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Rhipicephalus spp. (Acari: Ixodidae) ticks are obligate hematophagous arthropods, which constitute a model for
the study of vector-host interactions. The chemical composition or elementome of salivary glands (SG) and
cement provides information relevant for the study of protein-based complex multifunctional tissues with a key
role in tick biology. In this study, we characterized the elementome of cement cones in Rhipicephalus sanguineus
collected from naturally infested dogs and in SG and cement of R. bursa collected from experimentally infested
rabbits at different feeding stages. The elementome was characterized using scanning electron microscopy (SEM)
combined with energy dispersive X-ray spectroscopy (EDS). The results showed the identiﬁcation of up to 14
chemical elements in the cement, and suggested tick/host-driven differences in the cement elementome between
tick species and between SG and cement within the same species. By still unknown mechanisms, ticks may
regulate cement elementome during feeding to affect various biological processes. Although these analyses are
preliminary, the results suggested that N is a key component of the cement elementome with a likely origin in SG/
salivary proteins (i.e., Glycine (C2H5NO2)-rich superfamily member proteins; GRPs) and other tick/host-derived
components (i.e. NAPDH). Future research should be focused on tick elementome and its functional implications
to better understand cement structure and function.

1. Introduction
Ticks of the Rhipicephalus genus (Acari: Ixodidae) are obligate hematophagous arthropods, and a model for the study of ectoparasite
vector-host interactions (Dantas-Torres, 2008; Tabor et al., 2017;
Antunes et al., 2018). The Rhipicephalus genus includes one (e.g. Rhipicephalus microplus), two (e.g. Rhipicephalus bursa) and three-host (e.g.
Rhipicephalus sanguineus) tick species (Jongejan and Uilenberg, 2004; de

la Fuente et al., 2008; Dantas-Torres, 2008; Antunes et al., 2018; Rashid
et al., 2019). Brown ear ticks R. bursa and brown dog ticks R. sanguineus
are economically important ectoparasites of a variety of domestic and
wild animal species with an impact on livestock industry and dog health
worldwide (Dantas-Torres, 2008; Antunes et al., 2018; Paules et al.,
2018). Rhipicephalus sanguineus are also anthropophilic and vectors of
pathogens to humans (Goddard, 1989; Parola et al., 2008). Effective and
environmentally friendly control methods, such as vaccines among other
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2. Materials and methods

interventions, are required to control tick infestations and tick-borne
diseases (de la Fuente et al., 2017; de la Fuente, 2018; Wikel, 2018;
Molaei et al., 2019).
The cement is a complex multifunctional protein polymerization
substance secreted by most species of the family Ixodidae including
Rhipicephalus spp. to anchor their mouthparts to the host skin (Suppan
et al., 2018). The cement has antimicrobial and adhesive properties and
acts to seal the lesion during feeding, while facilitating feeding, pathogen
transmission, and protection from mammalian host immune and in
ﬂammatory responses (Kazimírova and Stibr
aniova, 2013; Suppan et al.,
2018; Nuttall, 2019). Previous studies of tick cement have revealed its
histochemical composition and structure (Bullard et al., 2016, 2019;
Suppan et al., 2018; Hollmann et al., 2018; Villar et al., 2020). Recently,
the chemical composition or elementome (Ramaswamy et al., 2015) and
proteome of tick cement were characterized by SEM-EDS and proteomics
approaches in R. microplus during various ectoparasite feeding stages
(Villar et al., 2020), and results suggested that tick and host derived
compounds modulate cement properties throughout tick feeding.
In this study, we aimed at advancing further the study of the elementome in tick cement cones from R. sanguineus collected from naturally infested dogs, and in salivary glands (SG) and cement cones from
R. bursa in experimentally infested rabbits at different feeding stages. The
elementome was characterized using SEM-EDS as previously described in
R. microplus (Villar et al., 2020). The results provided additional support
for the use of SEM-EDS to characterize tick elementome.

