al., 2024), Amblyomma sculptum in Brazil
(Cardoso et al, 2023) and Amblyomma americanum in the
United States (Kaplan et al., 2022). The potential development of
acaricide resistance in these tick populations has motivated studies on
sustainable alternatives for pest control, including the use of biological
control methods (Chandler et al., 2000).

Entomopathogenic fungi naturally infect ticks and have shown high
virulence. Although several species exist in nature, the most investigated
against ticks are Metarhizium spp. and Beauveria spp. (Fernandes &
Bittencourt, 2008). These fungi are not only alternatives to chemical
products but may also be used in combination with these chemicals in
integrated pest management programs (Bahiense et al., 2006; Sousa
et al,, 2011). These microorganisms usually invade their hosts by pene-
trating directly through the cuticle (Hartelt et al., 2008). Once the fungi
overcome this first barrier, the fungal hyphae invade the host haemo-
coel, where they encounter immune defences (Lavine & Strand, 2002).
Tick responses to pathogens rely on innate immunity, which involves
coordinated cellular and humoral mechanisms.

Haemocytes are the primary cells that respond to microorganism
invasion by performing phagocytosis (Fiorotti et al., 2019), encapsula-
tion and nodulation (Ceraul et al., 2002). These cells also modulate the

production of reactive oxygen (Alberdi et al., 2019) and nitrogen

species (Feitosa et al., 2018) and interact with humoral components,
such as the complement system (Fiorotti et al., 2022) and the pheno-
loxidase cascade (Feitosa et al., 2018). Conserved signalling pathways
modulate the gene expression of antimicrobial peptides, such as
defensins (Szczotko et al, 2024) and microplusin (Martins
et al., 2019), and other immune effectors, including lysozymes (Tanaka
et al., 2010), and transferrins involved in oxidative stress responses
(Solyman et al., 2021). Some pathogens, however, can manipulate the
tick immune response, leading to the downregulation of key genes
and effectors required to control infection (Alberdi et al., 2019; Rosa
et al., 2016). These findings highlight the complexity of immune
responses and host-pathogen interactions.

Variations in susceptibility to entomopathogenic fungi have been
reported among tick species and even within the same species at dif-
ferent developmental stages (Gindin et al., 2002; Ribeiro-Silva
et al., 2022). The tick cuticle is widely recognized as the primary bar-
rier to fungal infection (Ribeiro-Silva et al., 2022); however, certain
fungi, including Metarhizium and Beauveria species, have demon-
strated their ability to penetrate this barrier and infect ticks (Ment
et al., 2012; Sullivan et al., 2022). Despite their ability to infect ticks,
these fungi may cause lethality levels below the threshold required
for effective biological tick control. Ticks are known to differ in
immune cell populations among different species, and the propheno-
loxidase (PPO) activating system is thought to be absent in
A. americanum; however, it has been reported in Rhipicephalus sangui-
neus sensu lato (s.l.) and Ornithodoros moubata (Fogaca et al., 2021).
This study aims to determine whether A. sculptum and A. americanum
differ in their cellular immune response to fungal infection, with
emphasis on haemocyte dynamics and phenoloxidase activity. We
hypothesized that variation in cellular immune response, potentially
shaped by their ecological backgrounds, could contribute to differ-
ences in susceptibility to entomopathogenic fungi. This information
can be used to design in vitro tests and other evaluations that deter-

mine the best fungal strains for controlling ticks.

MATERIALS AND METHODS
Fungal culture and preparation of conidial suspensions

Metarhizium robertsii ARSEF 2575 and Beauveria bassiana ARSEF 9588
were obtained from the USDA-ARS Collection of Entomopathogenic
Fungal Cultures (ARSEF), Ithaca, NY, USA. These fungal isolates were
cultured on 20 mL potato dextrose agar, supplemented with 1.0 g L%
yeast extract (PDAY) (Bacto™, Difco Laboratories, Sparks, MD, Miami,
FL, USA) in Petri plates (100 x 15 mm) at 27 £+ 1°C and a 12:12h
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light:dark (L:D) photoperiod for 15 days. Aerial conidia were harvested
from sporulated cultures using a spatula, suspended in a sterile polyeth-
ylene sorbitan monooleate (Tween 80®, Sigma-Aldrich, St. Louis, MO,
USA) aqueous solution (0.01%, v/v), and then adjusted to 5 x 107 coni-

diamL™*and 5 x 108 conidia mL~? prior to tick treatments.