2.1. Experimental design and rationale of using the Rhipicephalus spp.
model
Based on a previous study in R. microplus (Villar et al., 2020), the
analyses were conducted at different levels in two other Rhipicephalus
spp., R. sanguineus and R. bursa fed females. Rhipicephalus sanguineus
specimens were collected from naturally infested dogs at several stages of
feeding. These samples were used for the preliminary characterization of
the cement elementome by SEM-EDS at tick and host sides of the cement
cones, and in comparison with tick exoskeleton palps and dog hair. Then,
a controlled study was conducted in R. bursa using specimens collected
from experimentally infested rabbits at 1–2 days post-attachment (dpa)
(T1; slow-feeding period, 35  7 mg), 4–5 dpa (T2, 83  11 mg) and 7
dpa (T3; fast-feeding period, 179  24 mg) for analysis of tick elementome in SG and cement cones by SEM-EDS. In R. bursa, cement cones
were analyzed at combined tick and host sides for comparison with SG.
2.2. Ticks
Rhipicephalus sanguineus (Latreille, 1806) females feeding on naturally
infested multiple dog breeds were collected in an animal shelter at Ciudad Real, Spain, and morphologically classiﬁed according to Dantas-Torres et al. (2013). Adult R. bursa (Canestrini and Fanzago, 1878) were

Figure 1. Rhipicephalus sanguineus tick cement elementome. Chemical elements were identiﬁed by SEM-EDA analysis in samples from R. sanguineus females collected
from naturally infested dogs. (A) Electron microphotographs of tick cement from host side (red arrows) and/or tick side (blue arrows). (B) Representation of tick
cement most abundant (>5%) chemical elements. (C) Representation of tick cement less abundant (<1%) chemical elements. Average þS.D. atomic percent of
chemical elements was calculated for cement host side (electron image 1/spectrum 1 and electron image 4/sum spectrum), cement tick side (electron image 2/
spectrum 5 and electron image 3) and sum spectrum (electron image 1/spectrum 1, electron image 4/sum spectrum, electron image 2/spectrum 5 and electron image
3) (Supplementary Data 1 and 3).
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previously reported (Couto et al., 2020). A mammalian host-derived skin
or hairs attached to the cement were removed except in the case of
selected R. sanguineus samples stored with attached cement cones.
However, in R. bursa it was difﬁcult to remove rabbit hairs from all
samples. Collected cement cones, attached or not to the tick hypostome,
were kept in PBS with 1% of protease inhibitor cocktail M221 (VWR Life
Science AMRESCO, OH, USA) or RNAlater (Sigma-Aldrich, St. Louis, MO,
USA).

obtained from the colony established at the Instituto de Higiene e
Medicina Tropical (IHMT), Lisbon, Portugal. Ticks (groups of 35 females
and 20 males) were fed in feeding chambers glued on the shaved dorsum
of 3–4 months old Hyla breed rabbits. Animals were maintained and
manipulated following protocols compliant with the national and European animal welfare legislation, in frame with DL 113/2013 and Directive 2010/63/EU based on the principle of the three R's: to replace,
reduce, and reﬁne the use of animals for scientiﬁc purposes. Animal
experiments were done with the approval of the Divis~ao Geral de
Alimentaç~
ao e Veterin
aria (DGAV), Portugal, under Art 49, Portaria
n 1005/92 from 23rd October (permit number 0421/2013).

2.4. Tick SG and cement elementome physical and chemical parameters
The elementome was characterized using SEM-EDS as previously
described (de la Fuente et al., 2020; Villar et al., 2020; Pacheco et al.,
2020). Rhipicephalus bursa SG and cement samples were dehydrated in an
incubator at 37  C for 24 h prior to analysis with SEM-EDS. The samples
were mounted on standard aluminum SEM sample holders with
conductive carbon adhesive tabs. The samples were observed and
analyzed with a ﬁeld emission scanning electron microscope (Zeiss
GeminiSEM 500, Oberkochen, Germany) operating at high vacuum mode
at an acceleration voltage of 15 kV and without metal coating or
covering. For the analysis of chemical elements, three area scans per
sample were used in an 80 mm2 EDS detector (Oxford Instruments,
Abingdon, United Kingdom). In R. sanguineus, chemical elemental
composition of cement cones alone or with attached tick palps and dog
hair were determined by SEM-EDS under similar conditions. Results are
included in Supplementary Data 1–3.
The results of the R. bursa SG and cement elementome were compared
at different collection time points by One-way ANOVA test (https

2.3. Collection of tick SG and cement cones
Rhipicephalus sanguineus cement cones were collected using soft tissue
forceps from mouthparts of manually detached females feeding on
naturally infested dogs. Ticks (n ¼ 20) were collected at various feeding
times according to scutal index by calculating the ratio of the maximum
width of the scutum to the length of the idiosoma (Falco et al., 1996), and
cement cones pooled for analysis. Some individual ticks were stored with
attached cement cones for SEM-EDS analysis. SG were not extracted from
R. sanguineus because these ticks were collected from naturally infested
dogs at multiple feeding stages, and without knowing the corresponding
feeding period as described for the controlled trial using R. bursa. Rhipicephalus bursa cement cones were collected using soft tissue forceps
from mouthparts of manually detached females (3 pools of 5–9 ticks/pool) at 1–2 dpa (T1; slow-feeding period), 4–5 dpa (T2) and 7 dpa (T3;
fast-feeding period). SG were extracted from the same dissected ticks as

Figure 2. Variations in the elementome throughout R. sanguineus tick cement host side structure. Chemical elements were identiﬁed by SEM-EDS analysis throughout
tick cement structure on host side in a sample collected from R. sanguineus females feeding on naturally infested dogs. (A) Sum spectrum and atomic percent of
chemical elements (electron image 4; Supplementary Data 1). (B) Atomic percent relative abundance for elements with >0.1% on each spectrum. (C) Variations in the
atomic percentage of less abundant (<3.5% in all spectrums) chemical elements throughout tick cement structure (spectrums 6–11). (D) Variations in the atomic
percentage of most abundant (>10% in at least one spectrum) chemical elements throughout tick cement structure (spectrums 6–11). All results are disclosed in
Supplementary Data 1 and 3.
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://www.socscistatistics.com/tests/anova/default2.aspx; p < 0.05, n ¼
2–9 biological replicates).

tissues showed high average relative abundance (>17 atomic %) of C and
O (Figure 3C). However, cement showed a higher diversity of chemical
elements and distinctive higher average relative abundance of N (8.6
atomic %) when compared to dog host hair and tick exoskeleton palps
(Figure 3C).

3. Results
3.1. Cement elementome suggests differences between tick and host sides

3.2. Salivary gland and cement elementome show differences in the proﬁle
of chemical elements during tick feeding

A preliminary analysis of the elementome was conducted in
R. sanguineus cement host and tick sides, and in comparison with dog host
hair and tick exoskeleton palps (Figures 1A-1C, 2A-2D, 3A-3C). The
elementome was ﬁrst characterized in cement at host and tick sides
(Figure 1A). The results showed high average relative abundance
(percent of total atoms in the sample >5 atomic %) of C, O, Al and N, and
lower average relative abundance (<0.5 atomic %) of Mg, Si, Na, Ca, K, S,
Cl, P, Fe and Ag at cement mammalian host side (Figures 1B and 1C).
High average relative abundance (>5 atomic %) of C, O and Al, and lower
average relative abundance (<0.6 atomic %) of Mg, Si, Na, Ca, K, S, Cl
and P were detected at cement tick side (Figures 1B and 1C). The N was
also detected in the cement tick side (Figures 3A-3C). However, elements
such as Fe and Ag were detected on the host but not the tick cement side
(Figures 1B, 1C, 3A-3C). The analysis of the elementome in cement
mammalian host side showed some variations throughout cement
structure (Figures 2A-2D). Although at least part of the Al may be a
contamination from the aluminum SEM stubs, the relative atomic percentage of C and Al decreased and of N increased while getting closer to
the feeding pool (spectrums 8 and 9; Figures 2B-2D).
The elementome was then compared between cement mammalian
host side, dog hair and tick exoskeleton palps (Figures 3A-3C). All three

In experimentally fed R. bursa, the elementome was characterized in
the cement (combined tick and host sides), and in comparison with SG in
samples collected at different feeding times (T1-T3; Figures 4A and 4B).
At all feeding stages the chemical elements with higher average relative
abundance (>5 atomic %) were O, C, N and S in the SG and C, O and N
(>2 atomic %) in the cement (Figure 4A). In the SG, the average relative
abundance of O, N, S and K increased while for C, Na and P decreased
during feeding (Figure 4B). In tick cement, the average relative abundance of chemical elements did not change during feeding (Figure 4B).
Consequently, the analysis of the elementome in the cement and SG of
R. bursa at different time points showed signiﬁcant variations in the
relative abundance of chemical elements and proﬁles in the SG only
(Figures 4A and 4B). Elements K, Mg, Br and Sb were only rarely found in
some samples (Supplementary Data 3).
4. Discussion
The results of the SEM-EDS analysis suggested differences in the
cement elementome when comparing (a) host and tick sides of cement