Ticks: fungal inoculation and haemolymph collection

Engorged females of A. sculptum were collected from naturally
infested horses that had not been treated with acaricides for at least
30 days. The horses were obtained from the School of Veterinary and
Animal Science of the Federal University of Goias, and from animals
rescued by the Zoonosis Control Center of Goiania, Brazil (CEUA/
UFG permit: 055/2021).

A. americanum females were obtained from a certified pathogen-
free colony maintained at Oklahoma State University, USA. These
ticks were infested onto New Zealand White rabbits purchased from
Charles River Laboratories (Wilmington, Massachusetts, USA). Ticks
were fed for 20 days inside Ethylene Vinyl Acetate (EVA) foam cap-
sules as previously described (Leal-Galvan et al., 2022) and according
to the procedures outlined in the Animal Usage Protocol (AUP)
#2020-0026, approved by the Institutional Animal Care and Use
Committee (IACUC) of Texas A&M University.

Engorged females were sanitized in a 1% bleach solution for 3 min,
rinsed in sterile distilled water and dried on sterile paper towels.
Females from each species were then separated into three groups, with
each group consisting of five ticks: (1) the control group treated with
0.01% (v/v) Tween® 80 solution; (2) the group treated with a conidial
suspension of B. bassiana; and (3) the group treated with a conidial sus-
pension of M. robertsii. Treatment was performed by inoculating 5 uL
of conidial suspension, at 5 x 10’ conidia mL™%, into the foramen
located between the dorsal scutum and the capitulum, using an insulin
needle (0.3 mm). After treatment, the engorged females were incubated
at 27 £ 1°C and relative humidity (RH) >90% for 24 h. The tick’s cuticle
was pierced with a 0.3-mm needle, and then a gentle pressure was
exerted on the tick's body to collect haemolymph samples using
0.3-mm glass microcapillary tubes. The collected haemolymph was used

for microscopy analysis and phenoloxidase activity assays.

Quantification and characterization of haemocytes

A 10-pL aliquot of total haemocytes suspended in 0.01 M phosphate-
buffered saline (PBS) at pH 7.2 (1:1) was immediately quantified in a
haemocytometer using a light microscope (Olympus BX43F and Nikon
Eclipse E200) at 400x magnification. A sample of haemolymph was
also deposited on glass slides to perform a smear. The slides were
stained using a three-step stain set (Richard-Allan Scientific™) accord-
ing to the manufacturer’s specifications and analysed for morphologi-
cal characterization of haemocytes at 400x magnification using a light
microscope. Haemocytes from A. americanum were visualized using
an Olympus model BX43F (Shinjuku City, Tokyo, Japan) at Texas
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A&M University. Those from A. sculptum were visualized using a
Nikon Eclipse model E200 (Nikon Instruments Inc., Tokyo, Japan) at
the Federal University of Goias.

Three slides were prepared for each treatment group, with a total
of nine slides after the third repetition of the experiment. On each
slide, 100 cells were randomly counted and morphologically classified
based on cell size and shape, nuclear size and location, presence of
granules or vacuoles and cytoplasm homogeneity. The mean and the
standard deviation of the cell types from the treatment and control

groups were calculated.