Figure 3. Elementome in R. sanguineus cement and palps and dog hair. Chemical elements were identiﬁed by SEM-EDS analysis in samples from R. sanguineus females
collected from naturally infested dogs. (A) Electron image used to compare the composition of chemical elements between tick cement host side (Spectrum 1), dog hair
(Spectrum 2) and tick palps (Spectrum 3). (B) Sum spectrum and atomic percent of chemical elements (electron image 1; Supplementary Data 1). (C) Spectrum and
atomic percent of chemical elements (electron image 1/spectrums 1–3; Supplementary Data 1). The three most abundant elements (>1%) and the total number of
detected elements (n) for each spectrum are shown in brackets.
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Figure 4. Rhipicephalus bursa salivary gland and cement elementome. Chemical elements were characterized by SEM-EDS analysis in samples from tick SG and cement
(Supplementary Data 2 and 3). (A) Representation (%) of the chemical elements at different feeding stages (T1-T3). (B) Changes in the representation (%) of the
chemical elements at different feeding stages (T1-T3). Only chemical elements with signiﬁcant differences at different feeding stages (T1-T3) are shown. The
composition of chemical elements was compared at different time points by One-way ANOVA test (https://www.socscistatistics.com/tests/anova/default2.aspx; p <
0.05, n ¼ 2–9 biological replicates).

to stimuli such as pathogen infection (Wang and Wang, 2019). The
source of other major biological inorganic elements such as Na, K, Cl and
P, which may also contribute to cement biomineralization and coating
(Cribb et al., 2010; Gallant and Hochberg, 2017; Suppan et al., 2018;
Villar et al., 2020) are probably derived from environmental sources such
as water, air and soil.
Tick elementome may be also affected by cofactors such as nicotinamide adenine dinucleotide phosphate (NADPH; C21H26N7O17P3) (Villar
et al., 2020). NAPDH is an electron donor that regulates multiple
anabolic reactions, including those responsible for the biosynthesis of all
major cell components in ticks and in other organisms (Spaans et al.,
2015; Alberdi et al., 2019; Della Noce et al., 2019). In ticks, higher levels
of NADPH have been associated with response to Anaplasma phagocytophilum infection and tolerance to oxidative stress (Alberdi et al.,
2019; Della Noce et al., 2019).
Dog hair ﬁbers have been shown to contain C, H, O and N (Ragaisiene
et al., 2016), of which C and O were also identiﬁed here. However, in our
study trace elements such as Se, Cu, Mn, Zn and Co present in mammalian
cover hair (BioCheck, 2014) were not identiﬁed in the tick SG and
cement or in dog hair, thus suggesting that these elements are rare and
with a low contribution to tick elementome. Some of the chemical elements identiﬁed here in the elementome of SG and cement and in dog
hair were recently reported in tick exoskeleton using a similar experimental approach (de la Fuente et al., 2020; Pacheco et al., 2020).
The composition of tick cement elementome contains elements that
are common for multiple tick species (Table 1). Nevertheless, although
some of these analyses are preliminary, the results suggest interspeciﬁc
differences between R. sanguineus and R. bursa. While chemical elements
such as Ca, Fe and Ag were found only in R. sanguineus cement

cones, (b) dog hair and tick cement and exoskeleton palps, and (c)
cement and SG (Figures 5A and 5B). These differences may have a tick
and/or mammalian host origin with potential functional implications.
Proteins originating in both ticks and hosts are likely the major source
of chemical elements in tick SG, saliva and cement (Chinery, 1973;
Ayll
on et al., 2015; Villar et al., 2016, 2020; Bullard et al., 2016; Hollmann et al., 2018; Kim et al., 2020). For example, the proﬁle of the highly
represented Glycine (C2H5NO2)-rich superfamily member proteins
(GRPs) that has been reported in the tick cement (Bullard et al., 2016;
Hollmann et al., 2018; Villar et al., 2020) correlate with the relative
abundance of C, N, O in the cement (Villar et al., 2020). Recently, the
representation of GRPs was shown to decrease in the sialome during
feeding of Amblyomma americanum females (Kim et al., 2020). These
results may explain the decrease in the relative abundance of C during
feeding in R. bursa SG elementome (Figure 4B). Changes in the elementome during tick feeding may be also explained by physiological
mechanisms such as the increase in the intensity of respiratory patterns
shown in R. sanguineus during feeding (Landulfo et al., 2019).
Protein components in the cement may be stabilized by alkaline earth
metals such as Ca that has been previously identiﬁed in arthropods
exoskeleton and cuticle (Vincent, 2002; Gallant and Hochberg, 2017). In
our study, Ca was identiﬁed in the R. sanguineus cement elementome at
both tick and host sides suggesting that at least in some tick species it may
contribute to biomineralization (process of minerals production) to
strengthen and stabilize the cement as proposed for the cuticle in other
arthropods (Gallant and Hochberg, 2017). As in other arthropods, Ca is
probably obtained by ticks through their bloodmeal (Vohland et al.,
2003; Gallant and Hochberg, 2017), which may vary between different
tick and mammalian host species (Bradbury et al., 1972) and in response
5
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Figure 5. Summary of the study conclusions and future directions. (A) Representation of the tick and host tissues included in the study. Tick image corresponds to a
R. sanguineus. (B) Summary of the main conclusions of the study that deserve further attention and research. Electron microscopy image corresponds to R. sanguineus
tick with exoskeleton palps attached to the cement cone.

Table 1. Composition of tick cement elementome in different Rhipicephalus species.
Tick species

Cement elementome

References

Rhipicephalus microplus

C, O, N, Na, Cl, S, P, K

Villar et al. (2020)

Rhipicephalus sanguineus

C, O, N, Al, Mg, Na, Si, S, Cl, P, Ca, K, Fe, Ag

This study (Suppl. Data 3)

Rhipicephalus bursa

C, O, N, Na, Cl, S, P

This study (Suppl. Data 3)

Chemical elements identiﬁed in tick cement elementome are disclosed from highest to lowest representation according to data available. At least part of the Al may be a
contamination from the aluminum SEM stubs.

was higher in the SG than in the cement elementome throughout tick
feeding. These results suggested that as previously reported in spider silk
(Zhang et al., 2019), limiting N availability outside the feeding pool
protects cement from bacterial degradation. Another possibility is that as
in other natural biopolymers, N has a role in tick cement piezoelectricity,
the electric charge that accumulates in response to applied mechanical
stress (Saravanan, 2006). These possible roles for N as for other chemical
elements in the cement need to be studied to better understand their
functional role in tick biology.

elementome (Figures 1C, 2C and 3B), Br was found only in R. bursa
cement and SG (Figures 4A and 4B). These differences could be related to
differences between tick hosts, physiology and feeding (i.e. bloodderived Fe sequestration by ferritin to control oxidative stress or Ag potential to reduce wound bioburden while increasing antimicrobial
response) (Wilkinson et al., 2011; Hernandez et al., 2018; Cabezas-Cruz
et al., 2019). Differences in the elementome composition were also
observed between R. bursa cement and SG (Figures 4A and 4B), which
probably reﬂects the fact that only a fraction of the molecules present in
the SG are secreted into the cement (Bullard et al., 2016, 2019; Suppan
et al., 2018; Hollmann et al., 2018; Villar et al., 2020). As shown for
exoskeleton elementome, other factors such as pathogen infection (de la
Fuente et al., 2020) and geographic origin (Pacheco et al., 2020) of ticks
may affect cement chemical composition.
Finally, these results suggested the possibility of focusing on potentially relevant elementome components to further explore their functional relevance. For example, the results suggested that N is a key
component of the cement elementome with a likely origin in SG/salivary
proteins (i.e., GRPs) and other components (i.e., NADPH). N was identiﬁed in R. sanguineus cement tick and host sides with higher relative
abundance while getting closer to the feeding pool, and in the elementome of R. bursa cement and SG. Furthermore, N relative abundance

5. Conclusions
This study advanced previous studies in R. microplus and other tick
species (Villar et al., 2020; de la Fuente et al., 2020; Pacheco et al.,
2020) using the same SEM-EDS experimental approach and provided
the ﬁrst characterization of the tick SG and/or cement elementome in
R. sanguineus and R. bursa. A limitation of this study which is particularly relevant for the analysis of tick SG elementome is the fact that the
EDS method is limited or strongly biased toward the elements on the
surface layer. Nevertheless, the results obtained under the same conditions are valid for the analysis of samples at different tick feeding
stages.
6
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