Confocal fluorescence microscopy

Haemolymph from A. americanum was collected, and new smears
were prepared and held in a humid chamber for 30 min to allow the
cells to adhere to the glass slide. The smears were then fixed with 4%
paraformaldehyde in PBS (Thermo Fisher Scientific Inc.) for 10 min.
Cell permeabilization was performed by washing slides with PBS
buffer containing 0.2% (v/v) Tween 20®. The nuclei were stained in
blue with 4’-6-diamidino-2 phenylindole (DAPI) (Invitrogen, Thermo
Fisher Scientific Inc.) for 1 h, at room temperature (RT), avoiding light.
Phalloidin fluorescein isothiocyanate (Abnova Corporation, Taiwan)
was used to stain in green the actin filaments and cell membrane pro-
teins for 30 min at RT. Fluorescence signals were confirmed in a dark
room, as described by Blanco et al. (2017), with modifications. Cells
were visualized using an LSM-780 Confocal Microscope (Zeiss,
Germany) at Texas A&M Veterinary Medicine & Biomedical Sciences.
Images were acquired with an Airyscan superresolution detector
(32-channel GaAsP-PMT). Fluorescence microscopy images were used
as complementary tools to visualize cell morphological traits and were

not used as primary evidence for haemocyte characterization.

Phenoloxidase activity assay

Two microliters of haemolymph were collected from each tick
(A. sculptum and A. americanum) from treatment or control groups.
These samples were then incubated for 10 min with 28 pL of 0.01 M
Cacodylate buffer containing 0.0005 M CaCl, at pH 7.0 in 96-well cell
culture plates. Ten microliters of a saturated solution of L-Dopamine
(Sigma Aldrich, USA) at 4 mg mL~! were added to the mixture and
held for an additional 20 min at room temperature, according to the
protocol developed by Ling and Yu (2005). The ELISA 96-well plate
reader measured absorbance at 490 nm, using cacodylate buffer as
the blank, as described by Mello et al. (1995).

Enzyme activity is expressed as a percentage, calculated based
on the activation observed in the group treated with trypsin
(1 mgmL™! of haemolymph during a 30-min incubation), which
serves as a reference for determining the activation levels in the
other treatments. Three replicates were performed using both tick
species and different fungal cultures, with samples read in triplicate

for each evaluation.
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FIGURE 1 Total number of circulating haemocytes in the haemolymph of Amblyomma sculptum (a) or Amblyomma americanum (b) 24 h after
treatment with entomopathogenic fungi: Metarhizium robertsii ARSEF 2575 (A 2575) or Beauveria bassiana ARSEF 9588 (A 9588). (+) indicates a
significant difference (p < 0.05) in the number of haemocytes, within the same tick species, by analysis of variance (ANOVA) followed by

Dunnett’s test.

Assays with unfed adult ticks—Survival analysis

Unfed females of A. sculptum or A. americanum were separated into
three groups of five. Females were immersed in conidial suspension
(5 x 10® conidia mL™%) of B. bassiana ARSEF 9588 or M. robertsii
ARSEF 2575 for 3 min, whereas the control group was submerged in
0.01% Tween 80®. After exposure, ticks were incubated at 27 + 1°C
and RH 290% and evaluated daily for 19 days to determine survival
among different treatments. The entire experiment was performed

three times.

Data analysis

Data sets were verified for homoscedasticity using the Bartlett test
and normality using the Shapiro-Wilk test. The mean values of pheno-
loxidase activity and haemocyte characterization were then submitted
to Kruskal-Wallis, followed by Dunn’s test for multiple comparisons
and p-values were adjusted with the Benjamini-Hochberg correction,
using the ‘easyanova’ package in R software (R Core Team 2016).
GraphPad Prism version 10.4.1 was used to analyse the mean of hae-
mocyte counts using analysis of variance (ANOVA) followed by Dun-
nett’s test. Survival curves were constructed in GraphPad Prism and
analysed using the Log-rank (Mantel-Cox) test. The mean values for
phenoloxidase activity and haemocyte characterization were imported
into GraphPad Prism to create the graphs. Values of p less than 0.05
were significant (Arnhold, 2013). Adobe lllustrator 2023, version

27.6.1, was used for the overall design and layout of the images.

RESULTS
Quantification and characterization of haemocytes

The total number of circulating haemocytes in the haemolymph of
A. sculptum (+ 1 x 107 cells mL™Y) appears to be greater than that

found in A. americanum (+ 4 x 10° cells mL™2) in non-challenged ticks
(Figure 1). However, no statistical comparisons between species were
conducted, as the analysis focused on differences within each species
and experiments were conducted at different locations and times,
which could introduce variations that might obscure the results. Fur-
ther, B. bassiana infection significantly reduced the number of circulat-
ing haemocytes in A. americanum haemolymph (F ¢ = 4.85,
p adjusted = 0.0443) (Figure 1b). This response was not observed in
A. sculptum, which did not show a significant change in haemocyte
numbers despite the treatment with B. bassiana (Figure 1a).
M. robertsii did not induce significant changes in the number of circu-
lating haemocytes (Figure 1a,b).

Haemolymph from A. sculptum engorged females ranged in colour
from translucent to blue (not shown). A. americanum haemolymph pre-
sented a translucent appearance. Five cell types were found in both
tick species: Granulocytes, Plasmatocytes, Prohaemocytes, Spherulo-
cytes and Oenocytoids (Figures 2 and 3). Notably, some granulocyte
cells were found clumping together after infection with entomopatho-
genic fungi (Figure 4). Immune cells showed the following morphologi-
cal characteristics: (1) Granulocytes: The cells were round or oval with
many eosinophilic granules in the cytoplasm, which may have been
covering the nuclei (Figures 2a and 3a). While two distinct granulocyte
types were detected in A. sculptum, we did not conduct granule-
specific analyses and therefore treated them as a single category dur-
ing analysis. Type Il granulocytes are generally larger than 16 um and
have granules that cover the nucleus. The average size of this cell type
was approximately 25 um. (2) Plasmatocytes: These were polymorphic
cells with an average size of around 20 um despite their wide varia-
tion in shape. Plasmatocyte cells have a central or eccentric nucleus,
vacuoles and few granules in the cytoplasm (Figures 2b and 3b). This
cell type was distinguished by its cytoplasm, which had projections.
(3) Prohaemocytes: They were the smallest cell type observed, with a
very close nucleus-to-cytoplasm ratio, a size of approximately 14 um
and a central nucleus (Figures 2c and 3c). (4) Spherulocytes: They
were cells with an oval or circular shape and a nucleus in an eccentric

position. Their size was approximately 23 um. The cytoplasm
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FIGURE 2 Types of haemocytes in the haemolymph of Amblyomma sculptum. The cells were stained using the TreeStep kit and analysed at
1000x magnification under a light microscope equipped with a digital camera: Granulocyte (a); plasmatocyte (b); prohaemocyte (c); spherulocyte

(d); oenocytoid (e). Scale bar: 20 um.

contained abundant spherules that showed minimal staining with the
dye (Figures 2d and 3d). (5) Oenocytoids: These cells had small gran-
ules with irregular cytoplasmic margins, a spongy and refractive
appearance, and an eccentric nucleus. They were large cells (around
50 um) and rarely present in the haemolymph of both tick species
investigated in this study (Figures 2e and 3e).

Differences in haemocyte counts

In A. sculptum, plasmatocytes were the predominant cell type, com-
prising approximately 50% of the cells found in their haemolymph
(Figure 5). The infection with B. bassiana resulted in a significant
increase in the number of plasmatocytes when compared to the con-
trol group (x2=7.2, p=0.027, p adjusted = 0.022). Granulocytes
were the second most abundant cell type in uninfected A. sculptum
but were significantly reduced in ticks infected with B. bassiana
(Figure 5; x?> =7.2, p = 0.027, p adjusted = 0.022). Prohaemocytes
(x? = 5.66, p = 0.059), spherulocytes (x2? = 1.23, p = 0.54) and oeno-
cytoids (x2 = 4.49, p = 0.1) were found in low numbers and were not
affected by infection with either entomopathogenic fungi. In
A. americanum, granulocytes were the most abundant cells, followed
by plasmatocytes. The infection with B. bassiana resulted in a reduced

number of circulating granulocytes (Figure 6; x2 = 6.0, p = 0.049,

p adjusted = 0.049), whereas the mean number of the other cell types

remained unchanged.

Confocal fluorescence microscopy

To further visualize the morphology of haemocytes, we also used
confocal microscopy (Figure 4). The abundant granules in the gran-
ulocytes were highlighted in red (Figure 4a). Additionally, the cellu-
lar lipid inclusions (Ip) on plasmatocytes (Figure 4b), the low
proportion of cytoplasm and nucleus of prohaemocytes (Figure 4c)
and the typical refraction of spherulocytes (Figure 4d) were clearly
detectable.

Differences in phenoloxidase activity following fungal
treatment

Phenoloxidase activity was not detected in adult A. sculptum, regard-
less of treatment. However, A. americanum phenoloxidase activity was
detected and increased significantly when ticks were infected with
B. bassiana (by approximately 28%: x2=109, p = 0.004,
p adjusted = 0.012) or M. robertsii (approximately 30%; x2 = 10.9,
p = 0.004, p adjusted = 0.007).
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FIGURE 3 Types of haemocytes in the haemolymph of Amblyomma americanum. The cells were stained using the TreeStep kit and analysed
at 1000x magnification under a light microscope equipped with a digital camera: Granulocyte (a); plasmatocyte (b), prohaemocyte (c);

spherulocyte (d); oenocytoid (e). Scale bar: 20 um.

Differences in tick survival following fungal treatment

Upon treatment with a fungal suspension, unfed female A. sculptum
ticks required more than 12 days for the survival curve to begin
declining by half when exposed to B. bassiana and at least 16 days
when exposed to M. robertsii (Figure 7; )(2 =7.618, df=2,
p = 0.0222). However, A. americanum treated with B. bassiana exhib-
ited a reduction in survival probability within 6 days post-treatment.
In contrast, M. robertsii treatment caused a gradual decline, with
approximately 90% mortality reached by day 15 post-treatment
(Figure 8; x2 = 10.32, df = 2, p = 0.0057).

DISCUSSION

The development of control strategies for ixodid ticks requires an
understanding of their immune system. The haemolymph cells in
arthropods are nucleated and perform four essential functions, includ-
ing phagocytosis, nutrient storage, nodulation and encapsulation, in
addition to mediating the humoral response (Fiorotti et al., 2019;
Lavine & Strand, 2002; Sonenshine & Hynes, 2008; Strand, 2008).
The defence mechanism of ixodids, however, still raises many reserva-
tions and disagreements (Fogaca et al., 2021). Plasmatocytes, granulo-
cytes and prohaemocytes are the three main types of haemocytes
frequently reported in ticks, although different species may exhibit
additional cell types. Several studies propose classifications of

haemocytes in tick haemolymph, often comparing them to those
found in other arthropods, particularly insects (Feitosa et al., 2015;
Fogaca et al., 2021).

Five main types of haemocytes have been identified by ultra-
structural characterization in Amblyomma ticks: granulocytes, plas-
matocytes, prohaemocytes, oenocytoids and spherulocytes. These
cell types appear to be conserved across different species within
the genus Amblyomma, as reported in recent studies (Adegoke
et al., 2023; Adegoke, Hanson, et al., 2024; Reis et al., 2024). In
addition to these morphologically defined cell types, sequencing
analysis has revealed greater cellular diversity, identifying 14 hae-
mocyte populations in A. americanum (Adegoke, Ribeiro,
et al., 2024). Despite this conserved classification, the relative
abundance and dynamics of haemocytes may vary under physiolog-
ical conditions, such as changes in feeding status or exposure to
pathogens. In the present study, we identified and described the
same five immune cell types in the haemolymph of both
A. sculptum and A. americanum.

Plasmatocytes were the most abundant cells in the haemolymph
of A. sculptum engorged females, corresponding to approximately
50% of the haemocytes, whereas in A. americanum, this cell type was
the second most abundant. Many factors can alter the cellular compo-
sition of tick haemolymph, including microbial infections (Fisher &
Ganesalingam, 1970). Following the infection with B. bassiana,
changes were observed in the total haemocyte counts of

A. americanum and A. sculptum. A previous study using Rhipicephalus
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FIGURE 4 Confocal fluorescence microscopy of circulating haemocytes from Amblyomma americanum ticks without fungal treatment,
visualized at 1000 x magnification. Nuclei were stained blue with DAPI (4’,6-diamidino-2-phenylindole), and cell membranes were stained green
with phalloidin fluorescein isothiocyanate. The red autofluorescence in the cytoplasm likely reflects the biochemical composition of cellular
components. We hypothesize that the intense red signal corresponds to cytoplasmic granules, whereas the less intense fluorescence reflects a
more homogeneous cytoplasmic content. Based on cell size and cytoplasmic fluorescence, the haemocytes shown in this figure may represent:
Granulocyte (a); plasmatocyte (b); prohaemocyte (c); spherulocyte (d); oenocytoid (e). Grouped haemocytes in the haemolymph are also shown (f).
Arrows indicate the cell membranes; (n) nuclei; (g) granules; and (Ip) lipid inclusions. Scale bars: 20 um.

microplus reported a fivefold increase in the total number of haemo-
cytes 48 h after treatment with B. bassiana (Freitas et al., 2015). This
finding contrasts with a study by Fiorotti et al. (2018), which demon-
strated that the number of haemocytes decreased following 24 h after
inoculation with M. robertsii ARSEF 2575. However, the results of the
present study demonstrated that the number of circulating plasmato-
cytes increased 24 h after treatment with B. bassiana ARSEF 9588.
Morphologically, plasmatocytes were the most distinct cell type in
A. sculptum and A. americanum, characterized by cytoplasmic projec-
tions and eccentric or central nuclei. The cell size ranged around
20 um, like those found in A. sculptum by Reis et al. (2024). Further-
more, the morphology of the plasmatocytes described in this study is
similar to that identified in R. microplus (Fiorotti et al., 2019; Reis
et al.,, 2024).

The most abundant cells in the haemolymph of A. americanum
were granulocytes. After exposure to B. bassiana, their numbers
decreased, whereas no reduction was observed following treatment
with M. robertsii. In A. sculptum, circulating granulocytes also
decreased, showing loss of cytoplasmic granules, as previously
reported for the cattle tick, R. microplus (Fiorotti et al., 2019). Granulo-
cytes are recruited for immune processes such as phagocytosis and
encapsulation (Sonenshine & Hynes, 2008), and their reduction in the
haemolymph during fungal infection may reflect active recruitment to
tissues as a defence mechanism (Gunnarsson, 1988; King &
Hillyer, 2012). Besides tissue recruitment, the production of toxic
metabolites by B. bassiana can suppress host immunity (Valencia
et al., 2011; Zibaee et al., 2011), and damage to haemocyte mem-
branes has been reported in arthropods following B. bassiana infection
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FIGURE 5 Percentage of haemocytes in the haemolymph of Amblyomma sculptum 24 h after treatment with entomopathogenic fungi:
Metarhizium robertsii ARSEF 2575 (A 2575) or Beauveria bassiana ARSEF 9588 (A 9588). (-) indicates a significant difference (p < 0.05), within the
same haemocyte type, by the Kruskal-Wallis test followed by Dunn’s multiple comparisons with Benjamini-Hochberg correction.
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FIGURE 6 Percentage of haemocytes in the haemolymph of Amblyomma americanum 24 h after treatment with entomopathogenic fungi:
Metarhizium robertsii ARSEF 2575 (A 2575) or Beauveria bassiana ARSEF 9588 (A 9588). (+) Indicates a significant difference (p < 0.05) within the
same haemocyte type, by Kruskal-Wallis test followed by Dunn’s multiple comparisons with Benjamini-Hochberg correction.
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FIGURE 7 Probability of survival of Amblyomma sculptum unfed females in relation to the time after infection with Beauveria bassiana ARSEF
9588 (A 9588) or Metarhizium robertsii ARSEF 2575 (A 2575) by the Log-Rank (Mantel-Cox) test (p = 0.0222).

(Fan et al., 2025). Furthermore, immune stress induced by an entomo-
pathogenic fungus may contribute to a reduction in haemocytes

through apoptosis or necrosis (Wronska et al., 2022).

In our study, granulocytes were observed adhering to one
another under microscopy, indicating haemocyte aggregation, a phe-

nomenon previously reported by Cho and Cho (2019). These
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FIGURE 8 Probability of survival of Amblyomma americanum unfed females in relation to the time after infection with Beauveria bassiana
ARSEF 9588 (A 9588) or Metarhizium robertsii ARSEF 2575 (A 2575) by the Log-Rank (Mantel-Cox) test (p = 0.0057).

researchers also described granulocytes actively producing amoeba-
like filaments and extracellular traps from their plasma membranes to
gather other haemocytes and carry out cellular immune responses in
Gryllus bimaculatus. Morphologically, granulocytes displayed irregu-
larly shaped cytoplasmic granules, some of which showed signs of
degradation. Additionally, the cell size was approximately 25 um, simi-
lar to that reported for A. sculptum (22 um; Reis et al., 2024), but smal-
ler than that reported for Rhipicephalus spp. (Fiorotti et al., 2019).

The number of prohaemocytes was similar in both Amblyomma
species, regardless of treatment. However, it is worth noting that this
cell type is the precursor of other cell types, such as plasmatocytes
and granulocytes, which were abundantly reported in the current
study. This suggests that prohaemocytes may contribute to increasing
and maintaining the number of circulating haemocytes after an
immune challenge (Feitosa et al., 2015; Sonenshine & Roe, 2014).
After fungal treatment, some small plasmatocytes with few projec-
tions were detected, possibly indicating recent cell differentiation.
Prohaemocytes have a close ratio of nuclei to cytoplasm. They are
small cells (14 um) like those found in R. sanguineus s.l., R. microplus,
A. sculptum and Dermacentor sp. (Brinton & Burgdorfer, 1971;
Carneiro & Daemon, 2002; Fiorotti et al., 2019; Reis et al., 2024).

Oenocytoid cells were not detected in significant numbers, with
low counts in both Amblyomma species, regardless of the fungal infec-
tion. The absence of this cell type is suggested for some tick species
under certain conditions, such as a pathogen infection (Feitosa
et al., 2015; Fiorotti et al., 2019; Silva et al., 2006), and it seems not to
be involved in phagocytosis processes but may be related to encapsu-
lation mechanisms (Eggenberger et al., 1990; Fogaca et al., 2021). The
oenocytoids are the largest haemocytes identified in this study, with
an average size of approximately 50 um. Although some studies
report variations in size and internal composition, such as differences
in mitochondria, it is generally agreed that oenocytoids are among the
largest haemocytes (Carneiro & Daemon, 2002; Giulianini et al., 2003;
Reis et al., 2024). Under light microscopy, the cytoplasmic details
were unclear due to its spongy aspect, and the cell nucleus was eccen-

trically positioned.

Spherulocytes were rarely observed in Amblyomma spp., and no
significant variation was observed even after treatment with entomo-
pathogenic fungi. Silva et al. (2006) demonstrated that spherulocytes
underwent cellular modifications after treatment with Metarhizium sp.,
making their precise identification difficult. Fiorotti et al. (2019) also
reported the absence of spherulocytes in the haemolymph of infected
R. microplus. The function of these haemocytes in ticks remains
unclear, despite their reported presence in other arthropods. Their
low numbers or absence of ticks, depending on the species, suggests
they may not be directly involved in cell-mediated arthropod defence
(Brinton & Burgdorfer, 1971; Carneiro & Daemon, 2002; Feitosa
et al,, 2015; Fiorotti et al., 2019; Reis et al., 2024).

This study has identified, in both tick species, a few cells that
resemble adipohaemocytes, previously described in R. sanguineus
s.l. and in some species of the Amblyomma cajennense complex
(Carneiro & Daemon, 2002; Feitosa et al, 2015; Fiorotti
et al., 2019; Silva et al., 2006). Their identification was challenging
because they were consistently found in low quantities. A study
conducted by Hillyer et al. (2003) suggests a potential misidentifi-
cation of this cell type, as it could be mistaken for fat body cells
and thus overlooked. Additionally, recent research (Reis
et al., 2024) suggests that this specific cell type is absent from the
haemolymph of A. sculptum. Nevertheless, these cells may not be
directly involved in responding to microorganisms. The
adipohaemocyte-like cells display an irregular shape and measure
approximately 32 um. They exhibit dense vesicles in their cyto-
plasm, along with fat vesicles. Each haemocyte type possesses dis-
tinct characteristics and may change in response to infections by
microorganisms such as entomopathogenic fungi. This can occur
through immunological processes, such as phagocytosis, or through
secondary metabolites produced by fungi during infection (Fiorotti
et al., 2019; Lavine & Strand, 2002; Wiegand et al., 2000). How-
ever, studies reporting the identification of haemocytes with phe-
noloxidase activity in ticks are scarce.

In some arthropods, cells such as granulocytes, plasmatocytes,

spherulocytes and oenocytoids are associated with phenoloxidase
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activity. This activity helps to fight infections and can act as an
opsonin, which is effective for the deposition of melanin (Ling &
Yu, 2005; Lu et al., 2014; Lu & St. Leger, 2016). Although phenolox-
idase plays an important role in the arthropod immune response, its
activity has not been fully characterized in ticks. Our evaluations
focused on the early immune response at 24 h post-inoculation;
however, longer exposure to pathogens could potentially alter the
patterns of phenoloxidase activity and cellular responses. In
R. sanguineus, phenoloxidase activity increased 5 days after infec-
tion with Leishmania infantum, whereas no activity was detected at
earlier time points post-infection (Feitosa et al., 2018), suggesting a
delayed response. In R. microplus engorged females, inoculation
with M. anisopliae caused a decrease in phenoloxidase activity only
after 48 h post-inoculation, but not at 24 or 72h (Corréa
et al., 2021). These findings indicate that phenoloxidase activity in
ticks may vary depending on the pathogen to which they are
exposed and the tick species, highlighting the complexity of their
immune regulation.

In the current study, A. americanum, but not A. sculptum, demon-
strated increased phenoloxidase activity when infected with any of
the entomopathogenic fungi tested. Despite this, the cellular response
of A. americanum was insufficient to oppose the infection caused by
M. robertsii. A. sculptum was more sensitive to infection by B. bassiana
than by M. robertsii; however, long periods were required to reduce
tick survival. It is essential to acknowledge that phenoloxidase activity
constitutes only one component of the humoral immune response.
Other mechanisms, such as antimicrobial peptides and reactive oxy-
gen species (Fogaca et al., 2021), also play important roles in tick
defence against pathogens; however, these were not assessed in this
study. These results reinforce the importance of conducting studies
that compare multiple aspects of the immune response and focus on
each target species to enhance our understanding of the defence
mechanisms of ixodid ticks.

Moreover, it is important to emphasize that the ticks used in this
study originated from different sources: A. sculptum females were col-
lected from naturally infested horses in Brazil and may have been pre-
viously exposed to environmental microorganisms, whereas
A. americanum specimens were obtained from a pathogen-free labora-
tory colony in the United States. This distinction is relevant, as prior
microbial exposure may modulate the basal immune responses of ticks
and contribute to some of the interspecific differences reported.
These aspects should be considered in future studies evaluating the
use of entomopathogenic fungi as biological control agents.

Although our results should be interpreted with caution, as nat-
urally occurring microorganisms may have influenced tick immune
responses, the modulation of haemocytes observed in A. sculptum
and A. americanum supports our hypothesis that variation in cellular
immunity contributes to differences in susceptibility to fungal
infection. Given that haemocytes play a central role in fungal recog-
nition and elimination, our findings provide valuable insights into
host-pathogen compatibility. Integrating haemocyte response pro-
files into laboratory assays may improve the selection of fungal iso-

lates with enhanced infectivity or immune evasion capacity,

B

thereby increasing the precision of biological control strategies tar-

geting different tick species.
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